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SYNOPSIS

Synthesis and conformational analyses of unnatural amino acids
and their hybrid peptides

CHAPTER 1

Introduction to amino acids, peptides, and C-H activation on peptides

Amino acid and peptide derivatives are important in synthetic organic chemistry and medicinal
chemistry, which attract many chemists to develop new methods for their synthesis. Amino
Acids are the organic compounds that combine to form proteins; hence they are referred to as
the building components of proteins. These biomolecules are involved in several biological and
chemical functions in the human body and are the necessary ingredients for the growth and
development of human beings. Peptides are short chains of amino acids linked by peptide
bonds. A polypeptide is a longer, continuous, unbranched peptide chain. Peptides have several
functions in the body. They are also the basis of various medications. Aiming to gain stronger
or specific or novel biological effects and overcome the disadvantages of natural peptides,
artificial hybrid peptides have been designed by combining the sequence of two or more
different peptides with varied biological functions. Various hybrid peptides act as therapeutic
drug. Captopril, Enalpril used for reducing blood pressure. Lisinopril increases muscle relaxing
activity. Ramipril facilitates blood clotting and Fisinopril used for hypertension. Hybrid
tetrapeptide folds into S-hairpin n solution state due to the presence of hydrogen bonding
between them. Hybrid peptides also used as catalyst for various reactions like kinetic resolution
of amino alcohols catalyst and methanolysis of oxazol-5(4H)-ones.

The growing importance of peptides and proteins in therapeutic and biomedical applications
has provided immense motivation toward the development of new ways to construct and
transform peptide molecules. As in other areas of organic synthesis, C—H functionalization

(CHF) chemistry could potentially exemplify disruptive technologies for peptide engineering.
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Over the past decade, the field has witnessed an exciting surge of reports of various metal-
catalyzed CHF chemistry for postassembly modification of peptides and proteins. Late-stage
functionalization of C-H bonds (C—H LSF) can provide a straightforward approach to the
efficient synthesis of functionalized complex molecules such as peptides and, thereby,
potentially useful because sought-after molecules can be made quickly for use in diverse

disciplines, such as drug discovery, materials research, and molecular imaging.

CHAPTER 2

Synthesis and conformational evaluation of 2-aminotroponyl-l-alanine (ATA)
derivatives

(M. K. Gupta; N. K. Sharma.* Org. Biomol. Chem., 2022, 20, 9397-9407)
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Natural aromatic a-amino acid residues play critical roles in the structural and functional
organization of proteins owing to m-interactions. Their aromatic residues are derived from
benzenoid scaffolds. Non-benzenoid aromatic scaffolds such as tropone and tropolone are also
constituents of troponoid natural products. Tropolone has the ability to exhibit w-interactions

along with additional hydrogen bonding. This chapter highlights the introduction to 2-
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aminotroponyl-l-alanine.and its synthetic utility towards the formation of its hybrid peptides
and its fluorescent BODIPY analogue. Its unusual reactivity with the peptide coupling agent
EDC forming a heterocyclic troponyl dioxoimidazolidine derivative. Conformational analyses
of troponylated hybrid peptides revealed the role of the troponyl residue in the structural
changes of ATA-containing peptides into S-turn/a-helix type structures. For practical utility,
their non-cytotoxicity and cell internalization into HelLa cells has been demonstrated.

CHAPTER 3

Synthesis of ethylenediprolyl pseudopeptides and their metal complexes with Cu(ll) ion

(M. K. Gupta; C. K. Jena, C. Balachandra, N. K. Sharma.* J. Org. Chem. 2021, 86, 16327-
16336)
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The synthetic unnatural amino acids and their peptides as peptidomimetics have shown
remarkable structural and functional properties. In the repertoire of synthetic peptides,
pseudopeptides have emerged as attractive small peptidomimetics that are capable of forming
the characteristic secondary structures in the solid/solution phase, as in natural peptides. This
report describes the synthesis and structural analyses of novel pseudopeptides as
ethylenediprolyl (etpro) tetra/hexapeptides, comprising a chiral diaminedicarboxylate scaffold.
Their NMR and CD spectral analyses strongly support the formation of the B-turn-type
structures in organic solvents (ACN/MeOH). Further, the single-crystal X-ray studies of
tetrapseudopeptide confirm the formation of a unique self-assembly structure as S-strand type
in the solid state through hydrogen bonding. Importantly, their diamine moiety influences the
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formation of Cu-complexes with Cu(ll) ions. A tetrapseudopeptide monocarboxylate-Cu(ll)
complex forms the single crystal that is studied by the single-crystal X-ray diffractometer. The
crystal structure of the tetrapseudopeptide-Cu(ll) complex confirms the formation of the
distorted square planar geometry structure, almost like the amyloid B(ApB)-peptide-Cu(ll)
complex structural geometry. Hence, these etpro-pseudopeptides are emerging
peptidomimatics that form f-turn types of structures and metal complexes mainly with Cu(ll)
ions. These molecules could be considered for the development of peptide-based catalysts and

peptide-based therapeutic drug candidates.

CHAPTER 4a

Synthesis of isoindolinone analogues from N-benzoyl amino esters through Pd-catalysed

C-H activation

(M. K. Gupta; C. K. Jena, N. K. Sharma.* Org. Biomol. Chem., 2021, 19, 10097-10104)
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Isoindolinone is a constituent of various natural products and synthetic biologically active
compounds. The classical multi-step synthetic methods used to prepare various indolinone
derivatives are tedious and challenging. One-pot synthetic methods are attractive and
economical. Transition-metal-catalyzed C—H activation is an emerging tool for synthesizing
natural products and small organic molecules via reducing the number of synthetic steps

necessary. This paper describes the synthesis of N-alkyl-3-methenyl chiral isoindolinone



derivatives from aryl amides of L-amino acids and non-activated alkene via Pd-catalyzed C(sp?
)-H olefination. Herein, the amino acid residue acts as a directing group for olefination at the
aryl ring, and then cyclization occurs at the amide NH. Hence, this methodology could be

helpful to transform standard amino acids into respective chiral isoindolinone derivatives.

CHAPTER 4b

Synthesis of isoindolinone hybrid peptide from N-benzoyl peptide through late-stage Pd

catalyzed C-H activation

(M. K. Gupta; A. Panda, S. Panda, N. K. Sharma.* Manuscript communicated)
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Isoindolinone is a constituent of several natural products that show wide range of bioactivities
such as anticancer, antimicrobial, antiviral and anti-inflamatory properties. It would be
interesting to explore the isoindolinone’s carbonyl group (H-bond acceptor) in structural and
conformational changes. However, synthesis of isoindolinone comprising peptides in short
steps are really challenging. Herein, we have developed a synthetic methodology for
introducing isoindolinone residue in peptides via Pd-catalyzed C(sp?)-H activation/olefination,
and demonsterated the conformational changes owing to the isoindolinone scaffold. Hence,
isoindolinonyl peptides provide an avenue for synthesis of novel foldamers and therapeutic

agents.



CHAPTER 5
Ru(ll)-Catalyzed regioselective redox-neutral annulation of benzamides with

diphenaylacetylene at room temperature

(M. K. Gupta; A. Panda, N. K. Sharma.* Manuscript Communicated)
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One of the significant nitrogen-heterocyclic compounds with a wide range of pharmacological
and physiological activities are isoquinolones (isoquinolin-1(2H)-ones), and their synthesis
techniques have advanced significantly in recent years. It has been extensively studied in
synthetic chemistry that annulation protocols using unsaturated hydrocarbons are essential and
effective ways to synthesise cyclic molecules with high atom-utilization and step-economy.
Isoquinolones are useful synthetic building blocks in addition to being intriguing and
significant nitrogen-heterocyclic molecules with a variety of pharmacological and
physiological functions. There are several effective methods for creating isoquinolones, and
some of the earliest works have been published. This paper describes the synthesis of
isoquinolones derivatives from N-naphthoyl amino ester/peptide and N-biphenayl amino
ester/peptide via Ru-catalyzed C(sp? )-H annulation at room temperature. Herein, the amino
acid ester/amide residue acts as a directing group for annulation at the aryl ring, and then

cyclization occurs at the amide NH. Hence, this methodology could be helpful to transform
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standard amino acids/peptides into respective chiral isoquinolones derivatives in room

temperature.
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Chapter 1

1.1 Introduction to peptides

1.1.1 History of peptides

Peptides are found in living systems and indistinguishably linked to the beginning of life.!
During every stage of chemical evolution, various types of cooperative interactions occurred
between peptides and other biomolecules such as carbohydrates, nucleic acids and lipids, which
served as the driving force of evolution.? Modern hypotheses on the origin of life are made
easier by understanding the chemical and biological synthetic methods of peptide.>> Hermann
Emil Fischer and Franz Hofmeister hypothesized that proteins are made up of amino acids.®
However the term “protein” is derived from the “proteios” (primary), i.e., representing the first
position in living organisms, which is established by Jéns Jacob Berzelius in 1838.7® In the
early 19th century, the first amino acid and its peptides were identified as Asparagine and
related peptides, which were extracted from asparagus.’!! In 1881, Theodor Curtius produced
the first N-protected dipeptide as Benzoylglycylglycine from a silver salt of glycine and
Benzoyl chloride through the azide-coupling methods.'? Later in 1901 Fischer and Ernest
Fourneau described a more efficient synthesis of dipeptide gly-gly by hydrolysis of
diketopiperazine, which regarded as the discovery of peptide chemistry.!® Fisher is also called

as the “Father" of peptide chemistry.'*

1.1.2 Amino acids and peptides

Amino acids are building block of peptides that form by their conjugation through peptide or
amide bonds. These biomolecules play a critical roles in regulation of various biological
processes including the gene expressions and RNA mediated protein synthesis.!> Their
deficiencies supress protein synthesis and lead to protein deficiency diseases.!> One the basis of

vital requirements, there are two types of amino acids, essential and non-essential amino
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acids.!® The essential amino acids are valine, isoleucine, leucine, methionine, phenylalanine,
tryptophan, threonine, histidine, and lysine. Essential amino acids are consumed through diet,
however non-essential amino acids are synthesized through the biosynthesis process. Although
more than 300 amino acids have been identified, only 20 are involved in the synthesis of
proteins known as proteogenic amino acids. A peptide typically contains two or more amino
acids. A brief chain of amino acids (10-20 amino acids) is called an oligopeptide. An extended
chain of amino acids is called a polypeptide (more than 20 residues). Amino acids are involved
in the synthesis of tissue proteins, enzymes, physiologically active peptide glutathione and a
few hormones. The well-known peptides hormones are insulin, glucagon, and growth
hormone.!” Interestingly, thyroxin, nor-adrenaline, and adrenaline hormones are formed from
amino acid.'® Peptide-based natural products are also found in cyclic and acyclic forms
comprising D/L-a-amino acids, gem-dialkyl substituted a-amino acids, o, B-unsaturated a-
amino acids (Figure 1.1).!° These natural products exhibit wide range of bioactivities and

being used in the biomedical research and medication discovery.?0-?!

For examples,
Rapamycin, Cyclosporin, Pristinamycin, Gramicidin S have already shown promising results

in therapeutic drug development. Figure 1.1 depicts a few synthetic amino acids found in

peptide natural products.

Cyclosprin A

Rapamycin
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Gramicidin S
Pristinamycin

Figure 1. 1 Bioactive natural products containing non-ribosomal amino acids.

Recently, synthetic peptides have emerged as potential candidate for the development of
biomaterials and therapeutic drugs owing to the characteristic structural and functional
properties, which enhance interactions with specific receptors. Peptide derived drugs exhibit
exceptional selectivity and minimal side effects as compared to small molecules. However, the
serum stability, cell cytotoxicity and cell permeability of short peptides are still persisting as
major challenges for using as therapeutic drugs. Furthermore, compared to what would be
expected from the conventional mimetic approach, the number of peptides implicated in critical
biological processes is steadily increasing. Peptides have evolved into exciting therapeutic
agents with unlimited potential and are likely to be extensively explored. We sincerely
anticipate that these straightforward biomolecules will generate wholly new insights and offer

potential solutions for creating the distinctive biomedicine of the future.'*
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1.1.3 Synthesis of peptides

Peptide synthesis is a well-established methods from corresponding amino acids in presence
of carboxylate activating agents or coupling agents.?? It involves the condensation of the
carboxylate group of 1% amino acid with the amino group of 2™ amino acid. There are two
typical methods for the synthesis of peptides-(i) Solution-phase synthesis and (ii) Solid-phase
synthesis. In the Solution phase peptide synthesis, the amine-protected amino acid (PG-NH-
aa-OH) and carboxylate-protected amino acid (NH2-aa-OPG) are employed for the
condensation reactions in presence of coupling reagents under anhydrous basic conditions that
produced corresponding protected dipeptide. Its protecting group was removed sequentially
and coupled with desired protected amino acid/peptides derivatives under similar coupling
conditions (Figure 1.2). These steps are repeated to achieve the target peptides. The commonly
used coupling reagents are carbodiimides (EDC.HCI, DIPCDI, PyBOP and DCC) and

benzotriazole (HOBt, HOAt, and 6-Cl-HOBt) derivatives (Figure 1.3).

Coupling Reagents

R o)
R 0 Et;N/NMM i
3 N
OH + HzN\)l\ o BocHN/kn/ \:)J\o/
BocHN Y (o] o R
o} R, 2

DMF, 55°C, 8h

R-N=C=N-R
R, i H Oy N
on Et;N/NMM BocHN)\n’o‘ﬁ’N“R ‘(I:’ "R
BocHN N HN\R
° R N-acyl urea

Figure 1. 2 General representation of solution phase peptide synthesis.
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Figure 1. 3 Coupling reagents-Carbodimides and Benzotriazoles.

In solid-phase peptide synthesis, generally amino functionalized solid support resins are being
used for coupling with amine-protected amino acid derivatives under similar peptide bond
coupling anhydrous conditions (Figure 1.4). The completion of reactions is monitored by
Kaiser’s test (Ninhydrin test). After negative kaiser’s test results, the resin is washed with
anhydrous solvents to remove unreacted reagents and amino acid derivative. Then the
deprotection of amino group are performed and monitored with the Kaiser’s test that give
positive results (Resins turn into blue colour). Then, this first amino acid linked amino
functionalized resins are employed with coupling with another desired amino acids and then
repeated all steps. After synthesis of target peptides, the cleavage reaction are performed with
neat TFA:TIPS:H20 that produced resin free peptides. This peptides are purified and

characterized by the known analytical methods.
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HOJJ\/NHBoc
@ "' .@.
NH)I\-/NHBOC

H, HBTU, HOBt DIPEA

DMF, rt, 1h
20%
TFA/DCM
R
HO
)]\/ \n/'\NHBoc
NH ?H\NHBOC 4— +
NH
HBTU, HOBt, DIPEA NHJ\:/ s
DMF, rt, 1h R CF;COO0

Figure 1. 4 General representation of solid phase peptide synthesis.

1.1.4 Peptides as therapeutic drugs

At the beginning of the twenty-first century, peptide drug development entered a new
era. Peptide drug development has evolved, including drug discovery, drug design, synthesis,
structural modification, and activity evaluation. A neurotoxic peptide called ziconotide is
employed to treat extreme chronic pain.2*?* Some drugs currently available in the market, like
Enalapril maleate and Lisinopril, are #ri-peptides used for the treatment of hypertension and
congestive heart failure. Sincalide is an ocfa-peptide used for the treatment of diagnosis of the
functional state of the gallbladder and pancreas and is a stimulant of gastric secretion. Buserelin
and histrelin acetates are nona-peptides that are gonadotropin-releasing hormone agonists.
Buserelin has D-serine, whereas histrelin contains D-histidine used to treat advanced prostate
cancer and central precocious puberty. Furthermore, nona-peptides, argipressin, lypressin, and
phenypressin are vasopressin analogues used to treat central diabetes and stomatitis. Hepatic
insufficiency and wound healing are both managed with the help of the #ri-peptide glutathione,
which is made up of H-Glu, Cys, and Gly. A dipeptide of Ac-Asp-Glu-OH called spaglumat
magnesium salt is used to treat allergic rhinitis and conjunctivitis. Thymopentin is a penta-

peptide with the amino acid sequences H-Arg-Lys-Asp-Val-Tyr-OH used to treat both primary

8
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and secondary immune systems.?> Some of the presented peptide therapeutics are depicted in

Figure 1.5.
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Figure 1. 5 Some of the peptide-based therapeutics.
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Limitations of peptide drugs

Although peptide therapeutic drugs have several benefits over small molecule therapies, they
also have significant drawbacks which prevent them from being used as medicinal compounds.
Numerous studies have identified that peptide has low passive membrane permeability.?5> In
addition the oral bioavailability of peptides is also hampered by a number of chemical and
enzymatic barriers that occur after oral uptake. A peptide can be chemically degraded in the

low pH of the stomach and enzymatically degraded by digestive enzymes.*

Approaches to overcome the limitations

To overcome the limitations of peptide therapeutics, structural alterations are made to a peptide
without altering the pharmacokinetic properties of the native drug .>>3!3% Permeability can also
be raised by alterations that lock in particular confirmations. For instance, a-alkylation reduces
the solubility and increases permeability by rigidifying the backbone conformation. 3637
Another N-alkylation strategy that reduces the H—bond-donating potential and therefore
increases permeability is the use of peptoid building blocks instead of peptides.*® Other
modification includes cyclization of the linear peptide through disulfide bonds, hydrazine
bridges, and lactam formation to enhance the proteolytic stability and affinity.’> Other options
for modification include isosteric substitution and introducing an unnatural amino acid
residues. Isosteric replacement refers to the substitution of an isosteric functional group, such
as esters, thioesters, thioamides, alkenes, or fluoro-alkenes, for a specific amide functional
group. Depsipeptides and thiodepsipeptides are the names of the resulting peptides when the
amide link is replaced by ester and thioester, respectively. The peptides synthesized by these
chemical alterations to an existing native peptide often referred to as peptidomimetics. Among
all the aforementioned chemical transformations, the synthesis of unnatural amino acids as
alternatives for natural amino acids attracted the scientific community in the search for new

potential peptide therapeutics drugs.

10
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1.1.5 Unnatural amino acids (UAAs) and Its Peptides

Unnatural amino acids (UA As) are non-proteinogenic or non-canonical amino acid derivatives.
UAA derivatives are synthesized by the structural modifications of native amino acids that alter
their conformation and functions. In some cases, even a single incorporation of UAA into
native peptides severally affects structural and functional properties.***° UAA comprising
peptides increases their functional diversity in various aspects like bio-orthogonal chemistry
and protein labelling, posttranslational mimetic, protein-protein interactions etc.*! In the
literature, various synthetic UAAs are reported which are categorized non-a-amino acids, and
side chain modified a-amino acids. Additionally, D-amino acids, C-substituted, and N-

alkylation native amino acids are also known as UAAs (Figure 1.6).

o
S SeH
H,N OH - OH
OH
H,N HN\n/H H,N OH
(o) (o) o) (o)
Aminoisobutaric acid Dehydroalanine Formylmethionine Selenocysteine
0 0 (o) o (o) (o]
HOJJ\:/\S/\)LOH HoJJ\:/\s/\s/\)LOH HOJ\._/\/\HLOH
NH, NH, NH, NH, NH, NH,
Lanthionine Djenkolic acid Diaminopimetic acid
HO__ O
HO
OH OH
H2N HoN H,N OH o OH
2 H,N
a-aminobutanoic acid Norvaline Norleucine carboxyglutamic acid
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Figure 1.6 Some of the non-ribosomal amino acids present in various natural products.

Moreover, synthetic amino acids played a key role in the development of peptidomimetics and
the conformational restrictions used to develop molecular scaffolds.*> Many of these synthetic
amino acids were also used as pharmacologically effective compounds.** As a result, synthetic
amino acids offer a virtually limitless variety of unique structural components for the

development of novel structures and therapeutic approaches.**

1.1.6 Unnatural aromatic amino acids containing nonbenzenoid scaffold Tropolone

Tropolone is non-benzenoid aromatic scaffolds comprising a seven-membered ring
cycloheptatriene as 2-hydroxy-2,4,6-cycloheptatrien-1-one (Figure 1.7).*7 It contains
conjugated carbonyl and hydroxyl functional groups at tropane aromatic ring system, which
are considered as structural isomer of benzoic acid. Tropolone related derivatives are occurred
in living system as troponoid natural products.*> A few of them exhibit excellent bioactivities
possessing therapeutic values such as antimicrobial and anticancer activity. Tropolone has
unique photophysical properties including intramolecular charge transfer and fluorescence

48

properties in non-polar organic solvents though its quantum yield is low.”™ Tropolone is

admirable natural ligand of coordinating metals such as Be, Cu, Zn, Ni, Co, Pb, Mg, Ca, etc.

12
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Figure 1. 7 (a) Tropolone (b) Hydrogen bonding in tropolone.

About 200 isolated and recognized natural tropolonoid molecules have been found in nature.
The scientific community became attracted to tropolonoid natural products because of their
interesting biological properties, including their antibacterial, antifungal, antiviral, and
antitumor actions.*® *-°° Tropolonoids act as selective enzyme inhibitors by chelating with
metal ion co-factors (Zn, Mg, and Mn).* Interestingly, most of the tropolonoid natural products
are the secondary metabolites of either plants or fungi, and their biosynthesis is well
established.

Purpurogallin is a benzotropolone isolated from the nutgalls and oak bark used as antioxidant
in nonedible oils, fuels and lubricants.’! Theaflavins were first isolated from black tea leaves,
showing numerous biological activities such as antioxidant properties, anti-pathogenic,
anticancer, and preventing heart diseases, hypertension, and diabetes.’*>* Grandirubrine,
imerubrine, isoimerubrine, pareirubrine A and pareirubrine B are another class of tropolonoids
(Figure 1.8).%*! They are generally called as tropoloisoquinolines and isolated from the

Menispermaceae plants. They have also shown cytotoxic activity against selective cell-assays.

OH O \ \
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Purpugallin Theaflavin Grandirubrine isoimerubrine

13



Chapter-1

Pareirubrine Pareirubrine A Pareirubrine B

Figure 1. 8 Natural products containing tropolone.

Overall, it is important to note that most tropolonoids have a tropolone moiety, which helps to
bind with the target site through noncovalent interactions to carry out specific biological
functions. Sometimes, the chelation of the tropolone moiety with the appropriate enzyme metal
ion co-factors results in the specific enzyme activity (inhibition or promotion) of tropolonoids.
The ketone and hydroxyl functional groups of the tropolone moiety of tropolonoids, or one of
them, have been extensively studied in the literature as having a vital role in the execution of

specific biological activity.*>>

There is a huge demand for synthetic peptides in the development of potential peptide mimics,
which may perform similarly or better than natural peptides. There has been a lot of research
into aromatic amino acids and peptides bearing phenyl due to the high probability that phenyl
residue will form a stable secondary structure owing to the addition of another stabilizing
component in the form of - noncovalent interactions.*'*? A few non-benzenoid aromatic
derivatives, such as tropolone, and similar compounds, are also present in nature in addition to
phenyl containing benzenoid aromatic amino acids. However, the function of peptides and
amino acids containing troponyl is not well understood. Additionally, tropolonyl derivatives
have a carbonyl functional group, which may be important for maintaining a stable

conformation in peptides.

14
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Previously our group has designed the formation of unnatural 6-amino acid, troponyl
aminoethylglycine (Tr-aeg) and its backbone derivative from tropolone and aminoethylglycine
(aeg). We have also explained the troponyl motif linked covalently at aeg backbone in Tr-aeg
amino acid. By using NMR techniques, we have shown the significance of the troponyl
carbonyl group of Tr-aeg in hydrogen bonding with amide N-H of the peptide containing Tr-
aeg residue (Figure 1.9a).°°Additionally, our group has generated an array of N-troponylated
(di/tri) peptides. This study illustrates how the troponyl group affects the shape and structure
of N-troponylated short peptides using various techniques (Figure 1.9b).%” Recently we have
described the synthesis and structural investigations of a rationally designed chiral unnatural
amino acid L-aminotroponyl alanine (ATA), which includes the tropone residue and its hybrid
peptides (Figure 1.9¢).’® Using this unnatural amino acid, we have created a number of hybrid

peptides from both the N- and C-terminal sites using various a-amino acid esters.

lll\

(o)

(a) QO o Ph (b) o o o}
H : H
N (o)
N/\g/ \)I\H/\g/ ~ Q/N\)LH/\)LH/\H/O\

NHBoc BocNH-Tr-gly-phe-OMe Troponyl-gly-gly-OMe

(c) °x°H 0
/\/
BocHN /O\H)\NJH/\N
o o H

NHB
2-aminotroponyl-l-alanine (ATA) (ATA) peptide

Figure 1. 9 (a) Unnatural 6-amino acid, troponyl aminoethylglycine (b) N-troponylated

peptides (c) L-aminotroponyl alanine (ATA) and its peptide.
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Animotropolone acts as a directing group for various C-H activation in the tropolone ring. The
carbonyl and amino groups hold the metal catalyst and activate the C-H bond close to the
carbonyl group. Using this strategy, various new psudopeptides from prolyl containing
aminotropoone have been synthesized (Figure 1.10a).°° Further sulphonation of amino
tropolone has been synthesized by Cu-catalysed C-H activation method forming amino
troponyl sulphone (ATS). Additionally, these compounds inhibit the generation of pyocyanin,
biofilm, and swarming motility, which reduce P. aeruginosa pathogenicity in cells. Thus
potential therapeutic possibilities for the treatment of P. aeruginosa infections include ATS

derivatives (Figure 1.10b).%°

@ O ) NHR
N 7 0 (0]

Pyrrolidinyltropone acrylpeptide Aminotroponyl Sulfone
(ATS)

>

Figure 1. 10 Functionalization on (a) prolyl containing aminotropoone (b) sulphonation of

amino tropolone.

1.2 Functionalization of peptides backbone

1.2.1 Introduction to C-H activation on peptides

Over the years, various C-H activation techniques have been developed, allowing a carbon-
hydrogen bond change into a functional group using a metal catalyst (Figure 1.11).%! Usually,
the metal catalyst coordinates to a directing group, forms a metal complex, and inserts into the
proximal C-H bond. In contrast to traditional cross-coupling reactions, C-H activation does not
require the preparation of organic halide, organic boron, or organic metal compounds, and pre-

functionalization is not necessary. This makes the reaction step economical and cost-effective.
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This methodology offers great features like (a) Activation of the distal Sp> meta or para C-H
bonds and Sp*B or y bonds.%? (b) Unique prospect for future diversification provided by
remarkable compatibility with halogens and other polar functional groups.®* (c¢) Densely
functionalized molecules and natural products can be late-stage functionalized under mild
reaction conditions.** However, there are a number of disadvantages to C-H activation method
such as need to install and remove the directing group, difficult reaction conditions, residual
metal impurities, and scaling-up challenges for large scale synthesis. Transient, inherent
directing group or even non-directed C-H activation strategies were developed to overcome

these disadvantages.5>-6

oL -0

FG FG

Figure 1. 11 Basic representation of C-H activation.

C-H activation of peptide offers an excellent tool for the modification of peptide-based drugs
over cross-coupling of peptides which deal with several steps. Modified peptides exhibit
remarkable biological function compared to natural peptides and are discovered to be more
effective therapeutic agents than small molecules due to their increased target selectivity and
affinity.6”%® Several peptide drugs show great biological efficacy but exhibit poor
pharmacological properties and by peptide modification, the potency of such peptide can be
elevated.®”’!. The modification of peptides takes place either through C—H functionalization
of the aromatic residues or the macrocyclization of peptides.”>’* Wang group has synthesized
Celogetin C (17-membered ring) macrocyclic peptide used for vitamin C deficiency via late-

stage C-H activation in a step economical manner. Valorphin (14-membered ring) and baratin

17
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(17-membered ring) analogues developed through late-stage C-H activation by lavilla group

used to treat epilepsy and bipolar disorder (Figure 1.12).7°

Valorphin analogue Baratin analogue Celogetin C

Figure 1. 12 Modified peptides drugs by C-H functionalization.

The amino acid backbone of peptide provides the regioselective modification via C-H
functionalization without the assistance of any directing group. For instance, palladium (Pd)
or gold (Au) catalyst shows undirected reactivity at C2 position of tryptophan (trp) in peptide.
The Pd catalysis selectively activates the methyl C-H bond of alanine (Ala) in peptides and
convert it to a range of functional groups using endogenous or exogenous directing groups.
The iridium (Ir) catalyst allowed for the selective borylation of C-H bonds of phenylalanine
(Phe) in peptides.’?

Pd-catalyst has proven to be the most adaptable among small molecule catalytic C-H
Functionalization (CHF).”? Rodolfo group reported the first post-synthetic modification of
peptides that is chemo selective C2 arylation of Tryptophan (Trp) in various #i and tetra
peptides using Pd(OAc): as a catalyst.”® Further, J. S. Fairlamb reported the C2 arylation of
Trp in peptides using aryl boronic acids, Cu(OAc)2, and air as oxidants at 40 °C.”” The same

team altered the work and reported C2 arylation of Trp in peptides using mesityl-substituted

18
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diaryl-iodonium reagent [MesArI]OTf and aryldiazonium salts.”®7® Keith James and coworkers
reported Pd(II)-catalysed C2-H arylation of Trp with aryl iodides of aromatic amino acid side
chains and was first method for peptide macrocyclization to be published (Figure 1.13a).%°

Tyrosine (Tyr) has a phenol side chain that is hydrophobic and electron-rich. Tyr side chains
could occur as either phenol or phenolate due to the high acidity of OH. Tyr in proteins can
undergo several posttranslational modifications owing to its nucleophilic OH group. Bedford
group reported Rh(II)-catalysed C-H ortho arylation.3! Xiong group has shown Pd-catalysed
C3-alkenylation of Tyr in peptides with electron-deficient terminal alkenes using an O-linked
silanol as the directing group (Figure 1.13b).%?> The aromatic side chain of phenylalanine is
hydrophobic and electron-neutral. It frequently takes part in the binding of the hydrophobic
targets. As the phenyl group is not reactive for metal complexation, C-H bond functionalization
method for Phe are rare. On the other hand, by using the selectfluor reagent and photo redox
catalysis, Lectka group described a radical-mediated benzylic C-H fluorination of Phe in
peptides.®® Yu and coworkers demonstrated the C2-H iodination, acetoxylation, and olefination
of Phe ring using N-triflate (Tf) as a mono-dentate directing group.®* Keith group reported an
effective aryl C-H borylation of Boc-Phe-OMe using a modified Hartwig and Smith method

(Figure 1.13¢).%°

Figure 1. 13 C-H activation in peptides (a) Trp backbone (b) Tyr backbone (c) Phe backbone.
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1.2.2 Late-stage C(sp?)-H functionalization on peptide

C-H activation without installation of a specific directing group producing one analogue in
sufficient quantity in a complex molecule (such as a peptide) is known as late-stage
functionalization (LSF). In simple words, every C-H Functionalization on a complex molecule
is LSF.®¢ The selective modification of proteins/peptide by late-stage biopolymer
diversification is very alluring, and it offers significant potential for the direct tagging of
particular structural motifs inside proteins. Developing highly chemo- and site-selective
chemical transformations are required for synthetically relevant peptide modification
approaches. Wang developed a peptide guided Pd(II)-catalysed C-H activation to functionalize
and macrocyclize the bioactive peptidosulfonamides. The site-selective olefination of
benzylsulfonamide with both activated and inactivated alkenes, as well as the cyclization of
benzosulfonamide with acrylates, are excellent examples peptide guided C-H activation.®” The
same group reported late-stage peptide functionalization using Pd(Il)-catalysed C(sp*)H
olefination, where peptide backbone acts as the directing group. The ligation and
macrocyclization of peptide aryl acetamides can be accomplished using this technique.®® The
peptide backbone facilitates Pd(Il)-catalysed C(sp?)H olefination of phenylalanine residues as
a highly adaptable for peptide macrocyclization. This approach works well for peptide ligation,
modification, and peptide macrocycles for different sizes and sequences.®® Ackermann group
revealed the first ever metal free direct C2 arylation of synthetic indoles using diaryliodonium
ions.”® W Song and coworkers have reported site specific C(sp?)H olefination and alkynylation
of phenylalanine residues in the peptides using Pd(I)-catalyst.”! Wang group have created a
flexible technique for the C(sp?)H arylation by Pd(II)-catalysed modification and

macrocyclization of short peptides with N-terminal benzamide.®
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1.2.3 Synthesis of Isoindolinone analogs via C-H activation

Isoindolinone is a chemical compound that belongs to the class of heterocyclic organic
compounds. It is characterized by a bicyclic structure consisting of a six-membered benzene
ring fused to a five-membered pyrrole ring. Isoindolinones have gained significant attention in
the field of medicinal chemistry due to their diverse pharmacological properties and potential
therapeutic applications. These compounds exhibit a wide range of biological activities,
including antimicrobial, anticancer, anti-inflammatory, and antioxidant effects. The
isoindolinone scaffold serves as a valuable template for the design and synthesis of novel drug
candidates with improved efficacy and reduced side effects. The synthetic methods for
obtaining this heterocyclic skeleton have drawn a lot of attention due to its critical function in
a variety of applications. However, multistep synthesis procedures have frequently been used
to generate the necessary isoindolinone derivative (Figure 1.14).%? Transition-metal catalysed

C—C bond formation with subsequent lactamization has provided simplified access to a large

variety of isoindolinone derivatives.
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nee I~
QOO o QO s
OH NH z z
o NH, o o OH

Indoprofen Lenaﬁdonﬂde Isohericenone
Anti-inflammatory Antitumor Cytotoxic
Ho‘i/; Q}
0
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Antioxidant Anxiolytic Pazinaclone
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Figure 1. 14 Natural products having isoindolinone unit.
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Using N-substituted benzamides as reactants containing either activating or directing groups is
a common in most C-H functionalization strategies for isoindolinone synthesis. Li,
Wrigglesworth, and Hii generated an array of isoindolinone compounds from N-methoxy
derivatized benzamides with alkenes as reactants and Pd(II) as catalyst, using p-benzoquinone
as oxidant and acetic acid as solvent .”>*> Zhu and Youn have reported the oxidative synthesis
of isoindolinones using tosylated benzamides with a range of alkene reactants and either
Pd(OAc): and Pd(Tfa): as catalysts.”*®” Dai and Yu produced 3-imino-isoindolinones from
tert-butylisocyanides and N-methoxy benzamides in good yields.”® Aldehydes have also been
helpful substrates for the synthesis of isoindolinone, similar to alkenes. Zhao and Huang
effectively synthesised 3-hydroxyisoindolinones from a range of aldehydes and N-derivatized
benzamides using aqueous tert-butyl hydroperoxide (TBHP).” Li and Wang used a
decarboxylation based approach for the synthesis of fused tricyclic isoindolinone derivatives
and 3-hydroxy-isoindolinone that worked with a variety of substrates and could be carried out
using persulfates as oxidants.!%1%! One of the most prominent fields of research relating to
isoindolinone synthesis has been C—H functionalization reactions and these method often allow
convenient routes from most commercially available compounds to isoindolinones. They are
commonly prepared with super stoichiometric amounts of the oxidant or the additives. In both
C—H functionalization and carbonylation based methodologies the use of temporary and

sometimes permanent directing groups is a common feature.

1.2.4 Synthesis of Isoquinolone via C-H activation

The isoquinolone structure consists of a six-membered aromatic ring (benzene ring) fused to a
six membered nitrogen containing ring. The nitrogen atom in the quinolone ring is in the ortho
position to the fused benzene ring. These are among the most prominent structural motifs
present in a variety of naturally occurring alkaloids, pharmaceuticals, and biologically active

102-103

compounds. Dorianine, ~N-methylcoryaldine, and its 3,4-dihydro analogue,
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hydroxyhydrastinine, are some of them (Figure 1.15).!%* Isoquinolones exhibit various
biological activities and are of interest in medicinal chemistry. They serve as important building
blocks in the synthesis of many pharmaceuticals, including drugs with antiviral, antibacterial,
antifungal, and anticancer properties.'%!% The derivatives of 1(2H)-isoquinolones have been
discovered to be antagonists of the receptors 5-HT3, 5-6T3, glycoprotein IIb, and tachykinin

receptors. %

N-methylcoryaldine dorianine thalflavine

Figure 1. 15 Some natural product containing isoquinolone unit.

A powerful INK inhibitor 3-metoxycarbonyl isoquinolone has been found to drastically reduce
heart hypertrophy in rats (Fig 1.16).'2 Further efforts were made to increase the 3-
metoxycarbonyl isoquinolone's JNK inhibitory action and it was found that the JNK inhibitory
action of 3-acyl-isoquinolone derivatives was more powerful than that of 3-metoxycarbonyl

isoquinolone.!*

(a) o (b)

3-metoxycarbonyl isoquinolone 3-acyl-isoquinolone derivatives

Figure 1. 16 (a) 3-metoxycarbonyl isoquinolone derivative (b) 3-acyl-isoquinolone

derivatives.
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There is a constant demand in synthetic chemistry and drug discovery for the development of
useful and effective synthetic pathways to manufacture isoquinolones and their equivalents
quickly. Conventional processes for making isoindolinone derivatives rely on organometallic
compounds and metal-complex catalyst reactions.!® Thus, methods for the synthesis of
isoquinolone derivatives without the use of organometallic reagents were introduced. These
methods are also useful and economical. For instance, the Gabriel-Coleman synthesis of

isoquinolones, which entails expanding the pathalimide ring with a strong base like alkoxide.'?’

