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ABSTRACT

Name of the Candidate Tukaram S. Ingole

Name of the Research Guide | Dr. G. J. Sanjayan

Title of the Ph. D. thesis Structural Tolerance of Reverse Turn: A
Case Study with Ant-Pro Turns.

Preamble: Reverse turns are one of the most common structural features found in
globular proteins and peptides, involving three (y-turn) or four (B-turn) or five (a-
turn) or six (m-turn) consecutive amino acid residues, characterized by peptide
chain reversal. Studies in reverse turns have attracted considerable attention owing
to their applications in the interdisciplinary fields such as protein design,
organocatalysis, material chemistry and medicinal chemistry.

Chapter 1: The section A of this chapter describes the conformational
characterization of short oligomers having extensive modification at N-terminus
of Ant-Pro reverse turn (Fig. 1). Extensive conformational studies suggest that all
short oligomers exhibited folded pseudo B-turn conformation, involving just two
residues displaying a closed nine-membered-ring hydrogen-bonded network,
formed in the forward direction (1—2), which is in stark contrast to the native [3-
turns that involve four residues to form hydrogen-bonded network featuring

backward 1<-4 amino acid interactions.

R= Piv or Boc 12b

Fig. 1 Molecular structures of N-terminal modified Ant-Pro-based short oligomers
featuring C9 hydrogen bonding.
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[The Ant-Pro reverse-turn motif. Structural features and conformational
characteristics.
V. H. Thorat, T. S. Ingole, K. N. Vijayadas, R. V. Nair, S. S. Kale, V. V. E.
Ramesh, H. C. Davis, P. Prabhakaran, R. G. Gonnade, R. L. Gawade, V. G.
Puranik, P. R. Rajamohanan and G. J. Sanjayan, Eur. J. Org. Chem., 2013, 3529.]
The section B of this chapter describes the design, synthesis and
conformational analysis of oligomers containing 3-aminothiophenecarboxylic acid
(3-Atc); an aromatic B-amino acid (Fig. 2). We have designed a,f,a-hybrid
peptide sequence: Gly-3-Atc-Pro-Gly-3-Atc-Pro-Gly, featuring 3-Atc and Pro-Gly
motifs. The conformational investigation by crystal structure and 2D NMR studies
suggested that the synergistic effect of dihedral parameters of individual amino
acids and intra-residual hydrogen bonding within 3-Atc resulted in the formation

of helical folding in (Gly-3-Atc-Pro) oligomers, despite the absence of inter-

residual hydrogen bonding, which is commonly observed in native polypeptides.

’
2as
\S/ ©

H—N/—<O
s
PS

15a; n=1, R=0Bn
16:n=1, R=NHMe
17:n=1, R=NH-CgH4-Br
18:n=2, R=0Bn
19:n=2, R=NHMe

Fig. 2 Molecular structures of (Gly-3-Atc-Pro) oligomers and crystal structure of
15a and nOe-restrained energy minimized structures of 19.

[3-Aminothiophenecarboxylic acid (3-Atc)-induced folding in peptides: some
observations.

T. S. Ingole, A. S. Kotmale, R. L. Gawade, R. G. Gonnade, P. R. Rajamohanan
and G. J. Sanjayan (Manuscript under preparation).]

Chapter 2: This chapter describes the design, synthesis and conformational

studies of oligomers comprising a pseudo B-turn Ant-Pro (orthanilic acid-proline)
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attached to different native B-turn forming turn elements (Fig. 3). The peptide
sequences having two turn elements can result in multiple hydrogen bonding
networks and it is often very difficult to predict which hydrogen bonding network
will prevail and hence the outcome of the folding competition. The results of
extensive conformational investigation by crystal structure and 2D NMR studies
showed that 1 adopts a C9 H-bonding, while 2, 3 and 4 adopt a C14 H-bonding
conformation accompanied by C6 H-bonding. Intriguingly, formation of native 3-

turn was not observed in any of the peptides.

H OummH—N
C14

N O

/\E Br

Y

Fig. 3 Molecular structures of peptides showing observed hydrogen bonding
pattern and their corresponding crystal structures (1 and 4) or nOe-based MD
simulated 20 superimposed energy minimized structures (2 and 3).

[Disruption of native B-turns: consequence of folding competition between native
and orthanilic acid-proline-based pseudo B-turn.

T. S. Ingole, K. N. Vijayadas, K. N. Chaitanya, A. S. Kotmale, R. L. Gawade, R.
G. Gonnade, P. R. Rajamohanan and G. J. Sanjayan, Eur. J. Org. Chem., 2016
(Just Accepted, DOI: 10.1002/ejoc.201501558).]

Chapter 3: The section A of this chapter describes the design, synthesis and
conformational characterization of urea-based H-X-H three-centered hydrogen

bonding-stabilized reverse turn scaffold containing a >Ant-Pro reverse turn and a

urea moiety at the N-terminus of the turn motif (Fig. 4). We anticipated that the
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urea NHs would form intramolecular dual hydrogen bonding with C=O of proline.
In the present study, trichloroacetamide derivative was used as a common
intermediate to generate the unsymmetrical urea analogues via coupling with
various amines. The conformational investigation of designed unsymmetrical urea
derivatives in the solid and solution-state by single crystal X-ray crystallography
and detailed 2D NMR studies, respectively, revealed that these scaffolds adopt
well-defined conformation featuring robust urea-based H-X-H three-centered
hydrogen bonding. Interestingly, an interaction between SAnt-NH and Pro-N was
found to be an augmenting force for the stabilization of dual H-bonded reverse
turn scaffold. This nonpeptidic reverse turn scaffold can be attached to peptide
strands through N-terminus connection, thus it can serve as a template to promote

parallel B-sheet structures.

0.
Ogé/l\'%\ﬂ y R= HN/\@ R= HN/ < > F R= HN/ < >_0Me
e
v ° X OMe
%R R= HN/\Q R= pn-Me R= HN/)/
(i-g OMe 8

Fig. 4 Molecular structures of various designed unsymmetrical urea analogues and
molecular structure and PyMOL-rendered crystal structure of 4 showing robust
urea-based H-X-H three centered hydrogen bonding.

[Design and synthesis of H-X-H three-centered H-bonding stabilized nonopeptidic
reverse turn scaffold to promote parallel B-sheet structure.
T. S. Ingole, A. S. Kotmale, R. L. Gawade, R. G. Gonnade, P. R. Rajamohanan
and G. J. Sanjayan (Manuscript under preparation).]

The section B of this chapter describes the design and synthesis of novel [1,4]-
diazepane urea-°Ant-Pro peptide conjugates (Fig. 5). [1,4]-diazepane moiety is

found in many drugs; e.g. orexin receptor antagonists, CXCR3 antagonists,
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cannabinoid receptor 2 agonists and factor Xa inhibitors for anticoagulation. We
have designed a series of hybrid analogues featuring [1,4]-diazepane moiety or
cyclic secondary amines linked to SAnt-Pro reverse turn scaffold through the urea
linkage. "H NMR analysis revealed that these compounds show the characteristics

of 9-membered hydrogen-bonded folded conformation.
o N/\/© N K\N/\©\
9 R= —N_J . N/ N/ :
Oy —N—fuH H ; 12
N 10 11
(:( M © >( (0]
N ﬁ\
2\ — — 0
D Oy 0 -0 -0
13 14 15 LI

10-17

Fig. 5 Molecular structures of various urea-(*Ant-Pro) peptide conjugates.

The section C of this chapter describes the design and synthesis of urea-
appended a,B-hybrid octapeptide which undergoes self-assembly to form vesicular
morphology (Fig. 6). Because of properties like intrinsic folding, self-
organization, biocompatibility, versatility, and ease of synthetic modification,
peptide molecules have been considered as an attractive new choice of materials
for developing supramolecular materials using molecular self-assembly process.
Earlier, our group reported that iodo-substituted Ant-Pro oligomers adopt helical
structures. We envisioned that substitution of iodo group by functional group like
urea would induce the intermolecular interactions between molecules. In the
present study, a urea moiety was chosen, which was installed on phenyl group
through an alkyne spacer using Sonogashira reaction. Microscopic analyses
confirmed that the urea-appended octapeptide 21 undergoes self-assembly through
the urea-mediated intermolecular interactions forming vesicular structures from
methanolic solution. Up on decreasing the concentration of methanol from the
binary solvent mixture, octapeptide 21 forms hollow pot-like self-assembled
vesicular structures. These vesicles are able to encapsulate the hydrophobic drug
like curcumin efficiently which was confirmed by bright green fluorescence in the

vesicles under fluorescence microscope.
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N N’
d N
o ~.o."
: - > |
o o R\'ﬂ)\’}‘, R
I N'H H O»_ = N,H N H H
I N Self-assembly

via urea linkage

O o H ->_ and probable
H H H N mode of self-
N | H N _ N‘( assembly
m
0]

Fig. 6 Design of urea-tethered Ant-Pro octapeptide 21 and schematic presentation
of probable mode of urea-mediated self-assembly. Microscopic analyses of self-
assembly of octapeptide 21. SEM images (1 mg/0.5 mL): (a) methanol and (b) 9:1
methanol-toluene. TEM image (1 mg/mL, c¢). Fluorescence microscopic image (d)
showing bright green fluorescence of curcumin encapsulated vesicles.

[Vesicular self-assembly of urea-tethered o,B-hybrid foldamer as a hydrophobic

cargo carrier.
T. S. Ingole, P. R. Rajamohanan, S. S. Babu and G. J. Sanjayan (Manuscript

under preparation).]
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General Remarks

Unless otherwise stated, all chemicals and reagents were obtained
commercially.

Required dry solvents and reagents were prepared using the standard
procedures.

All the reactions were monitored by thin layer chromatography (TLC) on
precoated silica gel plates (kieselgel 60F,ss, Merck) with UV, I, or ninhydrin
solution as the developing reagents in the concerned cases.

Column chromatographic purifications were done with 100-200 Mesh Silica
gel or with Flash silica gel (230-400) mesh in special cases.

Melting points were determined on a Buchi Melting Point B-540 and are
uncorrected.

IR spectra were recorded in nujol or CHCI; using Shimadzu FTIR-8400
spectrophotometer.

NMR spectra were recorded on Ac 200 MHz, AV 400 MHz or DRX-500 MHz
or AV 700 MHz Bruker NMR spectrometers. All chemical shifts are reported
in & ppm downfield to TMS and peak multiplicities as singlet (s), doublet (d),
quartet (q), broad (br), broad singlet (bs) and multiplet (m).

Elemental analyses were performed on a Elmentar-Vario- EL.

Electron scattered ionization (ESI) mass spectrometric measurements were
done with API QSTAR Pulsar mass Spectrometer and high-resolution mass
spectrometric analyses (HRMS) were carried out using a Thermo Scientific Q-
Exactive, Accela 1250 pump mass spectrometer.

nOe-restrained molecular modeling studies were carried out using
MacroModel, vesion 10.7 program from Schrodinger.

Single crystal X-ray data were collected on a Bruker SMART APEX CCD Area

diffractometer.
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CHAPTER 1

PART A

Influence of N-terminal modification on

robustness of Ant-Pro pseudo p-turn motif

PART B

The conformational analysis of oligomers
containing 3-aminothiophenecarboxylic acid

(3-Atc); an aromatic f-amino acid



Part A Chapter 1

Influence of N-terminal modification on robustness of Ant-Pro
pseudo f-turn motif

1.1 Introduction

Proteins are one of the important classes of biopolymers (ribonucleic acids
and polysaccharides), since they are involved in the physiological processes such
as molecular recognition, catalysis, cellular communication, information storage,
and molecular transportation. In order to perform these functions, protein has to
undergo chain of processes called protein folding." Through the protein folding
process, protein adopts specific spatial conformation or globular shape which is
responsible for the biochemical reactions. The noncovalent forces such as:
electrostatic interactions (ionic, hydrogen bonding), van der Waals forces and
hydrophobic packing etc. are mainly responsible for the stabilization of a protein
structure.”

There are four stages of protein folding such as primary, secondary,
tertiary and quaternary stage by which a protein attains the native conformation
(Fig. 1.1). In the primary stage, the amino acids are covalently bonded together by
an amide bond to form a peptide chain which is present in an extended form. The
protein utilizes 20 a-amino acids and few unusual amino acids to generate the
peptide chains. The sequence of amino acids present in the peptide backbone is
important for determining the three dimensional structure and function of a
protein. Specifically, intrinsic properties of R-group or side chain of each amino
acid determine the property and in turn the function of a protein. The secondary
stage involves interactions between adjacent amino acids through hydrogen
bonding leading to the formation of ordered structures (a-helix, B-pleated sheets,

-turns or bends and super secondary structures).’ The tertiary stage involves
p ry y stag

2016 Ph.D. thesis: Tukaram S. Ingole, University of Pune 2



Part A Chapter 1

further folding and super coiling of polypeptide chains. The tertiary structure is
governed by the interactions like hydrophobic, hydrogen bonds, salt bridges and
disulfide bonds between the R-groups or side chains of amino acids. In this level,
secondary structures like helices, B-plated sheets and turns are arranged spatially
in order to assume compact globular shape. The quaternary stage involves the
arrangement of multiple protein subunits in a specific manner in order to perform

specific functions.

Primary
structure
%""ﬁ/ ,m.,/ n"
Secondary 5
structure | e bnnﬂ 193 ‘L 3 5
vy E'.K,!_, Cam /‘“—m ‘.,("‘\ k y.
- VR %\° ‘*’“'i‘\
A - i h <
! X, \\ ‘-\ Pleated sheet L
Tertiary
structure

Polypeptide
_ (single subunit
of transthyretin)

Quaternary

structure )V Transthyretin, with four

identical polypeptide subunits

Fig. 1.1 Four levels of protein structure: primary structure (amino acids sequence
in extended form), secondary structure (polypeptide linkage folds into helices or
sheets), tertiary structure (packing of secondary structures into globular domain)
and quaternary structure (protein subunits self assemble to form compact
structure) (Image source: internet).

The noncovalent interactions play a crucial role in the transformation of
primary to quaternary structure. With just 20 proteinogenic a-amino acids Nature

had created diverse structural architectures by making use of noncovalent

interactions. Inspired from the Nature, chemists and biochemists have successfully

2016 Ph.D. thesis: Tukaram S. Ingole, University of Pune 3



Part A Chapter 1

prepared synthetic oligomers (foldamers) containing non-natural moieties which
possess protein-like well-defined conformation.*™® In recent years, the synthetic
oligomers gained a lot of attention due to the features like easy synthesis, easy
backbone modification and predictability of conformations. Moreover, owing to
the non-natural content of these oligomers, foldamers exhibit improved proteolytic
stability than the native peptides.
1.2 Classification of peptidomimetics based on backbone modification
Modifications in the peptide backbone have been shown to be a promising
approach for the generation of peptidomimetics (Fig. 1.2). The approach of
peptide backbone modification involves insertion of extra units (B-peptides, y-
peptides and d-peptides) or the exchange of isosteric or isoelectronic atoms

(oligoureas, aminoxy peptides, azapeptides and peptoids).

H O ‘
N N
atural peptide
N Natural peptid
(a-peptide) .
B-peptide n= 2 \ Peptoid
y-peptide n= 3

S-peptide n=4

H o) / \ R O
H R
o]
O,
H

Oligourea
a~-aminoxy peptide n=1
B-aminoxy peptide n= 2

Azapeptide

Fig 1.2 Backbone modified peptidomimetics.
1.2.1 Peptidomimetics based on backbone extension
B-peptides
With the intensive research carried out from last few years, researchers

have shown that backbone modification such as insertion of extra carbon or other

2016 Ph.D. thesis: Tukaram S. Ingole, University of Pune 4



Part A Chapter 1

heteroatoms between amine and carboxylic acid functional groups resulted in the
generation of a myriad of structures.”® B-amino acids (Fig. 1.3a) are the mostly
explored building blocks for the creation of peptidomimetics since f-amino acid-
containing oligomers have been shown improved proteolytic resistance.” B-amino
acids have three torsional variables (@, 6, ) compared to o.-amino acids and as a
result they show increased conformational space. Seebach and Gellman
independently established the work on conformational preferences of B-peptides.
Gellman group has shown that the use of cyclic f-amino acids such as trans-2-
aminocyclopentanecarboxylic acid (trans-ACPC, Fig. 1.3b)® and trans-2-
aminocyclohexanecarboxylic acid (trans-ACHC, Fig. 1.3c)’ can provide
conformational rigidity to the peptide backbone. Homo-oligomers of trans-ACHC
form 14-helix (Cj4, 314, 314-helix),10 while homo-oligomers of trans-ACPC form
12-helix."" Gellman group has further shown that the variation in the
constitutional ratio of a- and B-amino acids in the oligomers drastically affect the
hydrogen bonding pattern.'* Aitken group reported the homo-oligomers of trans-
2-aminocyclobutanecarboxylic acid (tACBC) adopt a 12-helix (Fig. 1.3d)."
Aitken group has further shown that the attachment of primer like N-
aminoazetidine-2-carboxylic acid (AAzC) to the N-terminus of tACBC-based
homo-oligomer resulted in hydrogen bonding tunable helical foldamers."
Balaram group independently explored the conformational features of oligomers
containing CP-substituted acyclic p-amino acids and their hybrid oligomers with
a-amino acids.® Similarly, Reiser group used cis-B-aminocyclopropanecarboxylic
acid (cis-B-ACCs, Fig. 1.3e) in conjunction with a-amino acid like L-alanine to
obtain stable 13-helix."> Another example of hybrid strategy was demonstrated by

our group in which a,B-hybrid peptide containing repeating dipeptide sequence
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anthranilic acid-proline (Ant-Pro) adopts right-handed helical architecture
stabilized by unusual 9-membered hydrogen bonding in the forward direction
(1-2), as shown in Fig. 1.3g.'® Additionally, oligomers containing
conformationally constrained aromatic B-amino acid such as orthanilic acid (*Ant)

have been shown to adopt helical folding (Fig. 1.3f)."”

(@ g (b) (c) (d)
COOH
HZN&/ Q \
: HN'  COOH p,N  cooH HaN COOH
B%/B>-amino acid  trans-ACPC trans-ACPC trans-ACBC
Q. ,0
\ /
(e) (f) il (9)
OH N
H,oN COOH
NH; XN o y
Cis-B-ACCs N
B SAnt Hwinn QO n

(Ant-Pro),, Oligomer

Fig. 1.3 General backbone of substituted -amino acid residue (a), representative
examples of P-amino acids (b-f) and helical Ant-Pro oligomer featuring 9-
membered hydrogen bonding (g).

While working on the peptidomimetics research field, several researchers
have shown that synthetic oligomers can adopt protein-like well-defined
quaternary structure. In this regard, Gellman group has shown that synthetic
oligomers having repeating sequence oo, display tetrameric quaternary structure
in the crystalline-state.'"® Independently, Schepartz group has shown that
oligomers made of C2-substituted acyclic B-amino acids assume octameric helix
bundle quaternary structural architecture.
y-amino acid

Rapid progress in the conformational studies on the B-peptides has

stimulated the use of higher order homologated amino acids such as y-and o-
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amino acids as building blocks for de novo design of folded synthetic oligomers.
Hanessian” and Seebach?' research groups independently have shown that
insertion of one more carbon atom into -amino acid backbone (y-amino acid, Fig.
1.4a) increases the number of degrees of freedom. Moreover, the content of higher
order homologated amino acids in the peptide backbone enhances the helical
stability as well as proteolytic stability.”” The substitution pattern on the residue
backbone and stereochemistry of amino acid residue are the determining factors
for the helical handedness and orientation of hydrogen bonds.” Seebach reported
that homo-oligomers of monosubstituted y-amino acids assume 14-helix
conformation.*'® Similarly, Hanessian utilized the homogeneous strategy for the
preparation of helical y-peptides.”’ Sharma and coworkers have shown that y-
peptides containing C-linked carbo-y*-amino acid and y-aminobutyric acid
(GABA) in alternate fashion adopt 9-helix (Fig. 1.4b).** Balaram group utilized
disubstituted y-amino acid like gabapentin (Gpn, Fig. 1.4c) to prepare its homo-
oligomers, which form 9-helix.”> Additionally, a variety of disubstituted y-amino
acids have been explored for the preparation of y-peptides library.**>*® Seebach
group also explored tri-substituted y-amino acids to obtain helical oligomers

21c,d .
“?Royo, Albericio and coworkers

stabilized by 14-membered hydrogen bonding.
investigated the conformation of synthetic oligomers containing conformationally
constrained y-amino acid like Cis-y-amino-L-proline (Fig. 1.4d) by NMR and CD
studies which suggested that these oligomers adopt ribbon-like conformation
stabilized by the 9-membered hydrogen bonding.”’ Recently, Ortuno group

prepared y,y-peptides utilizing 3-amino-2,2-dimethylcyclobutane-1-carboxylic

acid and cis-y-amino-L-proline.”® Similarly, Edwards group used sugar-based y-
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amino acid as a building block for the preparation of y-peptides (Fig. 1.4e).”
Smith group has shown that C-7 bend-ribbon-like conformation can be achieved
using tartrate-based y-amino acids (Fig. 1.4f).>° Seebach group reported that
halogen or hydroxyl group-substituted y-amino acids can be successfully utilized
as building blocks to obtain helical structures.’’ Interestingly, Schreiber group
found that oligomers containing unsubstituted vinylogous y-amino acids adopt
parallel B-sheet structure, while oligomers containing 2-alkyl substituted y-amino
acids adopt antiparallel sheet structure.’” Gellman group utilized trans-3-
aminocyclopentanecarboxylic acid (trans-3-ACPC) for the construction of parallel
sheet structures.’® Subsequently, Smith group described the bifurcated hydrogen
bonding-stabilized parallel sheet models using cyclopropane-based y-amino acid

(Fig. 1.4g).***

H N/\/\n/ /< /\/\”a/ (c) HaN COOH
y-amino aC|d g\)L
Gpn

(d) HN
MO
"“ Oligomer contaning
R Carbo-y*-AA and GABA
cis-y-amino-L-proline
R=H, Ac, alkyl

( )HO wNH; 3 )I/,,, NH,
|||- 0 HO
O7< H
Tartrate-based ?Zﬁ:?f:;i?:e'based
y-amino acid L

Sugar-based
y-amino acid
P= OTBDPS

Fig. 1.4 General backbone of y-AA (a), representative examples of y-AA (a and c-
g) and helical oligomer featuring carbo-y*-AA and y-aminobutyric acid (b).
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Researchers have also shown that hybrid strategy by mixing y-amino acids
with the a- and B-amino acids in appropriate ratio can be a useful strategy to
achieve novel hydrogen-bonded structures. The stability of helical y-peptides is
shown to be improved by introducing cyclic constraints on the C*-CP or CP-C’
bonds.?” In this regard, Gellman group utilized y-amino acids such as (1R,2R)-2-
aminomethyl-1-cyclopentane carboxylic acid (AMCP)*® or (1R,2R,35)-2-(1-
aminopropyl)-cyclohexanecarboxylic acid (APCH)* having cyclic constraints on
the C*-CP bond.
d-amino acids

Sugar-based d-amino acids are the prominent class of 3-amino acids and
can be considered as isosteric replacements a-dipeptide segment (Fig. 1.5a). The
substitution pattern and stereochemistry modulation on the carbohydrate-derived
tetrahydrofuran ring can lead to the formation of a variety of secondary structures
such as reverse turns or helical structures.*” 8-amino acids containing moieties
such as tetrahydropyran (THP), tetrahydrofuran (THF) and oxetane have been
explored for the preparation of peptidomimetics (Fig. 1.5b-d). Carbopeptoids and
sugar amino acids-peptide hybrids have been shown to exhibit potential
biomedical applications such as inhibition of protein-protein interaction and
enzyme catalysis.*' Ivan group developed various interesting foldameric structures
using versatile building block such as 8-amino-2-quinolinecarboxylic acid: &-
amino acid (Fig. 1.5¢). In this connection, they have shown that water-soluble
homo-oligomers based on 8-amino-2-quinoline carboxylic acid adopt helical
structures.* Furthermore, water-solubility of these oligomers has been increased

by introducing different water-soluble groups on the 6-amino acid residue
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a
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Native dipeptide Sugar-based 5-AA
segment
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O(_CooH  H2N\ O~ -COOH /—-?—COOH \
HoN HoN Z
2 /\q HO OH OH N" “COOH
HO OH OH NH;

5-THP S5-THF 5-Oxetane Aromatic 5-AA

Fig. 1.5 Similarity between native dipeptide segment and sugar-based 5-AA (a)
and representative examples of 6-AA building blocks (b-e).

backbone and synthetically modified oligomers have been shown to possess cell
penetration abilities, low toxicity and complete proteolytic stability.* Ivan group
prepared heterogeneous helical oligomers as well, by incorporating o.-amino acids
into oligomeric chain of aromatic 8-amino acids in 1:2 ratio.** Additionally, Ivan
group developed synthetic oligomers containing -amino acids, w-amino acids
and nonpeptidic scaffolds, which selectively encapsulate fructose moiety among
various monosaccharides.*’
1.2.2 Peptidomimetics based on exchange of isosteric or isoelectronic atoms
Oligoureas

The urea moiety has drawn considerable attention owing to their desirable
properties such as planarity, polarity, rigidity and hydrogen bonding capacity.
Oligoureas are mimetics of y-peptides and can be obtained by replacing o.-carbon
of y-amino acid backbone by heteroatom like nitrogen (Fig. 1.6a). The general
backbone of N,N’-linked oligoureas can be represented as —|[NH-CH(R)-CH,-NH-
CO-1,—* Guichard group reported urea oligomers bearing various side chains that

adopt 12/14-helical conformation (Fig. 1.6b).* Guichard group developed
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synthetic oligomers containing amide and urea groups as well possessing
properties such as biomolecular recognition and antibacterial activity.”* Recently,
amphipathic oligourea bearing histidine units has been shown to exhibit cell
penetration ability, assembly with pDNA and efficient delivery of nucleic acids to
the cell.* Moreover, Guichard group has shown that urea oligomers adopt helix

bundles quaternary structure.”

(a) (b) oA

R1

(@]

ey it L B

TFA H,N Y Y NN ~ N7 ONH,

0O R,
(0] (0] 2
y*-peptide, X=CH2
N,N'-linked oligourea, X= NH
O

Fig. 1.6 General backbone representation of C3 substituted y-AA and N,N'-linked
oligourea (a) and helical oligourea featuring various side chains on the backbone
(b) 47

nmn
Ir=z
T
(11T}
Iz

Aminoxy acids

As a result of repulsion between the lone pair of electrons on the oxygen
atom of carbonyl and oxygen atom of the backbone, aminoxy acids exhibit
unusual torsional parameters compared to native amino acids. These unusual
torsional characteristics imparted enhanced conformational rigidity to the
backbone of aminoxy acids. a- and f-aminoxy acids (Fig. 1.7a) have been shown
to be versatile building blocks for the generation of various secondary structures.”’
The oligomers containing o-aminoxy acids display 8-membered hydrogen
bonding while B-aminoxy acids-based oligomers display 9-membered hydrogen
bonding (N-O turn, Fig. 1.7b,c). B-Aminoxy acids allow the variation in the
substitution pattern due to the presence of extra carbon atom in the backbone and

hence can lead to conformational diversity.>

2016 Ph.D. thesis: Tukaram S. Ingole, University of Pune 11



Part A Chapter 1

@ (@) gt 3
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a-aminoxy acid, n=1 R R
B-aminoxy acid, n=2 o N-O turn B N-O turn

Fig. 1.7 o-and B-Aminoxy acids, a general backbone (a) and short range
hydrogen-bonded a- and B-N-O turn (b and ¢).”"*

Azapeptides

Azapeptides can be obtained by replacement of B*-carbon of B-amino acid
with the trivalent nitrogen atom (Fig. 1.8a). Similar to aminoxy peptides,
azapeptides exhibit short range hydrogen bonding pattern. Homo-oligomers of
azapeptides stabilized by bifurcated hydrogen bonding are termed as
hydrazinoturn (Fig. 1.8b).”> Grel and coworkers investigated the conformation of
aza-B’-peptide in solid and solution-state. Conformational studies revealed that
peptide backbone was stabilized by consecutive 8-membered hydrogen bonding

(Fig. 1.8¢).>*

@ & Ho& (b)ﬁ \“‘Oéek (BC)HN § § N
RN\N/KH/N\N/KH/OH I e e R
O

) [} )\/
Azapeptide Hydrazinoturn
An aza-B® peptide

Fig. 1.8 General backbone of an azapeptide (a), hydrazinoturn (b)*® and aza-p’-
peptide.™

Peptoids

Peptoids, also called N-substituted glycines, are considered to be mimics
of a-peptides wherein nitrogen atom bears the side chain instead of a-carbon (Fig.
1.9a). Pioneering work in the peptoid field was carried out by Bartlett and

coworkers.” The peptoid oligomers have been considered choice of materials for
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potential biomedical applications owing to their significant properties such as
straightforward synthetic protocol, ease in backbone modification (variation in
substitution pattern),”® enhanced resistance towards proteases’’ and cell
permeabilities™ compared to a-peptides. Taillefumier, Edwards and coworkers
reported the synthesis and structural investigations of a linear and cyclic hybrid
peptoid oligomer containing o- and B-peptoid residues arranged in alternating
fashion.”® The major issue associated with peptoid molecules is the cis/trans

6b¢ In this regard,

isomerism which leads to conformational heterogeneity.
Kirshenbaum group has shown that the issue of cis-trans isomerism and structural
instability can be successfully circumvented by putting N-aryl group substitution.
The N-aryl substituted peptoid oligomers have been shown to adopt helical
structures akin to polyproline-II helix (Fig. 1.9b).°° Recently, Olsen group
reported the conformational investigation of B-peptoid oligomers bearing N-(S)-1-

(1-naphthyl)ethyl side chains in the solid and solution-state and the results

suggested that these oligomers adopt stable helical structures (Fig. 1.9¢).!

R
§
@ o (0 @o @
ey L WA i

a-peptoid
pep N-aryl a-peptoid O
B-peptoid
(b) .
clS rans
“‘{n/ \)7- —~————— IN\}L
trans cis

Fig. 1.9 General structure of peptoid (a), cis-trans isomerism in peptoids (b), N-
aryl a-peptoid oligomers (c),*’ and helical B-peptoid oligomers (d).'
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1.3 Reverse turn mimetics
Turns are regions in peptide chain where a chain reversal occurs.®%

Depending up on the hydrogen bonding pattern, reverse turns can be classified

into y, B, o and 7 as depicted in Fig. 1.10.9

T-turn
ro-turncs
:’l ~ ~
v Paum
#y-turmn
“~ d‘)\ . \ T \\\\O\\\ |I1_|
\~_—’\/ NS
")& C* ,H\ % _N J\ c?
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\ S8 L [}
v o A W [
H 0 ~..-"H O .. H:
. .
S 1
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i i+l i+2 i+3 i+4 s Tl

T-turn: 16-membered ring hydrogen bonding; NH (i+5) — CO (i)
o-turn: 13-membered ring hydrogen bonding; NH (i+4) — CO (i)
B-turn: 10-membered ring hydrogen bonding; NH (i+3) — CO (i)
Y-turn: 7-membered ring hydrogen bonding; NH (i+2) —» CO (i)
Fig. 1.10 Schematic representation of various types of turns.
1.3.1 y-turns
y-Turn is a 7-membered ring hydrogen bonding network formed between
NH of third amino acid residue and CO of the first amino acid residue.®* It is less
prevalent in polypeptides compared to B-turns
1.3.2 p-turns
It is a 10-membered ring hydrogen bonding network formed between NH
of fourth amino acid residue and CO of the first amino acid residue.®® p-turn is the
most common turn scaffold found in proteins and polypeptides. The reverse turns
can be further classified into type-I, type-II, type I’ and type I’ etc, on the basis of
torsional angle parameters adopted by the amino acids involved in the turn as

shown in Table 1.1.'"°
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Table 1.1 p-turn subtypes and torsional angle parameters.' "

Tgﬂiir? f di+1 Vit | dis2 | Wiz
1 -60 -30 |-90| O
r 60 30 90 0
11 -60 120 | 80 | O
Ir 60 -120|-80| O
v -61 10 | -53 | 17

1.3.3 a-turns

It is a 13-membered hydrogen bonding network formed between NH of
fifth amino acid residue and CO of the first amino acid residue.’® a-turns play a
crucial role in the molecular recognition events, since they are present at protein
surfaces.”’
1.3.4 ©-turns

It is a 16-membered hydrogen bonding network formed between NH of
sixth amino acid residue and CO of the first amino acid residue.
1.3.5 B-turn mimetics and their applications

B-turns are the most common secondary structural motif found in proteins
and polypeptides and have been viewed as potential target for the rational design
of therapeutics, since most often they are present at protein surfaces. They play a
crucial role in the nucleation of protein folding process and thus help a protein to
attain globular shape, which is a prerequisite to accomplish essential biological
functions.®® Most often, B-turns are stabilized by hydrogen bonding between CO
of amino acid residue ‘i’ and NH of amino acid residue ‘i+3’ in the backward
direction (4<—1). Studies in reverse turns have gained considerable attention since
it provides insights into understanding protein topology, protein-protein

interactions which facilitate protein design in order to carry out potential

biological functions.” Incorporation of synthetic turn motifs (peptidomimetics) in
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polypeptide chains provides an opportunity for the generation of an array of well-

35,45,70-73

defined secondary structures with novel hydrogen bonding

networks.'®!77?

