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GENERAL INFORMATION

Unless otherwise mentioned, all the chemicals were bought from Sigma Aldrich,
TCI chemicals and Acros Organics India. All the solvents were bought
fromThermoFisher Scientific India.

Melting points were recorded on a SPAC-NSERVICE (India) open capillary
melting point apparatus and are uncorrected.

THNMR and 'CNMR were measure done BrukerDPX300MHz and Bruker
Avance 600 MHz NMR instrument. CDCl3, and DMSO-ds were generally used
for sample preparation. Chemical shifts (3) were reported in parts per million
(ppm) and tetramethylsilane (6 = 0.00) was used as an internal standard. The
standard abbreviations s, d, t, q, m, dd, bs, J refers to singlet, doublet, triplet,
quartet, multiplet, doublet of doublet, broad singlet and the coupling constant
respectively.

Infrared spectra were recorded on a Bruker TENSORZ27. Spectra were calibrated

against the polystyrene absorption at 1601 cm-1. Samples were scanned in neat
or KBr discs.

EI-MS mass spectra were recorded on a JEOLThe Mstation JMS-700
instrument and ESI-MS were measured on Micro mass Q-TOF Micro™
spectrometer. All the mass spectral data associated with EI-MS and ESI-MS
and are given in m/z unit. MALDI TOF analysis was perfor medinan Applied
Biosystems Q104800MALDITOF/TOF™ analyser.

Analytical thin layer chromatography (TLC) was obtained via standard Merck
TLC silica gel 60 F254 aluminium sheets. Visualization of the spots on TLC plate
was achieved through exposure of UVlight, iodine vapour etc. Progress of the
reactions was monitored via TLC checking. Moisture sensitive reactions were
carried out using standard syringe septum techniques. Column chromatography
was carried out with silica gel of 60-120 and 100-200 mesh and neutral alumina.
Unless otherwise mentioned, petroleum ether referst of raction boiling in the
range 60- 80°C. All reagents and solvents were purified and dried by
conventional protocol.

The evaporation of solvents was carried out under reduced pressure in Heidolph
Rotary Evaporator of Cat. No: P/N Hei-VAP Value/G3: 560-01300-001.

The compounds have been crystallized from pet ether-ethyl acetate and
dichloromethane-methanol solvent mixture.

CD spectra (230-360 nm) were recorded at 200 nm/min scan speed, with 1 nm
band width on a JASCO J815 spectrometer using a 10 mm quartz cell.
Fluorescence spectra were measured with the Cary Eclipse (Agilent
Technology) & PTI Quanta Master™ 400 spectrofluorometer.

In X-raycrystallography, the crystals were mounted on glassfibre, aligned on a
Bruker Kappa Apex Il diffractometer. Intensity data were collected with silicon
111monochromatized synchrotron radiation (1 = 0.71073 A) at 273.15 and
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» 296.15 K using the w-rotation scan techniques with narrow frames. Absorption
corrections based on multi scan were done by the SADABS software3. The
structure was solved by direct methods and least square refinement anisotropic
displacement parameters, hydrogen atoms in the riding model. Data reduction
swere performed with Bruker SAINT and

—Bruker SAINTV7.23 all software package sand crystallographic diagrams
were drawn using —Bruker SHELXTLI at 50% probability level as well as using
DIAMOND program
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PRELUDE

The research work emboded in the thesis entitled, “Studies Towards Synthesis and
Efficacy of New Heterocyclic Scaffolds and Zwitter lonic Molecules” contains total four
chapters; a general introduction, followed by tree other chapters containing the present
research work. In the second chapter the research work is focused on the Influence of ester
functionality on the rotational behaviour of complex molecules. It was observed that a simple
tertiary- benzamides where the aromatic ring contains ortho substituted halogen atoms then it
shows complex NMR spectra with multiple peaks. In the present research the rotational
behaviour of simple ortho-halo substituted tertiary amides were first studied. Then this study
was elaborated with the example of anti-cancer drug Azatoxin analogues synthesis. In this
complex molecular framework, it was observed that an appended ester moiety highly influences
this rotational behaviour of the tertiary amide present within the molecule. The third chapter
deals with Palladium catalyzed C(sp3)-H arylation followed by de-esterification reactions. In this
study ortho-halo benzamide derivatives having different esters were synthesised and these
molecules were cyclised to the corresponding indolinone or isoindolinone derivatives via
palladium catalysed intramolecular arylation followed by de-esterification reactions. In the next
and final chapter, a small series of zwitterionic molecules were synthesised and their biological
efficacies towards inhibiting liquid-liquid phase separation and thereby modulating alpha-

synuclein protein aggregation phenomenon were studied.
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OBJECTIVES OF THE THESIS

The objectives of the present research work embodied in the thesis entitiled “Studies
Towards Synthesis and Efficacy of New Heterocyclic Scaffolds and Zwitter lonic
Molecules” are as follows:

(i)

(ii)

(iii)

Herein the main objective of the thesis is to address a basic and fundamental
problem of rotational isomers observed in case of tertiary amides. During the
synthesis of an anti-cancer molecule, Azatoxin analogues in an ongoing
project in our laboratory it was observed that ortho-halo substituted benzamide
analogues of simple amino acid esters showed complex 'H and *C NMR
spectra with multiple peaks for single proton. These results encouraged to
investigate further the rotational behaviour of this kind of molecules
elaborately. Thus the first objective of the thesis is to synthesise few ortho-
halo substituted benzamide derivatives and study their rotational behaviour
and also the influence of an ester functionality on the rotational behaviour of
the amide bond in a complex molecular framework.

In the third chapter the objective is to study a palladium catalyzed C(sp3)-H
arylation followed by de-esterification reactions. A number of isoindolinone
and indolinone derivatives will be synthesised by the said protocol. This
protocol will be further elaborated by synthesising Azatoxin analogues.

In the fourth and final chapter the objectives of the research work is to
disrupted the liquid-liquid phase separation (LLPS), which is responsible for
fibrillation/aggregation phenomenon by some charged molecules. The
pathophiology of Parkinson’s disease (PD) is controlled by an intrinsically
disordered protein called alpha-Synuclein (a-Syn). The major objective of this
part is to synthesize a small series of pyridine derived zwitter ionic molecules
and study their effacies towards modulating a-Syn aggregation phenomenon
via inhibition of LLPS.

Therefore, the overall objectives of this thesis is to synthesize some heterocyclic and
zwitter ionic molecules and their efficacy studies.

13



CHAPTER-1

General Introduction
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In this chapter a general introduction relevant to the research work carried out in this
thesis has been given. The different heterocyclic molecules partaining to the thesis, the
rotational isomerization problem in tertiary amides, palladium catalysed arylation
reactions are some of the areas covered under this chapter. Also cause of Parkinson’s
disease due to the aggragation of a-Syn protein, inhibition of LLPS by small molecules
and their implications in Parkinson’s disease pathophysiology are also discussed.

1.0 INTRODUCTION:

1.1 Naturally Occurring Indoloquinoline Alkaloids: Cryptolepine and
Isocryptolepine.

Heterocycles, organic compounds characterized by the presence of at least one
heteroatom (such as nitrogen, oxygen, or sulfur) as a ring member in place of carbon
within a carbocyclic structure, play a pivotal role in diverse scientific fields.l'l Their
exceptional versatility and wide-ranging applications, particularly in biomedicine and
materials science, have consistently driven research efforts toward the discovery and
development of novel synthetic methodologies for constructing these essential molecular
frameworks.?IBIThis ongoing pursuit reflects the significant impact of heterocycles on
advancing scientific knowledge and technological innovation*. While nitrogen, oxygen,
and sulfur heterocycles are extensively documented in both natural sources and
scientific literature, heterocycles incorporating other heteroatoms such as phosphorus,
boron, and selenium are also prevalent, albeit less frequently. The properties of these
heterocyclic systems are often significantly influenced by the incorporated heteroatom.
Heterocycles are ubiquitous in nature, serving as essential components in a wide range
of biomolecules. ! Examples include chlorophyll, hemoglobin, myoglobin, vitamins,
adenosine triphosphate (ATP) [} deoxyribonucleic acid (DNA), ribonucleic acid (RNA)®}
and neurotransmitters such as serotonin®®. These compounds play crucial roles in
fundamental biological processes, including nerve impulse transmission, oxygen
transport, and metabolism. Furthermore, numerous naturally occurring medicinal
compounds, such as codeine, theobromine, quinine, emetine, theophylline, papaverine,
atropine, procaine, reserpine, and morphine, incorporate heterocyclic structures.
Similarly, many synthetic pharmaceuticals, including diazepam, isoniazid,
chlorpromazine, barbiturates, metronidazole, azidothymidine, antipyrine, captopril, and
methotrexate, rely on heterocycles as key structural elements for their therapeutic
activity. '% Analysis of the 2024 FDA-approved drug list reveals that a significant
proportion of these pharmaceuticals incorporate at least one heterocyclic moiety as a
core structural element (Table 1)

15



Table 1.

Name of | Active FDA Structure Uses
Drugs Ingredient approval
date
BIZENGRI | zenocutuzu To treat non-small
12/4/2024 SN
mab-zbco 2 cell lung cancer and
(0]
J@\ pancreatic
e} NH
,OJNM\(:{:N adenocarcinoma
H N,)
lomervu iomeprol OH O * OH Foruse as a
11/27/2024 H/\N " ,\) _ _
Oy H | | oL, radiographic contrast
N agent
- OH
18
Attruby acoramidis H To treat
112212024 |
3 o ¥ cardiomyopathy of
]©)\OH wild-type or variant
F transthyretin-
mediated amyloidosis
revumenib 11/15/2024 F To treat relapsed or
Revuforj hd refractory acute
N~ .
leukemia
NI/\IO (0]
N J
’/S\
inavolisib 10/10/2024 0 To treat locally

advanced or
metastatic breast

cancer

Over recent decades, tetracyclic indoloquinoline alkaloids have become a subject of
considerable scientific interest within the biological and chemical disciplines due to their
pronounced biological activities, notably antimalarial efficacy and DNA-binding affinity [€l.
These alkaloids are characterized by a distinct molecular architecture consisting of fused

quinoline and indole ring systems. [']
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In 1996, two independent research groups, led by Schiff and Pieter, reported the
discovery of new indoloquinoline-based alkaloids: cryptotackieine and neocryptolepine,
respectively ['3 14 Neocryptolepine is a linearly fused indoloquinoline alkaloid featuring
an indolo[2,3-b] quinoline core. 9]

Cryptolepis sanguinolenta, a plant indigenous to West Africa, has been identified as the
principal natural source of these compounds, specifically within its root system. This
species has a history of use in traditional West African medicine, with root extracts
employed in the treatment of diverse pathologies, including malaria, amoebiasis,
hypertension, hepatitis, jaundice, pyrexia, inflammation, and other infectious
diseases.l'® The broad spectrum of therapeutic applications highlights the
pharmacological significance of tetracyclic indoloquinoline alkaloids and suggests their
potential as lead structures in the development of novel therapeutic agents.['"1118]

Structurally, tetracyclic indoloquinolines are defined by a unique fused ring system
comprising both quinoline and indole moieties, forming a complex molecular architecture
(Figure 1)I'9 This distinctive structural motif is hypothesized to be crucial for their diverse
biological activities.Carbolines, a class of indole alkaloids?%2"l, are characterized by a
pyridine ring fused to an indole moiety. Based on the position of the nitrogen atom within
the pyridine ring, carbolines are classified into four distinct groups. Further classification
based on the saturation of the B-carboline core yields three subtypes(??

1.1 Positional B-carboline

Among these carbolines, beta carbolines are having much importance in medicinal
purpose and many researches are going on it, when compared to a-, y- and &-
carbolines 123}

A=fl=C=li=N

Q4

Carbsoline

| 1

a-Carboline [ Carbong yCarbaline a-Carbaling

- HH
H W H
8- Carboline

. B- 1, 2, 3, d-tetra
3, d.dihydre.f-carbolines e .

Figure 1: A variety of Carbolins having varied position of nitrogen atom.
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1.2 Medicinal Applications of B-Carboline-Based Compounds. [?4:

B-Carboline-derived compounds have been of prime interest in pharmacology
because they show various therapeutic properties. The medicinal applications of this
class of compounds are controlled mainly by the presence or position of substituents
in their core structure as this decides their biological activity or how they interact with
various molecular targets. Some essential medicinal applications of (3-carboline
derivatives are found in the following:

+* Neuroprotection and Neurodevelopment:
Certain B-carbolines, such as harmine, are selective inhibitors of DYRK1A protein
kinase, an enzyme essential for neurodevelopment. Such activity makes them
promising candidates for the treatment of neurodevelopmental disorders, including

Down syndrome and neurodegenerative conditions like Alzheimer's disease.
% Antidepressant Activity:

B-Carbolines have displayed many antidepressant-like pharmacology. Harmine, a
compound, acts on a serotonin receptor 2A (5-HT2A). However, it increases the
quantity of BDNF molecules in the hippocampus where the levels of BDNF are low in
major depressive disorder. Therefore, antidepressives can be considered as novel
drugs.

% Monoamine oxidase inhibition:

B-Carbolines, including harmine and harmaline, are monoamine oxidase A (MAO-A)
inhibitors. This is an enzyme that breaks down neurotransmitters like serotonin and
noradrenaline. Its inhibition by these compounds would increase the availability of
neurotransmitters, which is useful in the treatment of depression and anxiety
disorders.

« Anticancer Activity:

Some B-carbolines have shown antitumor activity due to their ability to induce apoptosis in
cancerous cells and inhibit cellular proliferation. This is attributed to their ability to interact
with DNA, topoisomerases, and other crucial pathways of signaling that contribute to
cancerous growth.

% Cognitive Enhancement:
B-carbolines have been found to be nootropics that enhance learning and memory.
Their interaction with neuroprotective pathways, enhancement of synaptic plasticity,
and so on, add to their potential as cognitive enhancers.

+ Antimicrobial and Antiparasitic Effects:
Some [B-carboline derivatives have been found to possess antibacterial, antifungal,
and antiparasitic activities. These are due to their interference with microbial

metabolism and the disruption of critical cellular functions.

++ Treatment of Addiction:

18



Some B-carbolines are under investigation for their potential in the treatment of
substance use disorders. They may act by modulating dopaminergic and
serotonergic systems implicated in addiction pathways.

% Antioxidant and Anti-inflammatory Activities:
B-Carbolines exhibit antioxidant activity, which contributes to scavenging free radicals
and reducing oxidative stress. These properties together with their anti-inflammatory
activity make them suitable for treating chronic inflammatory and oxidative stress-
related disorders.

% Anticonvulsant and Sedative Activity:

Certain B-carbolines activate GABA-A receptors resulting in sedative and
anticonvulsant activity. Hence, they are considered promising for the treatment of
epilepsy and anxiety disorders.

The diverse pharmacological activities of B-carboline-based molecules illustrate their
therapeutic potential for many neurological, psychiatric, and systemic disorders.
Ongoing research work is aimed at optimizing these molecules for efficacy and safety
in clinical applications.

5H-pyrido [3, 2-b] indoles, commonly called as &- carbolines. They are very rare in
nature when compared to other carbolines. Cryptolepine was isolated from the roots
of Cryptolepis sanguinolenta having antimalarial activity [, anti-inflammatory
properties ['81 and antibacterial activity ['”]. It posses cytotoxicity against B16
melanoma and M109 Madison lung cancer cells and also interact with
Topoisomerase |l inhibiting DNA synthesis ['8l. Quindoline had the ability to stabilize
the G-quadruplexes in C-MYC and also induced the G-rich telomeric repeated DNA
sequence to fold into quadruplex 9

=)
/
oe,

11-isopropyl Cryptolepine

Cryptolepine Cryptolepinone Quindoline

Figure 2: Different ezample of &- carbolines darivatives

The extensive therapeutic applications of tetracyclic indoloquinoline alkaloids highlight their
immense pharmacological value. They represent a promising avenue for the development of
new and effective drugs, particularly in regions where the diseases they target are endemic.
Ongoing research into their mechanisms of action and potential modifications to their chemical

structure could unlock even greater possibilities for their use in modern medicine 4 As such,
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these compounds continue to stand at the crossroads of natural product chemistry and drug

discovery, offering hope for addressing some of the most pressing global health challenges.

o NH u —
_ N
N
N
N N N
Pinoline Harmane Harmine
(o) N
_ N
N
H HO N
Harmaline Harmalol

Figure 3: Different example of B-carbolines derivatives.

The pharmacological effects of specific -carbolines are closely influenced by the nature
and position of their chemical substituents, which dictate their binding affinities and
biological activities. For example, harmine is a naturally occurring B-carboline with
characteristic substituents at positions 7 and 1 of its molecular structure. These structural
features make it possible for harmine to be a selective inhibitor of the DYRK1A protein
kinase, an enzyme which plays a significant role in neurodevelopment by regulating
processes like neuronal differentiation, cell cycle progression, and brain function 2%
Such selective inhibition positions harmine as a potential therapeutic agent for
neurological and developmental disorders associated with DYRK1A dysfunction.
Harmine also shows antidepressant-like effects in preclinical models, including rats,
which are mediated by interactions with serotonin receptor 2A (5-HT2A). This receptor
has been implicated in mood and cognition regulation; thus, harmine is thought to
modulate serotonergic neurotransmission to treat depression [26-- Additionally, it has been
demonstrated that harmine increases the expression of BDNF in the hippocampus of
rats. BDNF is a neurotrophin of importance for neuronal survival, synaptic plasticity, and
overall brain health ?"] As the decreased level of BDNF has been associated closely with
major depressive disorder in human patients, upregulation of BDNF by harmine might
contribute greatly to its anti-depressive action.

Harmine's antidepressant action also is attributed to its activity as a monoamine oxidase
A inhibitor. Through inhibition of this enzyme, harmine diminishes the breakdown of
essential neurotransmitters such as serotonin and noradrenaline, both of which play
important roles in stabilizing mood and emotional responses ?%]. The convergence of
these mechanisms of action-DYRK1A inhibition, serotonin receptor modulation, BDNF
enhancement, and MAO-A inhibition-show the complex pharmacological profile of
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harmine and its promise as a therapeutic agent in the treatment of neuropsychiatric
disorders. [?°

1.3 Fluxional behaviour observed in amides and esters:

This characteristic of amide and ester bonds, namely their planarity, is directly linked to
the resonance stabilization within the groups. In this work, we report a detailed
investigation in which structural analysis is coupled with computational modeling to
understand the effect of ortho-substitution on the resonance and rotational barriers of
tertiary aromatic amides, also containing ester groups. These results provide useful
insight into the interplay of steric and electronic factors that influence the chemical

behavior and properties of such compounds.

In particular, we show that the introduction of ortho-substitution into a selected class of
benzamides—compounds of significant importance in both synthetic reactivity and
medicinal chemistry—substantially increases the barriers to rotation along both the
N-C(O) (amide bond) and C-C(O) (ester bond) axes. The presence of ortho-
substituents leads to steric hindrance, forcing the molecule to take up non-planar
conformations that alter resonance stabilization and rotational dynamics. These factors
go on to significantly affect electronic properties and structural rigidity of amide and ester

groups that enhance their resonance effects.

To elucidate these effects, we systematically investigate how the presence of ortho-
substituents affects some of the key parameters under the influence of steric hindrance.

X=1,Br,CI,F,;NO,

Fluxional Amide Fluxional amide & Ester

Figure 4: Rotational isomers in presence amide and ester group

The results of this work decisively support the strategic use of ortho-substitution in benzamides
as a way to enhance their resonance stabilization, structural rigidity, and electronic properties.

Thus, there is strong potential for these to act as better biological agents because these
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structures show enhanced resonance while lowering conformational flexibility; both these factors
lead towards improvements in the biological and pharmacokinetic activities. of even higher
potential, these insights provide ways into synthetic strategies that depend upon ortho-
substitution as a method of further refinement of the reactivity of benzamides, similar

compounds.

1.4 Aromatic Amino Acids Carboline -based multifarious Arylation & alkylation

A strategy for expanding the repertoire of topoisomerase lI-targeted anticancer agents
involves the design of novel compounds through the combination of structural motifs
from drugs known to induce enzyme-mediated DNA cleavage. Azatoxin, a hybrid
molecule incorporating structural elements from etoposide and ellipticine, represents the
first example of this rational drug design approach. Given the distinct structural and
mechanistic characteristics of etoposide and ellipticine, azatoxin could potentially retain
the functional properties of one parent compound, exhibit hybrid characteristics, or
function as a novel pharmacophore. Consequently, the properties of azatoxin were
investigated to elucidate the relationship between its mechanism of action and those of

its parent compounds.

Azatoxin, like etoposide, binds to DNA through a non-intercalative mechanism. However,
similar to ellipticine, it does not affect enzyme-mediated DNA religation and appears to
stimulate scission primarily by enhancing cleavage complex formation. The cleavage
potency of azatoxin varies depending on the topoisomerase |l species examined,
resembling that of either etoposide or ellipticine. Analysis of 43 DNA cleavage sites
revealed that approximately 90% of those induced by azatoxin are also induced by either
etoposide, ellipticine, or both. Furthermore, competition studies indicate that azatoxin
interacts with topoisomerase Il within the enzyme domain utilized by both etoposide and
ellipticine.  Pallladium Catalyzed, a series of azatoxin analogue molecules were
synthesized with new methodologies to find out DNA non-intercalative mechanism for

better result of biological purposes.
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Figure 5: C-C bond formation followed by de-estrification

1.5 Liquid-liquid phase separation, fibrillation/aggregation of a-Syn protein,
Parkinson’s disease:

The phenomenon of liquid-liquid phase separation (LLPS) with biological polymers,
such as proteins and nucleic acids, has been of great interest because it is involved in
the formation of membraneless organelles. Examples of such organelles include
nucleoli, Cajal bodies, and PML bodies within the nucleus, as well as stress granules in
the cytoplasm. These liquid condensates concentrate biomolecules (proteins and nucleic
acids) at specific cellular locations, facilitating various intracellular functions. These
condensates can exchange material with their environment rapidly, since they do not
have a surrounding membrane. Most of them can merge into larger droplets by Ostwald
ripening and resume their original spherical shape. The proteins participating in LLPS
usually have intrinsically disordered regions (IDRs) or sequence architectures that
resemble prion-like low-complexity domains (PrLDs) and low-complexity regions (LCRs).
These IDRs promote LLPS through weak, multivalent interactions among protein
molecules, enabling homotypic and heterotypic interactions with other biomolecules. For
instance, a-synuclein, a protein implicated in Parkinson's disease (PD), forms liquid
droplets in vitro and in vivo under crowded conditions or intracellular stress. It is well-
established that a-synuclein aggregation nucleates via LLPS, highlighting the
importance of understanding the molecular mechanisms behind phase separation for
elucidating aggregation pathways.

Notably, along with wild-type a-synuclein, C-terminal truncated variants are found within
Lewy bodies in the human brain. Environmental factors such as temperature, pressure,
and pH are already known to affect protein phase separation. Moreover, nucleic acids
(DNA and RNA) and small molecules also affect phase separation through heterotypic
interactions. On the other hand, negatively charged nucleic acids interact with positively
charged peptide chains in a process called complex coacervation, where positively
charged small molecules bind to negatively charged proteins.

For a-synuclein, crowding agents can be replaced by salt concentration and pH as
significant external factors influencing the phase separation. Acidic pH (~5.4) can induce
phase separation even at lower protein concentrations (10 uM). High salt concentrations
favor the phase separation process, whereas low salt delays it. Multivalent cations
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associated with PD further change the material properties of a-synuclein condensates.
Beyond phase transition, small molecules have important roles modulating condensates
by shifting phase boundaries, perturbing equilibria for multiphasic condensates or even
preventing phase separation. For example, ANS (8-Anilino-1-naphthalenesulfonic acid)
and bis-ANS modulate the phase behavior of tau protein whereas curcumin and its
derivatives are inhibiting the phase separation of a-synuclein and tau respectively. These
interactions possess disease-preventing potential to be developed by modulating the
phase behavior.
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Figure 6: The aggregation landscape of a-Syn protein.

This chapter discusses charge-based ligands to explain the role of electrostatic
interactions in a-synuclein phase separation. Proteins are complex macromolecules that
have positively and negatively charged surface regions, thus creating electrostatic
forces. Proteins with oppositely charged regions experience attractive interactions that
drive aggregation into distinct liquid phases. These interactions are modulated by
environmental factors such as ionic strength and pH, which influence the strength and
dynamics of phase separation. Understanding the interplay between electrostatic forces
and LLPS is important for the discovery of mechanisms underlying cellular
compartmentalization and regulation of protein function.

Our work shows that the n-terminal domain plays a role in charge-driven phase
separation. Charged ligands according to their hydrophobicity induced stronger phase
separation and the effect was enhanced when the acidic C-terminal domain of a-
synuclein was truncated. The molecular mechanisms of a-synuclein condensate
formation under charged co-solutes are investigated with this work on the basis of
charge-based ligand screening. In its potential, the charge-based complex coacervation
model offers insights into biochemical processes occurring at the interface of
condensates and therefore is the basis for studying phase separation in biological
systems.
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CHAPTER-2

Influence of Ester Functionality on The
Rotational Behaviour of Amides in Complex
Molecular Framework
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2.1 INTRODUCTION:

For nearly 80 years, the study of deviations from amide bond planarity has captivated
researchers, given its implications for molecular design, enzymatic mechanisms, and
material science. Initial studies highlighted the remarkable rigidity of the amide bond, but
recent advances have enabled systematic manipulation of this rigidity B'. In conventional
acyclic amides, substituting nitrogen with electron-withdrawing or electron-donating
groups has emerged as a method to modulate resonance effects and induce predictable
amide bond twisting. These studies have provided invaluable insights into the electronic
factors controlling amide resonance and their impact on bond dynamics [32-

The planarity of amide and ester bonds arises primarily from the resonance stabilization
between the lone pair of electrons on the nitrogen or oxygen atoms and the adjacent
carbonyl group 33 This resonance creates partial double-bond character in the amide or
ester linkages, restricting free rotation and enforcing a planar configuration around the
bond. This property is crucial for the structural and functional stability of these groups in
various chemical and biological systems 31}

0 S}
(0]
\NJJ\ \ﬁ/)\

' |
NN—» "¢ Conjugation

Figure 1: Canonical forms of acetamide.

In this study, we develop deeper into how ortho-substitution affects these properties in
tertiary aromatic amides with ester groups. By employing structural analysis and
computational techniques, we have identified that the introduction of bulky or
electronically active substituents in the ortho position of benzamide derivatives
significantly disrupts the resonance interactions between aromatic ring and C=0. This
disruption increases the steric and electronic constraints around the molecule, resulting

¢ Increases the Rotational energy barriers:
% Restrict the possibility of resonance between C=0 and phenyl ring

c-c
cl 0 nNe

e
syl cadilves
Cl " y
16.5-23Kcal/mol

ne 1
c-C < ]

5-25 Kcal/mol

Figure 2: Effect of ortho substitution on rotational energy barrier.
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These findings are particularly relevant for medicinal chemistry, where the structural
rigidity imparted by such substitutions can influence binding affinities and biological
activity of compounds % Moreover, the increased rotational barriers may also affect the
reactivity of these molecules, as restricted rotation can impact how functional groups
approach or react with substrates. This study underscores the intricate interplay between
steric and electronic factors in modulating the properties of aromatic amides and esters,
with broad implications for their design and application in chemistry and pharmacology
32l This investigation shows the vital role of steric hindrance introduced by ortho-
substitution in modulating the structural and electronic properties of benzamide
derivatives 0132 |ntroduction of bulky groups in ortho positions adjacent to the amide
and ester functionalities creating a spatial and electronic constraints that influence
several key molecular characteristics such as

> Molecular Structures: Ortho-substitution affects the overall geometry of the
molecule. Bulky substituents cause deviations from ideal bond angles and
distances, potentially leading to distortions that influence the planarity of the amide
and ester bonds. These structural modifications often enforce conformations that
enhance the overlap between 1 orbitals, amplifying resonance effects.

> Resonance Energies: The resonance stabilization of both the amide and ester
functional groups is sensitive to steric and electronic influences. Ortho-substitution
can augment resonance energies by aligning substituent electronic effects with
the 1-system of the benzamide framework, thereby enhancing delocalization.
Electron-donating groups can strengthen resonance stabilization, while electron-
withdrawing groups may either enhance or compete with resonance effects,
depending on their nature.

> Rotational Barriers: Increased steric hindrance in ortho-substituted benzamides
raises the energy barriers for rotation around key bonds, particularly the N-C(O)
amide bond and the C-C(O) ester bond. This occurs due to the steric clash
between the substituents and neighboring atoms, as well as alterations in
conjugation that make the transition state for rotation less favorable.

» The findings of this study strongly advocate for the strategic use of ortho-
substitution in designing benzamides with enhanced resonance characteristics 201,
By carefully selecting substituents that align with the desired electronic and steric
effects, chemists can tailor the resonance and rigidity of these molecules to meet
specific functional or pharmacological requirements which also improve the
molecular stability 32152, Optimize binding interactions in drug design and
influence reactivity in synthetic applications making this approach a valuable tool
in advanced chemical and medicinal chemistry strategies. [*]
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Rotational isomers arising due to the presence of bulky R-groups at the N-center

Figure 3: Substitution on amide N affecting rotational energy barrier.

The rotational barrier around the C—N single bond in amides is a defining feature of their
structural chemistry, arising from the resonance interaction between the nitrogen's lone
pair and the carbonyl -system 138 This resonance imparts partial double-bond character
to the C-N bond, significantly restricting its free rotation and enforcing planarity. This
property is fundamental to the stability and conformational behavior of amides, which
play critical roles in peptides, proteins, and a wide range of functional molecules.