The group of reactions that include the formation of a C-C bond are comparable to the
traditional techniques for the synthesis of isoquinoline derivatives, i.e., Bischler—Napieralski
and Pictet—Spengler reactions. The reaction includes condensing agent Tf0/4-
dimethylaminopyridine (DMAP) in methylene chloride followed by hydrolysis to form 1(2H)-
isoquinolones derivative.!®1% Using the Simig approach lithiation of Phenethylamine the
required synthesis of isoquinolone has been developed.''® The isoquinolone derivative can be
generated by the intramolecular cyclization of o-ethynylbenzamide PdCl2-2CH3CN 1is used as a
catalyst. Also, a method based on an intramolecular Heck reaction proved very helpful for this
approach. %

Through the decades, rapidly evolving procedures for the inter-/intramolecular annulation of
unsaturated hydrocarbons with nitrogen-containing reaction partners have led to the formation
of isoquinolone. The cyclocondensation of N-alkoxybenzamides with internal alkynes was
initially investigated by Guimond and coworkers. They synthesized N-H isoquinolones by
activating C-H/N-O bonds using Rh(II)-catalyst in methanol."!' Additionally, for the
construction of isoquinolone ring, functionalized arenes have been utilized as coupling partners
in [4+2] annulations with alkynes. Using Rh(II)-catalyst, the annulation with N-
iminopyridinium ylides has been performed, forming the desired product.!'? At room

temperature, Co(II)-catalysed [4+2] annulation of N-chloro benzamides with alkynes in TFE
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occurs with the selective breaking of C-H/N-CI bonds in the presence of KOAc.!!® A recent
extension of the work has performed by Pawar and coworkers using Ru(Il)-catalyst with 1,3-
diyne in N-chlorobenzamide at room temperature to produce an isoquinolone derivative.''*
Dandela group has reported the regioselective synthesis of isoquinolone derivatives by double
annulation of N-methoxy benzamide with alkynes and alkenes using Ru(Il) catalyst.!!> Eycken
group reported Ru-catalysed annulation of N-benzoyl-amino ester derivatives with diphenyl

acetylene using microwave radiation.''®

Further they have extended their work chemo
selective diversification on peptide backbone on N-benzoyl-peptide and Lys based peptide with
diphenyl acetylene followed by using Ru(Il) and Rh(II)-catalyst.""”-!'® Liu and his coworkers
developed isoquinolone derivative by annulating 2 phenyloxoline with iodonium ylide in the

presence of Rh(II)-catalyst.'"
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Chapter 2

2.1 Introduction

Native aromatic amino acids like phenylalanine (Phe), tyrosine (Tyr), tryptophan (Trp), and
histidine (His) serve crucial roles in the structural and functional organisation of peptides and
proteins. These amino acids are produced from benzenoid scaffolds.! Different enzymes have
the functional group-containing aromatic amino acids Tyr, His, and Trp in their active sites,
and these amino acids are essential to the catalytic activity of those enzymes.? Additionally,
Trp is a fluorescent amino acid. Typically, native amino acids undergo extensive structural
alterations that drastically change both their structure and activities. As noted in the literature,
structurally altered aromatic amino acid analogues have shown promise as constituents of a
variety of peptidomimetics and foldamers.>> Svendsen, for instance, has shown how bulky
bovine lactoferricin peptides with aromatic amino acids increase antibacterial action.® Huc has
rationally created aromatic oligoamides from synthetic aromatic amino acids, and because of
the face-to-face m-m interactions between the aromatic residues, they fold into f-sheet type
foldamers.” Due to m-m interactions, aromatic amino acids are also implicated in the
development of amyloid self assembling structures.® Sanjayan has studied a peptide oligomer
that is coupled with anthranilic acid and creates distinct (1-2) type helical turns.” Unnatural
aromatic acids synthesised from benzotriazoles that display charge transfer-based luminous
compounds with large Stokes shifts have been described by Sutherland.! Utilizing an artificial
starter tRNA, Cate has demonstrated the beginning of protein synthesis with synthetic aromatic
amino acids produced from phenylalanine.!! Recently, it was discovered that a phenylalanine
analogue can create a hydrogel even when combined with single amino acid derivatives that
have strong antibacterial properties.!? Parang has created a number of cyclic peptides with the
diphenylalanine residue and assessed the effectiveness of their transportation.!> Raman

spectroscopy investigation by Tannenbaum assessed aromatic amino acids as potential
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indicators in breast cancer.'* The benzenoid aromatic ring is the source of the majority of
synthetic aromatic amino acids. Tropolone, a non-benzenoid aromatic scaffold, is a part of
troponoid natural products.'>'¢ It has capabilities for metal complexing and intramolecular
proton transfer with coordinating metal ions. Due to charge transfer, n—n*, n—n* interactions,
it also displays distinctive photophysical features. Tropolone-related substances have a wide
range of biological actions, including antiviral, antifungal, antiviral, antibiotic, antimitotic, and
anticancer properties.'’"!® Recently, we created hybrid peptides of achiral troponyl amino acids
with a tropone carbonyl group that generate a unique folding due to their aminoethyl backbone
and achiral troponyl amino acid structure (Figure 2.1 1a).!” However, in mildly acidic
environments, their amide bonds can be hydrolyzed.?*?! The troponyl-containing hydrazine
amino acid also demonstrates foldamer characteristics with exceptional amide bond reactivity
in mild acidic conditions (Figure 2.1 1b).?? In the past, we have also shown that the native di-
/tri-peptide’s folding behaviour is considerably changed when the troponyl scaffold is added
to the N-terminus.”®> The creation of a stable compound with BF2 by 2-aminotroponimine
derivatives has been documented in the literature.?* On the other hand, the synthesis of many
fluorescent BODIPY molecules has utilised dipyrromethene, a versatile N,N-ligand of
boron.2>?” Additionally, N,N-/N,O-chelation has been employed to create fluorescent
compounds of the BODIPY type and BODIPY analogues using the non-dipyrromethene
scaffold.?®3% In the past, it has been investigated how to create novel fluorescent compounds
called BODIPY analogues from aminotropone derivatives by complexing with BF2 by N,N-

/N,O chelation.’'-*3
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2.2.1 Hypothesis and objective

Inspired from results we have created chiral amino acids with the troponyl ring that may be
inserted between peptides to change the structure of peptides. Here, we report the synthesis and
structural investigations of a chiral, unnatural, aromatic amino acid (UAA) that was rationally
designed and contains the tropone residue and its peptides (Figure 2.1). The synthesis and

photophysical characteristics of its BODIPY analogue are also reported.

(1) Previous works

HOOC HOOC
® H CONHR ® 2 2 °
. o]
R —
Y — > N_ __CONHR NH N—@
R

R R’\r

(2) This work

BocHN’ BOCHNI

o)
HaN H,N 0
0 - —> HN o)
o BocHN  OH
BocHN  OH BocHN  OH

Figure 2.1 (1) previous work: (a) Achiral Troponyl amino acid derivatives (b) Hydrazino

troponyl amino acid (2) This works: chiral troponyl amino acid.

2.2 Result and discussion

2.2.1 Synthesis of Aminotroponyl Alanine (ATA)

We started the synthesis of the unnatural, non-benzenoid, aromatic amino acid aminotroponyl
alanine (ATA) using the tropolone scaffold and the amino acid asparagine (Asn) (Scheme 2.1).
Using PIDA as oxidising agent in accordance with a known approach, N-Boc-L-asparagine (1)
was transformed into a chiral diamine, namely 2-amino-L-alanine derivative (2).>* The required

BocNH-L-aminotroponyl alanine derivative was then generated by N-troponylation of diamine
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carboxylate after tropolone (3) had been transformed into O-tosyltropolone (4) under refluxing
conditions which produced the desired BocNH-L-aminotroponyl alanine derivative (5). NMR
and ESI-HRMS were used to describe the product after it was separated by silica column
purification (2 % MeOH/DCM). We attempted to crystallise the unprotected unnatural aromatic

acid ATA after removing the Boc group with 20% TFA/DCM.

Along with TFA salt, we also got a single crystal of ATA. its ORTEP diagram is presented
(Scheme 2.1). The Cambridge Crystallographic Data Centre (CCDC) has received its crystal

data under reference number 2174977.

Scheme 2.1 Synthesis of Aminotroponyl Alanine (ATA)

OYOHO OVOH
: PIDA, rt,1h NH
BocHN/\)LNHz — BocHN/\/ 2
N-Boc-L-Aspargine (1) (2) 87%
Et,;N, EtOH,

Reflux, 18h,
SO —= J@

Tropolone (3)

§. o ATA.TFA
<

Me-l, K,CO;, X H

OMe
/\/ 20% TFA : M
BocHN/\/ ACN, rt, Bh, BocHN iINDCM _  H,N"~
‘— 4’
ATA O

BocNH-ATA (5), 90%

2.2.2 Synthesis of dioxoimidazolidine derivative

We tried to make hybrid peptides from native amino acids of the ATA. Under basic conditions,
the ATA derivative (5) was exposed to peptide coupling with amino acid ester in the presence
of versatile coupling agents, ethyl carbodiimide (EDC) (Scheme 2.2). Sadly, we were unable
to obtain the desired hybrid dipeptide. But we discovered a novel heterocyclic
dioxoimidazolidine derivative (7) with an amino troponyl residue after rigorous analysis. In a
DCM:MeOH solvent solution, we produced a single crystal of compound (7). We investigated

the crystal using an X-ray diffractometer which revealed the structure of compound 7 to be a
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dioxoimidazolidine derivative. The solved X-ray data have been submitted to the CCDC with
reference number 2212187. With other amino acid ester, we carried out the same reaction and
separated the same compound. However, the reaction was carried out with the addition of
hydroxyl benzotriazole (HOBt), which resulted in the production of the required di-peptide.
For comparative investigations, the same reaction was carried out using dioxoimidazolidine
derivative rather than amino acid ester and BocNH-amino acid derivatives, which produced di-
peptides with efficiency. Thus, troponyl residue rather than di-peptides play a crucial role in
the synthesis of dioxoimidazolidine derivative by unique C-N bond cleavage in EDC (coupling
reagent). Including protease inhibitors®>>® the troponyl bearing dioxoimidazolidine molecule

(7) can be considered as a therapeutic drug candidate.

Scheme 2.2 Synthesis of dioxoimidazolidine derivative (7)

(0]

- NBoc
N
epc |/ h"'

N .
> o ) %
NH,-AA-OMe, o = ¢

Et;N, DMF, 55°C,8h »

Dioxoimidazolidine (7),
o 60%
HN *
)\(O g :' c
L
BocN L} E)

(5) OH »
eN/\/\N/ HN
EDC | )\WNH-AA-OM‘;
> BocN
(o]
NH,-AA-OMe,

"Not Formed

o
Et;N, HOBt,DMF, 55°C,8h without HOBt"

We provide a likely mechanism for how the novel dioxoimidazolidine heterocyclic compound
is created (Figure 2.2). In the absence of HOBt, the carboxylate of BocATA (5) combines with
the coupling agent EDC to generate an adduct (Int-1) that transforms into the seven-membered
reactive lactone (Int-2) with the creation of an asymmetric urea derivative. This urea side

product combines with the lactone intermediate (Int-2) to produce another intermediate, (Int-
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3), which unexpectedly breaks the C-N bond of the urea derivative to produce (Int-4). Then,
(Int-4) provides the derivative of dioxoimidazolidine (7) containing the aminotroponyl residue.
(Int-1) produces a reactive acyclic ester and urea derivative when HOBt is present. Then,
peptides are produced when the amine group of the amino acid ester derivative combines with

the benzotriazolyl acyclic ester (Figure 2.2).

|
HM g — H/\HLO/C\H,R \NWC\H,R

O-H 4 I

BocHN rN NHBoc NHBoc
ATA (5) EDC Int-1
R: "JJ\/\N/ “
| ( o
=N R @ 4+~ NH o
Q o o H O - -I-N':B
<N ! © N-R N c °°
0 N““NH - — Q *NHBo N
Q.0 Boc k N Int-2
Urea
- Int-3
Int-4 Derivative

BocHN;{ Qo
HN
N/—}O \ NS
— B
°© OY\ NBoc
Int-5 N_'Q
—4

(¢]
Product (7)
(b) QO o LN QO o
C.. .R
N/\HI\O/ H N
> H
NHBoc
HOBt NHBoc

NH,-AA-OM
24‘3» Qo (0]
H/\HI\NHZ-AA-OMe

NHBoc

Figure 2.2 The plausible reaction mechanism of dioxoimidazolidine formation (a) Reaction

without HOBt (b) Reaction with HOB.
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2.2.3 Synthesis of ATA hybrid peptides

Additionally, we created hybrid di-peptides utilising the peptide coupling processes with EDC
and HOB to investigate the function of the troponyl residue in the conformational alterations
of hybrid peptides. (Scheme 2.3) Using the coupling reagent the free carboxylate group of
BocNH-ATA (5) was linked with the free amine group of the amino acid ester NH2-AA-OMe
(10a), resulting in a hybrid dipeptide with the troponyl residue at the N-terminal end. Here, we
applied Gly, Phe, Val, Ile, Pheg, and Ala neutral amino acid ester derivatives (NH2-AA-OMe)
to create the corresponding hybrid ATA di-peptides (8a-8g). Using the same peptide coupling
conditions, we also synthesized the native di-peptide (NH2-Gly-Gly-OMe) and the hybrid #ri-
peptide (8h) from BocNH-ATA. We coupled the carboxylate group of the Boc protected native
amino acid derivative BocNH-AA-OH (10b) with the Boc group of the ATA ester (6) under
peptide coupling conditions after removing the Boc group of the ATA ester (6) with (20%
TFA/DCM). In this work, we provide hybrid peptides 11a—11e that contain a troponyl residue
at the C-terminus. By using NMR and HRMS, all hybrid peptides (8/11) were identified. Under
identical peptide coupling conditions, we were able to successfully create the heterodimer with
glycine serving as the pacer from the hybrid ATA dipeptide (BocNH-ATA-Gly-OMe, 8a). Di-
peptide 8a was converted into building blocks (NH2-ATA-Gly-Ome/BocNH-ATA-Gly-OH) by
removing the Boc group and ester hydrolysis. Under identical conditions, these building blocks
were joined by an amide bond using EDC/HOBY, resulting in the ATA-heterodimer (8i).
Therefore, ATA serves as a non-benzenoid artificial aromatic amino acid building block to

produce hybrid ATA-peptides.
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Scheme 2.3 Synthesis of ATA hybride peptides
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2.2.4 Synthesis of ATA-BODIPY analogues

We have also investigated alkyl aminotroponyl scaffolds for producing fluorescent BODIPY
analogues with quantum yields of 10-15%.%*2 We tried to make a different BODIPY
analogue, the boron difluoro-ATA complex, an unnatural aromatic amino acid. (Scheme 2.4)
Under mildly basic conditions, the boronating agent BF3OEt2 was used to boronate the ATA
derivative (6), resulting in the formation of the borondifluoro-ATA complex (12a). The ATA-
containing hybrid dipeptide (8a) was similarly treated with the boronating agent BF3OEt:,
resulting in the formation of the borondifluoro-ATA peptide complex (12b). Both BODIPY
analogs (12a/12b) were characterized by respective NMR ('H/'*C/!'B/'°F). The late-stage

production of the peptide BODIPY analogue is highly supported by our findings.

Scheme 2.4 Synthesis of ATA-BODIPY analogs
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2.2.5 Conformational analysis of ATA peptides

By placing a troponyl scaffold at the N-terminal of peptides, we have investigated the role of
the troponyl residue in the structural and conformational alterations of peptides.?* Here, we
used NMR (1D/2D) and circular dichroism (CD) methods to investigate the structural changes
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of ATA hybrid peptides (8/11) in organic solvents. We first determined the chemical shift of the
ATA-peptide’s protons from their corresponding 'H-'H-COSY (2D-NMR) spectra, and then
we determined their NOE connectivity from corresponding 'H-'H-NOESY NMR spectra.
Figure 2.3 provides the extended NOESY spectra of the representative di-peptides (8¢) and
(11b). The troponyl ring protons (C3-H/C4-H) of the C-terminal ATA-peptide (8¢) displayed
potent NOEs with the alanyl CHz of the ATA residue. And the aminotropone's N-H is attached
to the aC—H of the alanyl residue (Figure 2.3A). Additional NOE peaks, troponyl ring protons
(C3-H/C4-H) with CH2 of alanyl residue in the ATA unit, were also seen in the instance of the
N-terminal ATA-peptide (11b). Similar NOEs were observed with other di-peptides and #ri-
peptides. The troponyl ring protons (C3-H/C4-H) in heterodimer ATA-tetrapeptides (8i)
displayed significant NOEs with both the alanyl CH2 of ATA and the -CH2 of the peptide. These
NMR data demonstrated the troponyl carbonyl's near proximity to the N-terminal sides of the
respective hybrid peptides in chloroform, which may have been caused by an intramolecular

hydrogen bond between the troponyl carbonyl and backbone amine N-H.

i+ h ¢ 11b ]

Figure 2.3 NOE’s of ATA-peptide (A) di-peptide (8¢) & (B) di-peptide (11b).
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2.2.6 DMSO Dg Titration study

Additionally, using the DMSO-ds titration 'H-NMR method, we looked at the intra/inter
molecular hydrogen bonding in ATA-peptide derivatives. The DMSO-ds titration-'H-NMR
experiments revealed the type of hydrogen bonding.?® Figure 2.4 shows the titration curves of
the hybrid peptides (8¢/8i/8h/11b), DMSO-ds vs. chemical shift. The chemical shifts of BocN—
H, amide-N—H, and troponyl-N—H were almost the same with the increase the concentration of
DMSO-ds. However, with increasing DMSO-ds, we observed a downfield shift in amide-N-H
and BocN-H and a slight upfield shift of aminotroponyl-N-H. Thus, the hybrid peptide’s amino

troponyl N-Hs are implicated in intramolecular hydrogen bonding in their respective peptides.
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Figure 2.4 DMSO-ds titration NMR experiments of ATA-Hybrid peptide: (A) BocNH-ATA-
Val-OMe (8¢), (B) Boc NH-ATA-Gly-ATA-Gly-OMe (8i), (C) BocNH-ATA-Gly-Gly-OMe

(8h), (D) BocNH-Val-ATA-OMe (11b).
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2.2.7 Circular Dichroism study

Additionally, using CD experiments, we investigated the foldameric characteristics of hybrid
peptides (8/11) in polar protic and polar aprotic solvents. We recorded the circular dichroism
(CD) spectra of hybrid ATA-peptides (8/11) in acetonitrile (ACN) and methanol (MeOH). The
aromatic ATA residue generates positive and negative signals above X220 nm in the CD spectra
of hybrid peptides (8/11) in ACN. The electronic transition of the troponyl ring may be the
cause of the two peaks in the CD spectra of the monomer (6) at the wavelengths (1) 240 nm/265
nm (A240 nm/A260 nm) (Figure 2.5). Additionally, their comparative CD studies to those of native
di-peptides are explained. The CD spectra of ATA-peptide (8¢) show a maximum at A210nm and
minimum at A26s nm, Which strongly encourage the formation of a structure of the turn type
while the peptide (11b), has one maximum and two minima A234 nm and A 265 nm, respectively,
which support helix type structures (Figure 2.6). The CD spectra of the ATA tri-peptide (8h)
displays two minima (A260 nm and A218 nm), along with a little blue shift that may be caused by
the presence of an additional non-ATA amide bond.) (Figure 2.5). The CD spectra of the ATA
tetra-peptide (8i) show a noticeable minimum (A265 nm), which may be a random coil or other
non-characteristic structure (Figure 2.5). In methanol, Only the ATA di-peptide (11b) displays
an almost turn-like maximum (A265 nm)/minimum (A215 nm) structure, the other ATA-peptides

display random coils, probably as a result of the absence of intramolecular hydrogen bonding

(Figure 2.6).
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Figure 2.5 CD spectra of (6, 8e, 8h, 8i) in acetonitrile (ACN).

48



Ellipticity (mdeg)
o

blank (ACN)
——(8b)
——(8d)
—(8¢)
——(8a)
- (89)
——(8f)

T
200

T
220

T T T
240 260 280

Wavelength (nm)
(0]
HN
NH-AA-OMe
BocHN
O

BocNH-ATA-Gly-OMe( 8a)
BocNH-ATA-Phegly-OMe (8b)
BocNH-ATA-lle-OMe (8d)
BocNH-ATA-Val-OMe (8c)
BocNH-ATA-Phe-OMe (8f)

BocNH-ATA-Ala-OMe (8g)

Ellipticity (mdeg)

Ellipticity (mdeg)

Chapter-

2

—— blank(ACN)
—— (11b)
— (11c)
——(11a)
——(11e)
——(11d)

T T T T T
200 220 240 260 280

Wavelength(nm)

OVOMe
H

~ N
BocHN-AA-HN™ >~
Boc-NH-gly-ATA-OMe (11a) o)

Boc-NH-ala-ATA-OMe (11d)
Boc-NH-pro-ATA-OMe (11e)
Boc-NH-val-ATA-OMe (11b)
Boc-NH-phe-ATA-OMe (11c)

—— blank(MeOH)
——(8a)
——(8b)
—(80)
——(8d)
—— (8

T
200

HN

BocHN

T
220

T T T
240 260 280

Wavelength (nm)

NH-AA-OMe

0

BocNH-ATA-Gly-OMe(8a)
BocNH-ATA-Phegly-OMe (8b)
BocNH-ATA-lle-OMe (8d)
BocNH-ATA-Val-OMe (8c)
BocNH-ATA-Phe-OMe (8f)

BocNH-ATA-Ala-OMe (8g)

Ellipticity (mdeg)

—— blank(MeOH)
—— (11a)
—— (11d)
—— (11e)
—— (11b)
——(11¢)

260 zéo 2:10 zéo 2;30
Wavelength (nm)
O%_/OMe
H H
~ N
BocHN-AA-HN" >

Boc-NH-gly-ATA-OMe (11a) 0
Boc-NH-ala-ATA-OMe (11d)
Boc-NH-pro-ATA-OMe (11e)
Boc-NH-val-ATA-OMe (11b)
Boc-NH-phe-ATA-OMe (11c)

Figure 2.6 CD spectra of (8a-8d, 8f, 8g & 11a-11e) in acetonitrile (ACN) & in methanol

(MeOH).

49



Chapter-2

2.2.8 Theoretical study

The most stable conformation of peptides and associated derivatives has been identified in the
literature using energy minimization (GMMX) and DFT calculations®’. We carried theoretical
investigations to verify the structural changes of ATA-peptides. Here we have tried to
optimized the conformations of the ATA-monomer (6), ATA di-peptides (8a/8c/11a), ATA-tri-
peptide (8h), and ATA fetra-peptide (8i) using GMMX and DFT calculations. The hybrid
peptides (8a/11a) exhibit stable conformers as a result of intramolecular hydrogen bonding. We
also extracted the hydrogen bonding from the stable conformer of ATA tetra-peptide (8i)
(Figure 2.7). We noticed that in ATA-peptides, the distance between troponyl Carbonyl C=0
and the amide N-H is less than 2.0 within a suitable hydrogen bonding bond angle. Theoretical
investigations thus confirm the role of the troponyl carbonyl C=0 of ATA-peptides by hydrogen

bonding with amide N-H.
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Figure 2.7 Theoretically optimized structure of ATA-peptides 8a (A)/11a (B)/ 8i (C).
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2.2.9 Fluorescence study

Tropolone is a naturally occurring chromophore and fluorophore, although its quantum yield
in an aprotic organic solvent is exceedingly low less than 1%. Previously we have explored
novel BODIPY analogs from tropolone, which exhibit reasonably high quantum yields (10—
15%).3'32 The photophysical characteristics of the ATA derivative (6) and its BODIPY
analogues (12a/12b) have also been examined in this article. In MeOH and ACN, we recorded
their emission and absorption spectra. The absorption and emission spectra of the BODIPY
analogues (12a/12b) in ACN reveal that they are fluorescent molecules. with Aem, 450 nm with
Stokes shifts of 65 nm (12a) and 71 nm (71 nm) (Figure 2.8 and Table 2.1). These spectra also
show that fluorescence intensity of (12b) is greater than
(12a). Then, with reference to quinine sulphate, we determined their photophysical
characteristics and relative quantum yields (QY) (Table 2.1). The molar absorptivity (g, M
cm!, A382 1m) and quantum yield of the BODIPY analog 12a (9.1%) are higher than those of
12b (5.5%). Additionally, we found that in the protic solvent MeOH, their photophysical

characteristics are nearly identical.
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Figure 2.8 (a) Sample under fluorescence light; (b) UV-Vis absorption and emission spectra of

ATA-BODIPY analogs (12a/12b)
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Table 2.1 Photophysical parameters of ATA-BODIPY analogues

Entry Aabs €(M382nm) Aem Stokes QY
(1\/[_1 cm") ()\-ex,340nm) Shift (%)
(nm)
1 12a 248, 341, 382 5363 448 65 9.1
2 12b 246, 342, 382 4640 453 71 5.5
Solvent ACN.

2.2.10 HOMO & LUMO Computational study

Here, we found that the amino acid ester BODIPY analogue (12a) showed significantly more
fluorescence quenching than the hybrid peptide BODIPY analogue (12b). To learn more about
the actual causes we produced the HOMO-LUMO of BODIPY analogues (12a/12b) Using
computational DFT (B3LYP) techniques. Their HOMO-LUMO diagrams shows in Figure 2.9.
Troponyl and the backbone of the amino acid contribute to the HOMOs of both analogues (12a
and 12b), whereas the troponyl residue contributes to the LUMOs. In both analogues, the
energy difference between the HOMO-LUMO is nearly identical. However, the quantum
yield BODIPY analogue (12b)is considerably lower than that of analogue (12a). With a
distance of 1.8A, the theoretically optimized structure of analogue (12b) displays
intramolecular hydrogen bonding as N-H....F-B which possibly partially quenches the
fluorescence owing to the perturbation of electron delocalization in the troponyl di-fluoroboron

complex residue.
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Figure 2.9 (a) HOMO-LUMO of ATA-BODIPY analogs;(b) Theoratically optimized structure
of 12b.
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2.2.11 Cell culture study

In order to be useful, we examined the cytotoxicity of the BODIPY amino acid derivative
(ATA/12a) by MTT assay and cell-internalization in HeLa cells by confocal studies. According
to the MTT assay results, (ATA/12a) is nontoxic at a concentration of 50 uM for both normal
(HEK293T) and cancerous (HeLa) cells. However, at high concentrations, cell growth was
impeded. The HeLa cells were then incubated to the ATA-BODIPY analogue for 18 hours
and observed under a confocal microscope using various channels such as DAPI (blue
channel), FITC (green channel, ~Aex.500 nm), and TRITC (red channel, ~Aex.550 nm)
(Figure 2.10). Localization in the cellular nucleus is seen in the DAPI-stained image (2.10a).
The picture demonstrates that ATA-BODIPY (12a) molecules have entered the cells in the
FITC channel. The merged images indicate the cytoplasmic localization of ATA-BODIPY
(12a). Similar results were obtained in Under TRITC, (red channel). As a result, the ATA-

BODIPY analogue may be utilised as a fluorescent probe of target specific peptides.

b) FITC c) DAPI + FITC

Figure 2.10 Confocal images of HeLa cells with (12a): (a) stained with DAPI; (b) BODIPY
(12a) treated cells with FITC staining (green channel); (c) merged image of DAPI and FITC

staining.
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2.3 Conclusion

The hybrid di-, tri-, and tetra-peptides of the chiral L-aminotroponyl amino acid (ATA) have
been successfully synthesised. It is significant that we have discovered novel heterocycle
compounds, during the creation of hybrid peptides, dioxoimidazolidine derivatives. We also
created the fluorescent BODIPY analogue derived from the ATA/ATA-peptide with a quantum
yield of between 6% and 9%. According to our conformational investigations, troponyl
residues play a crucial role in the structural transformation of ATA-containing peptides into f-
turn/a-helix type structures. We have shown that they are not cytotoxic and that they
internalize into HeLa cells, where they are found in the cytoplasm, for use in real-world
applications. As aresult, ATA, ATA-peptides, and ATA BODIPY analogues are brand-new non-
benzenoid artificial aromatic amino acid derivatives that may be used to create new

peptidomimetics.

2.4 Experimental Section

2.4.1 Materials and instrumentation

The materials were purchased from commercial suppliers and used without purification.
Anhydrous DMF was freshly prepared by distilling over calcium hydride. Reactions were
monitored by thin-layer chromatography, visualized with UV irradiation and ninhydrin.
Column chromatography was performed using 100-200 mesh silica. Mass spectra were
obtained using a Bruker MicroTOF-Q II spectrometer. NMR spectra were recorded on a Bruker
AV-700 MHz and a Bruker AV-400 MHz 1H (400 MHz), '*C (100.6 MHz). 'H and '3C NMR
chemical shifts were recorded in ppm downfield from tetramethylsilane, and the splitting

patterns are abbreviated as s, singlet; d, doublet; dd, doublet of doublet; t, triplet q, quartet; dq,
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doublet of the quartet; m, multiplet. CD experiments were performed on a JASCO-J 1500. All
CD experiments were performed at 25°C, and the two recorded scans were averaged and from

290 to 190 nm wavelengths.

2.4.2 General procedure for peptide coupling

N-Boc protected amino acid (ATA 5) was dissolved in DMF before triethylamine (TEA, 3.0
eq.), EDC.HCI (1.3 eq.) and HOBt (1.3 eq.) were added, resulting in the amino acid methyl
ester (1.2 eq.). Further, this mixture was heated to 60°C for 8—12 h. The reaction was monitored
by TLC. The crude reaction mixture was concentrated under reduced pressure before water was
added. The aqueous layer was extracted with EtOAc. The organic layer was combined, dried
over anhydrous Na2SOs, and concentrated under reduced pressure. The residue was purified
with column chromatography using an EtOAc/hexane solvent system to yield the

corresponding substrates.

2.4.3 Chemical shift values of NMR
(S)-2-((tert-Butoxycarbonyl)amino)-3-((7-oxocyclohepta-1,3,5-trien-1-yl)amino)propanoic
acid (5). Compound 5 was purified by column chromatography with the solvent system
methanol: dichloromethane (2:98) and obtained as a yellow solid (2.0 g, 81% yield) Rf = 0.23
(3% MeOH/DCM). 'H NMR (400 MHz, CDCI3) § 8.11 (s, 1H), 7.73 (s, 1H), 7.31-7.09 (m,
3H), 6.83 (d, J =8 Hz, 1H), 6.71 (d, J = 8 Hz, 1H), 5.86 (s, 1H), 4.53 (s, 1H), 3.78 (s, 2H),
1.34 (s, 9H). *C NMR (101 MHz, CDCI3) § 175.57 (s), 172.44 (s), 156.48 (s), 155.67 (s),
138.28 (s), 137.59 (s), 128.42 (s), 124.26 (s), 111.65 (s), 80.30 (s), 52.88 (5s), 44.35 (s), 28.31

(s). HRMS (ESI) m/z: [M + Na]" calcd for C1sH20N205 331.1270; found 331.1273
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(S)-2-Amino-3-((7-oxocyclohepta-1,3,5-trien-1-yl)amino)propanoic acid (ATA). ATA was
purified by column chromatography with the solvent system MeOH:DCM (15:85) and
obtained as a brown solid (0.5 g, 71% yield) Rf = 0.83 (30% MeOH/DCM). 'H NMR (700
MHz, DMSO) 6 7.79 (d, J =4 Hz, 1H), 7.30 (m, 1H), 6.98 (d, J = 12 Hz, 1H), 6.87-6.58 (m,
1H), 4.06 (t, 1H), 3.87-3.67 (m, 1H). '*C NMR (101 MHz, DMSO) & 176.67 (s), 169.78 (s),
155.44 (s), 137.63 (s), 136.73 (s), 129.30 (s), 123.10 (s), 109.15 (s), 51.31 (s), 42.55 (s). HRMS

(EST) m/z: [M + H]" caled for C10H12N205 209.0926; found 209.09009.

Methyl(S)-2-((tert-butoxycarbonyl)amino)-3-((7-oxocyclohepta-1,3,5-trien-1-yl)amino)

propanoate (6). Compound 6 was purified by column chromatography with the solvent system
ethylacetate:hexane (20:80) and obtained as a yellow solid (0.5 g, 71% yield) Rf = 0.83 (50%
EtOAc/hexane). 'H NMR (400 MHz, CDCI3) § 7.8-7.4 (m, 1H), 7.4-7.1 (m, J = 23.7, 10.7
Hz, 3H), 6.8-6.5 (m,J =16.5, 7.2 Hz, 2H), 5.7 (d, J = 6.1 Hz, 1H), 4.6 (d, ] = 5.3 Hz, 1H), 3.8—
3.8 (m, 1H), 3.8 (s, 1H), 1.4 (s, 9H). *C NMR (101 MHz, CDCI3) & 176.8 (s), 170.8 (s), 155.5
(s), 155.3 (s), 137.4 (s), 136.2 (s), 129.4 (s), 123.2 (s), 109.1 (s), 80.4 (s), 53.0 (s), 52.9 (s),
44.3 (s), 28.3 (s). HRMS (ESI) m/z: [M + Na]" calcd for CisH22N20s 345.1421; found

345.1417.

tert-Butyl(S)-3-ethyl-2,4-dioxo-5-(((7-oxocyclohepta-1,3,5-triyl) amino) methyl)
imidazolidine-1-carboxylate (7). Compound 7 was prepared by heating 5 with EDC.HCI and
EtsN in DMF at 60 °C for 8 h and purified by column chromatography with the solvent system
ethylacetate:hexane (35:65) and obtained as a brown solid (60% yield). Rf = 0.50 (40%
EtOAc/hexane). 'H NMR (400 MHz, CDCI3) § 7.29-7.00 (m, 1H), 6.72-6.56 (m, 1H), 4.51
(dd, J =17.5, 14.2 Hz, 1H), 4.17-3.91 (m, 1H), 3.46 (dt, J = 13.5, 6.6 Hz, 1H), 1.52 (s, 3H),
1.04 (t, J = 7.1 Hz, 1H). 3C NMR (101 MHz, CDCI3) § 176.81 (s), 169.31 (s), 155.32 (s),

151.60 (s), 149.11 (s), 137.49 (s), 135.88 (s), 129.95 (s), 123.81 (s), 108.92 (s), 85.18 (s), 59.28
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(s), 41.75 (s), 34.40 (s), 28.02 (s), 12.89 (s). HRMS (ESI) m/z: [M + Na]" calcd for C1sH23N30s

384.1524; found 384.1535

Methyl(S)-(2-((tert-butoxycarbonyl)amino)-3-((7-oxocyclohepta-1,3,5-triyl)amino)

propanoyl) glycinate (8a). Peptide 8a was synthesized using a general procedure for peptide
coupling (the above-mentioned procedure) and purified by column chromatography with the
solvent system ethylacetate:hexane (40:60) and obtained as a yellow gummy solid (65% yield).
Rf=0.33 (50% EtOAc/hexane). 'H NMR (400 MHz, CDCI3) § 7.9-7.8 (m, 2H), 7.2 (t, J = 8
Hz, 2H), 7.1 (d, J = 8 Hz, 1H), 6.7 (d, J = 12 Hz, 1H), 6.7-6.6 (m, 2H), 4.8-4.6 (m, 1H), 4.0
(d, J = 3.6 Hz, 2H), 3.8-3.7 (m, 2H), 3.7 (s, 3H), 1.4 (s, 10H). *C NMR (101 MHz, CDCI3) &
176.5, 170.8, 170.0, 155.9, 155.8, 137.4, 136.6, 128.8, 123.1, 109.8, 80.2, 53.3, 52.3, 44.7,

41.3, 28.2. HRMS (ESI) m/z: [M + Na]" caled for C1sH25N306 402.1636; found 402.1616.

Methyl2-((S)-2-((tert-butoxycarbonyl)amino)-3-((7-oxocyclohepta-1,3,5-trien-1-yl)amino)

propanamido)-2-phenylacetate (8b). Peptide 8b was synthesized using a general procedure for
peptide coupling (the above-mentioned procedure) and purified by column chromatography
with the solvent system ethylacetate:hexane (40:60) and obtained as a yellow gummy solid
(55% yield). Rf = 0.83 (50% EtOAc/hexane). 'H NMR (400 MHz, CDCl3) § 7.9-7.7 (m, 2H),
7.3-7.2 (m, 5H), 7.2-7.0 (m, 3H), 6.8-6.6 (m, 2H), 6.3 (d, J =8 Hz, 1H), 5.5 (d, J =8 Hz, 1H),
4.6-4.5 (m, 1H), 3.8-3.7 (m, 2H), 3.7 (s, 3H), 1.4 (s, 9H). *C NMR (101 MHz, CDCl3) § 176.7
(s), 170.7 (s), 169.8 (s), 155.8 (s), 155.6 (s), 137.4 (s), 136.5 (s), 135.9 (s), 129.2 (s), 128.9 (s),
128.5 (s), 127.3 (s), 123.2 (s), 109.7 (s), 80.5 (), 56.9 (s), 52.9 (s), 52.8 (), 44.5 (s), 28.3 (5).

HRMS (ESI) m/z: [M + Na]" caled for C24H29N306 478.1949; found 478.1978.

Methyl((S)-2-((tert-butoxycarbonyl)amino)-3-((7-oxocyclohepta- 1,3, 5-trien-1-yl)amino)
propanoyl)-D-valinate (8¢). Peptide 8¢ was synthesized using a general procedure for peptide

coupling (the above-mentioned procedure) and purified by column chromatography with the
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solvent system ethylacetate:hexane (40:60) and obtained as a yellow gummy solid (60% yield).
Rf = 0.50 (50% EtOAc/hexane). 'H NMR (400 MHz, CDCl3) & 7.9 (d, J = 4 Hz, 1H), 7.5 (s,
1H), 7.3-7.1 (m, 3H), 6.8-6.6 (m, 2H), 6.4 (d, J =8 Hz, 1H), 4.74.6 (m, 1H), 4.5 (dd,J =4, 4
Hz, 1H), 3.7 (d, J = 8 Hz, 2H), 3.7 (s, 3H), 2.2-2.1 (m, 1H), 1.4 (s, 9H), 0.9 (d, 6H). *C NMR
(101 MHz, CDCl3) 6 176.6 (s), 171.9 (s), 170.4 (s), 156.0 (s), 155.7 (s), 137.4 (s), 136.5 (s),
128.9 (s), 123.0-120.4 (m), 109.7 (s), 80.3 (s), 57.5 (s), 53.3 (s), 52.2 (s), 44.7 (s), 31.1 (s),
28.3(s), 18.7(s), 17.8 (s). HRMS (ESI) m/z: [M + Na]" caled for C21H31N30s 444.2105; found

444.2107.

Methyl(2R)-2-((S)-2-((tert-butoxycarbonyl)amino)-3-((7-oxocyclohepta-1,3,5-trien-1-

vl)amino) propanamido)-3-methylpentanoate (8d). Peptide 8d was synthesized using a general
procedure for peptide coupling (the above-mentioned procedure) and purified by column
chromatography with the solvent system ethylacetate:hexane (40:60) and obtained as a yellow
gummy solid (58% yield). Rf = 0.54 (50% EtOAc/hexane). 'H NMR (400 MHz, CDCl3) § 8.0
(t, J=5.4 Hz, 1H), 7.6-7.5 (m, 1H), 7.3-7.1 (m, 1H), 6.8-6.6 (m, 1H), 6.5 (d, ] = 6.3 Hz, 1H),
4.7-4.6 (m, J = 11.4 Hz, 1H), 4.5 (dd, J = 7.9, 5.3 Hz, 1H), 3.8-3.7 (m, J = 21.2, 5.0 Hz, 1H),
3.7 (s, 1H), 1.9-1.7 (m, 1H), 1.4 (s, 9H), 0.9-0.9 (m, 2H), 0.9-0.8 (m, 6H). '*C NMR (101
MHz, CDCl3) 8 176.6 (s), 171.8 (s), 170.2 (s), 156.0 (s), 155.7 (s), 137.4 (s), 136.5 (s), 128.9
(s), 123.1 (s), 109.8 (s), 80.3 (s), 56.8 (s), 53.4 (s), 52.1 (s), 44.6 (s), 37.8 (5), 28.3 (), 25.1 (5),
15.3 (s), 11.5 (s). HRMS (ESI) m/z: [M + Na]" calcd for C22H33N30s 458.2262; found

458.2259.

Methyl(S)-3-(2-((tert-butoxycarbonyl)amino)-3-((7-oxocyclohepta-1,3,5-trien-1-yl)amino)
propanamido) propanoate (8e). Peptide 8e was synthesized using a general procedure for

peptide coupling (the above-mentioned procedure) and purified by column chromatography
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with the solvent system ethylacetate:hexane (40:60) and obtained as a yellow gummy solid
(53% yield). Rf = 0.25 (50% EtOAc/hexane). 'H NMR (400 MHz, CDCl3) § 7.8 (t, 1H), 7.4 (s,
1H), 7.3-7.2 (m, 2H), 7.2 (d, J = 12 Hz, 1H), 6.8-6.7 (m, 2H), 6.4 (d, 1H), 4.6-4.4 (m, 1H),
3.8-3.7 (m, 2H), 3.6 (s, 3H), 3.6-3.4 (m, 2H), 2.7-2.4 (m, 2H), 1.4 (s, 9H). 1*C NMR (101
MHz, CDCIl3) & 176.6 (s), 172.6 (s), 170.3 (s), 161.5 (s), 155.8 (s), 137.6 (s), 136.7 (s), 128.9
(s), 123.3 (s), 109.9 (s), 80.3 (s), 53.5 (s), 51.8 (s), 44.7 (s), 35.1 (s), 33.6 (s), 28.2 (s). HRMS

(ESI) m/z: [M + Na]" caled for C1oH27N306 416.1792; found 416.1792.