In recent years, considerable efforts have been made in mimicking
reverse turn scaffolds owing to their significant role in the biological processes
such as protein-protein interactions and bio-catalysis.

In order to understand the structure and activity relationship and
interaction of small molecules with targets such as receptors or enzymes, several
synthetically modified peptide scaffolds-incorporated small molecules have been
developed.71f In this connection, a myriad of peptidic and nonpeptidic-based
reverse turn scaffolds with intriguing structural features and potential biomedical
applications have been reported. Freidinger reported nonpeptidic lactam-based
scaffold which adopts trans-conformation (Fig. 1.11a).”* Subsequently, Feigel
developed a reverse turn mimic based on the 2,8-dimethyl-4-(carboxymethyl)-6-
(aminomethyl)phenoxathiin S-dioxide moiety, which can be further used for the
preparation of hairpin models (Fig. 1.11b).” Kelly group has shown that the
dibenzofuran-based amino acid can be utilized for the nucleation of sheet
structures (Fig. 1.11c).”® Robinson reported a spirocyclic y-lactam-based turn
mimic which found an application in the medicinal chemistry (Fig. 1.11d).”
Kemp reported a diphenylacetylene-based sheet nucleating turn mimic (Fig.
1.11e).”® Nowick group introduced a PB-sheet template based on the triurea
derivatives of diethylenetriamine (Fig. 1.11f).” Gellman group reported the
tetrasubstituted alkene (Fig. 1.11g)*" and a dinipecotic acid scaffold (Fig. 1.11h)"
as a PB-turn mimetics which can be further used in nucleating hairpin models.
Hoornaert group described a conformationally restricted dipeptide analogue which

shows P-turn characteristics (Fig. 1.11i).**® Tomasini group constructed p-turn
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mimetics  utilizing pseudoprolines such as trans-(4R,5S)-4-carboxy-5-
methyloxazolidin-2-one (D-Oxd, Fig. 1.11j).2*'%*“¢ Overhand group replaced the
native B-turn scaffold in the cyclic peptide antibiotic gramicidin S by a new
reverse turn such as furanoid sugar amino acid (Fig. 1.11k).*> Lubell group
reported an azabicycloalkane amino acid as a P-turn inducer (Fig. 1.111).%
Sacchetti, Silvani and coworkers reported a diazaspirocyclic lactam-based B-turn
mimetics (Fig. 1.11m).* Amblard group reported (S)-aminobicyclo[2.2.2]octane-
2- carboxylic acid ((S)-ABOC) - a trisubstituted cyclic f-amino acid acting as a
potential B-turn inducer (Fig. 1.11n).* Brimble group reported a spiroketal-based
amino acid as a B-turn mimic (Fig. 1.1 lo).”®

In addition to these nonpeptidic reverse turn mimetics, some representative
examples of peptide-based B-turn mimetics are explained below. Balaram group
used proline-2-aminoisobutyric acid (Pro-Aib) dipeptide segment as a hairpin
nucleator (Fig. 1.11p).*” Gellman group has shown that an isosteric replacement of
amide bond by ester can stabilize the B-turn structures (Fig. 1.11q).*® Moreover,
Gellman group introduced scaffold containing proline and an acyclic 1,2-
dimamine linker to nucleate the parallel sheet structures (Fig. 1.11r).* Similarly,
Lee group prepared reverse turn mimetics containing proline and 1,2-
diaminocyclohaxane linker stabilized by urea-based dual hydrogen bonding (Fig.
1.115).° Our group developed novel B-turn inducers such as anthranilic acid-
proline (Ant-Pro, Fig. 1.11t)'*"' and orthanilic acid-proline (*Ant-Pro, Fig.
1.11u).”

Replacement of native B-turn scaffolds in the bioactive peptides by
synthetically modified reverse turn scaffolds resulted into novel peptides with

improved therapeutic profile. Seebach group developed somatostatin binding
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Fig. 1.11 Representative examples of B-turn mimetics: nonpeptidic (a-n) and
peptidic reverse turn scaffolds (o-t).

receptor by replacing linear tetrapeptide sequence by a cyclic constrained -
tetrapeptide.”> Muniz and coworkers replaced o-MeTrp residue with a
conformationally constrained dipeptoid scaffold containing

hexahydroindolizino[8,7-b]indole (Fig. 1.12a) and found enhanced binding
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efficiency and selectivity for CCK-A receptors.” Angiotensin II (Ang II)
analogues comprising a benzodiazepine-based B-turn mimetic have been shown to
possess increased AT, receptor binding affinity than Ang II (Fig. 1.12b).”
Overhand group used a sugar-based B-turn mimetic to design an antibiotic
gramicidin S (GS) analogue (Fig. 1.11k, vide supra).* Mailard and coworkers
designed GS analogues by incorporating -turn mimetics such as thiazole-based -

amino acids (Fig. 1.12¢).”

H H o)

Fig. 1.12 Selective examples of synthetically modified reverse turn scaffolds
incorporated into bioactive peptides with a view to improve their therapeutic
profile: conformationally rigid dipeptide segment for CCK-A receptor (a), B-turn
mimic incorporated into Ang-II (b) and Thiazole-based B-turn mimic incorporated
into gramisidin S (c).

It has been well established that reverse turns mediate catalytic processes
because of their exterior position in the protein. The research area on development
of peptide-based catalysts has attained considerable attention due to their
prominent features such as binding capability, conformational rigidity, broad
substrate scope and high chemoselctivity.”” In this regard, Miller and coworkers

developed histidine-containing peptides for functional group transformation

97a,b

reactions. DeGrado and coworkers have designed peptides which exhibit

97¢c

efficient esterase activity in the presence of zinc ions.”” Wennemer’s group

introduced Pro-Pro dipeptide-containing oligomers which efficiently carry out

asymmetric 1,4-addition reaction of aldehydes to nitroalkenes.”’
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1.4 Objective and design strategy: Robustness of Ant-Pro reverse turn
It has been demonstrated that conformationally ordered o,B-hybrid
oligomers comprising anthranilic acid (Ant) and L-proline (Pro) building blocks in
alternative fashion adopt a compact, right-handed helical architecture featuring an
unusual periodic pseudo B-turn network of 9-membered hydrogen-bonded rings
(C9) formed in the forward direction (1—2) which is in stark contrast to the native
10-membered hydrogen-bonded B-turns (Fig. 1.13). The helical conformation was
investigated by extensive X-ray crystallography and solution-state NMR studies.
In the present work, the structural features/stability of Ant-Pro a pseudo B-turn has
been carried out by structural modifications at the N-terminus reverse turn motif.
Our aim was to investigate the effect of structural modulation around the turn
segment on the robustness of reverse turn scaffold. In this regard, we introduced
various amino acids having different side chains and chirality at the N-terminus of
Ant-Pro scaffold. The structural elucidation of short oligomers was carried out by
single crystal X-ray diffraction (solid-state) and NMR solution-state studies. The

results revealed that Ant-Pro scaffold adopt folded conformation stabilized by

residue 2 residue 3 residue 2 residue3
Ant Pro
Ro_so ¢ R
¢ O
DA LopsLon
H-N 0 . 0
=t H—N N—..0
o H" NH
Ca /Ca c o
/ / a /
residue 1 residue 4 residue 1 residue 4
d(Ca—Ca)<7A d(Ca - Ca)~5-7A

Fig. 1.13 Comparison of a B-turn - C10 structure involving four residues (left)
with the Ant-Pro turn - C9 structure involving two-residue (right). The contrasting
hydrogen-bonding orientations in the ideal B-turn and Ant-Pro turn are highlighted
with shaded arrows. Note: Co;-Coyip distance range shown for the Ant-Pro
reverse turn (right) is calculated from crystal structures studied in the present
study.
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robust 9-membered ring hydrogen bonding despite the diverse structural
modulation at the N-terminus of turn scaffold. Hamilton group reported that
homo-oligomers of Ant exhibit well-defined secondary structure stabilized by 6-
membered hydrogen bonding present in the Ant unit.”® However, when Pro - a
conformationally constrained amino acid was incorporated into homo-oligomer of
Ant in alternative fashion, the hetero-oligomer formed 9-membered hydrogen
bonding with an antiperiplanar arrangement of Ant and Pro rings. In the present
study, all the short oligomers show an antiperiplanar orientation of Ant and Pro
rings even after diverse structural modification carried out around turn scaffold.
Moreover, hydrogen bonding direction was found to be in a reverse direction
which is in stark contrast to the hydrogen bonding observed in the native reverse
turns. The reversal of hydrogen bonding may impart proteolytic stability.”
1.5 Synthesis of N-terminal modified Ant-Pro-based short oligomers
The short oligomers featuring Xaa-Ant-"Pro-NH-Ph(4-Br) (where, Xaa
stand for various N-terminal protected amino acids) required for the present study
were synthesized by direct coupling of Xaa-Ant-OH with H-"Pro-NH-Ph(4-Br)
unit using coupling reagents, as shown in Scheme 1.1. C-terminus of all the short
oligomers were functionalized with 4(Br)-anilide in order to induce crystallization
in peptides, since compounds with heavy atoms such as bromine easily crystallize
and also help in X-ray diffraction studies.®**'® The synthesis of short oligomers
was started by coupling of methylanthanilate with different Boc protected amino
acids such as chiral "Ala, ®Leu, and achiral Gly in the presence of HBTU as a
coupling reagent, HOBt (cat. amount), and DIEA as a base to obtain dipeptide
segments. The dipeptide esters were subjected to hydrolysis under basic condition

using aqueous LiOH to furnish respective carboxylic acids. The short oligomers
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10, 11 and 12a containing "Ala, "Leu and Leu respectively, were obtained by
coupling of corresponding dipeptide carboxylic acids with H-"Pro-NH-Ph(4-Br)
in the presence of HBTU as a coupling reagent, HOBt (cat. amount), and DIEA
as a base, while oligomer 13 containing Gly was obtained by coupling of
corresponding diepeptide carboxylic acid with H-"Pro-NH-Ph(4-Br) in the
presence of DCC as a coupling reagent and DMAP as an additive. The short
oligomer 12a exhibited rotamer formation (slow rotation of bond between N-
terminus nitrogen and Boc carbonyl group), which can be effectively arrested by
replacing Boc group by Piv group.'® Thus, 12a was converted to its Piv derivative
12b by deprotecting 12a using trifluoroacetic acid and followed by reacting amine
counterpart with Piv-Cl in the presence of triethylamine.

Scheme 1.1 Synthesis of short oligomers.

OMe Q\“/R?
@ R2 i (0]

O —_— N~
+ Ho\")\NHR1 o :g\ H
NH, o)
H‘N R3
Ri
1: R4=Boc, R,= Me, PAla
.R.= = L
2: Ry=Boc, Ry= Isobutyl, Leu 5a: Ry=Boc, R,=OMe, R3= Me, PAla (65%):|__
3: R1=BOC, R2= Isobutyl, “Leu 5b- R1=BOC, R2=OH, R3= Me, DAIa I
4: R4=Boc, Ry=H, Gly 6a: R,=Boc, R,=OMe, R5= Isobutyl, "Leu (72%)3_
6b: Ry=Boc, R,=OH, R3= Isobutyl, "Leu L

7a: Ri=Boc, R,=OMe, R3= Isobutyl, PLeu (92%) —
]
7b: Ry=Boc, R,=OH, R3= Isobutyl, PLeu <—_|

8a: Ry=Boc,R,=OMe, R3= H, Gly (83%) —.
8b: R,=Boc,R,=OH, Ry= H, Gly i
NH, H
Ao oH H
N + i L) \©\
J— N
A © o Br
(0]

)< Br 9
9
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ilv
5b-8b  + 9 E——
i- for 10, 11 and 12a
v- for 13

10: Ry=Boc, Ry=Me, PAla (59%)

11: R,=Boc, R,=Isobutyl, "Leu (48%)

12a: Ry=Boc, Ry=Isobutyl, PLeu (55%)
12b: R4=Piv, Ry=Isobutyl, PLeu 500/)<E
13: Ry=Boc, Ry=H, Gly (42%)

Reagents and conditions: (i) HBTU, HOBt, DIEA, MeCN, rt, 12 h; (ii) aq.
LiOH, MeOH, 4 h; (iii) EDC.HCI, HOBt, DMAP, rt, 12 h; (iv) (a) TFA, DCM, tt,
2 h, then (b) Piv-Cl, EtsN, DCM, rt, 4 h; (v) DCC, DMAP, DCM, rt, 12 h.
1.6 Conformational analysis
1.6.1 Single crystal X-diffraction analysis

To get an insight into the solid-state conformation of short oligomers, we
tried crystallization using different binary solvent mixtures, which resulted in the
crystal formation of oligomers 10 and 13. Investigation of the crystal structures of
10 and 13 revealed that the 9-membered-ring hydrogen bonding in Ant-Pro
dipeptide segment remains unaffected even after diverse structural changes made
around the turn scaffold. Moreover, crystal structures unambiguously revealed
that the Ant and the Pro rings preserve an antiperiplanar orientation throughout,
which suggested that an antiperiplanar arrangement play a crucial role in the
formation of folded conformation and 9-membered ring hydrogen bonding, which
is completely contradictory to homo-oligomers of anthranilic acid which
displayed 6-membered hydrogen bonding due to coplanar arrangement. The steric
clash between the Ant and the Pro forced the two rings in an antiperiplanar
fashion which in turn favored the formation of unusual 9-membered ring
hydrogen bonding between NH of Ant and carbonyl oxygen of Pro residue;

instead of 6-membered hydrogen bonding within the Ant unit.'® The hydrogen
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bonding distance and torsional parameters of crystal structures of 10 and 13 are
shown in Table 1.2. Notably, distance between hydrogen bonding sites Ant-NH
and carbonyl oxygen of succeeding Pro residue was found to be around 2.34 A,
suggesting strong intramolecular hydrogen bonding.

Table 1.2 Backbone torsional and hydrogen bonding parameters in oligomers 10
and 13.

Torsion (deg.) Hydrogen Bonding Parameters
Compound Ant Pro Distances (A)
No. I 0 v [0 v NH...0=C | d(Ca,;.,—Cas3) | O..H | N..O
10 (DL) | -172.23 | 2.93 | -86.56 | -54.39 | 159.98 161.20 5.472 2.109 | 2.956
13 (L) 179.39 | 6.63 | -85.77 | -65.01 | 162.76 | -174.99 5.786 2.344 | 3.193

1.6.2 NMR studies

In order to investigate the conformation of oligomers in the solution-state,
we carried out NMR studies of a representative compound 10 in CDCl;. The
unambiguous signal assignments were carried out via combination of 2D COSY,
NOESY and TOCSY experiments. 'H NMR spectrum of compound 12a revealed
rotamer formation which was caused due to slow rotation at the N-terminus and
Boc carbonyl group. The rotamerism can be effectively arrested by capping N-
terminal with Piv group which helps to restrict the free rotation of C-N bond.'®
Previous reports from our group revealed that the Ant-Pro oligomers adopt right-
handed helical structure, stabilized by repetitive 9-membered hydrogen bonding.
The robustness of this pseudo B-turn investigated by DMSO-ds titration (A0 NH <
0.1 ppm), CDCI; dilution (A6 NH < 0.15 ppm) and variable temperature
[AJAT(NH) = —0.1 ppb/k] studies, suggested strong intramolecular 9-membered
hydrogen bonding network between NH of the Ant and the carbonyl oxygen of

succeeding Pro residue.'® Careful analysis of '"H NMR spectra of short oligomers
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synthesized in the present study revealed that chemical shift of NH of the Ant
residue appeared in the range of 9-9.5 ppm, suggesting its involvement in the 9-
membered hydrogen bonding. The existence of 9-membered hydrogen bonding
indicates an antiperiplanar orientation of the Ant and the Pro rings. In contrast,
amide NH groups of the homo-oligomers of Ant, which are involved in the 6-
membered hydrogen bonding, have been shown to appear in the chemical shift
range of 10-13 ppm. The coplanar arrangement of Ant residues resulted into 6-
membered hydrogen bonding.”® The evidence of an antiperiplanar orientation of
the Ant and the Pro residues was provided by the presence diagnostic long-range
nOes between the Ant-NH2 and 6-protons of succeeding Pro residue (Fig 1.14).
Other characteristic nOes have been observed as well, indicating the folded
structure of short oligomers such as: NH3 vs Pro-oH and Boc-CHs vs C21H (4-

bromoanilide ring protons).

NUZ ppm C22H S2H  bom
NH3/PH -3.4 C24HIC21H
PsH @ — 1.4
PsH ~3.6 C24H ﬁ
NHZPH |38 46
T T T T "
96 94 7.4 7.2 ppm

Fig. 1.14 2D nOe extracts of 10 (400 MHz, CDCls).

In order to investigate the strength of intramolecular hydrogen bonding,
we carried out DMSO-dg titration study of 10 in CDCl;. We observed that NH2
shows negligible chemical shift up on gradual addition of DMSO-ds (A6 NH =
0.12 ppm) suggesting its involvement in strong intramolecular hydrogen bonding

(Fig. 1.15).
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Fig. 1.15 DMSO-d; titration study of peptide 10. The initial concentration of
samples in CDCl; was 2 mM and 5 pL volume of DMSO-ds used at each
addition.
1.6.3 Circular dichroism studies

Furthermore, secondary structural features of these Ant-Pro-based short
oligomers have also been investigated by circular dichroism (CD) studies. CD
spectra of all the oligomers were recorded in 2,2,2-trifluoroethanol at room
temperature (Fig. 1.16). The CD spectra were recorded at the concentration of 0.2
mM. The CD spectra of oligomers 10, 11, 12b and 13 displayed maxima at around
195 nm, zero crossing at 200 nm and minima at 209 nm. Additionally, in all the

oligomers second minima around 240 nm was also observed due to the aromatic

groups/aromatic electronic transitions in the peptide backbone.'"!

IS
1

—10

13
—n
X —12b
A\

N
1

o

Q
N
1 L

A
1 n

61/ n(deg cm2 dmol'1)X 104
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Fig. 1.16 CD spectra of the Ant-Pro-based short oligomers 10, 11, 12b and 13
recorded in trifluoroethanol at 0.2 mM concentration.
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1.7 Conclusion

The conformational investigation of short oligomers comprising Ant-Pro
scaffold revealed that these oligomers adopt folded conformation featuring pseudo
B-turn structure. Notably, reverse turn scaffold involves just two residues forming
9-membered pseudo B-turn in the forward direction (1—2), which is in contrast to
the native P-turns, wherein 10-membered hydrogen bonding involves four
residues and hydrogen bonding is in backward direction (1<—4) as shown in Fig.
1.13. The structural modulations at the N-terminus of turn scaffold do not affect
the robustness of intramolecular 9-membered hydrogen bonding. An
antiperiplanar orientation of the Ant and the Pro residues plays an important role
in enforcing the hydrogen bonding sites such as Ant-NH and carbonyl oxygen of
succeeding Pro residue to close proximity in order to form a 9-membered

hydrogen-bonded network.
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The conformational analysis of oligomers containing 3-
aminothiophenecarboxylic acid (3-Atc); an aromatic f-amino acid

1.8 Introduction

Approach of mimicking structures and functions of protein subunits such
as helices and sheets has gained considerable attention in recent years. Intensive
research using mimicking approach led to novel folded structures (foldamers) with
potential biomedical applications.'”” In this context, several strategies have been
effectively implemented for the creation of helical architectures including
introduction homologated and non-natural residues. Aliphatic -, y-, and d-amino
acid residues are shown to be versatile building blocks for the de novo design of
secondary structures/peptidomimetics.>® The detailed account on peptidomimetics
involving B-, y-, and d-amino acid residues have already been discussed in the
introduction part of section A, chapter 1. In addition to utilization of homologated

46-50

amino acids as building blocks, nonpeptidic moieties such as urea, aminoxy

53,54 55-61

acids’'”* hydrazino acids, peptoids, and pseudoprolines (yPro)'” have
also been utilized in developing diverse helical structures with novel hydrogen
bonding and enhanced backbone rigidity. An attachment of helix inducing
elements to the C or N-terminus of peptide backbone is one of the strategies to
generate the helical structures.'® The non-natural content in the peptide backbone
enabled tuning of conformational features and proteolytic stability.”*** Although
most of the unnatural amino acids belong to the aliphatic family, the relatively
small class of unnatural amino acids: the aromatic amino acids are gaining special

attention owing to their predictable conformational features for the de novo design

of folded structures (Fig. 1.17).*%1%
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cooH COOH s COOH N
Ccr, O <X BN
NH, s HoN” ~N” ~COOH

v NH, NH,
Ant:(r:?dnlllc 2-aminothiophene  3-aminothiophene 3-aminopyridine
carboxylic acid carboxylic acid carboxylic acid
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OH
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Orthanilic MeO NH, NH, (0]
id : 5-amino-2-methox
adt 5-amino-2,4- Quinoline-based benzoic acid y
dimethoxybenzoic acid $-amino acid

Fig. 1.17 Selected examples of unnatural aromatic amino acids used for
development of various peptidomimetic structures.

1.9 Objective of the work and design strategy

We have previously demonstrated that steric clash between anthranilic
acid (Ant) and proline (Pro) in their helical o, Pro-Ant hybrid peptide plays an
important role in the formation of an antiperiplanar orientation of two rings which
in turn brings two hydrogen bonding sites to close proximity to form robust nine-
membered hydrogen-bonded network.'® Although inter-residual hydrogen
bonding has been commonly utilized to stabilize the helical architectures, the
backbone rigidity and dihedral constraints of individual amino acids have also
been shown to play a crucial role in stabilizing the helical structures devoid of
inter-residual hydrogen bonding.'” This was demonstrated by an example,
wherein Ant of (Pro-Ant), helical oligomer was replaced with Atc (2 or 3-
aminothiophenecarboxylic acids) which do not impart significant steric clash to
proline in o, hybrid peptide (Pro-Atc),; although the oligomer adopted helical
folding lacking inter-residual hydrogen bonding.'®® Pro-Gly scaffold is well-

107 while 3-Atc unit in

known to form B-turn structure (C10 hydrogen bonding),
helical Pro-Atc oligomer displays six-membered hydrogen bonding. In this

context, in order to further explore the conformational preferences of 3-Atc, we
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have designed the a,B,0-hybrid peptide sequence: Gly-3-Atc-Pro-Gly-3-Atc-Pro-
Gly, featuring 3-Atc and Pro-Gly motifs. In the present study, our aim was to
investigate the consequences of incorporating conformationally rigid aromatic -
amino acid 3-Atc into peptide sequences comprising turn-forming Pro-Gly motif

and its effect on secondary structure of peptide (Fig. 1.18).

/*F’h

O.

OMe F Me @
e RO O

Br
H
\ o]
H—N//<O “H @ <IL/ H-N 9 H*N/ﬁo
7

O,
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a o -

H-N H- S S
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o>: © © I ° W °
Dimer >L 0 O: / N/H N-H
14a //éo ﬁ<o
16 1 HN H-N
=0 0
O}L O}L
18 19

Fig. 1.18 Designed a,B,a heterofoldamer featuring conformationally restricted 3-
amino acid 3-Atc (3-aminothiophenecarboxylic acid).

1.10 Synthesis

Oligomers required for the present study were prepared by iterative
synthetic protocol employing conventional solution phase, as depicted in scheme
1.2. The building block required for synthesis of higher oligomer was obtained
from coupling of 3-aminothiophenemethyl carboxylate (3-Atc) with Boc-Gly-OH
using DCC as a coupling reagent and HOBt as an additive in catalytic amount,
followed by ester hydrolysis of dipeptide 14a using aq. LiOH to obtain dipeptide
acid 14b, which was further coupled with Pro-OBn in the presence of EDC.HCI as
a coupling reagent and HOBt as an additive in catalytic amount to obtain
tripeptide building block 15a. The trimer acid 15b and amine 15c¢ counterparts

were generated by hydrogenolysis using Pd(OH),/C and TFA-mediated removal
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of Boc group of 15a, respectively, and further reacted in the presence of EDC.HCl
and HOBt (cat.) to produce hexapeptide 18. The benzyl ester 18 was further
amidated using sat. solution of methanolic methylamide to furnish 19.

Scheme 1.2 Synthesis of a,p,a-hybrid peptide (Gly-3-Atc-Pro),, n=1, 2.

Ry H
©) N
RoH
2 S o
N \
) - . W 14b it S o i |
O BocGly-OH \ | 18b+15c——>= o |, O
NH, LPro OBn . m
H—N
R1 / QO o N
E14a:R1=Boc, R,=OMe (92%) H‘N\R SSXo
!> 14b:R=Boc, Ry=OH 1 W/
15a:R1=Boc, R,=0OBn (96%) n-H
V> 15b:R,=Boc, R,=OH
15¢:R4=H, R,=0Bn N o
Vil 16:R,=Boc, R,=NHMe (86%) H

_;‘U'

17:R4=Boc, Ry=NH-CgH,-Br (79%) v
E18:R1=Boc, R;=0Bn (72%)
vii

19:R4=Boc, Ry=NHMe (87%)

Reagents and conditions: (i) DCC, HOBt, DCM, rt, 12 h; (ii) LiOH, MeOH, rt, 2
h; (ii1)) EDC.HCI, HOBt, DCM, rt, 12 h; (iv) H,, Pd(OH),/C, MeOH, 70 psi, 24 h;
(v) TFA, DCM, 2 h; (vi) HoN-C¢Hs-Br, EDC.HCI, HOBt, DCM, rt, 12 h; (vii)
methanolic MeNH,, rt, 12 h.
1.11 Conformational analyses
1.11.1 X-ray diffraction study of 15a

Extensive efforts for crystallization resulted in the formation of crystals of
15a, suitable for X-ray diffraction (Fig. 1.19). Careful analysis of crystal structure
of 15a revealed that folding was induced at the tripeptide stage, which is
apparently due to dihedral constraints of five-membered rigid aromatic f-amino
acid 3-Atc imposed on peptide backbone and intra-residual six-membered
hydrogen bonding within the 3-Atc unit. The hydrogen bonding distance [d(N-
H-:O=C) was found to be 1.94 A, which is very strong. The existence of two rings
(3-Atc and Pro) nearly in coplanar fashion enforces the occurrence of strong six-
membered hydrogen bonding within the 3-Atc unit. Moreover, onset of helix

formation can be seen from the glimpse of crystal structure at the tripeptide stage

itself.
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/Eo

15a

Fig. 1.19 Molecular structure of tripeptide 15a displaying observed hydrogen
bonding and its crystal structure.

1.11.2 NMR studies of 15a

To gain insight into solution-state conformation of tripeptide 15a, we
undertook detailed 2D NMR studies in CDCIl; solution. Signal assignments were
carried out unambiguously using 2D NMR experiments (COSY, TOCSY, HSQC,
HMBC and NOESY). The results obtained from the solution-state NMR studies
are indeed in good agreement with the solid-state (crystal) studies of 15a. The
characteristic long range nOes observed such as: Boc-CH3/C19H, Boc-CH3/C9H,
NH2/Boc-CH; and NH2/NH1 are indicative interactions for folded structure

adopted by 15a (Fig. 1.20).

NH2
__/___ ppm

F1.4

A\ |
\\5_/."“ . é
NH1 NH1INH1 I j © 21'5 \ S
C14Ha E
1.6
%O

M8 116 ppm M7 ppm

NH2 N\H
C16.17,18, C9H

19, | 20H .~ ppm O 34
JLJL J F1.4 NH1)\
ppm Boc
5 . £1.5
oC © 1.5
j 16 15a
T T

74 73 ppm 418 417 ppm

Fig. 1.20 2D NOESY excerpts of 15a (25 mM, 500 MHz, CDCls;, 298 K).
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The negligible chemical shift [A6(NH2)= 0.11 ppm] and low temperature
coefficient [(AJ/AT)NH2= —-2.9 ppb/K] of NH2 group in 15a, observed during
DMSO-d; titration (Fig. 1.21) and variable temperature studies, respectively, are

suggestive of strong intramolecular hydrogen bonding.

12 12 12
o o oo o o o o o o A G e e )
114 — 11 114
E_ g_ E_ F=—NH1
2 404 g 104 2 40 [—o—NH2
c ~ c |—&— NH3|
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2 99 E e ;:: 9 NHS|
£ R E
n 8 & H 8] aa
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.g 7 E 6 .g 71
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5 4 T T T T T T 54
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Volume of DMSO-dgadded L)
Volume of DMSO-dgadded (uL) Volume of DMSO-dgadded (uL)

Fig. 1.21 DMSO-ds NMR titration studies of oligomers (5 mM, 400 MHz).
DMSO-d; titration plots of 15a (A), 16 (B) and 19 (C). Note: The amide NH
groups are assigned from N-terminus of the peptides (molecular structures are
given in Fig. 1.18, vide supra). During titration studies, DMSO-ds (5 pL) was
used at each addition to the 5 mM solution of peptide in CDCls.
1.11.3 NMR studies of 16

Additionally, solution-state conformation of 16 (a methylamide analogue
of 15a) in CDCl; solution was investigated. Diagnostic nOes were observed for

16, such as: Boc-CH3/C14H, Boc-CH3/C9H and NH2/NH1 (Fig. 1.22), suggesting

that its conformational features are akin to 15a.