2.2 Significance of this study:

From the literature precedence the fluxionality due to the rotation of an amide bond is
well known. However, fluxionality of a molecule at room temperature is very rare. This
study emphasizes the fluxionality behaviour of an organic compound at room
temperature via incorporation of an ester moiety at a specific position, which also further
supported by extensive proton (*H) NMR study at variable temperature (VT) and detailed
theoretical calculation using DF Tstudy. [40]

2.3 Rotational behaviour observed in o-halo arylamides in reported molecules:

The presence of ortho-substitution in tertiary aromatic amides introduces steric and
electronic effects that influence molecular conformation and reactivity. *'1 These features

are exploited in
9 A i@ﬂ
N N CN
>

N-benzoylated Carbazole V2-receptor agonist VEGFR2 inhibitor

m C-steric repulsion
m Increased barrier to rotation around N-C and C-C bonds

Figure 4: Examples of some biologically active ortho substituted benzamide
derivatives
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Ortho-substituted amides often exhibit enhanced binding affinity and specificity in
biological systems due to their rigidified structures, which can better align with target
sites. Examples include inhibitors, receptor agonists, and enzyme modulators. 48l

Rotational behaviour in tertiary amides: Present study

In synthetic chemistry, the geometry of the amide bond, influenced by ortho-substitution,
plays a crucial role in determining the success and selectivity of cross-coupling reactions.
Ortho-substituents modulate the steric environment and electronic properties of the
amide, enabling selective activation and functionalization. 54

Previous Work Our Work
Fluxional Non Fluxional Fluxional
Enantiomer Enantiomer
1
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- P 5 N2
HO N "R -
(5a) | (5¢) X (5f)

Diastereomer

O/
Qoo
|
N Y N
H i

—_z

(5b)

Figure 5: schematic representation of previous and the present study.

Introduction of ester groups into the aromatic ring can further modulate resonance by
introducing additional electronic effects. These effects may either enhance or disrupt the
delocalization in the amide and ester functional groups, influencing both structural
stability and chemical reactivity. Ortho-substitution can amplify steric hindrance, forcing
deviations from ideal bond angles and planarity. This disruption may alter the resonance
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energies of both amide and ester bonds, impacting properties such as rotational barriers,
hydrogen bonding potential, and proton affinities.

As a part of our continued research into amide and ester bonds, this study offers a
detailed examination of the influence of ortho-substitution on resonance and rotational
barriers in tertiary aromatic amides. We combine structural analysis with computational
insights to quantify how ortho-substitution affects the structure, amidic resonance,
rotational barriers, and proton affinities. The findings strongly support the strategic use
of ortho-substitution in common benzamides to enhance amidic resonance. Remarkably,
no previous studies have evaluated the energetic properties of ortho-substituted
benzamides in contexts relevant to medicinal chemistry and organic synthesis. Similarly,
the influence of steric ortho-substitution on the aromatic ring in benzamide derivatives
regarding amide bond structure and energetics remains unexplored.
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Figure 6: Rotational problem in o-halo benzamide derived tertiary amides in complex
molecular framework: case study with molecules 6a,6b,6c, and 6d showing four
rotational isomers at room temperature whereas 6e shows two rotational isomers in
absence of ester bonds.
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2.4 RESULTS AND DISCUSSION:

Tertiary amides are capable of generating rotational isomers due to the rotation around
the N-C(O) bonds. The dynamic structures mentioned throughout this paper adopt
conformations which can be sorted adequately by comparing the relative orientation of
the consecutive amide carbonyls, and methyl ester as seen the dynamic structures are
observed perpendicular also parallel to the aromatic rings and this fluxional orientation
bonds with ester carbonyls on one hand, and with amide carbonyls on the other hand,
as a result of rotamers at room temperature. From the Temperature variant '"H NMR

study support that the number of rotamers were characterized. At low temperature
actually exist as four rotational isomers.

R'=Me, R%=Ph

R' )
H X R'=Pr R?=Me
N/\R2 Mel, KOBu > R:=IPI' R2=Et
THF, 60°C, 12 h R'='Pr R*=Pr

R'=Pr R2%='Bu
Four Rotational Isomers

—_Z
>|llm
;U
)

1z 2
Single isomer at room Temperature R'=Pr R=OH
ArCOCI, Et3N
X mcooMme > I\ .uCOOMe
NH DCM, 0°C to RT HN N
12 h

@)

0”“
0"“

Four Rotational Isomers

Single isomer at room Temperature

ArCOCI, Et;N
/ mCOOMe ——= 220 =3 > / mCOOMe

HN o =
NH DCM, 0°C to RT HN N X=1,Br,CI,F,NO,
12 h
0

X

Single isomer Four Rotational Isomers

at room Temperature

Figure 7: Synthesis of Various ortho substituted benzamide analouges under
consideration.
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Variable temperature "H NMR study:

Recording the proton NMR of the various synthesized molecules at room temperature
provides very complicated spectra indicating the presence of several rotamers in solution
at room temperature. In order to obtain information on the various structural conformers
Variable temperature (VT) NMR experiments were performed and provides the following
informations.

Fig.8a Fig.8b
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Figure 8: Variable temperature (VT) "H-NMR study of methyl N-(2-iodobenzoyl)-N-
methyl -L-valinate (8).

Observations:

< In CD,CI,, the N-methyl signals of the amide group showed significant
sensitivity to temperature increases. The signals broadened at 298 K,
indicating the onset of dynamic exchange.

<+ In DMSO-d¢, these signals coalesced into a single lower-field signal at
6 3.10 ppm at 343 K, confirming dynamic averaging due to faster rotate at
higher temperatures.
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8

The ester methyl signals remained in a rotate higher at 343 K in CD,Cl,,
showing little temperature sensitivity compared to the amide group.

< In DMSO-d¢, at 343 K, the ester methyl signals merged into a single
higher-field signal at 6 3.75 ppm, indicating unpredictable range in
magnetic field.

Fig..9a Fig. 9b

Figure 9: VT experiment on single diastereomer of 9a molecule (where X=I,
separated by column chromatography) to confirm the presence of rotamers.

In Fig. 9, VT-'H-NMR spectroscopy was carried out in all the substituted amides to verify
existence of various rotamers with geometrically perpendicular and parallel orientation
of both amide and ester bonds one single diastereomer containing four rotamers. In
conformation 9a(l) C=0 bond of both ester and amide are antiparallel to each other in
addition to that the amide C=0 and the phenyl are also antiparallel to each other.
Whereas, in conformation 9a-Il the C=0 groups of both the mentioned functional groups
are anti parallel but the phenyl ring and ester are parallel. In the next possible rotamer
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(9a-Ill) both the C=0 groups are parallel and the aryl ring is anti parallel to the amide
C=0. Furthermore, in rotamer 9a-1V parallel orientation of both the ester amide C=0 is
observed and the aryl ring orients itself anti to the ester group. In Fig.9b enlarge overlap
NH group peaks of Variable-temperature 'H-NMR spectra of methyl (1R,3S)-2-(2-
iodobenzoyl)-1-phenyl-2,3,4,9-tetrahydro-1H-pyrido[3,4-b]indole-3-carboxylate in
DMSO-ds where (a) 303K, (b) 313K, (c) 323 K(d),333K.(e),343K. Fig.9c four
rotational isomers at different temperature where (a),303K. (b),313K. (c),323K. (d),333K.
(e),343K.. Fig.1d. Variable -temperature 'H-NMR spectra of methyl (1R,3S)-2-(2-
iodobenzoyl)-1-phenyl-2,3,4,9-tetrahydro-'H-pyrido[3,4-b]  indole-3-carboxylate  in
Acetone ds (a) 298K, (b)273K (c) 263K, (d)253K, (e)233K, (f) 213K, (g) 193K. Marking
arrow represents how benzylic C-H proton and NH proton affects with temperature.

Fig.10a Fig.10b

H
(10a-1) (10a-ll©
\/\-;

(10a- |||)©

Fig.10c

Figure 10: VT experiment with the other diastereomer of 9a (separated by column
chromatography).

The similar VT-"H-NMR experiment was carried out with the corresponding diastereomer
of 9a, methyl-(1R,3R)-2-(2-iodobenzoyl)-1-phenyl-2,3,4,9-tetrahydro-1H-pyrido[3,4-
blindole-3-carboxylate in DMSO-ds at (a) 303 K, (b) 313 K, (c) 323 K, (d) 333 K, and (e)
343 K Similar observations of these diastereomers are observed as depicted earlier.
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Figure 11: Crystal structure of isomers 10a (X=I)

2.5 NMR solvent effect on rotational behaviour of two diastereomers:

Variable-temperature 'H-NMR spectroscopy was employed to investigate the presence
and dynamic behavior of rotamers in substituted amides, focusing on methyl (1R,3S)-2-
(2-iodobenzoyl)-1-phenyl-2,3,4,9-tetrahydro-1H-pyrido[3,4-b]indole-3-carboxylate and
methyl (1S,3S)-2-(2-iodobenzoyl)-1-phenyl-2,3,4,9-tetrahydro-1H-pyrido[3,4-b]indole-3-
carboxylate. The study was conducted in different solvents, DMSO-d, (at 600 MHz) and
acetone-dg (at 400 MHz), over a range of temperatures, as illustrated in Fig. 9 and 10.

DMSO-d:

v' At 298 K, multiple overlapping signals were observed in the 1H-
NMR spectra, indicating the existence of multiple rotamers due to
restricted rotation about the amide and ester bonds.

v" Upon heating to 343 K, the multiplicity of the methyl and aromatic
proton signals resolved into distinct peaks. This change suggests
faster exchange between rotameric states at elevated
temperatures, leading to spectral simplification.

v Integration ratios of the resolved peaks matched the expected
proportions, confirming the coexistence of rotamers.

v' At both 298 K and 343 K, four distinct signals corresponding to

indole-NH groups were consistently observed. This result suggests
that the indole-NH groups maintain their proton environments and
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Acetone-dg:

v

do not participate in dynamic exchange processes under the
experimental conditions.

Similar spectral trends were observed in acetone-ds at 400 MHz,
with signal multiplicity resolving upon heating. This consistency
across solvents highlights that the rotational barriers are intrinsic to
the molecular structure and not significantly influenced by solvent
interactions.

2.6 Characterization of the rotamers:

Rotational Dynamics:

v

v

The observed multiplicity at lower temperatures arises from
restricted rotation around the ester bond, creating two distinct
rotameric states.

Upon heating, increased thermal energy allows these states to
interconvert rapidly, resulting in averaged signals at higher
temperatures.

Single-Crystal X-Ray Diffraction:

v

v

Structural analysis confirmed the presence of two distinct rotameric
structures, both characterized by the orientation of the ester group
relative to the amide backbone.

Interestingly, these two rotamers were isolated and crystallized
under a single set of conditions, providing direct evidence of their
equilibrium coexistence.

3.0 Computational details:

All guantum chemistry calculations were performed using the Gaussian 16 package. The
molecules were optimized using different levels of theory. For X= F, Cl, and NOzg,
quantum chemistry calculations involved the B3LYP functional and the 6-31+G(d,p)
basis set. On the other hand, for X= Br, and I, the B3LYP/6-31+G(d,p) level of theory
was employed for the lighter elements, while the B3LYP functional and both of the
Karlsruhe valence triple-zeta polarization (def2-TZVP), and the augmented correlation-
consistent polarized valence-only triple zeta (aug-cc-pVTZ-PP) basis sets were used
separately in order to confirm the results.
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2.7 Results and discussion:

We obtained four different rotamers for each of the different substituents originating from
the rotation around the O=C-N-C, and the C-C-C(ester)-O dihedrals. Each of these
rotamers had different extents of stability. The magnitudes of the mentioned dihedral
angles associated with the different rotamers are summarized in Table 1. The most
stable rotamer (ll), was found to be associated with a O=C-N-C dihedral of nearly 0
degrees, and a C-C-C(ester)-O dihedral of -13 to -17 degrees for all of the variants
except for X=NOz2, where the C-C-C(ester)-O dihedral was found to be around — 46
degrees. The next stable rotamer (l) was less stable with respect to the rotamer I, having
a O=C-N-C dihedral of around -3 to -4 degrees and C-C-C(ester)-O dihedral of 174 to
175 degrees. Rotamer |ll was found to be slightly less stable compared to rotamer I,
and consisted of a O=C-N-C dihedral of -172 to -178 degrees, and C-C-C(ester)-O
dihedral of -53 to -58 degrees for all variants except for X=NOz2, where the C-C-C(ester)-
O dihedral was found to be around — 46 degrees. The least stable rotamer (V) was 3-
3.5 kcal/mol less stable as compared to rotamer I, having a O=C-N-C dihedral of -171 to
-179 degrees, and C-C-C(ester)-O dihedral of -147 to -159 degrees. The different
rotational relationships which produce the rotamers have been shown in Figure 12.

Nk —=— Chloro

—e— Unsubs

O-C-N-C dihedral

T T T T T T T T T T
0 60 120 180 240 300 360
Figure 12: Different rotational relationships of rotamers

Different rotamers of the molecule for various substituents along with the O=C-N-C, and
the C-C-C(ester)-O dihedral angles associated with them, and their relative energies, as
obtained from quantum chemical calculations.
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Substituent Rotamer 0O=C-N-C C-C-C(ester)-O Relative
dihedral dihedral energy
(level of theory of optimization) A a ,?_, (kcal/mol)
RESoT >
Y| Y

I 0.24 -13.29 1.26

X=F Il -4.37 175.50 0
B3LYP/6-31+G(d,p) 1 -171.97 -58.32 1.44
v -176.07 147.05 3.39
I -0.27 -15.12 0.94

X=Cl Il -3.72 174.86 0
B3LYP/6-31+G(d,p) 11 -176.55 -53.86 1.63
v -179.98 153.11 3.51
I -0.01 -46.37 0.13

X=NO; Il -3.54 174.22 0
B3LYP/6-31+G(d,p) 11 -172.12 -46.71 1.32
v -171.15 158.98 3.26
I -0.23 -14.60 0.94

X=Br Il -3.52 174.53 0
(B3LYP/def2-TZVP for Br) 1 -177.38 -53.55 1.69
v -179.16 154.28 3.51
I -0.28 -14.22 0.94

X= Br Il -3.54 174.68 0
(B3LYP/aug-cc-pVTZ-PP for Br) 1 -177.61 -53.46 1.69
v -178.97 154.33 3.51
I 0.16 -17.40 0.88

X=I Il -3.39 174.04 0
(B3LYP/def2-TZVP for ) 11 -178.14 -52.83 1.88
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\YJ -178.32 155.54 3.64
(B3LYP/aug-cc-pVTZ-PP for I) I 0.14 -17.33 0.88
1l -3.40 174.05 0
1l -178.15 -52.75 1.88
\Y] -178.30 155.54 3.64
%J Rotamerl I~ Rotamer Il
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Figure 13: Structures of the four rotamers obtained from the quantum chemical
optimization of the molecule for X=CI at the B3LYP/6-31+G(d,p) level, and rotational
relationship between them. Rotamer Il and IV can be obtained through the rotation along
the C-C-C(ester)-O dihedral to produce rotamers | and Il respectively, while rotamer I
and IV can be produced from rotamers | and Il through the rotation along the O=C-N-C
dihedral.

3.2 Conclusion:

In conclusion, our study delves into the computational exploration of the impact of ortho-
substitution on resonance and barriers to rotation in tertiary aromatic amides. Notably,
ortho-substituted amidesand ester, prominently featured in biologically relevant
compounds and pivotal for reactivity, exhibit heightened barriers to rotation along both
the N-C(O) and C-C(O) axes. This effect aligns with steric repulsion between the ortho-
substituent and the amide and ester oxygen atom. The rotational profiles depict a
substantial increase in rotational barriers around the C-C(O) bond (up to 3.64 kcal/mol)
and a notable increase in barriers to rotation along the N-C(O) bond (up to 1.88
kcal/mol). Additionally, we have explored proton affinities and variations in proton
affinities in ortho-substituted amides. Our findings highlight the potential to manipulate
amidic resonance, ranging from virtually nonexistent to >3.0 kcal/mol, through a
thoughtful selection of amide bond substitution. Ongoing efforts in our research focus on
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further investigating the structural and energetic properties of amides. We anticipate that
these endeavors will ultimately contribute to the establishment of a well-defined
resonance scale for the amide bond and ester bond. The VT-'H-NMR and single-crystal
X-ray diffraction studies reveal critical details about the rotational dynamics and
structural flexibility of substituted amides. The coexistence of two rotameric states,
observable across different solvents and confirmed by crystallographic analysis,
provides a comprehensive picture of how molecular structure dictates dynamic behavior.
These findings have significant implications for the design and application of substituted
amides in fields such as medicinal chemistry and materials science, where rotational
flexibility can influence function and reactivity. Addressing the impact of ortho- and ester-
substitution on the resonance and conformational behavior of benzamides could unlock
new possibilities in:

e Drug Design: Enhanced understanding of these interactions can lead to the
design of more potent and selective biologically active compounds.

« Synthetic Applications: Tailored resonance effects and restricted conformations
can enable the development of more efficient and selective catalytic systems, as
well as novel synthetic strategies.

« Material Science: Rigid, resonance-stabilized structures have potential
applications in advanced materials with tunable properties.

This study underscores the need for a comprehensive exploration of these effects using
a combination of computational modeling and experimental validation. Such
investigations will not only fill a critical knowledge gap but also pave the way for
innovative applications in both chemical and biological sciences.

Supporting Information

2.8 General Information
All the reagents and solvents used in the present study were purchased from Sigma-

Aldrich, TCIl and Thermo Fischer Scientific, respectively. All reactions were carried out
in an oven-dried reaction tube under an air atmosphere. Silica gel TLC plate were used
to perform TLC analysis.All the "H and "*C NMR spectra were recorded in a 400 MHz
and 600 MHz spectrometer. ESI mass spectral analysis was done using the LCQ-
ORBITRAP-XL instrument. Bruker Kappa Apex Il X-ray crystallography machine was
used to solve the crystal structure. Singlet (s), doublet (d), triplet (t), and multiplet (m)
were designated as 'H NMR multiplicity patterns. Silica gel (100-200 mesh) and
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(230-400 mesh) were used for column chromatographic separations. Single crystals of
products were obtained through slow evaporation (at room temperature) of a solution in
chloroform.

4.1 General Synthetic Procedure.

: i i
! EtsN t
1 Cre o 2 i
—_—
R” > NH, | DCMiice to RT H 0
1on X Mel, THF,60°C I

4.1.1 General Procedure A: Synthesis of Amide from Acid Chloride

To a dried round bottom flask equipped with a magnetic stir bar was added a solution of
the respective aryl carboxylic acid chloride (2.0mmol, 1 equiv) in DCM (20 Eqv),
corresponding amine (2.4 mmol,1.2 equiv.), 0 °C under N2 atmosphere. The reaction
was allowed to stir for 12 h. After completion, the reaction mixture was diluted with
DCM (50 mL). The organic layer was washed with aq. NaHCOs3 (15 mL), brine (25 mL).
Combined organic layer was dried over anhydrousNa2S0O4, evaporated under vaccuo.
Resulting crude mixture was purified by column chromatography using EtOAc:Hexane
to afford the desired Amide compound.

4.1.2 General ProcedureB : Synthesis of N-methyl amide from their
corresponding amide.

To a dried round bottom flask equipped with a magnetic stir bar was added a solution of
the respective Amide (1.0mmol, 1 equiv) in Dry THF (20 Eqv), Potassium tertbutoxide
(1.5 mmol,1.5 equiv.), 0 °C under N2 atmosphere, Then methyl iodide (3 mmol,3Eqv).
Was added. The reaction was allowed to stir for 12 hours at 60°C . After completion, the
reaction mixture was Evaporate to Dryness & diluted with Ehyl acetate(50 mL). The
organic layer was washed with saturated NaHCOs3 (15 mL), brine (25 mL). Combined
organic layer was dried over anhydrous Na2SOg4, evaporated under vaccuo. Resulting
crude mixture was purified by column chromatography using EtOAc:Hexane to afford
the desired n-methyl Amide(3yy).

4.1.3 Procedure C.Synthesis of different alkyl ester from their corresponding
methyl ester.

O R

Py 0O R 0 R
N~ ~COOMe | DCC/DMAP
(D\)L N LiOH(1.5Eqv) NJ\COOH / NJ\COOR1
X — - I R'-OH,DCM |
X X
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4.1.3.1 Procedure C(A) .To a dried round bottom flask equipped with a magnetic stir
bar was added a solution of the respective methyl Ester(3yy) (1.0mmol, 1 equiv) in
THF:MeOH:Water (1:1:1), Lithium Hydroxide (1.5 mmol,1.5 equiv.), 0 °C under
N2 atmosphere. The reaction was allowed to stir for 12 hours at Room Temperature.
After completion, the reaction mixture was Evaporate to Dryness & diluted with Ehyl
acetate(50 mL). The organic layer was washed with saturated agq. Citric Acid (15 mL),
brine (25 mL) Combined organic layer was dried over anhydrous Na2S0O4, evaporated
under vaccuo. Resulting crude mixture was purified by column chromatography using
EtOAc:Hexane to afford the desired Acid compound .

4.1.3.2 Procedure C(B).This Acid was added in a dried round bottom flask equipped
with a magnetic stir bar, Dichloromethane was added at 0°C. Then alcohol
(5Eqv),DCC(1.3Eqv), DMAP(0.1Eqv) was added. The reaction was allowed to stir for 12
hours at Room Temperature.The Reaction mixture was passed through the celite pad,
evaporated under vaccuo. Resulting crude mixture was purified by column
chromatography using EtOAc:Hexane to afford the desired Acid compound (5ww).

4.2 Synthesis Of methyl N-(2-iodobenzoyl)-N-methyl-L-valinate.

0O

~
- Cl Et;N ‘BuO
/__\ | 3 @fL COOMe BuOK COOMe
MeOOC NH, | DCM ice to RT

0
12h Mel, THF,60°C

methyl N-(2- |odobenzoyl)-N-
methyl-L-valinate

The same general procedure A&B was followed with 2-lodobenzoyl Chloride 0.25g
(2.0mmol, 1.0 equiv.),l-Valine methyl ester Hydrochloride(2.4mmol, 1.2 equiv.),
potassium tertbutoxide (3.0mmol, 1.5 equiv.), Methyl lodide(6.0mmol, 3.0
equiv.),Column chromatography (SiOz2, eluting with 20% ethyl acetate/pet ether)
afforded the desired product 3a as liquid

H NMR (400 MHz, Chloroform-d) & 7.86 — 7.72 (m, 1H), 7.42 — 7.18 (m, 7H), 7.09 —
6.98 (m, 1H), 6.27 (s, 1H), 5.26 (q, J = 7.2 Hz, 1H), 1.59 (d, 3H).

13C NMR (101 MHz, CHLOROFORM-D) & 168.50, 142.71, 142.22, 139.86, 131.11,
128.77, 128.40, 128.21, 127.59, 126.57, 92.56, 49.56, 21.60.
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TH NMR Of methyl (2-iodobenzoyl)-L-valinate(8a)
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13C NMR Of methyl (2-iodobenzoyl)-L-valinate(8a)
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TH NMR Of methyl N-(2-iodobenzoyl)-N-methyl-L-valinate(8a)
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'H NMR Of methyl N-(2-iodobenzoyl)-N-methyl-L-valinate(8a) in Different
temperature in DMSO-D6
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TH NMR Of methyl N-(2-iodobenzoyl)-N-methyl-L-valinate(8a) in Different
temperature in DMSO-D6
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"H NMR Of methyl N-(2-iodobenzoyl)-N-methyl-L-valinate(8a) at 343K temperature
in DMSO-D6

1H NMR In dmso-d6 at 343K

13C NMR of methyl N-(2-iodobenzoyl)-N-methyl-L-valinate(8a) at 343K temperature
in DMSO-D6
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3.3 Synthesis of methyl N-(2-iodobenzoyl)-N-methyl-L-alaninate.

s Cl Et3 J\COOM(:,\ tBl,IOK J\
MeOOC” >NH @ﬁj\ CﬁL COOMe
) DCM.ice to RT

(1a Mel, THF, 60°C I
12h (2a) (3a)

methyl N-(2-iodobenzoyl)-N-
methyl-L-alaninate

The same general procedure A&B was followed with 2-lodobenzoyl Chloride 0.25g
(2.0mmol, 1.0 equiv.),l-alanine methyl ester Hydrochloride(2.4mmol, 1.2 equiv.),
potassium tertbutoxide(3.0mmol, 1.5 equiv.), Methyl lodide(6.0mmol, 3.0
equiv.),Column chromatography (SiOz2, eluting with 20% ethyl acetate/pet ether) afforded
the desired product 3a as liquid

1H NMR in CDCIl; methyl N-(2-iodobenzoyl)-N-methyl-L-alaninate.
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13C NMR in CDCI3 methyl N-(2-iodobenzoyl)-N-methyl-L-alaninate.
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3.4 Synthesis Of N-(2-iodobenzoyl)-N-methyl-L-valine.

o) O
LiOH
lil COOMe —M > lil COOH
I I

The same general procedure C(A) was followed with methyl N-(2-iodobenzoyl)-N-
methyl-L-valinate.(3a) (2.0mmol, 1.0 equiv.), Lithium Hydroxide (3mmol, 1.5 equiv.),
THF:MeOH:Water=1:1:1,Column chromatography (SiO2, eluting with 60% ethyl
acetate/pet ether) afforded the desired product 4a as White Solid (, 80 %yield)
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"H NMR in CDCI; of Of N-(2-iodobenzoyl)-N-methyl-L-valine.
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3.6 Synthesis Of ethyl N-(2-iodobenzoyl)-N-methyl-L-valinate.

Fig.20

©fj\ COOH DCC,DMAP,EtOH
DCM

dL COOEt

ethyl N-(2-iodobenzoyl)-N-methyl-L-valinate

The same general procedure C(B) was followed with N-(2-iodobenzoyl)-N-methyl-L-
valine (3a) (2.0mmol, 1.0 equiv.), DCC (2.6mmol, 1.3 equiv.), DMAP (0.1mmol, 0.1
equiv.), EtOH (3mmol, 1.5 equiv.), ,Column chromatography (SiOz2, eluting with 20%

ethyl acetate/pet ether) afforded the desired product 5a as White Solid (, 80 %yield).
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"H NMR in CDCI; of ethyl N-(2-iodobenzoyl)-N-methyl-L-valinate.
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3.7 Synthesis of isopropyl N-(2-iodobenzoyl)-N-methyl-L-
valinate.
Fig.21

©fj\ COOH DCC,DMAP,'PrOH @ﬁl\ COO'Pr

DCM

isopropyl N-(2-iodobenzoyl)-N-methyl-L-valinate

The same general procedure C(B) was followed with N-(2-iodobenzoyl)-N-methyl-L-valine (3a)
(2.0mmol, 1.0 equiv.), DCC (2.6mmol, 1.3 equiv.), DMAP (0.1mmol, 0.1 equiv.), 'PrOH (3mmol,

1.5 equiv.) ,Column chromatography (SiO2, eluting with 20% ethyl acetate/pet ether) afforded
the desired product 5a as White Solid (, 80 %yield).

"H NMR in CDCI; of isopropyl N-(2-iodobenzoyl)-N-methyl-L-valinate.
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3C NMR in CDClI; isopropyl N-(2-iodobenzoyl)-N-methyl-L-valinate.
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3.8 Synthesis Of terbutyl N-(2-iodobenzoyl)-N-methyl-L-valinate.

COOH DCC,DMAP, 'BuOH COO'Bu

DCM

tert-butyl N-(2-iodobenzoyl)-N-methyl-L-valinate

The same general procedure C(B) was followed with N-(2-iodobenzoyl)-N-methyl-L-valine (3a)
(2.0mmol, 1.0 equiv.), DCC (2.6mmol, 1.3 equiv.), DMAP (0.1mmol, 0.1 equiv.), BuOH (3mmol,
1.5 equiv.), ,Column chromatography (SiO2, eluting with 20% ethyl acetate/pet ether) afforded

the desired product 5a as White Solid (, 80 %yield).
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"H NMR in CDCI; of tertbutyl N-(2-iodobenzoyl)-N-methyl-L-valinate.
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3C NMR in CDCI; of tert butyl N-(2-iodobenzoyl)-N-methyl-L-valinate.
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3.10 Synthesis Of methyl (1S,3R)-2-benzoyl-1-phenyl-2,3,4,9-tetrahydro-1H-
pyrido[3,4-blindole-3-carboxylate

The same general procedure A methyl (1S,3R)-1-phenyl-2,3,4,9-tetrahydro-1H-
pyrido[3,4-blindole-3-carboxylate was followed with 2-lodobenzoyl Chloride.(3a)
(2.0mmol, 1.0 equiv.), Trethylamine (3mmol, 1.5 equiv.), DCM 30ml,Column
chromatography (SiOz, eluting with 18% ethyl acetate/pet ether) afforded the desired
product 4a as White Solid (, 80 %yield). Fig.24

Q ‘\\COOMG
|

(0]
Triethylamine/DCM
N NH + Cl >
Ice To RT
O 12h

H NMR (400 MHz, DMSO-ds) 5 10.86 (s, 1H), 7.66 — 6.87 (m, 14H), 6.26 — 5.86 (m, 1H), 4.84 (d, J =
152.8 Hz, 1H), 3.62 — 3.33 (m, 4H), 1.10 — 1.01 (m, OH).