Methyl((S)-2-((tert-butoxycarbonyl)amino)-3-((7-oxocyclohepta-1,3,5-trien-1-yl)amino)

propanoyl)phenylalaninate (8f). Peptide 8f was synthesized using a general procedure for
peptide coupling (the above-mentioned procedure) and purified by column chromatography
with the solvent system ethylacetate:hexane (40:60) and obtained as a yellow gummy solid
(55% yield). Rf = 0.66 (50% EtOAc/hexane). '"H NMR (400 MHz, CDCI3) § 7.9 (t, J = 8 Hz,
1H), 7.3-7.1 (m, 6H), 7.1-7.0 (m, 3H), 6.8-6.6 (m, 2H), 6.3 (d, J =8 Hz, 1H), 4.9-4.8 (m, 1H),
4.6-4.5 (m, 1H), 3.8-3.7 (m, 2H), 3.6 (s, 3H), 3.0 (m, 2H), 1.4 (s, 9H). '*C NMR (101 MHz,
CDCls) 8 176.7 (s), 171.5 (s), 170.0 (s), 155.8 (s), 155.6 (s), 137.4 (s), 136.5 (s), 135.8 (s),
129.2 (s), 128.5 (s), 127.0 (s), 123.2 (s), 109.8 (s), 80.3 (s), 65.0 (s), 53.5 (5), 52.4 (s), 44.4 (s),
37.9 (s), 28.3 (s). HRMS (ESI) m/z: [M + Na]" calcd for C25sH31N306 492.2105; found

492.2114.

Methyl((S)-2-((tert-butoxycarbonyl)amino)-3-((7-oxocyclohepta- 1,3, 5-trien- 1-yl)amino)
propanoyl)alaninate (8g). Peptide 8g was synthesized using a general procedure for peptide
coupling (the above-mentioned procedure) and purified by column chromatography with the

solvent system ethylacetate:hexane (40:60) and obtained as a yellow gummy solid (50% yield).
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Rf = 0.40 (50% EtOAc/hexane). '"H NMR (400 MHz, CDCl3) & 7.8 (t, J = 8 Hz, 1H), 7.5 (s,
1H), 7.3-7.1 (m, 3H), 6.8 (d, ] =8 Hz, 1H), 6.7 (t, ] =8 Hz, 1H), 6.2 (d, J =4 Hz, 1H), 4.6 (dt,
2H), 3.8-3.7 (m, 2H), 3.7 (s, 3H), 1.4 (s, 9H), 1.3 (d, J = 8 Hz, 3H). *C NMR (101 MHz,
CDClIs) 8 176.5 (s), 172.9 (s), 169.9 (s), 155.8 (s), 150.3 (s), 137.7 (s), 136.8 (s), 129.0 (s),
123.5 (s), 110.1 (s), 80.5 (s), 53.3 (s), 52.5 (s), 48.3 (s), 44.7 (s), 28.3 (s), 17.9 (s). HRMS (ESI)

m/z: [M + Na]" caled for C1oH27N306 416.1792; found 416.1796.

Methyl(S)-2-(2-((tert-butoxycarbonyl)amino)acetamido)-3-((7-oxocyclohepta-1,3,5-trien-1-

vl)amino) propanoate (11a). Peptide 11a was synthesized using a general procedure for peptide
coupling (the above-mentioned procedure) and purified by column chromatography with the
solvent system ethylacetate:hexane (40:60) and obtained as a yellow gummy solid (58% yield).
Rf=0.16 (50% EtOAc/hexane). 'H NMR (400 MHz, CDCl3) § 7.9 (t, 1H), 7.7 (d, 1H), 7.3~
7.2 (m,J=8.1 Hz, 1H), 7.2-7.1 (m, J = 11.1 Hz, 1H), 6.8-6.7 (m, J = 8.1 Hz, 1H), 5.6-5.5 (m,
1H), 5.0-4.8 (m, 1H), 3.9-3.8 (m, 4H), 3.7 (s, 3H), 1.4 (s, 9H). *C NMR (101 MHz, CDCls)
0 176.7 (s), 170.6 (s), 170.2 (s), 156.0 (s), 155.5 (s), 137.7 (s), 136.5 (s), 129.2 (s), 123.5 (s),
109.5 (s), 80.0 (s), 53.0 (s), 51.6 (s), 44.0 (s), 43.7 (s), 28.3 (s). HRMS (ESI) m/z: [M + Na]"

calcd for CisH25N30s 402.1636; found 402.1637

Methyl(S)-2-((S)-2-((tert-butoxycarbonyl)amino)-3-methylbutanamido)-3-((7-oxocyclohepta-

1,3,5-trien-1-yl) amino)propanoate (11b). Peptide 11b was synthesized using a general
procedure for peptide coupling (the above-mentioned procedure) and purified by column
chromatography with the solvent system ethylacetate:hexane (40:60) and obtained as a yellow
gummy solid (53% yield). Rf = 0.53 (50% EtOAc/hexane). 'H NMR (400 MHz, CDCl3) § 7.7
(t, 1H), 7.3-7.1 (m, 3H), 6.8-6.7 (m, 2H), 5.3 (s, 1H), 4.9-4.8 (m, 1H), 4.1-4.0 (m, 1H), 3.9—
3.8 (m, 2H), 3.7 (s, 3H), 2.2-2.0 (m, 1H), 1.4 (s, 9H), 0.9 (dd, ] = 8 Hz, 6H). '*C NMR (101

MHz, CDCls) § 176.7 (s), 172.3 (s), 170.6 (s), 155.8 (s), 155.5 (s), 137.6 (s), 136.5 (s), 129.3

60



Chapter-2

(s), 123.5 (5), 109.6 (s), 79.7 (s), 59.6 (5), 52.9 (s), 51.6 (s), 43.6 (), 31.2 (5), 28.3 (s), 19.2 (s),

16.6 (s). HRMS (ESI) m/z: [M + Na]" caled for C21H31N306 444.2124; found 444.2105.

Methyl(S)-2-((S)-2-((tert-butoxycarbonyl)amino)-3-phenylpropanamido)-3-((7-oxocyclohepta
-1,3,5-trien-1-yl) amino)propanoate (11c¢). Peptide 11c was synthesized using a general
procedure for peptide coupling (the above-mentioned procedure) and purified by column
chromatography with the solvent system ethylacetate:hexane (40:60) and obtained as a yellow
gummy solid (50% yield). Rf = 0.50 (50% EtOAc/hexane). '"H NMR (400 MHz, CDCl3) § 7.6
(m, 2H), 7.3-7.1 (m, 8H), 6.8-6.7 (m, 2H), 4.9—4.8 (m, 1H), 4.5-4.4 (m, 1H), 3.8 (t, ] = 4 Hz,
2H), 3.7 (s, 1H), 3.2-2.9 (m, 2H), 1.3 (s, 9H). *C NMR (101 MHz, CDCl3) § 176.7 (s), 172.0
(s), 170.3 (s), 155.5(s), 155.4 (s), 137.7 (s), 136.5 (s), 129.3 (5), 129.3 (s), 128.5 (s), 126.9 (5s),
123.5 (s), 109.6 (s), 80.1 (s), 52.9 (s), 51.6 (s), 43.8 (s), 38.4 (s), 28.2 (s). HRMS (ESI) m/z:

[M + Na]" calcd for C25sH31N306 492.2105; found 492.2125.

Methyl2-(2-((tert-butoxycarbonyl)amino)propanamido)-3-((7-oxocyclohepta-1,3,5-trien-1-

yl)amino) propanoate (11d). Peptide 11d was synthesized using a general procedure for peptide
coupling (the above-mentioned procedure) and purified by column chromatography with the
solvent system ethylacetate:hexane (40:60) and obtained as a yellow gummy solid (55% yield).
Rf = 0.33 (50% EtOAc/hexane). '"H NMR (400 MHz, CDCl3) & 7.8 (s, 1H), 7.6 (s, 1H), 7.3—
7.1 (m,J=16.3, 8.9 Hz, 1H), 7.1-7.0 (m, J = 11.6 Hz, 1H), 6.7-6.5 (m, J = 10.5 Hz, 1H), 5.4
(s, 1H), 4.8-4.7 (m, J = 11.7, 5.6 Hz, 1H), 4.2-4.1 (m, J = 6.1 Hz, 1H), 3.8-3.7 (m, J = 11.1,
5.5 Hz, 1H), 3.7 (s, 1H), 1.3 (s, 3H), 1.3 (d, ] = 7.0 Hz, 1H). '*C NMR (101 MHz, CDCls) &
176.7 (s), 173.5 (s), 170.6 (s), 155.5 (s), 155.4 (s), 137.6 (s), 136.5 (s), 129.2 (s), 123.4 (s),
109.6 (s), 79.8 (s), 52.9 (s), 51.6 (s), 50.1 (s), 43.5 (), 28.2 (8), 18.6 (s). HRMS (ESI) m/z: [M

+ Na]" caled for C19H27N306 416.1792; found 416.1801.
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tert-Butyl-(2S)-2-((1-methoxy-1-oxo-3-((7-oxocyclohepta-1,3,5-trien-1-yl)amino)propan-2-

vl)carbamoyl) pyrrolidine-1-carboxylate (11e). Peptide 11e was synthesized using a general
procedure for peptide coupling (the above-mentioned procedure) and purified by column
chromatography with the solvent system ethylacetate:hexane (40:60) and obtained as a yellow
gummy solid (50% yield). Rf= 0.40 (50% EtOAc/hexane). '"H NMR (400 MHz, CDCl3) § 7.7—
7.3 (m, 1H), 7.3-7.0 (m, 1H), 6.7-6.6 (m, J = 9.5 Hz, 1H), 4.9-4.7 (m, 1H), 4.3-4.1 (m, 1H),
3.8-3.7 (m, 2H), 3.7 (s, 3H), 3.4-3.2 (m, 2H), 2.3-1.7 (m, 4H), 1.3 (s, 9H). 1*C NMR (101
MHz, CDCIl3) & 176.7 (s), 173.5 (s), 172.8 (s), 170.4 (s), 155.4 (s), 137.5 (s), 136.3 (s), 129.2
(s), 123.2 (s), 109.2 (s), 80.4 (s), 60.9 (s), 60.0 (s), 52.9 (s), 47.1 (8), 43.6 (5), 28.2 (8), 24.4 (),

23.6 (s). HRMS (ESI) m/z: [M + Na]" caled for C21H20N306 442.1949; found 442.1966.

Methyl(R)-(R)-(2-((tert-butoxycarbonyl)amino)-3-((7-oxocyclohepta-1,3,5-trien-1-yl)amino)

propanoyl)glycylglycinate (8h). Peptide 8h was synthesized using a general procedure for
peptide coupling (the above-mentioned procedure) and purified by column chromatography
with the solvent system ethylacetate:hexane (40:60) and obtained as a yellow solid (40% yield).
Rf = 0.40 (100% EtOAc/hexane). 'H NMR (400 MHz, CDCls) § 8.0 (s, 1H), 7.9 (s, 1H), 7.6
(s, 1H), 7.3-7.1 (m, J = 39.2, 22.4, 8§1H), 6.7-6.6 (m, 2H), 4.7-4.6 (m, 1H), 4.2-3.9 (m, 4H),
3.8-3.7 (m, 2H), 3.7 (s, 3H), 1.4 (s, 9H). *C NMR (101 MHz, CDCl3) § 176.5 (s), 170.9 (s),
170.3 (s), 169.5 (s), 156.3 (s), 155.9 (s), 137.7 (s), 136.3—-136.2 (m), 128.9 (s), 123.4 (s), 110.2
(s), 80.6 (s), 53.9 (s), 52.3 (s), 44.7 (s), 43.0 (s), 41.1 (s), 28.3 (s). HRMS (ESI) m/z: [M + H]"

calcd for C20H28N4O7 437.2036; found 437.2017.

Methyl((S)-2-(2-((S)-2-((tert-butoxycarbonyl)amino)-3-((7-oxocyclohepta-1,3,5-trien-1-
yl)amino)propanamido)acetamido)-3-((7-oxocyclohepta-1,3,5-trien-1-yl)amino)
propanoyl)glycinate (8i). Peptide 8i was synthesized using a general procedure for peptide
coupling (the above-mentioned procedure) and purified by column chromatography with the
solvent system MeOH:DCM (03:97) and obtained as a yellow gummy solid (38% yield). Rf =
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0.43 (100% EtOAc/hexane). 'H NMR (400 MHz, CDCls) & 8.4-8.2 (m, 3H), 7.9-7.8 (t, 1H),
7.7 (t, 1H), 7.2-7.1 (m, 4H), 7.1-6.9 (m, 2H), 6.9-6.7 (m, 2H), 6.7-6.5 (m, 3H), 5.2-4.9 (m,
1H), 4.8-4.6 (m, 1H), 4.0 (t, J = 8 Hz, 4H), 3.9-3.7 (m, 4H), 3.6 (s, 3H), 1.3 (s, 9H). 13C NMR
(101 MHz, CDCI3) & 176.4 (s), 171.6 (s), 170.4 (s), 170.3 (s), 170.2 (s), 156.1 (s), 155.7 (s),
137.6 (s), 137.5 (), 136.7 (s), 128.8 (s), 128.7 (s), 123.2 (s), 123.1 (s), 110.0 (s), 80.2 (s), 52.3
(s), 52.3 (s), 52.1 (s), 52.0 (s), 44.6 (s), 43.3 (s), 41.3 (s), 28.3 (s). HRMS (ESI) m/z: [M + Na]*

calcd for C30H3sN6O9 649.2592; found 649.2620.

Methyl(S)-2-((tert-butoxycarbonyl)amino)-3-(2,2-difluoro113,214-cyclohepta[d][1,3,2]

oxazaborol-3(2H)-yl)propanoate (12a). Bodipy 12a was synthesized using the above-
mentioned procedure and purified by column chromatography with the solvent system
ethylacetate:hexane (40:60) and obtained as ayellow gummy solid (40% yield). Rf = 0.40 (50%
EtOAc/hexane). '"H NMR (400 MHz, CDCl3) § 7.69-7.61 (m, 1H), 7.56 (t, J = 10.2 Hz, 1H),
7.44-7.32 (m, 1H), 7.16 (t, ] = 9.6 Hz, 1H), 5.54 (d, ] = 4 Hz, 1H), 4.58 (m, 1H), 4.34-3.97
(m, 2H), 3.79 (s, 3H), 1.42 (s, 9H). *C NMR (101 MHz, CDCl3) § 170.25 (s), 167.76 (s),
155.52 (s), 141.70 (s), 140.04 (s), 128.57 (s), 128.48 (s), 120.18 (s), 118.49 (s), 80.42 (s), 52.95
(s), 44.12 (s), 29.70 (s), 28.27 (s). 11B NMR (128 MHz, CDCls) 6 5.77 (t, J = 18.0 Hz). 19F
NMR (377 MHz, CDCl3) 8 —134.80—139.97 (m). HRMS (ESI) m/z: [M + Na]" caled for

Ci6H21BF2N205393.1556; found 393.1446.

Methyl  (S)-(2-((tert-butoxycarbonyl)amino)-3-(2,2-difluorol13,2l4-cyclohepta  [d][1,3,2]
oxazaborol-3(2H)-yl)propanoyl)glycinate (12b). Bodipy 12b was synthesized by stirring 6
with BF3-OEt2 with EtsN in DCM for 1 h-2 h at rt. The reaction mixture was monitored by
TLC and purified by column chromatography with the solvent system ethylacetate:hexane

(40:60) and 12b was obtained as a yellow gummy solid (35% yield). Rf = 0.40 (50%
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EtOAc/hexane). 'H NMR (400 MHz, CDCl3) § 7.77-7.68 (m, 1H), 7.59 (t, ] = 10.2 Hz, 1H),
7.50 (d, J=10.4 Hz, 1H), 7.39 (d, J = 10.0 Hz, 1H), 7.21 (t, ] = 9.7 Hz, 1H), 6.96 (s, 1H), 5.84
(s, 1H), 4.62 (dd, J=13.0, 6.7 Hz, 1H), 4.14-3.96 (m, 4H), 3.67 (s, 3H), 1.43 (s, 9H). *C NMR
(101 MHz, CDCI3) 6 170.42 (s), 169.51 (s), 167.71 (s), 160.83 (s), 155.58 (s), 142.01 (s),
140.01 (s), 128.82 (s), 120.31 (s), 119.11 (s), 52.30 (s), 41.30 (s), 41.25 (s), 29.68 (s), 28.17
(s). 11B NMR (128 MHz, CDCI3) 6 5.87 (t, J = 16.9 Hz). 19F NMR (377 MHz, CDCI3) &
—136.05 (dd, J = 233.4, 88.6 Hz). HRMS (ESI) m/z: [M + Na]" caled for Ci1sH24BF2N20s

450.1671; found 450.1660.
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Chapter 3

3.1 Introduction

Many biological processes involve protein-protein interactions (PPIs) and protein-nucleic acid
interactions (PNIs).12 The potential for therapeutic benefit from the development of medicines
that target these interactions is substantial. Yet, due to the wide and shallow binding surface,
tiny molecules hardly ever target these interactions. Structured peptides are thought to be
prospective therapeutic medication options due to their positive results in binding to protein
and nucleic acids in the repertoire of macromolecular ligands.®* To control numerous
biochemical processes, proteins and peptides create distinctive secondary structures, such as a-
helix, p-sheet, and S-turn.>’ Peptides are susceptible to proteolysis and are likely to lose their
secondary structure in solutions, which reduces their target selectivity. Further limitations of
peptides include low selectivity and poor cell permeability.® By limiting conformational
flexibility to increase metabolic stability and target specificity, various structurally modified
artificial amino acids and associated peptides are created as peptidomimetics to address these
issues.>1% The different peptidomimetics of the a-helix, s-sheet, and p-turn are created and
investigated for a variety of applications, such as medicinal behaviors and catalytic capabilities
in chemical synthesis.}*"*” The g-hairpin, which is created by joining two -strands through a
loop in an antiparallel manner, is another significant peptidomimetics.'®-?2 The development of
novel peptide-based nanomaterials and selective antibody binding are both greatly facilitated
by the antiparallel-hairpin peptides.?® D-pro/L-Pro and D-pro/L-Gly turns are incorporated into
peptides to create stable p-hairpins. Yet, in nature, S-hairpins with parallel strands are
uncommon. Using a dimethyl diamine linker, Gellman and colleagues created novel parallel -
hairpin peptides and thoroughly investigated their structural analyses utilising NMR and X-ray

analyses.?* In addition, the amide bonds and functional side chains of peptides act as naturally
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occurring coordinating metal ligands. For instance, Fe/Cu/Zn ions-peptide complexes have
important roles in controlling fundamental biological processes.? In the emerging field of
biochemical research for developing therapeutic drugs and diagnostic probes, reactive oxygen
species (ROS) generation regulation in living systems, metallopeptines play a major role.?%-
The most prevalent Copper-peptide, GHK-Cu(ll), for instance, is thought of as a natural
antioxidant and collagen-stimulating agent and may be found in human plasma and saliva.?®
Additional copper peptides (Cu(ll)-Amyloid p-peptides) are related to ROS regulation in
Alzheimer's disease.?® Cu(ll) ion coordinates with two histidine residues and the terminal
Aspl-Ala2 dipeptide, according to the structural analysis of the Cu(ll)-A peptide(Figure

3.1&).30-31

(a) Reported (b) This report (Rationally designed)

N 3

’N N =
\ \C 2+ =
Cu?*
o) /N
(o S o0
/ » \=/ Pro Pro

His "N ~_ /) s
Figure 3.1 (a) Reported model of AB-peptides-Cu(ll) complex; (b) Rationally designed

bioinspired ligand and metal complex from pseudopeptides.

Cu-Peptidomimetics may therefore be used in the creation of new medicinal medicines. In
addition to forming stable S-turn/sheet/hairpin structures, unnatural amino acids are being
investigated as peptide ligands for metal complexation. Pseudopeptides, the bioinspired
peptide ligands, have recently been created from achiral diamine and derivatives of amino acids
such amino amides and bioamine acids (amino amides).*>3* The Cu(ll) ions can also form
complexes with these pseudopeptides. A different analogue, ethylenediprolyl acid, is said to
create an EDTA-meditated Cu(ll)-complex in aqueous solution. Because of their cyclic

structures and flexibility, Pro and Gly residues are favoured in the literature for the
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development of g-turn type structures.®* Here, we present the rational design of novel
pseudopeptides that bind two short peptides together via an ethylenediprolyl (etpro) scaffold.
These pseudopeptides are likely to produce novel Cu(ll)-peptidomimetics and secondary
structures of the B-turn type in the presence of Cu(ll)-ions. The creation of ethylenediprolyl
(etpro) peptides, conformational analysis of those peptides, and Cu(ll)-complexation using

NMR, CD, Mass, EPR, and single crystal X-ray techniques are all included in this article.

3.1.1 Hypothesis and objective

In this article, the structural studies and synthesis of new pseudopeptides called
ethylenediprolyl (etpro) tetra/hexapeptides, which contain a chiral diamine dicarboxylate
scaffold, are discussed. It is highly supported by their NMR and CD spectrum investigations
that the p-turn-type structures occur in organic solvents (ACN/MeOH). Also, the tetra
pseudopeptide single-crystal X-ray experiments demonstrate that hydrogen bonding causes a
distinctive self-assembly structure of the p-strand type to develop in the solid state.
Significantly, its diamine moiety affects how Cu-complexes with Cu(ll) ions form. These
compounds might be taken into account for the development of peptide-based catalysts and

medicinal medication candidates.

3.2 Results and discussion

Here, we present a facile and elegant technique for joining two peptides at their N-termini
through an ethylene bridge. In order to improve the intramolecular hydrogen bonding in the
peptide backbone, which often affects the formation of S-turn forms of secondary structure, we
planned to manufacture organic solvent-soluble peptides, mostly using aprotic solvents. Since
Val and Phe are among the hydrophobic residues in non-polar amino acids and are therefore

simple to dissolve in organic solvents, we solely used these residues. Crucially, the steric
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effects of these thick side chain residues may allow for good selectivity over the structural
alterations of their peptides in solution. Using commercially available native L-amino acids.
3.2.1 Synthesis of Ethyleneldiprolyl peptides

we started the synthesis of etpro-peptide ligands with L-Proline residue at the N-terminus
(Scheme 3.1). The usual synthetic method of an amide bond was used. First the NBoc-Proline
(1), which was coupled with valine meythyl ester (2) by amide bond, producing N-prolyl
terminated di-peptide (3a). For the formation of tripeptide (3b), boc deprotection of di-peptide
(val-phe) was done and then coupled with boc proline. In order to create free amine at the N-
terminus of prolyl peptides, their NBoc groups of proline residue were then removed under
acidic conditions (20% TFA). This allowed for the N-alkylation with 1,2-dibromo ethane to
occur under basic conditions. As a result, the intended etpro-tetra-peptides (4a) was extracted
from the corresponding di-peptides (3a) whereas the desired etpro-hexapeptides (4b) were

obtained in good yield from the tri-peptides (3b).

Scheme 3.1 Synthesis of Ethylenyldiprolyl (etpro) peptides
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Our analysis of their 1D/2D-NMR and HRMS spectra revealed the structure of the
corresponding peptides (4a, 4b). In the literature, the synthesis of metalated peptides using
achiral diamines as peptide-based ligands is described.®? The freshly formed pseudopeptides
(4a, 4b) contain chiral diamine residues, which may offer a special opportunity to control the
secondary structure in small peptides and novel chiral peptide ligand for the synthesis of

metallopeptides with coordinating metals.

3.2.2 Conformational analyses

Also, using 2D-NMR techniques, we looked at the potential structure of those pseudopeptides
(4a, 4b) in the solution phase. As a result, we captured the 2D NMR (COSY/NOESY) spectra
of peptides in solvent CDCls. We also looked in to the 2D NMR spectra of control peptides
(3a, 3b) for comparison. We attributed the chemical shift of protons in pseudopeptides (4a,
4b). In 2D-NOESY NMR spectra, the control di-peptide (3a) only displays two NOE cross-
peaks, such as Val-CHs with BocCHs and Val-CH with BocCHs, but no NOE with amide NH.
Amide NH(e) displays NOE cross-peaks with VVal-CHzs in its tetra-peptide (4a), as well as other
NOE interactions with Val-CH(d) with Val-CHzs(b), Val-CH(d) with OCHs, and Val-CH3 with
OCHes. Tetra-peptide (4a) had more divergent NOE interactions than the control di-peptide
(3a), which may be related to the formation of the hairpin configuration (Figure 3.2A). Both
amide NH do not display NOE interactions in the control tri-peptide 3c. They do, however
exhibit NOE cross-peaks like BocCHs with side chain Val (8-CHs/a-CH). In its hairpin hexa-
peptide (4b), amide NH’s have NOE cross-peaks such as NH(K) with Pro-CH/Val-a-CH/Val-
p-CHs and NH(g) with Val-CH/Val-CHs/Phe-a-CH/Phe-p-CH2. In  contrast to the
corresponding control di-/tri-peptides, the amide NH of the tetra-/hexa-peptides (4a, 4b) has
NOE cross-peaks with other CH peaks (3a, 3b). These findings clearly suggest that a g-turn

kind of structure, most likely a s-turn type of structure, formed (Figure 3.2A).
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Figure 3.2 2D NMR (NOE) analyses: (A) NOE interactions in hairpin peptides 4a, 4b and (B)

Selective NOE assessments of peptide 4b.

3.2.3 DMSO D6 Titration study

By using *H-NMR techniques, we also investigated the hydrogen bonding between amide N-
H and C=0 of peptides. One of the well-known method to identify the
intramolecular/intermolecular hydrogen-bonded amide N-H is DMSO-ds titration *H-NMR
experiment in solution phase.® In order to compare tetra pseudopeptides to the control peptides
3a, 3b we did the DMSO-ds titration *H NMR experiment with peptides 4a, 4b in CDCls. We
plotted the NMR titration profiles (Chemical shift of amide NH vs. concentration of DMSO-
ds) and extracted the chemical shift values of their amide NHSs in varied concentrations of
DMSO-ds. Prolyl acetamide N-H of Pro-Val in peptides 3a, 3b/4a, 4b exhibit nearly identical

chemical shifts when DMSO-ds concentration increases.
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Figure 3.3 (A) DMSO-ds titration NMR profile of peptides 3a, 3b/4a, 4b; and (B) Proposed

Hydrogen bonding in etpro-peptides 3a, 3b/4a, 4b.

However, non-prolyl amide N-H’s (Val-Phe) of 3b/4b are significantly downfield
shifted with the increasing concentration of DMSO-ds. Thus, only prolyl acetamide N-

H’s of 3a, 3b/4a, 4b are involved in the intramolecular hydrogen bonding in solution
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(CDCIs), with the NBoc carbonyl group. In literature, the prolyl di-peptides (Xaa-
Pro/Pro-Xaa) reportedly form the S-/y-turn and open type conformation in solid states.?>
36-37 Hence we proposed the possible intramolecular hydrogen bonding (N-H---O=C) in
control peptides (3a, 3b) form y-turn (Figure 3.3A), while etpro-peptides (4a, 4b) form
p-turn types structure in chloroform (CDCls) solution (Figure 3.3B).

Further, we recorded circular dichroism (CD) spectra of etpro-peptides (4a, 4b) in
acetonitrile (ACN)/methanol (MeOH) and compare with control peptides (3a, 3b). In
literature, fS-/y-turn/f-sheet also exhibit characteristic signal as maxima Azoonm and
minima A220nm.283% The control dipeptide 3a exhibit y-turn type weak CD signal
(max/min) only in ACN, while control tripeptides 3b possibly exhibit s-/y-turn type
signal in both solvents ACN/MeOH (Figure3.4). The CD spectra of etpro-peptide 4a
exhibit characteristics g-turn/g-strand type of CD signal such as maxima at wavelength
210nm (A210nm) and minima at 230nm (A23onm) in both solvents ACN/MeOH. However,
the CD spectra of 4b exhibit two maxima at wavelength ~200nm/220nm and one
minima at wavelength ~230nm in both solvents ACN/MeOH. The typical CD signal of
peptides appears mainly due to electronic transitions of amide bonds as n-n* at
wavelength ~222nm and n-n* (parallel and perpendicular) at ~199nm and ~208nm.*°
The bathochromic and hypsochromic shifts are also observed in CD spectra of peptides
in the different dielectric constant solvent environments. However, there is no linear
correlation between CD signal and the dielectric constant of the solvents. Hence, CD
spectra of etpro-pseudopeptides (4a, 4b) exhibit a marginal bathochromic shift of g-turn
type structure in organic solvents. However, the CD signals of etpro-peptide (4a) are
more prominent than etpro-peptides (4b). Since peptide 4b have additional phe residue
which probably enhance the hydrophobic interactions with Val side chains and perturb

the hydrogen bonding (N-H----O=C). As resultant regular S-turn structures are affected.
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The DMSO NMR titration studies also suggest that phenyl-NH’s are not involved in

intramolecular hydrogen bonding.

3.3.4 Circular Dichroism study

We have also recorded the temperature-dependent CD spectra of annealed etpro-
peptides (4a, 4b) and control peptides (3a, 3b) in ACN as solvent. The characteristic
CD signal of control peptides (3a, 3b) significantly decreases with temperature
compared to the etpro-peptides 4a, 4b. These results strongly support the formation of
thermally stable S-turn type of structure with etpro-peptides, prominently in 4a, in
organic solvent ACN. The g-turn is a structural motif common to many proteins and
cyclic peptides, which are considered as potential mimicry of drug like small molecules
such as ligand of GPCR (G-protein coupled receptor).** Recently, Miller and co-workers
have explored g-turn peptide motif in development of peptide based catalyst.3® Hence

these pseudopeptides (4a, 4b) could be a new analogues of native g-turn motifs.
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Figure 3.4 CD spectra of control and etpro-Peptides (A) in ACN and (B) in MeOH.
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Figure 3.5 Temperature dependent CD spectra of control and etpro-Peptides in ACN.

3.3.5 Metalation of ethylene Ethylenediprolyl peptides

To explore metal coordinating properties of etpro-Peptides, we treated pseudopeptides 4a, 4b
with Cu(OAc)2 under basic reflux conditions in ethanol and then characterized by ESI-HRMS
(Scheme 3.2). We compared the observed HRMS values of peptide ligands (4a, 4b) and their
complexes (Table 3.1). In the case of peptide 4a, the observed HRMS values of etpro-peptide
is increased by m/z ~61.0 that matches with m/z of [Cu?*], which strongly supported the
formation of Cu(ll) complex by deprotonation of two amide N-H’s of peptide 4a as the
proposed structure 4a-Cu, We also obtained the similar mass results with other peptides 4b.
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Thus our HRMS analyses strongly supports the formation of etpro-peptide-Cu(ll) complex

stoichiometrically with 1:1 ratio of peptides (4a, 4b) and Cu ions.

Scheme 3.2 Synthesis of etpro-peptides-Cu(ll) complexes

/ /
OO 0 o
O—( ° NaHCO;, ° GJLI( i
Cu(OAc)z
\ 2+
EtOH Reflux, 6 h \ H
N HN ,,. N\)J\ e
Q n|§ (0] (o) Ir i (0]
0 O /\
\ ©
4a

4a-Cu 4b-Cu

Table 3.1 Comparative HRMS analyses of Peptide ligand and their complexes

Entry Etpro- HRMS-Ligand HRMS-Complex AHRMS™
Peptides
1 4a 483.3174 (Obs.) 544.2313(Obs) 60.9139 (Obs)
483.3177(Calcd.) 544.2317(Calcd.)
2 4b 777.4552 (Obs.) 838.3751 (Obs) 60.9199 (Obs)
777.4545(Calcd.) 838.3685 (Calcd)

3.3.6 EPR Study of Cu-peptides

The Cu(ll)-complex with pseudopeptides ligands are well studied by EPR.*? We also
recorded EPR spectra of etpro-peptides 4a-4b Cu(ll) in solvent MeOH at freezing
temperature 100K. The EPR spectra of 4a-Cu(l1) and 4b-Cu(ll) complex is depicted in
(Figure 3.6). The EPR spectra of peptide (4a)-Cu(ll) complex indicate the gn values

(2.4-2.1) are higher than g, (2.03) and ge as agreement giu>g.>ge. The EPR spectra of
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Cu(ll)-peptide distorted square planar/pyramidal are reported and exhibit nearly the
same.***4 The results are consistent with other pseudopeptides 4b under similar freezing
conditions. Hence etpro-peptides 4a-4d form a stable distorted square planar complex
with Cu(ll) stoichiometric ratio (1:1). The metal complex of pseudopeptides comprising
non-chiral diamine has shown remarkable self-assembly structural and functional
properties.*® Hence the Cu(ll) complexes of pseudopeptides (4a, 4b) containing chiral

ligands could exhibit the similar structures and functions.
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Figure 3.6 EPR spectra of etpro-peptide Cu-complex 4a-Cu (A) and 4b-Cu (B).

3.3 Conclusions

The syntheses of ethylenediprolyl (etpro) pseudopeptides, comprising achiral diamine
linker, are accomplished from native di/tri-peptides using amino acids like pro, val, and
phe. The DMSO ds titration NMR suggests the possible intramolecular hydrogen
bonding (N-H---O=C) in control peptides (3a, 3b) form y-turn while etpro-peptides (4a,
4b) form g-turn types structure in chloroform in CDCls. Their NMR and CD analytical
results reveals the formation of a unique fS-turn type of conformational structure in
organic solvents (ACN/MeOH) in solution phase. The formation of Cu(ll) complex with

etpro-pseudopeptides are demonstrated successfully by HRMS and EPR techniques.
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Hence ethylenediprolyl pseudopeptides are new peptidomimics to form g-turn type of
secondary structure in solution state and Cu(ll)-complex. These peptide could be
considered as an potential pseudopeptides ligand for various applications including
inhibitor of Ap-peptides and synthesis of metallopeptide based catalyst which are

emerging area of research.

3.4 Experimental Section
3.4.1 Material and Instrumentation

The materials were purchased from commercial suppliers and used without purification.
Anhydrous DMF was freshly prepared by distilling over calcium hydride. Reactions were
monitored by thin-layer chromatography, visualized by UV and ninhydrin. Column
chromatography was performed in 230—400 and 100—200 mesh silica. Mass spectra were
obtained from a Bruker MicroTOF-Q Il spectrometer. NMR spectra were recorded on Bruker
AV-700 MHz and Bruker AV-400 *H (400 MHz), **C (100.6 MHz). *H and 3C NMR chemical
shifts were recorded in ppm downfield from tetramethylsilane, and splitting patterns are
abbreviated as s, singlet; d, doublet; dd, doublet of doublet; t, triplet; g, quartet; dg, doublet of
the quartet; m, multiplet. CD experiments were performed on JASCO-J 1500. All CD
experiments were performed at 20°C, and the recorded two scans were averaged and from 310

to 190 nm wavelengths.

3.4.2 General Procedure for Peptide Coupling

NBoc protected amino acid (1.0 eq.) and amino acid ester (1.2 eq.), HOAt (1.3 eq.), were
dissolved in dry DMF solvent. This reaction mixture was stirred for 10 min, then N-methyl
morpholine (3.0 eq.) was added dropwise and cooled to 0°C followed by addition of EDC.HCI
(1.3 eq.). Further, this mixture was heated to 55°C for 8—12h. The reaction was monitored by

TLC. After completion of reaction, the crude reaction mixture was concentrated under reduced
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pressure. This crude mixture was purified by column chromatography with organic solvent
system, EtOAc, and hexane. The purified peptide was characterized by *H-/**C NMR and ESI-

HRMS (ESI-ToF) techniques.

3.4.3 General Procedure for Synthesis of diprolyl Peptides (4a, 4b)

The di/tripeptides (2.0 eq.) were added to ACN along with base K2CO3s and allowed to stir at
room temperature (rt) for 30 min. Dibromoethane (1 eq.) was added to the mixture at rt
followed by heating at 65°C. The completion of reaction was monitored by TLC. The crude
reaction mixture was concentrated under reduced pressure. The concentrated crude mixture
was purified by column chromatography with organic solvent system MeOH and DCM. The

obtained product was characterized by *H/**C NMR and ESI-HRMS techniques.

3.4.4 General Procedure for Metalation of Peptides

Corresponding peptides (1 eq.) were dissolved in EtOH. To this solution, NaHCO3 was added,
and pH 9 was maintained. Then the solution was allowed to stir for 15 min at rt. Two eq. of
Cu(OAc)2 was added to this reaction mixture followed by refluxing for 6 h. The completion of
reaction was monitored by TLC. The crude reaction mixture was filtered through Celite, and

the filtrate was evaporated under reduced pressure.

3.4.5 Chemical shift values of NMR

Dimethyl-2,2"-(((2S,2'S)- 1, 1"-(ethane-1,2-diyl)bis(pyrrolidine-1,2-diyl-carbonyl))bis

(azanediyl)) (2S,2'S) bis(3-methylbutanoate) (4a). Peptide 4a was synthesized by the general
procedure for synthesis of hairpin peptide (the above-mentioned procedure) and purified by
column chromatography with solvent system methanol:.dichloromethane (2:98) as a pale
yellow semiliquid (0.5 g, 51% yield). 'H NMR (400 MHz, CDCI3) & (ppm) 8.01 (d, J = 8.0

Hz, 2H), 4.52 (dd, J = 4.0, 8.0 Hz, 2H), 3.74 (s, 6H), 3.27 (m, 2H), 3.12 (dd, J = 4.0, 4.0 Hz,
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2H), 2.82—2.77 (m, 2H), 2.77-2.68 (m, 2H), 2.41-2.36 (m, 2H), 2.23—2.18 (m, 4H), 1.91-1.76
(m, 6H), 0.93 (dd, J = 4.0, 8.0 Hz, 12H). 3C NMR (101 MHz, CDCI3) §(ppm) 174.8, 172.1,
67.7,56.2, 55.1, 54.4, 51.8, 31.2, 30.8, 24.2, 18.9, 17.6. HRMS (ESI) m/z: [M + H]* calcd for

C24H43N4O¢ 483.3177; found 483.3174.

Dimethyl-2,2"-(((2S,2'S)-2,2"-(((2S,2'S)-1, 1 -(ethane-1,2-diyl)bis-(pyrrolidine-1,2-diyl-2-
carbonyl))bis (azanediyl))bis(3- methylbutanoyl))bis(azanediyl))(2S,2'S)bis(3-
phenylpropanoate) (4b). Peptide 4b was synthesized by the general procedure and purified
by column chromatography with solvent system methanol:dichloromethane (3:97) as a pale
yellow semiliquid (1.0 g, 45% yield).1 H NMR (400 MHz, CDCI13) & (ppm) 7.97 (d, J = 4.0
Hz, 2 H), 7.30~7.28 (m, 4 H), 7.24-7.22 (m, 2 H), 7.14 (d, J = 8.0 Hz,4 H), 6.68 (d, ] = 8.0
Hz, 2 H), 4.79 (d, J = 4.0 Hz, 2 H), 4.17-4.13 (m, 2 H), 3.68(s,6H), 3.09-3.07 (m, 8 H),
2.66-2.64 (m, 2 H), 2.50-2.48 (m, 2 H), 2.25-2.19 (m, 2 H), 2.13-2.08 (m, 4 H), 1.88— 1.85
(m, 2 H), 1.74-1.73 (m, 4 H), 0.90 (d, J = 8.0 Hz, 12 H). 13C{1 H} NMR (101 MHz, CDCI3)
o (ppm) 175.2,171.8, 170.8, 135.9, 129.2, 128.6, 127.1, 67.9, 58.3, 54.9, 54.1, 53.3, 52.2,
37.8,30.8, 30.6, 24.2, 19.2, 18.2. HRMS (ESI) m/z: [M + H]* calcd for C42He1NsOs

777.4545; found 777.4552.

Tetrapeptide-Cu(ll) Complex (4a-Cu). 4a-Cu was synthesized by the general procedure as a
dark blue semiliquid. HRMS (ESI) m/z: [M + H]" calcd for C24H41N4OsCu 544.2317; found

544.2313.