C14H

NH2
CoH
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e J\, ppm 7 \ /s
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M
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T < 2 NH1 >L18
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)
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29 28 ppm 11.8 ppm ppm

Fig. 1.22 2D NOESY excerpts of 16 (25 mM, 500 MHz, CDCls, 298 K).
The negligible chemical shift [A6G(NH2)=0.15 ppm] and low temperature

coefficient [(AJ/AT)NH2= —3.4 ppb/K] of NH2 group in 16, found during DMSO-
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ds titration (Fig. 1.21, vide supra) and variable temperature studies, respectively,
suggested the involvement of NH2 group in strong intramolecular hydrogen
bonding.
1.11.4 NMR studies of 19

The diagnostic nOes observed for hexapeptide 19 are: NH2/NHI,
NH4/NH3, NH4/C14H and NH2/C2H (Fig. 1.23). The solvent shielding nature of
NH2 and NH4 groups in hexapeptide 19 was confirmed with the DMSO-ds
titration [A0(NH2)= 0.22 ppm and A6(NH4)= 0.17 ppm] (Fig. 1.21, vide supra)

and variable temperature studies [(AJ/AT)NH2= —-2.9 ppb/K and (A6/AT)NH4= —

4.1 ppb/K].
NH4
NH2 23
Ppm 26 22
76 I H 24
NH1 ) AN SN
NH3 r NH5 H S 18
~7.8 0
NH4/NH3 o 17 /19
T - NHe/16
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i ; L 5 Y%
L 4 H;"\
NH2 N—H
L Yooy
L 4.0 0:&' M 2 29
2 N
i H™ NH1 >4 30
I o
o
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11.6 ppm
Fig. 1.23 2D NOESY excerpts of 19 (6 mM, 700 MHz, CDCl;, 328 K). Note: In
case of hexapeptide 19, '"H NMR at 298 K showed signal merging of amide NH
and aromatic CH, thus NOESY experiment was carried out at 328 K where
resolved set of signals were observed.
1.11.5 Structural elucidation of 19 by nOe-restrained MD simulation
The hexapeptide 19 was highly resistant toward the crystal formation,

which prompted us to undertake its structural elucidation in solution-state by nOe-

restrained molecular dynamics studies. The 20 energy minimized structures of
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hexapeptide 19 were generated by MacroModel, vesion 10.7 program from
Schrodinger'® and superimposed (Fig. 1.24). The dynamic ensembled structures
of 19 revealed that it adopts helical structure featuring six-membered hydrogen
bonding in 3-Atc residue. This observation was supported by NMR studies such

as DMSO-dj titration and variable temperature studies.
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Fig. 1.24 Molecular structure of hexapeptide 19 displaying observed hydrogen
bonding (left) and its 20 superimposed energy minimized structures generated by
nOe-restrained MD simulation (right).
1.11.6 Circular dichroism studies of oligomers 15a, 16 and 19

In order to further assess the helical folding nature of peptides 15a, 16 and
19, the circular dichroism experiment was carried out in TFE (trifluoroethanol),
since it is known as a good solvent to promote helical folding in peptides.109 CD
spectra of peptides 15a, 16 and 19 exhibited minima around 202 nm and 236 nm,
which suggested the characteristic CD signature of helical folding.'"”
Additionally, absorbance peak around 290 nm accounted for aromatic groups or

aromatic electronic transitions present in the peptide backbone (Fig. 1.25). CD

spectra of 16 and 19 reveled that they are nearly superimposable and there is
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increase in the ellipticity moving from tripeptide 16 to hexapeptide 19 suggesting

ordered secondary structure.
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Fig. 1.25 CD spectra of oligomers; tripeptides 15a, 16 and hexapeptide 19 at
concentration of 0.1 mM. All CD spectra were recorded in trifluoroethanol at 298
K.
1.12 Conclusion

Synergistic effect of dihedral parameters of individual amino acids and
intra-residual hydrogen bonding within 3-Atc resulted in the formation of helical
folding in (Gly-3-Atc-Pro) oligomers, despite the absence of inter-residual
hydrogen bonding, which is commonly observed in native polypeptides.'® This
work demonstrates the utility of aromatic amino acids such as

aminothiophenecarboxylic acid (Atc) in promoting helical conformation in

peptides — even without having inter-residual hydrogen bonding.
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1.13 Experimental section (Part A)

Crystal Data for 10:

Single crystals of 10 were grown by slow evaporation of the solution in acetone
and pet ether. Colorless needle type crystal of approximate size 0.21 x 0.09 x 0.07
mm’, was used for data collection, Hemisphere data acquisition. Total scans = 3,
total frames = 1271, 6 range = 1.53 to S22 25.00°, completeness to 6 of 25.00° is
99.7 %, CyH31Br N4Os, M = 559.46. Crystals belong to Monoclinic, space group
P2,, a = 12.3366(10), b = 8.5383(7), ¢ = 13.9536(11) A, V'=1403.92) A°, Z=2,
D, = 1.323 g/cc, p (MoK, ) = 1.504 mm™, 7152 reflections measured, 4447
unique [[>2c(I)], R value 0.0505, wR;, = 0.1135, largest diff. peak and hole 0.478
and -0.230 e. A .

Crystal data for 13:

Single crystals of 13 were grown by slow evaporation of the solution in methanol.
Colorless needle type crystal of approximate size 0.21 x 0.20 x 0.17 mm’, was
used for data collection, Hemisphere data acquisition. Total scans = 3, total frames
= 1271, 0 range = 2.31 to 24.99°, completeness to 6 of 24.99° is 99.8 %,
CysHpoBrN4Os, M = 544.42. Crystals belong to Orthorhombic, space group
P212121, a = 10.7202(7), b = 15.5510(9), ¢ = 15.4320(10) A, V' =2572.73) A®, Z
=4, D = 1.406 g/cc, n (Mo—-K,) = 1.640 mm™', 13022 reflections measured, 4517
unique [[>2c(I)], R value 0.0410, wR, = 0.1001. Largest diff. peak and hole 0.549
and-0.313e. A .

General procedure for the synthesis of Sa-8a.
(R)-methyl2-(2-(tert-butoxycarbonylamino)propanamido) benzoate 5a:

To an ice cold solution of Boc- PAla-OH (4.5 g, 23.8 mmol) and Ant-OMe (3 g,

19.8 mmol) in dry MeCN (30 mL), HBTU (9.03 g, 23.8 mmol), HOBt (cat.
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amount) and DIEA (4.40 mL, 25.7 mmol) were added. The reaction mixture was
allowed to stir at 0 °C for 10 min and at room temperature for 12 h. After removal
of solvent under reduced pressure, the residue was dissolved in EtOAc (40 mL)
and washed sequentially with sat. NaHCO; solution followed by sat. KHSO4
solution and water. The organic layer was dried over anhydrous Na,SO,4 and the
crude product was subjected to column purification (20:80 EtOAc/pet ether, R¢
0.5) to afford 5a as a white solid (4.15 g, 65%); mp: 118-120 °C; [a]*p: 79.91°
(c 1, MeOH); IR (CHCls) v (cm™): 3304, 1722, 1693, 1681, 1604, 1587, 1537,
1519, 1454, 1269, 1165; "H NMR (500 MHz, CDCl3) & 11.53 (s, 1H), 8.70-8.68
(d, J=8.53 Hz, 1H), 7.99-7.97 (m, 1H), 7.51-7.48 (t, J = 7.70 Hz, 1H), 7.06-7.03
(t, J=7.50 Hz, 1H ), 5.29 (bs, 1H), 4.37-4.34 (t, J = 6.60 Hz, 1H), 3.88 (s, 3H),
1.48-1.46 (m, 12H); >C NMR (125 MHz, CDCl3) & 171.8, 168.2, 155.1, 140.9,
134.4, 130.7, 122.5, 120.1, 115.1, 52.1, 51.5, 28.2, 18.6; ESI-MS: 323.8735
(M+H)"; 345.9242 (M+Na)"; 361.9238 (M+K)"; Elemental analysis calculated for
Ci6H2oN>Os: C, 59.61; H, 6.88; N, 8.69. Found: C, 59.70; H, 6.72; N, 8.54.

(S)-methyl2-(2-(tert-butoxycarbonylamino)-4-methyl-pentamido)  benzoate
6a:

Compound 6a was prepared by following the procedure for the synthesis of Sa.
The product 6a was obtained as a white solid (72%); mp: 118-119 °C; [a]*p: -
41.46° (¢ 1.01, MeOH); IR (CHCl;) v (cm™): 3310, 1756, 1698, 1651, 1604,
1587, 1537, 1519, 1405, 1272, 1123; 'H NMR (200 MHz, CDCls) & 11.56 (s,
1H), 8.73-8.69 (d, J = 8.46 Hz, 1H), 8.01-7.98 (d, /= 7.70 Hz, 1H), 7.55-7.47 (t, J
=7.70 Hz, 1H), 7.10-7.02 (t, J = 7.60 Hz, 1H), 5.13-5.09 (m, 1H), 4.31-4.26 (m,
1H), 3.89 (s, 3H), 1.81-1.51 (m, 2H), 1.62-1.51 (m, 1H), 1.45 (s, 9H), 0.98-0.95

(m, 6H); °C NMR (50 MHz, CDCL3) & 171.8, 168.2, 155.3, 140.9, 134.4, 130.7,
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122.5, 120.2, 115.2, 54.6, 52.1, 41.7, 28.2, 24.8, 22.8, 22.9, 21.6; ESI-MS:
365.6184 (M+H)"; 387.6166 (M+Na)'; 403.6037 (M+K)"; Elemental analysis
calculated for C;oHsN>Os5: C, 62.62; H, 7.74; N, 7.69. Found: C, 62.51; H, 7.55;
N, 7.80.

(R)-Methyl-2-(2-(tert-butoxycarbonylamino)-4-methyl pentanamido)
benzoate 7a:

Compound 7a was prepared by following the procedure for the synthesis of Sa.
The product 7a was obtained as solid (92%); mp: 123-125 °C; [a]*p: 9.30° (c
1.04, MeOH); IR (CHCls) v (cm™): 3342, 3020, 2956, 1714, 1666, 1519, 1504,
1276, 1166, 1091; '"H NMR (400 MHz, CDCl;) & 11.56 (s, 1H), 8.74-8.71 (d, J =
8.26 Hz, 1H), 8.03-8.01 (d, J = 8.25 Hz, 1H), 7.55-7.51 (t, J = 7.02, 1H), 7.10-
7.06 (t, J = 7.25 Hz, 1H), 5.07-5.06 (m, 1H), 4.32 (m, 1H), 3.91 (m, 3H), 1.81-
1.76 (m, 2H), 1.61-1.55 (m, 1H), 1.47 (s, 9H), 1.00-0.97 (m, 6H); °C NMR (100
MHz, CDCls) ¢: 171.9, 168.3, 155.4, 141.0, 134.5, 130.7, 122.6, 120.6, 115.2,
54.6, 52.6, 52.2, 41.7, 28.2, 24.8, 22.9, 21.7; ESI-MS: 365.3166 (M+H)";
387.3058 (M+Na)'; 403.2866 (M+K)"; Elemental analysis calculated for
CioH2sN»Os: C, 62.62; H, 7.74; N, 7.69. Found: C, 62.78; H, 7.61; N, 7.52.
Methyl-2-(2-(tert-butoxycarbonylamino)acetamido)benzoate 8a:

Compound 8a was prepared by following the procedure for the synthesis of Sa.
The product 8a was obtained as white solid (83%); mp: 117-118 °C; IR (CHCl3) v
(em™): 3313, 2978, 1712, 1693, 1681, 1589, 1504, 1454, 1269, 1165, 756; 'H
NMR (200 MHz, CDCl3) &: 11.53 (s, 1H), 8.67-8.63 (d, J = 8.22 Hz, 1H), 7.97-
7.92 (m, 1H), 7.51-7.43 (m, 1H), 7.07-6.99 (t, J = 7.58 Hz, 1H), 5.50-5.48 (m,
1H), 3.99-3.96 (d, J = 6.07 Hz, 2H), 3.86 (s, 3H), 1.47 (s, 9H); °C NMR (50

MHz, CDCls) ¢: 168.7, 168.2, 155.7, 140.6, 134.3, 130.6, 122.6, 120.0, 115.0,
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52.1, 45.3, 28.1; ESI-MS: 309.4865 (M+H)"; 331.4735 (M+Na)"; 347.4612
(M+K)+; Elemental analysis calculated for C;sHy0N,Os: C, 58.43; H, 6.54; N,
9.09. Found: C, 58.29; H, 6.43; N, 9.24.

General method for methyl ester hydrolysis:

To a solution of ester (5a, 6a, 7a and 8a) (10 mmol) in methanol, LiOH-H,0 (40
mmol) was added in water (12 mL) and the reaction mixture was stirred at room
temperature for 4 h. After the complete consumption of the starting material, the
solvent was evaporated under reduced pressure. The free carboxylic acid was
liberated by treating with sat. KHSOy solution and extracted with DCM (2 X 25
mL). The corresponding crude carboxylic acids (5b, 6b, 7b and 8b) obtained after
evaporation of the solvent under reduced pressure were carried forward for the
next reaction, without further purification.

Boc group cleavage of 9a:

A solution containing 9a (4 g, 10.8 mmol) was subjected to deprotection using
TFA:DCM (50%, 10 mL) at 0°C. After completion of the reaction (2 h), the
solvent was removed under reduced pressure. The reaction mixture was
neutralized with sat. NaHCOs3 solution and repeatedly extracted into DCM (3 x 10
mL). The organic layer was dried over anhydrous Na,SO4. The crude product 9b,
obtained after evaporating the solvent under reduced pressure, was used for the
next step without further purification.

General procedure for the preparation of 10, 11 and 12a.

Tert-butyl ((2R)-1-((2-(2-((4-bromophenyl) carbamoyl) pyrrolidine-1-
carbonyl) phenyl) amino)-1-oxopropan-2-yl) carbamate 10:

To an ice cold solution of 5b (0.93 g, 3.08 mmol) and 9b (0.89 g, 3.31 mmol) in
dry MeCN (20 mL), HBTU (1.37 g, 3.62 mmol), HOBt (cat. amount) and DIEA

(0.67 mL, 3.92 mmol) were added and the reaction mixture was stirred at 0 °C for

2016 Ph.D. thesis: Tukaram S. Ingole, University of Pune 40



Part A Chapter 1

10 min and then at room temperature for 12 h. After removal of the solvent under
reduced pressure, the reaction mixture was dissolved in EtOAc (30 mL) and
washed sequentially with sat. NaHCOs solution, sat. KHSO4 solution, water and
brine. The organic layer was dried over anhydrous Na,SO4 and the crude product
was subjected to column purification (30:70 acetone/pet ether, R¢ 0.5) to furnish
10 as a white solid (0.997 g, 59%); mp: 208-210 °C; [a]"p: -126.95° (c 1,
MeOH); IR (nujol) v (cm™): 3425, 2955, 2854, 1714, 1681, 1593, 1454, 1377,
1155, 1045; "H NMR (500 MHz, CDCl3) & 9.45 (s, 1H), 9.35 (s, 1H), 8.33-8.32
(d, J=6.71 Hz, 1H), 7.46-7.43 (t, J = 7.63 Hz, 1H), 7.35-7.34 (m, 3H), 7.28-7.26
(m, 2H), 7.17-7.14 (t, J = 7.45 Hz, 1H), 5.57-5.55 (d, J = 6.11 Hz, 1H), 4.95 (bs,
1H), 4.49 (bs, 1H), 3.60-3.55 (m, 1H), 3.51-3.50 (m, 1H), 2.38-2.31 (m, 2H),
2.12-2.07 (m, 1H), 1.96-1.90 (m, 1H), 1.46-1.44 (m, 12H); °C NMR (125 MHz,
CDCl) ¢: 172.1, 169.8, 169.6, 155.2, 136.9, 135.4, 131.6, 131.1, 126.8, 125.5,
123.7, 122.0, 121.2, 116.8, 51.2, 50.1, 29.6, 28.6, 28.3, 25.2, 18.8; ESI-MS:
581.3935 (M+Na)"; 597.3860 (M+K)"; Elemental analysis calculated for
Co6H31BrN4Os: C, 55.82; H, 5.59; N, 10.01. Found: C, 55.88; H, 5.47; N, 10.22.

Tert-butyl  (1-((2-((S)-2-((4-bromophenyl)  carbamoyl)  pyrrolidine-1-
carbonyl) phenyl) amino)-4-methyl-1-oxopentan-2-yl) carbamate 11:

Compound 11 was prepared by following the procedure for the synthesis of 10.
The product 11 was obtained as white solid (48%); mp: 118-120 °C; [a]*p: -
66.88° (¢ 1.02, MeOH); IR (CHCI;) v (cm™): 3306, 3271, 2958, 1693, 1537,
1454, 1301, 1163, 1045, 756; '"H NMR (200 MHz, CDCl3) & 9.58 (s, 1H), 9.48
(s, 1H), 8.30-8.26 (d, J = 7.83 Hz, 1H), 7.47-7.31 (m, 4H), 7.23-7.12 (m, 3H),
5.31-5.27 (m, 1H), 4.93-4.90 (m, 1H), 4.52-4.29 (m, 1H), 3.59-3.98 (m, 2H), 2.42-

2.27 (m, 2H), 2.10-1.83 (m, 2H), 1.76-1.70 (m, 3H), 1.38 (s, 9H), 1.06-1.00 (m,
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6H); °C NMR (50 MHz, CDCl3) & 172.8, 170.1, 168.8, 155.4, 137.0, 134.8,
131.3, 130.7, 126.5, 124.0, 122.3, 121.2, 116.4, 79.5, 61.1, 53.8, 41.5, 29.5, 28.2,
24.8, 23.1, 21.8; ESI-MS: 623.4253 (M+Na)"; 639.3826 (M+K)"; Elemental
analysis calculated for C,oH37BrN4Os: C, 57.90; H, 6.20; N, 9.31. Found: C,
57.78; H, 6.32; N, 9.45.

Tert-butyl ((R)-1-((2-((S)-2-((4-bromophenyl) carbamoyl) pyrrolidine-1-
carbonyl) phenyl) amino)-4-methyl-1-oxopentan-2-yl) carbamate 12a:

Compound 12a was prepared by following the procedure for the synthesis of 10.
The product 12a was obtained as a white solid (0.285 g, 55 %); mp: 115-116 °C;
[a]”p: -151.58° (¢ 1, MeOH) ; IR (CHCL) v (cm™): 3311, 3020, 1675, 1622,
1541, 1427, 1398, 1303, 1216, 1045, 758; '"H NMR (400 MHz, CDCl3) &
9.83r0tamer (1H), 9.80rotamer (0.17H), 9.57-9.5115tamer (0.20H), 9.20:0tamer (0.1H),
8.580tamer (0.20H), 8.46-8.44,otamer (d, J = 8.10 Hz, 1H), 8.3 1 otamer (0.10H), 7.47-
7.43 otamer (t, J= 8.10 Hz, 1H), 7.34-7.32 (m, 1H), 7.27-7.25 (m, 1H), 7.18-7.14 (m,
4H), 5.99-5.97 (d, J = 8.99 Hz, 1H), 4.99-4.96 (m, 1H), 4.53-4.50:0tamer (1H),
4.23 otamer (0.25H), 3.57-3.46 (m, 2H), 2.54-2.36 (m, 2H), 2.27-2.22 (m, 1H), 2.09-
1.96 (m, 1H), 1.77-1.64 (m, 2H), 1.42;5tamer (9H), 1.380tamer (1H), 0.99-0.95 (m,
6H); °C NMR (100 MHz, CDCL;) & 173.2, 172.6, 170.7, 170.4, 168.8, 168.4,
155.3, 136.9, 136.0, 131.3, 131.0, 130.8, 126.5, 125.5, 125.4, 123.7, 121.4, 120.9,
116.6, 116.4, 79.6, 61.2, 61.0, 54.7, 49.6, 49.4, 41.3, 40.3, 29.9, 29.6, 28.3, 28.2,
25.3, 24.9, 23.1, 21.5, 21.0; ESI-MS: 601.3143 (M+H)"; 623.3112 (M+Na)';
639.2879 (M+K)+; Elemental analysis calculated for Cy9yH37BrN4Os: C, 57.90; H,
6.20; N, 9.31. Found: C, 57.98; H, 6.32; N, 9.40.

Tert-butyl ((R)-1-((2-((S)-2-((4-bromophenyl) carbamoyl) pyrrolidine-1-
carbonyl) phenyl) amino)-4-methyl-1-oxopentan-2-yl) carbamate 12b:
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The Boc group of 12a (0.1 g, 0.2 mmol) was removed using TFA:DCM (2 mL,
1:1). After completion of reaction, the volatiles were removed and the residue was
neutralized with sat. NaHCO; and extracted with DCM repeatedly. The organic
layer was dried over anhydrous Na,SOj, evaporated and the residue obtained was
taken in dry DCM (10 mL). The reaction mixture was cooled to 0 °C, then
pivaloyl chloride (0.07 mL, 0.6 mmol) and Et;N (0.11 mL, 0.8 mmol) were added
and the reaction mixture was stirred at room temperature for 4 h. The reaction
mixture was diluted with DCM (10 mL) and washed sequentially with sat.
NaHCO; solution, sat. KHSOj4 solution, water and brine. The organic layer was
dried over anhydrous Na,SO, and the crude product was subjected to column
purification (30:70 acetone/pet ether, Ry 0.4) to furnish 12b as a white solid
(0.058 g, 50%); mp: 117-118 °C; [@]*p: -152.15° (¢ 1.01, MeOH) ; IR (CHCI3) v
(cm™): 3310, 3020, 2400, 1676, 1591, 1523, 1421, 1046, 928, 755; '"H NMR (400
MHz, CDCl3) &: 9.75 (s, 1H), 9.54 (s, 1H), 9.28-9.26 (d, J = 8.48 Hz, 1H), 7.44-
7.41 (m, 3H), 7.36-7.34 (m, 1H), 7.28-7.25 (m, 2H), 7.18-7.14 (t, J = 7.51 Hz,
1H), 6.51-6.49 (d, J = 8.06 Hz, 1H), 4.96-4.93 (m, 1H), 4.84-4.79 (m, 1H), 3.56-
3.44 (m, 2H), 2.55 (bs, 1H), 2.34-2.23 (m, 2H), 2.05-1.99 (m, 1H), 1.91-1.84 (m,
1H), 1.71-1.67 (m, 2H), 1.22 (s, 9H), 0.94-0.93 (m, 6H); *C NMR (100 MHz,
CDCl) o: 178.5,171.8, 169.9, 169.2, 137.0, 135.1, 131.6, 130.7, 126.6, 125.9,
123.8, 122.1, 121.2, 116.6, 60.7, 52.7, 50.1, 41.5, 38.7, 28.9, 27.4, 24.9, 23.0,
22.0; ESI-MS: 5852769 (M+H)'; 609.2656 (M+Na)"; 6252522 (M+K)';
Elemental analysis calculated for C,oH37BrN4sO4: C, 59.49; H, 6.37; N, 9.57.
Found: C, 59.62; H, 6.20; N, 9.64.

Tert-butyl  (S)-(2-((2-(2-((4-bromophenyl)  carbamoyl) pyrrolidine-1-
carbonyl) phenyl) amino)-2-oxoethyl) carbamate 13:
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To a solution of 8b (0.457 g, 1.55 mmol) and 9b (0.5 g, 1.86 mmol) in dry DCM
(20 mL), DCC (0.320 g, 1.55 mmol) and DMAP (cat. amount) were added. The
reaction mixture was stirred overnight at room temperature. The reaction mixture
was filtered through a celite bed in order to remove dicyclohexyl urea and the
filtrate was washed with an ice cold DCM (5 mL). The reaction mixture was
diluted with DCM (20 mL) and washed sequentially with sat. NaHCOj3 solution,
sat. KHSOj solution, water and brine. The organic layer was dried over anhydrous
Na,SO4 and the crude product was subjected to column purification (30:70
acetone/pet ether, R¢ 0.5) to yield 13 as a white solid (0.35 g, 42%); mp: 228-230
°C; [a]”p: -136.73° (¢ 0.65, MeOH) ; IR (nujol) v(cm™): 2964, 2852, 1712, 1681,
1633, 1491, 1454, 1377, 1169, 1051; 'H NMR (200 MHz, CDCl3) & 9.53 (s, 1H),
9.41 (s, 1H), 8.22-8.18 (d, J = 8.15 Hz, 1H), 7.46-7.28 (m, 5H), 7.24-7.13 (m,
2H), 5.57 (bs, 1H), 4.90 (bs, 1H), 4.16-3.94 (m, 2H), 3.58-3.44 (m, 2H), 2.49-2.21
(m, 2H), 2.07-1.78 (m, 2H), 1.44 (s, 9H); °C NMR (50 MHz, CDCl;) & 170.3,
168.8, 134.7, 131.6, 130.8, 126.4, 126.3, 124.1, 121.1, 116.7, 60.9, 49.9, 30.8,
29.4, 28.2, 25.0; ESI-MS: 567.4713 (M+Na)"; 583.4742 (M+K)"; Elemental
analysis calculated for C,sH,9BrN4Os: C, 55.05; H, 5.36; N, 10.27. Found: C,

55.30; H, 5.28; N, 10.12.
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Table 1.3 Titration study of 10 in CDCl; (2 mM, 400 MHz) with DMSO-ds

(Volume of DMSO- ds added at each addition =5 pL)

No Volume of Chemical Shift NH3
DMSO-dg (1L) (ppm) H A
NH3 | NH2 | NHI1 N e
1 0 044 | 942 | 525 @o
2 5 9.46 9.39 5.44 NH NH2
3 10 9.53 | 939 | 5.54 oS
4 15 9.64 9.37 5.58 NH1HNT07<
5 20 9.69 9.36 5.62 ©
6 25 9.74 9.35 5.65 10
7 30 9.78 9.34 5.67
8 35 9.80 9.33 5.69
9 40 9.82 9.32 5.70
10 45 9.83 9.31 5.72
11 50 9.84 9.30 5.73
cosy ‘L ]k
l R A . A A ppm
— -
i ° 35 !
; ° e (]
1 . .
< o -
__—'_ﬁ_? ™ a
- -] a
=

T T T T T T T T T T T T T T T T T
95 90 85 80 75 70 65 60 55 50 45 40 35 3.0 25 20 1.5 ppm

Fig. 1.26 Full COSY spectrum of 10 (400 MHz, CDCl3).
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Fig. 1.27 Partial COSY spectrum (aromatic region) of 10 (400 MHz, CDCl3).
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Fig. 1.28 Partial COSY spectrum (aliphatic region) of 10 (400 MHz, CDCl3).
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Fig. 1.29 Full TOCSY spectrum of 10 (400 MHz, CDCls).
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Fig. 1.30 Partial TOCSY spectrum (aromatic region) of 10 (400 MHz, CDCls).
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Fig. 1.31 Partial TOCSY spectrum (aliphatic region) of 10 (400 MHz, CDCls).

NOESY

W ) O S— PN S M _._,L/\L\_/JL ppm

. = o o i
M P

F . & e ; 5

T T T T T T T T T T T T T T T
95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 ppm

i

Fig. 1.32 Full NOESY spectrum of 10 (400 MHz, CDCl3).
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Fig. 1.33 Partial NOESY spectrum (aromatic region) of 10 (400 MHz, CDCls).
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Fig. 1.34 Partial NOESY spectrum (aliphatic region) of 10 (400 MHz, CDCls).
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1.14 Experimental section (Part B)

Crystal Data for 15a:

Table 1.4 X-ray crystallographic data of trimer 15a.

Crystal Data 15a

Formula C24 Hzg N3 O(, S
M; 487.56

Crystal Size, mm 0.32x0.25x0.10
Temp. (K) 150(2)

Crystallizing solvent

Ethyl acetate-petroleum ether

Crystal Syst.

Orthorhombic

Space Group P212:24
a/A 8.8665(3)
b/A 12.6487(5)
c/A 21.9234(9)
o 90
ik 90

0 90
V/A° 2458.70(16)
V4 4
Deat/g cm™ 1.317
w/mm 0.176
F(000) 1032
Ab. Correct. multi-scan
26ax 50
Total reflns. 41420
unique reflns. 4322
h, k, [ (min, max) (-10,10),(-15,15),(-23,26)
Rint 0.0292
No. of para 311
RI[I>2a(])] 0.0315
wWR2[I> 20(I)] 0.0793
R [all data] 0.0330
wR?2 [all data] 0.0801
goodness-of-fit 1.067
APimax, APmin(€A™) 0.218,-0.177
CCDC no. 1435889
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Methyl 3-(2-((tert-butoxycarbonyl) amino) acetamido) thiophene-2-
carboxylate 14a:

To a stirred solution of methyl 3-aminothiophene-2-carboxylate (5 g, 31.8 mmol)
and Boc-Gly-OH (6.13 g, 35 mmol) in dry DCM (200 mL), DCC (7.88 g, 38.2
mmol) and HOBt (4.29 g, 31.8 mmol) were added under N, and the reaction
mixture was stirred overnight at room temperature. The reaction mixture was
filtered to remove dicyclohexylurea and the filtrate was diluted with DCM (40
mL). The organic layer was washed with sat. NaHCOs, water, sat. KHSO4 and
then with brine. The organic layer was dried over anhydrous Na,SO; and
concentrated under reduced pressure. The crude compound was purified by
column chromatography (25:75 EtOAc/pet ether, R 0.3) to afford 14a as a white
solid (9.2 g, 92%); mp:113-115 "C; IR (CHCI3) v (cm™): 3309, 2974, 2929, 1978,
1575, 1281, 1254, 1164, 1089, 780; 'H NMR (400 MHz, CDCl;) J: 10.68 (s, 1H),
8.11-8.09 (d, J = 5.4 Hz, 1H), 7.47-7.45 (d, J = 5.4 Hz, 1H), 5.36 (s, 1H), 4.01-
4.00 (d, J = 5.1 Hz, 2H), 3.88 (s, 3H), 1.50 (s, 9H); *C NMR (100 MHz, CDCl5)
0: 167.36, 164.44, 155.82, 143.79, 131.57, 122.10, 110.78, 80.50, 51.89, 44.88,
28.24; HRMS: C3H;905N,S, Calcd: 315.1009 Found: 315.1013; C;3H;505N,NaS,
calcd: 337.0829 Found: 337.0829.

3-(2-((tert-butoxycarbonyl) amino) acetamido) thiophene-2-carboxylic acid
14b:

To a stirred solution of 14a (9 g, 28.6 mmol) in methanol (10 mL), aqueous
solution of LiOH (4.81 g, 114.6 mmol) was added and the reaction mixture was
stirred at room temperature for 2 h. The solvent was stripped off and acidified
with sat. KHSOj, and extracted with DCM (40 mL x 3). The organic extracts were
dried over Na,SO4 and concentrated to obtain the crude product 14b, which was

used for the next step without purification.
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Benzyl (3-(2-((tert-butoxycarbonyl) amino) acetamido) thiophene-2-carbonyl)
prolinate 15a:

To a solution of dimer acid 14b (3 g, 10 mmol) and HN-"Pro-OBn (2.46 g, 12
mmol) in DCM (50 mL), EDC.HCI (2.3 g, 12 mmol) and HOBt (0.135 g, 1 mmol)
were added and the reaction mixture was stirred overnight at room temperature.
The reaction mixture was diluted with DCM (20 mL) and organic layer was
washed with sat. NaHCOs, sat. KHSO4, and brine. The organic layer was dried
over Na;SOs. The solvent was evaporated under reduced pressure and the residue
was purified by column chromatography (40:60 EtOAc/pet ether, R;0.3) to obtain
2 as a white solid (4.67 g, 96%); mp: 153-154 "C; [a]*p : -80.36 (c 0.11, CHCl);
IR (CHCl;) v (em™): 3323, 2925, 2850, 1624, 1578, 1431, 1244, 1088, 640; 'H
NMR (500 MHz, CDCls) o: 11.71 (s, 1H), 8.20-8.19 (d, J = 5.2 Hz, 1H), 7.42 (s,
1H), 7.35 (s, 5H), 5.28-5.23 (m, 2H), 5.18-5.13 (m, 1H), 4.73 (s, 1H), 4.01-3.90
(m, 4H), 2.25-2.03 (m, 4H), 1.47 (s, 9H); *C NMR (125 MHz, CDCls) 6: 171.75,
167.20, 163.95, 155.72, 144.40, 135.57, 128.75, 128.49, 128.23, 128.03, 122.31,
112.05, 79.95, 66.80, 60.56, 48.51, 44.70, 28.26, 25.38; HRMS: Cy4H30O6N3S,
Calcd: 488.1850 Found: 488.1849; C,4sH>900O¢N3NaS, calcd: 510.1669 Found:
510.1669.

Tert-butyl (S)-(2-((2-(2-(methylcarbamoyl) pyrrolidine-1-carbonyl) thiophen-
3-yl) amino)-2-oxoethyl) carbamate 16:

To a solution of 15a (0.4 g, 0.82 mmol) in MeOH (5 mL), sat. solution of
methanolic MeNH, (10 mL) was added and the reaction mixture was stirred
overnight at room temperature. The solvent was evaporated under reduced
pressure and the crude compound was purified by column chromatography (90:10
EtOAc/pet ether, R;0.3) to yield 3 as a white solid (0.290 g, 86%); mp: 93-95 'C;

[a]”p: —168.10" (¢ 0.17, CHCL); IR (CHCLs) v (cm™): 3360, 3125, 2920, 1674,
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1560, 1402, 1279, 1163, 771; 'H NMR (500 MHz, CDCls) J: 11.80 (s, 1H), 8.14
(s, 1H), 7.43 (s, 1H), 6.83 (s, 1H), 5.43 (s, 1H), 4.80 (s, 1H), 4.01-3.85 (m, 4H),
2.85-2.84 (d, J = 4.0 Hz, 3H), 2.40 (bs, 1H), 2.18-2.03 (m, 3H), 1.50 (s, 9H); "°C
NMR (125 MHz, CDCls) o: 171.69, 167.65, 165.01, 155.84, 144.41, 129.19,
122.00, 111.84, 80.22, 61.69, 48.90, 44.97, 28.30, 26.31; HRMS: C;3H,705N,4S:
Calcd: 411.1697 Found: 411.1691; C;sH,sOsN4NaS: Calcd: 433.1516 Found:
433.1512.