13C NMR (101 MHz, DMSO-Ds) 5 171.40, 130.81, 129.34, 128.86, 128.83, 126.48, 123.92, 121.93,
119.42, 118.61, 111.84, 65.45, 55.45, 52.89, 15.70.

'H NMR in DMSO-Ds of methyl (1S,3R)-2-benzoyl-1-phenyl-2,3,4,9-tetrahydro-1H-pyrido[3,4-
blindole-3-carboxylate
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3C NMR in DMSO-D6 of methyl (1S,3R)-2-benzoyl-1-phenyl-2,3,4,9-tetrahydro-1H-
pyrido[3,4-blindole-3-carboxylate
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3.11 Synthesis Of methyl (1R,3R)-2-benzoyl-1-phenyl-2,3,4,9 tetrahydro - 1H-
pyrido [3,4-blindole-3-carboxylate

~COOMe

Q , ,
' | " n . Triethylamine/DCM o wCOOMe
H lce To RT HN N77/©

12h
O

@ -

The same general procedure A methyl (1R,3R)-1-phenyl-2,3,4,9-tetrahydro-1H-
pyrido[3,4-b]indole-3-carboxylate was followed with benzoyl Chloride.(3a) (2.0mmol, 1.0
equiv.), Trethylamine (3mmol, 1.5 equiv.), DCM 30ml,Column chromatography (SiO2,
eluting with 18% ethyl acetate/pet ether) afforded the desired product 4a as White Solid
(, 80 %yield).

'H NMR (400 MHz, DMSO-ds) 8 10.99 (s, 1H), 7.51 — 7.43 (m, 7H), 7.36 — 7.21 (m, 5H), 7.20 — 7.16 (m,
1H), 7.11 — 6.98 (m, 3H), 4.79 (s, 1H), 2.98 — 2.71 (m, 4H), 1.15 - 0.89 (m, 1H).

13C NMR (101 MHz, DMSO-Ds) & 171.74, 140.22, 136.91, 136.56, 130.17, 129.28, 128.57, 128.21,
126.81, 126.63, 122.06, 119.22, 118.58, 111.80, 107.16, 65.46, 52.00, 22.01, 15.71.
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"H NMR in DMSO-D6 of methyl (1R,3R)-2-benzoyl-1-phenyl-2,3,4,9 tetrahydro - 1H-pyrido
[3,4-blindole-3-carboxylate
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3C NMR in DMSO-D6 of methyl (1R,3R)-2-benzoyl-1-phenyl-2,3,4,9 tetrahydro -
1H-pyrido [3,4-blindole-3-carboxylate
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3.12 Synthesis Of methyl (1S,3R)-2-(2-iodobenzoyl)-1-phenyl-2,3,4,9-tetrahydro-
1H-pyrido[3,4-blindole-3-carboxylate

Q ~COOMe
I

(0]
Triethylamine/DCM
N NH + cl >
Ice To RT
O l 12h

methyl (1S,3R)-2-(2-iodobenzoyl)-1-phenyl-2,3,4,9-tetrahydro-
1H-pyrido[3,4-blindole-3-carboxylate

The same general procedure A methyl (1S,3R)-1-phenyl-2,3,4,9-tetrahydro-1H-
pyrido[3,4-blindole-3-carboxylate was followed with 2-lodobenzoyl Chloride.(3a)
(2.0mmol, 1.0 equiv.), Trethylamine (3mmol, 1.5 equiv.), DCM 30ml,Column
chromatography (SiOz, eluting with 18% ethyl acetate/pet ether) afforded the desired
product 4a as White Solid (, 80 %yield).

1H NMR Of methyl (1S,3R)-2-(2-iodobenzoyl)-1-phenyl-2,3,4,9-tetrahydro-1H-
pyrido[3,4-blindole-3-carboxylate at 343K temperature
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13C NMR Of methyl (1S,3R)-2-(2-iodobenzoyl)-1-phenyl-2,3,4,9-tetrahydro-1H-

pyrido[3,4-b]indole-3-carboxylate at Room temperature
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'H NMR of methyl (1S,3R)-2-(2-iodobenzoyl)-1-phenyl-2,3,4,9-tetrahydro-1H-

pyrido[3,4-blindole-3-carboxylate at Different temperature.
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3.13 Synthesis Of methyl (1R,3R)-2-(2-iodobenzoyl)-1-phenyl-2,3,4,9-tetrahydro-
1H-pyrido[3,4-blindole-3-carboxylate.

~COOMe
| 1. Triethylamine/DCM wCOOMe
N + >

lce To RT HN N
12h

T
llll

©

e

The same general procedure A methyl (1R,3R)-1-phenyl-2,3,4,9-tetrahydro-1H-
pyrido[3,4-blindole-3-carboxylatewas followed with 2-lodobenzoyl Chloride.(3a)
(2.0mmol, 1.0 equiv.), Trethylamine (3mmol, 1.5 equiv.), DCM 30ml,Column
chromatography (SiOz, eluting with 18% ethyl acetate/pet ether) afforded the desired
product 4a as White Solid (, 80 %yield).

TH NMR Of methyl (1R,3R)-2-(2-iodobenzoyl)-1-phenyl-2,3,4,9-tetrahydro-1H-
pyrido[3,4-blindole-3-carboxylate at 343K temperature.
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1H NMR Of methyl (1R,3R)-2-(2-iodobenzoyl)-1-phenyl-2,3,4,9-tetrahydro-1H-

pyrido[3,4-blindole-3-carboxylate at Different temperature.
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3.14 Synthesis Of methyl (1S,3R)-2-(2-Bromobenzoyl)-1-phenyl-2,3,4,9-
tetrahydro-1H-pyrido[3,4-blindole-3-carboxylate

Q wCOOMe
|

0
Triethylamine/DCM
H NH _|_ Cl -
Ice To RT
O Br 12h

methyl (1S,3R)-2-(2-bromobenzoyl)-1-phenyl-2,3,4,9-
tetrahydro-1H-pyrido[3,4-blindole-3-carboxylate

The same general procedure A methyl (1S,3R)-1-phenyl-2,3,4,9-tetrahydro-1H-
pyrido[3,4-blindole-3-carboxylate was followed with 2-Bromobenzoyl Chloride.(3a)
(2.0mmol, 1.0 equiv.), Trethylamine (3mmol, 1.5 equiv.), DCM 30ml,Column
chromatography (SiOz, eluting with 18% ethyl acetate/pet ether) afforded the desired
product 4a as White Solid (, 80 %yield).

TH NMR Of methyl (1S,3R)-2-(2-Bromobenzoyl)-1-phenyl-2,3,4,9-tetrahydro-1H-
pyrido[3,4-blindole-3-carboxylate.
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3C NMR Of methyl (1S,3R)-2-(2-Bromobenzoyl)-1-phenyl-2,3,4,9-tetrahydro-1H-
pyrido[3,4-blindole-3-carboxylate.
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3.15 Synthesis Of methyl (1R,3R)-2-(2-Bromobenzoyl)-1-phenyl-2,3,4,9-tetrahydro-
1H-pyrido[3,4-bJindole-3-carboxylate.

Fig.29
~COOMe o)
| 1 Triethylamine/DCM ~wCOOMe
NTN + cl - J
: lce To RT ANTNAN
@ Br 12h g
Q) e

The same general procedure A methyl (1R,3R)-1-phenyl-2,3,4,9-tetrahydro-1H-
pyrido[3,4-blindole-3-carboxylatewas followed with 2-Bromobenzoyl Chloride.(3a)
(2.0mmol, 1.0 equiv.), Trethylamine (3mmol, 1.5 equiv.), DCM 30ml,Column
chromatography (SiOz2, eluting with 18% ethyl acetate/pet ether) afforded the desired
product 4a as White Solid (, 80 %yield).
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'H NMR of methyl (1R,3R)-2-(2-Bromobenzoyl)-1-phenyl-2,3,4,9-tetrahydro-1H-
pyrido[3,4-blindole-3-carboxylate.
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3C NMR of methyl (1R,3R)-2-(2-Bromobenzoyl)-1-phenyl-2,3,4,9-tetrahydro-1H-
pyrido[3,4-blindole-3-carboxylate.
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3.16 Synthesis of methyl (1S,3R)-2-(2-Chlorobenzoyl)-1-phenyl-2,3,4,9-
tetrahydro-1H-pyrido[3,4-b]indole-3-carboxylate

O
Triethylamine/DCM
N NH + Cl >
- Ice To RT

12h

methyl (1S,3R)-2-(2-chlorobenzoyl)-1-phenyl-2,3,4,9-
tetrahydro-1H-pyrido[3,4-blindole-3-carboxylate

The same general procedure A methyl (1S,3R)-1-phenyl-2,3,4,9-tetrahydro-1H-
pyrido[3,4-blindole-3-carboxylate was followed with 2-Chlorobenzoyl Chloride.(3a)
(2.0mmol, 1.0 equiv.), Trethylamine (3mmol, 1.5 equiv.), DCM 30ml,Column
chromatography (SiOz, eluting with 18% ethyl acetate/pet ether) afforded the desired
product 4a as White Solid (, 80 %yield).

TH NMR of methyl (1S,3R)-2-(2-Chlorobenzoyl)-1-phenyl-2,3,4,9-tetrahydro-1H-
pyrido[3,4-blindole-3-carboxylate.
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3C NMR of methyl (1S,3R)-2-(2-Chlorobenzoyl)-1-phenyl-2,3,4,9-
tetrahydro-1H- pyrldo[3 4- b]|ndole-3-carboxylate
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3.17 Synthesis of methyl (1R,3R)-2-(2-Chlorobenzoyl)-1-phenyl-2,3,4,9-tetrahydro-
1H-pyrido[3,4-bJindole-3-carboxylate.

~COOMe
| 1. Triethylamine/DCM WwCOOMe
N + > 77/©

T
llll

Ice To RT HN N

12h
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=

The same general procedure A methyl (1R,3R)-1-phenyl-2,3,4,9-tetrahydro-1H-
pyrido[3,4-blindole-3-carboxylatewas followed with 2-chlorobenzoyl Chloride.(3a)
(2.0mmol, 1.0 equiv.), Trethylamine (3mmol, 1.5 equiv.), DCM 30ml,Column
chromatography (SiOz2, eluting with 18% ethyl acetate/pet ether) afforded the desired
product 4a as White Solid (, 80 %yield).
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1H NMR of methyl (1R,3R)-2-(2-Chlorobenzoyl)-1-phenyl-2,3,4,9-tetrahydro-1H-
pyrido[3,4-blindole-3-carboxylate.
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13C NMR of methyl (1R,3R)-2-(2-Chlorobenzoyl)-1-phenyl-2,3,4,9-tetrahydro-1H-
pyrido[3,4-blindole-3-carboxylate.
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3.18 Synthesis of methyl (1S,3R)-2-(2-fluorobenzoyl)-1-phenyl-2,3,4,9-tetrahydro-
1H-pyrido[3,4-b]indole-3-carboxylate.

@ ~COOMe o
| Triethylamine/DCM

” NH + Cl -
Ice To RT
O F 12h

methyl (1S,3R)-2-(2-fluorobenzoyl)-1-phenyl-2,3,4,9-
tetrahydro-1H-pyrido[3,4-blindole-3-carboxylate

The same general procedure A methyl (1S,3R)-1-phenyl-2,3,4,9-tetrahydro-1H-
pyrido[3,4-blindole-3-carboxylate was followed with 2-fluorobenzoyl Chloride.(3a)
(2.0mmol, 1.0 equiv.), Trethylamine (3mmol, 1.5 equiv.), DCM 30ml,Column
chromatography (SiOz2, eluting with 18% ethyl acetate/pet ether) afforded the desired
product 4a as White Solid (, 80 %yield).

TH nmr of methyl (1S,3R)-2-(2-fluorobenzoyl)-1-phenyl-2,3,4,9-tetrahydro-1H-
pyrido[3,4-blindole-3-carboxylate
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BC nmr of methyl (1S,3R)-2-(2-fluorobenzoyl)-1-phenyl-2,3,4,9-tetrahydro-1H-
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3.19 Synthesis of methyl (1R,3R)-2-(2-fluorobenzoyl)-1-phenyl-2,3,4,9-tetrahydro-
1H-pyrido[3,4-bJindole-3-carboxylate.
Fig.32

~COOMe 0]
| 1 Triethylamine/DCM wCOOMe
H + Cl >
Ice To RT HN N
@ F 12h

The same general procedure A methyl (1R,3R)-1-phenyl-2,3,4,9-tetrahydro-1H-
pyrido[3,4-blindole-3-carboxylatewas followed with 2-fluorobenzoyl Chloride.(3a)
(2.0mmol, 1.0 equiv.), Trethylamine (3mmol, 1.5 equiv.), DCM 30ml,Column
chromatography (SiOz, eluting with 18% ethyl acetate/pet ether) afforded the desired
product 4a as White Solid (, 80 %yield).
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1H NMR of methyl (1R,3R)-2-(2-fluorobenzoyl)-1-phenyl-2,3,4,9-tetrahydro-1H-
pyrido[3,4-b]indole-3-carboxylate
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13C NMR of methyl (1R,3R)-2-(2-fluorobenzoyl)-1-phenyl-2,3,4,9-tetrahydro-1H-
pyrido[3,4-blindole-3-carboxylate
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3.20. Synthesis Of methyl (1S,3R)-2-(2-nitrobenzoyl)-1-phenyl-2,3,4,9-tetrahydro-
1H-pyrido[3,4-blindole-3-carboxylate.

Q WCOOMe o
| Triethylamine/DCM
” NH + Cl -
Ice To RT
O NO, 12h

methyl (1S,3R)-2-(2-nitrobenzoyl)-1-phenyl-2,3,4,9-tetrahydro-
1H-pyrido[3,4-blindole-3-carboxylate

The same general procedure A methyl (1S,3R)-1-phenyl-2,3,4,9-tetrahydro-1H-
pyrido[3,4-blindole-3-carboxylate was followed with 2-nitrobenzoyl Chloride.(3a)
(2.0mmol, 1.0 equiv.), Trethylamine (3mmol, 1.5 equiv.), DCM 30ml,Column
chromatography (SiOz2, eluting with 18% ethyl acetate/pet ether) afforded the desired
product 4a as White Solid (, 80 %yield).

'H NMR of methyl (1S,3R)-2-(2-nitrobenzoyl)-1-phenyl-2,3,4,9-tetrahydro-1H-
pyrido[3,4-blindole-3-carboxylate.
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3C NMR of methyl (1S,3R)-2-(2-nitrobenzoyl)-1-phenyl-2,3,4,9-tetrahydro-1H-
pyrido[3,4-b]indole-3-carboxylate
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3.21 Synthesis Of methyl (1R,3R)-2-(2-nitrobenzoyl)-1-phenyl-2,3,4,9-tetrahydro-
1H-pyrido[3,4-blindole-3-carboxylate.

Triethylamine/DCM
NH

~COOMe
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+ (o] /
Ice To RT HN
@ NO, 12h
O
The same general procedure A methyl (1R,3R)-1-phenyl-2,3,4,9-tetrahydro-1H-
pyrido[3,4-blindole-3-carboxylatewas followed with 2-nitrobenzoyl Chloride.(3a)
(2.0mmol, 1.0 equiv.), Trethylamine (3mmol, 1.5 equiv.), DCM 30ml,Column

chromatography (SiOz2, eluting with 18% ethyl acetate/pet ether) afforded the desired
product 4a as White Solid (, 80 %yield).
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'H NMR of methyl (1R,3R)-2-(2-nitrobenzoyl)-1-phenyl-2,3,4,9-tetrahydro-1H-
pyrido[3,4-b]indole-3-carboxylate in DMSO-D6
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3.22 Synthesis Of methyl (1S,3R)-2-(2-iodobenzoyl)-1-(p-tolyl)-2,3,4,9-tetrahydro-
1H-pyrido[3,4-blindole-3-carboxylate

@ l “\COOMe 0

Triethylamine/DCM
N NH + cl >
Ice To RT
O [ 12h

methyl (1S,3R)-2-(2-iodobenzoyl)-1-(p-tolyl)-2,3,4,9-
tetrahydro-1H-pyrido[3,4-b]indole-3-carboxylate

The same general procedure A methyl methyl (1S,3R)-1-(p-tolyl)-2,3,4,9-tetrahydro-1H-
pyrido[3,4-blindole-3-carboxylate was followed with 2-lodobenzoyl Chloride.(3a)
(2.0mmol, 1.0 equiv.), Trethylamine (3mmol, 1.5 equiv.), DCM 30ml,Column
chromatography (SiOz, eluting with 18% ethyl acetate/pet ether) afforded the desired
product 4a as White Solid (, 80 %yield).

TH NMR of methyl (1S,3R)-2-(2-iodobenzoyl)-1-(p-tolyl)-2,3,4,9-tetrahydro-1H-
pyrido[3,4-blindole-3-carboxylate in Acetone-D6
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13C NMR of methyl (1S,3R)-2-(2-iodobenzoyl)-1-(p-tolyl)-2,3,4,9-tetrahydro-1H-

pyrido[3,4-blindole-3-carboxylate in Acetone-Ds
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CHAPTER-3

Palladium Catalyzed C(sp?®)-H arylation
Followed by De-esterification
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3.1. INTRODUCTION:

3.1.1 Carbon-carbon bond forming reactions

This category encompasses reactions specifically designed to forge carbon-carbon (C—
C) bonds, which are fundamental transformations in organic chemistry. These processes
serve as the corner stone for constructing complex molecular architectures, enabling the
synthesis of natural products, pharmaceuticals, agrochemicals, and advanced materials.
The ability to form new C—C bonds is critical for extending carbon frameworks, allowing
chemists to build molecules with enhanced complexity, functionality, and diversity. Such
reactions are indispensable tools in the repertoire of synthetic methodologies, often
employing catalytic systems, including transition metals, to achieve high selectivity,
efficiency, and sustainability. One of tools of C-C bond formation reaction is palladium-
catalyzed C-C bond formation reaction via decarboxylation. [6]

Palladium-catalyzed reductive couplings are among the most important carbon-
carbon bond-forming reactions in modern synthetic organic chemistry. Such reactions
includes, The Tr-allyl chemistry (also asymmetric), Stille coupling, Heck reaction, Suzuki
reactions, Sonogashira coupling and etc. [66]

3.1.2 Palladium-Catalyzed Decarboxylative Arylation

Palladium-Catalyzed Decarboxylative Arylation is a powerful synthetic method used in
organic chemistry to form carbon-carbon bonds by coupling an aryl group with a
carbanion derived from a carboxylic acid. This process leverages a palladium catalyst to
facilitate the reaction, which involves the loss of carbon dioxide (decarboxylation) from a
carboxylic acid or its derivative. Also Pd(0) or Pd(ll)-catalyzed protocol for
decarboxylative arylation of aromatic C-H bond was developed using aryl acylperoxides
as inexpensive aryl sources. Substrates containing pyridyl, oxime, and oxazoline groups
undergo effectively ortho-selective C-H arylation with excellent functional group
tolerance. (671 Generally, the reactivity of organo-palladium complex is low compared with
organo-nickel complexes. However, they have higher chemical stability for oxidations
and this makes them easy to use. Therefore, palladium complexes are most commonly
used for cross-coupling reactions. Some previous strategic tools for decarboxylative
cross coupling reaction. Oxidative decarboxylative cross-couplings have provided a
solution to these challenges by offering a more direct pathway that bypasses the need
for pre-functionalization of substrates. These reactions enable the incorporation of
nitrogen and oxygen nucleophiles without the intermediate oxidation step, streamlining
the synthesis process. (8]
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Prefuntionalized Electrophile(E) R4 E
R

R, E= Aryl halide, Alkene, Sulfonyl azide Rz
Substituted Decarboxylative
carboxylic acid products

Figure 1: Decarboxylative eletrophillic addition.

Most contemporary strategies for decarboxylative couplings are redox-neutral, which is
advantageous as it eliminates the need for additional oxidizing or reducing agents. In
these reactions, a carboxylate acts as the pro-nucleophile and is paired with an
electrophilic counterpart, such as an organohalide, organosufonyl azides and olefins to
form new C—C bonds (Figure 1). Organohalides are commonly chosen due to their
established reactivity and effectiveness in various cross-coupling reactions, making this
pairing a reliable and efficient approach for constructing complex carbon frameworks.
However, when the goal is to form polar C—N and C-O bonds, the reaction strategy often
requires modification. Typically, these transformations need the carboxylic acid to be
prefunctionalized using an internal oxidant, such as a N-oxyphthalimide (PINO) to
facilitate the decarboxylative step (Figure 2). While this prefunctionalization enables
subsequent bond formation with nitrogen or oxygen nucleophiles, it also introduces
added complexity. The additional step can complicate the synthetic process, necessitate
more rigorous purification procedures, and reduce the efficiency of creating large and
diverse compound libraries. 68

o)
(0] Unfunctionalized Neucleophiles (Nuc)

R»]\rNUC

R1W)L N
R o o) Nuc= Grignard reagent, alcohols, sulfolamides Rz
2

Prefuntionalize electrophile(E)

Figure 2: Decarboxylative functionalization with PINO functionalized carboxylic acids.

Another classical example of this type of transformation is decarboxylative Kolbe
electrolysis (Figure 3), which allows for the formation of C—C bonds. However, this
method often requires a excess amount of the hetero-nucleophile, which acts as a
sacrificial oxidant to avoid Kolbe dimerization a competing side reaction that can reduce
yields and selectivity [6°1

79



+ } Nuc Nuc

> R1)\

Cross Coupling Rz

Figure 3: Kolbe electrolysis.

Applications of decarboxylative arylation:

« Pharmaceutical Synthesis: Used to create complex molecules for drug
discovery.

o Material Science: Preparation of functionalized aryl compounds for organic
materials.

« Natural Product Synthesis: This is a key step in synthesizing molecules with
medicinal properties.

3.1.3 Previous decarboxylative cross coupling methodologies

Decarboxylative coupling reaction with alkynyl carboxylic acids and arylsilanes:

A method for decarboxylative coupling of alkynyl carboxylic acids and arylsiloxanes has
been developed using a palladium catalyst. The reaction utilizes Pd(dba), (1.0 mol %),
1,1-bis(diphenylphosphino)methane (1.0 mol %), and AgF, (2.0 equivalents) at 60 °C for
6 hours, yielding the desired coupled products in moderate to good yields. Organosilanes
have been utilized as coupling partners in palladium-catalyzed cross-coupling reactions
since Hiyama's initial report in 1988 on the coupling of aryl halides with arylsiloxanes.
Organosilanes offer several benefits, including stability, non-toxicity, and ease of
preparation. Aryl halides are among the most commonly used substrates in reactions
involving organosilanes. More recently, a C—H activated substrate has been shown to
produce coupled products when reacted with an organosilane in the presence of a nickel
catalyst.l' Triethoxy(4-methylphenyl)silane successfully provided the desired products in
moderate to good yields. However, attempts to obtain coupled products using
arylsiloxanes like triethoxy-4-nitrophenylsilane and triethoxy-2-thiophenylsilane were
unsuccessful (Scheme 1)I7!
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o Pd(dba),(1mol%),DPPM(1mol%)
___(— EtO),Si—Ar? r Ar———Ar?
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OMe CN
Ar%@ Ar%@ Ar%@ Ar%@ Ar
(2a) (2b) (2c) (2d) (2e)
2MeN MeOOC HOOC
o By eesy =KD w=
Ar——— Ar—— Ar— r1 Ar—= Q
(2f) (29) (2h)
(2i) (2j)

Scheme 1: Decarboxylative coupling reaction with alkynyl carboxylic acids and arylsilanes.

3.1.4 Decarboxylative cross-coupling reactions of 2-picolinic acid:

Novel palladium-catalyzed decarboxylative cross-coupling reactions of 2-picolinic acid
with aryl and heteroaryl bromides, including benzenes, naphthalenes, pyridines, and
quinolines, have been successfully achieved for C—C bond formation.Arylation of 2-
substituted pyridines via Pd-catalyzed decarboxylative cross-coupling reactions of 2-
picolinic acid.Derivatives of 2-arylpyridines are significant heterocyclic structural motifs
found in numerous natural products, pharmaceuticals, materials, and ligands. Various
cross-coupling reactions have been explored for synthesizing 2-arylpyridines using a
wide range of aryl halides and organometallic reagents. However, the instability and
synthetic challenges associated with 2-pyridyl organometallics limit their use. For
instance, while the Suzuki—Miyaura coupling of 2-pyridyl boron derivatives is popular,
the inherent instability of 2-pyridyl boronic acid results in limited examples where 2-
pyridyl boronates serve as the nucleophilic source in cross-coupling reactions. More
recently, Burke's group reported the first identification of 2-pyridyl N-methyliminodiacetic
acid (MIDA) boronate, which is air-stable and can be isolated in a chemically pure form.
[761 A novel synthetic route to 2-aryl- and heteroaryl-pyridines was discovered and
developed using palladium-catalyzed decarboxylative cross-coupling reactions of 2-
picolinic acid with aryl- and heteroaryl-bromides. This method features an efficient
catalytic system that utilizes commercially available catalyst and ligand components.
Additionally, 2-picolinic acid, which is both inexpensive and stable, serves as the starting
material in this reaction.
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Scheme 2: Decarboxylative cross-coupling reactions of 2-picolinic acid.

3.1.4 Stereo selective decarboxylative arylation of unactivated olefins with aryl
carboxylic acids:

A palladium(ll)-catalyzed, highly regioselective, and stereoselective decarboxylative
arylation of unactivated olefins with aryl carboxylic acids has been developed. This
method is effective for a variety of unactivated olefins, including allylamides, long-chain
functionalized olefins, and purely aliphatic olefins, resulting in the formation of linear E-
configured products with high yields. Both electron-rich and electron-deficient aryl
carboxylic acids are effective as arylation reagents. The choice of solvent, catalyst
precursor, and oxidant was found to significantly influence the reaction efficiency.
DMSO, serving as both a co-solvent and ligand, is essential for the catalysis. This
method broadens the scope of decarboxylative arylation of olefins with aryl carboxylic
acids and offers rapid access to valuable linear arylation products from unactivated
Olefins A general and efficient decarboxylative coupling reaction of aryl carboxylic acids
with unactivated olefins has been developed under Pd(ll) catalysis. This method enables
highly regioselective and stereoselective arylation of a wide range of unactivated olefins
with variously substituted aryl carboxylic acids, yielding linear products in good to
excellent yields with high functional group tolerance. This approach serves as a valuable
complement to existing methods for decarboxylative olefination of arene carboxylic
acidsl’’(Scheme 3).
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Scheme 3: Stereo selective decarboxylative arylation of unactivated olefins with aryl carboxylic acids.

3.1.5 Decarboxylative y-Arylation for the Synthesis of Tetrasubstituted Chiral
Allenes:

Point-to-axial chirality transfer is accomplished in the decarboxylative y-arylation of a,a-
disubstituted [3,y-alkynoic acids using sterically hindered ortho,ortho’-disubstituted aryl
iodides. These palladium-catalyzed reactions proceed with complete enantiospecificity,
yielding tetrasubstituted allenes, which are valuable compounds with applications in
various fields. An enantiospecific palladium-catalyzed decarboxylative coupling of
acyclic B,y-alkynoic acids with various aryl iodides to form chiral tetrasubstituted allenes
is reported. This reaction involves decarboxylative y-palladation of a,a-disubstituted
carboxylic acids, resulting in the formation of tetrasubstituted allenes with complete
point-to-axial chirality transfer and excellent yields.Allenes are highly significant as
versatile building blocks in organic synthesis. They are also present in natural products,
pharmaceutical compounds, and materials science. Although the first synthetic allene
was reported by Burton and von Pechmann in 1887, the correct structural assignment
came much later. The unique reactivity and inherent chirality (in substituted systems) of
allenes stem from the cumulative arrangement of two orthogonal 1-bonds. These T1-
systems participate in various chemical transformations, including cycloaddition and
metal-catalyzed addition reactions, and play a role in natural product synthesis.
Consequently, substantial efforts have been made to develop synthetic methods for
enantiomerically pure allenes. Common approaches include stereospecific formal SN2’
substitutions from enantiopure propargylic precursors and sigmatropic rearrangements,
both involving propargylic compounds. Additionally, methods for the stereoselective
synthesis of di- and trisubstituted allenes have also been developed. A palladium-
catalyzed method has been developed for synthesizing chiral tetrasubstituted allenes
from a,a-disubstituted f,y-alkynoic acids and sterically hindered ortho,ortho'-
disubstituted aryl iodides through a decarboxylative coupling reaction, achieving yields
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of up to 99%. The y-arylation proceeds with excellent enantiospecificity, facilitating the
formation of highly enantioenriched tetrasubstituted allenes!’® (Scheme 4).

[o)
R2R1
OH Pd(dba)2(10mol% Rs\/\Rz
If + A >

CS,C0;(1.1Eqv)/Benzene/110°C/2h Ar

(68%) (78%)

o oot U O

(83%) (97%) (65%) (75%)

Scheme 4: Decarboxylative y-Arylation for the Synthesis of Tetrasubstituted Chiral Allenes

3.1.6 Decarboxylative Arylation of C-H Bonds by Aryl Acylperoxides:

A Pd(OAc)2-catalyzed method for decarboxylative arylation of aromatic C—H bonds was
developed using aryl acylperoxides as cost-effective aryl sources. Substrates featuring
pyridyl, oxime, and oxazoline directing groups undergo highly effective ortho-selective
C-H arylation with notable functional group tolerance. The proposed mechanism starts
with directing-group-assisted cyclopalladation, followed by the reaction of the resulting
palladacycle with aryl radicals that are generated in situ through the thermal
decomposition of the acylperoxides. A method for decarboxylative arene C—-H arylation
was developed using aryl acylperoxides as reagents. These acylperoxides serve as an
inexpensive and easily synthesized source of aryl groups from various carboxylic acids,
producing CO2 as a harmless byproduct. This findings present a novel strategy for biaryl
formation, leveraging cross-coupling reactions between organopalladium complexes
and aryl radicals!’® (Scheme 5).
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Scheme 5: Decarboxylative Arylation of C—H Bonds by Aryl Acylperoxides.