Hexapeptide-Cu(ll) Complex (4b-Cu). 4b-Cu was synthesized by the general procedure as a
blue semiliquid. HRMS (ESI) m/z: [M + H]" calcd for Ca2HseNeOsCu 838.3685; found

838.3751.
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Chapter 4a

4a.1 Introduction

A broad variety of naturally occurring, synthetic, biologically and pharmaceutically active
compounds contain the structural motif of the isoindolinone scaffold. Pagoclone, indoprofen,
erinacerins, lennoxamine, lenalidomide, isohericenone, pazinaclone are some of the examples
(Figure 4a.1a).'® These molecule show, antioxidant, antifungal, anti-parkinsons, anti-
inflammatory, antipsychotic, antihypertensive, anesthetic, vasodilatory, anxiolytic, antiviral,
anti-cancer activities. The classical synthesis of isoindolinone derivatives involves
challenging multi-step synthetic strategies.*® Recent years have seen the emergence of C-H
olefination and C-H activation as synthetic techniques for the synthesis of different natural
products and their precursors.”® With Pd-catalyst, Maiti and colleagues have created a
number of impressive C(sp? )-H olefination methods.*'® He has also explored substrate-
specific C(sp? )-H olefination with Co-/Rh catalysts.’®?! In the presence of transition metal
catalysts, (Au, Co, Cu, In, Ir, Ni, Pd, Rh, Ru, Sc, Yb, and Zn) the synthesis of isoindolinone
derivatives has also been achieved using activated arylamides and non-reactive olefins
(Figure 4a.1b).?? The arylamide-containing tolyl sulfonate (Ts), methyl sulfonate (Ms), and

alkoxides are capable of complexing metals in the presence of external ligands.

Additionally, the directing group with acrylamides has been utilised in the synthesis of
isoindolinone derivatives from non-activated olefins through C-(sp? )-H olefination.?® For
example in the presence of a Pd(ll)-catalyst, the quinoline directing group with arylamides
produces N-quinolinyl substituted isoindolinones from acrylate. N-tosylated benzamide,
however, requires the ligand to produce isoindolinone derivatives from olefins using Pd-
catalyzed olefination.?*?° Peptides and amino acids have been used as directing groups and

ligands in a variety of transition metal-catalysed C-H olefination and activation reactions
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because they are natural ligands of many transition metals.?® Yu and coworkers have
investigated employing amino acids/peptides as the ligand or directing group in the metal-
catalysed C(sp®)—H functionalization of di-/tri/tetra-peptides at the N-terminus/site-specific
C-H alkynylation/s-C—H arylation.?”?° Albericio has demonstrated the synthesis of stapled-
peptides by the late-stage C(sp®)—H activation.®*3! 2-Thiomethylaniline used as a directing
group for C(sp®)-H functionalization of N-protected amino acids at the S-position with
different aryl halides shown by Tran and Daugulis.®> The metal-catalysed C-H olefination
amino acids and peptides has opened up possibilities for the synthesis of numerous synthetic
and natural peptide analogues.®*3* A new approach for synthesising substituted aryl amide
derivatives, metal catalysed olefination of ligand-enabled aryl amide with olefinsis an
emerging synthetic methodology.'® 34! Recently, Maiti and co-workers have investigated
template-based regioselective C-H olefinations with inactive aliphatic olefins using Pd(Il)-
catalysed 8-AQ as a directing group.®”** Wang and colleagues showed how to produce
benzosultam peptidomimetics at benzylsulfonamide by the ortho-olefination reaction and
cyclization reaction by Pd(ll)-catalysed reactions.** These findings motivated the
investigation of the synthesis of isoindolinone derivatives from arylamides of naturally
occurring amino acids and olefins. This study describes the synthesis of N/C3-substituted
isoindolinone molecules using a Pd(ll)-catalyst from benzamides of natural amino acid

derivatives.
4a.1.1 Hypothesis and objective

This study discusses the Pd-catalysed C(sp? )-H olefination process used to produce N-alkyl-
3-methenyl chiral isoindolinone derivatives from aryl amides of L-amino acids and non-
activated alkene. Here, the olefination of aryl ring is directed by the amino acid residue, and

the amide NH then undergoes cyclization. Therefore, this approach may be useful to convert

92



Chapter-4a

common amino acids into their corresponding chiral isoindolinone derivatives (Figure

4a.lc).
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Figure 4a.1 (a) Isoindolinone and related natural products, (b) the previously reported

isoindolinone, and (c) the isoindolinone reported in this paper.

93



Chapter-4a
4a.2 Result and discussion
4a.2.1 Synthesis of Chiral isoindolinone derivatives

This research began by synthesizing isoindolinone derivatives from the natural amino acid
glycine (Scheme 4a.l). Using amide coupling conditions, the benzoic acid (2) was
transformed into benzamide glycinate (3) and then olefination took place in sp? C—H bond of
benzamide (3) with nonreactive acrylate (4) in the presence of the catalyst Pd(OAc)2 (10
mol%) and the additive AgOAc (oxidant) under the heating conditions (100°C). There was
only one product isolated with silica gel column and it was characterized by NMR, and ESI-
HRMS. The analytical findings provided solid support for the development of 3-acrylatyl-N-

glycinyl isoindolinone derivatives (6) rather than an olefin compound 5.

Scheme 4a.1 Synthesis of 3-methylenyl-N-alkyl chiral isoindolin-1-one molecules
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The same results were carried out using other acrylates such as ethyl acrelete (4b) and n-butyl
acrelate (4c) which also produced isoindolinone derivatives (6b-6c) respectively. Compound
6a was isolated into a single crystal, which was then examined using X-ray diffraction. The
CCDC received the solved X-ray data under reference number 2098113. Along with the unit
cell packing diagrams, the ORTEP diagram is also shown (Figure 4a.2). Compound 6a's
trans-(E)-acrylatyl glycinyl isoindolinone molecule was identified by its crystal structure. Its
packing diagram shows how a supramolecular structure of the p-sheet type self-assembles.
By carrying out identical reactions repeatedly with various substrate benzamide/acrylate,
catalyst Pd(OAc)2, oxidant (AgOAc), solvent, reaction time and temperature concentrations,
the reaction conditions were also optimized for the highest yield (Table 4a.1). With 10%
mole Pd(OAc)2 and 3.0 eq. of AgOACc the optimal conditions resulted in a maximum vyield of

80% in HFIP after 24 hours at 100 °C.

Figure 4a.2 (a) ORTEP diagram and (b) Unit cell of acrylatyl glycinyl Isoindolinone 6a.
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Table 4a.1 Optimized reaction condition

OEt 0 O om
Y D
o N

o
M
0 Pd(OAc), o 6a

1a AgOAc,HFIP OEt
100°C, 24h

Entry Solvent Ethylacrylate AgOAc Pd(OAc), Time Temperature Yield

(eq) ()  (molw) () (°C) (%)
DCE 2 3 10 24 100 47
Dry 2 3 10 24 100 24
DMF
3 Dry 2 3 10 24 100 Trace
ACN
4 HFIP 2 3 10 24 100 81
5 'BuOH 2 3 10 24 100 77
6 HFIP 2 3 10 24 100 39
(AgCO3)
7 HFIP 2 2 10 24 100 54
(AgCO3)
8 HFIP 2 3 10 24 100 52
9 HFIP 2 3 0.5 24 100 62
10 HFIP 3 3 10 24 100 69
1 HFIP 4 3 10 24 100 80
12 HFIP 2 3 10 24 70 56
13 HFIP 2 3 10 24 130 68
14 HFIP 2 3 10 24 150 65
15 HFIP 2 3 10 6 150 Nd
16 HFIP 2 3 10 18 150 65
17 HFIP 2 3 10 30 150 68

4a.2.2 Substrate scope using various amino ester

For the synthesis of chiral isoindolinone derivatives, chiral benzamide was synthesized from
naturally occurring chiral L-amino acid esters (Ala-OMe/Val-OMe/Phe-OMe/phenylglycine-
OMe) (Scheme 4a.2). Different acrylates (4) were treated with these chiral benzamides under
the previously optimized conditions for Pd(11)-catalysed olefination and cyclization reactions.
As a result, 3-acrylatyl-N-alanyl isoindolinone derivatives (6d— 6f) were prepared from an
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alanine ester benzamide (3b), and the respective methyl acrylate (4a), ethyl acrylate (4b) and
butyl acrylate (4c). Similarly, 3-acrylatyl-N-valinyl isoindolinone derivatives (6g—6i) were
prepared from a valine ester benzamide (3b) and the respective methyl/ethyl/butyl acrylates

(4a— 4c).

3-acrylatyl-N-phenylalanyl isoindolinone derivatives (6j—6l) from benzamide of
phenylalanine ester (3c) and respective methyl/ethyl/butyl acrylates (4a—4c), the 3-acrylatyl
N-phenylglycinyl isoindolinone derivatives (6m-60) from a phenylglycine ester benzamide
(3d) and respective methyl/ethyl/butyl acrylates (4a—4c) with moderate to good vyield.
Therefore, using alternative chiral amino acid esters as a starting point, this synthetic

approach might be used to create substituted chiral isoindolinone derivatives.

scheme 4a.2 Synthesis of Chiral isoindolinone derivative using verious amino ester
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4a.2.3 Substrate scope using using different aryl groups

Additionally, under Pd-catalysed optimised reaction conditions, the synthesis of aryl-
substituted isoindolinones from various arylamides of glycinates and methyl acrylate was
investigated (Scheme 4a.2). The isoindolinone derivatives (6p/6q), generated by the
ortho/para-methyl substituted benzamides (3g/3f), respectively. However, isoindolino
derivatives were not formed by p-tert-butyl benzamide (3h), p-nitro benzamide (3i), p-fluoro
benzamide (3j), p-bromo benzamide (3k), and p-iodo benzamide (3I). It's interesting to note
that p-iodo benzamide produced Heck arylated olefin product as p-acrylatyl benzamide (6r)
instead of isoindolinone derivatives. The ptert-butyl substituted benzamide could become
vinyl substituted benzamide and prevent the Pd(Il)-complex formation and the inhibit ortho-
C—H activation (Scheme 4a.3). The electron density at the aryl ring of benzamide may have
dropped due to the electron-withdrawing groups that destabilized the Pd(Il)-aryl
complexation before the C—H activation. Therefore, a benzamide cointaining a electron-
donating group produced substituted isoindolinone derivatives with the Pd(l1)-catalyst. The
viability of employing acrylic acid and acrylonitrile in the previously optimised conditions to

synthesise isoindolinones from benzamide of amino acid esters (Gly/Ala/Val) was then
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evaluated. There was no evidence of the required isoindolinone production For the Pd-
catalysed C-H activation and production of cyclic isoindolinone compounds, benzamide is

therefore essential.

Scheme 4a.3 Synthesis of Chiral isoindolinone derivative using different aryl groups

O
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4a.2.4 The proposed reaction mechanism

The reaction mechanism for the Pd(I1)-catalysed synthesis of isoindolinone is proposed here.
the amino acid residue of N-benzoyl of amino acid (3) to serve as a directing group and form
a Pd(11)-complex with Pd(OAc):2 as a bicyclic palladacyle intermediate (1-1) by the C(sp?)-H
activation of the ortho-aryl C—H bond. In step 2, the development of another intermediate (I-
2) by insertion of an acrylate olefin at Pd-complex (1-1) by replacing the acetate ligand. In
step 3 Another reactive bicyclic palladacyle intermediate is influenced by the migration of the
olefin to the aryl group (ortho-position) (1-3), which facilitates the S-hydride elimination and
forms unstable orthoolefinated aryl amide (5) in situ. In step 4, Compound 5 again
generates bicyclic palladacycle intermediate 1-4 from intramolecular olefin C(sp?)-H
activation. In step 5 The stable cyclic molecule isoindolinone (6) is formed when the
intermediate (1-4) is reductively eliminated by the formation of a C-N bond. In the last step,

by oxidising Pd(0) to Pd(Il) using the oxidant AgOAc, the Pd(Il)-catalyst is regenerated. The
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double C(sp?)-H activations therefore involved the production of isoindolinones from N-

benzoyl amino acid and acrylate olefin in the presence of the Pd(l1)-catalyst (Figure 4a.3).

OEt
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Figure 4a.3 The proposed reaction mechanism of isoindolinone synthesis.

4a.3 Conclusion

In the presence of a Pd(ll)-catalyst, N-substituted trans-isoindolinones have been effectively
synthesised from N-benzamide/arylamide of L-amino acid derivatives and inactivated olefins.
The amino acid residue in this case served as a guiding group for mono ortho-olefination at
the aryl (phenyl) ring by in situ C(sp?)-H activation, which was followed by a cyclization
reaction with a second C-H activation at the intermediate aryl-olefin. Therefore, using

naturally occurring L-amino acid residues as starting points and analogues of erinacerin
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natural products as starting points, this approach might be employed to manufacture different

N-substituted isoindolinone derivatives.

4a.4 Experimental Section
4a.4.1 Materials and instrumentation

All the required materials were obtained from commercial suppliers and used without
purification. The dry DMF and ACN were freshly prepared by distilling them over calcium
hydride. The reactions were monitored using thin-layer chromatography, and visualized using
UV light and ninhydrin. Column chromatography was performed through 100-200 mesh
silica. Mass spectra were obtained using a Bruker micrO TOF-Q Il spectrometer. The **C-
and *H-NMR spectra were recorded on a Bruker AV-400 NMR spectrometer *H (400 MHz),
13C (100.6 MHz). *H and **C-NMR chemical shifts were recorded in ppm downfield from the
tetramethyl silane, and the splitting patterns are abbreviated as s, singlet; d, doublet; dd,

doublet of doublets; t, triplet; g, quartet; dg, doublet of a quartet; m, multiplet.
4a.4.2 General procedure for amide synthesis

Benzoic acid was dissolved in DMF and then the triethylamine (TEA, 3.0 eq.), EDC.HCI (1.3
eq.) and HOAt (1.3 eq.) were added, followed by the resulting amino acid methyl ester (1.2
eq.). Next, this mixture was heated to 60 °C for 8-12 h, and the reaction was monitored by
TLC. The crude reaction mixture was concentrated under reduced pressure before water was
added. The aqueous layer was extracted with EtOAc. The organic layer was combined, dried
over anhydrous Na2SOs4, and concentrated under reduced pressure. The residue was purified
by column chromatography with an EtOAC/hexane solvent system to yield the corresponding

substrates.
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4a.4.3 General procedure for Pd-catalysed reactions

Typically, the amide substrates were placed in a 15 ml sealed reaction tube under the
indicated reaction conditions. The mixture was stirred at 100 °C for 12—-24 h, cooled to room
temperature, and then diluted with EtOAc. The resulting solution was filtered through a celite
pad, concentrated under reduced pressure and the product was further purified by column
chromatography with an EtOAc/hexane solvent system and was typically obtained as a white

solid.

4a.4.4 Chemical shift values of NMR

Methyl 2-benzamidoacetate (3a). 'H-NMR (400 MHz, CDCls) § 7.82 (d, J = 7.5 Hz, 2H),
7.48-7.38 (m, 1H), 7.38-7.26 (m, 2H), 4.12 (d, J = 5.5 Hz, 2H), 3.65 (s, 3H). 3C-NMR (101
MHz, CDCI3) ¢ 170.55, 168.11, 133.48, 131.67, 128.40, 127.22, 52.13, 41.62. Pale yellow
solid (77% vyield). ESI-HRMS m/z [M + Na]* calcd for CioH1:NOsz 216.0621, found

216.0631.

Methyl (E)-2-(2-(2-methoxy-2-oxoethyl)-3-oxoisoindolin-1- ylidene) acetate (6a). *H-NMR
(400 MHz, CDCI3) 6 9.02 (d, J = 7.9 Hz, 1H), 7.82 (d, J = 7.4 Hz, 1H), 7.63 (t, ] = 7.7 Hz,
1H), 7.54 (t, J = 7.4 Hz, 1H), 5.46 (s, 1H), 4.51 (s, 2H), 3.74 (s, 3H), 3.70 (s, 3H). *C-NMR
(101 MHz, CDCI3) o 165.67, 164.80, 163.92, 145.95, 131.70, 131.52, 129.39, 127.42,
126.16, 121.42, 96.17, 50.67, 49.65, 38.87. White solid (81% vyield). ESI-HRMS m/z [M +

H]" calcd for C14H13NOs 276.0866, found 276.0839.

Ethyl (E)-2-(2-(2-methoxy-2-oxoethyl)-3-oxoisoindolin-1- ylidene) acetate (6b). 'H-NMR
(400 MHz, CDC13) 8 9.10 (d, ] = 7.9 Hz, 1H), 7.89 (d, ] = 7.4 Hz, 1H), 7.69 (t, 1H), 7.60 (t, J
= 7.3 Hz, 1H), 5.53 (s, 1H), 4.58 (s, 2H), 4.27 (q, J = 7.1 Hz, 2H), 3.78 (s, 3H), 1.35 (t, J =

7.1 Hz, 3H). **C-NMR (101 MHz, CDCI3) § 167.84, 166.96, 165.64, 147.84, 133.88, 133.59,
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131.43, 129.55, 128.32, 123.51, 98.86, 60.68, 52.79, 40.99, 14.31. Yellow solid (62% vyield).

ESI-HRMS m/z [M + H]" calcd for C1sH1sNOs 290.1023, found 290.0990.

Butyl (E)-2-(2-(2-methoxy-2-oxoethyl)-3-oxoisoindolin-1- ylidene acetate (6¢). *H-NMR (400
MHz, CDCI3) § 9.10 (d, J = 7.9 Hz, 1H), 7.89 (d, J = 7.3 Hz, 1H), 7.69 (t, J = 7.7 Hz, 1H),
7.61 (t, J = 7.4 Hz, 1H), 5.50 (s, 1H), 4.59 (s, 2H), 4.21 (t, J = 6.7 Hz, 2H), 3.78 (s, 3H),
1.75-1.62 (m, 2H), 1.51-1.38 (m, 2H), 0.97 (t, J = 7.2 Hz, 3H). C-NMR (101 MHz,
CDCI3) & 167.83, 166.94, 165.74, 147.81, 133.91, 133.57, 131.40, 129.55, 128.32, 123.49,
98.83, 64.62, 52.76, 41.00, 30.74, 19.20, 13.74. Yellow solid (64% yield). ESI-HRMS m/z

[M + H]* calcd for C17H19NOs 318.1336, found 318.1311.

Methyl 2-benzamidopropanoate (3b). *H-NMR (400 MHz, CDCI3) & 7.81 (d, J = 7.8 Hz,
1H), 7.46 (t,J = 7.2 Hz, 1H), 7.37 (t, J = 7.4 Hz, 1H), 7.21 (s, 1H), 4.76 (q, J = 7.2 Hz, 1H),
3.73 (s, 2H), 1.49 (d, J = 7.2 Hz, 2H). ¥C-NMR (101 MHz, CDCI3) & 173.66, 166.65,
133.67, 131.62, 128.30, 126.93, 52.18, 48.13, 18.15. Light yellow jelly (72% vyield). ESI-

HRMS m/z [M + H]* caled for C12H13NOs 208.0968, found 208.0979.

Methyl (E)-2-(1-(2-methoxy-2-oxoethylidene)-3-oxoisoindolin2-yl) propanoate (6d). H-
NMR (700 MHz, CDCI3) § 9.00 (d, J = 7.9 Hz, 1H), 7.79 (d, J = 7.4 Hz, 1H), 7.61 (t, ] = 7.7
Hz, 1H), 7.52 (t, J = 7.3 Hz, 1H), 5.52 (s, 1H), 5.15 (g, J = 14.3, 7.1 Hz, 1H), 3.73 (s, 3H),
3.67 (s, 3H), 1.57 (d, J = 7.3 Hz, 3H). 3C-NMR (101 MHz, CDCI3) & 170.62, 166.70,
166.11, 146.80, 133.87, 133.52, 131.39, 129.33, 128.14, 123.42, 98.80, 52.86, 51.75, 48.38,
14.72. Light yellow solid (59% vyield). ESI-HRMS m/z [M + H]* calcd for CisHisNOs

290.1023, found 290.1015.

Methyl (E)-2-(1-(2-ethoxy-2-oxoethylidene)-3-oxoisoindolin-2- yl) propanoate (6e). *H-NMR
(700 MHz, CDCI3) 6 8.99 (d, J = 8.0 Hz, 1H), 7.79 (d, J = 7.5 Hz, 1H), 7.60 (t, J = 7.7 Hz,

1H), 7.51 (t, J = 7.4 Hz, 1H), 5.52 (s, 1H), 5.12 (q, J = 7.1 Hz, 1H), 4.19 (m, 2H), 3.66 (s,
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3H), 1.57 (d, J = 7.3 Hz, 3H), 1.27 (t, J = 7.2 Hz, 3H). 13C-NMR (101 MHz, CDCI3) &
170.63, 166.69, 165.71, 146.57, 133.93, 133.45, 131.31, 129.35, 128.15, 123.35, 99.31,
60.66, 52.83, 48.43, 14.75, 14.29. Light yellow solid (69% yield). ESI-HRMS m/z [M + H]*

calcd for C16H17NOs 326.0999, found 326.0991.

Methyl (E)-2-(1-(2-butoxy-2-oxoethylidene)-3-oxoisoindolin-2- yl) propanoate (6f). *H-NMR
(400 MHz, CDCI3) § 9.08 (d, J = 7.9 Hz, 1H), 7.87 (d, ] = 7.4 Hz, 1H), 7.68 (t, ] = 7.7 Hz,
1H), 7.60 (t, J = 7.4 Hz, 1H), 5.60 (s, 1H), 5.19 (g, J = 7.1 Hz, 1H), 4.21 (t, J = 5.8 Hz, 2H),
3.75 (s, 3H), 1.76-1.69 (m, 2H), 1.66 (d, J = 7.2 Hz, 3H), 1.46-1.41 (m, 2H), 0.97 (t, J = 7.4
Hz, 3H). 3C-NMR (101 MHz, CDCI3) § 170.66, 166.72, 165.84, 146.59, 133.95, 133.46,
131.31, 129.36, 128.18, 123.37, 99.27, 64.65, 52.84, 48.47, 30.71, 19.20, 14.78, 13.76, —0.00.
Light yellow solid (65% vyield). ESI-HRMS m/z [M + H]" calcd for C18H2:NOs 332.1492,

found 332.1487.

Methyl 2-benzamido-3-methylbutanoate (3c). *H-NMR (700 MHz, CDCI3) § 7.81 (d, J = 7.1
Hz, 2H), 7.53-7.47 (m, 1H), 7.46-7.40 (m, 2H), 6.84 (s, 1H), 4.81-4.76 (m, 1H), 3.75 (s,
3H), 2.31-2.24 (m, 1H), 1.03-0.97 (m, 6H). 3C-NMR (176 MHz, CDCI3) & 172.69 (s),
167.38 (s), 134.09 (s), 131.69 (s), 128.54 (s), 127.09 (s), 57.51 (s), 52.20 (d, J = 2.2 Hz),
31.51 (s), 19.00 (s), 18.02 (s). White solid (78% vyield). ESI-HRMS m/z [M + H]* calcd for

C13H17NO3 2589.1101, found 258.1103.
Methyl (E)-2-(1-(2-methoxy-2-oxoethylidene)-3-oxoisoindolin2-yl)-3-methylbutanoate (6g).

IH-NMR (700 MHz, CDCI3) & 9.08 (d, J = 7.9 Hz, 1H), 7.91 (d, J = 7.4 Hz, 1H), 7.70 (t, ] =
8.2 Hz, 1H), 7.62 (t, = 7.4 Hz, 1H), 5.88 (s, 1H), 4.89 (d, J = 8 Hz 1H), 3.82 (s, 3H), 3.72 (s,
3H), 2.80-2.71 (m, J = 13.1, 6.5 Hz, 1H), 1.22 (d, J = 6.4 Hz, 3H), 0.80 (d, J = 6.8 Hz, 3H).

13C-NMR (176 MHz, CDCI3) § 169.99, 167.24, 166.26, 147.24, 133.56, 133.53, 131.38,
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129.08, 128.08, 123.61, 99.31, 58.66, 52.58, 51.73, 29.69, 27.38, 21.29, 18.54. Light yellow

solid (57% yield). ESI-HRMS m/z [M + H]" calcd for C16H17NOs 318.1336, found 318.1333.
Methyl (E)-2-(1-(2-ethoxy-2-oxoethylidene)-3-oxoisoindolin-2- yl)-3-methylbutanoate (6h).

IH-NMR (700 MHz, CDCI3) 5 9.06 (d, ] = 7.9 Hz, 1H), 7.89 (d, ] = 7.4 Hz, 1H), 7.68 (t, ] =
7.7 Hz, 1H), 7.60 (t, J = 7.4 Hz, 1H), 5.85 (s, 1H), 4.88 (d, J = 8 Hz, 1H), 4.31-4.22 (m, 2H),
3.73 (s, 3H), 2.80-2.71 (m, 1H), 1.35 (t, 3H), 1.22 (d, J = 6.4 Hz, 3H), 0.80 (d, J = 6.8 Hz,
3H). 3C-NMR (176 MHz, CDCI3) § 170.03, 167.26, 165.91, 147.01, 133.61, 133.51, 131.30,
129.10, 128.09, 123.58, 99.87, 60.71, 58.67, 52.58, 27.40, 21.33, 18.59, 14.31. Light yellow

solid (66% yield). ESI-HRMS m/z [M + H]" calcd for C1sH2:NOs 354.1312, found 354.1305.
Methyl (E)-2-(1-(2-butoxy-2-oxoethylidene)-3-oxoisoindolin-2- yl)-3-methylbutanoate (6i).

IH-NMR (400 MHz, CDCI3) & 9.06 (d, ] = 7.9 Hz, 1H), 7.89 (d, ] = 7.4 Hz, 1H), 7.69 (t, ] =
7.7 Hz, 1H), 7.61 (t, J = 7.4 Hz, 1H), 5.84 (s, 1H), 4.87 (d, J = 10.0 Hz, 1H), 4.21 (t, J = 6.7
Hz, 2H), 3.70 (s, 3H), 2.83-2.68 (m, 1H), 1.76-1.65 (m, 2H), 1.49-1.38 (m, 2H), 1.22 (d, J =
6.2 Hz, 3H), 0.97 (t, J = 7.3 Hz, 3H), 0.80 (d, J = 6.7 Hz, 3H). *C-NMR (101 MHz, CDCI3)
5 170.03, 167.26, 166.02, 147.01, 133.61, 133.51, 131.30, 129.10, 128.11, 123.58, 99.82,
64.69, 58.65, 52.58, 30.70, 27.42, 21.35, 19.22, 18.59, 13.78. Yellow solid (63% yield). ESI-

HRMS m/z [M + H]" calcd for C20H25NOs 382.1625, found 382.1606.

Methyl 2-benzamido-3-phenylpropanoate (3d). *H-NMR (700 MHz, CDCI3) & 7.71 (d, J =
7.3 Hz, 2H), 7.47-7.42 (m, 1H), 7.35 (d, J = 13.2, 6.0 Hz, 2H), 7.29-7.24 (m, 2H), 7.24-7.20
(m, 1H), 7.16-7.13 (m, 2H), 6.89 (d, J = 6.8 Hz, 1H), 5.08-5.05 (m, 1H), 3.70 (s, 3H), 3.30—
3.24 (m, 1H), 3.22-3.17 (m, 1H). 3C-NMR (176 MHz, CDCI3) & 172.19, 167.07, 136.06,
133.85, 131.78, 129.34, 128.63, 128.59, 127.17, 127.12, 53.70, 52.42, 37.82. Yellow solid

(65% yield). ESI-HRMS m/z [M + H]* calcd for C17H17NO3 306.1101, found 306.1101.
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Methyl (E)-2-(1-(2-methoxy-2-oxoethylidene)-3-oxoisoindolin2-yl)-3-phenylpropanoate (6j).

IH-NMR (400 MHz, CDCI3)  9.03 (d, ] = 7.9 Hz, 1H), 7.78 (d, ] = 7.4 Hz, 1H), 7.65 (t, ] =
7.7 Hz, 1H), 7.55 (t, J = 7.4 Hz, 1H), 7.21-7.09 (m, 5H), 5.57 (s, 1H), 5.34-5.26 (m, 1H),
3.79 (s, 3H), 3.75 (s, 3H), 3.61 (dd, J = 14.2, 5.2 Hz, 1H), 3.37 (dd, J = 13.9, 10.6 Hz, 1H).
13C-NMR (101 MHz, CDCI3) & 169.83, 166.88, 166.08, 147.27, 136.53, 133.68, 133.49,
131.35, 129.00, 128.96, 128.58, 128.06, 126.97, 123.43, 98.88, 54.69, 52.95, 51.76, 34.81.
Light yellow solid (65% vyield). ESI-HRMS m/z [M + H]* calcd for CaiHisNOs 366.1369,

found 366.1336.
Methyl (E)-2-(1-(2-ethoxy-2-oxoethylidene)-3-oxoisoindolin-2- yl)-3-phenylpropanoate (6k).

IH-NMR (400 MHz, CDCI3)  9.03 (d, ] = 7.9 Hz, 1H), 7.78 (d, ] = 7.4 Hz, 1H), 7.64 (t, ] =
7.7 Hz, 1H), 7.55 (t, J = 7.4 Hz, 1H), 7.22-7.03 (m, 5H), 5.55 (s, 1H), 5.35-5.26 (m, 1H),
4.25 (g, J = 6.9 Hz, 2H), 3.76 (s, 3H), 3.62 (dd, J = 14.2, 5.1 Hz, 1H), 3.38 (dd, J = 13.9, 10.6
Hz, 1H), 1.35 (t, J = 7.1 Hz, 3H) 3C-NMR (101 MHz, CDCI3) § 169.88, 166.90, 165.69,
147.01, 136.59, 133.74, 133.44, 131.26, 129.02, 128.99, 128.58, 128.09, 126.96, 123.40,
99.46, 60.67, 54.74, 52.95, 34.84, 14.33. Light yellow solid (62% yield). ESI-HRMS m/z [M

+ H]" calcd for C22H21NOs 380.1521, found 380.1492.
Methyl (E)-2-(1-(2-butoxy-2-oxoethylidene)-3-oxoisoindolin-2- yl)-3-phenylpropanoate (61).

IH-NMR (400 MHz, CDCI3)  9.02 (d, ] = 7.9 Hz, 1H), 7.78 (d, ] = 7.4 Hz, 1H), 7.64 (t, ] =
7.6 Hz, 1H), 7.55 (t, J = 7.2 Hz, 1H), 7.16 (m, 5H), 5.52 (s, 1H), 5.33-5.20 (m, 1H), 4.19 (t, J
= 6.6 Hz, 2H), 3.76 (s, 3H), 3.62 (dd, J = 8.0 Hz, 1H), 3.37 (dd, J = 8.0 Hz, 1H), 1.74-1.63
(m, 2H), 1.49-1.38 (m, 2H), 0.98 (t, J = 7.3 Hz, 3H). 3C-NMR (101 MHz, CDCI3) & 169.87,
166.91, 165.78, 147.01, 136.61, 133.75, 133.44, 131.25, 129.03, 128.99, 128.58, 128.09,
126.96, 123.39, 99.40, 64.60, 54.82, 52.94, 34.89, 30.71, 19.22, 13.79. Yellow solid (55%

yield). ESI-HRMS m/z [M + H]" calcd for C24H2sNOs 408.1837, found 408.1805.
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Methyl 2-benzamido-2-phenylacetate (3e). tH-NMR (700 MHz, CDCI3) § 7.81 (d, J = 8.2
Hz, 2H), 7.48 (m, 1H), 7.43 (d, J = 7.7 Hz, 2H), 7.40 (m, 2H), 7.35 (m, 2H), 7.31 (m, 1H),
5.77 (d, J = 4.0 Hz, 1H), 3.73 (s, 3H). C-NMR (176 MHz, CDCI3) & 171.55, 166.65,
136.55, 133.59, 131.89, 129.04, 128.63, 128.60, 127.40, 127.22, 56.86, 52.91. White solid

(65% yield). ESI-HRMS m/z [M + H]" calcd for C16H1sNO3s 270.1160, found 270.1145.
Methyl (E)-2-(1-(2-methoxy-2-oxoethylidene)-3-oxoisoindolin2-yl)-2-phenylacetate (6m).

IH-NMR (700 MHz, CDCI3) § 9.07 (d, J = 7.9 Hz, 1H), 7.93 (d, J = 7.5 Hz, 1H), 7.72-7.68
(m, 1H), 7.62 (m, 1H), 7.39-7.31 (m, 5H), 6.33 (s, 1H), 5.67 (s, 1H), 3.82 (s, 3H), 3.73 (s,
3H). 3C-NMR (101 MHz, CDCI3) § 168.70, 167.18, 166.04, 146.66, 134.00, 133.74, 133.27,
131.42, 129.09, 128.73, 128.42, 128.19, 128.02, 123.66, 100.86, 56.57, 53.05, 51.70. Light
yellow solid (72% yield). ESI-HRMS m/z [M + Na]* calcd for C20H17NOs 374.1002, found

374.0999.
Methyl (E)-2-(1-(2-ethoxy-2-oxoethylidene)-3-oxoisoindolin-2- yl)-2-phenylacetate (6n).

IH-NMR (700 MHz, CDCI3) § 9.06 (d, J = 7.9 Hz, 1H), 7.92 (d, J = 7.5 Hz, 1H), 7.69 (t, ] =
7.7 Hz, 1H), 7.61 (t, J = 7.4 Hz, 1H), 7.40-7.30 (m, 5H), 6.28 (s, 1H), 5.66 (s, 1H), 4.19 (q, J
= 7.1 Hz, 2H), 3.82 (s, 3H), 1.28 (t, J = 7.1 Hz, 3H). 3C-NMR (101 MHz, CDCI3) & 168.74,
167.18, 165.67, 146.50, 134.06, 133.69, 133.33, 131.35, 129.11, 128.71, 128.41, 128.21,
128.08, 123.62, 101.22, 60.66, 56.68, 53.06, 14.26. Yellow solid (76% vyield). ESI-HRMS

m/z [M + Na]" calcd for C2:H19NOs 388.1159, found 388.1155.
Methyl (E)-2-(1-(2-butoxy-2-oxoethylidene)-3-oxoisoindolin-2- yl)-2-phenylacetate (60).

IH-NMR (400 MHz, CDCI3) § 9.06 (d, J = 7.9 Hz, 1H), 7.93 (d, ] = 7.4 Hz, 1H), 7.69 (¢, J =
7.7 Hz, 1H), 7.62 (t, J = 7.4 Hz, 1H), 7.41-7.29 (m, 5H), 6.27 (s, 1H), 5.66 (s, 1H), 4.14 (t, J
= 6.2 Hz, 2H), 3.82 (s, 3H), 1.68-1.59 (m, 2H), 1.42-1.31 (m, 3H), 0.93 (t, J = 7.4 Hz, 3H).

13C-NMR (101 MHz, CDCI3) § 168.75, 167.19, 165.76, 146.48, 134.06, 133.68, 133.34,
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131.34, 129.10, 128.69, 128.40, 128.22, 128.10, 123.62, 101.23, 64.61, 56.69, 53.05, 30.62,
19.16, 13.75. Yellow solid (53% yield). ESI-HRMS m/z [M + Na]* calcd for C23H23NOs

416.1480, found 416.1468.

Methyl 2-(4-methylbenzamido) acetate (3f). 'H-NMR (400 MHz, CDCI3) § 7.72 (d, ] = 7.8
Hz, 1H), 7.40 (s, 1H), 7.16 (d, J = 7.7 Hz, 1H), 4.15 (d, J = 5.2 Hz, 1H), 3.71 (s, 2H), 2.35 (s,
2H). ®°C-NMR (101 MHz, CDCI3) § 170.68, 167.80, 142.13, 130.72, 129.12, 127.19, 52.25,
41.62, 21.40. White solid (40% vyield). ESI-HRMS m/z [M + Na]* calcd for C11H13NOs

230.0793, found 230.0788.
Methyl (E)-2-(2-(2-methoxy-2-oxoethyl)-6-methyl-3-oxoisoindolin-1-ylidene) acetate (6p).

IH-NMR (400 MHz, CDCI3) & 8.85 (s, 1H), 7.70 (d, J = 7.8 Hz, 1H), 7.34 (d, J = 7.9 Hz,
1H), 5.43 (s, 1H), 4.48 (s, 2H), 3.74 (s, 3H), 3.69 (s, 4H), 2.45 (s, 3H). 3C-NMR (101 MHz,
CDCI3) § 167.87, 166.95, 166.14, 148.36, 144.65, 134.14, 132.30, 128.74, 127.03, 123.37,
97.90, 52.74, 51.72, 40.96, 22.37. White solid (26% yield). ESI-HRMS m/z [M + H]* calcd

for C1sH15sNOs 290.1017, found 290.1023.

Methyl 2-(2-methylbenzamido) acetate (3g). *H-NMR (400 MHz, CDCI3) § 7.38 (d, J = 7.4
Hz, 1H), 7.30 (d, J = 7.6 Hz, 1H), 7.22-7.15 (m, 2H), 6.57 (s, 1H), 4.15 (d, J = 2.0 Hz, 2H),
3.75 (s, 3H), 2.43 (s, 3H). 3C-NMR (101 MHz, CDCI3) § 170.41, 170.26, 136.32, 135.49,
131.03, 130.16, 126.93, 125.71, 52.39, 41.42, 19.75. Light yellow solid (45% yield). ESI-

HRMS m/z [M + Na]* calcd for C**H*NO? 230.0784, found 230.0788.
Methyl (E)-2-(2-(2-methoxy-2-oxoethyl)-4-methyl-3-oxoisoindolin-1-ylidene) acetate (6q).

IH-NMR (400 MHz, CDCI3) § 8.96 (d, J = 7.9 Hz, 1H), 7.55 (t, J = 8.0 Hz, 1H), 7.36 (d, ] =
7.7 Hz, 1H), 5.48 (s, 1H), 4.55 (s, 2H), 3.80 (s, 3H), 3.77 (s, 3H), 2.72 (s, 3H). ¥*C-NMR

(101 MHz, CDCI13) & 167.97, 167.51, 166.16, 147.99, 137.83, 134.28, 133.86, 133.09,
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126.41, 125.83, 97.31, 52.75, 51.67, 40.77, 17.63. White solid (33% yield). ESI-HRMS m/z

[M + Na]" calcd for C1sH1sNOs 312.0845, found 312.0842.

Methyl 2-(4-(tert-butyl) benzamido) acetate (3h). *H-NMR (400 MHz, CDC13) & 7.78 (d, J =
7.8 Hz, 2H), 7.44 (s, 1H), 7.39 (d, J = 7.6 Hz, 2H), 4.18 (d, J = 5.3 Hz, 2H), 3.72 (s, 3H), 1.30
(s, 9H). BBC-NMR (101 MHz, CDCI3) § 170.73, 167.78, 155.15, 130.67, 127.08, 125.41,
52.27, 41.64, 34.87, 31.11. White solid (65% yield). ESI-HRMS m/z [M + Na]* calcd for

C14H10NO3 272.1282, found 272.1257.

Methyl 2-(4-nitrobenzamido) acetate (3i). *H-NMR (400 MHz, CDCI3) & 8.30 (d, J = 8.5 Hz,
1H), 7.99 (d, J = 8.5 Hz, 1H), 6.95 (s, 1H), 4.27 (d, J = 5.0 Hz, 1H), 3.83 (s, 1H). 3C-NMR
(101 MHz, CDCI3) & 170.23, 165.50, 149.79, 139.13, 128.36, 123.89, 52.74, 41.86. Yellow
solid (52% vyield). ESI-HRMS m/z [M + Na]+ calcd for CLOH10N205 261.0495, found

261.0482.