Tripeptide acid 15b:

To a solution of ester 15a (1 g, 2.03 mmol) in MeOH (30 ml), 20% Pd(OH),/C
(0.250 g) was added and the reaction mixture was subjected for hydrogenolysis
(70-psi H, atmosphere) for 24 h. The reaction mixture was filtered through a celite
bed and the solvent was evaporated to afford crude acid 15b, which was further
used for next step without purification.

Tripeptide amine 15¢:

To a stirred solution of 15a (1 g, 2.03 mmol) in DCM (20 mL), TFA (10 mL) was
added and the reaction mixture was stirred at room temperature for 2 h. The
excess TFA was evaporated under reduced pressure and the reaction mixture was
basified with sat. NaHCO;. The aqueous layer was extracted with DCM (3x 20
mL) and organic extracts were dried over Na,SO4. The organic extracts were
concentrated under reduced pressure to obtain crude product 15¢, which was used
for the next step without purification.

Tert-butyl  (S)-(2-((2-(2-((4-bromophenyl)  carbamoyl)  pyrrolidine-1-
carbonyl) thiophen-3-yl) amino)-2-oxoethyl) carbamate 17:

To a solution of trimer acid 15b (0.3 g, 0.75 mmol) and 4-bromoaniline (0.142 g,

0.83 mmol) in dry DCM (10 mL), EDC.HCI (0.188 g, 0.98 mmol) and HOBt
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(0.010 g, 0.07 mmol) were added and the reaction mixture was stirred overnight at
room temperature. The reaction mixture was diluted with DCM (20 mL). The
organic layer was washed with sat. NaHCOs, water, sat. KHSO,, brine and dried
over anhydrous Na,SO,. The solvent was evaporated under reduced pressure and
the crude product was purified by column chromatography (60:40 EtOAc/pet
ether, Ry 0.3) to afford 17 as a white crystalline solid (0.328 g, 79%). mp: 126-128
C; [a]®p : -118.03" (¢ 0.17, MeOH); IR (CHCL;) v (em™): 3323, 2980, 1693,
1540, 1404, 1178, 767; "H NMR (400 MHz, CDCls) d: 11.29 (s, 1H), 9.34 (s, 1H),
7.68-7.67 (d, J = 5.4 Hz, 1H), 7.11-7.05 (m, 2H), 7.00-7.01 (d, J = 5.4 Hz, 1H),
6.91-6.88 (m, 2H), 5.99 (s, 1H), 4.33 (s, 1H), 3.55 (s, 1H), 3.45-3.38 (m, 3H),
1.75-1.68 (m, 3H), 1.61-1.57 (m, 1H), 0.91 (s, 9H); °C NMR (100 MHz, CDCl5)
0: 169.78, 167.42, 163.71, 155.69, 143.43, 137.47, 130.99, 128.48, 121.60,
121.00, 115.39, 112.18, 79.01, 61.89, 48.48, 44.39, 29.03, 27.82, 24.87, HRMS:
C23H2305N4BrS: Caled: 551.0958 Found: 551.0964.

Hexapeptide benzyl ester 18:

To a solution of trimer acid 15b (0.5 g, 1.25 mmol) and trimer amine 15¢ (0.584
g, 1.51 mmol) in DCM (25 mL), EDC.HCI (0.313 g, 1.63 mmol) and HOBt (0.017
g, 0.12 mmol) were added and the reaction mixture was stirred overnight at room
temperature. The reaction mixture was diluted with DCM and then washed with
sat. NaHCOs3, sat. KHSOy4 and brine. The organic layer was dried over Na,SO4
and concentrated under reduced pressure. The solid residue was purified by
column chromatography (80:20 EtOAc/pet ether, Ry 0.3) to yield hexapeptide 18
(0.694 g, 72%) as a white solid; mp:118-120 'C; [a]*”p: —=193.18" (¢ 0.15, CHCls);
IR (CHCIl3) v (cm™): 3296, 2980, 1684, 1555, 1403, 1170, 772; '"H NMR (400

MHz, CDCls) 6: 11.76 (s, 2H), 8.20-8.16 (dd, J = 9.3, 5.5 Hz, 2H), 7.80 (s, 1H),
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7.47-7.45 (d, J=5.1 Hz, 2H), 7.33 (s, 5H), 5.48 (s, 1H), 5.24-5.16 (m, 2H), 4.90—
4.88 (d, /= 6.9 Hz, 1H), 4.55 (s, 1H), 4.24-4.17 (m, 1H), 4.12-3.98 (m, 4H), 3.93
(s, 1H), 3.83-3.78 (m, 2H), 2.51-2.49 (m, 1H), 2.27-2.17 (m, 2H), 2.09-1.98 (m,
3H), 1.93-1.84 (m, 2H), 1.47 (s, 9H); >C NMR (100 MHz, CDCl;) §: 171.80,
171.41, 167.51, 166.63, 165.04, 163.86, 155.84, 144.41, 128.95, 128.51, 128.29,
128.01, 122.22, 112.24, 80.06, 66.87, 61.53, 60.63, 49.01, 48.52, 44.84, 43.87,
31.53, 28.30, 22.60, 14.06; HRMS: CscH4309NgS,: Caled: 767.2527 Found:
767.2520; C36H4,09NgNaS,: Calcd: 789.2347 Found: 789.2337.

Hexapeptide amide 19:

To a stirred solution of hexapeptide 18 (0.350 g, 0.45 mmol) in MeOH (2 mL),
sat. solution of methanolic MeNH, (10 mL) was added and the reaction mixture
was stirred overnight at room temperature. The volume of MeOH was reduced to
one fourth by concentrating under reduced pressure and the crude reaction mixture
was precipitated with addition of DCM (5 mL). The precipitate was filtered and
the residue was washed with DCM (10 mL) to obtain product 1 as a white solid
(0.273 g, 87%); mp: 148-151 "C; [o]”p: —=161.80 (¢ 0.11, MeOH); IR (CHCl3) v
(cm™): 3143, 2926, 1681, 1556, 1402, 764; '"H NMR (700 MHz, CDCl3) : 11.64
(s, 2H), 8.13 (s, 2H), 7.85 (s, 1H), 7.45 (s, 2H), 6.64 (s, 1H), 5.47 (s, 1H), 4.91—
490 (d, J = 7.0 Hz, 1H), 4.63 (s, 1H), 4.28-4.23 (m, 1H), 4.09—4.05 (m, 1H),
4.03-3.98 (m, 2H), 3.92-3.87 (m, 2H), 3.81 (bs, 2H), 2.82-2.81 (d, J = 4.7 Hz,
3H), 2.49 (s, 1H), 2.33 (s, 1H), 2.25 (s, 1H), 2.17-2.09 (m, 2H), 2.05-1.96 (m,
3H), 1.47 (s, 9H); °C NMR (176 MHz, CDCls) 6: 171.65, 167.53, 166.69, 165.14,
164.90, 155.90, 144.23, 129.35, 128.98, 122.41, 112.41, 80.10, 61.58, 49.13,
48.97, 44.81, 44.02, 28.33, 26.35, 25.60; HRMS: C3yH40OsN7S,: Calcd: 690.2374

Found: 690.2379; C30H39OsN7NaS,: Calcd: 712.2194 Found: 712.2198.
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Table 1.5 Titration study of 15a in CDCl; (5 mM, 400 MHz) with DMSO-dg

(Volume of DMSO- ds added at each addition = 5 pL)

No Volume of Chemical
DMSO-d6 (uL) | Shift d (ppm)
NH1 | NH2
1 0 5.15 | 11.69
2 5 5.2 11.68
3 10 5.25 | 11.67
4 15 5.3 11.66
5 20 5.38 | 11.64
6 25 543 | 11.64
7 30 548 | 11.62
8 35 5.54 | 11.61
9 40 5.6 11.6
10 45 5.65 | 11.59
11 50 5.7 11.58

/—Ph

s

g N

S50

\_/ NH2
N-H

NH1 —&

H-N

o>:O
)L
15a

Table 1.6 Titration study of 16 in CDCIl; (5 mM, 400 MHz) with DMSO-dg

(Volume of DMSO- ds added at each addition =5 pL)

No Volume of Chemical Shift &
DMSO-d6 (uL) (ppm)
NH1 | NH2 NH3
1 0 5.2 11.77 6.69
2 5 5.27 | 11.75 6.72
3 10 532 | 11.75 6.75
4 15 542 | 11.73 6.8
5 20 548 | 11.71 6.83
6 25 5.57 | 11.69 6.87
7 30 5.63 | 11.68 6.9
8 35 5.7 11.66 6.93
9 40 5.74 | 11.65 6.95
10 45 5.81 | 11.63 6.97
11 50 5.84 | 11.62 6.99
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Table 1.7 Titration study of 19 in CDCl; (5 mM, 400 MHz) with DMSO-ds
(Volume of DMSO- ds added at each addition = 5 pL)

No Volume of Chemical Shift § (ppm) NH5 Me

DMSO-d6 («L) | NH1 [ NH2 [ NH3 [ NH4 [NH5 | *™N\™
1 0 543 |11.69 | 7.85 | 11.69 | 6.58 g N
2 5 548 | 11.66 | 7.85 | 11.66 | 6.66 \S, o
3 10 553 | 11.63 | 7.87 | 11.63 | 6.72 N-H
4 15 559 | 11.6 |7.87 [11.6 |6.78 A
5 20 562 |11.59 | 7.87 | 11.59 | 6.82 H‘%
6 25 5.68 | 11.56 | 7.88 | 11.58 | 6.86 g N
7 30 572 | 11.54 | 7.88 | 11.57 | 6.89 \S/ o
8 35 575 | 11.52 | 7.88 | 11.56 | 6.93 \H
9 40 581 [ 115 [7.89 | 11.54 {695 | w1 <
10 45 584 |11.49 | 7.89 | 11.53 | 6.98 H—N>:o°
11 50 587 | 11.47 |7.89 | 11.52 |7

Table 1.8 Variable temperature study of 15a (5 mM, 400 MHz, CDCl5)

No | Temperature Chemical
K) Shift & in
ppm

NH1 | NH2
1 268 5.19 | 11.78
2 273 5.18 | 11.76
3 278 5.17 | 11.75
4 283 5.16 | 11.74
5 288 5.15 | 11.72
6 293 5.15 | 11.71
7 298 5.14 | 11.69
8 303 5.13 | 11.68
9 308 5.13 | 11.66
10 313 5.12 | 11.65
11 318 5.1 11.63
12 323 5.09 | 11.62
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Table 1.9 Variable temperature study of 16 (5 mM, 400 MHz, CDCl;)

No | Temperature | Chemical Shift d in
X) ppm

NH1 | NH2 | NH3

1 268 525 | 11.88 | 6.79
2 273 525 | 11.87 | 6.78
3 278 524 | 11.85 6.76
4 283 524 | 11.83 6.74
5 288 523 | 11.81 6.72
6 293 522 | 11.8 6.71
7 298 52 | 11.77 | 6.69
8 303 519 | 11.76 | 6.67
9 308 518 | 11.74 | 6.65
10 313 5.18 | 11.73 6.64
11 318 5.15 | 11.71 6.63
12 323 514 | 11.69 | 6.61

Table 1.10 Variable temperature study of 19 (S mM, 400 MHz, CDCl;)

No | Temperature Chemical Shift d in ppm
(K) NH1 | NH2 | NH3 | NH4 | NH5
1 268 562 | 11.75 | 8.01 | 11.84 | 6.66
2 273 558 | 11.75 | 798 | 11.81 | 6.65
3 278 556 | 11.74 | 796 | 11.79 | 6.64
4 283 553 | 11.73 | 794 | 11.73 | 6.62
5 288 548 | 11.72 | 792 | 11.72 | 6.6
6 293 546 | 11.71 | 7.88 | 11.71 | 6.59
7 298 543 | 11.69 | 7.85 | 11.69 | 6.57
8 303 54 | 11.66 | 7.82 | 11.67 | 6.57
9 308 538 | 11.64 | 7.79 | 11.66 | 6.56
10 313 537 | 11.62 | 7.77 | 11.64 | 6.54
11 318 534 | 11.61 | 7.74 | 11.63 | 6.52
12 323 532 | 11.59 | 7.71 | 11.61 | 6.52
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Fig. 1.35 TOCSY full spectrum of 15a (a) (25 mM, 500 MHz, CDCl;, 298 K);
aromatic (b) and aliphatic (c) regions shown separately.
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Fig. 1.36 Partial COSY spectra of 15a (25 mM, 500 MHz, CDCls, 298 K);
aromatic (a) and aliphatic (b) regions shown separately.
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Fig. 1.37 HSQC (a) and HMBC (b) full spectra of 15a (25 mM, 500 MHz, CDCls,
298 K).
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Fig. 1.39 COSY full spectrum of 16 (25 mM, 500 MHz, CDCl;, 298 K).
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Fig. 1.41 2D NOESY full spectrum and excerpts of 16 (25 mM, 500 MHz, CDCl;,
298 K).
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Fig. 1.42 TOCSY full spectrum of 19 (a) (6 mM, 700 MHz, CDCls, 328 K);
aromatic (b) and aliphatic (c) regions shown separately.
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Fig. 1.43 COSY full spectrum of 19 (a) (23 mM, 700 MHz, CDCls, 298 K);
aromatic (b) and aliphatic (c) regions shown separately.
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Fig. 1.44 HSQC full spectrum of 19 (a) (23 mM, 700 MHz, CDCls, 298 K);
aromatic (b) and aliphatic (c) regions shown separately.
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Fig. 1.45 HMBC full spectrum of 19 (a) (23 mM, 700 MHz, CDCls, 298 K);
aromatic (b) and aliphatic (c) regions shown separately.
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Fig. 1.46 NOESY full spectrum of 19 (6 mM, 700 MHz, CDClIs, 328 K).
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Fig. 1.47 2D NOESY extracts of 19 (6 mM, 700 MHz, CDCls, 328 K).
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Table 1.11 nOe-derived distance constraints used in molecular modeling for
structural elucidation of oligomer 19.

Chemical | Chemical Upper Lower
Atom 1 | Aom T =g i Tie T | Bownd | Bound
C19H NH4 8.178 11.614 3.615 2.958
NH3 NH4 7.721 11.614 3.229 2.642
NH1 NH2 5.327 11.601 3.473 2.842
Cl4Ha NH4 4.292 11.614 3.206 2.623
Cl14Hb | NH4 4.100 11.614 3.264 2.670
C2Ha NH2 3.987 11.601 3.175 2.598
C2Hb NH2 3.828 11.601 3.326 2.721
C9H NH3 4.935 7.721 2.822 2.309
Cl4Ha | NH3 4.292 7.721 3.433 2.809
Cl14Hb | NH3 4.100 7.721 3.187 2.607
C21H NHS5 4.663 6.514 3.204 2.622
C2Ha NH1 3.987 5.327 3.418 2.797
C2Hb NH1 3.828 5.327 3.227 2.640
C26H NHS5 2.833 6.514 2.787 2.280
Cl10Ha C9H 2.541 4.935 3.538 2.895
C23H C21H 1.991 4.663 3.003 2.457
Boc NH3 1.487 7.721 4.571 3.740
Boc NH1 1.487 5.327 4.941 4.042

Me

o N )
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Fig. 1.48 Molecular structure of hexapeptide 19 displaying observed hydrogen
bonding and its superimposed 20 energy minimized structures generated by nOe-
restrained MD simulation.
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Chapter 2

Conformational preference of SAnt-Pro reverse turn scaffold over
native fi-turn elements — a competition experiment

2.1 Introduction

B-Turn structures are the most commonly found secondary structures in
proteins and polypeptides and have gained importance due to their participation in
the fundamental biological processes since these structures are located at the
exterior of proteins. Thus, B-turn secondary structure has attracted the attention of
researchers across the globe for developing small molecule therapeutics. Intense
research in the area of reverse turn mimetics resulted in the development of novel
scaffolds with potential biomedical applications. In this regard, various non-
natural amino acids-containing peptidomimetics have been developed with a view
to modulate properties such as therapeutic profile and proteolytic stability. Typical
B-turn involves the ten-membered hydrogen-bonded network formed between CO
of amino acid residue ‘i’ and NH of amino acid residue ‘/+3’ in the backward
direction (4<1).

Detailed account on peptidomimetics based on B-turn has been discussed
earlier in the chapter 1. Herein, this chapter is focused on conformational features
of peptides containing amide bond isoster such as sulfonamide, particularly when
it is connected to native B-turn scaffolds. Because of the unusual physical and
chemical properties, sulfonamide moiety has been the choice of group for isosteric
replacement of carboxamide group. Moreover, sulfonamide moiety in the peptide
backbone offers high resistance towards proteolytic degredation.’

The isosteric replacement of carboxamide by sulfonamide resulted in
various secondary structural architectures with potential biomedical

applications."? The sulfonamides show different conformational features
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compared to carboxamide (Fig. 2.1) due to following facts: (i) NH group of
sulfonamide is more acidic compared to carboxamide NH group, this results in
more efficient involvement in the hydrogen bonding; (ii) due to the presence of
additional oxygen as hydrogen bonding acceptor sulfonamide moiety has better
hydrogen bonding propensity; (iii) the bond length of S-N in sulfonamide is
greater than C-N in sulfonamide, and hence, S-N bond has restricted rotation
which would lead to formation of particular conformation; and (iv) sulfonamides
show unusual ® dihedral angle (<90°) which is in contrast to the carboxamide

(<180°).%°

Sulfonamide Carboxamide

@ H-bond acceptor 13 ;‘:\
@ H-bond donor

Fig. 2.1 Comparison of dihedral angle and hydrogen bonding parameters between
sulfonamide and carboxamide bond.

2.2 Objective and design strategy

Proline, a cyclic constrained amino acid, with its unusual dihedral angles
has a strong propensity to induce a turn in the peptide backbone.* Consequently,
proline in conjunction with unnatural amino acids has been employed to create
various stable secondary structures.'® Moreover, pseudoprolines (yPro) have
also been used in the generation of conformationally constrained B-turn mimetics.®

“Pro-Gly motif (Fig. 2.2), a well known turn inducer that can form stable B-turn
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structures,” has found use in modulating the biological activity of therapeutic
drugs.® Heterochiral “Pro-"Pro has been extensively used as a strong turn inducer
for the creation of stable B-hairpin structures.” Though homochiral diproline
(*Pro-"Pro) motif has found application in the generation of helical structures in
peptide sequences;'’ it may also adopt stable B-turn conformation in certain
heterogeneous peptides, which is dictated by the neighboring residues.'' ®Pro-Aib
dipeptide unit has been used to nucleate stable B-hairpin structures.'” It is
noteworthy that Aib-"Pro oligomer assumes B-bent conformation — stabilized by
consecutive hydrogen bonding between Aib and “Pro residues."

Earlier, our group developed the SAnt-Pro (orthanilic acid - proline)
scaffold, which forms a pseudo PB-turn, stabilized by 9-membered hydrogen
bonding in the forward direction (1—2) featuring just two amino acid residues

(Fig. 2.2F)."

\ o
H N \
DIL H S—n
D I /
N N 0 o “H
(0} o} Z
Oumpg—N, ):o- H/N\ /N‘H"“‘“o R'
munH— [T v é}
R L] \R' R {——m R R c
C1o C1o °
D E F

Fig. 2.2 Native B-turn (A), common turn inducers (B-E) and a pseudo B-turn
featuring orthanilic acid and proline (*Ant-Pro motif, F).

When possibilities of multiple hydrogen bonding networks exist in a
peptide chain, it is often very difficult to predict which hydrogen bonding network

will prevail and hence the outcome of the folding competition.'"”** While
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investigating the conformational propensities and resemblance of native B-turn
and SAnt-Pro-based pseudo p-turn, we became interested in evaluating their direct
folding competition. Thus, we designed peptide sequences containing both turn
elements (native 10-membered B-turn and 9-membered *Ant-Pro-based pseudo p-
turn). Various native 10-membered B-turn motifs such as “Pro-"Pro (in peptide 1),
PPro-"Pro (in peptide 2), Aib-"Pro (in peptide 3), “Pro-Gly (in peptide 4) and
PPro-Aib (in peptide 5) were attached at the N-terminus of SAnt-Pro turn segment
(Fig. 2.3) and we investigated their preferred hydrogen bonding pattern using
solid, solution-state and nOe-based MD simulation studies. In all the designed
peptides, NH of SAnt is in competition with three H-bonding networks i.e. a B-turn
(C10 H-bonding between ‘i’ and ‘i+3’ residue), a pseudo B-turn (C9 H-bonding
between ‘i+3’ and ‘i+4’ residue) and a C6 intra-residual hydrogen bonding within
“i+3’ residue (*Ant). Additionally, C14 hydrogen bonding can also be anticipated
between C=0 of ‘i+1’ residue and NH of ‘i+5’ residue which is often noticed in B-

peptide C14-helices.'

Fig. 2.3 Molecular structures of peptides described in this study, containing native
and SAnt-Pro-based pseudo p-turns.

2.3 Results and discussion
2.3.1 Synthesis

All the tetrapeptides (1-4) were synthesized by conventional solution

phase peptide synthesis using standard coupling reaction protocols (Scheme 2.1).
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Compounds 7a'® and 14a-14¢'® were synthesized by reported procedures. Boc
group of tripeptide 7a was removed using trifluoroacetic acid to furnish amine 7b,
which was then reacted with Boc and Piv-Pro-OH (L and D) in presence of
EDC.HCI as a coupling reagent to obtain tetrapeptides. The tetrapeptide methyl
esters 8, 9, 11 and 13 were hydrolyzed under basic condition to obtain the
respective carboxylic acids, which were then treated with 4-bromoaniline to
obtain their 4-bromoanilide derivatives 1, 10, 12 and 2. Due to less reactivity of
amine group of Ant with the Gly and Aib, we have used azide route for the
synthesis of tetrapeptides 3 and 4. Dipeptide 6 was treated with 2-bromoacetyl
bromide and 2-bromoisobutyryl bromide to obtain 14a and 15a, respectively.
These bromo derivatives were converted to respective azides using NaNs, which
were then reduced to respected amines 14¢ and 15¢ under catalytic hydrogenation
conditions. The amine 14¢ was reacted with Boc and Piv-"Pro-OH in presence of
EDC.HCI as a coupling reagent to obtain tetrapeptides 16 and 18, respectively.
The tetrapeptide esters 16 and 18 were further subjected to hydrolysis and
obtained respective carboxylic acids, which were then reacted with 4-
bromoaniline to obtain 4-bromoanilide derivatives 17 and 3. Similarly,

tetrapeptides 20 and 4 were obtained from the amine 15e¢.
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Scheme 2.1 Synthesis of oligomers 1, 2, 3 and 4.

H o]

N ) SN _ 5 YH
i / N. O

H 0% R,

O\\ls o ¢ ——O N. O "y 7b iv o)
o) H H™ o H
L OMe !
‘:5: R=NO, 7a: R=Boc (71%) 8 : R=Boc-'Pro, R,=OMe (95%)
6: R=NH, M 2p R=H 1 : Ry=Boc-"Pro, Ry=NH-CgH4-pBr (81%)=L

9: R4=Piv-Pro, R,=OMe (90%)
10: R4=Piv-Pro, Ry=NH-CgH,-pBr (85%)=<

11: R4=Boc-PPro, R,=OMe (85%)—4_|
12: R4=Boc-PPro, Ry=NH-CgH4-pBr (83%) Y
13: Ry=Piv-PPro, R,=OMe (69%)

2 : Rq= Piv-PPro, Ry= NH-CgH4-pBr (91%) ¥

O

n Q O
. S~N—/, ) O, N

s — . i /i%;* o Monse V. Ro >N @

N Rj H O “H
F\; H R H'N\ O
L R R,
vi 14a: R4=COCH,Br, R,=OMe (95%) 16: R;=Boc-"Pro, Ry,R3= H, R,=OMe (76%) —<_|
4b: R1=COCH;N3, R;=OMe (96% i 17: Ry=Boc-'Pro, Ry,Rs= H, R;=NH-CgH,-pBr (66%)=<"
14¢:R=COCH,NH,, R,=OMe 5 18: Ry=piv-"Pro, Ry,R3= H, Ry=OMe (71%) —4_|
—15a: Ri=COC(CH;),Br, R;=OMe (99%) 3 . g _pi\.Lpro, Ry Rs= H, Ry=NH-CgH,-pBr (58%) <Y

Vil,15h: R4=COC(CH3),N3, R,=OMe (97%

156: R1=COC(CHo)uNHy, R,=OMe <Vill 19: R1=Boc-2Pro, Ry Ry= CHy, Ry=OMe (96%)

20: Ry=Boc-PPro, Ry,R3= CHj, Ry=NH-CgHy-pBr (60%)=
21: Ry=Piv-CPro, Ry,R3= CH3, R;=OMe (87%) ﬁ
4 : Ry=Piv-CPro, Ry,R3= CH3, Ry=NH-CgHa-pBr (77%)="

Reagents and conditions: (i) H,, Pd/C, 60 psi, EtOAc, 8 h; (ii) Boc-"Pro-OH,
EtOCOCI, Et;N, THF, reflux, 48 h; (iii) TFA, DCM, rt, 2 h; (iv) Boc-"Pro-OH
(for 8, 16)/Piv-"Pro-OH (for 9, 18)/Boc-"Pro-OH (for 11, 19)/Piv-"Pro-OH (for
13, 21), EDC.HCI, HOBt, DCM, rt, 12 h; (v) (a) LiOH, MeOH, H,O, rt, 4 h, and
then (b) HoN-C¢Hs-pBr, EDC.HCI, HOBt, DCM, rt, 12 h; (vi) bromoacetyl
bromide (for 14a)/2-bromo-2-methylpropionyl bromide (for 15a), Et;N, DCM, 0
°C, 1 h; (vii) NaN3, DMF, 50 °C, 1 h; (viii) Ha, Pd/C, 60 psi, EtOAc, 8 h.
2.3.2 Conformational analyses by crystal structure and NMR studies
Conformational analysis of peptides 1 and 4 was carried out in the solid-
state (X-ray crystal structure) and solution-state (2D NMR) studies. In case of
peptides 2 and 4, where we could not obtain the crystal structure, their structural
elucidation was carried out via combination of solution-state 2D NMR and nOe-

based MD simulation studies. The results of conformational investigation showed

that 1 adopts C9 H-bonding, while 2, 3 and 4 adopt C14 hydrogen bonding.
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Intriguingly, formation of native B-turn was not observed in any of the peptides

(Fig. 2.4).

Fig. 2.4 Molecular structures of peptides showing observed hydrogen bonding
pattern and their corresponding crystal structures (for 1 and 4) or nOe-based MD
simulated 20 superimposed energy minimized structures (for 2 and 3).

Careful analysis of torsion angle parameters of the crystal structures 1 and
4 revealed that there is drastic change in the y (y») values of ‘i+2’ residues, in
comparison with typical native B-turns (Table 2.1). For instance, peptides 1 and 4
featuring “Pro-"Pro and "Pro-Aib dipeptide segments, respectively, y» adopt a
high value: 153.63° (‘i+2’ residue of 1) and —145.80° (‘i+2’ residue of 4) in place
of 2.9° and —30.4°,'""'? as observed in the native B-turns. The hydrogen bonding
distances [d(N-H...O=C)] observed from crystal structure of 1 (C9 H-bonding)
and 4 (C14 H-bonding) were found to be 2.35 A and 2.04 A, respectively.

Peptides 1 and 3 accordingly adopted C9 hydrogen bonded network,'* while 4

showed C14,'® along with C6"*® hydrogen bonded network.
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Table 2.1 Torsion angle parameters extracted from the crystal structures of 1 and
4.

Compounds 1 4
Residue 1 o -66.85 82.87
(+1) v 14773 -153.00
Residue 2 b, -80.06 57.39
(i+2) s 153.63  -145.80
Residue 3 s -132.62  -146.75
(i+3) Vs -63.27 94.32
Residue 4 4 -118.12  -108.03
(i+4) Vi 163.83 157.78

To gain insights into their solution-state conformation, extensive NMR
conformational analysis of 10 (a close analogue of 1), 2, 3 and 20 (a close
analogue of 4) were undertaken. 'H NMR spectra of 1 and 4 showed multiple
signals, which were seen due to free rotation of amide bond connecting Pro
residue (rotamer effect) ' and hence their close analogues 10 and 20 were used for
NMR studies. Signal assignments were carried out unambiguously using a
combination of two-dimensional COSY, TOCSY, HSQC, HMBC and NOESY
experiments.

The characteristic inter-residual nOes which supported the C9 H-bonded
folded structure of 10 include: NH1 vs C21H (Pro3 oH), C14H vs C21H (Pro3
O0H), NH2 vs C18H (Pro3 6H) and C27H vs C30H (Fig. 2.5), indicating the
prevalence of C9 folded structure in the solution-state, as observed in its crystal

structure.
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Fig. 2.5 2D NOESY extracts of 10 (28 mM, 500 MHz, CDCls).

In order to investigate the strength of hydrogen bonding, we undertook the
NMR DMSO-d; titration and variable temperature studies for peptide 10 (Fig.
2.6). The outcome of these studies revealed that amide NH1 of 10 is involved in
strong 9-membered intramolecular hydrogen bonding, while NH2 is available for
intermolecular hydrogen bonding. NHI1 group of peptide 10 showed very
negligible chemical shift difference [AANH) = 0.12 ppm] during titration
experiment and low temperature coefficient [A0AT(NH) = —0.54 ppb/K] during
variable temperature experiment, which indicates its solvent shielded nature. In
contrast, NH2 group of 10 showed larger chemical shift difference [AXNH) =
0.37 ppm] and high temperature coefficient [AJAT(NH) = —4.5 ppb/K] suggesting

its solvent exposed nature.

(a) (b)
10.4] 10.4]
—=— NH1
_z] 2
£ 10.0] S 2 100
£ 93] £ 938
o %)
E 9.6 = 9.6 —=— NH1
2 e
5 92 ”,.* & 9.2
= = o o
g 9.0 .’0 o £ 9.0+ o o -
5 8.8 2 88 -~
8.6 O g6
0 10 20 30 40 50 260 270 280 290 300 310 320 330
Volume of DMSO-dg added (uL) Temperature in K

Fig. 2.6 DMSO-d} titration (a) and variable temperature (b) studies of 10 (5 mM,
400 MHz, CDCls).
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In the case of 20 (a close analogue of 4), critical nOes characteristic of
C14 H-bonded conformation were observed. Most notably, nOes between NH3 vs
C8H (Aib), NH3 vs NH2 and C24H vs C29H (illustrated in Fig. 2.7) were
diagnostic of C14 folded conformation as observed in the crystal structure of its

close analogue 4.

C23H, [ C26H,
NH3 NH3 C24H, |\ C27H
JL ppm JL ppm ppm

-
1.6 Boc
~10.10 F1.5
Q end | (@
~10.15 E47 C8H ) L1
. ~10.20 J . T
8.80 ppm 8.80 ppm 7.40 ppm

20
Fig. 2.7 2D NOESY extracts of 20 (48 mM, 500 MHz, CDCls).

The solvent shielding nature of NHs of 20 was confirmed by DMSO-ds
titration and variable temperature studies. The negligible chemical shift of NH2
and NH3 of 20 [AXNH2) = 0.17 ppm and A&XNH3) = 0.14 ppm] suggest their
involvement in the strong intramolecular C6 and C14 H-bonding, respectively, as
deduced from the DMSO-d; titration experiment (Fig. 2.8a). Moreover, variable
temperature experiment of 20 was undertaken to support the intramolecular H-

bonding strength and the observations were in agreement with the titration studies:

(a) (b)
10.5 10.5
E10.0< oo o o *7,.,,,7'77.7’ E 10.0] 0090 o o o 0o 0o o o o
Q Q —=—NH1
2 95 Qo 9,54 o NH2
‘Mj 9.0 A 4 E 9.0 - NH3
:._é ’ ‘)k+++4)k++ = 7 e o A A
[ =
= 857 = NH1 ©» 85
2 —+—NH2 T
£ 8.0+ .+ NH3 2 8.0
O 754 2 75
o
7.0 T T T T T T 7.0 T T T T T T 1
0 10 20 30 40 50 260 270 280 290 300 310 320 330
Volume of DMSO-dgadded (uL) Temperature (K)

Fig. 2.8 DMSO-dj titration (a) and variable temperature (b) studies of 20 (5 mM,
400 MHz, CDCls).
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(AJAT)NH2 =—0.72 ppb/K and (AJ/AT)NH3 = -2.1 ppb/K (Fig. 2.8b).