3.1.7 Decarboxylative Couplings of 2-(2-Azaaryl) acetates withAryl Halides and
Triflates:

Pd-catalyzed decarboxylative cross-couplings of 2-(2-azaaryl) acetates with aryl halides
and triflates have been discovered, offering potential applications for synthesizing
various functionalized pyridines, quinolines, pyrazines, benzoxazoles, and
benzothiazoles. Theoretical analysis indicates that, in the decarboxylation transition
state, the nitrogen atom at the 2-position of the heteroaromatic compound coordinates
directly to Pd(ll). Pd-catalyzed decarboxylative cross-coupling of 2-(2-azaaryl) acetates
with aryl halides and triflates has been discovered. This reaction holds promise for
synthesizing functionalized azaarenes. Theoretical analysis suggests that the nitrogen
atom at the 2-position of the heteroaromatics directly coordinates to Pd(ll) in the
decarboxylation transition state!®® (Scheme 6).
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Scheme 6: Decarboxylative Couplings of 2-(2-Azaaryl) acetates withAryl Halides and Triflates.

3.1.8 Results and discussion:

Based on this previous research, we extended this protocol to apply to a broader range
of coupling reactions of aryl halide with Sp® C-H bond via decarboxylation. A palladium-
catalyzed arylation followed by de-esterification is a two-step process widely utilized in
organic synthesis due to its efficiency in constructing complex molecular structures. The
first step, palladium-catalyzed arylation, involves the formation of a new carbon-carbon
(C—-C) bond. This step typically utilizes a palladium catalyst, such as Pd(0) or Pd(ll), in
conjunction with ligands that enhance the reactivity and selectivity of the reaction. The
arylation often employs aryl halides or aryl triflates as the coupling partners, allowing for
the introduction of various aryl groups onto an ester substrate. The second step, de-
esterification, involves the removal of the ester group, converting it to a carboxylic acid
or another functional group, depending on the reaction conditions. This step is crucial for
unveiling the free acid form or creating functional derivatives necessary for further
chemical transformations. De-esterification can be achieved through hydrolysis using
either acidic or basic conditions, with the choice depending on the stability of the product
and the presence of other functional groups in the molecule. The combination of these
steps provides a powerful strategy for generating complex, highly functionalized arylated
molecules from simple ester precursors. This method is particularly valuable in medicinal
chemistry and materials science, where precise modifications to the molecular
framework can lead to compounds with desirable biological or physical properties. The
ability to selectively form C-C bonds and subsequently modify the ester group enables
chemists to fine-tune molecular architectures for specific applications. Decarboxylative
coupling reactions have emerged as essential methodologies in modern synthetic
organic chemistry for constructing complex molecular architectures. The primary
advantage of these reactions lies in their utilization of carboxylic acids as starting
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materials. Carboxylic acids are highly appealing due to their wide availability, stability,
and the vast array of structurally diverse options they present. This accessibility makes
carboxylic acids ideal feedstock chemicals for building molecular complexity through
decarboxylative transformations. Most contemporary strategies for decarboxylative
couplings are redox-neutral, which is advantageous as it eliminates the need for
additional oxidizing or reducing agents. In these reactions, a carboxylate acts as the
pronucleophile and is paired with an electrophilic counterpart, such as an organohalide,
to form new C—C bonds. Organohalides are commonly chosen due to their established
reactivity and effectiveness in various cross-coupling reactions, making this pairing a
reliable and efficient approach for constructing complex carbon frameworks. Recent
advancements have refined these electrochemical methods. Baran's development of an
electrochemical decarboxylative ether synthesis represents a significant improvement,
employing stoichiometric silver(l) as a terminal oxidant to stabilize the nucleophile and
facilitate the desired bond formation. Although promising, the scope of electrochemical
decarboxylative Ritter reactions remains limited, requiring further exploration and
optimization to become broadly applicable. Transition-metal-mediated oxidative
decarboxylative couplings conducted under thermal conditions are another viable
approach. However, these reactions often require high temperatures, which can lead to
poor chemoselectivity and limited functional group tolerance—significant drawbacks
when working with sensitive or multifunctional molecules. In response to these
limitations, Lundgren introduced a milder copper-catalyzed oxidative decarboxylative C—
N bond formation. While effective under less harsh conditions, this method shows
optimal results primarily with electron-deficient substrates that enhance anionic
decarboxylation. This specificity limits its general applicability, highlighting the ongoing
need for versatile, functional-group-tolerant strategies that can accommodate a wider
range of substrates and reaction condition. For intra -molecular reaction

| o o
0 O Fluxional Amide
Pd(OAc), =N
N >
) J ()
~ X 0,5,6
0,5,6
X=I,Br
Fluxional Molecule /Non fluxional molecule

Scheme 7: De-ester arylation (This work)

On the basis of this research, we extended to apply this protocol to a broader range
coupling reaction of aryl halide with ester of fluxinal and as well as non fluxional
substrates in absence of any oxidant. Consequently, this intramolecular reaction of N-
adjacent sp® methyl ester with bromo or iodo group was selected as a model reaction.
Notably, there has been a rapid emergence of decarboxylative coupling reactions
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utilizing carboxylic acids as coupling partners. This development is spurred by the ease
of storage and handling of such substrates, which are, in some cases, more readily
available compared to halides or alkenes. Various building blocks, including
arenecarboxylic, heteroarenecarboxylic, acrylic, propiolic, and a-ketocarboxylic acids,
can be harnessed for these promising coupling reactions. While the potential of acrylic
acids in these reactions is substantial, their exploration has been relatively limited, in
organic synthesis, the establishment of a C-C bond between an aromatic carbon and the
carbon alpha to a carbonyl group stands out as one of the most formidable challenges.
Notably, there has been a substantial endeavor focused on enhancing and solidifying
palladium catalysis methodology as an effective pathway for the synthesis of numerous
biologically active indoloisquinoline, isoindolinone, indolinone. An innovative Pdll-
catalyzed sp® C—H arylation process of ester has been devised. This approach leverages
a unique indoline-based scaffold, demonstrating its ability to selectively guide C—H bond
functionalization. The outcome of this reaction presents a valuable technique for the
synthesis of arylated compounds derived from ester, yielding consistently good to
excellent yields. Importantly, the newly introduced molecular scaffold allows for facile
attachment, removal, and recovery in the process. Building on recent advancements in
decarboxylative coupling reactions, we extended this protocol to explore a broader range
of coupling reactions between aryl halides and esters, particularly focusing on fluxinal
substrates and non-fluxional substrates, all without the need for an external oxidant. For
our model reaction, we selected an intramolecular reaction of an N-adjacent sp® methyl
ester with either a bromo or iodo group. This reaction choice allowed us to evaluate the
efficiency and versatility of the coupling protocol in the absence of an added oxidizing
agent, which has been a defining feature of many recent decarboxylative strategies. The
rapid emergence of decarboxylative coupling reactions using carboxylic acids as
coupling partners is largely attributed to the ease with which carboxylic acids can be
stored and handled. Unlike halides or alkenes, which may require more stringent
conditions or specialized handling, carboxylic acids are often more readily available and
less prone to degradation or reactivity issues. This makes carboxylic acids, including
arylcarboxylic acids, hetero arylcarboxylic acids, acrylic acids, propiolic acids, and a-
ketocarboxylic acids, ideal building blocks for decarboxylative coupling reactions.
Despite the promising potential of acrylic acids in these reactions, their application has
been somewhat limited, and more exploration is needed to fully unlock their utility in
diverse synthetic pathways. Among the many challenges in organic synthesis,
establishing a C—C bond between an aromatic carbon and the carbon alpha to a carbonyl
group remains one of the most formidable. This bond formation is critical for constructing
complex molecules, such as biologically active compounds, yet it requires precise
control and often harsh conditions. As such, substantial efforts have been focused on
refining palladium-catalyzed methodologies for C—C bond formation, particularly in the
synthesis of biologically significant molecules such as indoloisquinolines, isoindolinones,
and indolinones. Palladium-catalyzed reactions have become an indispensable tool for
such transformations, offering efficient pathways for building complex molecular
scaffolds. In line with this, we also developed an innovative Pdll-catalyzed sp® C-H
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arylation process of esters. This new method capitalizes on an indoline-based scaffold,
which not only facilitates selective C—H bond functionalization but also serves as a
guiding element to ensure high selectivity in the coupling reaction. This selective
activation of the C—H bond in the ester substrate leads to the formation of arylated
compounds in consistently good to excellent yields. The unique indoline-based scaffold
plays a crucial role by enabling easy attachment, removal, and recovery of the catalyst,
thereby streamlining the reaction process and enhancing the overall efficiency of the
synthetic route. The successful application of this Pd(ll)-catalyzed arylation process is a
significant advancement in ester functionalization. It provides a reliable and efficient
method for generating arylated ester derivatives, with potential applications in the
synthesis of complex bioactive molecules. Moreover, this approach demonstrates the
versatility of palladium catalysis in overcoming the challenges of functionalizing sp® C—
H bonds, making it a powerful tool in synthetic organic chemistry.

This reaction achieves sp?® de-esterification with aryl bromides or iodides, resulting in
trisubstituted compounds with excellent yields.

Table 1: Optimization studies

L [
N~ "COOMe i iti —
@6L| Reaction condltlons> N
I
1 2
Entry | Catalyst Ligand | Base Condition/Time(Hours) | Solvent Temp. | Yield®
(%) 2
(p=
2.5mol%)
(q=5mol%)
(r=10mol%)
1 - - - Dioxane 100°C | NR
2 PdClz(p) PPh3 KoCOs | N2/24 Dioxane 100°C | NR
3 Pd(acac)z(p) | PPhs KoCOs | - Dioxane 100°C | NR
4 Pd(PPhs)s(p) | PPhs K2COs | N2/24 Dioxane 100°C | NR
5 Pd(dba)z(p) PPhs | K2COs | N2/24 Dioxane 100°C | NR
6 Pd(OAc)2(p) | PPhs KoCOs | N2/24 Dioxane 100°C | NR
7 Pd(OACc)2(p) KoCOs | N2/24 Dioxane 100°C | O
Xphos
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8 Pd(OAc)2(p) PCys | K2CO3 | N2/24 Dioxane 100°C | Tr

9 Pd(OAc)2(p) PCys | KsPOs | N2/24 Dioxane 100°C | O

10 Pd(OAc)2(p) PCys | KOAc N2/24 Dioxane 100°C | O

11 Pd(OAc)2(p) PCys | K2COs | N2/24 DMSO 100°C | <5

12 Pd(OAc)2(p) PCys | K2COs | O2/24 DMSO y 0

13 . PCys | K2COs | N2/24 DMSO 120°C | 8

14 y PCys | K2COs | N2/24 DMSO 130°C | 30

15 y PCys | K2COs | N2/24 DMSO 140°C | 40

16 y PCys | K2COs | N2/24 DMSO:Dioxane | 140°C | 55
1:1

17 ” PCys | KaCOs | N2/24 DMSO:Dioxane | ,, 58
2:1

182P " PCys; | K:CO3; | N2/24 DMSO:Dioxane | ,, 77
3:1

19 . PCys | K2COs | K2COs DMSO:Dioxane | ,, 71
4:1

20 . PCys | Na2COs | N2/24 DMSO:Dioxane | ,, Tr
3:1

21 PCys | EtsN N2/24 DMSO:Dioxane | ,, 0
3:1

22 iy PCys | ACOH | N2/24 DMSO:Dioxane | ,, 0
3:1

23 AgOAc | - N2/24 DMSO:Dioxane | ,, 0
3:1

24 . Ag2COs | - N2o/24 DMSO:Dioxane | ,, 0
3:1

25 " K2S20s | - N2/24 DMSOQ:Dioxane | ,, 0
3:1

26 BQ - N2/24 DMSO:Dioxane 0
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3:1

27 y AgOAc | - 02/24 DMSO:Dioxane | ,, 0
3:1

28 . Ag2COs3 | - 02/24 DMSO:Dioxane | ,, 0
3:1

29 y K2S20s | - 02/24 DMSO:Dioxane | ,, 0
3:1

30 y BQ - 02/24 DMSO:Dioxane | ,, 0
3:1

31 . PCys K2COs | Air DMSO:Dioxane | ,, 0
3:1

32 y PCys K2COs | N2/24 DMSO:DCE ’ 0
3:1

33 . PCys K2COs | N2/24 DMSO:Tolune y 0
3:1

34 PCys K2COs | N2/24 DMSO:DMF " 0
3:1

35 PCys K2COs | N2/24 DMSO:THF " 0
3:1

36 " PCys K2CO3 N2/24 DMSO:DME ” 0
3:1

37 PCys K2COs | N2/24 DMF " 0

38 Ni(OAc)2 PCys K2COs | N2/24 DMSO:Dioxane | ,, 0
3:1

39 Pd(OAc)2(q) | PCys K2COs | N2/18 DMSO:Dioxane | ,, 75
3:1

40 Pd(OAc)z(r) | PCys K2COs | N2/12 DMSO:Dioxane | ,, 78
3:1

aStandard Reaction Conditions:1a (0.2 mmol), Pd(OAc)2 (10 mol%), PCys (20 mol%), KzCOs(3eqv),

DMSO: Dioxane (2mL, 3:1), N2, 140°C, 12h. bIsolated yields, Tr = Traces, NR= No reaction.
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The ester-amide-halide 1a was selected as the model substrate to initiate this study, with
Pd(OAc), as the catalyst and PCy; as the ligand (Table 1). Initial solvent screening
indicated that 1,4-dioxane and DMSO favored the desired product 2a more effectively
than toluene, DMAc, DMF, or DCE (Table 1, entry 6). Increasing the temperature to 130
°C identified DMSO:1,4-dioxane (3:1) as the optimal solvent mixture (Table 1, entry 6).
At 140 °C, using DMSO:1,4-dioxane (3:1) resulted in a 75% yield of 2a (Table 1, entry
7). Substitution of Pd(OAc), with Ni(OAc)2 resulted in no product formation (Table 1,
entry 2), and changing the ligand to Xphos, PPhs, Xantphos, P(o-Tol)s produced only
trace amounts of product by TLC (Table 1, entry 3). Increasing Pd(OAc), to 20 mol%
and PCy; to 40 mol% (entry 11) did not improve the yield. Control experiments confirmed
the essential roles of both the palladium catalyst and phosphorus ligand in the reaction
(entries 11 and 12), as omitting either component led to no conversion of 1a to 2a. Thus,
the optimized conditions are as shown in entry.

3.1.9 Substrate Scopes, Isolndolinone Synthesis by Pd-Catalyzed Arylation and
De-esterification Reactions:

To further investigate the applicability of the C—C coupling followed by de-esterification
reaction, additional substrates were explored (Scheme 8). The initial focus was on
substituted B-amide esters (Scheme 3, eqgn (1)—(3)). Methyl 3-((2-
iodophenyl)(methyl)amino)-3-oxopropanoate (3) was subjected to standard reaction
conditions, yielding the ring-closed product 4. Notably, under these conditions,
simultaneous de-esterification and de-halogenation occurred due to the presence of an
group Free N-H rather than a N-methyl group. Product 4 resulted from C1-C2 cleavage,
forming a thermodynamically stable enone product that subsequently tautomerized to
yield 1-methylindolin-2-one (3ap). The successful synthesis of the desired product 1,3-
dimethylindolin-2-one (6) from methyl 3-((2-iodophenyl)(methyl)amino)-2-methyl-3-
oxopropanoate (5) under standard conditions suggested that the secondary carbon was
not highly reactive in sp®* C-C coupling. Similarly, methyl 3-((2-
iodophenyl)(methyl)amino)-2,2-dimethyl-3-oxopropanoate (7) likely exhibits effects
comparable to 5 in C—C bond cleavage to form 8. In conclusion, only sp*® C units appear
to undergo ring-closing followed by de-esterification under standard reaction conditions.
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Scheme 8: Substrate scope of beta keto esters

3.1.10 Substrate Scopes, Indolinone Synthesis by Pd Catalyzed De-ester arylation
Reaction:

This methodology was also applied to the synthesis of indolinone. (see Scheme 9), by
varying in different amino acids. Indolinone derivatives (12, 14, 16, 18) were successfully
synthesized from the corresponding amino ester derived aryl-amides (11, 13 ,15, 17) in
moderate to good yields as colorless solids as shown in the Scheme 9.
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Scheme 9: Substrate scope of N-methyl amino acids
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3.1.11 Synthesis of Azatoxin analogues by Pd Catalyzed De-ester arylation
Reaction

A substrate scope for biologically active drug molecules such as azatoxin also well
explored. It can be seen in the foIIowing Scheme 10.
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OMe OMe
26, 67%

o
COOMe
0 Standard Condition O
| —_— N
~ O | A~ O
27 ; ;

NO, NO,

28, 70%

Scheme 10: Substrate scope for complex systems

3.1.12 Probable Mechanism.

Based on some previous literature reports and the control experiment, a mechanism is
proposed for the Pd-catalyzed de-ester C-C coupling as illustrated in Scheme 11.
Initially, Pd(0) undergoes oxidative addition with the aryl iodide, leading to the formation
of the corresponding aryl Pd(ll)-species (I). Subsequent ligand exchange followed by
insertion formation of the corresponding aryl six membered Palladacyclic intermediate
(I1). This species then undergoes reductive elimination generating intermediate (lll).
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Then ester-methyl abstraction followed by Pd(ll) incorporation generating intermediate
(IV) and sulfoxonium ylide. Furthermore CO:2 exclusion results in the formation of
product 2 and regeneration of Pd(0).

N w ¢ @*4

X O

E‘:r N7/
H” ~COOMe
(1)

L
Pd "COOMe

(I Lo

(o] Pd(0)

]
L,(I)Pd . ae
Base ;é;o
o

Nsg \éé
N I
i 0

Sulfoxonium Ylide

3.1.13 Conclusion:

Scheme 11: Plausible reaction pathway A.

In summary, a Pd-catalyzed process for synthesis of different isoindolinone derivatives
are synthesized via intramolecular reaction are reported here. This method involves
different amino acid derived tertiary amides as substrate and sterically hindered ortho,
ortho’-disubstituted aryl iodides, via a de-ester coupling reaction. The a-arylation
generating scope for synthesis of tetrasubstituted indolinone, isoindolinone and

indoloisoquinoline.
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3.1.14 Supporting Information:
Experimental section:

General Information

All the reagents and solvents used in the present study were purchased from Sigma-
Aldrich, TCIl and Thermo Fischer Scientific, respectively. All reactions were carried out
in an oven-dried reaction tube under an air atmosphere. Silica gel TLC plate were used
to perform TLC analysis.All the "H and "*C NMR spectra were recorded in a 400 MHz
and 600 MHz spectrometer. ESI mass spectral analysis was done using the LCQ-
ORBITRAP-XL instrument. Bruker Kappa Apex Il X-ray crystallography machine was
used to solve the crystal structure. Singlet (s), doublet (d), triplet (t), and multiplet (m)
were designated as 'H NMR multiplicity patterns. Silica gel (100-200 mesh) and
(230-400 mesh) were used for column chromatographic separations. Single crystals of
products were obtained through slow evaporation (at room temperature) of a solution in
chloroform.

General Synthetic Procedure:

Procedure A: Synthesis of starting Amides

To a dried round bottom flask equipped with a magnetic stir bar was added a solution of
the respective aryl carboxylic acid chloride (2.0 mmol, 1 equiv) in DCM (20 Eqv),
corresponding amine (2.4 mmol,1.2 equiv.), 0 °C under N2 atmosphere. The reaction
was allowed to stir for 12 h. After completion, the reaction mixture was diluted with
DCM (50 mL). The organic layer was washed with ag. NaHCOs3 (15 mL), brine (25 mL).
Combined organic layer was dried over anhydrousNa2SQ4, evaporated under vaccuo.
Resulting crude mixture was purified by column chromatography using EtOAc:Hexane
to afford the desired Amide compound.

Q 0
]
CIH R2 _R' Triethylamine -R
CL ™ w3y
X H DCM X
X=Br,l R', R? = alkyl, aryl grs
Procedure B: Synthesis of N-methyl amide from their corresponding amide
O R
dLCl Et3N d tBUOK 'ij)\R1
() | DSMicetoRT Mel, THF, 60°C !
(il (iii)
To a dried round bottom flask equipped with a magnetic stir bar was added a solution of

the respective Amide(2XX) (1.0mmol, 1 equiv) in Dry THF (20 Eqv), Potassium
tertbutoxide (1.5 mmol,1.5 equiv.), 0 °C under N2 atmosphere, Then methyl iodide (3
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mmol, 3 eqv). Was added. The reaction was allowed to stir for 12 hours at 60 °C. After
completion, the reaction mixture was evaporated to dryness & diluted with Ethyl acetate
(50 mL). The organic layer was washed with saturated NaHCO3 (15 mL) and brine (25
mL). The combined organic layer was dried over anhydrous Na2SO4, evaporated under
vacuum. The resulting crude mixture was purified by column chromatography using
EtOAc: Hexane to afford the desired N-methyl Amide (3a).

Procedure C: Synthesis of different alkyl ester from their corresponding methyl
ester.

A 1T
N” CooMe .
@\)LH LOH(1.5EqY) NJ\COOH DCC/DMAP )\COOR1
X - y I "R-OHDCM OH,DCM

(iv) v)

Procedure C (A): To a dried round bottom flask equipped with a magnetic stir bar was
added a solution of the respective methyl Ester(3yy) (1.0mmol, 1 equiv) in THF: MeOH:
Water (1:1:1), Lithium Hydroxide (1.5 mmol,1.5 equiv.), 0 °C under N2 atmosphere. The
reaction was allowed to stir for 12 hours at room temperature. After completion, the
reaction mixture was evaporated to dryness & diluted with ethyl acetate (50 ml). The
organic layer was washed with saturated aq. Citric Acid (15 mL), brine (25 mL)
Combined organic layer was dried over anhydrous Na2SO4, evaporated under vaccuo.
Resulting crude mixture was purified by column chromatography using EtOAc: Hexane
to afford the desired Acid compound

Procedure C (B). This Acid(4zz) was added in a dried round bottom flask equipped with
a magnetic stir bar, Dichloromethane was added at 0°C. Then alcohol (5Eqv),
DCC(1.3Eqv), DMAP(0.1Eqv) was added. The reaction was allowed to stir for 12 hours
at Room Temperature.The Reaction mixture was passed through the celite
pad,evaporated under vaccuo. Resulting crude mixture was purified by column
chromatography using EtOAc: Hexane to afford the desired Acid compound

Synthesis of methyl (1S,3R)-1-argio-2,3,4,9-tetrahydro-1H-pyrido[3,4-b] indole-3-
carboxylate & methyl (1R,3R)-1-argio-2,3,4,9-tetrahydro-1H-pyrido[3,4-b]indole-3-
carboxylate

Iz
I

vii viii

In Accordance with reference number 68 above two beta- carboline compound was
Synthesized.
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Synthesis of methyl (1R,3R)-2-(2-iodobenzoyl)-1-phenyl-2,3,4,9-tetrahydro-1H-
pyrido[3,4-b]indole-3-carboxylate

COOMe HN -COOMe
| Cl
N
H

a Cc

The same general procedure A was followed with 0.25g (2.0mmol, 1.0 equiv.) of
corresponding acid. Column chromatography (SiOz2, eluting with 12% ethyl acetate/pet
ether) afforded the desired product as white solid.

Synthesis Of methyl (1S,3R)-2-(2-iodobenzoyl)-1-phenyl-2,3,4,9-tetrahydro-1H-
pyrido[3,4-b]indole-3-carboxylate

0
Q I wCOOMe o HN mCOOMe
S »—@
H |
< O
The same general procedure A was followed with 0.25g (2.0mmol, 1.0 equiv.) of

corresponding acid. Column chromatography (SiOz2, eluting with 12% ethyl acetate/pet
ether) afforded the desired product as white solid.

Synthesis of methyl (1R,3R)-2-(2-iodobenzoyl)-1-(p-tolyl)-2,3,4,9-tetrahydro-1H-
pyrido[3,4-b]indole-3-carboxylate

0O
Cl
—>
A -5
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The same general procedure A was followed with 0.25g (2.0mmol, 1.0 equiv.) of
corresponding acid. Column chromatography (SiOz2, eluting with 12% ethyl acetate/pet
ether) afforded the desired product as white solid.

Synthesis of methyl (3R)-2-(2-iodobenzoyl)-1-(4-methoxyphenyl)-2,3,4,9-
tetrahydro-1H-pyrido[3,4-b]indole-3-carboxylate

The same general procedure A was followed with 0.25g (2.0mmol, 1.0 equiv.) of
corresponding acid. Column chromatography (SiOz2, eluting with 12% ethyl acetate/pet
ether) afforded the desired product as white solid.

Synthesis Of methyl (3R)-2-(2-iodobenzoyl)-1-(4-nitrophenyl)-2,3,4,9-tetrahydro-
1H-pyrido[3,4-blindole-3-carboxylate

O | ook HN={ )mcooMe
T+ ;
H |

Cl e
\ 2 °
J |
O,N

O,N

The same general procedure A was followed with 0.25g (2.0mmol, 1.0 equiv.) of
corresponding acid. Column chromatography (SiOz2, eluting with 12% ethyl acetate/pet
ether) afforded the desired product as light yellow solid.

Synthesis of methyl 3-((2-iodophenyl)(methyl)amino)-3-oxopropanoate.
i |
Cl OMe N OMe
T Y

The same general procedure A was followed with 0.25g (2.0mmol, 1.0 equiv.) of
corresponding acid. Column chromatography (SiOz2, eluting with 12% ethyl acetate/pet
ether) afforded the desired product as light yellow solid.
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Synthesis of methyl 3-((2-iodophenyl)(methyl)amino)-2-methyl-3-oxopropanoate

e - oy

| o O

The same general procedure B was followed with 0.25g (2.0mmol, 1.0 equiv.) of

corresponding acid. Column chromatography (SiOz2, eluting with 12% ethyl acetate/pet
ether) afforded the desired product as light yellow solid.

Synthesis of methyl 3-((2-iodophenyl)(methyl)amino)-2,2-dimethyl-3-
oxopropanoate.

The same general procedure B was followed with 0.25g (2.0mmol, 1.0 equiv.) of
corresponding acid. Column chromatography (SiOz2, eluting with 12% ethyl acetate/pet
ether) afforded the desired product as light yellow solid.

Synthesis of methyl N-(2-iodobenzoyl)-N-methylglycinate

0

o 0
cl /—COOMe ~ ~
©ff + H,N CﬁL” COOMe @fLT COOMe
HCI | |

The same general procedure A, B was followed with 0.25 g (2.0mmol, 1.0 equiv.) of
corresponding acid. Column chromatography (SiOz2, eluting with 12% ethyl acetate/pet
ether) afforded the desired product as light yellow solid.

Synthesis of methyl N-(2-iodobenzoyl)-N-methyl-L-alaninate

The same general procedure A, B was followed with 0.25g (2.0mmol, 1.0 equiv.) of
corresponding acid. Column chromatography (SiOz2, eluting with 12% ethyl acetate/pet
ether) afforded the desired product as light yellow solid.
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Synthesis of methyl N-(2-iodobenzoyl)-N-methyl-L-valinate.

o) _g-
COOMe
©fL + HzN CﬁL COOMe @fL COOMe
|

The same general procedure A, B was followed with 0.25g (2.0mmol, 1.0 equiv.) of
corresponding acid. Column chromatography (SiOz2, eluting with 12% ethyl acetate/pet
ether) afforded the desired product as light yellow solid.

Synthesis of methyl N-(2-iodobenzoyl)-N-methyl-L-phenylalaninate

)

'e) (0]
(o] COOMe
@ﬁj\ + H:N — CﬁLH COOMe —3» lil COOMe
|
|

HCI '

The same general procedure A,B was followed with 0.25g (2.0mmol, 1.0 equiv.) of
corresponding acid. Column chromatography (SiOz2, eluting with 12% ethyl acetate/pet
ether) afforded the desired product as light yellow solid.

Synthesis of methyl 1-(2-iodobenzoyl)piperidine-2-carboxylate.

CrCOOMe Q COOMe
. @

The same general procedure A was followed with 0.25g (2.0mmol, 1.0 equiv.) of
corresponding acid. Column chromatography (SiOz2, eluting with 12% ethyl acetate/pet
ether) afforded the desired product as light yellow solid.

General procedure D for Pd (ll) catalyzed Arylation:

To a Oven dried sealed tube equipped with magnetic bar, Ester conaining 2 halo
arylamide (0.2 mmol, 1.0 equiv.), in Dioxane (0.5 mL) was added Pd(OAc)2 (10 mol%),
PCys (20 mol%), K2CO3(3eqv) were added,Then 1.5 ml of DMSO was added finally
purge with N2 gas,itwas allowed to stir for 12h at 140°C in an oil bath. After completion
of the reaction, monitored by TLC, the reaction mixture was diluted with ethyl acetate (2
x 30 mL), filtered through celite bed, and then washed with cold water (2 x 15 mL) and
brine (1 x 15 mL). The organic layer was then collected and dried over Na2SOa4. The
organic extract was evaporated under reduced pressure to get crude mixture. It was then
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subjected to Flash chromatography (silica gel 230-400 mesh size, ethyl acetate: pet
ether) for further purification to get the desired compounds.