Methyl 2-(4-fluorobenzamido) acetate (3j). *H-NMR (400 MHz, CDCI3) & 7.83 (dd, J = 7.6,
5.5 Hz, 2H), 7.09 (t, J = 8.3 Hz, 2H), 6.96 (s, 1H), 4.21 (d, J = 5.1 Hz, 2H), 3.79 (s, 3H). 13C-
NMR (101 MHz, CDCI3) 6 170.61, 166.54, 166.15, 163.65, 129.55, 129.46, 115.74, 115.52,
52.50, 41.72. White solid (66% vyield). ESI-HRMS m/z [M + Na]* calcd for C10H10FNO3

234.0545, found 234.0537.

Methyl 2-(4-bromobenzamido) acetate (3k). *H-NMR (400 MHz, CDCI3) § 7.67 (d, J = 8.2
Hz, 2H), 7.54 (d, J = 8.2 Hz, 2H), 7.06 (s, 1H), 4.20 (d, J = 5.2 Hz, 2H), 3.78 (s, 3H). C-
NMR (101 MHz, CDCI3) & 170.56, 166.69, 132.36, 131.80, 128.74, 126.58, 52.55, 41.71.
White solid (63% yield). ESI-HRMS m/z [M + Na]* calcd for C10H10BrNO3s 293.9746, found

293.9736.
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Methyl 2-(4-iodobenzamido) acetate (31). *H-NMR (400 MHz, CDCI3) § 7.77 (d, ] = 7.8 Hz,
2H), 7.52 (d, J = 7.8 Hz, 2H), 6.90 (s, 1H), 4.22 (d, J = 5.0 Hz, 2H), 3.80 (s, 3H). *.C-NMR
(101 MHz, CDCI3) ¢ 170.54, 166.81, 137.83, 132.96, 128.69, 98.99, 52.59, 41.73. White
solid (63% vyield). ESI-HRMS m/z [M + Na]* calcd for CioH10lNOs 341.9616, found

341.9616.

Methyl (E)-3-(4-((2-methoxy-2oxoethyl) carbamoyl) phenyl) acrylate (3n). 'H-NMR (400
MHz, CDCI3) & 7.83 (d, J = 8.0 Hz, 1H), 7.70 (d, J = 16.0 Hz, 1H), 7.58 (d, J = 8.0 Hz, 1H),
6.83 (s, 1H), 6.50 (d, J = 16.0 Hz, 1H), 4.26 (d, J = 5.0 Hz, 1H), 3.82 (s, J = 5.7 Hz, 1H), 3.81
(s, 2H). BC-NMR (101 MHz, CDCI3) § 170.49, 167.05, 166.67, 143.41, 137.62, 134.86,
128.19, 127.71, 119.85, 52.58, 51.91, 41.76. White solid (70% yield). ESI-HRMS m/z [M +

Na]" calcd for C14H1sNOs 300.0836, found 300.0842.
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Chapter 4b

4b.1 Introduction

Isoindolinone is heterocylic compound with benzo fused y-lactam scaffold that is constituent
of various natural products and synthetic bioactive molecules such as Pagoclone, Indoprofen,
Erinacerins, lennoxamine, lenalidomide, Isohercenone, and pazinacolone (Figure 4b.1a).!?
These molecules show antimicrobial, antioxidant, antifungal, antiviral, anxiolytic, anti-
parkinsons, anti-inflammatory, antihypertension, and anticancer activities.* In repertoire of
isoindoline scaffold into peptides, the incorporation of isoindolinone moiety into naturally
occurring bioactive cyclic peptides enhance their bioactivity. Fenestin A and Zygosporamide
are marine-derived natural cyclic peptides possessing wide range of bioactivities including
anticancer. Jin has synthesized Fenestin analogues containing isoindolinone derivatives that
improved their apoptosis of tumor cells and lead to cycle arrest in the G2/M phase.’
Zygosporamide cyclic depsipetides isolated from marine derived fungus and its analogues are
also synthesized by incorporating isoindolinone moiety that significantly improve their
bioactivities (Figure 4b.1b).° Nevertheless, Chen has synthesized various stappled peptides by
incorporating isoindolinone derivatives (Figure 4b.1c).” Thus, demand of isoindolinone
containing peptides has suddenly increased and become lucrative research area for both
chemists and biologists. In the literature, various heterocyclic scaffold has been used for the
structural and conformational changes of native peptides.®!® Isoindolinone moiety of
Isolindolinonyl peptides could also participate in an intramolecular hydrogen bonding with

other amide N-H of peptides and play significant roles in conformational changes of peptides.
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Figure 4b.1 Isoindolinone and related natural peptides.

The classical synthesis of Isoindolinone compounds is achieved through multiple challenging
steps.!!"1% In recent times, various heterocycle compounds are synthesized in one step from
economical reactant precursor through the metal catalyzed C-H activation which is modern
synthetic methodology. However, the incorporation of isoindolinone residue in the native
peptides are challenging through chemical synthesis. Recently, we have reported the synthesis
of isoindolinone containing amino acid ester derivatives through Pd(II)-catalyzed C-H
activation/olefination from N-benzoyl amino acid esters and olefins without using auxiliary
directing group, modern synthetic methodology by C-H activations.'* Transition metal-
catalyzed C—H activation and C—H olefination are emerging synthetic methodologies for
synthesis of various natural products and their precursors, including isoindolinone
derivatives.?>'8 The Pd(ll) catalysed C(sp?)—H olefination methodologies have reached
a new milestone owing to its easy handling and cost effective.'8?° The Co-/Rh-catalysed
substrate-specific C(sp?)—H olefination are also known.3-32 The regioselective metal
catalysed C-H activation also require directing group and ligand for metal complexation
before inert C-H activation and functionalization. The directing groups could be

auxiliary, transient, or intrinsic. The directing group containing arylamides has also been

117



Chapter-4b

used for synthesizing isoindolinone derivatives from non-activated olefins through C-
(sp?)-H olefination.®® For example, the quinoline directing group containing arylamides
gives N-quinolinyl substituted isoindolinones from acrylate in presence of Pd(ll)-
catalyst. However, N-tosylated benzamide requires a ligand to prepare isoindolinone
derivatives from olefin through Pd(l1l)-catalysed olefination.®*3®> Amino acids and
peptides are natural ligands of various transition metals and are being used as directing
group/ligand in the different transition metal-catalysed C—H activation/C-Olefination.3®
Yu has explored amino acids/peptides as the ligand or directing group in the metal-
catalysed C(sp®)-H functionalization of di-/tri/tetra-peptides at the N-terminus/site-
specific C—H alkynylation/s-C—H arylation.®’3° Albericio has shown the synthesis of
stapled-peptides by the late-stage C(sp3)—H activation of peptides.*®*' Daugulis has
used 2-thiomethylaniline as directing group for C(sp®)-H functionalization of N-
protected amino acids at g-position with the different aryl halide.*? The metal-catalysed
C-H olefinations of amino acid/peptide related compounds have generated opportunities
to prepare various synthetic and natural peptide analogues.®*** Metal catalysed
olefination of ligand enabled aryl amide with olefin are emerging synthetic
methodologies attracting towords the synthesis of substituted aryl amide derivatives.?*
4551 Recently, Maiti has explored Pd(Il)-catalysed 8-AQ directed and template based
regioselective C-H olefinations with non-active aliphatic olefins.4>®* Wang has
demonstrated the Pd(11)-catalysed ortho-olefination reaction and the cyclization reaction
at benzylsufonamide to yield benzosultam peptidomimetics.>* The synthesis of
Isoindolinone derivatives without comprising amino acid are acomplished from
activated arylamides and non-reactive olefins through transition metal catalyzed C-H
activation using metal ions-Sc, Yb, Au, Rh, Ir, Ru, Co, Cu, Ni, Zn, In, and Pd (Figure. 4b.2a-

b).>> Herein, we have rationally designed peptides containing isoindolinone olefin ester at N-
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terminal to explore the role of isoindolinone’s lactam carbonyl in the folding of peptide
structure through non-covalent interactions (Figure 4b.2c¢). This report describes the post
synthesis isoindolinonyl peptides from N-arylamide peptides and olefins through Pd(II)-
catalysed C(sp?)-H olefination. Their conformational analysis is also studied by NMR and
computational technique. To examine the biocompatibility and therapeutic values, their cell

cytotoxicity studies are also performed before exploring their therapeutic values.

(a) Previous work (b) Our recent report (c) This work with peptides
without amino acids with amino acids
(o]
o coome

——— o

), @ . |
\ ™ (o]

R" COOMe

Yb Zn N—(

o A Croptids
Rh Co N7 R o =z N Sptideg

(i) Synthesis
(ii) Conformational Analysis
(iii) Cell cytotoxicity

COOR
R: Non-amino acids group
Figure 4b.2 (a) The previously reported C-H hydroarylation (b) C-H functionalization and

(c) This report- post synthesis of isoindolinyl peptides.
4b.1.1 Hypothesis and objective

Here, we describe a method for chemo-selectively altering peptides by C-H
activation/olifination catalysed by palladium with cost-effective production of functionalized
isindolinone scaffolds with strong regioselectivity. This approach offers a chemical method for
the creation of novel peptide-isoindolinone conjugates and is characterised by racemization-
free conditions, the generation of peptide conjugates to pharmaceuticals, natural products, and

other peptide fragments. This study offers a novel illustration of peptide backbone diversity.
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4b.2 Results and Discussions

4b.2.1 Isoindolinone synthesis from /N-Benzoyl peptide

The conjugation of isoindolinone scaffold at peptides could be achieved by two ways: (a)
Coupling of previously synthesized isoindolinonyl amino acid carboxylates at free NH group
of designed peptides; (b) C(sp?)-H olefination/activation reaction at N-benzamide of target
peptides. However, we were unable to achieve its mono carboxylate derivative of isoindolinoyl
amino acid ester through the base catalysed hydrolysis under mild condition (Scheme 4b.1a).
Thus, we attempted for C(sp?)-H olefination/activation at N-benzamide of peptides. We
synthesized dipeptides (1-4), containing glycine, valine, phenyl alanine and phenyl glycine
ester, and their N-benzamide peptides (6a-6d) with benzoic acid under peptide coupling
conditions. These peptides were subjected for Pd(II)-catalysed C-H activation/olefination
reactions with different olefins by using our previously reported method.>® Unfortunately, we
could not get any olefinated/acivated product. We noticed the formation of isoindolinonyl
peptides (8a) from peptide 6a and olefin methyl acrylate (7a) under Cu(OAc)2/NaOAc at 100°C
in the presence of Pd(II)-catalyst.’* Importantly, additive Cu(OAc)2/NaOAc was found
essential for mono C-H olefination/activation reaction in N-benzamide peptides (Scheme

4b.2a).

Scheme 4b.1 Synthesis of substituted isoindolinone peptide derivative with peptide

residue
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Challenges for mono ester hydrolysis
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4b.2.2 Substrate scope using various dipeptides

Similarly, we synthesized other isoindolinonyl peptides 8b-8d from peptide 6a and different
olefins- ethyl acrylate (7b), n-butyl acrylate (7¢), and t-butyl acrylate (7d). Next, peptide 6b
were treated with various olefins (7a-7d) under similar optimized reaction conditions of mono
C(sp?)-H olefination/activations that produced isoindolinonyl peptides 9a-9d (Scheme 4b.2).
We performed similar reaction with N-benzamide of additional phenyl ring containing
dipeptides (6¢-6d) and different olefins (7a-7d). Pleasantly, we isolated isoindolinonyl peptides
10a-10d/11a-11d from the respective peptides and olefins through
chemoselective/regioselective C-H olefination/activation at only benzamide ring. Herein, we
could not get C(sp?)-H olefination reaction at phenyl glycine residue of peptide 6¢ and phenyl
alanine residue of peptide 6d though there is presence of probable intrinsic amide directing
group. Thus, only benzamide ring is susceptible for C-H olefination which lead to the

formation of isoindolinonyl peptides.
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4b.2.3 Substrate scope using 2-napthoic acid and 4-biphenayl carboxylic acid

To explore the diversity of arylamide substrates for Pd(lIl)-catalysed isoindolinonyl
peptide synthesis, we synthesized arylamide dipeptides 13a/13b from 2-napthoic acid
and dipeptides 4b/4c (Scheme 4b.3). Similarly, we synthesized arylamide peptide
substrates 16a/16b from 4-biphenyl carboxylic acid and peptides 4b/4c. These peptides
were subjected for Pd catalysed olefination reaction under optimized conditions.
Importantly, these peptides also produced chemo selective napthyl isoindolinonyl
peptides 14a-14d from respective 2-napthoyl peptides 13a/13b and acrylate 7a/7b,
while biphenyl isoindolinonyl peptides 17a-17d from respective 4-biphenyl containing
peptides 16a/16b and acrylate 7a/7b. Here too, we could not get C(sp?)-H olefination
reaction at phenyl glycine residue of peptide 13b/16b though there is presence of

probable intrinsic amide directing group.

Scheme 4b.3 Synthesis of substituted isoindolinone peptide derivative with 2-

napthoic acid and 4-biphenayl carboxylic acid
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4b.2.4 Substrate scope using various aryl groups

Further, we examined C-H olefination/isoindolinonylation reaction with different N-
benzamide dipetides and olefines under Pd-catalysed optimized reaction conditions. We
synthesized arylamide peptides 19a-19c containing different types of benzoyl residue
such as p-methyl benzoyl in 19a, p-tert-butylbenzoyl in peptide 19b, and m-
nitrobenzoyl in peptide 19¢ (Scheme 4b.4). These peptides were subjected to olefination
with different acrylates (7) under Pd-catalyzed olefination reaction condition. We
isolated isoindolinone derivatives 20a-20b from p-methylbenzoyl peptide and 21a-21d
from p-tert-butyl benzoyl peptides though their yields are low. However, nitrobenzoyl
peptide (19¢) could not give any C-H olefinated/activated product. It seems electron
withdrawing group possibly perturb the metal Pd(Il) complexation of phenyl ring of
nitrobenzoyl peptide. Thus, unsubstituted aryl amides are more suitable substrates for
Pd catalysed C(sp?)-H olefination/activation reactions under optimized condition.

Scheme 4b.4 Synthesis of aryl substituted isoindolinonyl peptide derivatives

:; (8a), 71% O (15a), 40% :: (15b), 38% >(©3(16a) 35%

o_
‘§_§ ‘€—§ NO: o ‘§—§
NH o} NH © _>\—NH

NHO
\ \

0
(0]
7\ (16b), 32% S (16¢), 35% b (16d), 32% Y, Not formed

124



Chapter-4b

4b.2.5 Substrate scope using tripeptides

Further, we attempted to apply this methodology for synthesis of isoindolinone containing #ri-
peptides. Thus, we synthesized benzamide of #ri-peptides such as BZNHGly-Ala-Phe (22a) and
BzNHVal-Leu-Phe-OMe (22b). These peptides were subjected for Pd-catalysed
olefination/activation reaction with olefin (7a) under above optimized reaction condition
(Scheme 4b.5). Importantly, benzamide peptides 22a-22b also produced respective
isoindolinone derivative peptides 23/24 though their yields are quite low (~25-30%) as

compared to dipeptides.

Scheme 4b.5 Synthesis of substituted isoindolinonyl #ri-peptide
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Herein we proposed reaction mechanism of isoindolinone-peptide synthesis through Pd(II)-
catalyzed C(sp?)-H olefination/activation (Figure 4b.3). Additive Cu(OAc): felicitates the
formation of a stable palladacycle with amide carbonyl through N, O type chelation by
preventing N,N covalent chelation. In the literature, the coordination of amide carbonyl with
catalyst Pd(OAc): is known as well.>” Benzoyl amino acid residue of peptide (reactant 6a)
acting as intrinsic directing group for the Pd-complexation (5-membered palladacycle) and

proceeds for C(sp?)-H activation at ortho-position of its phenyl ring (I-1). Olefin has forms Pd-
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complex I-2 by displacement of ligand OAc, and then proceedes to I-3 through 1,2-migration
as intermediate I-3. This intermediate (I-3) leads to olefinated product (6”) via S-hydride
elimination reaction. Again, palladacycle forming with benzoyl amino acid residue of
olefinated peptide (6°) and proceeds for the c(sp?)-H activation at olefin as intermediate 1-4
that lead to stable isoindolinonyl peptides (8a) via reductive elimination. Regeneration of

catalyst occur in situ through reoxidation.

OR3 Pd(0)Ln

1,2-migratio

o -
R A
Insertlo O O
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Pd—IO / O
NH \)‘NH
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N I-4

Reductive
X,Pd(ll)Ln Pd(0)Ln Elimination
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H . 0
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NH OR
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Product (8a)

Figure 4b.3 The proposed mechanism for isoindolinone peptide synthesis.
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4b.2.6 Conformational analyses

After successful synthesis of isoindolinonyl conjugated peptides through C-H
activation, we attempted to find conformation of isoindolinyl tripeptides (23) in solution
by NMR technique. We recorded its NMR spectra (*H/*H-'HCOSY/*H-'H NOESY)
only in DMSO-ds solvent because of poor solubility (or insolubility) in other solvents.
The chemical shift of all protons was assigned from its COSY spectra, then its NOE
cross peaks used to find interaction of non-vicinal protons. Our analyses helped to find
the *H-'H interactions which are in proximity. In Figure 4b.4, pheny! ring proton (d) of
isoindolinone residue interacts with methyl protons of acrylate residue. Olefin protons
of acrylate residue exhibit two cross peaks with glycinate protons (a) and alaninyl
methyl protons. Thus, orientation of isoindolinyl residue is in proximity with alanine

methyl (i+2) to form a stable conformation in solution.

Figure 4b.4 NOESY spectra of isoindolinone derivative 23.

127



Chapter-4b

4b.2.7 DMSO D6 Titration study

DMSO-ds titration NMR (‘H-NMR) experiment is well established technique to find the
intramolecular hydrogen bonding N-H’s in CDCl3.°® Herein, we performed DMSO-ds titration
"H-NMR experiment with representative isoindolinonyl peptides derived from methyl
acrylates (8a-11a/14a/14¢/17a/17¢) and control peptide BZNHGly-ValOMe (6b). However,
peptides 23/24 are insoluble in CDCIs (soluble only in DMSO). In Figure 4b.5, we have
extracted a bar diagram Peptides vs Ad(ppm), where Ad(ppm) = (Sfinal-Oinitial). Control peptide
(6b) has two amide N-H’s which titration profile shows that one N-H is unaffected while
another has little downfield shift with DMSO-ds titration owing to the strong and moderate
type intramolecular hydrogen bonding respectively. The isoindolinonyl peptides (8a-
11a/14a/14¢/17a/17¢) have one amide N-H that exhibit little downfield shift (~0.4-1.3ppm)
with DMSO-ds titration possible due to intramolecular hydrogen bonding with amide N-H
(Figure 4b.5A & B). The amide N-H of peptide 11a and 9a have little shifts as compared to
other 1soindolinonyl peptides (Figure 4b.5B). Thus, sequence specific isoindolinone carbonyl
(C=0) has significant roles in the intramolecular hydrogen bonding with amide N-H which

could be useful for tuning the peptide folding.
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Figure 4b.5 DMSO d6 titration NMR of isoindonyl derivatives.
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4b.2.8 Theoretical study

Next, we performed computational studies with representative isoindolinonyl peptides derived
from methyl acrylates (8a-11a/14a/14¢/17a/17¢/23/24) and control peptide BZNHGIly-ValOMe
(6b) using MMFF94 force field and GMMX. We visualized their conformations on PyMol
(Figure 4b.6). Control peptide, without containing isoindolinone scaffold, (6b) exhibit
hydrogen bonding between benzoyl carbonyl with second amino acid residue valine N-H (i+3)
with bond distance 1.9A (N-H----O=C) and bond angle Z/N-H-O ~148° that nearly matched
with vy-turn. Isoindolinone containing dipeptides (8a-11a/14a/14¢/17a/17¢) exhibit an
intramolecular hydrogen bonding between isoindolinone carbonyl (C=0) and N-H of second
amino acid residue with bond distance (N-H---O) ~2.0 and bond angle “N-H-O ~150° with
irrespective substituents of amino acid and nature of aryl group of isoindolinone residue. In the
case of isoindolinonyl #ri-peptides (23/24) it exhibits two intramolecular hydrogen bonding
between isoindolinonyl carbonyl and amide i+3 amide (N-H-----O=C). The bond length/angle
of hydrogen bonds are almost same ~2.0A/~150° of peptide 23 and possibly lead to the
formation of helix. In contrast for 24, the bond length/angle of hydrogen bonds are different
with bond length ~2.0A/~150° (strong) & ~2.8A/136° (weak) presumably due to leu residue at
2™ position and may leads to only y-turn structure. These data strongly support that
isoindolinone containing peptides are potential building blocks for the designing unique

foldamers.
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Figure 4b.6 Conformation of isoindolinone peptides (Computationally optimized structure of

isoindolinone peptides MMFF94 and GMMX).
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Finally, we examined the cell cytotoxicity of isoindolinonyl peptides derived from methyl

acrylates (8a-11a/l11c/14a/17a/20a/21a/23) with Hek293T cells using MTT assay. Their

cytotoxicity data are provided below (Figure 4b.7) that indicate isoindolinonyl peptides have

negligible cytotoxicity as compared to control (DMSO).
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Figure 4b.7 Cell proliferation data of peptides.

4b.3 Conclusions

Isoindolinonyl incorporated cyclopeptides are emerging therapeutic target drug molecules and
their synthesis involves multiple challenging steps. Herein, we have developed novel
methodology for the synthesis of isoindolinone scaffold comprising di/tri-peptides through
Pd(I1)-catalyzed C(sp?)-H olefination/activation from various arylamide peptides and acrylate
olefins. We have also studied the conformational changes of those peptides owing to the
isoindolinone residue. Our conformational analyses strongly support the formation of y-turn in
di-peptide and helical formation in less stearic tripeptides. Finally, these peptides are

biocompatable owing to their negligible cytotoxicity effect on Hek293T cells. Hence

132



Chapter-4b

isolindolinone containing peptides are potential building blocks for novel foldamers with

therapeutic values.

4b.4 Experimental Details
4b.4.1 Material and Instrumentation

All required materials were obtained from commercial suppliers and used without
purification. The Dry DMF and ACN were freshly prepared by distilling over calcium
hydride. Reactions were monitored by thin-layer chromatography, visualized by UV and
Ninhydrin. Column chromatography was performed in 100-200 mesh silica. Mass
spectra were obtained from Bruker Micro TOF-Q Il Spectrometer. NMR spectra were
recorded on Bruker AV-400 H (400 MHz),*3C (100.6 MHz). *H and *3*C NMR chemical
shifts were recorded in ppm downfield from tetramethylsilane, splitting patterns are
abbreviated as s, singlet; d, doublet; dd, doublet of doublet; t, triplet; g, quartet; dq,

doublet of the quartet; m, multiplet.

4b.4.2 General Procedure for benzamide derivative peptide synthesis

Benzoic acid or its derivative was dissolved in DMF before the triethylamine TEA, (3.0
eqg.), EDC.HCI (1.3 eq.) and HOAt (1.3 eq.) were added, followed by free N-terminal
peptide methyl ester (1.2 eq.). Further, this mixture was heated to 60°C for 8-12 h. The
reaction was monitored by TLC. The crude reaction mixture was concentrated under
reduced pressure before water was added. The aqueous layer was extracted with EtOAc.
The organic layer was combined, dried over anhydrous Na2SOa4, and concentrated under
reduced pressure. The residue was purified with column chromatography by

EtOAc/Hexane solvent system to yield corresponding substrates.
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4b.4.3 General procedure for Pd-catalysed reactions

Typically, the amide substrates were placed in a 15 ml sealed reaction tube under
indicated reaction conditions. The mixture was stirred at 100 °C for 12—-24 h, cooled to
room temperature, and then diluted with EtOAc. The resulting solution was filtered
through a Celite pad, concentrated under reduced pressure and the product was further
purified by column chromatography by EtOAc/Hexane solvent system and was

typically obtained as a white solid.

4b.4.4 Chemical shift values of NMR

Methyl benzoylglycylglycinate (6a). *H NMR (400 MHz, CDCls) § 7.85 (t, J = 8.0 Hz, 2H),
7.62 (d, J = 4.0 Hz, 1H), 7.50 (t, J = 8.0 Hz, 1H), 7.45 (s, 1H), 7.41 (d, J = 8.0 Hz, 2H), 4.21
(d, J = 4.0 Hz, 2H), 4.05 (d, J = 4.0 Hz, 2H), 3.72 (s, 3H). 3C NMR (101 MHz, CDCls) &
170.28 (s), 169.88 (s), 168.04 (s), 133.35 (s), 131.91 (s), 128.59 (s), 127.23 (s), 52.41 (s), 43.57
(s), 41.20 (s). White solid (68% yield).ESI-HRMS m/z [M+H]" calcd. for Ci2H14N204

251.1032 found 251.1040.

Methyl(2)-2-(2-(2-((2-methoxy-2-oxoethyl)amino)-2-oxoethyl)-3-oxoisoindolin-1-

ylidene)acetate (8a). 'H NMR (400 MHz, CDCls3) § 9.07(d, J = 8.0 Hz, 1H), 7.88 (d, J = 8.0
Hz, 1H), 7.70 (d, J = 8.0 Hz, 1H), 7.61 (d, J = 8.0 Hz, 1H), 6.54 (s, 1H), 5.79 (s, 1H), 4.52 (s,
2H), 4.04 (d, J = 4.0 Hz, 2H), 3.81 (s, 3H), 3.72 (s, 3H). 3C NMR (101 MHz, CDCl3) § 169.77
(s), 167.26 (s), 166.82 (s), 166.08 (s), 147.65 (s), 133.88 (s), 133.79 (s), 131.55 (s), 129.32 (s),
128.27 (s), 123.56 (s), 99.68 (s), 52.49 (s), 51.82 (s), 43.39 (s), 41.23 (s). White solid (81%

yield).ESI-HRMS m/z [M+Na]" calcd. for C12H14N204 355.0906 found 355.1041.
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ethyl(2)-2-(2-(2-((2-Methoxy-2-oxoethyl)amino)-2-oxoethyl)-3-oxoisoindolin-1-

ylidene)acetate (8b). *H NMR (400 MHz, CDCl3) § 9.09 (d, J = 7.9 Hz, 1H), 7.90 (d, J=7.4
Hz, 1H), 7.71 (t, J = 8.3 Hz, 1H), 7.62 (t, J = 7.9 Hz, 1H), 6.49 (d, J = 4.0 Hz, 1H), 5.80 (s,
1H), 4.54 (s, 2H), 4.28 (g, J = 8.0 Hz, 2H), 4.06 (d, J = 5.4 Hz, 2H), 3.74 (s, 3H), 1.36 (t, J =
8.0 Hz, 3H). 3C NMR (176 MHz, CDCls) § 169.70 (s), 167.27 (s), 166.85 (s), 165.65 (s),
147.37 (s), 133.87 (s), 133.76 (), 131.31 (s), 129.32 (s), 128.32 (s), 123.81 (s), 100.29 (s),
60.77 (S), 52.42 (s), 43.47 (s), 41.24 (s), 14.24 (s). White solid (71% vyield).ESI-HRMS m/z

[M+H]" calcd. for C17H18N20s 347.1243 found 347.1243.

butyl(Z)-2-(2-(2-((2-Methoxy-2-oxoethyl)amino)-2-oxoethyl)-3-oxoisoindolin-1-

ylidene)acetate (8c). *H NMR (400 MHz, CDCl3) § 9.10 (d, J = 8.0 Hz, 1H), 7.90 (d, J = 8.0
Hz, 1H), 7.71 (t, J = 8.0 Hz, 1H), 7.62 (t, J = 8.0 Hz, 1H), 6.47 (s, 1H), 5.81 (s, 1H), 4.54 (s,
2H), 4.23 (t, J = 8.0 Hz, 2H), 4.06 (d, J = 8.0 Hz, 2H), 3.74 (s, 3H), 1.72 — 1.67 (m, 2H), 1.49
—1.41 (m, 2H), 0.98 (t, J = 8.0 Hz, 3H). 3C NMR (176 MHz, CDCl3) 5 169.68 (s), 167.26 (s),
166.87 (s), 165.77 (s), 147.35 (s), 133.89 (s), 133.75 (s), 131.30 (s), 129.31 (s), 128.33 (s),
123.80 (s), 100.30 (s), 64.70 (s), 52.40 (s), 43.48 (s), 41.24 (s), 30.68 (s), 19.17 (s), 13.73 (s).
White solid (61% yield).ESI-HRMS m/z [M+H]" calcd. for Ci9H22N206 375.1558 found

375.1553.

tert-Butyl(Z)-2-(2-(2-((2-methoxy-2-oxoethyl)amino)-2-oxoethyl)-3-oxoisoindolin-1-

ylidene)acetate (8d). *H NMR (400 MHz, CDCl3) § 9.02(d, J = 8.0 Hz, 1H), 7.86 (d, J = 8.0
Hz, 1H), 7.68 (t, J = 8.0 Hz, 1H), 7.58(t, J = 8.0 Hz, 1H), 6.57 (s, 1H), 5.74 (s, 1H), 4.50 (s,
2H), 4.04 (d, J = 4.0 Hz, 2H), 3.71 (s, 3H), 1.55 (s, J = 8.0 Hz, 9H). 2*C NMR (101 MHz,
CDCl3) 5 169.71 (s), 167.28 (s), 167.09 (s), 165.03 (s), 146.31 (s), 133.97 (s), 133.61 (s), 131.21

(s), 129.33 (s), 128.21 (), 123.41 (s), 102.55 (s), 81.19 (), 52.41 (), 43.44 (5), 41.22 (5), 28.23
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(s). White solid (64% yield).ESI-HRMS m/z [M+H]" calcd. for C19H22N206 375.1556 found

375.1553.

Methyl benzoylglycyl-L-valinate (6b). *H NMR (400 MHz, CDCl3) & 7.85 (d, J = 8.0
Hz, 2H), 7.56 — 7.38 (m, 4H), 7.27 (s, 1H), 4.55 (d, J = 4.0 Hz, 1H), 4.26 (d, J = 4.0 Hz,
2H), 3.73 (s, 3H), 2.25 — 2.13 (m, 1H), 0.94 (d,d, J = 8.0 Hz, 6H). 1*C NMR (101 MHz,
CDCls) 8 172.21 (s), 169.34 (s), 167.93 (s), 133.53 (s), 131.86 (s), 128.59 (s), 127.21
(s), 57.52 (s), 52.25 (s), 43.78 (s), 31.07 (s), 19.05 (s), 17.79 (s). White solid (62%
yield).ESI-HRMS m/z [M+H]" calcd. for C1sH20N204 293.1501 found 293.1498.
Methyl(Z)-(2-(1-(2-methoxy-2-oxoethylidene)-3-oxoisoindolin-2-yl)acetyl)-L-valinate
(9a). 'H NMR (400 MHz, CDCls) 8 9.14 — 9.05 (m, 1H), 7.90 (d, 1H), 7.71 (t, J = 8.0
Hz, 1H), 7.62 (t, J = 8.0 Hz, 1H), 6.47 (d, J = 8.0 Hz, 1H), 5.78 (s, 1H), 4.61 — 4.49 (m,
3H), 3.81 (s, 3H), 3.70 (s, 3H), 2.16 (d, J = 8.0 Hz, 1H), 0.88 (dd, J = 8.0 Hz, 6H).13C
NMR (101 MHz, CDCls) & 171.91 (s), 167.26 (s), 166.45 (s), 166.08 (s), 147.77 (s),
133.82 (s), 133.77 (s), 131.55 (s), 129.33 (s), 128.29 (s), 123.60 (s), 99.53 (s), 57.27 (),
52.32 (s), 51.80 (s), 43.57 (s), 31.22 (s), 18.93 (s), 17.73 (s).White solid (71%

yield).ESI-HRMS m/z [M+H]" calcd. for C19H22N206 375.1556 found 375.1553.

Methyl (2)-(2-(1-(2-ethoxy-2-oxoethylidene)-3-oxoisoindolin-2-yl)acetyl)-L-valinate (9b).

IH NMR (400 MHz, CDCls) 6 9.09 (d, J = 4.0 Hz, 1H), 7.89 (d, J = 4.0 Hz, 1H), 7.69 (t, J =
8.0 Hz, 1H), 7.62 (t, 1H), 6.47 (d, J = 8.0 Hz, 1H), 5.77 (d, J = 4.0 Hz, 1H), 4.60 — 4.49 (m,
3H), 4.32 — 4.18 (m, 2H), 3.70 (s, 3H), 2.21 — 2.09 (m, 1H), 1.37 — 1.27 (m, 3H), 0.88 (dd, J =
8.0 Hz, 6H). 3C NMR (101 MHz, CDCls) § 171.90 (s), 167.26 (s), 166.50 (s), 165.63 (s),

133.82 (), 133.73 (5), 131.48 (s), 129.33 (), 128.32 (5), 123.58 (s), 100.13 (5), 60.67 (5), 57.26
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(s), 52.31 (), 43.59 (s), 31.23 (s), 18.95 (5), 17.72 (5), 14.28 (). White solid (75% vield).ESI-

HRMS m/z [M+H]" calcd. for C20H24N206 389.1713 found 389.1714.

Methyl (2)-(2-(1-(2-butoxy-2-oxoethylidene)-3-oxoisoindolin-2-yl)acetyl)-L-valinate (9c).

IH NMR (400 MHz, CDCl3) § 9.10 (d, J = 8.0 Hz, 1H), 7.91 (d, J = 8.0 Hz, 1H), 7.71 (d, J =
8.0 Hz, 1H), 7.62 (t, J = 8.0 Hz, 1H), 6.36 (d, J = 8.0 Hz, 1H), 5.77 (s, 1H), 4.59 — 4.49 (m,
3H), 4.21 (d, J = 8.0 Hz, 2H), 3.70 (s, 3H), 2.20 — 2.11 (m, 1H), 1.67 (d, J = 7.9 Hz, 2H), 1.45
—1.39 (m, 2H), 0.96 (d, J = 4.0 Hz, 3H), 0.93 — 0.83 (M, 6H). 3C NMR (101 MHz, CDCl3) &
171.81 (s), 167.23 (s), 166.46 (s), 165.72 (s), 147.47 (s), 133.87 (s), 133.73 (s), 131.47 (s),
129.34 (s), 128.36 (s), 123.59 (s), 100.13 (s), 64.60 (s), 57.25 (s), 52.26 (), 43.68 (s), 31.24
(s), 30.70 (s), 19.16 (s), 18.93 (s), 17.69 (s), 13.71 (s).White solid (62% yield).ESI-HRMS m/z
[M+H]" calcd. for C22H28N206 417.2026 found 417.2060.
Methyl(2)-(2-(1-(2-(tert-butoxy)-2-oxoethylidene)-3-oxoisoindolin-2-yl)acetyl)-L-valinate
(9d). 'H NMR (400 MHz, CDCls) § 9.04 (d, J = 8.0 Hz, 1H), 7.89 (d, J = 8.0 Hz, 1H), 7.70 (d,
J=8.0 Hz, 1H), 7.60 (d, J = 8.0 Hz, 1H), 6.41 (d, J = 8.7 Hz, 1H), 5.71 (s, 1H), 4.60 — 4.46
(m, 3H), 3.69 (s, 3H), 2.20 — 2.11 (m, 1H), 1.53 (s, 9H), 1.02 — 0.75 (m, 6H). 3C NMR (176
MHz, CDCls) & 171.83 (s), 167.23 (s), 166.62 (s), 164.93 (s), 146.44 (s), 133.94 (s), 133.62
(s), 131.26 (s), 129.37 (s), 128.28 (s), 123.50 (s), 102.42 (s), 57.24 (s), 52.26 (s), 43.66 (5),
31.25 (s), 28.21 (s), 18.98 (s), 17.68 (s). White solid (67% yield).ESI-HRMS m/z [M+H]*

calcd. for C22H2sN206 417.2026 found 417.2019.

Methyl (S)-2-(2-benzamidoacetamido)-2-phenylacetate (6¢). *H NMR (400 MHz,
CDCls) 6 7.76 (d, J =8.0 Hz, 2H), 7.59 (d, J = 6.7 Hz, 1H), 7.52 — 7.45 (m, 1H), 7.43 —
7.30 (m, 7H), 7.19 (s, 1H), 5.57 (d, J = 8.0 Hz, 1H), 4.32 — 4.13 (m, 2H), 3.70 (s, 3H).

13C NMR (101 MHz, CDCl3) § 171.00 (s), 168.57 (s), 167.76 (s), 135.93 (s), 133.51 (5),
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131.83 (s), 129.05 (s), 128.71 (s), 128.64 (d, J = 12.4 Hz), 128.58 (s), 127.36 (s), 127.18
(s), 56.77 (s), 52.89 (s), 43.57 (s). White solid (65% yield).ESI-HRMS m/z [M+H]*

calcd. for C1sH1sN204 327.1345 found 327.1369.

Methyl(S,2)-2-(2-(1-(2-methoxy-2-oxoethylidene)-3-oxoisoindolin-2-yl)acetamido)-2-

phenylacetate (10a). tHNMR (400 MHz, CDCls) § 9.10 (d, J = 8.0 Hz, 1H), 7.91 (d, J
= 8.0 Hz, 1H), 7.72 (d, J = 8.0 Hz, 1H), 7.63 (d, J = 8.0 Hz, 1H), 7.35 — 7.32 (m, 5H),
6.99 (d, J = 8.0 Hz, 1H), 5.75 (s, 1H), 5.57 (d, J = 8.0 Hz, 1H), 4.53 (s, 2H), 3.81 (s,
3H), 3.71 (s, 3H). 3C NMR (101 MHz, CDCls) & 170.77 (s), 167.21 (s), 166.03 (s),
165.90 (s), 147.74 (s), 135.85 (s), 133.82 (s), 133.75 (s), 131.51 (s), 129.36 (s), 129.02
(s), 128.67 (s), 128.28 (s), 127.23 (s), 123.62 (s), 99.57 (s), 56.58 (s), 52.94 (s), 51.74
(s), 43.43 (s). White solid (75% yield).ESI-HRMS m/z [M+H]" calcd. for C22H20N20s

409.1400 found 409.1739.