Similarly, C14 folded structures for 2 and 3 were confirmed by the
presence of diagnostic long-range inter-residual nOes. The nOes for 2: NH2 vs
C7H (Pro2 aH), NH2 vs C3H (Prol BH) and C27H vs C30H (Fig. 2.9) and for 3:
NH3 vs NH2, NH3 vs C7H (Gly-CH2) and C24H vs C27H (Fig. 2.10) are

indicative nOe interactions for C14 folded structure.

T T
7.45 7.40 ppm

C24H, C27H, NH2 NH1
C25H C28H ~_NA___ ppm __N___ ppm
C2H _
i ] C10H
) C18H @© 4
£1.1 NH2/C7H "':'
T ! ! 950 9.4
ppm 9.15 ppm s S ppm
Fig. 2.9 2D NOESY extracts of 2 (30 mM, 500 MHz, CDCl3).
& \ C21H, C22H
0 C21H C22H 244 | | o25H
14 %/N . NH2 NH3 WH CM}W"
o N2 N O R 5 ¢7ppm ~ A__ ppm ppm
z, \‘; F4.0 — F1.2 C5H 3.8
AT NN Fo.05 oTH Piv
NH1 N 5 et 2 21 La.10 F4.1 F13 Lao
H "ﬂ 22 : [ o5 . : 14 C7H %
2 o on 10.0 ppm 9.1 9.0 ppm 75 74  ppm ‘
4 N % B
=H 1 H

Fig. 2.10 2D NOESY extracts of 3 (63 mM, 400 MHz, CDCls).

Small chemical shift difference of NHs in the DMSO-dj titration studies
(Fig. 2.11) [for 2: AANHI) = 0.12 ppm, Ao (NH2) = 0.03 ppm, and for 3: Ad
(NH2) = 0.13 ppm, A&NH3) = 0.14 ppm] suggested their involvement in the
intramolecular hydrogen bonding.

In addition to DMSO-d; titration studies, low temperature coefficients of
NHs in variable temperature studies (Fig. 2.12) further supported their

involvement in intramolecular hydrogen bonding [for 2 (A9JAT)NHI1 = —0.54

115
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ppb/K, (AJAT)NH2 =

(AJAT)NH3 = -2.36 ppb/K].

Chemical Shift 5 in ppm
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Fig. 2.11 DMSO-d; titration plots of 2 (a, 5 mM, 400 MHz, CDCls) and 3 (b, 5
mM, 400 MHz, CDCl;).
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Fig. 2.12 Variable temperature studies of 2 (a, 5 mM, 400 MHz, CDCI;) and 3 (b,
5 mM, 400 MHz, CDCl;).

2.3.3 Conformational analysis by FT-IR studies

In addition to the detailed NMR studies, we also carried out IR studies in

order to investigate the existence of the intramolecular hydrogen-bonded amide

NH groups in the designed peptides. The IR studies of the designed peptides in the

solution-state were carried out using Bruker, Alfa FT-IR spectrometer. The IR

absorption spectra of compounds 10, 2, 3 and 20 were recorded in dry chloroform

at the concentration of 6 mM (Fig. 2.13) where intramolecular aggregation is

insignificant. The IR spectra of peptides 10 and 20 recorded in the solution-state
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show a strong band at about 3340 cm™ and a weak band at about 3390 cm™

indicating the presence of strong intramolecular hydrogen-bonded amide NH,

while band ~ 3450 cm™ indicates non hydrogen-bonded amide NH.®*° The IR

spectra of peptides 2 and 3 show three bands: a weak band ~ 3330 cm™, a medium

band ~ 3390 cm™ and a strong band ~ 3460 cm™ suggesting an equilibrium state

of amide NH between hydrogen-bonded and non hydrogen-bonded conformation.

The involvement of amide NH in the intramolecular hydrogen-bonding is also

supported by NMR DMSO-dj titration and variable temperature studies.
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Fig. 2.13 Excerpts of amide NH region in the FT-IR spectra tetrapeptides 10, 2, 3
and 4 in CHCl; at the concentration of 6 mM.

2.3.4 Structural elucidation of 2 and 3 by nOe-based MD simulation

The difficulty in crystallizing the oligomers 2 and 3 impelled us to carry

out their structural elucidation in solution-state by nOe-restrained MD simulation
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(Fig. 2.4, vide supra). The energy minimized structures of 2 and 3 were obtained
by MacroModel, vesion 10.7 program from Schrodinger'’ and superimposed
(RMSD < 0.2 A). The dynamic ensembled structures of oligomers 2 and 3
revealed the formation of C14 hydrogen bonding between C=0 of ‘i+1° and NH
of ‘i+5” residue and absence of native B-turn (C10 H-bonding) conformation,
which was supported by NMR DMSO-ds titration and variable temperature
studies.
2.4 Conclusion

In summary, investigations of direct folding competition between native
10-membered B-turn-forming elements and a 9-membered pseudo B-turn based on
the SAnt-Pro motif revealed unexpected folding preferences. Extensive structural
investigations by single crystal X-ray crystallography, solution-state NMR and
nOe-restrained MD simulation studies revealed the disruption of native B-turn
architecture. Notably, differences in the y (y») angle of ‘i+2’ residues of native 3-
turn and designed peptides indicate that the formation of native B-turn structure is
not favored. The study has provided useful insights into the stability of native 10-
membered B-turns like “pro-"pro, Ppro-"pro, Aib-"Pro, “pro-Gly, Ppro-Aib in the

presence of other possible turn inducing motifs.'""
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2.5 Experimental section

Table 2.2 Crystal data for peptides 10 and 4.

Crystal Data B_LPLP (10) PivAIB (4)
Formula C32H40BI'N5O7S C31H40BI'N5 O6S
M, 718.66 690.65
Crystal Size, mm 0.32x0.12x0.09 0.25x0.10x 0.08
Temp. (K) 297(2) 297(2)
. EtOAc-petroleum EtOAc-methanol

Crystallizing solvent ether
Crystal Syst. Monoclinic Monoclinic
Space Group P2, P2,
alA 6.7004(12) 6.5980(2)
b/A 15.440(3) 25.5565(8)
c/A 16.310(3) 9.6629(3)
o 90 90
A° 98.363(9) 96.854(2)

0 90 90
V/A? 1669.5(5) 1617.73(9)
Z 2 2
Deato/g cm™ 1.430 1.418
w/mm ! 1.348 1.385
F(000) 748 720
Ab. Correct. multi-scan multi-scan
26Gpax 50 50
Total reflns. 12722 13068
unique reflns. 5433 5353
h, k, [ (min, max) (-7,7,-18,18, -19,19) | (-7.,6,-30,27, -11,11)
Rint 0.0369 0.0430
No. of para 419 403
RI [I> 20(])] 0.0350 0.0502
WR2[I> 20(1)] 0.0791 0.0746
R1 [all data] 0.0402 0.0886
wR2 [all data] 0.0815 0.0831
goodness-of-fit 0.967 1.112
Apmax;APmin(eA™) 0.709, -0.307 0.349, -0.425
CCDC no. 1402837 1402836

2016 Ph.D. thesis: Tukaram S. Ingole, University of Pune 119



Chapter 2

General method for the preparation of compounds 8, 9, 11, 13, 16, 18, 19 and
21:

Tert-butyl(S)-2-((S)-2-((2-(((S)-2-(methoxycarbonyl) pyrrolidin-1-yl) sulfonyl)
phenyl) carbamoyl) pyrrolidine-1-carbonyl) pyrrolidine-1-carboxylate 8:

To a stirred solution of 7a'** (2.0 g, 4.15 mmol) in DCM (20 mL), TFA (5 mL)
was added at room temperature. After completion of the reaction (2 h), solvent
was evaporated and the reaction mixture was neutralized with sat. NaHCOs. The
product was extracted with DCM (15 mL x 3) and organic layer dried over
anhydrous Na,SO4. The solvent was evaporated and the crude amine 7b was
carried forward without purification. To a solution of Boc-"Pro-OH (0.67 g, 3.14
mmol) in DCM (30 mL), trimer amine 7b (1.0 g, 2.62 mmol) and EDC.HCI (0.6
g, 3.14 mmol) were added followed by the addition of catalytic amount of HOBt
(0.1 g). The reaction mixture was stirred at room temperature overnight. The
solvent was evaporated and the reaction mixture was diluted with EtOAc. The
organic layer was washed with sat. NaHCO3, water, sat. KHSOy, brine and dried
over anhydrous Na,SO,. After removal of volatiles in vacuum, the crude product
was chromatographed on silica gel (80:20 EtOAc/pet ether, R¢ 0.5) to afford 8 as a
viscous compound (1.44 g, 95%). [a]*p: —175.30° (¢ 0.25, CHCls); IR (CHCls) v
(em™): 3320, 3150, 2950, 1745, 1690, 1540, 1507, 1400, 1160, 768; 'H NMR
(400 MHz, CDCl3) 6: 9.8610tamer (0.4H), 9.830tamer (0.6H), 8.48-8.45 (dd, J = 8.3,
4.2 Hz, 1H), 7.89-7.87 (dd, J = 8.0, 1.4 Hz, 1H), 7.57-7.53 (t, J = 8.3 Hz, 1H),
7.21-7.16 (q, J = 8.0 Hz, 1H), 4.85-4.77 (m, 1H), 4.56-4.53 (m, 1H), 4.44-4.39 (m,
1H), 3.87-3.81 (m, 1H), 3.73 (s, 3H), 3.67 (bs, 1H), 3.57-3.49 (m, 1H), 3.47-3.38
(m, 1H), 3.37-3.28 (m, 2H), 2.29-2.11 (m, 5H), 2.10-2.00 (m, 4H), 1.98-1.91 (m,
1H), 1.90-1.80 (m, 2H), 1.44;00mer (5H), 1.40500mmer (4H); °C NMR (100 MHz,

CDCly) o: 17251, 172.23, 171.90, 171.15, 170.78, 154.61, 153.78, 136.76,
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136.61, 134.31, 129.65, 129.57, 125.30, 123.74, 123.61, 123.53, 123.32, 79.43,
61.37, 59.59, 59.42, 57.71, 52.71, 52.52, 48.83, 47.02, 46.89, 46.67, 30.84, 30.09,
29.39, 29.25, 28.46, 28.35, 24.93, 24.74, 24.18, 23.66; HRMS: C,7H390sN4S,
Calcd: 579.2483 Found: 579.2483; C,7H3s03N4NaS, calcd: 601.2303 Found:
601.2296.

General method for the preparation of compounds 1, 10, 12, 2, 17, 3, 20 and
4:

Tert-butyl (S)-2-((S)-2-((2-(((S)-2-((4-bromophenyl) carbamoyl) pyrrolidin-1-
yl) sulfonyl) phenyl) carbamoyl) pyrrolidine-1-carbonyl) pyrrolidine-1-
carboxylate 1:

To a solution of tetramer ester 8 (0.44 g, 0.76 mmol) in methanol (6 mL),
LiOH.H,0 (0.038 g, 0.91 mmol) in water (1 mL) was added at room temperature.
The reaction mixture was stirred at room temperature for 4 h. The solvent was
evaporated under vacuum and the free carboxylic acid was obtained by treating
with sat. KHSOy; followed by extraction with DCM (2 x 10 mL). The crude free
acid obtained after evaporation of the solvent under vacuum was carried forward
for the next reaction. To the solution of tetramer acid (0.4 g, 0.7 mmol) and 4-
bromoaniline (0.12 g, 0.7 mmol) in DCM (10 mL), EDC.HCI (0.16 g, 0.85 mmol)
was added followed by the addition of catalytic amount of HOBt (0.04 g). The
reaction mixture was stirred at room temperature overnight. The reaction mixture
was diluted with DCM (20 mL). The organic layer was washed with sat. NaHCOs,
water, sat. KHSOy, brine and dried over anhydrous Na,SO,. After removal of
volatiles in vacuum, the crude product was chromatographed on silica gel (65:35
EtOAc/pet ether, Ry 0.3) to afford 1 as a white crystalline solid (0.41 g, 81%). mp:
192-193 °C; [a]*p: —178.02° (¢ 0.1, CHCL); IR (CHCl3) v (cm™): 3271, 3118,

2976, 1689, 1593, 1533, 1402, 1322, 1247, 1163, 1078, 827, 755; '"H NMR (500
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MHz, CDCls) & 9.80 (s, 1H), 9.200tamer (0.4H), 9.16,0tmer (0.6H), 8.30-8.24 (dd,
J= 82, 42Hz, 1H), 7.87-7.85 (t, J = 7.4 Hz, 1H), 7.55-7.52 (t, J = 8.2 Hz, 1H),
7.48-7.40 (m, 4H), 7.25-7.20 (q, J = 7.4 Hz, 1H), 4.72-4.66 (m, 1H), 4.56-4.53 (m,
1H), 4.48-4.41 (m, 1H), 3.93-3.67 (m, 3H), 3.43-3.28 (m, 3H), 2.34 (bs, 1H),
2.25-2.19 (m, 2H), 2.17-2.06 (m, 5H), 2.00-1.93 (m, 2H), 1.83-1.75 (m, 2H),
1.4610tmer (SH), 1.42;00mer (4H); °C NMR (125 MHz, CDCls) & 173.60, 173.15,
170.82, 170.45, 169.38, 154.56, 153.54, 136.86, 136.08, 135.77, 134.47, 131.68,
130.15, 125.34, 124.38, 123.69, 121.77, 116.90, 79.70, 79.66, 62.30, 62.02, 57.60,
49.40, 47.37, 46.94, 46.71, 30.15, 29.53, 29.34, 28.47, 28.37, 25.10, 24.48, 24.32,
23.82; HRMS: C3,H4;07N;sBrS, Calcd: 718.1905 Found: 718.1902.

Methyl ((2-((S)-1-(pivaloyl-L-prolyl) pyrrolidine-2-carboxamido) phenyl)
sulfonyl)-L-prolinate 9:

Compound 9 was prepared by following the procedure for the synthesis of 8.
Purification by column chromatography (80:20 EtOAc/pet ether, R¢ 0.3) afforded
low melting solid 9 (90%). [a]*’p: —188.82° (¢ 0.1, CHCl3); IR (CHCl3) v (cm™):
3338, 2985, 1750, 1651, 1517, 1435, 1430, 1145, 765; '"H NMR (500 MHz,
CDCl) ¢: 9.84 (s, 1H), 8.48-8.47 (d, J = 8.3 Hz, 1H), 7.88-7.86 (dd, J = 8.0, 1.3
Hz, 1H), 7.56-7.53 (t, J = 8.3 Hz, 1H), 7.19-7.16 (t, J = 8.0 Hz, 1H), 4.84-4.82
(dd, J = 8.7, 3.2 Hz, 1H), 4.74-4.72 (m, 1H), 4.42-4.39 (dd, J = 8.8, 4.4 Hz, 1H),
3.93-3.88 (m, 1H), 3.78-3.74 (m, 3H), 3.72 (s, 3H), 3.32-3.29 (t, J = 6.6 Hz, 2H),
2.28-2.23 (m, 1H), 2.19-2.11 (m, 4H), 2.09-2.01 (m, 4H), 1.96-1.84 (m, 3H), 1.26
(s, 9H); °C NMR (125 MHz, CDCls) & 176.66, 172.45, 172.19, 171.19, 136.79,
134.27, 129.57, 125.28, 123.60, 123.52, 61.29, 59.85, 59.52, 52.72, 48.75, 48.52,

47.12, 38.61, 30.83, 29.33, 27.27, 27.18, 26.02, 24.90, 24.71; HRMS:
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C27H3907N4S, Calcd: 563.2534 Found: 5632531, C27H3gO7N4NaS, caled:
585.2353 Found: 585.2347.

(S)-N-(4-bromophenyl)-1-((2-((S)-1-(pivaloyl-L-prolyl) pyrrolidine-2-
carboxamido) phenyl) sulfonyl) pyrrolidine-2-carboxamide 10:

Compound 10 was prepared by following the procedure for the synthesis of 1.
Purification by column chromatography (80:20 EtOAc/pet ether, R¢ 0.4) afforded
white crystalline solid 10 (85%). mp: 118-119 °C; [a]”p: —145.37° (¢ 0.14,
CHCl;); IR (CHCl3) v (em™): 3268, 3117, 2974, 2881, 1689, 1600, 1534, 1320,
1161, 1070, 829, 756; 'H NMR (500 MHz, CDCl3) & 9.95 (s, 1H), 8.92 (s, 1H),
8.38-8.36 (d, /= 8.3 Hz, 1H), 7.85-7.83 (dd, J = 8.07, 1.2 Hz, 1H), 7.54-7.51 (t, J
= 8.3 Hz, 1H), 7.43-7.39 (m, 4H), 7.22-7.19 (t, J = 8.07 Hz, 1H), 4.72-4.69 (m,
1H), 4.67-4.64 (m, 1H), 4.36-4.34 (dd, J = 8.4, 1.9 Hz, 1H), 4.02-3.98 (dd, J =
16.6, 7.7 Hz, 1H), 3.73-3.66 (m, 3H), 3.56-3.51 (m, 1H), 3.46-3.43 (dd, J=17.1,
8.1 Hz, 1H), 2.2-2.14 (m, 3H), 2.12-2.05 (m, 3H), 2.04-1.95 (m, 2H), 1.88-1.83
(m, 2H), 1.80-1.74 (m, 2H), 1.24 (s, 9H); >C NMR (125 MHz, CDCl;) & 176.74,
172.99, 170.96, 169.16, 136.64, 136.46, 134.65, 131.71, 131.14, 129.94, 124.45,
124.29, 123.24, 121.95, 121.47, 117.14, 62.19, 61.94, 59.75, 49.61, 48.51, 47.42,
38.59, 30.39, 29.40, 27.23, 26.17, 25.19, 24.28; HRMS: Cs,H4;0¢NsBrS, Calcd:
702.1955 Found: 702.1952.

Tert-butyl (R)-2-((S)-2-((2-(((S)-2-(methoxycarbonyl) pyrrolidin-1-yl)
sulfonyl) phenyl) carbamoyl) pyrrolidine-1-carbonyl) pyrrolidine-1-
carboxylate 11:

Compound 11 was prepared by following the procedure for the synthesis of 8.
Purification by column chromatography (75:25 EtOAc/pet ether, Ry 0.5) afforded
11 as a viscous liquid (85%). [a]p: —113.32° (¢ 0.1, CHCl3); IR (CHCI:) v (cm

h): 3453, 3338, 2973, 2883, 1745, 1695, 1525, 1403, 1163, 1085, 886, 758; 'H
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NMR (400 MHz, CDCl3) J: 9.82;0tamer (0.8H), 9.61;0tamer (0.2H), 8.55-8.39 (m,
1H), 8.11otamer (0.2H), 7.98-7.840tamer (0.8H), 7.62-7.48 (m, 1H), 7.22-7.16 (t, J =
7.7 Hz, 1H), 4.69-4.65 (dd, J = 10.4, 5.3 Hz, 1H), 4.54-4.43 (m, 1H), 4.39-4.27
(m, 1H), 3.84-3.78 (m, 1H), 3.73 (s, 1H), 3.69 (s, 3H), 3.54-3.45 (m, 2H), 3.41-
3.25 (m, 2H), 2.29-2.21 (m, 2H), 2.18-2.12 (m, 2H), 2.09-2.02 (m, 3H), 1.97-1.88
(m, 4H), 1.87-1.82 (m, 1H), 1.420tamer (7H), 1.180tamer (2H); °C NMR (100 MHz,
CDCly) o: 172.89, 172.65, 172.47, 171.65, 171.02, 170.71, 170.56, 154.31,
153.96, 136.79, 136.26, 134.67, 134.20, 133.62, 130.13, 129.83, 129.73, 129.17,
128.07, 125.99, 125.67, 125.35, 124.50, 124.14, 123.70, 123.58, 123.08, 122.47,
79.80, 79.47, 61.56, 60.06, 59.34, 58.99, 58.34, 57.57, 52.74, 52.59, 52.48, 48.99,
48.59, 48.34, 47.34, 47.03, 46.90, 46.79, 46.38, 32.26, 32.09, 31.21, 30.86, 30.18,
29.60, 29.07, 28.41, 28.04, 24.98, 24.75, 24.56, 23.75, 23.34, 22.37; HRMS:
Cy7H3908N4S, Caled: 579.2483 Found: 579.2485; C,7H330s5N4NaS, caled:
601.2303 Found: 601.2298.

Tert-butyl (R)-2-((S)-2-((2-(((S)-2-((4-bromophenyl) carbamoyl) pyrrolidin-1-
yl) sulfonyl) phenyl) carbamoyl) pyrrolidine-1-carbonyl) pyrrolidine-1-
carboxylate 12:

Compound 12 was prepared by following the procedure for the synthesis of 1.
Purification by column chromatography (70:30 EtOAc/pet ether, R¢ 0.3) afforded
12 as a white solid (83%). mp: 126-128 °C; [a]p: —83.5° (¢ 0.14, CHCL); IR
(CHCI3) v(cm™): 3286, 2981, 2878, 1697, 1680, 1540, 1400, 1158, 756; '"H NMR
(400 MHz, CDCl3) 6: 10.08:tamer (0.3H), 9.68otamer (0.5H), 8.85:0tamer (0.7H),
8.50r0tamer (0.3H), 7.96-7.86 (dd, J = 7.5, 1.2 Hz, 1H), 7.73-7.55 (m, 1H), 7.50-
7.37 (m, SH), 7.27-7.21 (m, 1H), 4.74-4.50 (m, 1H), 4.48-4.37 (m, 1H), 4.34-4.09
(m, 1H), 3.90-3.70 (m, 1H), 3.67-3.57 (m, 1H), 3.56-3.38 (m, 4H), 2.33-2.16 (m,

4H), 2.14-2.02 (m, 2H), 1.99-1.84 (m, 4H), 1.83-1.79 (m, 2H), 1.3%0@mer (4H),
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1.20r0amer (3H); °C NMR (100 MHz, CDCl;) & 172.59, 172.36, 171.00, 170.15,
169.33, 169.11, 154.65, 153.82, 136.82, 136.27, 134.73, 134.22, 131.83, 131.60,
129.83, 128.01, 126.63, 125.40, 124.07, 122.97, 121.56, 117.11, 116.76, 79.94,
79.87, 62.59, 62.18, 61.82, 58.56, 58.01, 50.19, 49.34, 47.18, 46.92, 46.53, 41.31,
30.40, 30.22, 29.27, 29.13, 28.80, 28.43, 28.11, 25.30, 24.79, 24.66, 24.58, 24.42,
23.53, 22.58; HRMS: C3,H40-NsBrS, Calcd: 718.1905 Found: 718.1901.

Methyl ((2-((S)-1-(pivaloyl-D-prolyl) pyrrolidine-2-carboxamido) phenyl)
sulfonyl)-L-prolinate 13:

Compound 13 was prepared by following the procedure for the synthesis of 8.
Purification by column chromatography (95:5 EtOAc/pet ether, Ry 0.3) afforded
13 as a viscous liquid (69%). [a]*b: —105.89° (¢ 0.2, CHCLs); IR (CHCls) v (cm’
): 3414, 2971, 1744, 1649, 1609, 1522, 1428, 1332, 1159, 1086, 760; 'H NMR
(500 MHz, CDCl3) & 9.98,0tamer (0.6H), 9.49amer (0.4H), 8.57-8.55 (d, J = 8.3
Hz, 1H), 7.97-7.86 (m, 1H), 7.60-7.49 (m, 1H), 7.24-7.21 (t, J = 7.6 Hz, 1H),
5.17-5.15 (dd, J = 9.0, 2.1 Hz, 1H), 4.70-4.63 (m, 1H), 4.47-4.33 (m, 1H), 3.80-
3.70 (m, 3H), 3.65 (s, 3H), 3.56-3.53 (dd, J = 16.8, 7.8 Hz, 1H), 3.44-3.26 (m,
2H), 2.51-2.29 (m, 1H), 2.26-2.14 (m, 3H), 2.08-2.03 (m, 2H), 1.97-1.90 (m, 4H),
1.88-1.77 (m, 2H), 1.23,00mer (6H), 1.0110mer(3H); °C NMR (125 MHz, CDCl5)
o. 176.51, 173.31, 172.28, 171.70, 170.98, 136.44, 134.44, 133.53, 129.76,
129.34, 126.77, 125.78, 123.93, 122.38, 62.10, 61.53, 59.95, 52.70, 48.56, 47.10,
38.50, 32.15, 30.89, 29.10, 28.06, 27.24, 24.74, 22.62; HRMS: Cy7H3007N4S,
Calcd: 563.2534 Found: 563.2533; C,7H3307N4NaS, caled: 585.2353 Found:
585.2349.

(S)-N-(4-bromophenyl)-1-((2-((S)-1-(pivaloyl-D-prolyl) pyrrolidine-2-
carboxamido) phenyl) sulfonyl) pyrrolidine-2-carboxamide 2:
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Compound 2 was prepared by following the procedure for the synthesis of 1.
Purification by column chromatography (90:10 EtOAc/pet ether, R¢ 0.3) afforded
2 as a white solid (91%). mp: 117-118 °C [a]*p: —109.32° (¢ 0.16, CHCls); IR
(CHCl3) v (cm™): 3226, 3114, 2978, 2882, 1684, 1607, 1532, 1436, 1322, 1162,
1075, 829, 756; '"H NMR (500 MHz, CDCls) & 9.46 (s, 1H), 9.12 (s, 1H), 7.90-
7.89 (d, J= 8.1 Hz, 1H), 7.74-7.73 (d, /= 7.8 Hz, 1H), 7.45-7.42 (dd, J=8.1, 1.4
Hz, 1H), 7.39-7.34 (m, 4H), 7.26-7.23 (t, J = 7.8 Hz, 1H), 4.68-4.66 (m, 2H),
4.43-4.38 (m, 1H), 4.16 (bs, 1H), 3.77-3.71 (m, 2H), 3.65-3.61 (m, 1H), 3.60-3.54
(m, 1H), 3.50-3.44 (m, 1H), 2.33-2.25 (m, 2H), 2.21-2.11 (m, 4H), 2.06-1.98 (m,
2H), 1.92-1.85 (m, 3H), 1.82-1.77 (m, 1H), 1.02 (s, 9H); °C NMR (125 MHz,
CDCl) ¢6: 177.23, 172.5, 171.36, 169.53, 136.92, 136.56, 136.03, 134.14, 131.93,
131.45, 130.28, 128.98, 127.18, 125.66, 124.26, 121.48, 116.53, 62.86, 61.68,
60.24, 49.06, 48.55, 47.14, 38.48, 32.07, 30.56, 29.43, 28.05, 27.08, 26.83, 26.20,
24.93, 24.52; HRMS: C3;H4;06NsBrS, Caled: 702.1955 Found: 702.1953.

Methyl ((2-(2-azidoacetamido) phenyl) sulfonyl)-L-prolinate 14a:

To a stirred solution of 6 (1 g, 3.52 mmol) in DCM (30 mL), Et;N (0.98 mL, 7.04
mmol) and bromoacetyl bromide (0.85 g, 4.2 mmol) were added dropwise
sequentially at 0 °C. The reaction mixture was stirred at room temperature for 1 h
and after completion of reaction; it was diluted with DCM (30 mL). The organic
layer was washed with water, sat. NaHCOj; and brine. The organic layer was dried
over Na,SO,4 and volatiles were evaporated under reduced pressure. Purification
by column chromatography (40:60 EtOAc/pet ether, Ry 0.4) afforded 14a as a
viscous liquid (1.34 g, 95%). [a]*°p: =60.6° (¢ 0.3, CHCl;); IR (CHCl3) v (cm™):
3305, 3020, 2956, 1742, 1698, 1586, 1531, 1466, 1437, 1337, 1216, 1154, 766,

667, 607, 578; 'H NMR (400 MHz, CDCl3) & 10.13 (s, 1H), 8.51-8.49 (d, J= 8.3
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Hz, 1H), 7.96-7.94 (dd, J = 8.0, 1.5 Hz, 1H), 7.65-7.60 (m, 1H), 7.29-7.25 (m,
1H), 4.48-4.44 (m, 1H), 4.15-4.11 (d, J = 4.7 Hz, 2H), 3.72 (s, 3H), 3.41-3.35 (m,
2H), 2.26-2.19 (m, 1H), 2.09-2.03 (m, 1H), 1.98-1.90 (m, 2H); °C NMR (100
MHz, CDCl3) &: 172.51, 164.96, 136.10, 134.49, 129.98, 125.72, 124.26, 122.83,
59.52, 52.68, 48.67, 30.96, 29.38, 24.68; HRMS: C;4H;30sN,BrS, Calcd:
407.0094 Found: 407.0089.

Methyl ((2-(2-azidoacetamido) phenyl) sulfonyl)-L-prolinate 14b:

To a stirred solution of 14a (0.8 g, 1.97 mmol) in DMF (5 mL), NaN;3 (0.38 g,
5.91 mmol) was added and the reaction mixture was heated at 50 °C for 1 h. The
reaction mixture was diluted with EtOAc (30 mL) and washed with water and
brine. The organic layer was dried over Na,SO4 and evaporated in vacuum.
Purification by column chromatography (40:60 EtOAc/pet ether, R¢ 0.4) afforded
14b as a viscous liquid (0.69 g, 96%). [a]*°p: =71.79° (¢ 0.3, CHCl;); IR (CHCls)
v (em™): 3305, 3021, 2116, 1704, 1586, 1531, 1437, 1338, 1284, 1218, 1153,
1021, 771, 668, 608; '"H NMR (400 MHz, CDCl3) & 10.11 (s, 1H), 8.54-8.52 (d, J
= 8.3 Hz, 1H), 7.94-7.92 (d, J = 7.8 Hz, 1H), 7.62-7.58 (t, /= 7.3 Hz, 1H), 7.27-
7.23 (m, 1H), 4.45-4.41 (m, 1H), 4.18-4.16 (m, 2H), 3.67 (s, 3H), 3.40-3.37 (m,
2H), 2.24-2.18 (m, 1H), 2.08-2.02 (m, 1H), 1.98-1.88 (m, 2H); >*C NMR (100
MHz, CDCl;) o: 172.36, 165.87, 135.84, 134.45, 129.90, 125.86, 124.18, 122.77,
59.68, 53.19, 52.60, 48.61, 31.01, 24.62; HRMS: Ci4H;305N5sS, Calcd: 368.1023
Found: 368.1022; C4H;705NsNaS, calcd: 390.0843 Found: 390.0838.

Tert-butyl (S)-2-((2-((2-(((S)-2-(methoxycarbonyl) pyrrolidin-1-yl) sulfonyl)
phenyl) amino)-2-oxoethyl) carbamoyl) pyrrolidine-1-carboxylate 16:

To a solution of 14b (0.7 g, 1.9 mmol) in EtOAc (20 mL), 10% Pd/C (0.07 g) was

added. The reaction mixture was stirred at 60 psi H, atmosphere for 8 h. The
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catalyst was filtered through celite and the filtrate was concentrated to obtain
crude product 14c, which was used for the next step without purification. The
product 16 was obtained from 14¢ following the procedure for 8. Purification by
column chromatography (70:30 EtOAc/pet ether, Rs 0.3) afforded 16 as a viscous
liquid (76%). [a]”b: —92.17° (¢ 0.16, CHCl); IR (CHCl3) v (cm™): 3314, 2982,
1747, 1699, 1507, 1507, 1395, 1338, 1154, 760; '"H NMR (400 MHz, CDCl3) &
9.90 (bs, 1H), 8.45 (bs, 1H), 7.89-7.87 (d, J = 7.9 Hz, 1H), 7.70 (bs, 1H), 7.60-
7.57 (t, J="7.6 Hz, 1H), 7.24-7.20 (t, J = 7.9 Hz, 1H), 4.42 (bs, 1H), 4.32-4.25 (m,
1H), 4.20-4.10 (m, 1H), 3.76-3.68 (m, 3H), 3.48 (s, 2H), 3.36-3.28 (m, 3H), 2.21-
2.12 (m, 2H), 2.07-2.00 (m, 2H), 1.97-1.94 (m, 2H), 1.87-1.85 (m, 2H), 1.46 (s,
9H); *C NMR (100 MHz, CDCL;) & 172.91, 168.09, 136.13, 134.42, 129.83,
125.46, 123.88, 123.05, 80.45, 59.59, 52.79, 48.58, 47.18, 43.82, 30.86, 28.32,
24.66; HRMS: C,4H3505N4S, Caled: 539.2170 Found: 539.2171; Cy4H3403N4NaS,
calcd: 561.1990 Found: 561.1989.