3-isopropyl-2-methylisoindolin-1-one (2)

T {
©fL COOMe —

2

The same general procedure 8 was followed with 0.28g (2.0 mmol, 1.0 equiv.) of
corresponding acid compound. Column chromatography (SiOz, eluting with 18% ethyl
acetate/pet ether) afforded the desired product as white solid.

H NMR (400 MHz, Chloroform-d) 5 7.83 — 7.77 (m, 1H), 7.49 — 7.38 (m, 3H), 4.30 (d,
1H), 3.07 (s, 3H), 2.44 — 2.32 (m, 1H), 1.13 (d, 3H), 0.53 (d, 3H).

13C NMR (101 MHz, CHLOROFORM-D) & 168.77, 143.49, 133.34, 130.87, 128.11,
123.52, 122.96, 66.99, 29.38, 28.01, 18.60, 15.49.

1-methylindolin-2-one (4)

The same general procedure 8 was followed with 0.28g (2.0 mmol, 1.0 equiv.) of
corresponding acid compound. Column chromatography (SiOz2, eluting with 18% ethyl
acetate/pet ether) afforded the desired product as white solid.

1,3-dimethylindolin-2-one (6)

The same general procedure 8 was followed with 0.28g (2.0 mmol, 1.0 equiv.) of
corresponding acid compound. Column chromatography (SiOz2, eluting with 18% ethyl
acetate/pet ether) afforded the desired product as white solid.
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1,3,3-trimethylindolin-2-one

The same general procedure 8 was followed with 0.28g (2.0 mmol, 1.0 equiv.) of
corresponding acid compound. Column chromatography (SiOz, eluting with 18% ethyl
acetate/pet ether) afforded the desired product as white solid.

H NMR (600 MHz, Chloroform-d) & 7.99 — 7.94 (m, 1H), 7.64 — 7.56 (m, 1H), 7.19 —
7.12 (m, 2H), 3.45 (s, 3H), 1.47 (s, 6H).

3C NMR (151 MHz, DMSO-ds) d 197.26, 173.84, 142.64, 135.41, 127.71, 122.58,
119.43, 114.29, 52.66, 29.42, 23.43.

2-methylisoindolin-1-one (12)
Q o)

N /l"COOMe
I

11 12

The same general procedure 8 was followed with 0.28g (2.0 mmol, 1.0 equiv.) of
corresponding acid compound. Column chromatography (SiOz, eluting with 18% ethyl
acetate/pet ether) afforded the desired product as white solid.

H NMR (400 MHz, Chloroform-d) & 7.84 — 7.79 (m, 1H), 7.52 — 7.47 (m, 1H), 7.45 —
7.39 (m, 2H), 4.35 (s, 2H), 3.18 (s, 3H).

3C NMR (101 MHz, CDCIs) 5 168.75, 141.04, 132.96, 131.23, 128.07, 123.65, 122.63,
52.09, 29.52.

2,3-dimethylisoindolin-1-one (14)

L)

CLY ™ —— -
I

13

14
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The same general procedure 8 was followed with 0.28g (2.0 mmol, 1.0 equiv.) of
corresponding acid compound. Column chromatography (SiOz, eluting with 18% ethyl
acetate/pet ether) afforded the desired product as white solid.

H NMR (400 MHz, Chloroform-d) & 7.81 — 7.72 (m, 1H), 7.52 — 7.44 (m, 1H), 7.41 —
7.32 (m, 2H), 4.44 — 4.32 (m, 1H), 3.06 (s, 3H), 1.42 (d, 3H).

13C NMR (101 MHz, Chloroform-d) 5 168.19, 146.79, 131.97, 131.40, 128.11, 123.49,
121.85, 57.70, 27.02, 18.00.

3-benzyl-2-methylisoindolin-1-one (16)

The same general procedure 8 was followed with 0.28g (2.0 mmol, 1.0 equiv.) of
corresponding acid compound. Column chromatography (SiOz2, eluting with 18% ethyl
acetate/pet ether) afforded the desired product as white solid.

H NMR (600 MHz, Chloroform-d) & 7.84 — 7.75 (m, 1H), 7.46 — 7.40 (m, 2H), 7.32 —
7.22 (m, 3H), 7.13 = 7.05 (m, 2H), 7.02 — 6.96 (m, 1H), 4.72 — 4.60 (m, 1H), 3.44 — 3.35
(m, 1H), 3.17 (s, 3H), 2.97 — 2.86 (m, 1H).

13C NMR (151 MHz, CDCls) 5 168.03, 144.26, 135.50, 131.85, 130.44, 129.01, 128.06,
127.72, 126.56, 123.04, 122.28, 62.31, 38.12, 27.65.

1,3,4,10b-tetrahydropyrido[2,1-a]isoindol-6(2H)-one (18)
O COOMe 0
oo —— LB
| MeOOC
17 18

The same general procedure 8 was followed with 0.28g (2.0 mmol, 1.0 equiv.) of
corresponding acid compound. Column chromatography (SiOz, eluting with 18% ethyl
acetate/pet ether) afforded the desired product as white solid.
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(6R,12bS)-6-phenyl-5,6,12b,13-tetrahydro-8H-benzo[1,2]indolizino[6,7-b]indol-8-
one (20)

Nt Ymcoome

The same general procedure 8 was followed with 0.28g (2.0 mmol, 1.0 equiv.) of
corresponding acid compound. Column chromatography (SiOz, eluting with 18% ethyl
acetate/pet ether) afforded the desired product as white solid.

"H NMR (600 MHz, DMSO-ds) 5 11.02 (s, 1H), 7.80 — 7.72 (m, 2H), 7.70 — 7.65 (m, 1H),
7.56 — 7.51 (m, 2H), 7.41 —7.29 (m, 6H), 7.13 — 7.01 (m, 2H), 6.51 (s, 1H), 5.05 — 4.99
(m, 1H), 3.80 — 3.71 (m, 1H),2.45 (m,1H).

3C NMR (151 MHz, CDCIs) 5 165.51, 146.03, 140.87, 136.98, 131.86, 131.53, 131.49,
128.70, 128.41, 127.97, 127.86, 125.80, 122.96, 121.54, 118.75, 118.05, 111.44,
107.58, 54.12, 51.49, 26.51.

(6S,12bS)-6-phenyl-5,6,12b,13-tetrahydro-8H-benzo[1,2]indolizino[6,7-b]indol-8-
one (22)

21

The same general procedure 8 was followed with 0.28g (2.0 mmol, 1.0 equiv.) of
corresponding acid compound. Column chromatography (SiOz, eluting with 18% ethyl
acetate/pet ether) afforded the desired product as white solid.

H NMR (600 MHz, DMSO-ds) d 11.02 (s, 1H), 7.81 — 7.65 (m, 3H), 7.58 — 7.49 (m, 2H),
7.43 —7.25 (m, 6H), 7.15 - 6.99 (m, 2H), 6.51 (s, 1H), 5.08 — 4.96 (m, 1H), 3.80 — 3.68
(m, 1H),2.45(m,1H).

13C NMR (151 MHz, CDCI3) 5 171.19, 146.03, 140.84, 136.93, 131.86, 131.49, 131.47,
128.69, 128.40, 127.96, 127.81, 122.95, 122.91, 121.53, 118.81, 118.05, 111.44,
107.57, 54.12, 51.49, 26.50.
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(6R,12bS)-6-(p-tolyl)-5,6,12b,13-tetrahydro-8H-benzo[1,2]indolizino[6,7-b]indol-8-
one (24)

Nt Ymcoome

aY

[: ]'l,,

23

The same general procedure 8 was followed with 0.28g (2.0 mmol, 1.0 equiv.) of
corresponding acid compound. Column chromatography (SiOz, eluting with 18% ethyl
acetate/pet ether) afforded the desired product as white solid.

TH NMR (600 MHz, DMSO-ds) d 10.99 (s, 1H), 7.75 (m, 2H), 7.66 (t, J = 7.5 Hz, 1H),
7.53 (t, J=6.7 Hz, 2H), 7.29 (m, 3H), 7.16 (d, J= 7.7 Hz, 2H), 7.06 (m, 2H), 6.47 (s, 1H),
4.99 (dd, J=10.9, 5.0 Hz, 1H), 3.72 (m, 1H),2.45 (d, 1H), 2.26 (s, 3H).

3C NMR (151 MHz, DMSO-ds) & 165.45, 146.01, 137.99, 137.25, 136.92, 131.82,
131.71, 131.60, 129.17, 128.39, 127.80, 125.82, 122.93, 122.89, 121.50, 118.79,
118.03, 111.42, 107.50, 54.07, 51.23, 26.52, 20.66.

(12bS)-6-(4-methoxyphenyl)-5,6,12b,13-tetrahydro-8H-benzo[1,2]indolizino[6,7-
blindol-8-one (26)

25 OMe
26

The same general procedure 8 was followed with 0.28g (2.0 mmol, 1.0 equiv.) of
corresponding acid compound. Column chromatography (SiOz, eluting with 18% ethyl
acetate/pet ether) afforded the desired product as white solid.

H NMR (400 MHz, DMSO-ds) d 10.96 (s, 1H), 7.77 — 7.67 (m, 2H), 7.65 — 7.59 (m, 1H),
7.52 -7.46 (m, 2H), 7.31 — 7.23 (m, 3H), 7.09 — 7.05 (m, 1H), 7.02 — 6.97 (m, 1H), 6.90
—6.84 (m, 2H), 6.43 (s, 1H), 4.95 (d, J = 10.4 Hz, 1H), 3.91 — 3.82 (m, OH), 3.72 — 3.68
(m, 1H), 3.68 — 3.66 (m, 3H).

3C NMR (101 MHz, DMSO-ds) 5 165.93, 159.51, 146.54, 137.44, 133.60, 132.36,
132.32, 132.19, 129.66, 128.91, 126.36, 123.43, 123.41, 122.01, 119.31, 118.55,
108.07, 55.71, 54.46, 51.46, 27.05.
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methyl 6-(4-nitrophenyl)-8-0x0-6,13-dihydro-5H-benzo[1,2]indolizino[6,7-b]indole-
12b(8H)-carboxylate (28)

The same general procedure 8 was followed with 0.28g (2.0 mmol, 1.0 equiv.) of
corresponding acid compound. Column chromatography (SiOz2, eluting with 18% ethyl
acetate/pet ether) afforded the desired product as white solid.

H NMR (400 MHz, DMSO-ds) 5 11.54 (s, 1H), 8.19 — 8.04 (m, 2H), 7.99 — 7.92 (m, 1H),
7.93 —7.84 (m, 1H), 7.76 — 7.68 (m, 1H), 7.66 — 7.57 (m, 1H), 7.57 — 7.46 (m, 1H), 7.47
—7.35 (m, 1H), 7.19 — 7.09 (m, 1H), 7.07 =7.00 (m, 1H), 7.01 — 6.93 (m, 2H), 5.62 (d,
1H), 3.40 (d, J = 16.3 Hz, 1H), 3.13 (s, OH), 2.93 (dd, J = 16.2, 7.4 Hz, 1H), 2.77 (s, 3H).

3C NMR (101 MHz, DMSO-Ds) 5 170.31, 168.26, 149.07, 147.61, 137.29, 134.17,
130.17, 129.88, 129.84, 129.62, 126.20, 124.45, 124.36, 123.79, 123.07, 119.83,
119.32, 112.11, 108.57, 66.75, 51.83, 48.97, 21.87.

4.0
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Spectral Data ('H, '*C NMR):
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"H NMR Spectra of 2-methylisoindolin-1-one (12)
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"H NMR Spectra of 2,3-dimethylisoindolin-1-one (14)
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"H NMR Spectra of 1,3,3-trimethylquinoline-2,4(1H,3H)-dione (10)
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'H NMR Spectra of (6S)-6-phenyl-5,6,12b,13-tetrahydro-8H-benzo[1,2]indolizino[6,7-blindol-8-one
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"H NMR Spectra of (6S,12bS)-6-phenyl-5,6,12b,13-tetrahydro-8H-benzo[1,2]indolizino[6,7-b]indol-8-
one (22)

Juh

S
S
1.000-2 E

v A < &
=23 © 0T O f=2 o1 vy
el LR ] «© X @
= o= W~ = = =
120 115 110 105 100 95 90 &5 80 75 70 65 60 355 50 45 40 35 30 25 20 15 10 035 00
1 (ppm)

3C NMR Spectra of (6S,12bS)-6-phenyl-5,6,12b,13-tetrahydro-8H-benzo[1,2]indolizino[6,7-b]indol-8-
one (22)
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'H NMR Spectra of (6R,12bS)-6-(p-tolyl)-5,6,12b,13-tetrahydro-8H-benzo[1,2]indolizino[6,7-b]indol-8-
one (24)
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"H NMR Spectra of 6-(4-methoxyphenyl)-5,6,12b,13-tetrahydro-8H-benzo[1,2]indolizino[6,7-b]indol-8-

one (26)

[

P

W W i —
CIELEZRS L g2I3
i B iy B = TS o
. M= == - ;—‘ :I—‘N: .
14 13 12 11 10 9 g 7 6 5 4 3 2 1 0 1

3C NMR Spectra of 6-(4-methoxyphenyl)-5,6,12b,13-tetrahydro-8H-benzo[1,2]indolizino[6,7-b]indol-8-

one (26)

—165.928
—159.508

| Jldllliil LI .

~54.465
51455
—27.052

55,707

150 140 130 120 110 100 90 80
fl (ppm)

T T T T T T T
2200 210 200 190 180 170 160

T T T T T T T T T T
70 60 50 40 30 20 10 0 -100 20

117



NO,
"H NMR Spectra of methyl 6-(4-nitrophenyl)-8-ox0-6,13-dihydro-5H-benzo[1,2]indolizino[6,7-b]indole-
12b(8H)-carboxylate (28)
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3C NMR Spectra of methyl 6-(4-nitrophenyl)-8-ox0-6,13-dihydro-5H-benzo[1,2]indolizino[6,7-blindole-
12b(8H)-carboxylate (28)
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CHAPTER-4

Effect of Inhibition of Liquid-liquid
Phase Separation by Small Zwitter ionic

Molecules on a-synuclein Aggregation.
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4.0 INTRODUCTION

4.1 Parkinson's disease (PD):

Parkinson's disease is a chronic, progressive neurodegenerative disorder that
predominantly affects motor function and arises due to the loss of dopaminergic neurons
within the substantia nigra pars compacta. This brain region plays a crucial role in the
production of dopamine, a neurotransmitter essential for the regulation of smooth,
controlled, and coordinated voluntary movements. The progressive degeneration of
these neurons leads to a marked reduction in dopamine levels, disrupting
communication within the basal ganglia, a network of brain structures critical for motor
control(8e!

The cardinal motor symptoms of Parkinson’s disease include

Resting tremors (involuntary rhythmic shaking, often beginning in one hand),
Rigidity (muscle stiffness that can affect movement and posture)

Bradykinesia (slowness and difficulty in initiating movements)

Postural instability (impaired balance, increasing the risk of falls). These motor
impairments can significantly reduce an individual’s ability to perform routine
activities and contribute to a decline in physical independence.

YV V V

Beyond motor symptoms, Parkinson's disease frequently involves a range of non-
motor symptoms that can emerge at different stages of the disease. These include
neuropsychiatric manifestations such as depression, anxiety, apathy, and cognitive
decline, which may progress to Parkinson's disease dementia in some individuals®”}
Autonomic dysfunctions, such as constipation, orthostatic hypotension, and urinary
incontinence, are also common, alongside sensory abnormalities like anosmia (loss of
smell) and painle8l:

The exact etiology of Parkinson’s disease remains incompletely
understood, but it is believed to result from a multifactorial interplay of genetic and
environmental factors. Genetic predispositions involve mutations in specific genes, such
as LRRK2, PARK7, PINK1, and SNCA, which are implicated in familial and sporadic
cases of the disease. Environmental factors, such as exposure to pesticides, heavy
metals, or a history of head trauma, are also considered potential contributors. Although
Parkinson's disease is currently incurable, a combination of treatments aims to alleviate
symptoms and improve quality of life[®°}
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% Pharmacological interventions primarily focus on restoring dopamine function
or mimicking its effects. The gold standard treatment is levodopa, often combined
with carbidopa to enhance efficacy and reduce side effects. Additional
medications include dopamine agonists, MAO-B inhibitors, and COMT inhibitors.

+» Non-pharmacological approaches, such as tailored physical therapy,

occupational therapy, and speech therapy, help manage motor and non-motor
symptoms. In advanced cases,

surgical interventions, such as deep brain stimulation (DBS), may provide

significant relief by modulating dysfunctional neural circuits.

¢

o
A

Ongoing research is exploring disease-modifying therapies targeting the underlying
neurodegeneration, including approaches to slow or halt neuronal loss, reduce o-
synuclein aggregation (a hallmark pathological feature), and promote neuronal repair.
These efforts aim to not only alleviate symptoms but also alter the disease trajectory in
the future.

PARKINSON'S DISEASE

Figure 1: Movement disorder in PD patients (Google, very well health, News medical life-science, Chakraborti et.al)
4.2 a-synuclein Protein (a-syn), responsible for PD:

The discovery of a-synuclein's (a-syn) pivotal role in the pathogenesis of Parkinson’s
disease (PD) 25 years ago represents a landmark achievement, fundamentally shaping
and understanding of neurodegenerative disorders. This small, highly conserved protein,
primarily localized to presynaptic terminals, is now recognized as a central player in the
molecular cascades driving neurodegeneration. Pathological a-syn undergoes
misfolding and aggregation, forming insoluble fibrils that are deposited as Lewy bodies
and Lewy neurites, hallmarks of PD pathology. These aggregated forms of a-syn are
toxic and implicated in neuronal loss through mechanisms including mitochondrial
dysfunction, impairment of autophagic and lysosomal pathways, and disruptions in
calcium signalling, all of which compromise cellular homeostasis and viability®°!
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The pathological influence of a-syn is not restricted to PD; it extends to a broader group
of disorders collectively termed synucleinopathies. These include dementia with Lewy
bodies (DLB), multiple system atrophy (MSA), pure autonomic failure (PAF), and REM
sleep behaviour disorder (RBD). Despite the heterogeneity in clinical presentation, these
disorders share the common feature of abnormal a-syn aggregation, underscoring its
broad pathological significance. Emerging evidence emphasizes the role of a-syn in
early synaptic dysfunction and plasticity changes, even before the manifestation of
significant neuronal loss'l Synaptic deficits induced by toxic a-syn species disrupt
neurotransmitter release and synaptic connectivity, contributing to early functional
impairments observed in PD and related disorders. These alterations may serve as
precursors to widespread neurodegeneration, highlighting the importance of studying
these early events!®?:

A growing body of research points to a critical role of neuro inflammation in the early
stages of a-syn pathology. In experimental models and human studies, inflammatory
responses, including activation of microglia and astrocytes, are detectable before the
accumulation of a-syn aggregates. This early inflammation, potentially triggered by
oligomeric a-syn or other stress signals, appears to exacerbate synaptic and neuronal
damage, suggesting a bidirectional relationship between inflammation and a-syn
pathology. Understanding this interplay could reveal new opportunities for therapeutic
intervent. The elucidation of these early-stage mechanisms is crucial for advancing PD
research. Identifying and characterizing reliable biomarkers that reflect early pathological
changes, such as synaptic dysfunction, inflammation, or initial a-syn aggregation, could
transform early diagnosis and enable monitoring of disease progression. Furthermore,
therapeutic strategies targeting these initial events hold promise for altering the disease
trajectory. Approaches such as immunotherapy to clear toxic a-syn species, small
molecules to stabilize synaptic function, and anti-inflammatory agents to modulate neuro
inflammation are actively under investigation[®3!

Key Facts:

% a-synuclein aggregates disrupt dopaminergic transmission, leading
to both presynaptic and postsynaptic dysfunctions.

+« In preclinical studies, different cell types show varied susceptibility to
a-synuclein aggregates as the disease progresses.

s The immune response triggered by misfolded a-synuclein
contributes to the advancement of the disease.

% Synuclein-related neuro inflammation is observed in Parkinson’s

Disease (PD), Dementia with Lewy Bodies (DLB), Multiple System

Atrophy (MSA), Pure Autonomic Failure (PAF), and REM Sleep

Behavior Disorder (RBD). These conditions share common clinical,

neurochemical, and morphological characteristics.
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+ Novel therapeutic approaches targeting a-synuclein include both
passive and active immunization strategies, as well as compounds
that modulate protein aggregation.

a~synuclein (a-syn) is a small (14 KDa) acidic protein found in neurons of the central and
peripheral nervous systems, as well as in blood cells and other tissues. Historically, a-
syn was considered a 'natively unfolded' monomer, but it has been shown that the protein
largely exists in a folded tetramer form (~58 KDa) with minimal potential for amyloid-like
aggregation. The monomer and tetramer forms coexist, and an imbalance in their ratio
can favour the formation of aggregation-prone forms. Structurally, a-syn is divided into
three primary regions, each contributing unique molecular and biological properties. The
N-terminus (residues 1-60) features amphipathic repeats that form an a-helix structure,
crucial for membrane interaction. The NAC region (residues 61-95) is the most prone to
aggregation. The C-terminus (residues 96—140) is negatively charged and plays roles in
calcium (Ca?*) binding and chaperone-like activities. Recent findings indicate that Ca2*
binding to the C-terminus also modulates a-syn’s interaction with synaptic membranes.

In Parkinson’s Disease (PD), Dementia with Lewy Bodies (DLB), and Pure Autonomic
Failure (PAF), a-synmisfolds into a pathological B-sheet structure, recruiting additional
monomers to form oligomers and amyloid fibrils. These inclusions localize in axons as
Lewy neurites or in neuron bodies as Lewy bodies (LB). In Multiple System Atrophy
(MSA), a-syn aggregates primarily form glial cytoplasmic inclusions known as Papp-
Lantos bodies, which are argyrophilic inclusions found in the cytoplasm of
oligodendrocytes. Neuronal cytoplasmic inclusions are also present in MSA but exhibit
different distributions, commonly seen in regions like the putamen, pontine nuclei, and
inferior olivarynuclei. The phenomenon of liquid-liquid phase separation (LLPS) in
biological polymers, such as proteins and RNA, has gained recognition as a pivotal
process in the formation of intracellular membrane less organelles. Notable examples of
such organelles include nucleoli, Cajal bodies, and promyelocyticleukemia bodies within
the nucleus, as well as stress granules in the cytoplasm. These liquid condensates act
as concentrated hubs for biomolecules (proteins and nucleic acids) at specific cellular
sites, enabling various cellular functions. Due to the absence of physical barriers, these
condensates can exchange their components rapidly with the surrounding
environment!8%!

Common features of liquid condensates include high mobility and a spherical shape that
deforms upon physical contact, only to fuse and return to their spherical form. Proteins
that undergo LLPS often contain intrinsically disordered regions (IDRs) associated with
prion-like and low-complexity domains (LCDs), where amino acid variability is minimal.
These IDRs facilitate LLPS through weak, multivalent interactions, allowing diverse
interactions among proteins and other biomolecules. Over time, many proteins forming
mobile liquid condensates become more viscoelastic and rigid, transitioning into a gel-
like state that no longer exchanges components with the surroundings. This state may
result from polymer entanglement or stronger protein associations, leading to fibril
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formation, as seen with proteins such as FUS, TDP-43, tau, and hnRNPA1. Phase
separation could thus enhance the nucleation rate for aggregation into amyloid-like
fibrils. a-synuclein (a-Syn), an unstructured protein linked to Parkinson's disease (PD),
is known for its cytotoxic aggregation into oligomers and amyloid fibrils. Mutations
associated with familial PD are known to influence a-Syn aggregation, emphasizing its
role in PD pathogenesis. Although significant research has explored a-Syn aggregation,
the early events in this process remain poorly defined. The primary structure of a-Syn
consists of an N-terminal region, an aggregation-prone non-amyloid-f component
(NAC), and a flexible C-terminal domain. While the NAC region drives aggregation, most
familial mutations occur in the N-terminus, underscoring its significance in misfolding and
aggregation. Given that a-Syn contains two LCDs, we hypothesized that it could undergo
LLPS under suitable conditions. Reports show that a-Syn indeed undergoes LLPS in the
presence of a molecular crowder, a process further enhanced by PD-related conditions.
We demonstrate that the N-terminal and hydrophobic NAC domain are key drivers of a-
Syn LLPS. Remarkably, a-Syn droplets transition from a liquid state to a solid-like state,
forming hydrogels with fibrillary aggregates and oligomers. Furthermore, a-Syn forms
liquid droplets within cells that later evolve into solid-like aggresomes, a process
regulated by microtubules. These results indicate that phase separation is a precursor
to a-Syn aggregation, implicating it in PD pathology.

In Parkinson’s Disease (PD), Dementia with Lewy Bodies (DLB), and Pure Autonomic
Failure (PAF), the pathological transformation of a-synuclein (a-syn) into a B-sheet-rich
structure initiates a cascade of events that lead to neurodegeneration. This misfolding
event triggers the recruitment of additional a-syn monomers, resulting in the formation
of toxic oligomers and amyloid fibrils. These aggregates are deposited in neurons as
Lewy bodies (LB) within the soma or as Lewy neurites in axons. Conversely, in Multiple
System Atrophy (MSA), a-syn aggregates predominantly within oligodendrocytes as glial
cytoplasmic inclusions (Papp-Lantos bodies), which are argyrophilic and represent a
hallmark of the disease. While neuronal cytoplasmic inclusions are also observed in
MSA, their distribution is distinct, typically localized to the putamen, pontine nuclei, and
inferior olivary nuclei, reflecting unique patterns of pathology across synucleinopathies.

The phenomenon of liquid-liquid phase separation (LLPS) has emerged as a critical
mechanism in the biophysics of intracellular organization. LLPS facilitates the assembly
of membrane less organelles, including nuclear structures like nucleoli, Cajal bodies,
and promyelocyticleukemia (PML) bodies, as well as cytoplasmic stress granules. These
liquid-like condensates concentrate specific proteins and RNAs at distinct cellular sites,
enabling localized biochemical activities without physical barriers. LLPS-derived
structures are dynamic, allowing rapid exchange of molecules with their surroundings,
and are characterized by spherical morphology, which can deform and coalesce upon
interaction. Proteins driving LLPS typically contain intrinsically disordered regions (IDRs)
enriched with low-complexity domains (LCDs), which mediate multivalent, weak
interactions essential for condensate formation. Over time, liquid condensates may
transition into viscoelastic or gel-like states due to polymer entanglement or
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strengthened intermolecular interactions, often leading to the formation of amyloid fibrils,
as observed with proteins like FUS, TDP-43, tau, and hnRNPA1.a-Syn, an intrinsically
disordered protein linked to PD, plays a central role in disease pathogenesis due to its
inherent aggregation propensity. Familial PD-associated mutations, particularly in the N-
terminal region, enhance a-syn aggregation, underscoring the significance of this
domain in misfolding and fibrillization. The a-syn protein consists of three distinct
regions: An N-terminal domain that governs interactions, a highly aggregation-prone
non-amyloid-B component (NAC) domain, and a flexible C-terminal domain that
modulates structural dynamics. The NAC domain is the primary driver of aggregation,
forming the core of amyloid fibrils, while the N-terminal region significantly influences the
misfolding process!®¢!

Recent studies have demonstrated that a-syn undergoes LLPS under physiological and
pathological conditions, particularly in the presence of molecular crowders or other
factors mimicking the intracellular environment of PD. LLPS of a-syn is primarily
mediated by its N-terminal and hydrophobic NAC domains. Once formed, a-syn liquid
droplets exhibit a progressive transition into solid-like states, resulting in the formation of
hydrogels enriched with oligomers and fibrils. Within cells, a-syn phase separates to form
liquid droplets that later evolve into aggresomes—solid-like aggregates associated with
cytoskeletal structures, a process dependent on microtubules. These findings suggest
that LLPS acts as an upstream event in a-syn aggregation, serving as a nucleation
platform that promotes fibril formation. The dynamic nature of LLPS and its eventual
transition into pathological aggregates implicate this process as a critical step in PD
pathogenesis. Understanding the molecular determinants of a-syn LLPS offers a novel
framework for identifying therapeutic targets. Modulating LLPS or preventing its
pathological progression could potentially disrupt the aggregation cascade, providing
new avenues for intervention in PD and related synucleinopathies [ (Figure 2).
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Figure 2: a-syn fibrillation/amydolysis landscape (picture taken and modified Maji et. al).

Canonical subcellular organelles, including mitochondria, the endoplasmic reticulum,
and lysosomes, are defined by lipid bilayer membranes that create distinct
microenvironments necessary for executing specialized cellular functions. These
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structures maintain their integrity and function through the spatial separation provided
by their membranes. In contrast, membrane less organelles (MLOs) are cellular
compartments that lack a surrounding membrane but still compartmentalize specific
biomolecules, including proteins and nucleic acids, to regulate cellular processes.
Prominent examples of MLOs include the nucleolus, Cajal bodies, P granules, stress
granules, and nuclear speckles. Despite their lack of a physical boundary, MLOs are
capable of maintaining their structural integrity, concentrating biomolecules at specific
sites, and facilitating specialized biochemical reactions.