Methyl(S,2)-2-(2-(1-(2-ethoxy-2-oxoethylidene)-3-oxoisoindolin-2-yl)acetamido)-2-

phenylacetate (10b). *H NMR (400 MHz, CDCl3) & 9.08 (d, J = 8.0 Hz, 1H), 7.89 (d, J = 8.0
Hz, 1H), 7.69 (d, J = 8.0 Hz, 1H), 7.61 (t, J = 8.0 Hz, 1H), 7.37 — 7.28 (m, 5H), 6.95 (d, J =
8.0 Hz, 1H), 5.73 (s, 1H), 5.55 (d, J = 7.0 Hz, 1H), 4.51 (d, J = 4.0 Hz, 2H), 4.26 (d, J = 8.0
Hz, 2H), 3.69 (s, 3H), 1.34 (d, J = 8.0 Hz, 3H). 3C NMR (101 MHz, CDCl3) & 170.80 (s),
167.24 (s), 166.03 (s), 165.64 (s), 147.55 (s), 133.85 (s), 133.69 (s), 131.44 (s), 129.37 (s),
129.00 (s), 128.85 — 128.75 (m), 128.66 (s), 128.30 (s), 127.24 (s), 123.57 (s), 100.13 (s), 60.67
(s), 56.57 (s), 52.95 (s), 43.36 (s), 14.31 (s).White solid (78% yield).ESI-HRMS m/z [M+H]*

calcd. for C2sH26N206 423.1556 found 423.1570.
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Methyl(S,Z)-2-(2-(1-(2-butoxy-2-oxoethylidene)-3-oxoisoindolin-2-yl)acetamido)-2-

phenylacetate (10c). 'NMR (400 MHz, ) § 9.09 (d, J = 8.0 Hz, 1H), 7.89 (d, J = 8.0 Hz, 1H),
7.70 (t,J=8.0 Hz, 1H), 7.61 (t,J= 8.0 Hz, 1H), 7.40 — 7.29 (m, 5H), 7.09 — 6.98 (m, 1H), 5.74
(s, 1H),5.57 (d,J=8.0 Hz, 1H), 4.53 (d, /= 4.0 Hz, 2H), 4.21 (t,J= 8.0 Hz, 2H), 3.69 (s, 3H),
1.74 — 1.64 (m, 2H), 1.48 — 1.39 (m, 2H), 0.98 (t, /= 8.0 Hz, 3H).NMR (101 MHz, ) 6 170.83
(s), 167.31 (s), 166.08 (s), 165.81 (s), 147.56 (s), 135.93 (s), 135.93 (s), 133.96 (s), 133.76 (s),
131.49 (s), 129.43 (s), 129.07 (s), 128.91 (s), 128.72 (s), 128.39 (s), 127.29 (s), 100.21 (s),
64.68 (s), 56.64 (s), 52.98 (s), 43.51 (s), 30.79 (s), 19.25 (s), 13.81 (s).White solid (67%

yield).ESI-HRMS m/z [M+H]" calcd. for C2sH26N206 451.1869 found 451.1873.

Methyl(S,Z)-2-(2-(1-(2-(tert-butoxy)-2-oxoethylidene)-3-oxoisoindolin-2-yl)acetamido)-2-

phenylacetate (10d). 'INMR(400 MHz, ) § 9.03 (d, J = 8.0 Hz, 1H), 7.89 (d, J = 8.0 Hz, 1H),
7.69 (t, J = 8.0 Hz, 1H), 7.59 (t, J = 8.0 Hz, 1H), 7.36 — 7.28 (m, 5H), 6.95 (d, J = 8.0 Hz, 1H),
5.69 (s, 1H), 5.55 (d, J = 8.0 Hz, 1H), 4.50 (m, 2H), 3.69 (s, 3H), 1.54 (s, 9H).NMR (101 MHz,
) 8 170.76 (s), 167.31 (s), 166.16 (s), 165.00 (s), 146.47 (s), 135.92 (s), 134.03 (s), 133.66 (s),
131.27 (s), 129.39 (s), 129.06 (s), 128.90 (s), 128.70 (s), 128.30 (s), 127.22 (s), 123.56 (s),
102.48 (s), 81.14 (s), 56.58 (s), 52.96 (s), 43.60 (s), 28.28 (s).White solid (64% yield).ESI-

HRMS m/z [M+H]" calcd. for C2sH26N20s 451.1869 found 451.1873.

Methyl benzoyl-L-phenylalanyl-L-valinate (6d). *H NMR (400 MHz, CDCl3)é 7.72 (d, J = 8.0
Hz, 2H), 7.50 (d, J = 8.0 Hz, 1H), 7.40 (d, J = 4.0 Hz, 2H), 7.32 — 7.21 (m, 5H), 6.95 (d, J =
8.0 Hz, 1H), 6.50 (d, J = 8.0 Hz, 1H), 4.94 (g, J = 8.0 Hz, 1H), 4.44 (dd, J = 4.0 Hz, 1H), 3.71
(s, 3H), 3.29 — 3.06 (M, 2H), 2.19 — 1.93 (m, 1H), 0.83 (d, J = 8.0 Hz, 6H). 3C NMR (101
MHz, CDCls) & 171.66 (s), 170.93 (s), 167.30(s), 136.52 (s), 133.80 (s), 131.82 (s), 129.41
(s),128.71 (s), 128.61 (s), 127.06 (s), 57.52 (s), 54.83 (s), 52.14 (s), 38.25 (s), 31.08 (s), 18.85
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(s), 17.74 (s). White solid (60% yield).ESI-HRMS m/z [M+H]" calcd. for C22H25N204

383.1971 found 383.1970.

Methyl((S)-2-((2)-1-(2-methoxy-2-oxoethylidene)-3-oxoisoindolin-2-yl)-3-phenylpropanoyl)-

L-valinate (11a). 'H NMR (400 MHz, CDCls) § 9.05 (d, J = 8.0 Hz, 1H), 7.79 (d, J = 8.0 Hz,
1H), 7.69 (t, J = 8.0 Hz, 1H), 7.59 (t, J = 8.0 Hz, 1H), 7.22 — 7.09 (m, 5H), 6.38 (s, 1H), 5.98
(s, 1H), 5.43 (s, 1H), 4.59 (dd, J = 4.0 Hz, 1H), 3.84 (s, 3H), 3.71 (s, 3H), 3.67 — 3.60 (m, 1H),
3.44 — 3.34 (m, 1H), 2.21 — 2.07 (m, 1H), 0.83 (dd, J = 8.0 Hz, 6H).23C NMR (101 MHz,
CDCl3) 8 171.78 (s), 168.59 (s), 167.36 (s), 166.04 (s), 136.70 (s), 133.69 (s), 133.55 (5), 131.43
(s), 128.97 (s), 128.72 (s), 128.55 (s), 128.03 (s), 126.91 (s), 101.06 (s), 57.53 (s), 52.24 (s),
51.80 (s), 34.05 (s), 31.14 (s), 29.21 (s), 18.88 (s), 17.76 (s). White solid (67% vyield).ESI-

HRMS m/z [M+H]" calcd. for C26H2sN20s 465.1945 found 465.1995.

Methyl ((S)-2-((2)-1-(2-ethoxy-2-oxoethylidene)-3-oxoisoindolin-2-yl)-3-phenylpropanoyl)-L-
valinate (11b). *H NMR (400 MHz, CDCls) & 9.05 (d, J = 8.0 Hz, 1H), 7.79 (d, J = 8.0 Hz,
1H), 7.68 (t, J = 8.0 Hz, 1H), 7.58 (t, J = 8.0 Hz, 1H), 7.23 — 7.08 (m, 4H), 6.40 (s, 1H), 5.94
(s, 1H), 5.45 (s, 1H), 4.60 (d, J = 4.0 Hz, 1H), 4.38 — 4.20 (m, 2H), 3.71 (s, 2H), 3.68 — 3.58
(m, 1H), 3.45 — 3.32 (m, 1H), 2.20 — 2.10 (m, 1H), 1.36 (t, J = 8.0 Hz, 3H), 0.87 (dd, J = 8.0
Hz, 6H). 3C NMR (101 MHz, CDCls) 5 171.78 (s), 168.59 (s), 167.36 (s), 166.04 (s), 136.70
(s), 133.69 (s), 133.55 (s), 131.43 (s), 128.97 (s), 128.72 (s), 128.55 (s), 128.03 (s), 126.91 (s),
101.06 (s), 57.53 (s), 52.24 (s), 51.80 (s), 34.05 (s), 31.14 (s), 21.96 (s), 18.88 (s), 17.76 (5).
White solid (51% yield).ESI-HRMS m/z [M+H]" calcd. for C27H30N20s 479.2182 found

479.2165.
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Methyl ((S)-2-((Z)-1-(2-butoxy-2-oxoethylidene)-3-oxoisoindolin-2-yl)-3-phenylpropanoyl)-L-
valinate (11c). 'H NMR (400 MHz, ) 5 9.01 (d, J = 8.0 Hz, 1H), 7.74 (d, J = 8.0 Hz, 1H), 7.67
~7.61(t, J = 8.0 Hz, 1H), 7.55 — 7.51 (t, J = 8.0 Hz, 1H), 7.16 — 7.06 (m, 5H), 6.49 — 6.30 (s,
1H), 5.89 (s, 1H), 5.42 (s, 1H), 4.57 (d, J = 8.0 Hz, 1H), 4.30 — 4.10 (m, 2H), 3.64 (s, 3H), 3.62
—3.59 (m, 1H), 3.35 (M, 1H), 2.16 — 2.06 (M, 1H), 1.71 — 1.63 (M, 2H), 1.46 — 1.37 (m, 2H),
0.96 (t, J = 8.0 Hz, 3H), 0.80 (d, J = 8.0 Hz, 6H). NMR (101 MHz, ) 5 171.86 (s), 169.10 —
168.50 (M), 167.40 (s), 165.77 (s), 136.84 (s), 133.68 (s), 131.41 (s), 129.06 (s), 128.83 (s),
128.56 (s),128.13 (s), 126.93 (s), 123.55 (s), 101.64 (s), 64.72 (s), 57.57 (s), 52.27(s), 34.09
(s), 31.29 (s), 30.78 (s), 29.76 (s), 19.24 (s), 19.04 (s), 17.82 (s), 13.79 (s). White solid (58%

yield).ESI-HRMS m/z [M+H]" calcd. for C29H3aN206 507.2498 found 507.2518.

Methyl((S)-2-((2)-1-(2-(tert-butoxy)-2-oxoethylidene)-3-oxoisoindolin-2-yl)-3-

phenylpropanoyl)-L-valinate (11d). HNMR (400 MHz, ) § 8.97 (d, J = 8.0 Hz, 1H), 7.76 (d,
J=8.0 Hz, 1H), 7.66 (t, J = 8.0 Hz 1H), 7.55 (t, J = 8.0 Hz, 1H), 7.17 — 7.09 (m, 5H), 6.37 (s,
1H), 5.81 (s, 1H), 5.41 (s, 1H), 4.60 (dd, J = 8.0 Hz, 1H), 3.69 (s, 3H), 3.68 — 3.60 (m, 1H),
3.40 — 3.30 (m, 1H), 2.21 — 2.05 (m, 1H), 1.55 (s, 9H), 0.98 — 0.67 (dd J = 8.0 Hz, 6H).NMR
(101 MHz, CDCl3) & 170.76 (s), 167.25 (s), 165.95 (s), 165.62 (s), 147.49 (s), 135.85 (s),
133.87 (s), 133.74 (s), 131.47 (s), 129.34 (s), 129.03 (s), 128.87 (s), 128.69 (s), 128.34 (s),
127.22 (s), 123.62 (s), 100.19 (s), 60.68 (s), 56.57 (s), 52.97 (s), 45.71 (s), 43.50 (s), 29.71 (s),
14.30 (s), 14.17 (s). White solid (55% yield).ESI-HRMS m/z [M+H]" calcd. for C29H34N20s

507.2498 found 507.2518.

Methyl (2-naphthoyl)glycyl-L-valinate (13a). *H NMR (400 MHz, CDClIs) § 8.37 (s, 1H), 8.07
(s,1H), 7.89 (d, J =4.0 Hz, 1H), 7.79 (t, J = 8.0 Hz, 1H), 7.71 (d, J = 8.0 Hz, 1H), 7.55 - 7.41

(m, 1H), 4.60 — 4.54 (m, 1H), 4.43 — 4.28 (m, 2H), 3.70 (s, 3H), 2.32 — 2.08 (m, 1H), 0.95 (dd,
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J = 8.0 Hz, 6H). 3C NMR (101 MHz, CDCl3) § 172.39 (s), 170.15 (s), 168.16 (s), 134.76 (s),
132.48 (s), 130.62 (s), 129.02 (s), 128.21 (s), 128.08 (s), 127.66 (s), 127.60 (s), 126.56 (s),
123.72 (s), 57.73 (), 52.14 (s), 43.86 (s), 30.98 (s), 19.08 (s), 17.92 (s). Yellow solid (66%

yield).ESI-HRMS m/z [M+H]" calcd. for C19H22N204 343.1658 found 343.1658.

Methyl(Z)-(2-(1-(2-methoxy-2-oxoethylidene)-3-oxo-1,3-dihydro-2H-benzo[f]isoindol-2-

ylacetyl)-L-valinate (14a). *H NMR (400 MHz, CDCls) § 9.70 (s, 1H), 8.40 (s, 1H), 8.12 —
8.06 (m, 1H), 8.06 — 7.98 (m, 1H), 7.78 — 7.49 (m, 2H), 6.46 (d, J = 8.0 Hz, 1H), 5.78 (s, 1H),
4.68 — 4.45 (m, 3H), 3.84 (s, 3H), 3.69 (s, 4H), 2.23 — 2.09 (m, 1H), 0.88 (dd, J = 8.0 Hz, 6H).
13C NMR (101 MHz, CDCls) & 171.83 (s), 167.17 (s), 166.50 (s), 166.34 (s), 148.26 (s), 136.02
(s), 133.87 (s), 130.52 (s), 129.96 (s), 129.65 (S), 128.64 (s), 128.54 (s), 126.11 (s), 125.20 (s),
124.73 (s), 97.97 (s), 57.32 (), 52.26 (s), 51.69 (s), 43.93 (s), 31.20 (s), 18.91 (s), 17.72 (S).
Yellow solid (60% vyield).ESI-HRMS m/z [M+H]* calcd. for C23H24N206 425.1713 found

425.1697.

Methyl(2)-(2-(1-(2-ethoxy-2-oxoethylidene)-3-o0xo0-1,3-dihydro-2H-benzo[f]isoindol-2-

yl)acetyl)-L-valinate (14b). *H NMR (400 MHz, CDCl3) § 9.71 (s, 1H), 8.41 (s, 1H), 8.12 —
8.06 (m, 1H), 8.05 — 7.99 (m, 1H), 7.71 — 7.57 (m, 2H), 6.47 (d, J = 8.7 Hz, 1H), 5.77 (s, 1H),
4.61 —4.52 (m, 2H), 4.30 (g, J = 8.0 Hz, 2H), 3.70 (s, 2H), 2.23 - 2.12 (m, 1H), 1.37 (t, J = 8.0
Hz, 3H), 0.88 (dd, J = 8.0 Hz, 6H). 3C NMR (101 MHz, CDCl3) & 171.82 (s), 167.19 (s),
166.38 (s), 166.05 (s), 147.98 (s), 136.03 (s), 133.86 (), 130.52 (s), 129.98 (s), 129.65 (s),
128.69 (s), 128.62 (s), 128.51 (s), 126.15 (s), 124.72 (s), 98.61 (s), 60.53 (s), 57.31 (s), 52.27
(s), 43.98 (s), 31.22 (s), 18.94 (s), 17.71 (s), 14.35 (s). Yellow solid (57% yield).ESI-HRMS

m/z [M+H]" calcd. for C23H24N206 439.1869 found 439.1867.
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Methyl ([1,1'-biphenyl]-4-carbonyl)glycyl-L-valinate (16a). *H NMR (400 MHz, CDCls) §
8.07 — 8.01 (m, 1H), 7.93 (d, J = 8.0 Hz, 2H), 7.73 (d, J = 8.0 Hz, 1H), 7.55 (dd, J = 8.0 Hz,
4H), 7.44 — 7.31 (m, 3H), 4.57 (dd, J = 8.0 Hz, 1H), 4.31 (d, J = 4.0 Hz, 2H), 3.70 (s, 3H), 2.31
—2.09 (m, 1H), 0.95 (dd, J = 6.0 Hz, 6H).23C NMR (101 MHz, CDCls) & 172.33 (s), 170.04
(s), 167.85 (s), 144.40 (s), 139.92 (s), 132.18 (s), 128.89 (s), 127.99 (s), 127.89 (s), 127.15 (s),
127.08 (s), 57.69 (s), 52.15 (s), 43.83 (s), 31.03 (s), 19.08 (s), 17.91 (s). Yellow solid (62%

yield).ESI-HRMS m/z [M+H]" calcd. for C23H2aN206 369.1814 found 369.1799.

Methyl(2)-(2-(3-(2-methoxy-2-oxoethylidene)-1-oxo-5-phenylisoindolin-2-yl)acetyl)-L-

valinate (17a). *H NMR (400 MHz, CDCl3) 6 9.41 (s, 1H), 7.97 (d, J = 8.0 Hz, 1H), 7.85 (d, J
= 4.0 Hz, 1H), 7.71 (d, J = 4.0 Hz, 1H), 7.51 (d, J = 8.0 Hz, 1H), 7.43 (d, J = 8.0 Hz, 1H), 6.36
(d, J = 1.0 Hz, 1H), 5.81 (s, 1H), 4.60 — 4.44 (m, 3H), 3.81 (s, 3H), 3.71 (s, 3H), 2.24 — 2.08
(m, 1H), 0.89 (dd, J = 6.0 Hz, 6H). NMR (101 MHz, ) § 171.93 (s), 167.20 (s), 166.49 (s),
166.12 (s), 147.82 (s), 147.14 (s), 140.09 (s), 134.59 (s), 130.46 (s), 129.17 (s), 128.47 (s),
127.97 (s), 127.65 (s), 127.25 (s), 124.04 (s), 99.77 (s), 57.34 (s), 52.41 (s), 51.96 (s), 43.81
(s), 31.31(s), 19.01 (s), 17.81 (s). Yellow solid (64% yield).ESI-HRMS m/z [M+H]" calcd. for

CasH26N206 451.1869 found 451.1879.

Methyl(2)-(2-(3-(2-ethoxy-2-oxoethylidene)-1-o0xo0-5-phenylisoindolin-2-yl)acetyl)-L-valinate
(17b). *H NMR (400 MHz, CDCls) 6 9.43 (d, J = 4.0 Hz, 1H), 7.99 (d, J = 4.0 Hz, 1H), 7.87
(d, J = 4.0 Hz, 1H), 7.73 (d, J = 4.0 Hz, 2H), 7.53 (t, J = 8.0 Hz, 2H), 7.45 (t, J = 8.0 Hz, 1H),
6.37 (d, J = 8.0 Hz, 1H), 5.83 (s, 1H), 4.63 — 4.52 (m, 3H), 4.29 (d, J = 8.0 Hz, 2H), 3.73 (s,
3H), 2.25 — 2.12 (m, 1H), 1.35 (t, J = 8.0 Hz, 3H), 0.91 (dd, J = 8.0 Hz, 6H). NMR (101 MHz,
)8 171.91 (s), 167.20 (s), 166.54 (s), 165.66 (s), 147.52 (s), 147.12 (s), 140.12 (s), 134.63 (s),

130.41 (s), 129.16 (s), 128.45 (s), 127.99 (s), 127.66 (), 127.14 (s), 124.02 (s), 100.40 (s),
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60.79 (s), 57.33 (), 52.40 (S), 43.84 (s), 31.33 (s), 19.03 (s), 17.80 (s), 14.38 (). Yellow solid

(60% yield).ESI-HRMS m/z [M+H]" calcd. for CasHasN20s 465.2026 found 465.2043.

Methyl (S)-2-(2-(2-naphthamido)acetamido)-2-phenylacetate (13b). *H NMR (400 MHz,
CDCls) & 8.33 (s, 1H), 7.87 — 7.78 (m, 5H), 7.58 — 7.47 (m, 3H), 7.42 — 7.37 (m, 2H), 7.35 —
7.28 (m, 3H), 5.61 (d, J = 8.0 Hz, 1H), 4.46 — 4.22 (m, 2H), 3.70 (s, 3H). NMR (101 MHz, ) 5
171.14 (s), 168.90 (s), 167.93 (s), 136.01 (s), 134.94 (s), 132.62 (s), 130.72 (s), 129.13 (s),
128.78 (s), 128.50 (s), 128.00 (s), 127.87 (s), 127.79 (s), 127.47 (s), 126.81 (s), 123.74 (s),
56.91 (s), 52.99 (s), 43.78 (s). Yellow solid (60% vyield).ESI-HRMS m/z [M+H]" calcd. for

C22H20N204 465.1501 found 465.1418.

Methyl(S,Z)-2-(2-(1-(2-methoxy-2-oxoethylidene)-3-oxo-1,3-dihydro-2H-benzo[f]isoindol-2-

yl)acetamido)-2-phenylacetate (14c). *H NMR (400 MHz, CDCIs) § 9.70 (s, 1H), 8.39 (s, 1H),
8.12 — 8.07 (m, 1H), 8.04 — 7.98 (m, 1H), 7.67 — 7.61 (m, 2H), 7.37 — 7.29 (m, 5H), 7.00 (d, J
= 8.0 Hz, 1H), 5.73 (s, 1H), 5.63 — 5.50 (m, 1H), 4.57 (s, 2H), 3.83 (s, 3H), 3.68 (s, 3H). 3C
NMR (101 MHz, CDCls) & 170.76 (s), 167.15 (s), 166.47 (s), 165.80 (s), 148.27 (s), 136.02
(s), 135.86 (s), 133.87 (s), 130.53 (s), 129.96 (s), 129.66 (s), 129.02 (s), 128.88 (s), 128.67 (s),
128.64 (s), 128.54 (s), 127.24 (s), 126.12 (s), 124.77 (s), 98.02 (s), 56.60 (s), 52.95 (s), 51.67
(s), 43.75 (s). Yellow solid (62% vyield).ESI-HRMS m/z [M+H]" calcd. for Ca2sH22N20e

459.1556 found 459.1564.

Methyl(S,Z2)-2-(2-(1-(2-ethoxy-2-oxoethylidene)-3-oxo-1,3-dihydro-2H-benzo[f]isoindol-2-
yl)acetamido)-2-phenylacetate (14d). *H NMR (400 MHz, CDCl3) § 9.75 (s, 1H), 8.44 (s, 1H),
8.17 - 8.11 (m, 1H), 8.07 — 8.02 (m, 1H), 7.71 — 7.64 (m, 2H), 7.42 — 7.30 (m, 7H), 6.97 (d, J

= 6.8 Hz, 1H), 5.76 (s, 1H), 5.60 (d, J = 8.0 Hz, 1H), 4.60 (d, J = 2.7 Hz, 2H), 4.32 (d, J = 8.0
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Hz, 2H), 3.71 (s, 2H), 1.38 (t, J = 8.0 Hz, 3H). 3C NMR (101 MHz, CDCls) 5 170.75 (s),
167.21 (s), 166.07 (s), 165.83 (s), 148.01 (s), 136.05 (s), 135.86 (s), 133.87 (s), 130.54 (s),
130.02 (s), 129.67 (s), 129.21 (s), 129.04 (s), 128.89 — 128.87 (m), 128.69 (s), 128.65 (s),
127.22 (s), 126.14 (s), 124.79 (s), 98.66 (s), 60.57 (s), 56.58 (S), 52.98 (s), 43.83 (s), 14.38 (s).
Yellow solid (58% vyield).ESI-HRMS m/z [M+H]" calcd. for C27H24N20s 473.1713 found

473.1757.

Methyl (S)-2-(2-([1,1'-biphenyl]-4-carboxamido)acetamido)-2-phenylacetate (16b). *H NMR
(400 MHz, CDCl3) 6 7.88 (d, J = 8.0 Hz, 2H), 7.70 — 7.58 (m, 5H), 7.52 — 7.45 (m, 2H), 7.45
—7.33 (M, 6H), 7.31 (s, 1H), 5.62 (d, J = 8.0 Hz, 1H), 4.39 — 4.14 (m, 2H), 3.74 (s, 3H). 1*C
NMR (101 MHz, ) § 171.12 (s), 168.75 (s), 167.55 (s), 144.66 (s), 140.01 (s), 135.98 (s), 132.16
(s), 129.16 (s), 129.01 (s), 128.81 (s), 128.13 (s), 127.81 (s), 127.47 (s), 127.30 (s), 56.87 (s),
53.02 (s), 43.67 (s). Yellow solid (55% yield).ESI-HRMS m/z [M+H]" calcd. for C2sH22N204

403.1658 found 403.1653.

Methyl(S,2)-2-(2-(3-(2-methoxy-2-oxoethylidene)-1-0xo-5-phenylisoindolin-2-yl)acetamido)-
2-phenylacetate (17c). *H NMR (400 MHz, CDCl3) § 9.39 (d, J = 0.8 Hz, 1H), 7.94 (d, J = 8.0
Hz, 1H), 7.86 — 7.80 (m, J = 7.9, 1.4 Hz, 1H), 7.73 — 7.66 (m, 2H), 7.50 (t, J = 8.0 Hz, 2H),
7.43 (d, J = 8.0 Hz, 1H), 7.35 — 7.29 (m, 5H), 6.96 (d, J = 6.9 Hz, 1H), 5.76 (s, 1H), 5.56 (d, J
= 8.0 Hz, 1H), 4.53 (d, J = 4.0 Hz, 2H), 3.80 (s, 3H), 3.69 (s, 3H).33C NMR (101 MHz, CDCl3)
§ 170.78 (s), 167.08 (s), 166.02 (s), 165.92 (s), 147.75 (s), 147.05 (s), 140.04 (s), 135.86 (s),
134.55 (s), 130.34 (s), 129.09 (s), 129.03 (s), 128.69 (s), 128.38 (s), 127.94 (s), 127.57 (s),
127.24 (s), 127.15 (s), 123.96 (s), 99.72 (s), 56.58 (s), 52.96 (s), 51.82 (s), 43.55 (s). Yellow

solid (58% yield).ESI-HRMS m/z [M+H]" calcd. for C2sH24N20s 485.1713 found 485.1740.
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Methyl(S,2)-2-(2-(3-(2-ethoxy-2-oxoethylidene)-1-oxo-5-phenylisoindolin-2-yl)acetamido)-2-
phenylacetate (17d). *H NMR (400 MHz, CDClz) § 9.39 (d, J = 0.9 Hz, 1H), 7.95 (d, J = 8.0
Hz, 1H), 7.86 — 7.80 (m, 1H), 7.72 — 7.66 (m, 2H), 7.53 — 7.46 (m, 2H), 7.46 — 7.39 (m, 1H),
7.38 — 7.27 (m, 5H), 6.96 (d, J = 6.9 Hz, 1H), 5.76 (s, 1H), 5.56 (d, J = 8.0 Hz, 1H), 4.59 —
4.44 (m, 2H), 4.26 (d, J = 8.0 Hz, 2H), 3.70 (s, 3H), 1.33 (d, J = 8.0 Hz, 3H). 23C NMR (101
MHz, CDCls) & 170.77 (s), 167.11 (s), 165.99 (s), 165.59 (s), 147.47 (s), 147.03 (s), 140.08
(s), 135.88 (s), 134.60 (s), 130.30 (s), 129.08 (s), 129.03 (s), 128.69 (s), 128.36 (s), 127.95 (s),
127.58 (s), 127.23 (s), 127.18 (s), 123.94 (s), 100.33 (s), 60.70 (s), 56.58 (s), 52.96 (s), 43.58
(s), 14.32 (s). Yellow solid (56% vyield).ESI-HRMS m/z [M+H]" calcd. for C29H26N20s

498.1869 found 498.1845.

Methyl (4-methylbenzoyl)-L-phenylalanylvalinate (19a). *H NMR (400 MHz, CDCls) § 7.62
(d, J = 8.1 Hz, 2H), 7.32 — 7.18 (m, 7H), 6.87 (d, J = 7.1 Hz, 1H), 6.53 (d, J = 7.9 Hz, 1H),
5.00 — 4.85 (m, 1H), 4.43 (d, J = 8.0 Hz, 1H), 3.71 (s, 3H), 3.28 — 3.11 (m, J = 8.0 Hz, 2H),
2.38 (s, 3H), 2.12 — 2.04 (m, 1H), 0.98 — 0.71 (m, J = 8.0 Hz, 6H). 3C NMR (101 MHz, CDCl3)
§ 171.68 (s), 170.99 (s), 167.26 (s), 142.31 (s), 136.59 (s), 130.95 (s), 129.41 (s), 129.27 (s),
128.69 (s), 127.06 (s), 127.03 (s), 57.51 (s), 54.74 (s), 52.12 (s), 38.19 (s), 31.07 (s), 21.46 (s),
18.85 (s), 17.74 (s). White solid (40% yield).ESI-HRMS m/z [M+H]" calcd. for C23H28N204

397.2127 found 397.2145.

Methyl((S)-2-((2)-3-(2-methoxy-2-oxoethylidene)-5-methyl-1-oxoisoindolin-2-yl)-3-

phenylpropanoyl)-L-valinate (20a). *H NMR (400 MHz, ) & 8.85 (s,1H), 7.64 (d, J = 8.0
Hz,1H), 7.36 (d, J = 8.0 Hz,1H), 7.19 — 7.02 (m,5H), 6.40 (s,1H), 5.92 (s,1H), 5.41 (s,1H), 4.56
(dd, J = 8.0 Hz,1H), 3.81 (s,3H), 3.67 (5,3H), 3.64 — 3.56 (m,1H), 3.42 — 3.30 (m,1H), 2.50

(s,3H), 2.16 — 1.98 (m, 1H), 0.82 (dd, J = 8.0 Hz, 6H). NMR (101 MHz, ) 5 171.87 (s), 168.81
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(s), 167.41 (s), 166.20 (s), 144.34 (s), 136.86 (s), 133.93 (s), 132.34 (s), 129.04 (s), 128.56 (d,
J=3.0Hz), 126.91 (s), 126.31 (s), 123.42 (s), 100.40 (s), 57.59 (s), 52.27 (S), 51.83 (s), 34.03
(s), 31.19 (s), 29.72 (s), 22.42 (S), 18.96 (S), 17.84 (s). White solid (40% yield).ESI-HRMS m/z

[M+H]" calcd. for C27H30N20s 479.2182 found 479.22009.

Methyl((S)-2-((2)-3-(2-ethoxy-2-oxoethylidene)-5-methyl-1-oxoisoindolin-2-yl)-3-

phenylpropanoyl)-Lvalinate (20b). *H NMR (400 MHz, ) § 8.83 (s, 1H), 7.62 (d, J = 8.0 Hz,
1H), 7.34 (d, J = 8.0 Hz, 1H), 7.18 — 7.05 (m, 5H), 6.40 (s, 1H), 5.86 (s, 1H), 5.39 (s, 1H), 4.56
(dd, J = 8.0 Hz, 1H), 4.29 — 4.21 (m, 2H), 3.65 (s, 3H), 3.64 — 3.57 (m, 1H), 3.41 — 3.26 (m,
1H), 2.49 (s,3H), 2.17 — 2.03 (m,1H), 1.33 (t, J = 8.0 Hz, 3H), 0.80 (dd, J = 8.0 Hz, 6H).NMR
(101 MHz, ) 5 171.86 (s), 168.88 (s), 167.40 (s), 165.74 (s), 144.73 (s), 136.96 (s), 133.99 (s),
132.29 (s), 129.06 (s), 128.55 (s), 126.90 (s), 126.38 (s), 123.41 (s), 101.26 (s), 60.72 (s), 57.58
(s), 52.21(s), 34.03 (), 31.24 (s), 29.81 (s), 22.39 (s), 19.04 (s), 17.83 (s), 14.38 (s).White solid

(40% yield).ESI-HRMS m/z [M+H]" calcd. for C2sHa2N20s 492.2339 found 492.2367.

Methyl (4-(tert-butyl)benzoyl)-L-phenylalanyl-L-valinate (19b). *H NMR (400 MHz, CDCls)
§7.67 (d, J = 8.0 Hz, 2H), 7.43 — 7.39 (m, 2H), 7.30 — 7.19 (m, 6H), 6.98 (d, J = 8.0 Hz, 1H),
6.66 (d, J = 8.1 Hz, 1H), 4.96 (g, J = 8.0 Hz, 1H), 4.45 (dd, J = 8.0 Hz, 1H), 3.71 (s, 3H), 3.28
—3.13 (m, 2H), 2.14 — 2.00 (m, 1H), 1.32 (s, 9H), 0.83 (dd, J = 8.0 Hz, 6H). 3C NMR (101
MHz, CDCls) & 171.70 (s), 171.12 (s), 167.28 (s), 155.35 (s), 136.62 (s), 130.88 (s), 129.41
(s), 128.67 (s), 126.97 (d, J = 4.6 Hz), 125.53 (s), 125.22 (s), 57.50 (s), 54.73 (), 52.11 (s),
38.13 (s), 34.94 (s), 31.14 (s), 31.08 (s), 18.86 (s), 17.75 (s). White solid (55% vyield).ESI-

HRMS m/z [M+H]" calcd. for C26H34N204 439.2597 found 439.2552.
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Methyl((S)-2-((2)-5-(tert-butyl)-3-(2-methoxy-2-oxoethylidene)-1-oxoisoindolin-2-yl)-3-

phenylpropanoyl)-L-valinate (21a). *H NMR (400 MHz, CDClz) § 9.18 (d, J = 4.0 Hz, 1H),
7.70 (d, J = 8.0 Hz, 1H), 7.61 (d, J = 8.0 Hz, 1H), 7.20 — 7.05 (m, 5H), 6.34 (s, 1H), 5.91 (s,
1H), 5.38 (s, 1H), 4.60 — 4.52 (m, 1H), 3.82 (s, 3H), 3.69 (s, 3H), 3.66 — 3.59 (M, 1H), 3.45 —
3.28 (m, 1H), 2.16 — 2.00 (m, 1H), 1.41 (s, 9H), 0.82 (d, J = 8.0 Hz, 7H). 3C NMR (101 MHz,
CDCl3) 8 171.79 (s), 168.72 (s), 166.08 (s), 157.92 (s), 146.94 (s), 136.89 (s), 133.75 (5), 129.34
(s), 128.99 (s), 128.75 (s), 128.54 (s), 126.84 (s), 126.12 (s), 125.31 (s), 123.13 (s), 100.68 (s),
57.55 (s), 52.22 (s), 51.80 (s), 35.87 (s), 34.09 (s), 31.34 (s), 31.19 (s), 29.70 (s), 18.89 (s),
17.84 (s).White solid (35% vyield).ESI-HRMS m/z [M+H]" calcd. for C3oH3sN20s 521.2651

found 521.2672

Methyl((S)-2-((2)-5-(tert-butyl)-3-(2-ethoxy-2-oxoethylidene)-1-oxoisoindolin-2-yl)-3-

phenylpropanoyl)-L-valinate (21b). *H NMR (400 MHz, CDCl3) § 9.17 (d, J = 1.1 Hz, 1H),
7.69 (d, J = 8.0 Hz, 1H), 7.60 (dd, J = 8.0, 1.6 Hz, 1H), 7.21 — 7.08 (m, 1H), 6.37 (s, 1H), 5.88
(s, 1H), 5.40 (s, 1H), 4.58 (dd, J = 8.6, 5.0 Hz, 1H), 4.35 — 4.20 (m, 1H), 3.68 (s, 1H), 3.67 —
3.61 (m, 1H), 3.42 — 3.30 (m, 1H), 2.20 — 2.07 (m,1H), 1.40 (s, 9H), 1.34 (t, J = 8.0 Hz, 3H),
0.84 (d, J = 8.0 Hz, 6H). 3C NMR (101 MHz, CDCl3) & 171.80 (s), 168.80 (s), 165.62 (s),
157.86 (s), 136.94 (s), 133.79 (s), 129.00 (s), 128.96 (s), 128.69 (s), 128.51 (s), 126.82 (s),
126.14 (s), 125.31 (s), 123.10 (s), 101.15 (s), 60.62 (s), 57.56 (S), 52.22 (s), 35.86 (s), 34.09
(s), 31.34 (), 31.24 (s), 29.70 (s), 18.97 (s), 17.86 (s), 14.34 (s).White solid (32% yield).ESI-

HRMS m/z [M+H]" calcd. for C31H3sN20s 535.2730 found 535.2773.

Methyl((S)-2-((2)-3-(2-butoxy-2-oxoethylidene)-5-(tert-butyl)-1-oxoisoindolin-2-yl)-3-
phenylpropanoyl)-L-valinate (21c). *H NMR (400 MHz, CDCl3) § 9.19 (s, 1H), 7.71 (d, J =

8.0 Hz, 1H), 7.62 (d, J = 9.4 Hz, 1H), 7.21 — 7.10 (m, 3H), 6.41 (s, 1H), 5.89 (s, 1H), 5.43 (s,
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1H), 4.60 (dd, J = 8.6, 4.9 Hz, 1H), 4.31 — 4.16 (m, 2H), 3.69 (s, 2H), 3.67 — 3.62 (m, 1H), 3.44
—3.30 (M, 1H), 2.19 — 2.10 (m, 1H), 1.74 — 1.65 (M, 2H), 1.49 — 1.44 (m, 2H), 1.42 (s, 9H),
0.99 (t, J = 8.0 Hz, 3H), 0.86 (dd, J = 8.0 Hz, 6H). 3C NMR (101 MHz, CDCls) 5 171.79 (s),
168.81 (s), 165.74 (s), 157.85 (s), 150.88 (s), 136.95 (s), 133.81 (s), 129.00 (s), 128.68 (s),
128.50 (s), 128.25 (s), 126.81 (s), 126.14 (s), 125.31 (s), 123.09 (s), 101.17 (s), 64.58 (s), 57.55
(s), 52.21 (s), 35.86 (s), 34.07 (s), 31.34 (s), 31.27 (s), 30.75 (s), 29.70 (s), 19.18 (s), 18.97 (s),
17.85 (s), 13.75 (s).White solid (30% yield).ESI-HRMS m/z [M+H]" calcd. for CasH42N20e

563.3121 found 563.3135.

Methyl ((S)-2-((Z)-3-(2-(tert-butoxy)-2-oxoethylidene)-5-(tert-butyl)- 1-oxoisoindolin-2-yl)-3-
phenylpropanoyl)-L-valinate (21d). '"H NMR (400 MHz, CDCls) & 9.03 (s, 1H), 7.67 (d, J =
8.0 Hz, 1H), 7.62 — 7.55 (m, 1H), 7.21 — 7.08 (m, 5H), 6.40 (s, 1H), 5.78 (s, 1H), 5.39 (s, 1H),
4.63 —4.55 (m, 1H), 3.68 (s, 3H), 3.66 — 3.62 (m, 1H), 3.42 —3.26 (m, 1H), 2.13 (m, 1H), 1.55
(s, 9H), 1.39 (s, 9H), 0.86 (dd, J = 8.0 Hz, 6H). '*C NMR (101 MHz, CDCI3) § 171.78 (s),
168.95 (s), 165.01 (s), 157.60 (s), 137.08 (s), 133.91 (s), 129.03 (s), 128.95 (s), 128.47 (s),
128.28 (s), 126.77 (s),126.17 (s), 124.83(s), 123.01 (s), 103.33 (s), 81.00 (s), 57.57 (s), 52.21
(s), 35.81 (s), 34.08 (s), 31.30 (s), 31.24 (s), 29.70 (s), 28.21 (s), 19.10 (s), 17.87 (s). White

solid (32% yield).ESI-HRMS m/z [M+H]" calcd. for C33H42N20s 563.3043 found 563.3095.

Methyl (3-nitrobenzoyl)-L-phenylalanyl-L-valinate (19¢). '"H NMR (400 MHz, CDCl3) § 8.59
(s, 1H), 8.35 (d, J=8.0 Hz, 1H), 8.08 (d, /= 8.0 Hz, 1H), 7.61 (t,J=8.0 Hz, 1H), 7.41 (d, /=
8.0 Hz, 1H), 7.36 — 7.25 (m, 5H), 6.46 (d, /= 8.0 Hz, 1H), 4.97 (q, J = 8.0 Hz, 1H), 4.48 (dd,
J=8.0 Hz, 1H), 3.75 (s, 3H), 3.23 (m, 1H), 2.21 — 2.09 (m, 1H), 0.88 (dd, J = 8.0 Hz, 6H). 13C
NMR (101 MHz, CDCl3) & 171.61 (s), 170.89 (s), 164.79 (s), 148.27 (s), 136.21 (s), 135.38
(s), 132.92 (s), 129.73 (s), 129.37 (s), 128.78 (s), 127.25 (s), 126.27 (s), 122.36 (s), 57.64 (s),
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55.23 (s), 52.22 (s), 38.47 (s), 31.08 (s), 18.87 (s), 17.77 (s). White solid (53% yield).ESI-

HRMS m/z [M+H]" calcd. for C22H2sN204 428.1822 found 428.1808.