Tert-butyl (S)-2-((2-((2-(((S)-2-((4-bromophenyl) carbamoyl) pyrrolidin-1-yl)
sulfonyl) phenyl) amino)-2-oxoethyl) carbamoyl) pyrrolidine-1-carboxylate
17:

Compound 17 was prepared by following the procedure for the synthesis of 1.
Purification by column chromatography (70:30 EtOAc/pet ether, R¢ 0.3) afforded
17 as a white crystalline solid (66%). mp: 116-118 °C; [a]*°p: —118.28° (¢ 0.12,
CHCl); IR (CHCl3) v (em™): 3318, 3120, 2976, 1681, 1592, 1400, 1332, 1161,
1079, 827, 759; '"H NMR (500 MHz, CDCl;) & 9.98 (s, 1H), 8.90 (s, 1H), 8.40-
8.39 (d, J=8.2 Hz, 1H), 7.92 (bs, 1H), 7.88-7.86 (d, J= 7.6 Hz, 1H), 7.60-7.57 (t,
J=28.2 Hz, 1H), 7.48-7.41 (m, 4H), 7.26-7.24 (t, J = 7.6 Hz, 1H), 4.47 (bs, 1H),
4.38-4.36 (m, 1H), 4.14 (bs, 1H), 4.00 (bs, 1H), 3.64 (s, 1H), 3.43-3.41 (m, 1H),

3.32 (bs, 2H), 2.18-2.15 (m, 1H), 2.00-1.85 (m, 5H), 1.77-1.74 (m, 2H), 1.46 (s,
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9H); >C NMR (125 MHz, CDCLy) & 173.68, 169.31, 167.75, 136.69, 135.79,
134.67, 131.82, 129.97 125.08, 124.47, 123.35, 121.52, 117.07, 80.83, 62.63,
59.97, 49.24, 47.29, 44.23, 41.31, 30.65, 28.37, 27.63, 24.43, 22.59, 20.4, 19.40;
HRMS: CH3707N5BrS, Calcd: 678.1592 Found: 678.1594.

Methyl ((2-(2-((S)-1-pivaloylpyrrolidine-2-carboxamido) acetamido) phenyl)
sulfonyl)-L-prolinate 18:

Compound 18 was prepared by following the procedure for the synthesis of 8.
Purification by column chromatography (90:10 EtOAc/pet ether, Ry 0.4) afforded
18 as a viscous liquid (71%). [a]*p: —97.7° (¢ 0.26, CHCls); IR (CHCI;) v (cm™):
3320, 2968, 1749, 1695, 1505, 1338, 1150, 760; 'H NMR (400 MHz, CDCl;) &
9.88 (s, 1H), 8.47-8.45 (d, J = 8.3 Hz, 1H), 7.88-7.86 (d, J = 7.8 Hz, 1H), 7.59-
7.56 (t, J = 8.3 Hz, 1H), 7.49 (s, 1H), 7.23-7.19 (t, J = 7.8 Hz, 1H), 4.72-4.69 (m,
1H), 4.41 (dd, J = 8.6, 3.9 Hz, 1H), 4.29-4.22 (m, 1H), 4.12-4.05 (m, 1H), 3.76-
3.73 (m, 2H), 3.72 (s, 3H), 3.35-3.25 (m, 2H), 2.31-2.28 (m, 1H), 2.19-2.11 (m,
2H), 2.07-2.00 (m, 1H), 1.94-1.90 (m, 2H), 1.88-1.85 (m, 2H), 1.28 (s, 9H); *C
NMR (100 MHz, CDCls) & 178.14, 172.85, 172.54, 168.10, 136.20, 134.39,
129.76, 125.51, 123.84, 123.11, 61.90, 59.58, 52.75, 48.44, 43.86, 39.18, 30.85,
27.43, 26.78, 25.79, 24.62; HRMS: C,4H3s0;N4S, Calcd: 523.2221 Found:
523.2221; Cy4H3407N4NaS8, caled: 545.2040 Found: 545.2038.

(S)-N-(4-bromophenyl)-1-((2-(2-((S)-1-pivaloylpyrrolidine-2-carboxamido)
acetamido) phenyl) sulfonyl) pyrrolidine-2-carboxamide 3:

Compound 3 was prepared by following the procedure for the synthesis of 1.
Purification by column chromatography (90:10 EtOAc/pet ether, Ry 0.4) afforded
3 as a white crystalline solid (58%). mp: 109-110 °C; [a]*’p: —122.94° (¢ 0.11,
CHCl); IR (CHCL3) v (em™): 3418, 2970, 2970, 1643, 1580, 1418, 1223, 1117,

1088, 770; "H NMR (400 MHz, CDCls) & 9.97 (s, 1H), 9.05 (s, 1H), 8.32-8.30 (d,

2016 Ph.D. thesis: Tukaram S. Ingole, University of Pune 129



Chapter 2

J=28.2Hz, 1H), 7.86-7.84 (dd, J=7.9, 1.1 Hz, 1H), 7.64 (s, 1H), 7.57-7.54 (t, J =
8.2 Hz, 1H), 7.45-7.38 (m, 4H), 7.26-7.24 (t, J = 7.9 Hz, 1H), 4.74-4.71(dd, J =
7.8, 3.9 Hz, 1H), 4.44-4.41 (dd, J= 8.2, 2.8 Hz, 1H), 4.09-4.03 (m, 2H), 3.74-3.68
(m, 2H), 3.66-3.60 (m, 1H), 3.39-3.33 (dd, J = 16.9, 7.4 Hz, 1H), 2.28-2.22 (m,
1H), 2.20-2.14 (m, 1H), 2.09-2.04 (m, 1H), 1.97-1.89 (m, 4H), 1.80-1.76 (m, 1H),
1.27 (s, 9H); °C NMR (100 MHz, CDCls) & 178.47, 173.47, 169.29, 167.93,
136.75, 135.71, 134.51, 131.75, 129.82, 125.68, 124.56, 123.66, 121.47, 117.00,
62.53, 62.02, 49.31, 48.51, 44.08, 39.19, 30.67, 29.66, 27.41, 26.60, 25.94, 24.44;
HRMS: Cy9H3706NsBrS, Caled: 662.1642 Found: 662.1640.
Compounds 15a-c were prepared by the reported procedures.18b

Tert-butyl (R)-2-((1-((2-(((S)-2-(methoxycarbonyl) pyrrolidin-1-yl) sulfonyl)
phenyl) amino)-2-methyl-1-oxopropan-2-yl) carbamoyl) pyrrolidine-1-
carboxylate 19:

Compound 19 was prepared by following the procedure for the synthesis of 8. The
Purification by column chromatography (60:40 EtOAc/pet ether, R¢ 0.3) afforded
19 as a low melting solid (96%). mp: 54 °C; [a]*p: —81.45° (¢ 0.15, CHCI;); IR
(CHCI3) v(cm™): 3316, 2981, 1748, 1699, 1518, 1334, 1447, 834, 604; 'H NMR
(400 MHz, CDCls) ¢: 10.09 (s, 1H), 8.61-8.59 (d, J = 8.1 Hz, 1H), 7.82-7.80 (d, J
=79 Hz, 1H), 7.78 (s, 1H), 7.57-7.53 (t, J= 8.1 Hz, 1H), 7.19-7.15 (t, /= 7.9 Hz,
1H), 4.34-4.31 (m, 2H), 3.64 (s, 3H), 3.53-3.45 (m, 2H), 3.38-3.31 (m, 2H), 2.07-
1.97 (m, 4H), 1.95-1.91 (m, 1H), 1.85-1.81 (m, 3H), 1.59 (s, 6H), 1.48 (s, 9H); "*C
NMR (100 MHz, CDCls) ¢: 173.16, 172.00, 134.28, 129.33, 124.84, 123.34,
122.10, 80.43, 60.27, 57.51, 53.28, 53.01, 52.74, 48.34, 47.10, 30.86, 28.29,

24.51; HRMS: CysH3908N4S, Calcd: 567.2483 Found: 567.2484; C,sH3s0sN4NaS,

calcd: 589.2303 Found: 589.2300.
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Tert-butyl (R)-2-((1-((2-(((S)-2-((4-bromophenyl) carbamoyl) pyrrolidin-1-yl)
sulfonyl) phenyl) amino)-2-methyl-1-oxopropan-2-yl) carbamoyl)
pyrrolidine-1-carboxylate 20:

Compound 20 was prepared by following the procedure for the synthesis of 1.
Purification by column chromatography (60:40 EtOAc/pet ether, R¢ 0.3) afforded
20 as a white solid (94%). mp: 92-93 °C; [a]*°p: —135.49° (¢ 0.17, CHCl3); IR
(CHCI3) v(cm™): 3388, 2969, 1655, 1590, 1406, 1119, 770; '"H NMR (500 MHz,
CDCl) ¢&: 10.12 (s, 1H), 8.79 (s, 1H), 8.45-8.44 (d, J = 8.4 Hz, 1H), 7.86-7.85 (d,
J=17.9Hz, 1H), 7.75 (s, 1H), 7.54-7.51 (t, J = 8.4 Hz, 1H), 7.38 (s, 4H), 7.21-7.18
(t,J=7.9 Hz, 1H), 4.39-4.35 (m, 1H), 4.33 (bs, 1H), 3.72-3.68 (m, 1H), 3.49-3.45
(dd, J = 16.8, 8.1 Hz, 1H), 3.32 (bs, 2H), 2.21-2.18 (m, 1H), 1.98-1.91 (m, 2H),
1.84-1.75 (m, 4H), 1.72-1.68 (m, 1H), 1.64 (s, 3H), 1.57 (s, 3H), 1.48 (s, 9H); °C
NMR (125 MHz, CDCls) &: 172.69, 172.48, 169.19, 136.86, 136.53, 134.80,
131.63, 129.81, 124.21, 123.98, 122.87, 121.87, 117.03, 80.80, 62.31, 59.97,
57.41, 49.62, 47.16, 41.31, 30.99, 28.33, 24.42, 22.59; HRMS: C3,H4;07NsBrS,

Calcd: 706.1905 Found: 706.1908.

Methyl ((2-(2-methyl-2-((R)-1-pivaloylpyrrolidine-2-carboxamido)
propanamido) phenyl) sulfonyl)-L-prolinate 21:

Compound 21 was prepared by following the procedure for the synthesis of 8.
Purification by column chromatography (70:30 EtOAc/pet ether, R¢ 0.2) afforded
21 as a low melting solid (87%). mp: 48-49 °C; [a]*”p: —91.50° (c 0.12, CHCL3);
IR (CHCl;) v (cm™): 3315, 2983, 1750, 1697, 1521, 1336, 1148, 761; '"H NMR
(500 MHz, CDCl3) ¢: 10.12 (s, 1H), 8.60-8.58 (d, J = 8.3 Hz, 1H), 7.82-7.80 (d, J
= 7.7 Hz, 1H), 7.58 (bs, 1H), 7.56-7.53 (t, J = 8.3 Hz, 1H), 7.18-7.15 (t, J = 7.7
Hz, 1H), 4.68-4.66 (m, 1H), 4.34-4.31 (m, 1H), 3.71-3.68 (m, 2H), 3.65 (s, 3H),

3.54-3.50 (m, 1H), 3.35-3.30 (m, 1H), 2.30-2.25 (m, 1H), 2.10-2.03 (m, 2H), 2.02-
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1.96 (m, 2H), 1.91-1.81 (m, 3H), 1.58 (d, 6H), 1.27 (s, 9H); °C NMR (125 MHz,
CDCly) & 17824, 17327, 172.05, 171.81, 137.28, 134.27, 129.31, 124.96,
123.38, 122.32, 122.14, 61.95, 61.77, 60.41, 60.30, 57.54, 52.45, 48.36, 39.23,
30.88, 27.51, 25.94, 25.83, 25.33, 24.66, 24.52, 24.10; HRMS: CysH3007N,S,
Calcd: 551.2534 Found: 551.2536; C,sH3307N4NaS, Calcd: 573.2353 Found:
573.2353.

(S)-N-(4-bromophenyl)-1-((2-(2-methyl-2-((R)-1-pivaloylpyrrolidine-2-
carboxamido) propanamido) phenyl) sulfonyl) pyrrolidine-2-carboxamide 4:

Compound 4 was prepared by following the procedure for the synthesis of 1.
Purification by column chromatography (70:30 EtOAc/pet ether, R¢ 0.2) afforded
4 as a white solid (77%). mp: 101-103 °C; [a]*°p: —101.32° (¢ 0.14, CHCl3); IR
(CHCIL3) v (em™): 3370, 2973, 1671, 1594, 1529, 1424, 1332, 1155, 1076, 826,
766; "H NMR (500 MHz, CDCl3) & 10.100tamer (0.2H), 10.060tamer (0.8H), 8.82
(s, 1H), 8.39-8.37 (d, J = 8.3 Hz, 1H), 7.85-7.83 (dd, J = 8.0, 1.4 Hz, 1H), 7.53-
7.50 (t, J = 8.3 Hz, 1H), 7.43 (s, 1H), 7.41-7.37 (m, 4H), 7.21-7.18 (t, J = 8.0 Hz,
1H), 4.66-4.63 (dd, J = 8.0, 3.6 Hz, 1H), 4.38-4.35 (m, 1H), 3.71-3.65 (m, 2H),
3.58-3.52 (m, 1H), 3.48-3.42 (m, 1H), 2.24-2.20 (m, 1H), 2.18-2.13 (m, 1H), 1.96-
1.88 (m, 3H), 1.86-1.78 (m, 3H), 1.60 (s, 3H), 1.54 (s, 3H), 1.24 (s, 9H); “C
NMR (125 MHz, CDCls) & 178.39, 172.91, 172.33, 172.17, 169.15, 136.95,
136.54, 134.68, 131.64, 129.73, 129.66, 124.70, 124.11, 124.00, 123.43, 123.07,
121.82, 117.00, 62.33, 61.71, 57.36, 49.71, 49.55, 48.33, 39.19, 30.82, 27.40,
26.16, 25.89, 25.79, 25.49, 24.88, 24.42, 24.25; HRMS: C;3;H4;06N;sBrS, Calcd:

690.1955 Found: 690.1954.
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D:\Dataltuka_3 316/2015 12:00:33 PM
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D/\Data\uka_6

tuka_6#110 RT: 0.4 AV: 1 NL 4.36E8
T: FTMS + p ESI Full ms [85.40-1281.00]
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Di\Dataltuka_9_150316124741 362015 124741 PM
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D:\Dataituka_11_150316125800 3/16/2015 12:58:00 PM
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Cr\Dataltuka_15
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D\Dataltuka_17_150316133645
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10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5
Chemical shift (ppm)

NOTE: Extra signals and / or signal broadening are seen due to rotamer (minor
conformer) formation at N-terminus of proline residue (Chem. Eur. J. 2008, 14,

6192).

10.5 10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5
Chemical shift (ppm)

NOTE: Extra signals and / or signal broadening are seen due to rotamer (minor
conformer) formation at N-terminus of proline residue (Chem. Eur. J. 2008, 14,

6192).
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[ R R

T T T T T T T T T T T T T T T T T T T T
10.5 10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5

NOTE: Extra signals and / or signal broadening are seen due to rotamer (minor
conformer) formation at N-terminus of proline residue (Chem. Eur. J. 2008, 14,
6192).

'H NMR (400 MHz, CDCL,)

10.5 10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0
Chemical shift (ppm)

NOTE: Extra signals and / or signal broadening are seen due to rotamer (minor

conformer) formation at N-terminus of proline residue (Chem. Eur. J. 2008, 14,
6192).

2016 Ph.D. thesis: Tukaram S. Ingole, University of Pune 144



Chapter 2

1.23

oT

10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 4.5 4.0 3.5 3.0 2.5 2.0 15

6.0 5.5 5.0
Chemical shift (ppm)

NOTE: Extra signals and / or signal broadening are seen due to rotamer (minor
conformer) formation at N-terminus of proline residue (Chem. Eur. J. 2008, 14,
6192).

H NMR (500 MHz, CDCl,)

4.0 3.5 3.0 2.5 2.0 15 1.0

Che?ﬁlscal shlftsfgpm) +3
NOTE: Extra signals and / or signal broadening are seen due to rotamer (minor
conformer) formation at N-terminus of proline residue (Chem. Eur. J. 2008, 14,
6192).
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Chemical shift (ppm)

NOTE: Extra signals and / or signal broadening are seen due to rotamer (minor
conformer) formation at N-terminus of proline residue (Chem. Eur. J. 2008, 14,
6192).
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NOTE: Extra signals and / or signal broadening are seen due to rotamer (minor
conformer) formation at N-terminus of proline residue (Chem. Eur. J. 2008, 14,
6192).
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Table 2.3 Titration study of 10 (a close analogue of 1) in CDCl; (5 mM) with

DMSO-ds (volume of DMSO-d;s added at each addition =5 pL).

No | Volume of Chemical Shift &
DMSO-d; (ppm)
(uL) NH1 NH2

1 0 9.96 8.91
2 5 9.94 8.95
3 10 9.92 8.99
4 15 9.91 9.03
5 20 9.9 9.07
6 25 9.89 9.12
7 30 9.88 9.16
8 35 9.87 9.2
9 40 9.86 9.23
10 45 9.85 9.26
11 50 9.84 9.28

Table 2.4 Titration study of 2 in CDCl; (5 mM) with DMSO-ds (volume of
DMSO-d;s added at each addition =5 pL)

No | Volume of Chemical Shift
DMSO-d; (ppm)
(uL) NH1 NH2

1 0 9.46 9.12
2 5 9.44 9.11
3 10 9.42 9.11
4 15 9.4 9.11
5 20 9.39 9.1
6 25 9.38 9.1
7 30 9.37 9.1
8 35 9.36 9.1
9 40 9.35 9.1
10 45 9.34 9.09
11 50 9.34 9.09
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Table 2.5 Titration study of 3 in CDCl; (5 mM) with DMSO-d; (volume of

DMSO-d;s added at each addition =5 pL)

No | Volume of Chemical Shift &

DMSO-ds (ppm)

(uL) NH1 | NH2 | NH3
1 0 7.64 10 9
2 5 7.68 | 9.99 | 9.02
3 10 7.72 | 9.98 | 9.03
4 15 7.75 | 9.97 | 9.04
5 20 7.78 | 9.95 | 9.05
6 25 7.81 | 9.94 | 9.06
7 30 7.84 | 9.93 | 9.08
8 35 7.88 | 991 | 9.09
9 40 7.91 9.9 9.1
10 45 794 | 9.89 | 9.12
11 50 7.97 | 9.87 | 9.14

Table 2.6 Titration study of 20 (a close analogue of 4) in CDCl; (5 mM) with
DMSO-ds (volume of DMSO-ds added at each addition =5 pL)

No | Volume of Chemical Shift &

DMSO-dg (ppm)

(#L) NH1 | NH2 | NH3
1 0 7.76 | 10.13 | 8.77
2 5 7.72 | 10.12 | 8.79
3 10 7.68 10.1 | 8.81
4 15 7.65 | 10.08 | 8.82
5 20 7.62 | 10.06 | 8.83
6 25 7.58 | 10.05 | 8.85
7 30 7.54 | 10.03 | 8.87
8 35 7.49 | 10.01 | 8.89
9 40 7.46 | 9.99 8.9
10 45 743 | 9.97 | 8.91
11 50 7.39 | 9.96 | 8.91

N
Br
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Table 2.7 Variable temperature study of 10 (a close analogue of 1) (5 mM,
400 MHz, CDCly)

No | Temperature Chemical
K) Shift & in
ppm
NH1 | NH2
1 268 9.97 | 9.05
2 273 9.97 | 9.02
3 278 9.97 9

4 283 9.96 | 8.98
5 288 9.96 | 8.95
6 293 9.96 | 8.93
7 298 9.95 | 8.91
8 303 9.95 | 8.89
9 308 9.95 | 8.87
10 313 9.94 | 8.84
11 318 9.94 | 8.82

12 323 9.94 8.8

Table 2.8 Variable temperature study of 2 (5 mM, 400 MHz, CDCl;)

No | Temperature Chemical
) Shift & in
ppm

NH1 | NH2
1 268 9.45 | 9.18
2 273 9.45 | 9.17
3 278 945 | 9.16
4 283 9.45 | 9.15
5 288 945 | 9.14
6 293 946 | 9.13
7 298 946 | 9.12

8 303 9.46 9.1
9 308 9.47 9.1
10 313 947 | 9.09
11 318 947 | 9.08
12 323 948 | 9.07
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Table 2.9 Variable temperature study of 3 (5 mM, 400 MHz, CDCls)

No | Temperature Chemical Shift 6
) (ppm)

NH1 | NH2 | NH3
1 268 7.77 | 10.03 | 9.06
2 273 7.75 | 10.03 | 9.05
3 278 7.73 | 10.02 | 9.04
4 283 7.71 | 10.02 | 9.03
5 288 7.68 | 10.01 | 9.02
6 293 7.66 10 9.01
7 298 7.64 10 8.99
8 303 7.61 | 9.99 | 8.98
9 308 7.58 | 998 | 8.97
10 313 7.55 | 998 | 8.95
11 318 7.53 | 997 | 8.94
12 323 7.51 | 9.96 | 8.93

Table 2.10 Variable temperature study of 20 (a close analogue of 4) (5 mM,

400 MHz, CDCly)
No | Temperature Chemical Shift o
X (ppm)

NH1 | NH2 | NH3
1 268 7.78 | 10.15 | 8.85
2 273 7.77 | 10.15 | 8.84
3 278 7.77 | 10.15 | 8.83
4 283 7.77 | 10.14 | 8.81
5 288 7.76 | 10.13 | 8.8
6 293 7.76 | 10.13 | 8.79
7 298 7.76 | 10.13 | 8.77
8 303 7.73 | 10.13 | 8.76
9 308 7.72 | 10.12 | 8.76
10 313 7.68 | 10.12 | 8.75
11 318 7.64 | 10.12 | 8.74
12 323 7.6 | 10.11 | 8.73

N
Br
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Fig. 2.14 Partial COSY spectra of tetramer 10 (a close analogue of 1) (28 mM,
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Fig. 2.20 Partial TOCSY spectra of tetramer 2 (30 mM, 500MHz, CDCl;):
aromatic (a) and aliphatic regions (b).
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Fig. 2.21 Partial HSQC spectra of tetramer 2 (30 mM, 500MHz, CDCl3): aromatic
(a) and aliphatic regions (b).
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Fig. 2.23 2D NOESY full spectrum and selected nOe extracts of tetramer 2 (30
mM, 500 MHz, CDCl5).
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Fig. 2.24 Partial COSY spectra of tetramer 3 (63 mM, 400 MHz, CDCl;):
aromatic (a) and aliphatic regions (b).
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Fig. 2.25 Partial HSQC spectra of tetramer 3 (63 mM, 400 MHz, CDCls):
aromatic (a) and aliphatic regions (b).
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Fig. 2.26 Partial HMBC spectra of tetramer 3 (63 mM, 400 MHz, CDCl;):
aromatic (a) and aliphatic regions (b).
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Fig. 2.27 2D NOESY full spectrum and selected nOe extracts of tetramer 3 (63
mM, 400 MHz, CDCl3).

2016 Ph.D. thesis: Tukaram S. Ingole, University of Pune 177



Chapter 2

C23H,C24H
C26H & C27H
C16H C13H 5
- S C14H
@ | :
ppm
g ® ® o 0© |
i) o o o [ 1.5
(5] ‘ © @ |
- 8.0
<] (o] @ ©0 ;8.5
S ) B B ) B A B
86 84 82 80 7.8 7.6 7.4 7.2 ppm
C9H
C2H FBOC

C5H&H’

C8H
C19H’ & 4H’
C19H & 4H
C3H&H’

C18H&H’j

b

°®
®

&

-3
o ®«
& © @ r

~4
o @ L

4.5 4.0 3.5

I B B I
3.0 2.5 2.0 1.5 ppm

Fig. 2.28 Partial TOCSY spectra of tetramer 20 (a close analogue of 4) (48 mM,
500 MHz, CDCls): aromatic (a) and aliphatic regions (b).
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Fig. 2.29 Partial HSQC spectra of tetramer 20 (a close analogue of 4) (48 mM,
500 MHz, CDCls): aromatic (a) and aliphatic regions (b).
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Table 2.11 nOe-derived distance constraints used in molecular modeling for
structure elucidation of peptide 2.

Chemical | Chemical | Upper | Lower
Atom I | AtomIl| “gyire1 | ShiftII | Bound | Bound
NHI C17H 9.470 7.738 3.876 | 3.171
NHI C7H 9.470 4.686 3.105 | 2.540
NHI CI18H 9.470 4.407 3.611 | 2.955
NHI CI10H 9.470 4.177 3.546 | 2.901
NHI C21H 9.470 3.650 4.804 | 3.931
NHI C8H 9.470 2.287 3.461 | 2.832
NHI Piv CH3 9.470 1.040 4211 | 3.446
NH2 Piv CH3 9.131 1.034 3.819 | 3.124
NH2 CI9H 9.131 2.009 4408 | 3.607
NH2 C3H 9.131 2.215 3.938 | 3.222
NH2 CI18H 9.131 4.401 2.870 | 2.349
NH2 C7H 9.131 4.686 4.710 | 3.853
NH2 C28H 9.131 7.387 2.790 | 2.283
C14H CI18H 7.902 4.407 3.071 | 2.512
C14H C21H’ 7.902 3.487 3.685 | 3.015
C14H C21H 7.902 3.632 4.519 | 3.697
C17H C8H 7.750 2.312 4.534 | 3.710
C27H C5H 7.381 3.753 3.938 | 3.222
C28H C5H 7.387 2.191 4.154 | 3.398
C28H C4H 7.387 1.918 4.097 | 3.352
C27H | PivCH3 7.381 1.034 3.410 | 2.790
C5H,H’ | Piv CH3 3.771 1.040 2.364 | 1.934
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Table 2.12 nOe-derived distance constraints used in molecular modeling for
structure elucidation of peptide 3.

Chemical | Chemical | Upper | Lower
Atom I} AtomIl | “gyie1 | Shift1I | Bound | Bound
NH2 NH3 9.976 9.068 4.617 | 3.778
NH2 Cl14H 9.976 8.318 4.048 | 3.312
NH2 NHI 9.976 7.645 3.247 | 2.657
NH2 CI5H 9.976 4.436 3.506 | 2.869
NH2 C7H 9.976 4.059 3.243 | 2.653
NH2 CI18H 9.976 3.643 4974 | 4.070
NH2 CI8H’ 9.976 3.364 4.071 | 3.331
NH3 PivCH3 9.068 1.270 4306 | 3.523
NH3 C4H 9.068 2.000 4.735 | 3.874
NH3 C16H 9.068 2.205 4.027 | 3.295
NH3 C7H 9.068 4.064 5.155 | 4.217
NH3 C15H 9.068 4.436 2.774 | 2.270
NH3 C25H 9.068 7.427 2.783 | 2.277
NH3 NH1 9.068 7.645 4.870 | 3.984
C14H C7H 8.318 4.075 5.009 | 4.099
C24H | PivCH3 7.428 1.270 3.560 | 2912
C24H C3H 7.434 2.244 4291 | 3.511
C25H C3H 7.428 2.244 4412 | 3.610
C24H C4H 7.428 2.000 6.005 | 4913
C24H | C5SHH’ 7.428 3.687 4.585 | 3.751
C25H C7H 7.423 4.059 4.109 | 3.362
NH1 C7H 7.645 4.059 3.024 | 2474
NHI C2H 7.645 4.726 2.806 | 2.296
C25H C2H 7.428 4.726 4978 | 4.073
C2H | Piv CH3 4.726 1.270 3991 | 3.265
CI5H | PivCH3 4.432 1.270 4.892 | 4.003
C5H,H’ | Piv CH3 3.710 1.270 2.593 | 2.122
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H-X-H three-centered hydrogen bonding promoted nonpeptidic
robust reverse turn mimetics

3.1 Introduction

Reverse turn and B-hairpin scaffolds are the smallest part of proteins and
polypeptides, which play a vital role in several fundamental biological
processes.” Because of significant biological properties, the reverse turn and B-
hairpin structures have attracted much attention. Several research groups have
constructed the model systems by making use of synthetically modified
backbones, which mimic intriguing structures and functions of these protein
subunits. With intensive research, chemists and biologists have shown that
synthetically modified novel peptidomimetic systems possess potential
applications in the interdisciplinary fields such as medicinal chemistry,’
organocatalysis’ and material chemistry.® In this context, in recent years,
researchers have shown that it is possible to prepare stable two-stranded’and
three-stranded® antiparallel p-sheets from short peptide sequence that contain 9-16
and 20-24 amino acid residues, respectively. Studies of synthetic B-sheet models
have provided fundamental insights into the peptide and protein aggregation
phenomenon and also helped us to understand protein topology and protein
design.”*®

B-hairpins (antiparallel B-sheets) can be constructed by attaching two
adjacent antiparallel peptide strands to a peptidic or nonpeptidic-based linker,
most often, a short loop or turn segment (Fig. 3.1a).” Parallel p-sheets can be
constructed using nonpeptidic turn motifs such as diamine (Fig. 3.1b) or diacid
(Fig. 3.1c) linker, which can connect adjacent peptide strands through the C-

. . . . . . 7-17
terminus-to-C-terminus or N-terminus-to-N-terminus connection respectively.
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Fig. 3.1 General schematic representation of antiparallel B-sheet (a) and parallel -
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Collectively, studies in the development of B-sheet models revealed that in
addition to the noncovalent interactions, there are two factors which substantially
determine the stability of B-sheet structures: one is the turn scaffold which holds
adjacent peptide strands and another is its precise position in the peptide sequence.

In the previous chapters, literature precedents on the development of
nonpeptidic-based turn mimetics that can stabilize B-sheet structures have been
discussed in detail. Herein, we discuss the turn mimetics, in particular, that finds
application in generating parallel B-sheet models. In this context, Kelly group
reported a dibenzofuran moiety-based diacid linker that promote parallel B-sheet
conformation in peptides.” Feigel group prepared parallel B-sheet macrocycles
using central scaffolds such as phenoxathiin-4,6-dicarboxylic acid and 2.8-
dimethyl-4,6-bis(aminomethyl)phenoxathiin-10,10-dioxide moities.® Sogah group
studied the parallel B-sheet models that contain 2,8-dimethylphenoxathiin 4,6-
dicarboxylic acid motif as a turn inducing scaffold.” Nowick group prepared
artificial parallel p-sheet models utilizing urea-based reverse turn mimetics.'®
Karle group developed the norbornene-based reverse turn scaffold to induce
parallel B-sheet structures.'’ Gellman reported the reverse turn scaffold such as D-
prolyl-(1,1-dimethyl)-1,2-diaminoethyl linker (D-Pro-DADME) to induce parallel
B-sheet conformation (Fig. 3.2a)."> Subsequently, Gellman group also utilized

diacid linker-based reverse turn mimetics such as cis-1,2-cyclohexanedicarboxylic
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acid-Gly [(S,R)-CHDA-Gly, Fig. 3.2b] to create parallel B-sheet structures,
wherein they attached adjacent peptide strands to nonpeptidic reverse turn scaffold
via N-terminus-to-N-terminus connection.”” Similarly, Lee group introduced D-
prolyl-cis-1,2-diaminocyclohexane  (D-Pro-DACH); a  conformationally
constrained turn scaffold, which can find application in the generation of parallel
B-sheet structures (Fig. 3.2c)."* Kraatz and coworkers developed ferrocene-
derived diacid linker which acts as a reverse turn scaffold to induce parallel sheet
conformation in peptides.” An intriguing example of urea-based nonpeptidic
reverse turn scaffold was developed by Smith group, which can promote parallel
B-sheet conformation in a cyclopropane-based y-amino acid-containing peptide
(Fig. 3.2d)."® Smith group further showed that synthetically modified urea-based

analogues efficiently catalyze the asymmetric Mukaiyama-Mannich reaction (Fig.