Emerging evidence has revealed that MLOs are formed and maintained through liquid—
liquid phase separation (LLPS), a biophysical process whereby biomolecules demix from
the surrounding cytoplasm or nucleoplasm to form dynamic, liquid-like droplets. These
droplets are characterized by their ability to deform, fuse, and coalesce into larger
structures, while retaining the capacity for rapid molecular exchange with the
surrounding milieu. LLPS-based organization enables MLOs to act as hubs for
biochemical reactions, respond to cellular signals, and transiently sequester or release
specific proteins and RNAs based on cellular needs. Proteins involved in LLPS often
contain intrinsically disordered regions (IDRs) and low-complexity domains (LCDs),
which feature repetitive amino acid motifs and exhibit conformational flexibility. These
domains enable weak, multivalent interactions critical for phase separation. Initially,
LLPS-derived droplets exhibit fluid-like properties, maintaining dynamic molecular
rearrangements and rapid exchange with their environment. However, over time, these
droplets can undergo transitions to more viscoelastic or gel-like states, ultimately
progressing to solid-like structures. These transitions are mediated by enhanced
molecular interactions, such as polymer entanglement or the formation of stable
multimolecular networks, which reduce the dynamic properties of the droplets!’}

While liquid-to-solid transitions can be beneficial in certain physiological contexts-for
instance, in the assembly of the Balbiani body during oocyte development or in the
organization of heterochromatin—aberrant transitions are associated with pathological
outcomes. Dysfunctional transitions often result in the accumulation of toxic protein
aggregates implicated in neurodegenerative diseases, including Alzheimer’s disease
(AD), amyotrophic lateral sclerosis (ALS), and Parkinson’s disease (PD). For example,
mutations in the RNA-binding protein FUS are linked to aberrant LLPS and the formation
of insoluble amyloid-like fibrils. Similar pathological behaviour has been observed with
TDP-43, hnRNPA1, and tau protein, which are associated with ALS, AD, and related
disorders.

Understanding the dynamics of liquid-liquid phase separation (LLPS) and its
implications in cellular physiology and disease pathogenesis is pivotal for elucidating the
molecular mechanisms underlying normal and pathological processes. This knowledge
provides a foundation for developing therapeutic strategies to regulate LLPS, prevent
aberrant phase transitions, and mitigate the formation of toxic aggregates associated
with neurodegenerative disorders. In the context of Parkinson's disease (PD), a-
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synuclein (a-Syn) is a central protein that aggregates into amyloid fibrils, driving
neurotoxicity and neuronal death. Recent research has revealed that a-Syn can undergo
LLPS to form liquid-like droplets both in vitro and within cellular environments, with its
non-amyloid-B component (NAC) domain serving as the primary driver of this phase
separation. Over time, these droplets transition into more rigid, solid-like states
containing fibrillar aggregates and oligomers, processes integral to PD pathology. Using
purified a-Syn obtained through established protocols, we systematically examined the
effects of various experimental conditions on its ability to undergo LLPS. Our findings
demonstrated that salt concentration plays a crucial role in modulating a-Syn LLPS.
Different salts, counter ions, and low pH environments, along with multivalent cations
relevant to PD, significantly accelerated the kinetics of LLPS, reducing initiation times
from days to immediate onset. These conditions also lowered the critical concentration
of a-Syn required for phase separation. Furthermore, we observed that N-terminal
acetylation of a-Syn, a post-translational modification, increased the critical
concentration for LLPS, suggesting that acetylation may act as a regulatory
mechanism.[85]

From Majhi et al Interestingly proposed some salt like molecule can stop LLPS, their
studies showed that a-Syn droplets undergo liquid to solid-like transition, forming
hydrogel containing oligomeric structures. Surewicz et al proposed that identification of
small molecule modulators of LLPS, which can disrupt phase transitions while
maintaining functional integrity of LLPS, might be very important therapeutically. In an
ongoing project in the laboratory on the search of new therapeutics against
neurodegenerative diseases, mainly on Parkinson’s disease, we were interested to
design and synthesize small molecule modulators of LLPs, in order to inhibit a-Syn
aggregation and hence the early events of aggregations.®¥ This study how the
experimental conditions affected the progression of LLPS-mediated aggregation and
amyloid fibril formation. While the kinetics of LLPS initiation and progression varied
based on environmental factors, the involvement of specific domains within a-Syn, such
as the NAC region and the N-terminus, remained consistent. These domains appear to
orchestrate both the initial phase separation and subsequent transitions to solid-like
states.

Their findings provide critical insights into the mechanisms underlying a-Syn LLPS and
its liquid-to-solid transition, emphasizing its relevance in PD pathogenesis. The
acceleration of LLPS by specific salts and environmental conditions aligns with
pathological settings where a-Syn aggregation is observed, such as regions with
disrupted ion homeostasis or altered cellular environments.[?8° Understanding these
transitions enhances our comprehension of how a-Syn aggregation and fibril formation
occur in vivo, offering potential targets for therapeutic intervention.

4.3 Bioinformatics of a-Syn protein:
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The intricate function of LLPS in propelling the fibrillation process makes the
identification of a-synuclein LLPS modulators imperative. To predict the disorder and
probability of phase separation of a-synuclein we used several sequence-based
bioinformatics tools. PONDR score was used to predict the naturally occurring
disordered region in the a-synuclein sequence. PONDR predicted four disorder regions
in the sequence stretching from amino acids 1-10, 75-76, 78-80 and 104-140 (Fig. 4).
Importantly, the last segment which is C-terminal domain (CTD) is highly disordered and
the overall score of CTD was also high (0.885) compared to others. We confirm our
disorder prediction with another tool namely IlUPred3.IUPred3 also predicted the similar
results, that CTD of a-synuclein is extremely disordered (Fig. 4E). Our next focus was
to predict the phase separation propensity on the basis of another tool, Fuzrop. The tool
predicted that, the overall probability of phase separation of a-synuclein is 0.62 which is
consistent with the other phase separating proteins (Fig. 4F). The residue-specific
propensity revealed that the C-terminal domain has a high probability of phase
separation. [1041[105],[106]
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Figure 4. Structure and sequence of a-synuclein: Model structure of membrane bound a-synuclein (PDB
ID- 1XQ8). N-ter denotes N-terminal domain andC-ter denotes C-terminal domain. (B) Domain structure
of a-synuclein. (C) Linear amino acid sequence of a-Synuclein; Blue denotes N-terminal domain, Grey
denotes NAC domain,crimson red denotes C-terminal domain. (D) PONDR prediction from the linear
sequence of a-synuclein predicts that C-terminal domain of the protein has disordered region. (E) I[UPred3
analysis from the linear sequence of a-synuclein predicts similar to PONDR. (F) Comparison of cat
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GRANUALE scores of different phase separating proteins with a-synuclein. (G) Net charge per residue
(NCPR) distribution of a-synuclein. Red: Negatively charged amino acids, Blue: Positively charged amino
acids. The CTD of a-Synuclein is entirely negatively charged. (H) Kyte-Doolittle hydropathy plot of -
Synuclein indicates the NAC domain of a-Synuclein is enrich in hydrophobic residues.

4.4. Objectives of the present work:

Recent studies have shown that small charged molecules bind to the a-Syn protein
weakly. Chattopadhyay et al have reported that arginine amino acid having a guanidine
group (positively charged) binds to a-Syn and inhibits fibrillation/aggregation process.
They have also shown that glutamate on the other hand did not inhibit. They showed
that while arginine binds to the protein, glutamate was excluded from the core of the
protein and remained on the surface. Interestingly they have also shown similar positive
charged amino acid lysine did not bind to the protein and hence did not also have any
effect on the protein aggregations.

Encouraged by all this data a small series of charged molecules were designed and
synthesized in this project. Hence the major objectives of the present work:

(i) A small series of pyridine derived amino acid based zwitter ionic molecules
will be designed and synthesized.

(i) Different spectroscopic, bio-chemical and bio-physical experiments will be
carried out to establish the inhibition of a-Syn aggregations through LLPS
inhibition by these newly synthesized zwitter ionic molecules.

4.5. Results:
4.6: Synthesis of pyridine derived amino-acids based zwitter ionic molecules:

CTD of a-synuclein is the major driver for phase separation. The cat GRANULE score
for phase separation was comparable with other proteins. Consequently, we then
focused on the charge and hydrophobic pattering in the sequence of a-synuclein.
Therefore, the charge scanning by the CIDER tool revealed that the N-terminal domain
of a-synuclein has a mixture of positively and negatively charged amino acids, whereas
the C-terminal domain is mostly acidic in nature (Fig. 4F). So, positively charged ligands
can bind primarily with the CTD. Hydrophobicity and charge pattering are significant
among other factors that can influence phase separation. On the other hand, we
employed ExPASYy tool to probe the hydrophobic regions in the a-synuclein. It suggested
that most of the amino acids in the NAC domain of the sequence are hydrophobic in
nature (Fig. 4G). This hydrophobic core may interact with another hydrophobic chain of
the small molecule to cause self-coacervation. Majhi et al has reported that phase
separation acts as an initial step towards a-Syn aggregation associated with PD
pathogenesis.

129



o) NaNO, (1.6Eq.) 0 C'
H,N LiBr(2Eq.) N Reflux
2 \HLOH 3 BI’W)LOH + @ @ 9
R HBr in 48% water R Z
(1 0°C to RT (2) (zw X)
s COOH
HoOC °
o
) @
@j\m /\rr SYYY SV
e Z e
(ZW-1) (zw 2) (ZW-3) (ZW-4)
@
I e, (ZW-8) o
(ZW-5) (ZW 6) (ZW- 7
OH
G)
o ds Py Ir(g S ..
e & C o
(2W-9) (ZW-10) (ZW-11) (zw 12)

Figure 5: Synthetic Scheme

All the zwitter ionic molecules were synthesized from their corresponding amino acid
derivatives in the presence of LiBr (1.5 equiv.) and 42% HBr (4 equiv.). The mixture was
stirred for 10 minutes at 0°C. Then, an aqueous solution of NaNO, (1.6 equiv. in 10 ml
water) was added dropwise, converting the amino acid derivatives to their corresponding
bromo derivatives. Finally, the zwitter ionic molecules were formed when the bromo
derivative was refluxed in presence of pyridine in DCM solvents.

Next, the hydrophobicity scale of these synthesized zwitter ionic molecules was
measured by determining their concentration in octanol and water through absorbance
measurements using a UV spectrophotometer.

4.7 Hydrophobicity Measurements:

4.7.1. Molar absorption coefficient (¢) measurement of each synthesized
molecules in water:

The molar absorption coefficient(¢) was measured by dissolving individual zwitterionic
compounds in deionized water at concentrations of 10 uM, 5 uM, 2.5 uM, and 1.225 uM.
Absorbance measurements were then taken using a UV spectrophotometer. Molar
absorption coefficient(¢) values were calculated from the individual plot of absorbance
versus concentration. by Beer—Lambert law.
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4.7.2. Molar absorption coefficient(€) of zwitter ionic molecules in octanol:

Each zwitter ionic compounds were dissolved in octanol & heated until fully solubilisation
and kept 12 hours at room temperature. Individual zwitterionic compounds in Octanol
solutions were prepared at concentrations of 10 yM, 5 uM, 2.5 uM, and 1.225 uM.
Absorbance measurements were then taken using a UV spectrophotometer. The molar
absorption coefficient(¢) values were calculated from the individual plot of absorbance

versus concentration by Beer—Lambert law.

4.7.3. Hydrophobicity measurements from partition:

To the solutions of individual zwitter ionic compounds in water, an equal volume of
octanol was added. The mixtures were then shaken for 1 hour. The concentrations of
each zwitter ionic compound in both octanol and water phases were measured using a
UV spectrophotometer.

Table1.
Compoun molar molar From From Cos
d name absorption absorption | Partition Partition logP= |09C—
coefficient in | coefficient coefficient '
Octanol(€oct coefficient in concentration | concentratio
M-'ecm) Water (esM- | i n in water
) C
‘em™) Octanol(Coct (Cw
M)
M)
ZW-1 410.1 900.00 0.01545 0.1572 -1.009
ZW-2 430.1 900.00 0.02110 0.2170 -0.693
ZW-3 452.1 912.00 0.07812 0.2577 -0.5183
ZW-4 422.2 910.00 0.01928 0.2316 -0.831
ZW-5 432.1 919.00 0.02557 0.2135 -0.9253
ZW-6 461.2 920.00 0.06026 0.2424 -0.6045
ZW-7 490.0 923.00 0.08022 0.2390 -0.4741
ZW-8 607.5 930.00 0.80080 0.1917 +0.6209
ZW-9 510.1 912.00 0.16620 0.2345 -0.7089
ZW-10 |710.0 936.00 1.02800 0.2190 +0.671
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ZW-11 |1 432.0 928.00 0.01468 0.2420 -1.217

ZW-12 | 433.9 919.00 0.05460 0.2399 -0.6420
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Figure 6. Hydrophobicity Order of zwitterionic molecules.

4.7.4 Turbidity and Microscopy Studies of a-synuclein with zwitterionic ligands:

15 Asyn: compound = 1:1
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Figure 7. Turbidity (absorbance at 350 nm) screening of synthesized compounds in the presence of 100
MM a-syn incubated at 37°C, 180 rpm for 4 hours. Here additionally Boc- protected amino acids i,e tyrosine,
phenyl alinine , glycine which is represented as ZW-13, ZW-14, and BOC respectively.

To test the effect of these compounds on LLPS of a-synuclein, light scattering was used
as a probe to screen the phase behaviour. 100uM of a-syn was incubated in 10% PEG-
8000 and 100 mM NaCl in the presence and absence of synthesized molecules (50 uM)
under 37°C and 180 rpm shaking conditions and measured the turbidity (at 350nm) of
the solutions. The turbidity was found to be minimum for compound ZW-2 and highest
for ZW-10 among them (Figure 7). Therefore, it may be concluded that inhibition of
droplet formation was maximum by ZW-2 and the inhibitory power gradually decreased
with increasing hydrocarbon chain length as well as hydrophobicity of the side chain in
the zwitter ionic compounds (Figure 7)
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Figure 8a. (A) Confocal microscopy images of liquid droplets in the presence and absence of ZW-2 and
ZW-10, Corresponding number of droplets obtained from microscopy. Scale bar:10um; Figure 8b. (A)
Confocal microscopy images of liquid droplets in the presence and absence of ZW-2 and ZW-10 and
Corresponding number of droplets obtained from microscopy (scale bar:10 pm)
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The long hydrocarbon chain of the small molecule can interact with the hydrophobic NAC
core of the protein and it can induce the droplet formation. This type of increase was also
observed in other compounds which have hydrophobic side chain. To further confirm our
observations, we used 1% Alexa-488 maleimide labelled a-syn along with unlabelled
one and observed under confocal microscopy under similar experimental conditions. We
observed a concentration dependent inhibition of droplets in the presence of ZW-2 which
is similar to our turbidity experiments. In the presence of 50 yM ZW-2, there was a
decrease in number of droplets from only a-syn sample. A further ~16-fold decrease was
observed in the presence of 100uM of ZW-2, indicates the potential inhibiting power
against bimolecular condensates of a-syn. On the contrary, in the case of ZW-10 though
the number of droplets decreased but the extent of inhibition was less compared to ZW-
10, which further confirms the potential involvement of hydrophobic interaction in the
droplet formation (Figure 8a, and 8b). To test this interaction (between long hydrophobic
chain present in the compound ZW-10 with the NAC-hydrophobic core of a-synuclein)
we used a common chemical probe 1,6-hexanediol. It has been shown to disrupt LLPS.
When introduced to a system undergoing LLPS, 1,6-hexanediol (1,6-HD) can dissolve
the liquid-like droplets, effectively reversing the phase separation. This property of 1,6-
hexanediol is often used in research to study the role of LLPS in cellular processes and
to investigate the behaviour of proteins and nucleic acids in the context of phase
separation. Furthermore, 1,6-hexanediol has the ability to interfere with droplet formation
through hydrophobic interactions. We added 5% and 10% 1,6 hexandiol to the reacting
mixture (a-syn+ZW-10), there was a decrease in the number of droplets observed by
confocal microscopy, confirmed the hydrophobic interactions present within the system
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(Figure 8a & 8b). It is known that the liquid droplets of a-synuclein can mature into toxic
amyloid fibrils for a longer incubation time.

4.7.5 MTT Assay & Citotoxicity assay of selective Zwiiter ionic Molecules

SH-SYS&Y cells were seeded in a 96-well plate at a density of 10*—10° cells/well in 100
ML of medium containing various compounds at a concentration of 100 uM. The cells
were incubated in a CO, incubator for 24 hours. Following incubation, the media was
discarded, and the cells were washed with PBS. Fresh medium (100 uL) was added to
each well, along with 10 uL of MTT stock solution (12 mM), and the plate was incubated
for 4 hours. Afterward, 75 pL of the medium was removed, and 50 uL of DMSO was
added to each well. The contents were mixed thoroughly, incubated at 37°C for 10
minutes, and mixed again. Absorbance was then measured at 540 nm using a plate
reader (Figure 9).
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Figure 9: Cell viability assay of selected compounds

SHSY-5Y cells were treated with different compounds (ZW-1, ZW-2, ZW-8 and ZW-10)
at a concentration of 100 yM showed non-significant change in cell viability as compared
with control group. ns= non-significant as against untreated cells with respect to
treatment with different compounds. Values shown are mean + sem of three independent
experiments.

4.7.6 Cell viability assay result

To check the toxicity of different compounds (ZW-1, ZW-2, ZW-8, and ZW-10) MTT
assay was performed on SHSY-5Y cell line. Cells were treated with 100 uM of
compounds (dissolved in milliQ water) and incubated for 24 h in a CO:2 incubator at 37
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°C. When incubated with MTT active mitochondria of viable cells converts soluble MTT
(yellow color) to insoluble formazan product (purple color). Treatment with different
compounds (ZW-1, ZW-2, ZW-8, and ZW-10) showed non-significant change in cell
viability as compared with control group where no treatment was made. Hence it can be
stated that these compounds do not possess any adverse effect on the viability of
neuronal cells.

4.7.7 Cytotoxicity Assay

Cytotoxicity assay was performed using flow cytometry with Annexin V-FITC and
Propidium iodide (PI). Briefly SHSY-5Y cells were seeded in a 6 well plate at a density
of 1 x 108 cells/well. Cells were incubated for 24 h in a CO2 incubator with different
compounds to be tested (ZW-1, ZW-2, ZW-8 and ZW-10). After 24 h treatment, media
was discarded and cells were washed with PBS. The percentage of live/dead cells was
determined using Invitrogen Dead Cell Apoptosis Kit following manufacturer protocol.
Briefly, after treatment with compounds cells were harvested and re-suspended in 100
ML of 1X Annexin binding buffer. 5 uL of Annexin V-FITC and 1 pL of PI solution (100
pMg/mL) was added to the cell suspension and the cells were incubated for 15 min at
room temperature. 400 pL of fresh 1X Annexin binding buffer was added and cells were
analyzed by flow cytometry with appropriate filters.

4.7.8 Cytotoxicity Assay result

Cytotoxic effect of the compounds (ZW-1, ZW-2, ZW-8, and ZW-10) was tested by
measuring the percentage of live/dead cells after treatment for 24 h using flow cytometry.
A typical live/dead panel shows live cells with low fluorescence for both FITC and PI
(quadrant 3), early apoptotic cells with high FITC fluorescence and low PI fluorescence
(quadrant 4) while late apoptotic cells with high fluorescence for both FITC and PI
(quadrant 1) and necrotic cells with low FITC fluorescence and high PI fluorescence
(quadrant 2). When SHSY-5Y cells were treated with 100 uM of compounds (ZW-1, ZW-
2, ZW-8 and ZW-10), they showed non-significant change in cell viability as compared
with control group where no treatment was made. Hence these compounds do not have
any cytotoxic effect on the neuronal cells (Fig.10).
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Figure 10: Cytotoxicity assay using flow cytometry with Annexin V-FITC and Propidium iodide (PI).
SHSY-5Y cells were treated with different compounds (ZW-1, ZW-2, ZW-8, and ZW-10) at a concentration
of 100 uM showed non-significant change in cell viability as compared with control group. ns = non-
significant as against untreated cells with respect to treatment with different compounds. Values shown
are mean + sem of three independent experiments.

4.7.9. Binding Studies of ligands with a-Synuclein Protein by 'H NMR
spectroscopy:

To understand the binding of the synthesized ligands with a-syn protein to stop the phase
separation phenomenon, 'H NMR studies of the native protein were performed with and
without incubating the ligands externally. Figure 11(a) shows 'H NMR of the wild-type a-
syn protein 1mm in D20 solvent. The down-field proton signals are due to the aromatic
residues present in aromatic amino acids like phenylalanine, histidine, etc. However, to
confirm the identity of these peaks within the protein, we had taken 'H NMR of histidine
amino acids in D20 solvent, which corroborated that these down-field peaks were due
to imidazole protons present in the side chains. On gradually adding ZW-1 ligand (0 to
93 uM) into a-syn protein solution, the overall '"H NMR spectra of the protein did not
change. The two protons at & 7.7 ppm and 6.9 ppm were found to have shifted very
marginally (Figure 11b). However, when increasing concentration of compound ZW-2 (0
to 93 uM) was added in D20 solution of a-synuclein appreciable change in position of
these peakes were observed. There was a significant shift of these two protons to 6 8.2
ppm and 7.1 ppm from & 7.7 ppm and 6.9 ppm (native protein), in the 1H NMR spectra.
The downfield chemical shift difference of 0.5 ppm of proton at 6 7.7 ppm to & 8.2 ppm
on the addition of ZW-2 was significant and indicates a strong binding interaction of
ligand to the protein (Figure 12a). Next, we chose a compound ZW-8, which showed
poor effect in the turbidity assay. Interestingly, the stack-plot of '"H NMR spectra of ZW-
8 ligand showed less affinity towards the binding of the protein (Figure 12.b). Marginal
down field shift of protons at 67.7 ppm and 6.9 ppm was observed and on addition of
ZW-8 upto 93 uM these two peaks had disappeared completely (Figure 11).

136
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Figure 11: (a) '"H NMR of a-synuclein protein (1.0 mM) in D20. (b) '"H NMR of a -synuclein protein (1.0
mM) in D20 with gradual increasing concentration of ZW-1 ligand (1.0 M stalk solution) from 0 to 93 yM
where 11b (1) 1H NMR spectra of only a-synuclein protein 11b (2) 18 uM, 11b(3) 32 uM, 11b(4) 55 uM,
11b(5) 93 uM of ligand ZW-1 addition.
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Figure 12: (a) 'H of a-synuclein protein(1.0mM) NMR in D20 with different concentration ZW-2 ligand from
0 to 93 uM where 12a(1) only a-synuclein protein 12a(2) 18 uM of ligand ZW-2, 12a(3) 32 uM of ligand
ZW-2, 12a(4) 55 uM of ligand ZW-2, 12a(5) 93 uM of ligand ZW-2. (b) "H NMR of a-synucleinprotein (1.0
mM) in D20 with gradually increasing concentration of ZW-8 ligand where 12b(1) only a-synuclein protein
12b(2) 18 uM of ligand zw-2, 12b(3) 32 uM of ligand ZW-2, 12b(4) 55 uM of ligand ZW-2, 12b(5) 93 uM
of ligand ZW-2. & then aqueous solution of histidine was added 12b(6) 90 uM of histidine, 12b(7) 155 uM
of histidine.
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Figure 13 (a): Chemical shift as a function of zwitter ion (ZW-2) concentration. This figure shows the
chemical shift variations observed at different concentrations of zwitter ion (3b), illustrating the effect on
the spectral properties of the sample. (b): Availability of specific binding sites i,e the pointer sites of a-
synuclein at different zwitter ion (ZW-8) concentrations. This figure displays how the availability of binding
sites in a-synuclein changes with varying concentrations of zwitter ion (3h), demonstrating potential
interactions and binding affinities.
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Figure 14. (a) '"H NMR in D20 of a-synuclein protein (1mM) with different concentration (ZW-8) ligand 'H
NMR of a-synuclein protein (1.0 mM) in D20 with gradually increasing concentration of ZW-8 ligand where
a(1) only a-synuclein protein, a(2) 100uM of ligand ZW-8, then aqueous solution of imidazole was added,
a(3) 90 uM of imidazole, a(4) 155uM of imidazole, (b) "H NMR in D20 of a-synuclein protein (1mM) with
different concentration (ZW-10) ligand 'H NMR of a-synuclein protein (1.0 mM) in D2O with gradually
increasing concentration of ZW-10 ligand where, b(1) only a-synuclein protein, b(2) 18 uM of ligand zw-
10, b(3) 90 uM of ligand ZW-10, b(4) 160 pM of ligand ZW-10.

when free histidine amino acids were added in a portion of 90 yM into the same solution
and "H NMR was recorded, the same peaks at & 7.7 ppm and 6.9 ppm reappeared. This
study unambiguously proved that ZW-2 and ZW-8 have strong binding interactions with
histidine residue (Hso) at the N-terminal region of a-synuclein protein. By repeating the
experiment with different doses of ligand (ZW-8), the diminished peaks became sharper
in the presence of different concentrations of imidazole (90uM to 155uM) in fig.14a it is
most likely that these zwitter ionic molecules may form salt-bridge interactions with the
imidazole protons, which is responsible for their binding with N-Hso. No significant
changes were observed for the (ZW-10) ligand fig.14b. the most hydrophobic
(hydrophobic scale +0.74) zwitterionic molecule in this study, up to a concentration of 90
MM. However, upon increasing the ligand concentration beyond 90 pM, slight changes
were noted, with a minor decrease in the chemical shift of both characteristic proton
peaks.
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4.7.9 MALDI Mass Spectroscopy.

MALDI mass spectrum was used to study the binding of small molecule with the a-syn
protein. The standard protein sample gave a mass of 14535.1973. The a-syn protein
was incubated separately with the zwitter ionic compounds ZW-2 (molecular mass
137.0477), ZW-8 and ZW-10 respectively and mass spectra was recorded. In the mass
spectra of compound ZW-2, we observed a mass peak at 14672.4336 (14535+137),
which corresponded to the small molecule bound protein. This spectrum unambiguously
confirmed that ZW-2 binds with a-syn protein. Only very feeble mass was observed for
the other two compounds ZW-8 and ZW-10, which were earlier shown in the NMR
spectra to bind weakly.
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Figure 15. MALDI spectroscopy was used to study the binding of small molecule with a-syn protein
4.7.10 Isothermal Calorimetry (ITC) study

It is known that salt bridge interactions may play a crucial role in stabilizing a protein's
three-dimensional structure and are particularly important in protein-ligand binding. It
contributes to the overall stability and function of proteins by reducing the entropy of
disordered proteins. In our study (Figure.16a), the entropy change (AS) for a-synuclein
binding with the zwitter ionic ligand ZW-2 is -27 J.mol'K"', indicating a decrease in
disorder, On the other hand, the entropy changes due to the binding with ZW-10 (Figure
b), is calculated to be +167.4 J.K'.mol', suggesting less stability. At a higher
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concentration of ligand ZW-10 (Figure 16c), the entropy change due to binding is -245.9
J.K"".mol-'. Additionally, the dissociation constant, K4 for ZW-2 is 5x107® M (for a ligand
concentration of 0.25 uM and a-synuclein concentration of 0.05 uM), which is higher than
the dissociation constant for zw-10 (Ks=1x107° M) at low concentration (0.25 uM ligand,
0.05 uM a-synuclein). However, the dissociation constant for ZW-10 increases to 2.11 x
107° M at higher ligand concentration (1.25 uM ligand, 0.05 uM a-synuclein). This result
highlights that ZW-2 binds to a-syn with the greater efficiency, which may be explained
due to more favourable with stronger electrostatic interactions. The entropy change (AS)
for a-synuclein binding with the zwitter ionic ligand ZW-2 is -27 J.K-*.mol"', indicating a
decrease in disorder, whereas the entropy changes for binding with ZW-10 is +167.4
J.K'.mol!, suggesting less stability. At a higher concentration of ligand ZW-10, the
entropy change for binding is -245.9 J.K-".mol"!
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Table 2. The values from the ITC data:

Condition Number | For ZW-2 (figure | For ZW-10 For ZW-10
1) (figure. 2) (figure. 3)

Syringe 0.25uM 0.25 uM 1.25 yM

Concentration in

water

Cell Concentration | 0.05 uM 0.05 uM 0.05 pM

in Water

Temperature 298K 298K 298K

No. of Injection 30 30 30

Volume per 5 uM 5 uM 5 pM

Injection

RPM 200 200 200

Delay 60 Seconds 60 Seconds 60 Seconds

Injection Interval 240 Seconds 240 Seconds 240 Seconds

4.7.11 Circular Dichroism (CD) Study & DSC Studies:
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Figure 18. d1: ITC binding study of a-syneuclein protein with ligand ZW-2; d2
syneuclein protein with ligand ZW-8; d3: ITC binding study of a-syneuclein protein with ligand ZW-10;

d4: DSC study of a-syneuclein protein with ligand ZW-2, ZW-8, ZW-10.

: ITC binding study of a-
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Circular dichroism (CD) spectroscopy & Differential Scannning Calorimetry (DSC)
studies was utilized to investigate the conformational changes of a-synuclein protein in
aqueous solution. The CD spectrum of a-synuclein in deionized water exhibited a
characteristic negative minimum at 198 nm, indicative of the monomeric conformation of
the protein. The CD measurements were conducted in deionized water without
incubation, as shown in Figure 18, along with varying concentrations of ligands.

Upon increasing ligand concentrations, the characteristic negative minima at 208 nm
and 218 nm, typically associated with a-helix and B-sheet-rich structures, respectively,
were not observed. This suggests that the presence of ligands did not induce significant
conformational changes in a-synuclein in the aqueous solution. However, with increasing
concentrations of ligand ZW-2, the peak at 198 nm became broader, indicating a higher
binding efficiency of ligand ZW-2 compared to other zwitter ionic ligands. The findings

suggest that the a-synuclein protein maintains a highly stable conformation in the
presence of zwitter ionic ligands.