Methyl benzoylglycyl-L-alanyl-L-phenylalaninate (22a). *H NMR (400 MHz, CDCl3) & 7.83
(d,J=7.3Hz, 1H), 7.51 (t, J = 7.3 Hz, 1H), 7.45 — 7.38 (m, 1H), 7.32 (d, J = 7.5 Hz, 1H), 7.24
—7.15 (m, 1H), 7.10 — 7.02 (m, 1H), 4.88 — 4.79 (m, 1H), 4.58 (t, J = 8.0 Hz, 1H), 4.12 — 4.07
(m, 2H), 3.68 (s, 3H), 3.13 (m, 1H), 3.04 (m, 1H), 1.34 (d, J = 8.0 Hz, 2H).2*C NMR (101
MHz, CDCls) § 171.82 (s), 168.98 (s), 167.88 (s), 166.79 (s), 135.82 (s),133.50 (s), 131.89 (s),
129.23 (s), 128.58 (s), 128.51 (s), 127.28 (s), 127.09 (s), 53.31 (s), 52.39 (S), 48.98 (s), 43.47
(s), 37.80 (s), 18.18 (s). White solid (50% vyield).ESI-HRMS m/z [M+H]" calcd. for

C22H26N30s5 412.1873 found 412.1873.

Methyl(2-((Z)-1-(2-methoxy-2-oxoethylidene)-3-oxoisoindolin-2-yl)acetyl)-L-alanyl-L-

phenylalaninate (23). *H NMR (400 MHz, CDCl3) § 9.05 (d, J=7.9 Hz, 1H), 7.85 (d, J = 7.4
Hz, 1H), 7.71 — 7.63 (m, J = 9.6, 5.7 Hz, 1H), 7.61 — 7.54 (m, J = 13.2, 5.9 Hz, 1H), 7.29 —
7.17 (m, 1H), 7.07 (d, J = 6.8 Hz, 1H), 6.98 (t, J = 8.8 Hz, 1H), 6.74 (t, J = 7.9 Hz, 1H), 5.68
(s, 1H), 4.78 (m, 1H), 4.59 — 4.49 (m, 1H), 4.44 (s, 2H), 3.75 (s, 3H), 3.68 (s, 3H), 3.16 — 2.97
(m, 2H), 1.32 (d, J = 7.0 Hz, 3H). 3C NMR (101 MHz, CDCl3) § 171.62 (s), 171.53 (s), 167.20
(s), 166.33 (s), 166.04 (s), 147.96 (s), 135.60 (s), 133.78 (s), 133.66 (S), 131.48 (S), 129.42 (5),
129.22 (s), 128.60 (s), 128.25 (s), 127.19 (s), 123.51 (s), 99.13 (s), 53.43 (s), 52.43 (s), 51.73
(s), 48.91 (s), 43.06 (s), 37.74 (s), 18.37 (s). White solid (28% yield).ESI-HRMS m/z [M+H]*

calcd. for C26H27N307493.1849 found 493.4983.

Methyl benzoyl-L-valyl-L-leucyl-L-phenylalaninate (22b). *H NMR (400 MHz, DMSO) § 8.17
(d, 3 =8.1 Hz, 1H), 7.94 (d, J = 8.2 Hz, 1H), 7.90 — 7.82 (m, 1H), 7.55 — 7.48 (m, 1H), 7.44
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(dd, J=9.2, 4.1 Hz, 1H), 7.23 (t, J = 7.1 Hz, 1H), 7.17 (d, J = 5.8 Hz, 1H), 453 (d, J = 8.0 Hz,
1H), 4.41 (g, J = 8.0 Hz, 1H), 4.32 (t, J = 8.0 Hz, 1H), 3.58 (s, 3H), 2.99 (m, 2H), 2.13 (m,
1H), 1.59 (m, 1H), 1.43 (t, J = 8.0 Hz, 2H), 0.94 — 0.79 (m, 12H). *C NMR (101 MHz, DMSO)
§ 172.32 (s), 171.91 (s), 171.14 (s), 167.07 (s), 137.21 (s), 134.86 (s), 131.48 (s), 129.30 (s),
128.50 (s), 128.44 (s), 127.82 (s), 126.82 (s), 59.56 (s), 53.62 (s), 52.05 (s), 51.67 — 51.39 (m),
41.45 (s), 37.16 (s), 30.59 (s), 24.49 (s), 23.28 (s), 22.11 (s), 19.76 (s), 19.06 (s). White solid

(42% vyield).ESI-HRMS m/z [M+H]" calcd. for C2sH3sN3Os 496.2812 found 496.3018.

Methyl ((S)-2-((2)-1-(2-methoxy-2-oxoethylidene)-3-oxoisoindolin-2-yl)-3-methylbutanoyl) -
L-leucyl-L-phenylalaninate (24). 'H NMR (400 MHz, CDClIs) § 9.06 (d, J = 7.9 Hz, 1H), 7.95
(d, J = 15.8 Hz, 1H), 7.86 (d, J = 7.4 Hz, 1H), 7.69 (td, J = 7.8, 1.1 Hz, 1H), 7.61 (t, J = 7.2
Hz, 1H), 7.29 (dd, J = 16.1, 6.9 Hz, 1H), 7.15 (d, J = 7.4 Hz, 1H), 6.75 (d, J = 7.7 Hz, 1H),
6.41 (d, J = 15.7 Hz, 1H), 6.26 (s, 1H), 4.78 (d, J = 8.0 Hz, 1H), 4.46 — 4.38 (m, 1H), 3.80 (s,
3H), 3.78 (s, 3H), 3.65 (M, 2H), 3.34— 3.16 (M, 2H), 1.62 — 1.53 (m, 1H), 1.48 — 1.38 (m, 2H),
1.13-0.67 (m, 12H).3C NMR (101 MHz, CDCl3) 5 171.29 (s), 171.25 (s), 168.93 (s), 167.58
(s), 166.27 (s), 141.77 (s), 135.84 (s), 133.73 (), 133.52 (s), 131.34 (s), 131.14 (s), 130.22 (s),
128.83 (s), 128.02 (s), 127.72 (s), 126.74 (s), 123.46 (s), 119.69 (s), 101.51 (s), 53.14 (s), 52.45
(s), 51.83 (s), 51.73 (s), 39.94 (s), 34.87 (s), 31.92 (s), 29.70 (s), 24.69 (s), 22.80 (s), 21.40 (s),
20.84 (s), 14.13 (s). White solid (25% yield).ESI-HRMS m/z [M+Na]* calcd. for C32Hz9N30O7

601.2686 found 601.40609.
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Synthesis of isoquinolone by Ru(II)-catalyzed annulation of N-naphthoyl amino ester at

room temperature
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Chapter 5

5.1 Introduction

One of the significant nitrogen-heterocyclic compounds with a wide range of pharmacological
and physiological activities are isoquinolones (isoquinolin-1(2H)-ones), and their synthesis
techniques have advanced significantly in recent years. It has been extensively studied in
synthetic chemistry that annulation protocols using unsaturated hydrocarbons are essential and
effective ways to synthesise cyclic molecules with high atom-utilization and step-economy.'™
Isoquinolones are useful synthetic building blocks in addition to being intriguing and
significant nitrogen-heterocyclic molecules with a variety of pharmacological and
physiological functions.>® Jin Zhu has demonstrated the first direct synthesis of cobaltacycles
via C—H activation and document N-chloroamide-enabled room temperature construction of
heterocycles.” The first Ru(I)- catalysed C—H activation of N-chlorobenzamides with 1,3-
diynes for the synthesis of isoquinolone derivatives via [4+2] annulation was reported by
Pawar.'® However, these methods suffer from at least one of the following limitations: use of a
precious transition metal such as rhodium, high reaction temperature, requirement of an

external oxidant, and bidentate directing group.

The modern pharmaceutical industry has been greatly influenced by peptides contributing
significantly to the improvement of biological and chemical science.!'!* Unlike small
molecules, peptides are a special class of compounds as they disrupt protein-protein
interactions, target or inhibit intracellular molecules, and have unique biological and
therapeutic properties. The chemo- and regio-selective derivatization of peptides is a vital
synthetic transformation in modern chemistry owing to the ability to fine-tune structural
characteristics that assist in modulating physicchemical and biological properties. To treat

cancer and deliver medications to specific locations, peptide conjugation to bioactive
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substances including lipids, carbohydrates, and pharmaceuticals is a widespread practise.!>1¢

Real-time tracking in physiological condition requires peptide ligation to fluorescent labels,
which is in great demand.!”'® Selective peptide modification is a desirable strategy in drug

discovery to enhance bioavailability, metabolic stability, and membrane permeability.'*?

But many of these covalent transforms are limited to the side chains of peptides rather than the
peptide backbone. Although traditional reactions and cross-couplings have been used for the
chemoselective diversification and bioorthogonal ligation of peptides, they primarily rely on
prefunctionalizations, which can be time-consuming, result in undesirable by products, and
racemize the peptide scaffold. For instance, C(sp*)H arylation of the Ala residue in peptides
has been employed by the use of 8-aminoquinoline as a bidentate directing group (Figure
5.1a).228 Peptide backbone diversification employing the amide bonds of peptide backbone
acting as the bidentate directing group through Ru(II)-catalysed C—H activation/annulation has
been reported. (Figure 5.1b).?° Lys-based peptides are modified chemo- and siteselectively

).30

using Rh(III)-catalysed C-H activation/annulation (Figure 5.1¢).”” These peptide modification

requires harsh reaction condition or installation of directing group.

(a) C-H activation of ala residue via bidentate directing group

(0] (0]
Peptide [Pd] Peptide
O @

100°C

N\I

(b) Backbone modification by Ru catalyst

( :(O'N/\rrH DOE —— : "j/

Ar—=—Ar ZNar
120°C Ar

(c) Lys-based peptides are modification by Rh(lll) catalyst

0 0 :
Peptide [Rh] N Peptide
N
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———» R
R,—=—R,
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(d) C-H activation/annulation in N-napthoyl amino ester in rt

ON [Ru] ON
YT = G

room temperature Ar

Figure 5.1 (a) C-H activation of ala residue via bidentate directing group (b) Backbone modification
by Ru catalyst (c) Lys-based peptides are modification by Rh(III) catalyst (d) C-H activation/annulation

in N-napthoyl amino ester in rt.

Here in we report eco-friendly and versatile Ru-catalysed C-H activation/annulation of N-
napthoyl amino ester/peptides at room temperature in a minimal duration of 2h. The
modification of a peptide backbone by a Ru-catalyst at room temperature is being reported for

the first time in this work (Figure 5.1d).

5.1.1 Hypothesis and objective

This paper describes the synthesis of isoquinolone derivatives from N-naphthoyl amino
ester/peptide and N-biphenyl amino ester/peptide via Ru-catalysed C(sp?)-H annulation at
room temperature. Herein, the amino acid ester/amide residue acts as a directing group for
annulation at the aryl ring, and then cyclization occurs at the amide NH. Hence, this
methodology could be helpful to transform standard amino acids/peptides into respective chiral

isoquinolone derivatives at room temperature.

5.2 Result and discussion

We began our study with optimizing the Ru(Il)-catalysed C—H activation/annulation of amino
acid 1a and diphenylacetylene 2a (Table 5.1). Based on previous work on the diversification
of oligopeptides Ru(Il)-catalysed C—H activation/annulation by Erik V. Van der Eycken®!-32
we employed [Ru(cymene)Cl2]2 as catalyst and Cu(OAc): as oxidant in HFIP at rt for 2 h; the

functionalized isoquinolone 3a was isolated in 70% yield (Table 5.1, entry 11). When 1 mol%
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of Ru(Il) catalyst was used, 3a was isolated in 43% yield and when [RhCp*Cl2]2 (5 mol%) was

used instead of [Ru(p-cymene)Clz]2, isolated yield was 54%. Other solvents, such as TFE,

DCE, 'AmOH gave lower yields whereas solvents like DMF, DMSO, ‘BuOH and Toluene gave

trace amount of yields (Table 5.1). Various oxidants and additives were screened, leading to

lower yields.
Table 5.1 Optimized reaction condition

(o) 2a
T
H o [Ru(p-cymene)Cl,],

Oxidant, Solvent

1a rt,2 h

Entry Solvent Oxidant
2 eq.

1 TFE AgOAc
2 ‘AmOH AgOAc
3 TFE Agr,CO;
4 TFE Cs20Ac
5 TFE NaOAc
6 HFIP KOAc
7 TFE AgTFA
8 TFE Cu(OAc);
9 TFE Cs2CO;
10 TFE K>COs
1 HFIP Cu(OAc):
12 DCE AgOAc
13 Butanol AgOAc
14 Toluene AgOAc
15 DMF AgOAc
16* HFIP Cu(OAc);
17° HFIP Cu(OAc);
18 DMSO AgOAc

T (°C)

= 4 32 32 3 3 2 2 3 3 =

4 34 3 3 2 2 2

Yield
(%)
60

50

53

45
Trace
Trace

Trace

Trace
Trace
70
40

43
54
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1a (50 mg, 0.2 mmol, 1 eq.), 2a (54.9 mg, 0.3 mmol, 1.5 eq.), [Ru(p-cymene)CL ], (6.3 mg, 0.05 mmol,

5 mol%), oxidant (74.45mg, 0.41 mmol, 2 eq.), solvent (1 mL, 0.1 M), rt, 2h.
[Ru(p-cymene)Cl,], (1 mol%) was used instead of (5 mol%).
P[RhCp*Cls]» (5 mol%) was used instead of [Ru(p-cymene)Cl].

5.2.1 Annulation of N-naphthoyl amino ester

With the optimized reaction conditions in hand (Scheme 5.1), we evaluated the scope of the
methodology. Initially, the influence of the 2-Napthoic a-amino ester, 1-Napthoic a-amino
ester and 1,4-Biphenayl a-amino ester moiety on the reaction was studied with 1,2-diphenayl
acetylene. We were pleased to observe that diphenyl acetylene was well tolerated to afford
isoquinolone 3a in 70% yield, 4a in 65% yield, 5a in 60% yield (Scheme 5.1). On the other
hand, when a tertiary a-carbon amino ester was introduced on the substrate, trace amount of

product formed as a result of the steric hindrance (6a-13a).

Scheme 5.1 Annulation of N-naphthoyl amino ester

(o)

(0]
[o) Ar——Ar
~N
%

[Ru(p-cymene)Cl,],
Oxidant, Solvent
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10a, trace 11a, trace

o0 °/~
<

12a, trace 13a, nd

NN

5.2.2 Substrate scopes napthoyl amino esters and napthoyl aminoacid.

Next, the reaction scope was evaluated with respect to 1,4-diphenylbutadiyne with 2-Napthoic
a-amino ester, 1-Napthoic a-amino ester, 1,4-Biphenayl a-amino ester and 2-Napthoic acid, 1-
Napthoic acid, 1,4-Biphenayl carboxylic acid (Scheme 5.2). All substrates form corresponding

isoquinolone products in moderate to good yields (3b-5b and 3c¢-Sc).
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Scheme 5.2 isoquinolone derivative using peptides and 1,3-diyne

o Ar————Ar o
(o) 2b o
\ N
Y - oY
o [Ru(p-cymene)Cl,], Z \o
) Cu(OAc),, HFIP 3p Ar N Ar
a
rt,2h
I
o
3b, 48% 4b, 45%
Ar—=——Ar

2b
" OO
OO [Ru(p-cymene)CIz]z = Ar j’—

Cu(OAc),, HFIP
r,2h

3¢, 78% 4c, 55%

5.2.3 Substrate scopes various peptides with diphenyl acetylene

After demonstrating the success of this Ru(Il)-catalysed C—H activation/annulation process in
the site selective modification of a-amino ester and acid, we were encouraged to further explore
the derivatization of oligopeptides (Scheme 5.3). A variety of oligopeptides bearing

functionalized amino acids were examined. Di-peptides gly-val, gly-phe, gly-gly, gly-p-ala
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were well tolerated with both 2-napthoic acid and 4-biphenyl carboxylic acid affording the

peptide-isoquinolone conjugates 14a-22a in 40—65% yields.

Scheme 5.3 isoquinolone derivative using peptides and diphenyl acetylene

22a, 42%
20a, 51% 21a, 40%

5.2.4 The proposed reaction mechanism

Thus, based on the above results, preliminary mechanistic studies and previous reports a

plausible mechanism is presented (Figure 5.2).3! First, [RuClz(p-cymene)]2 undergoes ligand
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exchange with Cu(OAc):2 to give the active catalytic species, which coordinates to the nitrogen
atom of the N-benzoyl glycine ester 1 moiety via NH deprotonation. This is followed by C-H
activation through elimination of AcOH, forming a five membered ruthenacycle. Further
coordination of alkyne 2, followed by insertion and reductive elimination afforded the
finalproduct 3. The active catalyst species is then regenerated by Cu(OAc)2and air for the next

catalytic cycle.

[RuCl,(p-cyamine),|,

Cu(OAc);,
(0]
N/\n,o\ o
OO J_ 0 RuOAoCyX o
3 ' X=0Ac, Cl OO N
Ar Cy=p-c n H
y=p-cymene ’ 0

1

(o) O—
OCL Lo
— Ru----0
Ar Acd Cy
S\ AcOH
N/Y N
u----()

Figure 5.2. Proposed mechanistic pathway.

5.3 Conclusion

We developed a flexible and effective method for chemo selective annulation of N-Naphoyl
amino acid/peptides with 1,2-diphenylethyne that offers fair to outstanding regioselectivity in
a time-efficient manner in ambient temperature. We propose that the NH-amido and carbonyl
ester/peptide groups both play a significant role in the catalytic reaction based on the

experimental findings and spectroscopic investigations. This technique was additionally
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expanded to include the synthesis of isoquinoline with 1,4-diphenylbuta-1,3-diyne. For further
research, this class of isoquinolone compounds with an amino acid ester side chain represents
potential bioactive molecule. The developed methodology is easy to use, inexpensive, avoids

tedious workup procedures, and functions effectively at ambient temperature.

5.4 Experimental Section
5.4.1 Materials and instrumentation

All the required materials were obtained from commercial suppliers and used without
purification. The dry DMF and ACN were freshly prepared by distilling them over calcium
hydride. The reactions were monitored using thin-layer chromatography, and visualized using
UV light and ninhydrin. Column chromatography was performed through 100—200 mesh silica.
Mass spectra were obtained using a Bruker micrO TOF-Q II spectrometer. The '*C- and 'H-
NMR spectra were recorded on a Bruker AV-400 NMR spectrometer 'H (400 MHz), '*C (100.6
MHz). 'H and '3C-NMR chemical shifts were recorded in ppm downfield from the tetramethyl
silane, and the splitting patterns are abbreviated as s, singlet; d, doublet; dd, doublet of doublets;

t, triplet; q, quartet; dq, doublet of a quartet; m, multiplet.

5.4.2 General procedure for amide synthesis

Benzoic acid was dissolved in DMF and then the triethylamine (TEA, 3.0 eq.), EDC-HCI (1.3
eq.) and HOAt (1.3 eq.) were added, followed by the resulting amino acid methyl ester (1.2
eq.). Next, this mixture was heated to 60 °C for 8—12 h, and the reaction was monitored by
TLC. The crude reaction mixture was concentrated under reduced pressure before water was
added. The aqueous layer was extracted with EtOAc. The organic layer was combined, dried
over anhydrous Na2SO4, and concentrated under reduced pressure. The residue was purified by
column chromatography with an EtOAC/hexane solvent system to yield the corresponding

substrates.
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5.4.2 General procedure for Ru-catalysed reactions

Typically, the amide substrates were placed in a 25 ml round bottom flask under the indicated
reaction conditions. The mixture was stirred at rt for 2—4 h and then diluted with EtOAc. The
resulting solution was filtered through a Celite pad, concentrated under reduced pressure and
the product was further purified by column chromatography with an EtOAC/hexane solvent

system and was typically obtained as a white solid.

5.4.3 Chemical shift values of NMR

methyl (2-naphthoyl) glycinate (3). 'H NMR (400 MHz, CDCI3) § 8.25 (s, 1H), 7.79 (m, 4H),
7.51 — 7.39 (m, 2H), 6.89 (s, 1H), 4.22 (d, J = 4.0 Hz,2H), 3.72 (s, 3H).!3C NMR (101 MHz,
CDCls) 6 170.66 (s), 167.58 (s), 134.89 (s), 132.57(s), 130.86 (s),129.01(s), 128.52 (s), 127.81
(s), 127.75 (s), 126.80 (s), 123.55 (s), 52.51 (s), 41.85 (s). White solid (85%yield).ESI-HRMS

m/z [M+H]" calcd. for C1aH13NO3 347.1243 found 347.1243.

methyl 2-(1-oxo-3,4-diphenylbenzo[g]isoquinolin-2(1H)-yl) acetate (3a). *H NMR (400 MHz,
CDCl3) § 9.14 (s, 1H), 8.09 — 8.04 (m, 1H), 7.76 — 7.71(m, 1H), 7.52 — 7.47 (m, 1H), 7.27 —
7.13 (m, 11H), 4.58 (s, 2H), 3.70 (s, 3H). 3C NMR (101 MHz, CDCl3) & 169.31 (s), 163.15
(s), 139.27 (), 136.63 (s), 135.43 (s), 134.48 (s), 133.78 (s), 131.68 (s), 131.59 (s), 130.24 (s),
129.43 (s), 129.36 (s), 128.57 (s), 128.30 (s), 128.07 (t, J = 3.5 Hz), 126.97 (s),126.18 (s),
124.46 (s), 123.31 (s), 119.29 (s), 52.36 (s), 47.69 (s). Pale yellow solid (70% vyield).ESI-

HRMS m/z [M+H]" calcd. for C1sH21NO3 420.1600 found 420.1571.

methyl 2-(1-oxo-4-phenyl-3-(phenylethynyl)benzo[g]isoquinolin-2(1H)-yl)acetate (3b). *H
NMR (400 MHz, CDCl3z) 6 9.11 (s, 1H), 8.10 - 8.04 (m, 1H), 7.82 - 7.77 (m, 1H), 7.75 (s, 1H),

7.62 —7.46 (m, TH), 7.33 — 7.22 (m, 3H), 7.10 (d, J = 8.0 Hz, 2H), 5.26 (s, 2H), 3.80 (s, 3H).
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13C NMR (101 MHz, CDCls) § 169.17 (s), 162.31 (s), 136.59 — 136.30 (m), 135.31 (s), 132.78
(s), 132.08 (s), 131.29 (s), 131.23 (s), 129.84 (s), 129.40 (s), 129.16 (s), 128.45 (s), 128.42 (s),
128.24 (s), 128.09 (s), 126.69 (s), 124.91 (s), 123.60 (s), 122.84 (s), 121.63 (s), 99.67 (s), 52.57
(s), 47.45 (s). Pale yellow solid (48% vyield).ESI-HRMS m/z [M+H]" calcd. for C30H2:NO3

444.1521 found 444.1530.

3,4-diphenyl-1H-benzo[g]isochromen-1-one (3c). *H NMR (400 MHz, CDCls3) § 9.03 (s), 8.05
(d,J=7.9Hz), 7.76 (d, J = 8.1 Hz), 7.61 — 7.57 (m, J = 4.4, 2.3 Hz), 7.56 (d, J = 1.9 Hz), 7.49
—7.44 (m), 7.38 — 7.33 (M), 7.24 — 7.18 (m). 3C NMR (101 MHz, CDCl3) § 162.67 (s), 149.44
(s), 136.42 (s), 134.79 (s), 134.01 (s), 133.18 (s), 132.18 (s), 131.93 (s), 131.42 (s), 129.53 (s),
129.33 (s), 129.20 (s), 128.88 (s), 128.30 (s), 128.23 (s), 127.91 (s), 127.00 (s), 124.53 (s),
118.94 (s), 116.97 (s). Pale yellow solid (78% yield).ESI-HRMS m/z [M+H]" calcd. for

CasH16NO2 349.1229 found 349.1244.

methyl ([1,1'-biphenyl]-4-carbonyl) glycinate (4). *H NMR (400 MHz, CDCl3) § 7.89 (d, J =
8.0 Hz, 2H), 7.66 (d, J = 8.0 Hz, 2H),7.61 (d, J = 8.0 Hz, 2H), 7.46 (t, J = 8.0 Hz, 2H), 7.40 (t,
J = 8.0 Hz, 1H), 6.80 (s, 1H), 4.27 (d, J = 4.0 Hz, 2H), 3.81 (s, 3H).13C NMR (101 MHz,
CDCls) § 170.61 (s), 167.19 (s), 144.65(s),139.95 (s), 132.31 (s), 128.94 (s), 128.06 (s), 127.64
(s), 127.29 (s), 127.23 (s), 52.52 (s), 41.78 (s). White solid (78% yield).ESI-HRMS m/z

[M+H]"* calcd. for C16H1sNO3 270.1130 found 270.1161.

methyl 2-(1-0x0-3,4,6-triphenylisoquinolin-2(1H)-yl) acetate (4a). 'H NMR (400 MHz,
CDCb) 6 8.60 (d, /= 8.0 Hz, 1H), 7.74 (d, J = 8.0 Hz, 1H),7.49 (d, J = 8.0 Hz, 2H), 7.37 (m,
4H), 7.26 — 7.11 (m, 10H), 4.58 (s, 2H), 3.71 (s, 3H). *C NMR (101 MHz, CDCl3) § 169.19

(s), 162.37 (s), 145.33 (s), 140.99 (s), 140.34 (s), 137.94 (s), 136.16 (s), 134.33 (s), 131.49 (s),
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130.08 (s), 128.89 (s), 128.68 (s), 128.36 (s), 128.07 (s), 127.51 (s), 127.03 (s), 126.16 (s),
123.84 (s), 123.67 (s), 119.48 (s), 52.43 (s), 47.87 (s). Pale yellow solid (65% yield).ESI-

HRMS m/z [M+H]" calcd. for C30H23NO3 446.1756 found 446.1770.

methyl 2-(1-oxo-4,6-diphenyl-3-(phenylethynyl)isoquinolin-2(1H)-yl)acetate (4b). *H NMR
(400 MHz, CDCls) & 8.58 (d, J = 8 Hz, 1H), 7.77 — 7.73 (m, 1H), 7.56 —7.47 (m, 10H), 7.44 —
7.37 (m, 2H), 7.32 — 7.23 (m, 2H), 7.11 (d, J = 4 Hz, 1H),7.09 (d, J = 4 Hz, 1H), 5.27 (s, 2H),
3.80 (s, 3H).2*C NMR (101 MHz,CDCls) & 169.00 (s), 161.63 (s), 145.49 (s), 140.08 (s), 137.00
(s), 136.01 (s), 131.31 (s), 131.21 (s), 131.03 (), 129.53 (s), 129.32 (s), 129.01 (s), 128.94 (s),
128.45 (s), 128.23 (s), 128.14 (s), 127.50 (s), 126.97 (s), 125.67 (s), 124.42 (s), 123.91 (s),
121.44 (s), 52.63 (s), 47.63 (s). Pale yellow solid (45% yield).ESI-HRMS m/z [M+H]" calcd.

for C32H23N0O3 470.1756 found 470.1800.

3,4,6-triphenyl-1H-isochromen-1-one (4c). *H NMR (400 MHz, CDCls) & 8.47 (d, J = 8 Hz,
1H), 7.75 (dd, J = 8 Hz 1H), 7.52 — 7.48 (m, 2H), 7.46 — 7.38 (m, 7H), 7.36 — 7.33 (m, 2H),
7.32 - 7.29 (m, 2H), 7.25 — 7.18 (m, 3H).23C NMR (101 MHz, CDCls) § 162.32 (s), 151.42
(s), 147.57 (s), 139.78 (s), 139.38 (s), 134.31 (s), 133.02 (s), 131.33 (s), 130.27 (S), 129.34 (s),
129.21 (s),129.09 (s), 128.65 (s), 128.29 (s), 127.95 (s), 127.52 (s), 127.27 (s), 123.69
(5),119.24 (s), 117.10 (s). Pale yellow solid (55% yield).ESI-HRMS m/z [M+H]* calcd. for

C27H1802 375.1385 found 375.1361.

methyl (1-naphthoyl)glycinate (5). *H NMR (400 MHz, CDCls) & 8.36 (d, J = 8 Hz, 1H), 7.93
(d, J = 8 Hz, 1H), 7.87 (d, J = 8 Hz, 1H), 7.67 (d, J = 8 Hz, 1H), 7.59 — 7.50 (m, 2H), 7.48 —
7.42 (m, 1H), 6.57 (s, 1H), 4.32 (d, J = 8 Hz, 2H), 3.81 (s, 3H).23C NMR (101 MHz, CDCl3) &
170.42 (s), 169.67 (s), 133.68 (s), 133.54 (s), 131.01 (s), 130.13 (s), 128.33 (s), 127.28 (s),
126.51 (s), 125.38 (s), 125.35 (s), 124.70 (s), 52.53 (s), 41.68 (s). White solid (76% yield).ESI-
HRMS m/z [M+H]" calcd. for C14H13NO3 244.0974 found 244.0938.
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methyl 2-(1-ox0-3,4-diphenylbenzo[h]isoquinolin-2(1H)-yl)acetate (5a). *H NMR (400 MHz,
CDCl3) 6 10.29 (d, J = 8.7 Hz, 1H), 7.92 (dd, J = 12.3, 8.5 Hz, 1H), 7.81 — 7.74 (m, 1H), 7.67
—7.61 (m, 1H), 7.30 — 7.19 (m, 3H), 7.17 — 7.13 (m, 1H), 4.70 (s, 2H), 3.77 (s, 3H).23.C NMR
(101 MHz, CDCl3) & 169.30 (s), 162.59 (s), 142.43 (s), 138.95 (s), 136.88 (s), 134.51 (s),
133.85 (s), 132.20 (s), 131.87 (), 131.74 (s), 129.87 (s), 128.70 (s), 128.56 (s), 128.36 (s),
128.19 (s), 128.09 (s), 127.74 (s), 127.01 (s), 126.53 (s), 123.52 (s), 119.64 (s), 118.36 (s),
52.47 (s), 48.69 (s). Pale yellow solid (60% yield).ESI-HRMS m/z [M+H]* calcd. for

C30H21NO3 420.1600 found 420.1607.

methyl 2-(1-oxo-4-phenyl-3-(phenylethynyl)benzo[h]isoquinolin-2(1H)-yl)acetate (5b). H
NMR (400 MHz, CDCls) 6 10.27 (d, J = 8.8 Hz, 1H), 7.93 — 7.84 (m,2H), 7.79 — 7.72 (m, 1H),
7.65 — 7.58 (m, 1H), 7.56 — 7.48 (m, 1H), 7.27 —7.18 (m, 10H), 7.15 — 7.11 (m, 2H), 4.67 (s,
2H), 3.75 (s, 3H).23C NMR (101 MHz, CDCls) § 169.29 (s), 162.58 (s), 142.44 (s), 138.94 (s),
136.88 (s), 134.52 (s), 133.84 (s), 132.21 (s), 131.88 (s), 131.74 (s), 131.42 (s), 129.87 (5),
128.69 (s), 128.55 (s), 128.36 (s), 128.19 (s), 128.09 (s), 127.75 (s), 127.01 (s), 126.52 (s),
123.52 (s), 119.63 (s), 118.36 (s), 52.45 (s), 48.68 (s). Pale yellow solid (43% yield).ESI-

HRMS m/z [M+H]" calcd. for C3oH21NO3 444.1600 found 444.1599.

3,4-diphenyl-1H-benzo[h]isochromen-1-one (5¢). *H NMR (400 MHz, CDCl3) § 9.85 (d, J =
8 Hz, 1H), 7.96 (d, J =8 Hz, 1H ), 7.84 (d, J= 8.0 Hz, 1H ), 7.79 — 7.73 (m, 1H ), 7.64 — 7.56
(m, 1H), 7.47 - 7.41 (m, 3H ), 7.41 - 7.35 (m, 2H ), 7.31 — 7.25 (M, 2H ), 7.25 — 7.17 (m, 5H
).3C NMR (101 MHz, CDCl3) § 161.51 (s), 152.59 (s), 141.13 (s), 135.99 (s), 134.86 (s),
132.87 (s), 132.72 (s), 131.60 (s), 129.57 (s), 129.33 (s), 129.30 (s), 129.21 (s), 128.60 (s),

128.33 (s), 128.02 (), 127.15 (s), 127.12 (s), 122.77 (d, J = 2.2 Hz), 117.52 (s), 114.02 (s).
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Pale yellow solid (62% yield).ESI-HRMS m/z [M+H]" calcd. for C2sH1602 349.1229 found

349.1206.

methyl (2-naphthoyl)valinate (6). '"H NMR (400 MHz, CDCl3) & 8.32 (s, 1H), 7.95 — 7.79 (m,
4H), 7.59 — 7.45 (m, 2H), 6.89 (d, /= 8 Hz, 1H), 4.85 (dd, /=8 1H), 3.78 (s, 3H), 2.40 — 2.21
(m, 1H), 1.03 (t, J = 8 Hz, 6H)."*C NMR (101 MHz, CDCls) & 172.79 (s), 167.40 (s), 134.86
(s), 132.59 (s), 131.34 (s), 128.97 (s), 128.50 (s), 127.75 (s), 127.60 (s), 126.79 (s), 123.64 (s),
57.61 (s), 52.27 (s), 31.68 (s), 19.06 (s), 18.10 (s). White solid (90% yield).ESI-HRMS m/z

[M+H]" caled. for C1sH21NO3 420.1600 found 420.1571.

methyl ([1,1'-biphenyl]-4-carbonyl)valinate (7). *H NMR (400 MHz, CDClz) § 7.89 (d, J = 8.4
Hz, 2H), 7.67 (d, J = 8.4 Hz, 2H),7.63 — 7.58 (m, 2H), 7.47 (dd, J = 10.2, 4.7 Hz, 2H), 7.42 —
7.35 (m, 1H), 6.70 (d, J = 8 Hz, 1H), 4.82 (dd, J = 8, 1H), 3.79 (s, 3H), 2.37 — 2.21 (m, 1H),
1.02 (dd, J = 8, 6H).13C NMR (101 MHz, CDCls) & 172.73 (s), 166.99 (s), 144.60 (s), 140.01
(s), 132.80 (s), 128.94 (s), 128.05 (s), 127.61 (s),127.30 (S), 127.24 (S),57.46 (s), 52.28 (s),
31.70 (s), 19.03 (s), 18.02 (s). White solid (87% yield).ESI-HRMS m/z [M+H]" calcd. for

C19H21NO3 312.1600 found 321.1603.

methyl (2-naphthoyl)phenylalaninate (8). *H NMR (400 MHz, CDCls) § 8.23 (s, 1H), 7.90 —
7.81 (m, 3H), 7.77 (d, J = 8 Hz, 1H),7.53 (m, 2H), 7.33 — 7.22 (m, 3H), 7.20 — 7.12 (m, 2H),
6.82 (d, J = 8 Hz, 1H), 5.23 — 5.05 (m, 1H), 3.77 (s, 3H), 3.39 — 3.18 (m, 2H).2*C NMR (101
MHz, CDCl3) § 172.21 (s), 166.96 (s), 135.95 (s), 134.90 (s), 132.58 (s), 131.08 (s), 129.41
(s), 129.02 (s), 128.67 (S), 128.54 (s), 127.81 (S), 127.76 (s), 127.70 (S), 127.25 (s), 126.81 (S),
123.53 (s), 53.70 (s), 52.49 (s), 37.96 (s). White solid (83% yield).ESI-HRMS m/z [M+H]*

calcd. for C21H1oNO3 334.1443 found 334.1447.
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methyl ([1,1'-biphenyl]-4-carbonyl)phenylalaninate (9). *H NMR (400 MHz, CDCl3) § 7.80
(d, J = 8.3 Hz, 1H), 7.66 — 7.56 (m, 2H),7.49 — 7.41 (m, 1H), 7.39 (d, J = 7.3 Hz, 1H), 7.33 -
7.22 (m, 2H), 7.15(d, J = 6.8 Hz, 1H), 6.63 (s, 1H), 6.63 (s, 1H), 5.12 (M, 1H), 3.77 (s, 3H),
3.28 (m, 2H).23C NMR (101 MHz, CDCl3) & 172.11 (s), 166.54 (s), 144.64 (s), 139.97 (s),
135.88 (s), 132.52 (s), 129.38 (s), 128.94 (s), 128.67 (s), 128.06 (s), 127.57 (s), 127.31 (s),
127.23 (s), 53.56 (s), 52.47 (s), 37.95 (s). White solid (80% vyield).ESI-HRMS m/z [M+H]*

calcd. for C23H21NO3 360.1600 found 360.1613.

N-ethyl-2-naphthamide (10). *H NMR (400 MHz, CDCl3) & 8.28 (s, 1H), 7.89 — 7.71 (m, 4H),
7.47 (m, 2H), 6.90 (s, 1H), 3.44 (dd, J = 12, 8 Hz, 2H), 1.64 — 1.50 (m, 2H), 1.37 — 1.12 (m,
10H), 0.86 (t, J = 8 Hz, 4H).23C NMR (101 MHz, CDCls) § 167.78 (s), 134.62 (s),132.62 (s),
132.08 (s), 128.89 (s), 128.28 (s), 127.69 (s), 127.47 (s), 127.39 (s), 126.60 (s), 123.78 (s),
40.35 (s), 31.85 (s), 29.75 (s), 29.38 (5), 29.29 (s), 27.11 (s), 22.70 (s), 14.16 (s). White solid

(90% yield).ESI-HRMS m/z [M+H]"* calcd. for CisH2sNO 284.2014 found 284.2045.

N-ethyl-[1,1'-biphenyl]-4-carboxamide (11).*H NMR (400 MHz, CDCl3) § 7.84 (d, J = 8.1 Hz,
1H), 7.67 — 7.57 (m, 1H), 7.45 (t, J = 7.5 Hz, 1H), 7.39 (d, J = 7.4 Hz, 1H), 6.29 (s, 1H), 3.46
(dd, J = 12, 8 Hz, 2H), 1.68 — 1.57 (m, 2H), 1.42 — 1.20 (m, 10H), 0.88 (t, J = 8 Hz, 3H).13C
NMR (101 MHz, CDCls) & 167.25 (s), 144.10 (s), 140.06 (s), 133.52 (s), 128.93 (s), 127.97
(s), 127.41 (s), 127.21 (s), 40.19 (s), 31.83 (s), 29.73 (s), 29.34 (s), 29.26 (s), 27.06 (S), 22.68
(s), 14.13 (s). White solid solid (88% vyield).ESI-HRMS m/z [M+H]" calcd. for C21H27NO

310.2171 found 310.2250.

N-ethyl-1-naphthamide (12). *H NMR (400 MHz, CDCls) & 8.26 (d, J = 8.6 Hz, 1H), 7.90 —
7.79 (m, 1H), 7.56 — 7.46 (m, 1H), 7.40 (dd, J = 8.2, 7.1 Hz, 1H), 6.12 (s, 1H), 3.52 — 3.42 (m,
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2H), 1.66 — 1.55 (m, 2H), 1.42 — 1.21 (m, 10H), 0.89 (t, J = 8 Hz, 3H).23C NMR (101 MHz,
CDCl3) 5 169.68 (s), 134.95 (s), 133.72 (s), 130.44 (s), 130.19 (s), 128.34 (s), 127.09 (s), 126.44
(s), 125.50 (s), 124.83 (s), 124.79 (s), 40.14 (s), 31.89 (s), 29.75 (s), 29.36 (s), 29.32 (s), 27.08
(s), 22.74 (s), 14.20 (s). White solid (85% yield).ESI-HRMS m/z [M+H]* calcd. for C19H2sNO

284.2014 found 284.2045.