3.2¢)."
(@ ‘ (b) ’ (C)L/XH,(H
E%‘]/ llln/ N O p
: o) YL\O\\“"H\N
OvwnH—N ‘l(\OumH N “,
”, O
H~
(d) (e)
F3C Hlllluo F3C HIIlIIlO
| |
ot o
H H H H

Fig. 3.2 Various templates for the induction of parallel B-sheet structures (a-d) and
dual hydrogen-bonded urea-based organocatalyst for Mukaiyama-Mannich
reaction (e).

3.2 Objective and design strategy

Herein we have designed the urea-based H-X-H three-centered hydrogen

bonding-stabilized reverse turn scaffold containing a >Ant-Pro reverse turn and a

2016 Ph.D. thesis: Tukaram S. Ingole, University of Pune 190



Part A Chapter 3

urea moiety at the N-terminus of the turn motif (Fig. 3.3). We anticipated that the
urea NHs would form intramolecular dual hydrogen bonding with the C=0O of
proline. In this regard, the urea moiety can be installed at the N-terminus of SAnt-
Pro reverse turn scaffold'® by reacting H,N-°Ant-Pro with trichloroacetyl chloride
to access trichloroacetamide 3 and further reacting it with the amine counterpart.
In the present study, trichloroacetamide derivative 3 was used as a common
intermediate to generate the unsymmetrical urea analogues (4-9) via coupling with
various amines (Fig. 3.3). This urea-based dual hydrogen-bonded reverse turn
scaffold can be linked to the peptide strands via N-terminus-to-N-terminus

connection and thus can promote parallel-sheet structures in the peptides.

“
O\ —N iwH O\S/N inwH H Qg/’\’%\t H
)\CCl }—x
o 3

3 4-9
X=NHR

Fig. 3.3 Design strategy for the H-X-H three centered dual hydrogen bonding-
stabilized reverse turn scaffold.
3.3 Results and discussion
3.3.1 Synthesis

The unsymmetrical urea analogues were synthesized from amine NH,-
S Ant-Pro-'Bu building block as displayed in the scheme 3.1. The synthesis started
by coupling of H-Pro-'Bu 1b'" with the 2-nitrobenzenesulfonyl chloride in the
presence of DIEA to obtain nitro derivative 2a, which was then reduced under
hydrogenation reaction condition using H,, Pd/C to furnish amine 2b. The amine

2b was converted to the trichloroacetamide derivative 3 by reacting 2b with

trichloroacetyl chloride in the presence of DIEA. The trichloroacetamide
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derivative 3 was used as a common intermediate, which was further reacted with
various primary amines in the presence dry sodium bicarbonate under heating
condition to obtain various dual hydrogen-bonded urea derivatives 4-9.

Scheme 3.1 Synthesis of urea-based dual hydrogen-bonded reverse turn scaffolds.

O\\H«H 2-nitribenzenesulfonyl
: \g chloride.
N

g O

O\S/N

DIEA, DCM, rt, 2 h

TFA. 1a: R= Boc (92%)

H,, Pd/C, —2a: R= N02(74%)
DCM,=—>1b: R= H

EtOAc, 8 h—2b: R= NH,

2h
(0] \\
oA Fel *S’N OSSN~ A
. 9 w
DIEA, DCM, 100°C, 3h
rt, 2 h R-NH, :
O&CI g
cl’ ¢l
49
3 (98%)
o /_@, _< >_
-
R= \ / R= HN R= 1N
4 (94%) 5 (92%) 6 (82%)
OMe
R= HN R="pyn-Me R= HN/Y
OMe 8 (78%) 9 (56%)
7 (84%)
3.3.2 NMR Studies

We undertook detailed 2D NMR studies to gain insights into solution-state
conformation of urea-based scaffolds. The involvement of urea-NHs in an
intramolecular hydrogen bonding was confirmed by variable temperature (VT)
experiments in a polar solvent such as DMSO-dg and DMSO-d titration studies in
CDCls. The values of temperature coefficients for urea-NHs of 4 (Fig. 3.4a) were

found to be very negligible [AJAT(NHI1)= —0.12, A0AT(NH2)= —0.12 ppb/K],
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which clearly indicated their participation in strong intramolecular hydrogen
bonding. On the contrary, larger value of temperature coefficient for NH3
[AJAT(NH3)= —6.83 ppb/K] suggested its solvent exposed nature. Similarly,
results of the DMSO-dg titration studies (Fig. 3.4b) clearly indicated that the urea
NHs are involved in strong intramolecular dual hydrogen bonding [AONH1= 0.01,
AONH2= 0.01 ppm]. Furthermore, the conformation of compound 4 in the

solution-state was investigated by 2D NMR studies.
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Fig. 3.4 Plots of variable temperature (2 mM, 700 MHz, DMSO-ds) and DMSO-
de titration studies of 4 (2 mM, 400 MHz, CDCl;).

o

The noticeable long-range inter-residual nOes were observed in the
compound 4, such as NH2/C11Hb, C4H/C11Ha, C21H/C15H and NH1/C16H

(Fig. 3.5), which unequivocally confirmed that compound 4 adopted well-defined
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folded conformation. The appropriately positioned C=0O group of proline and
trans-trans conformation of urea can form the dual hydrogen bonding effectively.
The significant nOe: C8H/NH3 confirmed projection of C=0O group of proline
towards urea-NHs while nOe: NH2/NH1 confirmed the trans-trans conformation
of urea. This proper arrangement of hydrogen bonding sites facilitated
participation of C=O in the dual hydrogen bonding with urea-NHs. These

observations were strongly supported by its crystal structure analysis.

NH2
can
EAS __FUL_ ppm

NH2/C11H [ C4H/C11H |

C11Hb

C11Ha i
i A I
]
7.95
9.15 ppm ppm
4 C21H NH2
NH3 m
JL: N ppm NH2NHL | o 4
C21H/CI5H NH3/C8H [ 4.2 £l

72

CI5H 1'3 oo @ 43 NHI S

T T
9.15 9.10

Fig. 3.5 Selected nOe extracts of 4 (20 mM, 500 MHz, CDCls).

Compounds 5-9 showed significant nOes as well, which indicated these
compounds adopt folded conformation, as observed in case of compound 4.
Moreover, negligible chemical shifts and small temperature coefficients
confirmed the solvent shielding nature of urea-NHs in the compounds 5-9 (Table

3.1).
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Table 3.1 Temperature coefficients and chemical shifts of compounds 4-9.

Temp coefficients® Chemical shifts”
Compd AJAT (ppb/K) Ad (ppm)

NHI | NH2 | NH3 | NH1 | NH2 | NH3
-1.33 | -2.33 | -6.83 | 0.26 | 0.03 1.29
-1.00 | -2.16 | -6.66 | 0.25 | 0.03 1.36
-1.00 | -2.16 | -6.66 | 0.24 | 0.02 1.18
-0.83 | -2.33 | -6.66 | 0.28 | 0.03 1.31
-2.33 | -2.16 | -7.16 | 0.30 | 0.02 1.26
-2.00 | -2.16 | -6.83 | 0.26 | 0.03 1.20

o 0 Q| & | &~

Note: *Values of chemical shifts obtained from DMSO-dg titration studies (2 mM,
400 MHz, CDCls, 298 K). bVariable temperature studies carried out in DMSO-dg
(2 mM, 700 MHz).

Furthermore, analysis of '"H NMR spectra of 4-9 recorded in CDCl; at the
temperature range from 323 K to 268 K with 10 K gradual increment revealed that
chemical shifts of urea-NHs show downfield shift. The results of variable
temperature studies in CDCl; provided further evidence of well-defined
conformations in the urea-based analogues.

3.3.3 Crystal structure analysis

After extensive crystallization trials, we could obtain good quality crystals
of an analogue 4, suitable for X-ray diffraction. Its crystal structure (Fig. 3.6)
analysis revealed that the distance between NH1 and NH2 was found to be 2.09 A
which indicated the trans-trans configuration of the urea-NHS and planar
orientation of urea moiety in the solid-state. The hydrogen bonding distances were
found to be [d(NH1---O) = 2.01 A] and [d(NH2---O) = 2.22 A], which clearly

suggested participation of urea NHs in strong intramolecular hydrogen bonding.

Moreover, an additional stabilization force emanating from the interaction
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between NH2 and Pro-N [d(NH---N)= 2.38 A] further augmented the stability of

the reverse turn scaffold.

Fig. 3.6 Molecular structure (left) of 4 displaying observed hydrogen bonding and
its crystal structure (right).

3.4 Conclusion

Conformational investigations of designed unsymmetrical urea derivatives
in the solid and solution-state by single crystal X-ray crystallography and detailed
2D NMR studies, respectively, revealed that these scaffolds adopt well-defined
conformation featuring robust urea-based H-X-H three-centered hydrogen
bonding. Interestingly, an interaction between *Ant-NH and Pro-N was found to
be an augmenting force for the stabilization of urea-based reverse turn scaffold.
This nonpeptidic reverse turn scaffold can be attached to peptide strands through
N-terminus connection, thus it can serve as a template to promote parallel B-sheet

structures.
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Synthesis and characterization of novel urea - (*Ant-Pro) peptide
conjugates for potential biomedical applications

3.5 Introduction
The sulfonamides are known to be an important class of drug candidates
and studies on the development of sulfonamide-based pharmaceutical agents have
attracted much attention in recent years. Several compounds containing
sulfonamide moiety (Fig. 3.7) are identified as effective drugs possessing
- 20, .. 121 - 2 L 23 g 24
anticancer,” antimicrobial,” anticarbonic anhydrase,™ hypoglycemic,” diuretic,

antithyroid® activities or resistance towards proteases.”®

HO\N,H Ph/©/x /,\

(0]

N. 4
OJ\);S sto

S\NH O/ \O Ph
Q @__Z Protease o NH OH
inhibitor
HZN\S\ Y NH,

(0]
E7070 (j’ i
Anticancer \ / o Axr?trii:ﬁ}m

o\ _NH,
O\H/N_—é\l] / \

- N
0 Q HOOC \I\>
-N O 0O * 0)
e} N N
NH; )L )I\S S\NH2 Furosemide
Sulfathiazole ” Diuretics
Antimicrobial

Acetazolamide
Carbonic anhydrase inhibitor

Fig. 3.7 Representative examples of sulfonamide moiety-containing drugs.
In the previous chapters, we already have discussed advantages of
sulfonamide moiety over carboxamide moiety and the consequences of isosteric

replacement of amide bond by sulfonamide on the conformational preferences of
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peptide sequences. Due to exceptional proteolytic resistance sulfonamides, are
considered as ideal candidates for the development of pharmaceutical agents.
[1,4]-diazepane moiety has been found in many biologically active
compounds as an active pharmacophore. For instance, compound A YM-60828’
contains [1,4]-diazepane moiety, acting as anticoagulant, while compound B
having [1,4]-diazepane and urea moieties acting as a CXCR3 anagonist.”®
Compound C containing benzothaizole and benzoyl group attached to [1,4]-
diazepane unit exhibits CNS-penetrant orexin receptor antagonist activity* and
compound D containing units such as morpholine, [1,4]-diazepane and isoxazole

exhibit cannabinoid receptor 2 (CB2) agonist activity with high selectivity (Fig.

3.8).%°
(A) o (B)
OQ e o © cl
NH N/\N Me F'{JU

~ N/\N 0
YM-60828 e e
i R=2,4-dichlorophenethyl

Anticoagulant !
factor Xa inhibitor CXCR3 antagonists

(©) . ) ) ff
CIQ hi)*NmN"% o™ 'S

A
S \/f P / K/N\H/NC\)N N
! 0

CNS-penetrant orexin CB2 agonist

receptor antagonist

Fig. 3.8 Representative examples of biologically active compounds containing
[1,4]-diazepane moiety.

3.6 Objective of the work and design strategy
Herein, we describe the design and synthesis of novel [1,4]-diazepane

urea->Ant-Pro peptide conjugates. We have designed a series of hybrid analogues
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featuring [1,4]-diazepane moiety linked to *Ant-Pro reverse turn scaffold through
the urea linkage (10-14, Fig. 3.9). One of the prominent features of this system is

[1,4]-diazepane scaffold,””>"

which is found in many drugs; e.g. orexin receptor
antagonists, CXCR3 antagonists, cannabinoid receptor 2 agonists and factor Xa
inhibitors for anticoagulation. Another important feature of designed system is
SAnt-Pro reverse turn scaffold,® which is anticipated to rigidify the peptide
backbone. Moreover, the incorporation of SAnt (B-aminobenzenesulfonic acid) -
an unnatural B-amino acid, may rectify the proteolytic degradation issue.
Additionally, we also have prepared analogues that contain pyrrolidine, piperidine
and morpholine urea moieties attached to SAnt-Pro reverse turn scaffold (15-17,

Fig. 3.9). Many of folded peptides are biologically active since they provide

molecular recognition sites for numerous biological processes.

OQEH S S
@r OO @rrk)@ @r wrk)m

@rmﬁ? ST o

13 14

N S AN o f
@/ O @/”TN\Z\O
o o

16 17

Fig. 3.9 Molecular structures of urea-(°Ant-Pro) peptide conjugates.
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3.7 Result and discussion
3.7.1 Synthesis

Urea-(°Ant-Pro) peptide conjugates were prepared by following similar
synthetic route protocol as described in the section A of chapter 3. The
trichloroacetamide derivative 3 was used as a common intermediate to access the
unsymmetrical urea derivatives. The trichloroacetamide derivative 3 was further
reacted with various secondary amines in the presence dry sodium bicarbonate
under heating condition to obtain various urea-(*Ant-Pro) peptide conjugates 10-
17.

Scheme 3.2 Synthesis of urea-(*Ant-Pro) peptide conjugates.

@)
QN
H H 2-nitribenzenesulfonyl O35—N_4H H
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! © )L
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0 Cl C‘)\
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& H NaHCOs, DMF
2b Hd N
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3.7.2 Conformational analysis
Careful analysis of '"H NMR spectrum of all designed analogues (10-17)
showed that the chemical shift of *Ant-NH was found to be around 9-9.25 ppm,

18b Thus, these

which is a typical chemical shift of 9-membered hydrogen bonding.
analogues show folded conformation similar to compounds 4-9 (chapter 3, section
A). On the contrary, 'H NMR of compound 3 showed the chemical shift of SAnt-
NH at 11.07 ppm spectrum, which indicated the involvement of NH in the 6-
membered hydrogen bonding.
3.8 Conclusion

In summary, we have successfully synthesized a series of urea-(*Ant-Pro)
peptide conjugates. These compounds show characteristics of 9-membered
hydrogen bonding folded conformation. These scaffolds containing °Ant-Pro C9

folded core and urea moiety may find application in drug development

programme.
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Vesicular self-assembly of urea-tethered a,f-hybrid foldamer as a
hydrophobic cargo carrier

3.9 Introduction

Inspired from the Nature, researchers have developed self-assembled
nanometer-, micrometer- and macrometer-sized novel materials using bottom-up
approach. The biologically originated building blocks such as nucleic acids, amino
acids, carbohydrates and lipids have been utilized to design and fabricate a myriad
of supramolecular architectures.’’ The bottom-up approach features small building
blocks undergoing self-association in a specific manner to form well-defined
nano-sized or micro-sized supramolecular structural architectures. In this process
of association of building blocks, noncovalent interactions such as hydrogen
bonds, ionic, hydrophobic and pi-stacking play an important role.

Peptide molecules have the ability to undergo self-assembly to form well-
defined supramolecular structures of nano, micro and macro-size. Peptides are
considered as a choice of material in studying self-assembly owing to their
numerous versatile properties such as intrinsic folding secondary structure,
stability, structural diversity, ease in structural modification (or functional group
modulation), biocompatibility and participation in molecular recognition events.
Numerous applications of peptide-based materials have been reported such as
targeted drug delivery scaffolds, antibacterial agents, regenerative medicines,
biomedical imaging, biosensors, tissue engineering, nanoelectronics, and catalysts

etc.>!¥

Peptide-based compounds like amphiphilic peptides, surfactant-like
peptides, cyclic peptides, and peptide oligomers (foldamers) have been shown to

undergo self-assembly to form supramolecular structures such as nanotubes,

nanovesicles, nanorods, nanofibrils, nanotapes and gels (Fig. 3.10) depending up
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31,32
d.””

on condition applie Various factors determine the formation of specific

morphology, including pH, solvent polarity, light, temperature, metal ions and

31eh33
enzymes.” "

Fig. 3.10 Peptide-based supramolecular architectures prepared via self-
assembly.*

Vesicles are one of the important self-assemblies owing to their wide
applications in a variety of interdisciplinary fields such as nanomaterials,

3135 1t is well-known

biomimetics, guest encapsulation and drug and gene delivery.
that vesicular self-assembly is commonly exhibited by compounds which are
amphiphilic in nature; for example phospholipids.*® With intensive research in the
area of self-assembly, chemists have shown that amphiphilic polymers are able to
form vesicular structures.’” Additionally, other compounds such as amphiphilic
calixarene,”® fullerene,”’ dendrimers® and cyclodextrin41 have been shown to
exhibit sphericular self-assembly. But, the preparation of vesicular morphology
from nonamhiphilic compounds has been a challenging task for researchers.*
Recently, it has been shown that nonamhiphilic opioid peptide enkephalin
mimetic forms micro-sized vesicular morphology in organic solvent which can

encapsulate drug such as curcumin.’*® Ghosh group illustrated the formation of

variable-sized vesicular structures from oligo-(phenylene-ethylene) in organic
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solvent.” Chauhan and coworkers reported that a dipeptide (methionine-
dehydrophenylalanine) forms vesicles in methanol and these vesicles have been
shown to exhibit the enhanced cellular uptake and release of an antitumor drug
curcumin.*
3.10 Objective of the work and design strategy

Because of properties like intrinsic folding, self-organization,
biocompatibility, versatility, and ease of synthetic modification, peptide molecules
have been considered as an attractive new choice of materials for developing
supramolecular materials using molecular self-assembly process.”’ Earlier, our
group reported that Ant-Pro oligomers bearing iodo substitution on phenyl ring
assume helical folding.* We envisioned that substitution of iodo group by
functional group like urea would induce the intermolecular interactions between
molecules. In the present study, a urea moiety was chosen, which can be installed
on phenyl group through an alkyne spacer using Sonogashira reaction (Fig.
3.11).* The characteristic feature of this system is that unsymmetrical urea

moieties were appended on Ant (anthranilic acid) units of Ant-Pro oligomer which

o}
0 — H S
s .
N
N
H =
N
O ‘oloc’
JH Q — H
| N = . R A R

N o) N
‘a2 (% 8!

o o H ‘>§ Self-assembly
H H H N via urea linkage
H N H N _ N—« and probable
= | = — 3
M m [¢] mode of self:
N © [©] assembly

20 21

Fig. 3.11 Design of urea-tethered Ant-Pro octapeptide 21 and schematic
presentation of probable mode of urea-mediated self-assembly.
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would boost intermolecular association through the urea-mediated intermolecular
H-bonding.
3.11 Results and discussion
3.11.1 Synthesis

The synthesis of urea-tethered Ant-Pro octapeptide (Scheme 3.3) was
started by coupling of isobutylamine with trichloroacetic acid using EDC.HCl as a
coupling reagent to furnish trichloroacetamide derivative 18, which was used for
the next step, without purification. The urea formation was achieved by reacting
propargylamine with trichloroacetamide intermediate 18 using DBU as a base to
furnish unsymmetrical urea 19 in 56% yield, which was further coupled with
para-iodo substituted Ant-Pro octapeptide 20** using Sonogashira reaction
protocol [PdCLy(PPh3),, Cul and Et;N]* to obtain urea-appended Ant-Pro
octapeptide 21 in 60% yield.
Scheme 3.3 Synthesis of urea-tethered Ant-Pro hybrid octapeptide 21.
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3.11.2 Microscopic analyses

The morphological studies of self-assembled octapeptide 21 have been
investigated by scanning electron microscope (SEM), transmission electron
microscopy (TEM) and atomic force microscopy (AFM). The peptide
concentrations used in the microscopic analyses were 1.25 mM (1 mg/0.5 mL) and
0.62 mM (1 mg/1 mL). SEM measurements were performed on a FEI, QUANTA
200 3D scanning electron microscope with tungsten filament as electron source.
For SEM analysis, solution of octapeptide 21 at concentration of 1.25 mM (1
mg/0.5 mL) was prepared in organic solvent (or binary solvent mixture). Freshly
prepared each of transparent solutions was drop-casted on silicon surface and
allowed to dry at room temperature for 12 h. Before recording of morphology, a
gold film was applied by sputtering method. SEM analysis revealed that
octapeptide 21 forms sphericular morphologies of micro-size in methanolic
solution (Fig. 3.12a). SEM analysis also revealed the aggregation of spheres to
form twins, triplets and multiplets which in turn form larger sphericular self-
assembled structures via fusion process.*® Furthermore, in order to explore the
solvent-modulated self-assembly, we have examined the self-assembly of
octapeptide 21 in a binary solvent mixture such as methanol-toluene. We have
incubated the octapeptide 21 at the concentration of 1.25 mM (1 mg/0.5 mL) in
the different combination of methanol-toluene solvent mixtures (v/v) such as 9:1,
8:2, 6:4, 5:5, 2:8 and 1:9 (Fig. 3.12c-h). Freshly prepared samples of octapeptide
21 were drop-casted on silicon material and dried at room temperature for 12 h.
The morphology analyses by SEM revealed that gradual decrease of methanol
content in the solution led to the formation of vesicular morphology with pores.

The morphology obtained by evaporation of its 1:9 methanol-toluene solutions
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was found to be pot-like self-assembly of diameter approximately ranging from
0.4 to 1 um with pore diameter ranging from 0.08 to 0.3 um which is uniformly

distributed (Fig. 3.12g).

Fig. 3.12 Microscopic analyses of self-assembly of octapeptide 21. SEM images
of vesicles at the concentration of 1 mg/0.5 mL obtained by evaporation of its
methanol-toluene solutions, solvent ratio and scale bar are: a) methanol, 10 um; b)
9:1 methanol-toluene, 2 um; c) 8:2 methanol-toluene, 2 um; d) 6:4 methanol-
toluene, 2 um; e) 5:5 methanol-toluene, 2 um; f) 2:8 methanol-toluene, 2 um; g)
1:9 methanol-toluene, 1 um; h) 0.8:9.2 methanol-toluene, 2 um.

Furthermore, the vesicular morphology was studied by TEM. TEM
measurements were performed on a JEOL-JEM-3010 instrument at 80 kV. For
TEM analysis, freshly prepared 1:9 methanol-toluene solution of octapeptide 21
(0.62 mM) was drop-casted directly on a carbon coated copper grid and dried at
room temperature for 12 h. TEM analysis revealed the hollow nature of vesicles
having diameter ranging from 0.2 to 0.5 um and pore diameter ranging from 0.02
to 0.08 um (Fig. 3.13a, b). TEM study also suggested that the smaller vesicles
associate through fusion to form larger vesicle. At the peptide concentration <
0.62 mM we could not find any well-defined morphology, which indicated that

morphology of octapeptide 21 is concentration-dependant.*'*” We also carried out

AFM analysis to investigate the self-assembly of octapeptide 21. The AFM
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measurements were performed on a Multimode scanning probe microscope
equipped with a Nanoscope IV controller from Veeco Instrument Inc., Santa
Barbara, CA. The imaging was done under ambient conditions in tapping-mode,
using the Tap190Al probe purchased from Budget Sensors®. The 10 um x 10 pm
areas were scanned at resolution of 512 X 512 pixels. For AFM analysis, freshly
prepared transparent 1:9 methanol-toluene solution of octapeptide 21 was drop-
casted on silicon surface and allowed to dry at room temperature for 12 h.
Similarly, AFM analysis revealed the hollow nature of vesicular self-assembly of

octapeptide 21 (Fig. 3.13¢).

& S8

D 9 —6

— ——

Fig. 3.13 Self-assembly of octapeptide 21 at the concentration of 1 mg/mL
obtained by evaporation of its 1:9 methanol-toluene solvent mixture. a,b) TEM
images showing hollow nature of vesicles [scale bars are 50 nm for (a) and 0.2 pm
for (b)] and c) tapping-mode AFM image.

We have also checked the morphology in other solvents or binary solvent
mixtures. Microscopic analyses by SEM revealed that octapeptide 21 at the
peptide concentration of 1 mg/0.5 mL forms sphericular self-assembly in

trifluoroethanol (Fig. 3.14a) and 5:5 methanol-chloroform (v/v) (Fig. 3.14b) and

1:9 DMSO-trifluoroethanol (v/v) (Fig. 3.14c).
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Fig. 3.14 Self-assembly of octapeptide 21 at the concentration of 1 mg/0.5 mL
SEM images and scale bars are: a) trifluoroethanol, 1 pm; b) 5:5 methanol-
chloroform, 2 um; c) 1:9 DMSO-TFE, 2 um.

3.11.3 Encapsulation study

The medicinal applications of drugs are restricted due to issues like poor
cellular uptake, low bioavailability, poor solubility, intestinal degradation and
instant elimination from body.*® For example, curcumin is commonly known as a
drug with wide range of pharmacological properties such as antitumor,
antioxidant, antimicrobial and anti-inflammatory.*’ Several studies have shown
that curcumin inhibit the proliferation of many cancer cell lines such as cervical,
breast, ovarian, colon, hepatic, pancreatic, gastric and prostate tumors.”® But due
to its hydrophobic nature it has low water solubility which makes it less suitable
candidate for clinical use. In this regard, several studies have shown that the
nanoparticles of polymers, liposomes, lipids, cyclodextrin and hydrogels®' can act
as carrier for effective cellular uptake and delivery of curcumin drug.

In the present work, we utilized urea-tethered sphericular self-assembly of
the a,B-hybrid octapeptide 21 as a hydrophobic drug carrier. The SEM, TEM and
AFM analyses confirmed the hollow nature of vesicles. It was worthwhile to
utilize the hollow nature of vesicles by loading vesicles with the hydrophobic or

hydrophilic cargo molecules. In this context, we have chosen curcumin- a

hydrophobic drug. Curcumin is a well-known drug used in the cancer therapy but
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due to the low water solubility its medicinal use is limited. It has been
demonstrated that cellular uptake of curcumin can be enhanced using
nanoparticle-mediated delivery. The cellular uptake by curcumin-loaded
nanoparticles deliver the curcumin almost twice compared to free curcumin.” In
order to encapsulate hydrophobic drug like curcumin, we have incubated the
methanolic solution of curcumin with the vesicular solution of octapeptide 21 in
1:9 methanol-toluene for 18 h. The solution was the dialyzed against methanol.
The resultant solution was drop-casted on glass slide and analyzed under
fluorescence microscope. The bright green fluorescence in the vesicles confirmed

the curcumin encapsulation by the vesicles (Fig. 3.15).

Fig. 3.15 Fluorescence microscopic images showing bright green fluorescence of
curcumin encapsulated vesicles of octapeptide 21 (scale bar 10 um and peptide
concentration: 1 mg/0.5 ml).
3.12 Conclusion

Microscopic analyses confirmed that the urea-appended octapeptide 21
undergoes self-assembly through the urea-mediated intermolecular interactions
forming vesicular structures from methanolic solution. Up on decreasing the
concentration of methanol from binary solvent mixture, octapeptide 21 forms

hollow pot-like self-assembled vesicles. These vesicles are able to encapsulate the

hydrophobic drug like curcumin efficiently which was confirmed by bright green
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fluorescence in the vesicles under fluorescence microscope. On further
development, these o,B-hybrid peptide vesicles may find application in drug

delivery.
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3.13 Experimental section (Part A)

Crystal Data for 4:

Table 3.2 X-ray crystallographic data of trimer 4.

Crystal Data dhfur 1

Formula Coi His N4 Os S
M; 448.53

Crystal Size, mm 0.35x0.25x0.12
Temp. (K) 150(2)

Crystallizing solvent

Ethyl acetate-petroleum ether

Crystal Syst.

Orthorhombic

Space Group P2,2,2,
a/A 11.4420(4)
b/A 13.9086(5)
c/A 14.2643(5)
o 90
ik 90

0 90
V/A° 2270.05(14)
Z 4
Deat/g cm™ 1312
w/mm’” 0.182
F(000) 952
Ab. Correct. multi-scan
20ax 50
Total reflns. 35731
unique reflns. 4003
h, k, [ (min, max) (-13, 13),(-16, 16),(-16, 16)
Rint 0.0255
No. of para 283
RI [I> 20(])] 0.0315
WR2[I> 20(1)] 0.0692
R1 [all data] 0.0333
wR2 [all data] 0.0702
goodness-of-fit 1.011
APmaxsAPmin(eA) 0.262,-0.237
CCDC no. 1419216
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N-(tert-butyl)-1-((2-nitrophenyl) sulfonyl) pyrrolidine-2-carboxamide 2a:

Trifluroacetic acid (5 mL) was added to a solution of 1a' (1 g, 3.7 mmol) in
DCM and the reaction mixture was stirred for 2 h at room temperature. The
reaction mixture was neutralized with saturated solution of NaHCOQO; and extracted
with DCM (3x20 mL). The combined organic extracts were dried over Na;SO4
and the solvent was removed under reduced pressure. The crude product 1b was
used for the next step without purification. To a solution of amine 1b (0.62 g, 3.64
mmol) in DCM (10 mL), DIEA (0.612 g, 4.74 mmol) and 2-nitrobenzenesulfonyl
chloride (0.97 g, 4.37 mmol) solution in DCM (15 mL) were added dropwise at 0
°C under N, and then the reaction mixture was stirred at room temperature for 2
h. The reaction mixture was diluted with DCM (10 mL) and washed with water,
the saturated solution of NaHCO3, the saturated solution of KHSO, and then with
brine. The organic layer was dried over Na;SO4 and concentrated under vacuum.
The crude product was purified by column chromatography (35:65 EtOAc/pet
ether, Ry 0.5) to obtain 2a (0.96g, 74%) as a white solid; mp: 165-167 °C; [a]”D:
—255.96° (c 0.28, CHCls); IR (CHCl3) v (cm™): 2965, 2734, 1682, 1540, 1365,
1156, 855; 'H NMR (500 MHz, CDCls) J: 8.08-8.06 (d, J = 7.7 Hz, 1H), 7.78-
7.75 (t, J = 7.2 Hz, 1H), 7.73-7.71 (t, J = 7.2 Hz, 1H), 7.68-7.67 (d, J = 7.7 Hz,
1H), 6.39 (s, 1H), 4.32-4.30 (dd, J = 8.6, 2.4 Hz, 1H), 3.65-3.59 (m, 2H), 2.26—
2.21 (m, 1H), 2.12-2.07 (m, 1H), 1.94-1.89 (m, 2H), 1.15 (s, 9H); °C NMR (125
MHz, CDCls) 6: 169.79, 148.21, 134.21, 132.04, 131.69, 131.41, 124.12, 62.73,
51.07, 49.55, 31.27, 28.34, 24.40; HRMS: C;5sH»,05sN3S, Caled: 356.1275 Found:

356.1275; CysH,10sN3NaS, caled: 378.1094 Found: 378.1094.
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N-(tert-butyl)-1-((2-(2, 2, 2-trichloroacetamido) phenyl) sulfonyl) pyrrolidine-
2-carboxamide 3:

10% pd/C (0.050 g) was added to the solution of 2a (0.5 g, 1.4 mmol) in EtOAc
(20 mL) and the reaction mixture was stirred at 60 psi under H, atmosphere for 8
h. Pd catalyst was filtered through celite and the filtrate was evaporated to obtain
amine 2b, which was used for the next step without purification. To a solution of
2b (2 g, 6.15 mmol) in DCM (60 mL), DIEA (1.59 g, 12.3 mmol) and
trichloroacetyl chloride (1.34 g, 7.38 mmol) were added dropwise at 0 °C under
Ny. After stirring at room temperature for 2 h, the reaction mixture was diluted
with DCM (30 mL) and washed with water, the saturated solution of NaHCO; and
then brine. The solvent was evaporated and the crude product was column
chromatoghraphed (30:70 EtOAc/pet ether, Ry 0.5) to get pure compound 3 as
pale yellow colored solid (2.83 g, 98% ); mp: 133-135 °C; [a]*p: —78.58° (c 0.24,
CHCl); IR (CHClL3) v (cm™): 3274, 2966, 1728, 1682, 1534, 1340, 1152, 815,
610; 'H NMR (500 MHz, CDCl3) 6: 11.07 (s, 1H), 8.63-8.61 (d, J = 8.4 Hz, 1H),
7.91-7.90 (d, J= 7.9 Hz, 1H), 7.73-7.70 (t, J = 8.4 Hz, 1H), 7.38-7.35 (t, J=7.9
Hz, 1H), 6.40 (s, 1H), 4.04-4.03 (d, J = 8.5 Hz, 1H), 3.62-3.60 (t, /= 6.9 Hz, 1H),
3.29-3.24 (m, 1H), 2.24-2.20 (m, 1H), 1.84-1.70 (m, 3H), 1.33 (s, 9H); °C NMR
(125 MHz, CDCls) d: 169.30, 159.69, 135.47, 135.11, 130.04, 125.53, 124.49,
122.04, 92.59, 62.84, 5136, 49.78, 30.35, 28.52, 24.33; HRMS:
CI17H2304N3CI3S, Calcd: 470.0469 Found: 470.0475.