4.7.12 Plausible Mechanism of binding of ZW-2 with a-Syn protein

From the experimental data......

« MALDI Massspectrometry. The turbidity results support the MALDI mass
measurements. In the presence of a fivefold excess of ligand, binding was
observed only at a 1:1 ratio of ligand to protein. This indicates that a single
ligand molecule binds specifically to one protein molecule.
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Figure 19. Hydrogen bonding and salt bridge interaction between zwitter ion and a-synuclein protein.

ITC Experiments: This experiment demonstrates that the coefficient value (n=1) is lowest for
ZW-2 at low concentrations, indicating that binding occurs at a single site.

% NMR Experiments: NMR titration confirms that the histidine residues of the
a-synuclein protein interact with the ligand.
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« CD Experiments: From the CD experiment, with increasing concentrations
of ligand ZW-2, the peak at 198 nm became broader, indicating a higher
binding efficiency of ligand ZW-2 compared to other zwitter ionic ligands
which also support like NMR experiment.

Positively Charge nitrogen i,e cationic part may
have affinity toward electron rich negatively
charged residues, like aspartate or glutamate etc.

:
¥
v

R=H,Other functional group T

OH(Y)

Negetively Charged carboxylate anion group may have
affinity towards electron-deficient positively charged
amino acids residue, such as lysine, arginine, or
histidine etc.

Figure 20: Donor-acceptor sites via electrostatic interaction in zwitter ions.

Salt bridge interactions between proteins and ligands are electrostatic attractions
between oppositely charged groups. These interactions typically form between a
positively charged residue, such as lysine, arginine, or histidine, with the carboxylate ion
of a zwitter-ionic ligand. Conversely, they also occur between a negatively charged
residue, like aspartate or glutamate, with the pyridinium group of a zwitter-ionic ligand.

Also L-histidine, a key amino acid, is characterized by its aromatic side chain i,e
imidazole which pKb of approximately 6.5. This property provides significant buffering
capacity in biological systems, allowing histidine to act as both a proton donor and
acceptor, thereby stabilizing protein-ligand interactions. Salt bridges play a crucial role
in stabilizing a protein's three-dimensional structure and are particularly important in
protein-ligand binding, contributing to the overall stability and function of protein
molecules by reducing the entropy of disordered proteins.

The docking study in (Fig. 19) revealed that molecules ZW-2 and ZW-8 interacted with
a similar region of the a-synuclein protein, displaying comparable binding affinities.
Molecule 3b interacted with residues 38, 39, 40, 43, 44, 45, and 48 of a-synuclein, with
a calculated binding affinity of -3.8 kcal/mol. Similarly, molecule ZW-8 bound to residues
32, 35, 38, 39, 40, 43, 44, 45, and 48, showing a slightly higher binding affinity of -3.9
kcal/mol. In contrast, molecule 3j interacted with residues 39, 40, 43, 45, and 48, but
exhibited a lower binding affinity of -3.1 kcal/mol. Additionally, '"H NMR studies and
MALDI mass spectrometry suggest that residues 50, 54, and 58 of a-synuclein may play
a particularly significant role in ligand binding, with a binding affinity of -3.19 kcal/mol
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4.7.13 Discussion:

In the present study, small zwitter ionic molecules can inhibit liquid droplets forming due
to a-syn phase separation. Turbidity (a direct proof of the formation of aggregates in
solution by the a-syn protein) assay was performed with the synthesized molecules, and
light scattering experiments were done. This experiment resulted in ligand ZW-2, which
efficiently inhibited droplet formation. Confocal microscopy images of liquid droplets in
the presence and absence of ZW-2 also confirmed the ability of the said ligand to inhibit
droplet formations. Cell viability and cytotoxicity assays were performed with ZW-2 and
other ligands in the series, which showed no toxicity in the normal cell lines up to 100
MM concentrations. In all these studies, we compared our results with another ligand,
ZW-10, which is not a good LLPS inhibitor. To find out the possible reason of ZW-2,
inhibiting a-syn phase separation and hence LLPS formation, concentration-dependent
"H NMR studies were performed with ZW-2 and other derivatives with a-syn protein. The
shift of protons of the sidechain imidazole residue of histidine in N-terminal region
towards more down field in the '"H NMR spectra, clearly indicates that ligand ZW-2
strongly interacts with it. The binding of ZW-2 at the N-terminal pocket of a-syn by
forming a possible six/seven membered salt-bridge interaction might have disrupted the
geometry of the protein. This structural change at the N-terminal histidine residue may
be inhibited the protein to undergo droplet formation and aggregations. The same has
not reflected in case of ZW-8 or ZW-10 which is a poor binder of a-syn. Structurally, ZW-
2 contains a glycine residue (single methylene in between the positive and negative
charges) and our experimental results indicated that substitution at the a-carbon of the
inhibitor molecule is not tolerated. Moreover increase in methylene chain length i,e
hydrophobicity was also not permitted as reflected in the droplet formation studies.

Despite these findings, prior studies, including our own, have identified critical barriers
to the LLPS of a-Syn under physiological conditions. Specifically, the protein
concentrations required for LLPS were higher than those typically observed in
biophysical study, and the process often required prolonged incubation periods. These
observations suggested the presence of kinetic hurdles that diverged from classical
phase transition dynamics. The objective of our current study was to investigate how
environmental factors influence the LLPS behavior of a-Syn, with the goal of
understanding the conditions that promote or inhibit this process.

147



5.0 Supporting Information for Synthesis:

5.1 General Information:

All reactions were carried out in oven-dried glassware. Reagents were purchased from
Sigma-Aldrich, Acros, Alfa Aesar or TCIl. Reactions were monitored by thin layer
chromatography (TLC) carried outon silica gel plates (Merck silica gel 60, f254); the
spots were visualized with UV light (254 and 365nm). Flash column chromatography
was performed using 230-400 mesh silica gel. Silica gel (230-400 mesh) was used for
column chromatographic separations. Yields refer to isolated yields after
chromatographic purification. 1H NMR (400 MHz) and '3C spectra were recorded in
CDs0OD solvent using TMS as the internal standard and are reported relative to the
residual solvent signal. The following abbreviations were used to explain NMR peak
multiplicities: s = singlet, d = doublet, t =triplet, g = quartet, m = multiplet, br = broad.
High resolution mass spectra (HRMS, m/z) were recorded using ESI (Q-TOF and
Orbitrap, positive ion) EI mode.

5.2 Experimental Procedures and Spectral data:

5.2.1 General procedure for ZW-1 to ZW-12:

To different amino acid derivatives (1 equiv), LiBr (1.5 equiv.), and 42% HBr (4 equiv.)
was added and the reaction mixture was stirred at 0°C for 10 minutes. After that, an
aqueous solution of NaNO, (1.6 equiv. in 10 mL water) was added dropwise using a
dropping funnel. Once the reaction was complete (monitored by TLC), the mixture was
washed with ethyl acetate and water (3 x10 mL). The ethyl acetate layer was dried over
anhydrous sodium sulphate, and the solvent was removed under reduced pressure to
obtain the corresponding bromo derivatives. It was then refluxed with pyridine (10
equiv.) for 12 hours, followed by evaporation to dryness. The final compounds were
purified via column chromatography using silica gel, yielding the corresponding zwitter
ionic compound.
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5.2.2 Spectra Interpretations ('H, '*C, HRMS) of synthesized
compounds:

Compound ZW-1:

COOH

o [
@ coc®
_
ZW-1

Aspartic acid (2.66g, 20.0mmol, 1.0 equiv.), lithium bromide (2.6g, 30.0mmol,1.5 equiv.)
sodium nitrite (2.2g, 32.0 mmol,1.6 equiv.) were used.

Yield (90% yield, Brown solid), Column chromatography (silica gel, eluting with 35%
methanol/ethyl acetate with).

H NMR (400 MHz, Methanol-ds): 3 9.12 (d, J = 6.5 Hz, 2H), 8.62 (t, J = 7.8 Hz, 1H),
8.13 (t, J=6.8 Hz, 2H), 4.94 (t, J = 6.4 Hz, 1H), 3.24 — 3.11 (m, 2H).

13C NMR (101 MHz, Methanol-ds): 5 171.7, 145.9, 145.3, 127.9, 57.2, 34 1.

HRMS (ESI) m/z: [M+H]* Calcd for CoH9NO4: 196.0610; Found 196.0722.

Compound ZW-2:

<) S)

| SN co0
_Z

ZW-2

Glycine (1.5 g, 20.0 mmol, 1.0 equiv.), Lithium Bromide (2.6 g, 30.0 mmol,1.5 equiv.),
sodium nitrite (2.2 g, 32.0 mmol,1.6 equiv.) were used.

Yield (95% yield, white solid), Column chromatography (silica gel, eluting with 35%
methanol/ethyl acetate with).

H NMR (400 MHz, Methanol-ds4): 5 9.13 — 8.89 (m, 2H), 8.78 — 8.57 (m, 1H), 8.26 —
8.04 (m, 2H), 5.65 (s, 1H), 4.48 (s, 1H).

13C NMR (100 MHz, Methanol-d4): 5 167.47, 146.56, 146.23, 145.32, 127.99, 61.16.
HRMS (ESI) m/z: [M+H] Calcd. for C7HsNOz2: 138.0555; Found 138.0560.
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Compound ZW-3:

SMe

® ©
I SN” “coo
=

ZW-3

Methionine (1.5 g, 20.0 mmol, 1.0 equiv.), lithium bromide (2.6 g, 30.0 mmol,1.5 equiv.)
Sodium Nitrite (2.2 g, 32.0 mmol,1.6 equiv.) were used.

Yield (85% yield, Grey liquid), Column chromatography (silica gel, eluting with 35%
methanol/ ethyl acetate).

H NMR (400 MHz, Methanol-di): 5 9.29 — 8.80 (m, 2H), 8.73 — 8.56 (m, 1H), 8.23 —
8.06 (m, 2H), 5.91 — 5.82 (m, 1H), 4.82 —4.73 (m, 1H), 4.29 — 4.06 (m, OH), 3.74 — 3.62
(m, OH), 3.47 — 2.94 (m, 1H), 2.86 — 1.75 (m, 3H).

3C NMR (100 MHz, Methanol-da): 5 175.69, 172.84, 146.97, 146.61, 145.90, 144.96,
141.73, 127.51, 68.45, 68.26, 63.06, 59.48, 43.73, 33.40, 31.36, 29.92, 29.66, 26.98,
13.85, 12.49.

HRMS (ESI) m/z: [M+H]* Calcd for C10H14NO2S: 212.0745; Found 212.0753.

Compound ZW-4:

COOH

®
| N7 coc®
Z ZW-4

Glutamic Acid (2.940 g, 20.0 mmol, 1.0 equiv.), lithium bromide (2.6 g, 30.0 mmol,1.5
equiv.), sodium nitrite (2.2 g, 32.0 mmol,1.6 equiv.) were used.

H NMR (400 MHz, Methanol-ds): 3 9.80 — 8.73 (m, 2H), 8.71 — 8.50 (m, 1H), 8.44 —
7.95 (m, 2H), 4.93 — 4.60 (m, 1H), 4.14 — 3.96 (m, OH), 3.66 — 3.49 (m, OH), 3.42 — 3.12
(m, OH), 2.98 — 1.75 (m, 3H), 1.68 — 0.96 (m, OH).

13C NMR (100 MHz, Methanol-ds): 5 198.74, 178.42, 178.37, 172.59, 142.73, 127.86,
100.00, 78.60, 76.24, 60.75, 30.22, 27.13, 26.75, 26.54, 26.41, 25.94, 25.86, 25.55,
13.36.

HRMS (ESI) m/z: [M+H]* Calcd for C1oH12NO4 210.0766; Found 194.1163.
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Compound ZW-5:

Z ZW-5

Nor leucine (2.620 g ,20.0 mmol, 1.0 equiv.), lithium bromide (2.6 g, 30.0 mmol,1.5
equiv.), and sodium nitrite (2.2 g, 32.0 mmol, 1.6 equiv.) were used.

1H NMR (400 MHz, Methanol-d;): 6 9.06 — 8.88 (m, 2H), 8.69 — 8.56 (m, 1H), 8.17 —
8.10 (m, 2H), 4.67 — 4.62 (m, 1H), 2.22 — 1.85 (m, 2H), 1.51 — 1.21 (m, 4H), 1.00 —
0.80 (m, 3H).

13C NMR (100 MHz, Methanol-d4): & 147.42, 145.89, 145.25, 141.97, 128.62,
127.88, 62.28, 31.20, 28.15, 22.00, 13.09.

HRMS (ESI) m/z: [M+H]* Calcd. for C11H16NO2: 194.1181 found 194.1172

Compound ZW-6:

Z ZW-6

Leucine (2.620 g, 20.0 mmol, 1.0 equiv.) lithium bromide (2.6 g, 30.0 mmol,1.5 equiv.),
sodium nitrite (2.2 g, 32.0 mmol,1.6 equiv.) were used.

Yield (95% yield, white solid), Column chromatography (silica gel, eluting with 35%
methanol/ethyl acetate).

1H NMR (400MHz, Methanol-ds): 3 9.17 (t, J=4.7Hz, 2H), 8.66 (m,1H), 8.18 (,
J=6.7Hz,2H), 4.77 (dt, J=7.2, 2.5Hz, 2H), 2.00-1.89 (m, 2H), 1.71 (dd, 1H), 1.02 (dd, J
= 6.7, 1.5 Hz, 6H).

13C NMR (100 MHz, Methanol-ds): 5 173.57, 145.64, 144.83, 128.37, 60.42, 40.03, 25.71,
21.47.

HRMS (ESI) m/z: [M+H] * Calcd. for C11H16NO2: 194.1181; Found 194.1173
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Compound ZW-7:

ol e

| N COO

Z Z\W-7

Valine (2.620g, 20.0 mmol, 1.0 equiv.), lithium bromide (2.6g, 30.0 mmol, 1.5 equiv.)
sodium nitrite (2.2 g, 32.0 mmol,1.6 equiv.) were used.

Yield (95% yield, white solid), Column chromatography (silica gel, eluting with 35%
methanol/ethyl acetate).

H NMR (400 MHz, Methanol-ds): 5 9.04 (d, J = 6.0 Hz, 2H), 8.64 (t, J = 7.8 Hz, 1H),
8.21-8.11 (m, 2H), 4.52 (d, J = 9.1 Hz, 1H), 2.31 (m,1H), 0.99 (d, J = 7.5 Hz, 6H).

3C NMR (100 MHz, Methanol-da): 5 177.70, 145.79, 144.82, 128.19, 68.02, 30.56,
18.17.

HRMS (ESI) m/z: [M+H]* Calcd. for C10H14NO2 Exact Mass: 180.1025; Found 180.1020.

Compound ZW-8:

=

ZW-8

6-Amino caproic Acid (2.62 g ,20.0 mmol, 1.0 equiv.), lithium bromide (2.6 g, 30.0
mmol,1.5 equiv.), sodium nitrite (2.2 g, 32.0 mmol,1.6 equiv.) were used.

Yield (95% yield, white solid), Column chromatography (silica gel, eluting with 35%
methanol/ethyl acetate)

"H NMR (400 MHz, Methanol-d.) 5 9.05 (d, 2H), 8.60 (t, J= 7.6 Hz, 1H), 8.13 (t, J = 6.6 Hz, 2H),
4.67 (t, J=7.5 Hz, 2H), 2.25 (t, J = 8.1 Hz, 2H), 2.14 — 1.94 (m, 2H), 1.66 — 1.48 (m, 2H), 1.33
(t, J = 31.8 Hz, 12H).

3C NMR (100 MHz, Methanol-ds) & 175.69, 145.66, 144.76, 128.29, 61.52, 33.22,
30.85, 25.24, 23.99.

Compound ZW-9:

ZW-9

0
(:ﬁ)/\)]\g
| =

B-alanine (1.780 g, 20.0 mmol, 1.0 equiv.), lithium bromide (2.6 g, 30.0 mmol,1.5 equiv.),
sodium nitrite (2.2 g, 32.0 mmol,1.6 equiv.) were used.

"H NMR (400 MHz, Methanol-d4): 5 9.15 (d, J = 6.3 Hz, 2H), 8.64 (t, J = 8.4 Hz, 1H),
8.14 (t, d = 7.0 Hz, 2H), 4.93 (s, 2H), 3.20 (t, J = 6.4 Hz, 2H).

13C NMR (100 MHz, Methanol-d4): 5 171.78, 146.00, 145.39, 128.03, 57.28, 34.29.
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HRMS (ESI) m/z: [M+H] Calcd. for CsH1o0NO2 :152.0712 found 152.0717.
Compound ZW-10:

©
| \ﬁ/W\MrO
= o)

ZW-10

Yield (95% yield, white solid), Column chromatography (silica gel, eluting with 35%
methanol ethyl acetate).

TH NMR (400 MHz, Methanol-da): & 9.06 (s, 2H), 8.61 (d, J = 7.6 Hz, 1H), 8.13 (s,
2H), 4.67 (s, 2H), 2.25 (s, 2H), 2.02 (s, 2H), 1.56 (s, 2H), 1.33 (d, J = 31.3 Hz, 12H).
13C NMR (100 MHz, Methanol-d4): & 176.24, 145.57, 144.59, 128.24, 61.80, 33.64,
31.19, 29.05, 29.03, 28.98, 28.84, 28.71, 25.80, 24.74.

HRMS (ESI) m/z: [M+H]* Calcd. for C16H26NO2: 264.1969 found 264.1945
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5.2.3 Spectra ('H, '3C) of synthesized compounds:

"H NMR of ZW-1 in CDs0OD
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"H NMR of ZW-2 in CD30D
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"H NMR ZW-3 in CD30D
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"H NMR of ZW-4 in CDs0D
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"H NMR of ZW-5 in CD30OD
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"H NMR of ZW-6 in CD30OD
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"H NMR of ZW-7 in CDs0OD

hho.cv \

S66'(

TSy
wmm.vv

£ET8
cm_.mW
991°'8:
9198
xmc.zw

SSO'8
e m*
PN

00091

FS16°0)

=10F'T

000

10

13

14

13C NMR of ZW-7 in CD3OD

99181 —

Pos'0E—

9L0'89—

T61I'811—

T8PPI~
06L'SP1

669'LLT—

T T T T T T T T T T T
200 190 180 170 160 150 140 130 120 110 100

T T
220 210

T T
% 8 70 60 50 40 30 20 10

fl (ppm)

160



"H NMR of ZW-8 in CDs0D

J
L A W iy
R 2 2553
el 3 el
, . fdd d_ ol eiried ; ;
14 13 12 11 10 9 7 6 5 4 2 1 0 -1
f1 (ppm)
13C NMR of ZW-8 in CDsOD
o« f=al=a) -
£ 23 & g EEE
| N I SN

=
=1
S
=

10 200 190 180 170 160 150 140 130 120 110 100 90 g0 70 60 50 40 30
1 (ppm)

161



"H NMR of ZW-9 in CDs0D
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"H NMR of ZW-10 in CD30OD

Feprrg
B oge
o 090"
st

= T

h

Ry
= 000"
7 760

F e

4

o

£

Fo

10

13

14

f1 (ppm)

13C NMR of ZW-10 in CDsOD

IvLbT
v08°ST
TIL°8T

I$8°8T
¥86'8C
T€0°6T
6v0°6C
681°1€
Iv9°€€

L6L'T9 —

SET'8TL —

€65 PP~
oLs'sy1

WWTILL —

D

180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20
1 (ppm)

190

220 210 200

163



5.3 HPLC purity data of synthesized compounds:

HPLC data of ZW-1

Data File C:\HPLC Da...DS_ZW1_Dr_BBanerjee_IICB_@30123\BBDS_ZW1_Dr_BBanerjee_IICB_@38123.D

Sample Name: BBDS_ZW1_|

Dr_BBanerjee_IICB_830123

Acq. Operator
Sample Operator :
Acq. Instrument :
Injection Date

Acq. Method
Last changed

Analysis Method :
Last changed
Additional Info :

. SYSTEM

SYSTEM

1290 Infinity II Prep LC Location : -
: 94-01-2023 17:35:03 Inj : 1

Inj Volume : Manually

¢ C:\HPLC DATA\SAN.M
: 84-81-2023 16:21:57 by SYSTEM

(modified after loading)
C:\HPLC DATA\SAN.M

: 97-12-2022 17:07:01 by SYSTEM

Peak(s) manually integrated

mAU ]

1400

1200

1000

800+

600 -

400+

200 4

DAD1 G, Sig=254 4 Ref=off (BBDS_ZW1_Dr_BBanerjee_IICB_030123\BBDS_ZW1_Dr_BBanejee_IICB_030123D)

a,

o

P
T
'rr o
"

mir

Fraction Information

Ne Fractiens found.

Area Percent Report

Sorted By
Multiplier
Dilution
Sample Amount:

Signal
1.e000
1le.ee00
1.e0000 [ng/ul] (not used in calc.)

Use Multiplier & Dilution Factor with ISTDs

1290 Infinity II Prep LC ©5-@1-2023 11:46:89 SYSTEM

Page

1

of
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Data File C:\HPLC Da...DS_ZWl_Dr_BBanerjee_IICB_030123\BBDS_ZWl_Dr_BBanerjee_IICB_030123.D
Sample Name: BBDS_ZW1_Dr_BBanerjee_IICB_030123

Signal 1: DAD1 C, Sig=254,4 Ref=off

Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %
R P ) S I [ |-enemee- !
1 1.564 PM ©.2857 263.97604 15.39782 2.0722
2 2.19e MM ©.1361 1.24752e4 1527.51624 97.9278

Totals : 1.27392e4 1542.91406

***¥ End of Report ***

HPLC data of ZW-2

Data File C:\Users\P...2_5@ul-ori_DrBBanerjee_09623\BBDS-ZW-2_50ul-ori_DrBBanerjee_09623.D
Sample Name: BBDS-ZW-2_5@ul-ori_DrBBanerjee 09623

Acq. Operator : SYSTEM
Sample Operator : SYSTEM
Acq. Instrument : HPLC Location : =
Injection Date : 6/9/2023 3:13:16 PM Inj : 1

Inj Volume : Manually
Acq. Method : C:\Users\Public\Documents\ChemStation\1\Methods\DEF_LC.M
Last changed : 6/9/2023 2:02:47 PM by SYSTEM

(modified after loading)
Analysis Method : C:\Users\Public\Documents\ChemStation\1\Methods\DEF_LC.M
Last changed : 6/23/2014 1:43:01 AM by SYSTEM

Additional Info : Peak(s) manually integrated
DAD1 C, Sig=254,4 Ref=off (BBDS-ZW-2_50ul-on_DrBBanerjee_09623\BBD S-ZW -2_50ul-ori_DrBBanerjee_09623.D)

mAU
500 <«

400 -

300+

200

100 o

5.720

0 . v
T T T T T T T

1 2 3 4 5 6

DAD1 D, Sig=280,4 Ref=off (BBDS-ZW-2_50ul-ori_DrBBanerjee_09623\BBD S-ZW-2_50ul-ori_DrBBanerjee_09623.D)
mAU 2

2
-
300
250
200
150
1004

50

Fraction Information

No Fractions found.

Area Percent Report

Sorted By - Signal
Multiplier 2 1.00680
Dilution £ 1.0000

Use Multiplier & Dilution Factor with ISTDs
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Data File C:\Users\P...2_Seul-ori_DrBBanerjee_89623\BBDS-ZW-2_56ul-ori_DrBBanerjee_89623.D

Sample Name: BBDS-ZW-2_S5@ul-ori_DrBBanerjee_ 09623

signal 1: DADL C, Sig=254,4 Ref=off

Peak RetTime Type Width Area Height
#  [min] [min]  [mAU*s] [mAu]
oo [-mme]omnnee R R
1 4.789 BV R ©.5929 2.20113e4  552.32037
2 5.7280 VB E ©.347@ 443.20981  19.22313

Totals : 2.24545e4  571.54351

Signal 2: DAD1 D, Sig=286,4 Ref=off

Peak RetTime Type Width Area Height
#* [min] [min] [mAU*s] [mAU]
R R [-=mefemnnees [-mmmmmeees e

©.6175 1.48423e4  359.65955

Totals : 1.48423e4  359.65955

R |
98.0262
1.9738

1e0.0008

*** End of Report **+*

HPLC data of ZW-3

Data File C:\HPLC Da...DS_ZW3_Dr_BBanerjee_IICB_€3@123\BBDS_ZW3_Dr_BBanerjee_IICB_030123.D

Sample Name:

BBDS_ZW3_Dr_BBanerjee_IICB_@30123

Acq. Operator : SYSTEM
Sample Operator : SYSTEM
Acq. Instrument : 1298 Infinity II Prep LC

Injection Date

Acq. Method
Last changed

Analysis

Last changed

1 84-81-2023 16:24:40

: C:\HPLC DATA\SAN.M

: ©4-01-2023 16:21:57 by SYSTEM
(modified after loading)

Method : C:\HPLC DATA\SAN.M

: ©5-81-2823 12:14:88 by SYSTEM
(modified after loading)

Additional Info : Peak(s) manually integrated

Location : -
Inj : 1
Inj Volume : Manually

mAU

2000

1500

1000

500

DAD1 C, Sig=254 4 Ref=off (BBDS_ZW3_Dr_BBanerjee_lICB_030123\BBDS_ZW3_Dr_BBanerjee_|ICB_030123.D)
= *

0

AT U P I e N

min

1 2 3 4
DAD1 D, Sig=280 4 Ref=off (BBDS_ZW 3_Dr_BBanerjee_lICB_030123\BBDS_ZW 3_Dr_BBanerjee_IICB_030123.D)

2304

[Te]

min

Fraction Information

Area Percent Report

Sorted By & Signal
Multiplier s 1.0000
Dilution 10.0000
Sample Amount: 3 1.00008 [ng/ul]

Use Multiplier & Dilution Factor with ISTDs

(not used in calc.)
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Data File C:\HPLC Da...DS_ZW3_Dr_BBanerjee_ IICB_©30123\BBDS_ZW3_Dr_BBanerjee_IICB_036123.D
Sample Name: BBDS_ZW3_Dr_BBanerjee_IICB_©30123

signal 1: DAD1 C, Sig=254,4 Ref=off

Peak RetTime Type Width Area Height Area
# [min] [min]  [mAU*s] [mau] %
R [me]mmmnen [-meenennes [mmennnen [onennnns [
1 2.31e MM ©.2881 1127.83545 65.24479  3.835@
2  3.e18 MM ©.1879 2.82814e4 2508.73242 96.165@

Totals : 2.94@93e4 2573.97721

Signal 2: DAD1 D, Sig=280,4 Ref=off

Peak RetTime Type Width Area Height Area
#  [min] [min]  [mAU*s] [mau] %
N P ([ P [-mmenemnas [meeennne- [oemmnnee [
1 2.384 W E 0.3255 213.24046 9.16483  3.9606
2 3.ee5 VB R ©.1038 5170.81543 686.69202 96.0394

Totals : 5384.05589 695.85684

*** End of Report ***

HPLC data of ZW-4

Data File C:\Users\P...4_50ul-ori_DrBBanerjee_09623\BBDS-ZW-4_56ul-ori_DrBBanerjee_09623.D
Sample Name: BBDS-ZW-4_5@ul-ori_DrBBanerjee_29623

Acq. Operator : SYSTEM
Sample Operator : SYSTEM
Acq. Instrument : HPLC Location : -
Injection Date : 6/9/20823 3:02:28 PM Inj : T

Inj Volume : Manually
Acq. Method : C:\Users\Public\Documents\ChemStation\1\Methods\DEF_LC.M
Last changed 1 6/9/2023 2:02:47 PM by SYSTEM

(modified after loading)
Analysis Method : C:\Users\Public\Documents\ChemStation\1\Methods\DEF_LC.M

Last changed : 6/23/2014 1:43:01 AM by SYSTEM

Additional Info : Peak(s) manually integrated

mAU

400 H

300

200 -

100

DAD1 C, Sig=254,4 Ref=off (BBDS-2W-4_50ul-on_DrBBanerjee_09623\BBDS-2ZW-4_50ul-on_DrBBanerjee_09623 D)

5725

mAU 4

250

200

150 4

100

1 2 3 4 5 6
DAD1 D, Sig=280,4 Ref=off (BBDS-ZW-4_50ul-on_DrBBanerjee_09623\BBDS-ZW-4_50ul-on_DrBBanerjee_09623.D)

e
-

Fraction Information

No Fractions found.