N-(tert-butyl)-2-naphthamide (13). *H NMR (400 MHz, CDCls) § 8.22 (s, 1H), 7.93 — 7.83 (m,
1H), 7.79 (dd, J = 8.6, 1.7 Hz, 1H), 7.58 — 7.50 (m, 1H), 6.12 (s, 1H), 1.52 (s, 1H).3C NMR
(101 MHz, CDCls) & 167.01 (s), 134.55 (s), 133.11 (s), 132.63 (s), 128.85 (s), 128.38 (s),
127.74 (s), 127.47 (s), 126.97 (s), 126.70 (s), 123.60 (s), 51.78 (s), 28.94 (s). White solid (88%

yield).ESI-HRMS m/z [M+H]" calcd. for C1sH17NO 228.1388 found 228.1419.

methyl (2-naphthoyl)glycyl-L-valinate (14). *H NMR (400 MHz, CDCls) § 8.37 (s, 1H), 8.07
(s, 1H), 7.89 (d, J = 4.0 Hz, 1H), 7.79 (t, = 8.0 Hz, 1H), 7.71 (d, J = 8.0 Hz, 1H), 7.55 — 7.41
(m, 1H), 4.60 — 4.54 (m, 1H), 4.43 — 4.28 (m, 2H), 3.70 (s, 3H), 2.32 — 2.08 (m, 1H), 0.95 (dd,
J = 8.0 Hz, 6H). 3C NMR (101 MHz, CDCls) & 172.39 (s), 170.15 (s),168.16 (s), 134.76 (s),
132.48 (s), 130.62 (s), 129.02 (s), 128.21 (s), 128.08 (s), 127.66 (s), 127.60 (s), 126.56 (s),
123.72 (s), 57.73 (s), 52.14 (s), 43.86 (s), 30.98 (s), 19.08 (s), 17.92 (s). Yellow solid (66%

yield).ESI-HRMS m/z [M+H]" calcd. for C10H22N204 343.1658 found 343.1658.

N-(2-methyl-4-oxopentan-3-yl)-2-(1-ox0-3,4-diphenylbenzo[g]isoquinolin-2(1H)-

yl)acetamide (14a). *H NMR (400 MHz, CDCl3) § 9.16 (s, 1H), 8.12 — 8.05 (m, 1H), 7.78 —
7.71 (m, 1H), 7.51 (dt, J = 5.4, 3.1 Hz, 1H), 7.28 — 7.14 (m, 2H), 6.49 (d, J = 8.6 Hz, 1H),4.57
(td, J=8.7, 4.9 Hz, 1H), 4.16 (qd, J = 16.9, 4.9 Hz, 1H), 3.72 (s, 1H), 2.23 — 2.11(m, 1H), 0.99

~0.90 (M, 1H). 13C NMR (101 MHz, CDCls) § 172.34 (s), 167.77 (s), 163.44 (s), 139.66 (s),
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136.67 (s), 135.44 (s), 134.39 (s), 133.75 (s), 131.69(s), 131.60 (s), 130.55 (s), 130.50 (s),
129.43 (s), 129.34 (s), 128.48 (s), 128.17 (s), 128.12 (s), 128.05 (s), 128.01 (s), 126.93 (s),
126.17 (s), 124.48(s), 123.26 (s), 119.54 (s), 57.20 (s), 52.20 (s), 49.62 (s), 31.52 (s), 18.98
(5),17.73 (s). Pale yellow solid (58% yield).ESI-HRMS m/z [M+H]" calcd. for CasH3oN204

519.2284 found 519.2203.

methyl (S)-2-(2-(2-naphthamido)acetamido)-2-phenylacetate (15). *H NMR (400 MHz,
CDCl3) & 8.33 (s, 1H), 7.87 — 7.78 (m, 5H), 7.58 — 7.47 (m, 3H), 7.42 — 7.37 (m, 2H), 7.35 —
7.28 (m, 3H), 5.61 (d, J = 8.0 Hz, 1H), 4.46 — 4.22 (m, 2H), 3.70 (s, 3H). NMR (101 MHz, ) 5
171.14 (s), 168.90 (s), 167.9.3 (s), 136.01 (s), 134.94 (s), 132.62 (s), 130.72 (s), 129.13 (s),
128.78 (s), 128.50 (s), 128.00 (s), 127.87 (s), 127.79 (5),127.47 (s), 126.81 (s), 123.74 (s), 56.91
(s), 52.99 (s), 43.78 (s). Yellow solid (60% yield).ESI-HRMS m/z [M+H]" calcd. for

C22H20N204 465.1501 found 465.1418.

N-(2-oxo-1-phenylpropyl)-2-(1-oxo-3,4-diphenylbenzo[g]isoquinolin-2(1 H)-yl)acetamide

(15a). 'TH NMR (400 MHz, CDCl3) § 9.14 (s, 1H), 8.10 — 8.04 (m, 1H), 7.76 — 7.70 (m, 1H),
7.59 (s, 1H), 7.51 (dd, J = 6.6, 2.7 Hz, 1H), 7.36 — 7.28 (m, 1H),7.24 — 7.18 (m, 1H), 7.17 —
7.11 (m, 2H), 7.11 — 7.05 (m, 1H), 6.99(d, J = 8.0 Hz, 1H), 5.56 (d, J = 8.0 Hz, 1H), 4.58 (m,
2H), 3.70 (s, 3H).!3C NMR (101 MHz, CDCl3) § 171.08 (s), 167.29 (s), 163.49 (s), 139.58 (s),
136.66 (s), 136.26 (s), 135.44 (s), 134.39 — 134.22 (m), 133.75 (s), 131.59 (s), 130.46 (s),
129.52 (s), 129.35 (s), 128.89 (s), 128.47 (s), 128.42 (s), 128.16 (s), 128.11 (s), 128.09 (s),
128.04 (s), 127.99 (s), 127.31 (s), 126.91 (s), 126.15 (s), 124.44 (s), 123.26 (s), 119.51 (s),
56.53 (s), 52.85 (s), 49.45 (s). Pale yellow solid (65% yield).ESI-HRMS m/z [M+H]" caled.

for C36H28N204 553.2127 found 553.2231.

methyl ([1,1'"-biphenyl]-4-carbonyl)glycyl-L-valinate (16). 'H NMR (400 MHz, CDCl3) § 8.07
—8.01 (m, 1H), 7.93 (d, J = 8.0 Hz, 2H), 7.73(d, J = 8.0 Hz, 1H), 7.55 (dd, J = 8.0 Hz, 4H),
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7.44 — 731 (m, 3H), 4.57 (dd, J = 8.0 Hz, 1H), 4.31 (d, J = 4.0 Hz, 2H), 3.70 (s, 3H), 2.31 —
2.09 (m, 1H), 0.95 (dd, J = 6.0 Hz, 6H).3C NMR (101 MHz, CDCl3) & 172.33 (s), 170.04 (s),
167.85 (s), 144.40 (s), 139.92 (s), 132.18 (s), 128.89 (s), 127.99 (s), 127.89 (s), 127.15 (s),
127.08 (s), 57.69 (s), 52.15 (s), 43.83 (s), 31.03 (s), 19.08 (s), 17.91 (s). Yellow solid (62%

yield).ESI-HRMS m/z [M+H]" calcd. for C23H24N206 369.1814 found 369.1799.

methyl (2-(1-ox0-3,4,6-triphenylisoquinolin-2(1H)-yl)acetyl)-L-valinate (16a). *H NMR (400
MHz, CDCls) 6 8.61 (d, J =8 Hz, 1H), 7.74 (dd, J = 8.0 1H), 7.49 (d, J =8 Hz, 2 H), 7.42 —
7.31 (m, 4 H), 7.23 - 7.09 (m, 10 H), 6.45 (d, J = 8 Hz, 1H), 4.68 - 4.43 (m, 3H), 3.73 (s, 3H),
2.25 —2.00 (m, 1H), 0.91 (dd, J = 24, 8 Hz, 6H).*C NMR (101 MHz, CDCl3) § 172.24 (s),
167.60 (s), 162.65 (s), 145.34 (s), 141.41 (s), 140.33 (s), 137.92 (), 136.21 (s), 134.21 (s),
131.50 (s), 130.43(s), 130.37 (s), 128.87 (s), 128.69 (s), 128.58 (s), 128.20 (s), 128.05 (s),
127.49 (s), 126.98 (s), 126.13 (s), 123.82 (s), 123.64 (), 119.72 (s), 57.25 (s), 52.19 (s), 49.84
(s), 31.51 (s), 20.26 — 19.05 (m), 17.55 — 16.62 (m). Pale yellow solid (55% yield).ESI-HRMS

m/z [M+H]" calcd. for C3sH32N204 545.2440 found 545.2468.

methyl(S)-2-(2-([1,1'-biphenyl]-4-carboxamido)acetamido)-2-phenylacetate (17). *H NMR
(400 MHz, CDCls) & 7.88 (d, J = 8.0 Hz, 2H), 7.70 — 7.58 (m, 5H), 7.52 — 7.45 (m, 2H), 7.45
—7.33(m, 6H), 7.31 (s, 1H), 5.62 (d, J = 8.0 Hz, 1H), 4.39 — 4.14 (m, 2H), 3.74 (s, 3H). 3C
NMR (101 MHz, ) § 171.12 (s), 168.75 (s), 167.55 (s), 144.66 (s), 140.01 (s), 135.98 (s),
132.16 (s), 129.16 (s), 129.01 (s), 128.81 (s), 128.13 (s), 127.81 (s), 127.47 (s), 127.30 (s),
56.87 (s), 53.02 (s), 43.67 (s). Yellow solid (55% vyield).ESI-HRMS m/z [M+H]" calcd. for

C24H22N204 403.1658 found 403.1653.

methyl(S)-2-(2-(1-oxo-3,4,6-triphenylisoquinolin-2(1H)-yl)acetamido)-2-phenylacetate (17a)

IH NMR (400 MHz, CDCls) § 8.60 (d, J = 8.3 Hz, 1H), 7.74 (dd, J = 8.4, 1.6 Hz, 1H), 7.51 —

7.46 (m, 1H), 7.42 — 7.31 (m, 2 H), 7.21 — 7.06 (m, 10 H), 6.98 (d, J = 8 Hz, 1H), 5.56 (d, J =
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8 Hz, 1H), 4.69 (d, J = 12 Hz, 1H), 4.47 (d, J = 12 Hz, 1H), 3.72 (s, 3H).3C NMR (101MHz,
CDCl3) 8 171.05 (s), 167.11 (s), 162.69 (s), 145.34 (s), 141.30 (s), 140.34 (s),137.91(s), 136.23
(s), 134.12 (s), 131.48 (s), 130.32 (s), 128.91 (s), 128.86 (s), 128.75 (s), 128.50 (s), 128.19 (s),
128.06(s), 127.49 (s), 127.31(s), 126.96 (s), 126.12 (s), 123.80 (s), 123.60 — 123.47 (m), 119.70
(s), 56.56 (s), 52.88 (s), 49.64 (s). Pale yellow solid (60% yield).ESI-HRMS m/z [M+H]" calcd.

for CssH30N204 579.2284 found 579.2360.

methyl (2-naphthoyl)glycyl-L-phenylalaninate (18). *H NMR (400 MHz, CDCls) & 8.32 (s,
1H), 8.10 (t, J = 5.1 Hz, 1H), 7.85 (d, J = 8.5 Hz, 1H), 7.73 (t, J = 7.9 Hz, 2H), 7.49 — 7.36 (m,
J=15.0, 7.2 Hz, 1H), 7.18 — 7.04 (m, 2H), 4.87 (dd, J = 13.5, 7.4 Hz, 1H), 4.26 — 4.07 (m, J =
16.6, 5.3 Hz, 1H), 3.60 (s, 1H), 3.17 — 2.94 (m, J = 21.2, 13.8, 6.5 Hz, 1H).1*C NMR (101
MHz, CDCls) & 172.06 (s), 169.85 (s), 168.07 (s), 136.07 (s), 134.83 (s), 132.54 (s), 130.64
(s), 129.24 (s), 129.08 (s), 128.56 (s), 128.30 (s), 128.12 (s), 127.75 (s), 127.67 (s), 127.04 (s),
126.66 (s), 123.77 (S), 53.74 (s), 52.34 (5),43.75 (s), 37.84 (s). Yellow solid (65% yield).ESI-

HRMS m/z [M+H]" calcd. for C2sH22N204 391.658 found 391.1679.

methyl(2-(1-oxo0-3,4-diphenylbenzo[g]isoquinolin-2(1H)-yl)acetyl)-L-phenylalaninate (18a).

IH NMR (400 MHz, CDCls) § 9.17 (s), 8.09 (dd, J = 5.5, 4.2 Hz), 7.77 — 7.72 (m), 7.61 (s),
7.54 —7.48 (M), 7.24 — 7.16 (m), 7.15—7.11 (m, J = 7.1, 3.4, 1.8 Hz), 7.10 — 7.05 (m), 7.03 —
6.99 (M), 6.52 (d, J = 5.2 Hz), 4.87 — 4.81 (m, 1H), 4.49 (t, J = 12 Hz, 2H), 3.69 (s, 1H), 3.14
—3.02 (m, J =12 Hz, 2H).13C NMR (101 MHz, CDCl3) § 171.74 (s), 167.60 (s), 163.46 (s),
139.66 (s), 136.70 (s), 135.77 (s), 135.53 (s), 134.33 (s), 133.82 (s), 131.78 (s), 131.68 (s),
131.60 (s), 130.60 (s), 130.56 (s), 129.56 (s), 129.40 (s), 128.57 (s), 128.28 (s), 128.23 (s),
128.15 (s), 128.11 (s), 127.07 (s), 127.03 (s), 126.31 (5), 124.56 (), 123.33 (d, J = 2.4 Hz),
119.63 (s), 53.23 (S), 52.42 (s), 49.63 (s), 37.86 (S). Pale yellow solid (55% yield).ESI-HRMS

m/z [M+H]" calcd. for C37H30N204 567.2284 found 567.2334.
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methyl (2-naphthoyl)glycyl-L-leucinate (19). *H NMR (400 MHz, CDCls) § 8.37 (s, 1H), 7.95
(t, J = 5.0 Hz, 1H), 7.89 (d, J = 8.5 Hz, 1H), 7.81 (t, J = 7.5 Hz, 1H), 7.65 (d, J = 8.4 Hz, 1H),
7.56 — 7.42 (m, 1H), 4.68 — 4.50 (m, 1H), 4.34 (d, J = 4 Hz, 2H), 3.69 (s, 3H), 1.97 — 1.82 (m,
1H), 1.57 — 1.30 (m, 1H), 1.31 — 1.12 (m, 1H), 0.99 — 0.80 (m, 6H).23C NMR (101 MHz,
CDCl3) 5 172.27 (s), 169.63 (s), 168.08 (s), 134.83 (s), 132.54 (s), 130.72 (s), 129.02 (s), 128.33
(s),127.98 (s), 127.72 (s), 127.66 (s), 126.66 (S), 123.68 (S), 56.91(s), 52.11 (s), 43.86 (s), 37.61
(s), 25.12 (), 15.54 (s), 11.50 (s). Yellow solid (65% yield).ESI-HRMS m/z [M+H]" calcd. for

C20H24N204 357.1814 found 357.1825.

methyl (2-(1-oxo0-3,4-diphenylbenzo[g]isoquinolin-2(1H)-yl)acetyl)-L-leucinate (19a). *H
NMR (400 MHz, CDCls) 6 9.15 (s), 8.09 — 8.02 (m), 7.74 — 7.68 (m, J = 5.0, 4.6 Hz), 7.59 (s),
7.52 — 7.44 (m, 2H), 7.24 — 7.13 (m, 10 H), 6.51 (d, J = 8 Hz, 1H), 4.66 (d, J = 16 Hz, 1H),
4.59 (dd, J = 8, 4 Hz, 1H), 4.46 (d, J = 16 Hz, 1H), 3.69 (s, 3H), 1.90 — 1.81 (m, 1H), 1.39 —
1.32 (m, 1H), 1.18 — 1.09 (m, 1H), 0.86 (t, J = 8 Hz, 6H).2*C NMR (101 MHz, CDCls) § 172.30
(s), 167.70 (s), 163.49 (s), 139.77 (s), 136.77 (s), 135.49 (s), 134.48 (5), 133.84 (s), 131.74 (s),
131.67 (s), 130.64 (s), 130.57 (s), 129.52 (s), 129.41 (s), 128.53 (s), 128.23 (s), 128.16 (s),
128.11 (s), 126.99 (s), 126.21 (s), 124.51 (s), 123.36 (s), 119.54 (s), 56.60 (S), 52.18 (s), 49.64
(s), 38.14 (s),25.18 (s), 15.52 (s), 11.65 (s). Pale yellow solid (43% yield).ESI-HRMS m/z

[M+H]" calcd. for CaaH32N204 532.2362 found 532.2390.

methyl (2-naphthoyl)glycylglycinate (20). *H NMR (400 MHz, CDCls)é 8.31 (d, J = 8.7 Hz,
1H), 7.90 (d, J = 8.2 Hz, 1H), 7.85 (dd, J = 6.2, 2.9 Hz, 1H), 7.64 (d, J = 7.0 Hz, 1H), 7.55 —
7.47 (m, 1H), 7.41 (t, J = 7.7 Hz, 1H), 7.26 (d, J = 4.9 Hz, 1H), 7.17 (s, 1H), 4.26 (d, J = 4.0
Hz, 2H), 4.01 (d, J = 4.0 Hz, 2H), 3.70 (s, 3H). 3C NMR (101 MHz, CDCl3) & 170.16 (s),

170.11 (s), 169.34 (s), 133.66 (s), 133.22 (s), 131.07 (s), 130.11 (s), 128.34 (s), 127.25 (s),
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126.47 (s), 125.54 (s), 125.32 (), 124.68 (s), 52.37 (s), 43.49 (5), 41.19 (s). Yellow solid (55%

yield).ESI-HRMS m/z [M+H]" calcd. for C16H16N204 301.1188 found 301.1184.

methyl (2-(1-oxo-3,4-diphenylbenzo[g]isoquinolin-2(1H)-yl)acetyl)glycinate (20a). *H NMR
(400 MHz, CDCls) 6 10.25 (d, J = 8 Hz, 1H), 7.90 (dd, J = 12, 8 Hz, 2H), 7.76(d, J = 8 Hz,
1H), 7.62 (t, J = 8 Hz, 1H), 7.22 (m, 9H), 7.15 — 7.10 (m, 2H), 6.64 (s, 1H), 4.66 (s, 2H), 4.09
(d, J =8, 2H), 3.74 (s, 3H).13C NMR (101 MHz, CDCl3) § 142.92 (s), 139.02 (s), 136.79 (s),
133.98 (s), 131.72 (s), 130.18 (s), 128.70 (s), 128.55 — 128.49 (m), 128.26 (s), 128.08 (s),
127.65 (s), 127.02 (s), 126.58 (s), 123.55 (s), 52.39 (s), 50.66 (s), 41.30 (s). Pale yellow solid

(51% vyield).ESI-HRMS m/z [M+H]" calcd. for CsoH2aN204 477.1814 found 477.1826.

methyl 3-(2-(2-naphthamido)acetamido)propanoate (21). *H NMR (400 MHz, CDCls) § 8.32
(d, J=8.5Hz, 1H), 7.92 (d, J = 8.2 Hz, 1H), 7.87 (d, J = 7.4 Hz, 1H), 7.66 (d, J = 7.0 Hz, 1H),
7.58 — 7.49 (m, 1H), 7.44 (t, J = 7.6 Hz, 1H), 7.11 (s, 1H), 7.06 (s, 1H), 4.18 (d, J = 4.0 Hz,
2H), 3.66 (s, 3H), 3.54 (g, J = 4.0 Hz, 2H), 2.55 (t, J = 4.0 Hz, 2H). 3C NMR (101 MHz,
CDCl3) 8 172.71 (s), 169.99 (s), 168.85 (s), 133.68 (s), 133.34 (s), 131.03 (s), 130.12 (s), 128.34
(s), 127.22 (s), 126.46 (s), 125.49 (s), 125.32 (s), 124.68 (s), 51.84 (s), 43.58 (s), 35.06 (5),
33.72 (s). Yellow solid (53% yield).ESI-HRMS m/z [M+H]" calcd. for C17H1sN204 315.1345

found 315.1343.

N-(2-acetamidoethyl)-2-(1-ox0-3,4-diphenylbenzo[g]isoquinolin-2(1H)-yl)acetamide (21a).

IH NMR (400 MHz, CDCls) & 10.25 (d, J = 8 Hz, 1H), 7.94 — 7.84 (m, 2H),7.80 — 7.69 (m,
1H), 7.62 (t, J = 8 Hz, 1H), 7.25 — 7.18 (m, 9H), 7.15 — 7.10(m, 2H), 6.50 (s, 1H), 4.59 (s, 2H),
3.62 (s, 3H), 3.54 (d, J = 8 Hz, 2H), 2.55 (t, J = 8 Hz, 2H).23C NMR (101 MHz, CDCl3) &
172.96 (s), 167.97 (s), 162.78 (s), 142.78 (s),138.95 (s), 136.89 (s), 133.89 (s), 131.73 (s),

130.13 (s), 128.61 (s), 128.51 (s), 128.20 (s), 128.07 (s), 127.70 (s), 127.00 (s), 126.53 (s),
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123.56 (s), 119.90 (s), 51.79 (s), 50.61 (s), 35.00 (s), 33.69 (s). Pale yellow solid (40%

yield).ESI-HRMS m/z [M+H]" calcd. for C31H26N204 491.1971 found 491.1794.

methyl (1-naphthoyl)glycyl-L-phenylalaninate (22). *H NMR (400 MHz, CDCls) § 8.33 —8.28
(m, J = 6.2, 3.5 Hz, 1H), 7.88 (d, J = 8.2 Hz, 1H), 7.86 — 7.82 (m, J = 6.7, 3.4 Hz, 1H), 7.57
(d, J=7.0 Hz, 1H), 7.52 — 7.47 (m, 1H), 7.42 (d, J = 7.8 Hz, 1H), 7.36 (t, J = 7.6 Hz, 1H), 7.21
(t,J=7.7 Hz, 1H), 7.12 (d, J = 6.3 Hz, 1H), 4.86 (dd, J = 8 Hz, 1H), 4.27 — 4.09 (m, 2H), 3.65
(s, 3H), 3.20 — 2.90 (m, 2H). 3C NMR (101 MHz, CDCls) § 171.90 (s), 170.05 (s), 169.05 (s),
135.94 (s), 133.64 (s), 133.24 (s), 130.99 (s), 130.16 (s), 129.25 (s), 128.59 (s), 128.32 (s),
127.20 (s), 127.09 (s), 126.42 (s), 125.60 (s), 125.46 (s), 124.65 (s), 53.60 (S), 52.36 (s), 43.50
(s), 37.79 (s).Yellow solid (58% yield).ESI-HRMS m/z [M+H]" calcd. for C23H22N204

391.1658 found 391.1678.

methyl (2-(1-oxo-3,4-diphenylbenzo[h]isoquinolin-2(1H)-yl)acetyl)phenylalaninate (22a).

IH NMR (400 MHz, CDCl3) 6 10.32 (d, J = 8 Hz, 1H), 7.90 (t, J = 8 Hz, 2H), 7.81 — 7.75 (m,
1H), 7.66 — 7.60 (m, 1H), 7.23 — 7.16 (m, 7H), 7.11 — 7.04 (m, 5H), 7.02 — 6.99 (m, 4H), 6.61
(d, J = 8 Hz, 1H), 4.92 — 4.84 (m, 1H), 4.72 — 4.49 (m, 2H), 3.70 (s, 3H), 3.21 — 2.98 (m,
2H).13C NMR (101 MHz, CDCl3) § 171.73 (s), 167.60 (s), 162.83 (s), 142.87 (s), 139.05 (s),
136.92 (s), 135.72 (s), 134.31 (s), 134.03 (s), 132.33 (s), 131.99 (s), 131.82 (s), 131.74 (s),
130.26 (s), 130.19 (s), 129.41 (s), 128.70 (s), 128.53 (s), 128.35 (s), 128.26 (s), 128.13 (s),
127.85 (s), 127.08 (s), 127.04 (s), 126.66 (s), 123.63 (s), 119.99 (s), 118.41 (s), 53.26 (s), 52.42
(s), 50.60 (s), 37.78 (s). Pale yellow solid (42% yield).ESI-HRMS m/z [M+H]" calcd. for

Cs7H30N204 567.2284 found 567.2264.
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Figure S 25 'H, '*C NMR spectra of Compound 11
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ANNEXURE

Native peptides and proteins are derived from twenty proteogenic a-amino acids. However,
many other amino acids and their derivatives are also occurred in various natural products.
Recently, unnatural amino acids are synthesized and explored to tune the structure, function
and bioactivity of native peptides. Pre-synopses of my thesis describe the synthesis and
conformational analyses of unnatural amino acids/hybrid-peptides comprising non-benzenoid
aromatic scaffold (2-aminotropone), Ethylenediprolyl pseudopeptides, isoindolinonyl
peptides, isoquinolonyl peptides. Herein a couple of new synthetic methodologies have been
developed including Pd/Ru-catalysed C(sp?)-H activation. The 2-aminotroponyl peptides form
a-helix through non-covalent interactions and become scaffolds for synthesis of BODIPY
analugues (Chapter-2). Its BODIPY analogues exhibit fluorescence. Interestingly,
ethylenediprolyl pseudopeptides form B-/y-/ turn type structures and are considered potential
entities to develop hairpin-forming peptides structure (Chapter-3). These pseudopeptides also
form a metal complex with Cu(Il) ions. Isoindolinonyl peptides are synthesized from N-
Arylamide of amino acids/peptides through Pd(II) catalysed C(sp?)-H olefination/activation
with different olefins and amino acid derivatives. Notably, isoindolinone’s carbonyl plays a
significant role in the folding of peptide structure through hydrogen bonding with the nearest
amide N-H (Chapter-4). Isoquinolonyl peptides are synthesized from N-Arylamide of amino
acids/peptides through Ru(II) catalysed C(sp?)-H activation/annulation from various alkynes
at room temperature (Chapter-5). Interestingly these peptides are fluorescent which could be
applicable for labeling the peptides. Hence newly synthesized unnatural amino acids and their

hybrid peptides have shown characteristic conformations and functions including fluorescence.
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Natural aromatic «-ammo acid residues play critical roles in the structural and functional organizaton of
proteins owing to s-nteractions, Thed aromatic reskdues are derived from benzenold scattolds. Non-ben-
zenoid aromatic scaffolds such 3s tropone and tropolone are also corstituents of troponoid natural pro-
gucts. Trepolons has also the ability to exnbil x-interactions aang with addtional bydrogen bonding,
Thus. amine acids comprising tropenyl could be patentiad buriding blocks of novel peptidomimetics This
report describes the synthesis of the L-aminotroponylalanine aminc acid (ATA) and its unusual activity
with the peptide coupling agent EDC Impartantly. its di-peptices form fi-sheet/-turn type secondary
structures in organic sclvents owing to the traporyl residue, Ths amino acid is an excelient scaffold for
the synthess of Huorescert amino acids such as BODIPY ameno acd analogs. Nevertheless, this amino
ackd and its BODIPY derivatives can enter Hela cells without exhibiting significant cytotoxicity at low con-
centrations (~50 uM} Hence, ATA and 115 BODIPY derlvalives aré promising aromatic amino acids foe the
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Introduction

Native aromatic e-amino acids such as phenylalanine {Phe),
tyrosine [Tyr), tryptophan [Trp), and histidine (His) are derived
from benzenoid scaffulds and play pivotal roles in the struc-
tural and funetional organization of peptides/proteins,' The
functional group-containing aromatic amino acids {Tyr, His,
and Trp) are found in the active sites of varicus enzymes and
play critical roles in their catalytic activity,” Moreover, Trp is a
fluorescent amino acid. Generally, the structural modifications
of native amino acids significantly alter their structure and
functions. As reported in the literature, structurally modified
aromatic amino acid analogs have emerged as potential build-
ing blocks of various peptidomimetics and foldamers.* For
example, Svendsen has demonstrated the role of bulky aro-
matic amino acidcontaining bovine lactoferricin peptides in
increasing antibacterial activity." Huc has rationally designed
aromatic olignamides from unnataral aromatic amine acids
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construction of potential peptidomirmetics ard fluorescent labelling of target peptides

and they form f-sheet type foldamers owing to the face-to-face
m-x interaction between the aromatic residues.” Aromatic
amino acids are also involved in the formation of amyloid self-
assembly structures owing to z-» interactions.” Sanjayan has
explored an anthranilic acid-associated w/fi-hybrid peptide oli-
gomer which forms unique (1-2) type helical turns.”
Sutherland has reported benzotriazole-derived unnatural aro-
matic acids which exhibit charge transfer-based fluorescent
compounds with mega Stokes shifts.' Cate has shown the
initiation of protein synthesis with unnatural aromatic amino
acids derived from phenylalanine using an engineered initiator
tRNA (n vive.'' Recently, a phenylalanine analog bas been
reported to form a hydrogel even with single amino acid
derivatives that exhibit potent antimicrobial activity.'* Parang
has synthesized a serles of cyclic peptides comprising the
diphenylalanine residue and evaluated their transportation
efficiency.'' Tannenbaum has evaluated aromatic amino acids
as potential biomarkers in breast cancer by Raman spec-
troscopy analysis.** Most unnatural aromatic amino acids are
derived from the benzenoid aromatic ring. However, non-ben-
zenoid aromatic scaffolds such as tropolone are constituents
of troponoid natural products.'' 1t exhibits intramolecular
proton transfer and metal complexing properties with coordi-
nating metal ions, It also exhibits unique photophysical pro-
perties owing to a-x*, n-x* interactions, and charge transfer,
Tropolone-related  compounds  exhibit numerous types of
bivactivities including antimicrobial, antiviral, antifungal,

Org Blomal Cnem., 2022, 20, 93%/7-0407 | 9397
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ABSTRACT: The synthetic unnatural amino acids and their
peptides as peptidomimetics have shown remarkable structural and
functional properties. In the repertoire of synthetic peptides,
pseudopeptides have emerged as attractive small peptidomimetics
that are capable of forming the characteristic secondary structures
in the solid/solution phase, as in natural peptides, This report
describes the synthesis and structural analyses of novel pseudopep-
tides as cthylenediprolyl (efpro) tetra/hexapeptides, comprising a
chiral diaminedicarboxylate scaffold. Their NMR and CD spectral
analyses strongly support the formation of the f-turn-type structures in organic solvents (ACN/MeOH ), Further, the single-crystal
X-ray studies of tetrapseudopeptide confirm the formation of a unique self-assembly structure as f-strand type in the solid state
through hydrogen bonding, Importantly, their diamine moiety influences the formation of Cu-complexes with Cu(ll) ions. A
tetrapsendopeptide  monocarboxylate-Cu(ll) complex forms the single crystal that is studied by the single-crystal Xeray
diffractometer. The crystal structure of the tetrapseudopeptide-Cu(11) complex confirms the formation of the distorted square planar
geometry structure, almost like the amyloid f(Af7)-peptide-Cu(1l) complex structural geometry. Hence, these etpro-pseudopeptides
are emerging peptidomimatics that form fturn types of structures and metal complexes mainly with Cu(11) ions, These molecules
could be considered for the development of peptide-based catalysts and peptide-based therapeatic drug candidates.
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B INTRODUCTION
Protein—protein interactions (PPIs) and protein—nudeic acid

for selective binding with antibodies and the development of
new peptide based nanomaterials.” The incorporation of the
v-Pro/i-Pro, p-Pro/i-Gly tum into peptides is used for

interactions (PNIs) are involved in numerous biological
processes.” The development of molecules to target such
interactions provides a significant therapeutic potential.
However, small molecules barely target such interactions
because of the Jarge and shallow binding surface. In the
repertoire of macromolecular ligands, the structured peptides
have shown encouraging results as binding with protein and
nucleic aud» and are considered as potential therapeutic drug
candidates.”' Protein and peptides form characteristic
secondary structures such as a-helix, f-sheet, and f-tum to
regulate the various biochemical processes.””  However,
peptides likely lose the secondary structure in solutions and
are prone to proteolysis, lowering the target selectivity.
Peptides have other drawbacks, such as poor cell pmm.\blhl)
and poor selectivity.” To overcome these challenges, various
structurally modified unnatural amino acids and their peptides
are synthesized as peptidomimetics by restricting the
conformational ﬂenbllity to improve metabolic stability and
target specificity, " The various peptidomimetics of a-helix, -
sheet, and f-tum are prepared and explored for various
applications including therapeutic behaviors and catalytic
properties in chemical synthesis.”''™'" Another important
peptidomimetics is f#-hairpin, formed by connection of two B
strands through a loop in an antiparallel fashion. """ The
antiparallel-f-hairpin peptides provide enormous opportunity

© 2021 Amencan Chamea! Socwty

< ACS Publications

synthesis of stable fihairpine. However, the fi-hairpin with
parallel strands is rare in nature. Gellman and co-workers have
synthesized novel parallel f-hairpin peptides by using a
dimethyl diamine linker and extensively studied their
conformational analyses by NMR and X-ray studies.”
Moreover the amide bonds/functional side-chain of peptides
are natural ligands of coordinating metals. For example,
peptide—metal complexes of metal jons (Fe/Cu/Zn ions) have
sngnxﬁcanl roles in regulating the essential biological
processes.” Metallopeptides are primarily engaged in a redox
reaction, including regulating reactive oxygen species {ROS)
production in living systems, the emerging area of biochemical
rcscarch for developing therapeutic drugs and diagnosis
probes. " For example, the most common copper-peptide
as GHK-Cu(Il) is considered as natural antioxidant and
collagen stimulating agents, which are found in human plasma
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Published: November 16, 2021
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Isondolinone is a constituent of vardous natural products and synthetic biclogicaly active compounds.
The classical multti-step symthetic methods used to prepare vasious indolinone desvatives are tedious and
challenging, One-pat synthetic methods are attractive and economical, Transition-metsi-catalyzed C-H
activaton is an emerging tool for syntheszing natural products and small arganic motecules wa reducing
the number of synthetic steps necessary, This paper describes the gynthesis of N-alkyl-3-methenyt chiral
waingolinone derivatives from and amides of L-aming acids ard norn-activated alkene vis Pd-catalyzed
Cisp®)-H olefnation. Herein, the anmine acd residue acts as a directng group for clefination at the anyl
fing, and then cyclization occurs at the amide NH. Hence, this methodology could be belpful to transform
standard arming ackds inta respective cheral soindolinone cervatives.
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Introduction

‘T'he isoindolinone (benzo-fused y-lactam) scaffold 15 chemical
constituent of various natural products and synthetic biologi-
cally active molecules, For example, N-/C3-substituted isoindo-
linone derivatives are found in pagoclone, indoprofen, erina-
cerins, lennoxamine, lenalidomide, isohericenone, pazina-
clone (Fig. 1a)." * These molecules show antimicrobial, anti-
oxidant, antifungal, antiviral, anxiolytie, anti-Parkinson's, anti-
inflammatory, antihypertension, and anheancer activitics. The
classical synthesis of isoindolinone derivatives involves chal-
lenging multi-step synthetic strategies.' © Tn recent times, tran-
sition metal-catalyzed C-H activation and C-H olefination are
cimerging as svathetic methodologics for synthesizing various
natural products and their precursors.” ' For example, Maiti
and co-workers have developed severil remarkable C(sp”)-H
olefination methedologies with a Pd-catalyst.’® ' Maiti has
also explored Co-/Rh-catalyzed substrate-specific  C{sp’)-H
olefination,™ **

The synthesis of isoindolinone derivatives has also been
achieved using activated arylamides and non-reactive olefins
in the presence of transition metal catalysts (Ao, Co, Cu, In, Ir,

*Schoo! of Ch Scvences, A I of Sarence Edncation and Mesearch
INTSER-RAubanesuwr, Jurnl campus, Rhubvemesuns- 752060, (dishe, tadia
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{ Blectronic supplemengary information (ES1H available: Spoctroscupse (MS and
NMR) 2nd crystallographic data. CCDC 2008113, For ES3 and cnysallographic
data in CIF or ather clectranic format see DO £0.1039/d10b01997)

This journal 130 Tre Royd Sockety of Cremystry 2021

Ni, Pd, Rh, Ru, Sc, Yb, and 2n) (Fig. 1b).”* The tolyl sulfonate
(Ts)/methyl sulfonate (Ms)/alkoxides containing arylamides are
active for metal complexation in the presence of external
ligands.

The directing group containing acrylamides has also been
used to synthesize isoindolinone derivatives from non-act-
vated olefins through C{sp®)-H olefination.™ For example, the
quinoline directing group containing arvlamides  gives
N-gquinolinyl substituted isoindolinones from acrylate in the
presence of a Pd{u}ceatalyst, However, Ntosylated benzamide
requires the ligand to prepare isoindolinone derivatives from
olefins using Pd-catalyzed olefination.”"™ Amino acids and
peptides are natural ligands of various transition metals and
have been used as directing groups/ligands in the different
transition metal-catalyzed C-H activation/C-H olefination.”™ Yu
and co-workers have explored using amino acids/peptides as
the ligand or directing group in the metal-catalyzed C{sp”}-H
functionalization of di-/trijtetra-peptides at the N-terminus!
site-specific C-H alkynylation/f-C-H arylation,” ** Albericio
has shown the synthesis of stapled-peptides by the late-stage
C(sp’)-1 activation of peptides.’®"! Tran and Daugulis have
used 2-thiomethylaniline as a directing group for Clsp')-H
functionalization of N-protected amino acids at the p-position
with different aryl halides.™ The metal-catalyzed C-H olefina-
tion of amine acid/peptide-related compounds have generated
opportunities to prepare various synthetic and natural peptide
analogues.” "' Metal catalyzed olefination of ligand enabled
aryl amide with olefins is an emerging synthetic methodology
that has attracted attention for the synthesis of substituted
aryl amide derivatives.'"" *' Recently, Maiti and coworkers

g Bomal Chem, 202,19, 10097-10104 | 10097
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Boindolnens & & constituent of seweral naturd products thut show a wide range of biosctnity, such as
articancer, antimucrobda, antiviral and anti-inflanmatory properties. It wouk! be interesting to explore the
carboryt group [H-bond accepton of soinoolnone and s structural and conformational changes
Howeaver, the synthess of isoindolinone-comgrising peptides In short steps is Chalienging. Herein, we
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rscllobe mers and therapeutic agents

Introduction nificantly improved their bioactivity (Flg. 1b)." Nevertheless,

Chen has synthesized various stapled peptides by incorporat-
tsoindolinone is heterocyelic compound with a benzo fused  ing isvindolinone derivatives (Fig, 1c).” Thus, the demand for
ylactam scaffold that s a constituent of various natural pro-  isoindolinone-conmining peptides has suddenly increased and
ducts and synthetic bioactive molecules such as pagoclone,  become a lucrative rescarch area for both chemists and biol-
indoprofen, erinacerins, lennoxamine, kenalidomide, isoheri-
cenone, and pazinaclone (Fig. 1a).' * These molecules show
antimicrobial, antioxidant, antifungal, antiviral, anxielytic,
anti-Parkinson's, anti-inflammatory, antihypertension, and
anticancer activities." In the repertoire of isoindoline scaffold-
ing into peptides, the incorporation of isoindolinone moicty
into naturally occurring bioactive gelic peptides enhances
their bloactivity. Fenestin A and zygosporamide are marine-
derved natural cyelic peptides possessing a wide range of
bicactivity, including anticancer, Jin has synthesized Fenestin
analogues containing iscindolinone derivatives that improved
their apoptosis of tumor cells and led o cycle arrese in the G2/
M phase.’ Zygosporamide cyclic depsipeptides isolated from
marine-derhved fungus and thelr analogues are also syn-
thesized by incorpornting the isoindolinone molety, which sig-
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