Area Percent Report

Sorted By Signal
Multiplier 1.8000
Dilutien 1.e000

Use Multiplier & Dilution Factor with ISTDs
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Data File C:\Users\P...4_58ul-ori_DrBBanerjee_089623\BBDS-ZW-4_58ul-ori_DrBBanerjee_@9623.D
Sample Name: BBDS-ZW-4_S@ul-ori_DrBBanerjee 895623

signal 1: DAD1 C, Sig=254,4 Ref=off

Peak RetTime Type Width Area Height Area
# [min] [min] [mau*s] [mAu] %
1 4.777 BV R ©.5890 1.860@6e4  464.69214 98.2893
2 5.725 VB E @.3454 323.74124 12.70178 1.7187

Totals : 1.89243e4  477.39391

Signal 2: DAD1 D, Sig=286,4 Ref=off

Peak RetTime Type Width Area Height Area
# [min] [min]  [mAU*s] [mau] %
R [ R [memmmnene [+ommmeenes [-emmmees [

1 4.694 BB ©.5507 1.24761e4  301.56595 100.8000

Totals : 1.24761e4 301.56595

*** End of Report *##

HPLC data of ZW-5

Data File C:\Users\P...5_S@ul-ori_DrBBanerjee_89623\BBDS-ZW-5_S@ul-ori_DrBBanerjee_09623.D
Sample Name: BBDS-ZW-5_S@ul-ori_DrBBanerjee_09623

Acq. Operator : SYSTEM
Sample Operator : SYSTEM
Acq. Instrument : HPLC Location : -
Injection Date : 6/9/2023 2:17:06 PM Inj : 1

Inj Volume : Manually
Acq. Method : C:\Users\Public\Documents\ChemStation\1\Methods\DEF_LC.M
Last changed : 6/9/2023 2:02:47 PM by SYSTEM

(modified after loading)
Analysis Method : C:\Users\Public\Documents\ChemStation\1\Methods\DEF_LC.M

Last changed : 6/23/2014 1:43:01 AM by SYSTEM
DAD1 C, Sig=254,4 Ref=off (BBDS-ZW-5_50ul-on_DrBBanerjee_09623\BBDS-ZW-5_50ul-on_DrBBanerjee_09623 D)

mAU ] 5

<

100

(15,675

1 2 3 4 5 6
DAD1 D, Sig=280,4 Ref=off (BBDS-ZW-5_50ul-ori_DrBBanerjee_09623\BBDS-ZW-5_50ul-ori_DrBBanerjee_09623.D)
mAU o =
300 -

Fraction Information

No Fractions found.

Area Percent Report

Sorted By s Signal
Multiplier 3 1.eee8
Dilution T 1.ee@0

Use Multiplier & Dilution Factor with ISTDs

Signal 1: DAD1 C, Sig=254,4 Ref=off
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Data File C:\Users\P...5_S5@ul-ori_DrBBanerjee_89623\BBDS-ZW-5_58ul-ori_DrBBanerjee_89623.D
Sample Name: BBDS-ZW-5_58ul-ori_DrBBanerjee_089623

Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mau] %
|====] |

1 4.737 BV R ©.5969 2.e8863e4 517.47681 98.5899
2 5.675 VB E ©.3509 298.72137 11.1367@ 1.41e1

Totals : 2.11850e4  528.61351

signal 2: DADL D, Sig=280,4 Ref=off

Peak RetTime Type Width Area Height Area
# [min] [min] [mAu*s] [mau] %
I----1 | |

1 4.642 BB ©.6829 1.39630e4  337.32626 100.0080

Totals : 1.39630e4  337.32626

#++ End of Report *#+

HPLC data of ZW-6

Data File C:\Users\P...6_56ul-ori_DrBBanerjee_09523\BBDS-ZW-6_S@ul-ori_DrBBanerjee_89623.D
Sample Name: BEDS-ZW-6_S@ul-ori_DrBBanerjee 89623

Acq. Operator  : SYSTEM
Sample Operator : SYSTEM
Acq. Instrument : HPLC Location : L
Injection Date : 6/9/2023 2:87:54 PM Inj : 1

Inj Volume : Manually
Acq. Method : €:\Users\Public\Documents\ChemStation\1\Methods\DEF_LC.M
Last changed 1 6/9/2023 2:82:47 PM by SYSTEM

(modified after loading)
Analysis Method : C:\Users\Public\Documents\ChemStation\1\Methods\DEF_LC.M

Last changed : 6/23/2014 1:43:01 AM by SYSTEM
DAD G, Sig=254,4 Rel=ofl (BBDS-ZW-6_50ul-on_DiBiBaneree_03623\BB0S-2W-6_50ul-on_DibBanerjoe_00623 0)

g 2
I :
: .

o e = =

7 m

1 2 3 a 5 ]
DAD D, Sig=280, Ref=off (BBDS-ZW-6_50ul-on_DiiBanere_08623\BBDS.ZW -6_50ul.on_DrBBanerpe_00623 0)

mAU ; 3

15 1\

6452

Fraction Information

No Fractions found.

Area Percent Repart

Sorted By 3 Signal
Multiplier H 1.0000
Dilution : 1.e000

Use Multiplier & Dilution Factor with ISTDs

signal 1: DADI C, Sig=254,4 Ref=off
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Data File C:\Users\P...6_56ul-ori_DrBBanerjee_89623\BBDS-ZW-6_56ul-ori_DrBBanerjee_09623.D
Sample Name: BBDS-ZW-6_58ul-ori_DrBBanerjee_089623

Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mau] %
e R e [-emmemees R [+emmees [
1 4.683 BV R ©.4589 1.11879%4 365.10886 96.9843
2 5.590 VB E ©.2137 215.14600 14.78883 1.8785
3 6.453 BB 0.2093 130.25513 8.381e4 1.1373

Totals : 1.14533e4  388.27873

signal 2: DADL D, Sig=28@,4 Ref=off

Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mau] %
P P P [P |ommenennas [oemenee- [
1 4.638 BV R ©.4563 6325.81592 205.97469 96.8737
2 5.556 VB E ©.2077 78.27068 5.44487 1.1986
3 6.452 BB ©.2225 125.87662 7.54974 1.9277

Totals : 6529.96321 218.96938

**+ End of Report *##

HPLC data of ZW-7

Data File C:\HPLC Da...DS_ZW7_Dr_BBanerjee_IICB_©30123\BBDS_ZW7_Dr_BBanerjee_IICB_030123.D
Sample Name: BBDS_ZW7_Dr_BBanerjee_IICB_630123

Acq. Operator : SYSTEM
Sample Operator : SYSTEM
Acq. Instrument : 129@¢ Infinity II Prep LC Location : -
Injection Date : ©4-81-2823 17:25:26 Inj : 1

Inj Volume : Manually
Acq. Method : C:\HPLC DATA\SAN.M
Last changed : 84-81-2023 16:21:57 by SYSTEM

(modified after loading)
Analysis Method : C:\HPLC DATA\SAN.M
Last changed : ©5-81-2023 12:30:33 by SYSTEM
(modified after loading)
Additional Info : Peak(s) manually integrated

DAD1 C, Sig=254 4 Ref=off (BBDS_ZW7_Dr_BBanerjee_lICB_030123\BBDS_ZW7_Dr_BBanerjee_IICB_030123.D)

mAU ]

2504

200 -

150 -

100 4

50

Fraction Information

No Fractions found.

Area Percent Report

Sorted By H Signal
Multiplier E 1.ee00
Dilution : 10.0000
Sample Amount: B 1.e0000 [ng/ul] (not used in calc.)

Use Multiplier & Dilution Factor with ISTDs
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Data File C:\HPLC Da...DS_ZW7_Dr_BBanerjee_IICB_030123\BBDS_ZW7_Dr_BBanerjee_IICB_030123.D
Sample Name: BBDS_ZW7_Dr_BBanerjee_IICB_838123

Signal 1: DAD1 C, Sig=254,4 Ref=off

Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mau] %

©.268 BV 9.e832 79.34888 14.64669 1.0292
9.533 W ©.1076 25.69477 3.67147 ©.3333

1.537 BV R ©.4043 74206.18359 263.68491 96.2435

1
2
3 0.609 VB ©.1173 26.88915 3.22431 ©.3488
4
5

4.035 BV R ©.e927 157.68858 18.e15e8 2.0453

Totals

77@9.88497 303.24244

HPLC data of ZW-8

Data File C:\HPLC Da..
Sample Name: BBDS_ZWS_|

*** End of Report ***

.DS_ZW8_Dr_BBanerjee_IICB_830123\BBDS_ZW8_Dr_BBanerjee_IICB_030123.D
Dr_BBanerjee_IICB_©30123

Acq. Operator <
Sample Operator :
Acq. Instrument :
Injection Date

Acq. Method H
Last changed =

Analysis Method :
Last changed :

Additional Info :

SYSTEM

SYSTEM

1290 Infinity II Prep LC Location : -
1 04-01-2023 15:42:03 Inj : 1

Inj Volume : No inj
C:\HPLC DATA\SAN.M
04-01-20823 15:49:36 by SYSTEM
(modified after loading)
C:\HPLC DATA\SAN.M
©85-01-20823 12:32:25 by SYSTEM
(modified after loading)
Peak(s) manually integrated

mAU

800 -

600 -

400 ~

200

DADT C, Sig=254 4 Ref=off (BBDS_ZW8_Dr_BBaneriee_lICB_030123\BBDS_ZW8_Dr_BBaneres_IICB_030123 D)

141

Fraction Information

No Fractions found.

Area Percent Report

Sorted By
Multiplier
Dilution
Sample Amount:

Signal
1.006e
10.0000
1.ee8ee [ng/ul] (not used in cale.)

Use Multiplier & Dilution Factor with ISTDs
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Data File C:\HPLC Da...DS_ZW8_Dr_BBanerjee_IICB_030123\BBDS_ZW8_Dr_BBanerjee_IICB_030123.D
Sample Name: BBDS_ZW8_Dr_BBanerjee_IICB_030123

Signal 1: DAD1 C, Sig=254,4 Ref=off

Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s ] [mAU] %
wemefeeeaes R L L |
1 1.724 BV ©.3175 146.36337 5.66451 3.1733
2 3.141 BV R ©.0652 4465.92188 10087.54968 96.8267

Totals : 4612.28525 1013.21419

*** End of Report ***

HPLC data of ZW-9

Data File C:\HPLC Da...DS_ZW9_Dr_BBanerjee_IICB_030123\BBDS_ZW9_Dr_BBanerjee_IICB_030123.D
Sample Name: BBDS_ZWS_Dr_BBanerjee_IICB_030123

Acq. Operator : SYSTEM

Sample Operator : SYSTEM

Acq. Instrument : 1290 Infinity II Prep LC Location : -

Injection Date : ©4-01-2023 15:52:42 Inj : 1
Inj Volume : No inj

Acq. Method : C:\HPLC DATA\SAN.M

Last changed 1 ©4-91-2023 15:49:36 by SYSTEM

(modified after loading)
Analysis Method : C:\HPLC DATA\SAN.M
Last changed : 85-21-2023 12:25:39 by SYSTEM

(modified after loading)
Additional Info : Peak(s) manually integrated
DAD1 C, Sig=254 4 Ref=off (BBDS_ZW9_Dr_BBanerjee_IICB_030123\BBDS_7W9_Dr_BBanerjee_IICB_030123.D)
mAU 7] B

i}

500 -

400 +

300

200

100 -

Fraction Information

No Fractions found.

Area Percent Report

Sorted By : Signal
Multiplier B 1.0000
Dilution : 10.08608
Sample Amount: : 1.ee008 [ng/ul] (not used in calc.)

Use Multiplier & Dilution Factor with ISTDs
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Data File C:\HPLC Da...DS_ZW9_Dr_BBanerjee_IICB_83@123\BBDS_ZW9_Dr_BBanerjee_IICB_038123.D
Sample Name: BBDS_ZW9_Dr_BBanerjee_IICB_@30123

Signal 1: DAD1 C, Sig=254,4 Ref=off

Peak RetTime Type wWidth Area Height Area
# [min] [min] [mAU*s] [mAU] %
b R R B o |--mmmmeee |-=mmmee |
1 ©.179 BB 9.8527 32.28741 9.7211@ @.3574
2 1.655 W R ©.2029 8532.75586 575.02748 94.4514
3 4.109 BV R ©.0679 468.97150 47.42759 5.1912

Totals : 9034.01476 632.17609

**+ End of Report ***

5.4 Supporting data for biochemical and biophysical studies:
Materials and Methods for Biological Assay

5.4.1 Materials

In the purification process of a-syncline, LB media, isopropyl-1-thio--d-
galactopyranoside (IPTG), sodium phosphate monobasic, sodium phosphate dibasic
from Sigma Aldrich, St. Louis, USA was used. For the LLPS study Polyethyleneglycol-
8000was purchased from Sigma Aldrich, MO, USA, India. For protein labeling, Alexa
488 maleimide fromThermo Fisher Scientific, MA, USA, and Sigma Aldrich, MO, USA
was used respectively. Small molecules were purchased from Sigma Aldrich, St. Louis,
USA. Poly(U) RNA was purchased from Sigma Aldrich, St. Louis, USA Glass slides and
coverslips were purchased from Rivera, India, and Blue Star, India respectively. AFM
experiment muscovite mica was purchased from Sigma Aldrich, MO, USA. Size
exclusion chromatography was done by using Sephadex G-25 superfine from Sigma
Aldrich, MO, USA.

5.4.2 Experimental Methods
5.4.3'H NMR

"H NMR was recorded in 600MHz NMR instruments by using D20 as solvent. All NMR
spectra reported here are recorded by water suppression techniques.

5.4.4 MALDI-TOF.

The purified and lyophilized proteins were dissolved in 1.5 ml centrifuge tubes after the
purification process. The protein samples were then solidified in -80°C for lyophilisation.
The lyophilized samples were dissolved in Milli Q water and the molecular weight of the
purified protein was determined by Matrix Assisted Laser Desorption/lonization (MALDI)
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mass spectrometer (4800 MALDI-TOF/TOF Analyzer, Applied Bio systems/ MDS
SCIEX, USA).

5.4.5 Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)

The most popular gel electrophoretic method for protein analysis, SDS-PAGE, depends
on dividing proteins according to size and figuring out their relative molecular mass.
Proteins are strongly bound to SDS, an anionic detergent, which denatures the proteins
to produce linear polypeptide chains. One SDS molecule is present for every two amino
acids on average. B-Mercaptoethanol decreases disulfide bonds, which helps in the
denaturation of proteins. At a constant ratio of roughly 1.4 g of SDS per gm of protein,
the detergent binds to the hydrophobic portion of the denatured protein. Because the
protein-SDS complex has a net negative charge, it migrates in the direction of the anode,
with protein size determining how they separate. On the basis of the molecular weight of
the protein, the gel is prepared. The molecular weights of the model proteins were within
14-30 KDa. So, we used 15% gel for SDS-PAGE. The composition for different gel and
buffer solution are as follows.

Stacking gel buffer (0.5M Tris HCI, pH 6.8), Resolving gel buffer (1.5M Tris HCI, pH 8.8),
1000ml SDS running buffer (3g Tris, 14.4g Glycine, 1g SDS, and 1000ml double distilled
water), SDS loading dye (0.25 mM Tris HCI, 8% w/v SDS, 0.2% bromophenol blue, 40%
glycerol, and 20% B-mercaptoethanol), staining solution (40% methanol, 10% glacial
acetic acid, 50% double distilled water, and 500mg Coomassie Brilliant Blue
(R250)/500ml staining solution) and destaining solution (40% w/v methanol, 10% glacial
acetic acid, and 50% double distilled water).A separating gel is layered on top of a
stacking gel to create the structure of the polyacrylamide gel. Proteins from the sample
are concentrated into a small band at the top of the separating gel by the stacking gel.
Isotachophoresis, a phenomenon whereby ionic strength and pH differences between
the resolving buffer and the stacking gel are utilized, was used to accomplish this. The
protein solution was mixed with loading dye solution and it was heated at 90°C for 10
minutes. The sample was then loaded into the well along with the protein ladder marker.
The tank was filled with SDS-PAGE running buffer. The current used for the experiment
was 120mA. Then the gel was transferred into a staining box containing staining solution
and kept for 30 minutes under shaking conditions. Then the staining solution was
replaced by destaining solution (20% (v/v) ethanol and 5% (v/v) acetic acid). The
detained gel was washed with Milli-Q water and imaged in a BIORAD GelDoc Go Gel
imaging system.
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Figure 21. SDS-PAGE image of purified a-synclein protein. Molecular weight (in kDa)
of the marker proteins are indicated in the left.

5.4.6 Fluorescence labeling of a-syn

Fluorescence labeling of the protein is necessary to visualize under fluorescence and
confocal microscopy. The a-synclein protein was labeled with bright green fluorescence
dye Alexa 488-C4 maleimide. The dye solution was dissolved in DMSO. while, the
lyophilized protein samples were dissolved in 20 mM NaP buffer (pH-7.4). The
concentration of the protein was determined as described before using a UV
spectrophotometer. Then protein was mixed with dye such as the ratio of protein and
dye was 1:5. This mixture was then kept at 4°C overnight in the dancing shaker. The
labeled protein was separated from the dye by using Sephadex gel filtration column, and
pooled. The concentration was measured in a UV-VIS spectrometer to obtain the
percentage of labeling. The labeling percentage was ~40% for Alexa 488 conjugated -
synuclein.

5.4.7 In-vitro phase separation assay

The lyophilized protein sample was mixed in NaP (pH= 7.4) buffer and concentration
was measured in a UV-VIS spectrophotometer. Phase separation reaction mixtures
were prepared by mixing unlabelled protein at different concentrations along with 1%
labelled protein, 100 mM NaCl and 10% PEG-8000 was used under experimental
conditions. For incubation periods and time points, the Eppendorf tubes were kept in a
moist chamber at a temperature of 37°C with shaking at 180 rpm. The solution was then
drop casted on a clean glass slide and sandwiched by a clean cover slip to visualize
under the microscope. The phase separation was confirmed by turbidity measurement
(Absorbance at 600 nm) in a UV-VIS spectrophotometer and corresponding images
were taken in a confocal or fluorescence microscope in DIC or fluorescence mode.

5.4.8 Turbidity assay

Turbidity or light scattering is one of the most common assays to determine the phase
separation. Turbidity refers to the cloudiness or haziness of a fluid caused by the
presence of suspended particles, often microscopic in size, that scatter light as it passes
through the substance. If the protein phase separates, then the droplets will scatter more
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light compared to the solution where there is no phase separation. The turbidity
measurement was done at a wavelength of 350 nm in a UV-VIS spectrometer (Thermos
Scientific, USA). The protein solution was incubated for the required time for phase
separation and then the absorbance was measured under different conditions.

5.4.9 Circular dichroism (CD) Spectroscopy

0 (mdeg.cm?dmol ™)

T T T T T r T
190 200 210 220 230 240 250
wavelength (nm)

Figure 22. CD spectrum of native a-Syn protein.

Circular dichroism (CD) spectroscopy is a powerful analytical technique employed in
biochemistry, chemistry, and structural biology to study the secondary structure of
molecules, particularly proteins and nucleic acids. When light interacts with chiral
molecules, circular dichroism measures the difference in absorption of light that is
circularly polarized—Ileft-handed versus right-handed. When used to proteins, CD
spectroscopy can provide details about secondary structural components including
alpha helices, beta sheets, and random coils by identifying distinctive absorption bands
in the far-ultraviolet spectrum (usually ranging from 170 to 250 nm). A JASCO J815 CD
equipment was used to monitor secondary structure change by CD, with scan speeds of
100 nm/min, integration times of 1 s, and an equal number of acquisitions of 3. For the
best signal-to-noise ratio, CD measurements were performed between195 and 250 nm
using the allowed HT voltage. The far UV CD measurements were performed with a
conventional CD cuvette with a 0.1 cm route length

5.4.10 Bioinformatics analysis of a-synuclein

Intrinsically disordered proteins (IDPs) have a general tendency to phase separate under
crowded conditions. Recent literatures suggest that, there is a very strong correlation
between the disordered region and phase separation of any protein. It is also to be noted
that globular proteins like BSA and lysozyme can also undergo phase separation under
suitable conditions. To predict the disorder and probability of phase separation we used
several sequence based bioinformatics tools. PONDR score (http://www.pondr.com/)
was used to predict the naturally occurring disordered region in the a-synuclein
sequence. PONDR predicted four disorder regions in the sequence stretching from
amino acids 1-10, 75-76, 78-80 and 104-140 (Fig. 4.5A-C). Importantly, the last segment
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which is C-terminal domain (CTD) is highly disordered and the overall score of CTD was
also high (0.885) compared to others. We confirm our disorder prediction with another
tool namely IUPred3 (https://iupred3.elte.hu/). IUPred3 also predicted the similar results,
that CTD of a-synuclein is extremely disordered (Fig. 4.5D). Our next focus was to
predict the phase separation propensity on the basis of another tool, Fuzrop
(https://fuzdrop.bio.unipd.it/predictor). The tool predicted that, the overall probability
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Figure 23. Bioinformatics analysis of a-synuclein:(A) Domain structure of full length and
C-terminal truncated version of a-synuclein. (B) Linear sequence of a-synuclein. (C)
Linear amino acid sequence of a-Synuclein; Blue denotes N-terminal domain, Grey
denotes NAC domain, crimson red denotes C-terminal domain. (C) PONDR prediction
from the linear sequence of a-synuclein. (D) IUPred3 analysis from the linear sequence
of a-synuclein. (E) Probability of phase separation calculated from FuzDrop. (F)
Comparison of cat GRANUALE scores of different phase separating proteins with a-
synuclein. (G) Net charge per residue (NCPR) distribution of a-synuclein. Red:
Negatively charged amino acids, Blue: Negatively charged amino acids. (H) Kyte-
Doolittle hydropath plot of a-synuclein of phase separation of a-synuclein is 0.62 which
is consistent with the other phase separating proteins (Fig. 4.5E). The residue-specific
propensity revealed that the C-terminal domain has a high probability of phase
separation. This data is well connected to our disorder prediction data. Taken together
from our bioinformatics study we can conclude that CTD of a-synuclein is the major
driver for phase separation. The cat GRANULE score for phase separation was
comparable with other proteins (Fig. 4.5F). Consequently, we then focused on the
charge and hydrophobic pattering in the sequence of a-synuclein. Therefore, the charge
scanning by the CIDER tool (https://pappulab.wustl.edu/CIDERInfo.html) revealed that
the N-terminal domain of a-synuclein has a mixture of positively and negatively charged
amino acids, whereas the C-terminal domain is mostly acidic in nature (Fig. 4.5G)?8. So,
positively charged ligands can bind primarily with the CTD. Our in silico analyses were
further confirmed by experimental techniques. Hydrophobicity and charge pattering are
significant among other factors that can influence phase separation. On the other hand,
we employed ExPASy tool to probe the hydrophobic regions in the a-synuclein. It
suggested that most of the amino acids in the NAC domain of the sequence are
hydrophobic in nature (Fig. 4.5H). This hydrophobic core may interact with another
hydrophobic core of the polypeptide chain to cause self-coacervation.
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ABSTRACT: A Rh(IIT)-catalyzed regioselective redox-neutral cascade process of carbenoid functionalization followed by
dephosphonylative annulation of benzoic acids with a-diazo-f-keto phosphonate has been realized, which led to the direct synthesis
of a privileged 3-substituted isocoumarin scaffold. To the best of our knowledge, this is the first report of a complete redox neutral
method to synthesize isocoumarins using C—H functionalization strategy. In the catalytic cycle of this reaction, there are two
possible pathways for the C—C coupling between ortho-positioned carbon atom of benzoic acid and the diazo carbon atom: (i)
concerted 1,2-aryl shift and (i) stepwise metal—carbene formation followed by migratory insertion. DFT study has predicted that
the concerted pathway has lower activation energy as compared to the stepwise pathway by 1.5 kcal/mol.
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These 3-substituted isocoumarins without any substituent at Cl
" . . . i + Rubromycin : R =H Pacpalantine Corlandrin
the 4-position show a wide range biological activities such as b med
antimicrobial,? anti-inflammatory,” antidiabetic,” gntitumor,"'('
and HIV-1-specific reverse transcriptase inhibitor’ properties, Figure 1. Some naturally occurring bioactive isocoumarins
etc. (Figure 1).
Currently, there are several reports regarding the synthesis of 16—26

carbon—carbon 7-components. These methods also
3-substituted isocoumarins such as transition-metal-catalyzed P

ndge : ) require stoichiometric amount of oxidizing agents. Stoichio-
cyclization of o-halo aryl esters or acids with z-components, . . . .
% L " metric use of metal species or oxldmng agents restrict any
carbonylative cyclization of o-halo phenols with z- compo- . . :
= s _ 8—15 reaction protocol to be environmentally bemgn, and the
nents, and electrophilic cyclization of substituted alkynes.
However, in all of these reaction protocols, a preactivated
coupling partner C—X or C—M reacting species is used as a Received:  February 8, 2021 K)C
starting material to deliver isocoumarins. Published: May 12, 2021
Recently, a few methods have been developed to access
these lactones without using o-halo aryl esters/acids/phenols.
These methods are basically metal-catalyzed chelation-assisted
oxidative cyclization of the o-aryl or alkenyl C—H bond with
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an Oxidizing Directing Group
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Abstract: Here in we report, rhodium(lll)-catalyzed decarboxyl-
ative acylation of arenes using a-oxocarboxylic acids as acyl
surrogate. In this strategy, O-NHAc group act as an autocleava-
ble oxidizing directing group (ODG?*“*), thus giving rise to or-

tho-acylated phenols in moderate to good yields. Mechanistic
studies provided strong support for a kinetically relevant C-H
bond activation. According to the best of our knowledge, this is
the first report of Rhodium catalyzed decarboxylative acylation.

Introduction

Transition-metal-catalyzed chemical transformation of C-H
bond has emerged as a highly focused area of research to the
synthetic community since last few decades. Diverse types of
C-H bond functionalization have been explored intensely. Acyl
functionalization to C-H bond always draw considerable atten-
tion due to the large abundance of acyl group in the family of
organic molecular systems. In the recent years, a-oxocarboxylic
acids have been explored as efficient acyl surrogates for acyl-
ation to C-H bond of aryl systems containing diverse types of
directing groups such as pyridines,!"! acetanilides,?! azoarene,!
O-methyl ketoximes,*! amides,'* N-nitrosoanilines'® etc. These
methods produce CO, as the waste instead of often toxic spe-
cies. Goossen was the pioneer person to develop a synthetic
route to achieve aryl ketones via Pd-catalyzed decarboxylative
cross coupling using aryl halides with potassium a-oxocarboxyl-
ates in the presence of a Cu' source” After this pioneering
work, several groups have reported C-H acylation through Pd-
catalyzed decarboxylation of a-oxocarboxylic acids. But there is
no report of Rhodium catalyzed decarboxylative acylation. Now,
the catalytic activity changes altering the transition metal.
Specific transition metal is required for a particular type of
C—H bond transformation. Thus any kind of new catalytic activ-
ity of any transition metal always draw considerable attention.
In past few years, Rhodium or Iridium-catalyzed various kinds
of aryl C-H functionalization have been reported using auto
cleavable oxidizing directing group (ODG**°) such as CONH-
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OMe ®] N-NHR,') 0-NHAC.["®! These types of directing groups,
become traceless in the products to generate valuable func-
tional groups. In case of traditional directing groups(DG) medi-
ated C-H functionalization, generally very harsh conditions are
required for removal of the DG after C-H functionalization to
achieve the target molecule, whereas use of auto cleavable
DG's circumvent the harsh conditions.

In accordance with the above information and inspired by
the recent advances in transition-metal-catalyzed C-H function-
alization to access phenol,['%1%9711 we aimed to synthesize or-
tho-acylated phenols via Rh'"-catalyzed direct C-H acylation of
arenes bearing O-NHAC group as ODG**, Phenols containing
acyl group are considered as significant structural motifs for
their great abundance in diverse type of bio-active molecules
including natural products''? (Figure 1). Among the family of
acyl group assisted phenols, o-acyl phenols are most important
for their wide range of application. They serve as the prime
building blocks for the synthesis of various drugs such as celi-
prolol, acebutolol, warfarin, propafenone etc!'* In addition to
this, o-acylated phenols are effecttive synthetic intermediates
to access various types of oxygen-containing heterocyclic scaf-
folds such as benzoxazole, benzofuranone, dibenzoxazepine
and chromanone etc. Therefore, development of a method for
the preparation of ortho-acyl phenols is always appreciated.

The traditional methods involved in synthesis of o-acylated
phenols (like Friedel-Craft acylation, Fries Rearrangement)!'#1%]
suffer from various kinds of drawbacks such as lack of regio-
selectivity or harsh reaction condition etc. Since, last few dec-
ades direct C-H functionalization technique has become com-
plementary to the classical protocols. So, accessing o-acyl
phenol through C-H functionalization is in focus now a days to
overcome the problems of classical methods. Recently transi-
tion metal catalyzed direct ortho-hydroxylation of aromatic ket-
one has been explored for the preparation of o-acyl phenols
but this approach also suffers from site selectivity in few cases
of bi-aryl ketones!'® Therefore synthesis of o-acyl phenols via

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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1. Introduction

In the field of wastewater technology, the simultaneous
coexistence of toxic organic and inorganic contaminants is a major
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In the present work, a novel biodegradable nanocomposite has been developed (h-GG/SiO,) based on
anionically modified guar gum and in-situ deposited SiQ, NPs through sol-gel technique. Here the anion-
ically modified guar gum stimulates the silica polymerization process and hence acts as a unique tem-
plate for the development of spherical SiO; NPs. Batch adsorption studies indicate that h-GG/SiOz
nanocomposite shows remarkable adsorption capacity for cationic dyes/metal ions {Qua: 781.25 mgg '~
for malachite green (MG), 28169 mgg ' for safranin (SF); 645.16 mg g ' for Ph**, 709.21mg g ' for
Cd®*) as well as it efficiently and selectively removes cationic MG from mixture of dye solutions.
Finally the worthy regenerative efficacy of h-GG/SiO; facilitates the adsorbent to be economically promis-
ing for practical application in the field of wastewater management.

@© 2016 Elsevier Ltd. All rights reserved.

environmental concern in worldwide (Kyung et al., 2005). Both
dyes and heavy metals have significant ecological effect on ecosys-
tem because of their durable toxicity, environmental persistence,
mutagen and biocaccumulation (Sun et al, 2011; Zhao et al,
2011). Hence, dyes and heavy metals must be efficiently separated
from the discharged wastewater to defend ecological, biological
and industrial environment on a global scale (Visa et al, 2010;
Hernandez-Montoya et al., 2013).
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