Representative procedure for urea preparation, 4-9:

(S)-N-(tert-butyl)-1-((2-(3-(furan-3-ylmethyl) ureido) phenyl) sulfonyl)
pyrrolidine-2-carboxamide 4:

To a solution of 3 (0.2 g, 0.42 mmol) in DMF (3 mL), furfurylamine (0.045 g,

0.46 mmol) and NaHCOs (0.107 g, 1.27 mmol, powdered and dried in furnace
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prior to use) were added sequentially. The reaction mixture was heated at 100 °C
for 3 h. The reaction mixture was cooled to room temperature and diluted with
EtOAc (20 mL). The organic layer was washed with water, the saturated solution
of KHSO4 and then brine. The organic layer was dried over Na,SO4 and
concentrated under vacuum. The crude product was purified over a neutral
alumina column (40:60 EtOAc/pet ether, R¢ 0.5) to afford 4 as a white solid (0.180
g, 94%); mp: 177-179 °C; [a]*p : —81.0° (¢ 0.15, CHCls); IR (CHCl3) v (cm™):
3354, 3016, 2973, 2930, 2883, 1702, 1662, 1546, 1363, 1304, 1218, 1151, 1066,
759; '"H NMR (500 MHz, CDCl3) 6: 9.10 (s, 1H), 8.66-8.64 (d, J = 8.4 Hz, 1H),
7.92-791 (d, J= 8.0 Hz, 1H), 7.57-7.54 (t, J = 8.4 Hz, 1H), 7.34 (s, 1H), 7.15 (s,
1H), 7.05-7.02 (t, J = 8.0 Hz, 1H), 6.31-6.27 (m, 2H), 5.88 (s, 1H), 4.50-4.48 (t,
J=5.0 Hz, 2H), 4.27-4.24 (m, 1H), 3.26-3.20 (m, 1H), 3.02-2.97 (m, 1H), 2.31-
2.24 (m, 1H), 2.04-1.97 (m, 1H), 1.96-1.87 (m, 2H), 1.31 (s, 9H); °C NMR (125
MHz, CDCl;) J: 171.69, 154.87, 152.27, 141.89, 139.60, 135.09, 130.26, 122.03,
121.53, 120.79, 110.26, 107.20, 60.57, 52.05, 48.90, 37.06, 31.79, 28.48, 25.24;
HRMS: C,1Hy305N4NaS, Caled: 471.1673 Found: 471.1670.

(S)-N-(tert-butyl)-1-((2-(3-(4-fluorobenzyl)  ureido)  phenyl) sulfonyl)
pyrrolidine-2-carboxamide 5:

Compound 5 was prepared by following the procedure for the synthesis of 4. The
crude product was purified over a neutral alumina column (30:70 EtOAc/pet ether,
R¢ 0.4) to afford 5 as a low melting solid (92%); mp: 64-66 °C; [a]®p : —103.12°
(c 0.1, CHCl3); IR (CHCl3) v (cm™): 3348, 3094, 2967, 2928, 2871, 2398, 1702,
1659, 1549, 1464, 1374, 1307, 1255, 1153, 1063, 767; 'H NMR (400 MHz,
CDCl) o: 9.10 (s, 1H), 8.67-8.65 (d, J = 8.5 Hz, 1H), 7.93-7.91 (d, J = 8.0 Hz,

1H), 7.58-7.54 (d, J = 8.5 Hz, 1H), 7.37-7.33 (m, 2H), 7.18 (s, 1H), 7.06-6.98
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(m, 3H), 5.85 (s, 1H), 4.53-4.37 (m, 2H), 4.26-4.23 (t, J = 7.3 Hz, 1H), 3.26-3.20
(m, 1H), 3.02-2.95 (m, 1H), 2.33-2.24 (m, 1H), 2.02-1.96 (m, 1H), 1.95-1.88 (m,
2H), 1.20 (s, 9H); *C NMR (125 MHz, CDCL3) 6: 171.69, 154.87, 152.27, 141.89,
139.60, 135.09, 130.26, 122.03, 121.53, 120.79; HRMS: C,3H290;sN;NaF$, Calcd:
499.1786 Found: 499.1778.

(S)-N-(tert-butyl)-1-((2-(3-(4-methoxybenzyl) ureido) phenyl) sulfonyl)
pyrrolidine-2-carboxamide 6:

Compound 6 was prepared by following the procedure for the synthesis of 4. The
crude product was purified over a neutral alumina column (40:60 EtOAc/pet ether,
Rt 0.5) to afford 6 as a low melting solid (82%); mp: 62-64 °C; [a]*’p : —132.20°
(c 0.12, CHClL); IR (CHCI3) v (cm™): 3350, 3095, 2967, 2932, 2881, 1700, 1659,
1548, 1463, 1373, 1306, 1245, 1153, 1040, 762; '"H NMR (400 MHz, CDCl;) ;:
9.07 (s, 1H), 8.68-8.66 (d, J = 8.5 Hz, 1H), 7.92-7.90 (d, J = 8.0 Hz, 1H), 7.57—
7.53 (t, J= 8.5 Hz, 1H), 7.32-7.29 (d, J = 8.4 Hz, 2H), 7.08-7.01 (m, 2H), 6.86—
6.84 (d, J=8.5 Hz, 2H), 5.84 (s, 1H), 4.48-4.35 (m, 2H), 4.25-4.21 (t, J = 7.4 Hz,
1H), 3.79 (s, 3H), 3.25-3.19 (m, 1H), 3.03-2.97 (m, 1H), 2.30-2.21 (m, 1H),
2.02-1.96 (m, 1H), 1.95-1.88 (m, 2H), 1.21 (s, 9H); °C NMR (125 MHz, CDCl;)
o: 171.69, 154.87, 152.27, 141.89, 139.60, 135.09, 130.26, 122.03, 121.53,
120.79; HRMS: C,4H3,05N4NaS, Calcd: 511.1986 Found: 511.1978.

(S)-N-(tert-butyl)-1-((2-(3-(3, S5-dimethoxybenzyl) ureido) phenyl) sulfonyl)
pyrrolidine-2-carboxamide 7:

Compound 7 was prepared by following the procedure for the synthesis of 4. The
crude product was purified over a neutral alumina column (45:55 EtOAc/pet ether,
R¢ 0.4) to afford 7 as a white solid (84%); mp: 73-75 °C; [a]*p : —79.35° (¢ 0.13,
CHCl); IR (CHCl3) v (cm™): 3348, 3094, 2968, 1701, 1660, 1548, 1461, 1364,

1312, 1257, 1224, 1149, 1063, 1030, 756; "H NMR (400 MHz, CDCl;3) : 9.08 (s,
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1H), 8.68-8.66 (d, J = 8.5 Hz, 1H), 7.93-7.90 (dd, J = 8.0, 1.4 Hz, 1H), 7.58-7.54
(m, 1H), 7.09-7.01 (m, 2H), 6.94-6.91 (m, 2H), 6.82—6.80 (d, J = 8.7 Hz, 1H),
5.82 (s, 1H), 4.50-4.35 (m, 2H), 4.25-4.20 (m, 1H), 3.87-3.86 (d, J = 1.6 Hz,
6H), 3.26-3.19 (m, 1H), 3.03-2.96 (m, 1H), 2.31-2.21 (m, 1H), 2.01-1.95 (m,
1H), 1.95-1.85 (m, 2H), 1.19 (s, 9H); °C NMR (100 MHz, CDCl3) ¢: 171.61,
155.02, 148.98, 148.16, 139.72, 135.11, 131.69, 130.28, 121.89, 121.42, 120.70,
120.28, 111.36, 111.08, 60.53, 55.94, 55.80, 51.90, 48.91, 44.07, 31.79, 28.37,
25.20; HRMS: C,sH3406N4NaS, Calcd: 541.2091 Found: 541.2081.

(S)-N-(tert-butyl)-1-((2-(3-methylureido) phenyl) sulfonyl) pyrrolidine-2-
carboxamide 8:

Compound 8 was prepared by following the procedure for the synthesis of 4. The
crude product was purified over a neutral alumina column (50:50 EtOAc/pet ether,
Rt 0.5) to afford 8 as a white solid (78%); mp: 140-143 °C; [a]**p : —=105.25° (c
0.18, CHClL;); IR (CHCls) v (em™): 3362, 3290, 3096, 2973, 2887, 1701, 1660,
1563, 1464, 1362, 1307, 1258, 1225, 1152, 1062, 757; '"H NMR (400 MHz,
CDCls) o: 8.97 (s, 1H), 8.58-8.56 (d, J = 8.5 Hz, 1H), 7.90-7.88 (d, J = 7.9 Hz,
1H), 7.57-7.53 (t, J = 8.5 Hz, 1H), 7.04-7.00 (t, J = 7.9 Hz, 1H), 6.71 (s, 1H),
6.33 (s, 1H), 4.37-4.33 (t, /= 7.1 Hz, 1H), 3.27-3.19 (m, 1H), 3.03-2.99 (m, 1H),
2.87-2.87 (d, J = 4.5 Hz, 3H), 2.32-2.27 (m, 1H), 2.04-1.89 (m, 3H), 1.36 (s,
9H); *C NMR (100 MHz, CDCl;) &: 171.98, 155.82, 139.73, 135.06, 130.12,
122.05, 121.65, 120.67, 60.53, 51.92, 49.01, 31.81, 28.58, 26.54, 25.25; HRMS:
Ci17H604N4NaS, Calced: 405.1567 Found: 405.1567.

(S)-N-(tert-butyl)-1-((2-(3-isobutylureido) phenyl) sulfonyl) pyrrolidine-2-
carboxamide 9:

Compound 9 was prepared by following the procedure for the synthesis of 4. The

crude product was purified over a neutral alumina column (40:60 EtOAc/pet ether,
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R 0.5) to afford 9 as a viscous liquid (56%); [a]*p : =73.54° (¢ 0.1, CHCL); IR
(CHCL3) v(cm™): 3358, 3125, 2925, 1705, 1652, 1557, 1403, 1155, 1060, 763; 'H
NMR (400 MHz, CDCL) d: 8.95 (s, 1H), 8.69-8.66 (d, J = 8.6 Hz, 1H), 7.91-7.89
(dd, J = 8.0, 1.5 Hz, 1H), 7.56-7.52 (t, J = 8.6 Hz, 1H), 7.03-7.00 (t, J = 8.0 Hz,
1H), 6.71 (s, 1H), 5.87 (s, 1H), 4.24-4.20 (m, 1H), 3.26-3.14 (m, 2H), 3.11-3.03
(m, 2H), 2.27-2.19 (m, 1H), 2.08-2.01 (m, 1H), 1.96-1.88 (m, 3H), 1.40 (s, 9H),
0.99-0.97 (d, J = 6.7 Hz, 6H); °C NMR (100 MHz, CDCl3) 6: 171.62, 155.27,
139.87, 135.08, 130.19, 121.51, 121.19, 120.54, 60.88, 52.00, 48.93, 47.67, 36.62,
31.72, 29.68, 28.84, 28.58, 25.12, 20.30, 20.26; HRMS: CaH3,0,N;NaS, Calcd:

447.2036 Found: 447.2036.
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Fig. 3.16 Variable temperature study of 4 (2 mM, 700 MHz, DMSO-ds).
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Fig. 3.17 Variable temperature study of 5 (2 mM, 700 MHz, DMSO-ds).
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Fig. 3.18 Variable temperature study of 6 (2 mM, 700 MHz, DMSO-ds).
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Fig. 3.19 Variable temperature study of 7 (2 mM, 700 MHz, DMSO-ds).
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Fig. 3.20 Variable temperature study of 8 (2 mM, 700 MHz, DMSO-ds).
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Fig. 3.21 Variable temperature study of 9 (2 mM, 700 MHz, DMSO-ds).
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Table 3.3 Titration study of 4 in CDCl3 (2 mM, 400 MHz) with DMSO-d6
(volume of DMSO-d6 added at each addition =5 pL).

Sr Volume of | Chemical Shift §
N(; DMSO-ds (ppm)

: (uL) | NH1 | NH2 | NH3
1 0 7.09 | 9.06 | 5.71
2 5 7.15 | 9.07 | 5.98
3 10 7.21 | 9.08 | 6.21
4 15 7.27 | 9.09 | 6.50
5 20 7.27 | 9.09 | 6.59
6 25 7.31 | 9.09 | 6.69
7 30 7.33 | 9.09 | 6.80
8 35 7.34 |1 9.09 | 6.84
9 40 7.34 |1 9.09 | 6.90
10 45 7.35 |1 9.09 | 6.95
11 50 7.35 |1 9.09 | 7.00

Table 3.4 Titration study of S in CDCl3 (2 mM, 400 MHz) with DMSO-d6
(volume of DMSO-d6 added at each addition =5 pL).

Sr. Volume of | Chemical Shift §
N(; DMSO-ds (ppm)
) (nL) NH1 | NH2 | NH3
1 0 7.11 | 9.06 | 5.66
2 5 7.19 | 9.07 | 6.11
3 10 7.25 1 9.09 | 6.30
4 15 7.28 | 9.09 | 6.46
5 20 7.31 | 9.09 | 6.60
6 25 7.33 1 9.10 | 6.71
7 30 7.35 | 9.10 | 6.80
8 35 7.35 1 9.10 | 6.87
9 40 7.36 | 9.10 | 6.94
10 45 7.36 | 9.09 | 6.98
11 50 7.36 | 9.09 | 7.02
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Table 3.5 Titration study of 6 in CDCl3 (2 mM, 400 MHz) with DMSO-d6
(volume of DMSO-d6 added at each addition =5 pL).

Sr. Volume of | Chemical Shift §
No DMSO-ds (ppm) QA0
) (uL) NH1 | NH2 | NH3 Ny
1 0 698 1903 [572 | A - N
2 5 7.10 19.04 |6.04 | .
3 10 7.14 19.05 |6.28
4 5 717 [906 [642 | ™M™ A
5 20 7.20 [9.06 |6.51 b
6 25 7.22 19.06 |6.60
7 30 7.23 19.06 |6.67 OMGG
8 35 7.24 19.06 |6.76
9 40 7.24 19.06 |6.81
10 45 7.22 19.06 |6.85
11 50 7.22 19.05 |6.90

Table 3.6 Titration study of 7 in CDCl3 (2 mM, 400 MHz) with DMSO-d6
(volume of DMSO-d6 added at each addition = 5 pL).

Sr. Volume of | Chemical Shift §
No. DMSO-ds (ppm)
(uL) | NH1 | NH2 | NH3 Q0
1 0 7.00 |9.04 |5.67 ( >/s\
2 5 7.09 [9.06 | 6.03 N
3 10 7.14 [9.07 [6.30 | NH2N—H “'H
4 15 7.18 [9.08 [6.46 | © —H
5 20 722 19.08 [6.58 | NH1N—H /‘\N“3
6 25 7.24 19.08 |6.68
7 30 7.26 19.08 |6.78 OMe
8 35 7.27 19.08 |6.83 7
9 40 727 19.08 [6.91 MeO
10 45 7.27 19.08 |6.96
11 50 7.28 19.07 |6.98
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Table 3.7 Titration study of 8 in CDCl3 (2 mM, 400 MHz) with DMSO-d6
(volume of DMSO-d6 added at each addition =5 pL).

Sr Volume of | Chemical Shift §
N(; DMSO-ds (ppm)
’ (nL) NH1 | NH2 | NH3
1 0 6.55 | 890 | 5.88
2 5 6.67 | 8.90 | 6.30
3 10 6.74 | 890 | 6.57
4 15 6.77 | 891 | 6.69
5 20 6.80 | 891 | 6.80
6 25 6.83 | 891 | 6.89
7 30 6.84 | 892 | 6.97
8 35 6.85 | 892 | 7.03
9 40 6.85 | 892 | 7.07
10 45 6.85 | 892 | 7.11
11 50 6.85 | 892 | 7.14

NH2 N—H “H
O
o) —H
NH1 N—H /‘\NH?’
Me

Table 3.8 Titration study of 9 in CDCl3 (2 mM, 400 MHz) with DMSO-d6
(volume of DMSO-d6 added at each addition =5 pL).

Sr Volume of | Chemical Shift §
N(; DMSO-ds (ppm)

: (uL) | NH1 | NH2 [ NH3
1 0 6.69 | 8.94 |5.80
2 5 6.78 | 8.95 | 6.07
3 10 6.83 | 8.96 |6.29
4 15 6.87 | 8.96 | 6.44
5 20 6.90 | 897 | 6.56
6 25 6.92 | 897 |6.65
7 30 6.93 | 897 |6.75
8 35 6.95 | 8.97 | 6.81
9 40 6.96 | 897 | 6.88
10 45 6.97 | 896 |6.93
11 50 6.97 | 896 | 7.00
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Table 3.9 Variable temperature study of 4 (2 mM, 700 MHz, CDCl3).

Chemical Shift 8

Sr. | Temperature
NHI1 | NH2 | NH3
1 268 7.25 | 9.11 | 5.74
2 273 723 | 9.1 | 5.73
3 278 72 19.09 | 5.72
4 283 7.17 1 9.09 | 5.71
5 288 7.14 | 9.08 | 5.70
6 293 7.11 | 9.07 | 5.70
7 298 7.08 | 9.06 | 5.69
8 303 7.05 | 9.06 | 5.69
9 308 7.02 | 9.05 | 5.69
10 313 6.99 | 9.04 | 5.68
11 318 6.96 | 9.03 | 5.68
12 323 6.93 | 9.02 | 5.68

NH2 N—H "y
o

o —H

NH1 N—H

Table 3.10 Variable temperature study of 5 (2 mM, 700 MHz, CDCl3).

Chemical Shift 8
Sr. | Temperature

No. (K) (ppm)
NH1 | NH2 | NH3
1 268 7.23 | 9.10 | 5.68
2 273 7.22 1 9.09 | 5.68
3 278 7.2 19.09 | 5.67
4 283 7.18 | 9.08 | 5.66
5 288 7.16 | 9.07 | 5.65
6 293 7.13 | 9.07 | 5.65
7 298 7.11 | 9.06 | 5.64
8 303 7.09 | 9.05 | 5.65
9 308 7.06 | 9.04 | 5.64
10 313 7.04 | 9.04 | 5.64
11 318 7.00 | 9.03 | 5.64
12 323 6.98 | 9.02 | 5.64
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Table 3.11 Variable temperature study of 6 (2 mM, 700 MHz, CDCl3).

Chemical Shift 8

Sr. | Temperature
NH1 | NH2 | NH3
1 268 7.15 1 9.08 | 5.77
2 273 7.13 | 9.08 | 5.76
3 278 7.10 | 9.07 | 5.75
4 283 7.08 | 9.06 | 5.73
5 288 7.05 | 9.05 | 5.73
6 293 7.02 | 9.04 | 5.72
7 298 6.98 | 9.03 | 5.71
8 303 6.94 | 9.02 | 5.70
9 308 6.92 | 9.02 | 5.70
10 313 6.87 | 9.01 | 5.70
11 318 6.85 | 9.00 | 5.69
12 323 6.82 | 8.99 | 5.69

/‘\NH3

OMe

Table 3.12 Variable temperature study of 7 (2 mM, 700 MHz, CDCl3).

Chemical Shift 8
Sr. | Temperature
No. (K) (ppm)
NH1 | NH2 | NH3
1 268 7.16 | 9.09 | 5.69
2 273 7.14 | 9.08 | 5.68
3 278 7.11 | 9.08 | 5.67
4 283 7.09 | 9.07 | 5.66
5 288 7.06 | 9.06 | 5.66
6 293 7.04 | 9.05 | 5.66
7 298 7.00 | 9.04 | 5.65
8 303 6.96 | 9.04 | 5.65
9 308 6.93 | 9.03 | 5.65
10 313 6.90 | 9.02 | 5.65
11 318 6.87 | 9.01 | 5.65
12 323 0.84 | 9.00 | 5.65

NH2 N—H "
O
o \—H
NH1 N—H /‘\NH:‘
OMe
MeO 7
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Table 3.13 Variable temperature study of 8 (2 mM, 700 MHz, CDCl3).

Chemical Shift 8
Sr. | Temperature
No. (K) (ppm)
NH1 | NH2 | NH3
1 268 6.76 | 8.93 | 5.93
2 273 6.73 | 892 | 591
3 278 6.69 | 891 | 5.89
4 283 6.65 | 891 | 5.88
5 288 6.61 | 89 | 5.87
6 293 6.56 | 8.89 | 5.87
7 298 6.53 | 8.89 | 5.86
8 303 6.47 | 8.88 | 5.85
9 308 6.44 | 8.88 | 5.85
10 313 6.4 | 8.87 | 5.84
11 318 6.36 | 8.86 | 5.84
12 323 6.32 | 8.86 | 5.84

Table 3.14 Variable temperature study of 9 (2 mM, 700 MHz, CDCl3).

Chemical Shift 8

Sr. | Temperature
NHI1 | NH2 | NH3
1 268 691 | 898 | 5.82
2 273 6.88 | 8.98 | 5.80
3 278 6.85 | 897 | 5.79
4 283 6.82 | 8.96 | 5.79
5 288 6.78 | 8.95 | 5.78
6 293 6.75 | 8.94 | 5.78
7 298 6.70 | 8.93 | 5.78
8 303 6.66 | 8.93 | 5.78
9 308 6.61 | 8.92 | 5.78
10 313 6.57 | 891 | 5.78
11 318 6.53 | 8.90 | 5.78
12 323 6.49 | 8.89 | 5.78
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Fig. 3.22 Molecular structure of 4 showing key nOe interactions; full TOCSY (a)
and NOESY (b) spectra (20 mM, 500 MHz, CDCls). Note: In NOESY spectrum
positive cross peaks are originating from exchange between NH and trace amount
of water.
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Fig. 3.23 Molecular structure of 5 showing key nOe interactions; full TOCSY (a)
and NOESY (b) spectra (20 mM, 400 MHz, CDCl;).
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Fig. 3.24 Molecular structure of 6 showing key nOe interactions; full TOCSY (a)
and NOESY (b) spectra (20 mM, 500 MHz, CDCls). Note: In NOESY spectrum
positive cross peaks are originating from exchange between NH and trace amount
of water.
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3.14 Experimental section (Part B)

Procedure for the preparation of common intermediate 3 has been provided in the
experimental section of part A. The designed urea-(*Ant-Pro) peptide conjugates
10-17 were prepared from compound 3.

Representative procedure for the preparation of urea derivatives 10-17:

(S)-N-(2-((2-(tert-butylcarbamoyl) pyrrolidin-1-yl) sulfonyl) phenyl)-4-(2-
fluorobenzyl)-1, 4-diazepane-1-carboxamide 10:

To a solution of 3 (0.2 g, 0.42 mmol) in DMF (3 mL), 1-(2-fluorobenzyl)-1,4-
diazepane hydrochloride salt (0.127 g, 0.42 mmol) and NaHCO; (0.143 g, 1.7
mmol, powdered and dried in furnace prior to use) were added sequentially. The
reaction mixture was heated at 100 °C for 3 h. The reaction mixture was cooled to
room temperature and diluted with EtOAc (20 mL). The organic layer was washed
with water, sat. KHSO,4 and then brine. The organic layer was dried over Na;SOq4
and concentrated under vacuum. The crude product was purified over a neutral
alumina column (70:30 EtOAc/pet ether, R 0.5) to afford 10 as a viscous liquid
(0.195 g, 82%); [a]*b : —50.70° (¢ 0.21, CHCLs); IR (CHCL) v (cm™): 3368,
2926, 1679, 1532, 1339, 1146, 760, 609; "H NMR (400 MHz, CDCls) d: 9.15 (s,
1H), 8.54-8.52 (d, /= 7.9 Hz, 1H), 7.77-7.74 (d, J= 9.1 Hz, 1H), 7.57-7.52 (t, J =
8.7 Hz, 1H), 7.42-7.38 (t, J = 7.5 Hz, 1H), 7.24-7.20 (m, 1H), 7.12-7.06 (m, 2H),
7.04-6.99 (t, J=9.1 Hz, 1H), 6.47 (s, 1H), 4.04—4.00 (m, 1H), 3.72 (s, 2H), 3.68—
3.56 (m, 4H), 3.49-3.46 (m, 1H), 3.26-3.19 (m, 1H), 2.80-2.75 (m, 2H), 2.72—
2.68 (m, 2H), 2.15-2.12 (m, 1H), 1.96 (bs, 2H), 1.74-1.68 (m, 3H), 1.33 (s, 9H);
*C NMR (100 MHz, CDCls) d: 169.87, 162.46, 160.02, 154.27, 139.40, 134.77,

131.19, 131.14, 129.53, 128.76, 128.68, 125.26, 125.12, 123.89, 121.83, 121.62,
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115.35, 115.13, 62.80, 56.05, 54.73, 51.18, 49.66, 45.83, 30.43, 29.63, 28.50,
27.85, 24.36; HRMS: CygH30O4NsFS, Caled: 560.2701 Found: 560.2708.

(S)-N-(2-((2-(tert-butylcarbamoyl) pyrrolidin-1-yl) sulfonyl) phenyl)-4-(3-
fluorobenzyl)-1, 4-diazepane-1-carboxamide 11:

Compound 11 was prepared by following the procedure for the synthesis of 10.
The crude product was purified over a neutral alumina column (70:30 EtOAc/pet
ether, Ry 0.5) to afford 11 as a viscous liquid (98%); [a]*p : —41.18° (¢ 0.23,
CHCl;); IR (CHCLs) v (em™): 3355, 2967, 1677, 1526, 1340, 1147, 756, 605; 'H
NMR (500 MHz, CDCl3) 0: 9.17 (s, 1H), 8.56-8.54 (d, J = 8.5 Hz, 1H), 7.77-7.75
(d, J=17.8 Hz, 1H), 7.57-7.54 (t, J = 7.7 Hz, 1H), 7.27-7.23 (m, 1H), 7.11-7.07
(m, 3H), 6.95 (s, 1H), 6.47 (s, 1H), 4.04—4.01 (m, 1H), 3.72-3.59 (m, 6H), 3.50
(bs, 1H), 3.26-3.21 (m, 1H), 2.74 (bs, 2H), 2.66 (bs, 2H), 2.14 (bs, 1H), 1.95 (s,
2H), 1.76-1.69 (m, 3H), 1.33 (s, 9H); °C NMR (125 MHz, CDCls) J: 169.86,
163.92, 161.97, 154.26, 141.70, 139.41, 134.80, 129.69, 129.55, 124.14, 121.83,
121.75,121.56, 115.41, 115.24, 114.02, 113.85, 62.78, 61.91, 54.82, 51.18, 49.70,
45.85, 30.46, 28.51, 27.95, 24.36; HRMS: CysH39O4NsFS, Caled: 560.2701
Found: 560.2704.

(S)-N-(2-((2-(tert-butylcarbamoyl) pyrrolidin-1-yl) sulfonyl) phenyl)-4-(4-
fluorobenzyl)-1, 4-diazepane-1-carboxamide 12:

Compound 12 was prepared by following the procedure for the synthesis of 10.
The crude product was purified over a neutral alumina column (70:30 EtOAc/pet
ether, R¢ 0.5) to afford 12 as a viscous liquid (84%); [a]®D : =39.57° (¢ 0.16,
CHCLs); IR (CHCLs) v (cm™): 3361, 2924, 1677, 1510, 1336, 1147, 759, 608; 'H
NMR (400 MHz, CDCl3) o0: 9.15 (s, 1H), 8.55-8.53 (d, J=9.3 Hz, 1H), 7.77-7.75
(d, J=9.6 Hz, 1H), 7.57-7.53 (t, J= 8.7 Hz, 1H), 7.31-7.26 (m, 2H), 7.11-7.07 (t,

J =282 Hz, 1H), 6.01-6.96 (t, J = 8.7 Hz, 2H), 6.47 (s, 1H), 4.04-3.99 (m, 1H),
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3.65-3.58 (m, 6H), 3.50-3.46 (m, 1H), 3.27-3.20 (m, 1H), 2.74-2.70 (m, 2H),
2.66-2.62 (m, 2H), 2.15-2.12 (m, 1H), 1.93 (bs, 2H), 1.76-1.69 (m, 3H), 1.33 (s,
9H); °C NMR (100 MHz, CDCls) J: 169.89, 163.16, 160.73, 154.28, 139.40,
134.78, 134.41, 130.29, 130.21, 129.55, 121.83, 121.76, 121.58, 115.14, 114.92,
62.76, 61.60, 56.02, 54.69, 51.18, 49.71, 45.92, 30.48, 29.63, 28.50, 27.86, 24.35;
HRMS: C3H3904N;5FS, Caled: 560.2701 Found: 560.2704.

(S)-N-(2-((2-(tert-butylcarbamoyl) pyrrolidin-1-yl) sulfonyl) phenyl)-4-
(thiophen-2-ylmethyl)-1, 4-diazepane-1-carboxamide 13:

Compound 13 was prepared by following the procedure for the synthesis of 10.
The crude product was purified over a neutral alumina column (60:40 EtOAc/pet
ether, Ry 0.5) to afford 13 as a viscous liquid (78%); [a]*p : —52.42° (¢ 0.14,
CHCl); IR (CHCLs) v (ecm™): 3356, 2923, 1674, 1534, 1399, 1148, 755, 609; 'H
NMR (500 MHz, CDCls ) 0: 9.16 (s, 1H), 8.54-8.53 (d, J = 8.5 Hz, 1H), 7.78-7.76
(d, J= 7.8 Hz, 1H), 7.57-7.54 (t, J = 7.5 Hz, 1H), 7.24-7.23 (d, J = 4.7 Hz, 1H),
7.11-7.08 (t, J = 7.5 Hz, 1H), 6.96-6.93 (dd, J = 9.5, 4.7 Hz, 2H), 6.48 (s, 1H),
4.03-4.02 (d, J= 1.8 Hz, 1H), 3.90 (s, 1H), 3.68-3.60 (m, 5H), 3.52-3.48 (m, 1H),
3.27-3.21 (m, 1H), 2.81 (bs, 2H), 2.73 (bs, 2H), 2.18-2.12 (m, 1H), 1.98 (bs, 2H),
1.75-1.70 (m, 3H), 1.34 (s, 9H); >C NMR (125 MHz, CDCl;) §: 169.91, 154.28,
139.41, 134.82, 129.59, 126.52, 125.06, 121.89, 121.67, 62.84, 56.99, 54.51,
51.23, 49.73, 30.49, 29.68, 28.56, 24.41; HRMS: Cy6H3304NsS,, Calcd: 548.2360
Found: 548.2368.

(S)-N-(2-((2-(tert-butylcarbamoyl) pyrrolidin-1-yl) sulfonyl) phenyl)-4-
(furan-2-carbonyl)-1, 4-diazepane-1-carboxamide 14:

Compound 14 was prepared by following the procedure for the synthesis of 10.
The crude product was purified over a neutral alumina column (70:30 EtOAc/pet

ether, Ry 0.5) to afford 14 as a viscous liquid (69%); [a]®p : —43.52° (¢ 0.22,
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CHCL); IR (CHCL) v (em™): 3359, 2926, 1679, 1531, 1332, 1145, 756, 610; 'H
NMR (400 MHz, CDCl3) J: 9.24 (s, 1H), 8.47 (bs, 1H), 7.76-7.74 (d, J = 9.4 Hz,
1H), 7.56-7.52 (t, J = 8.6 Hz, 1H), 7.47 (s, 1H), 7.12-7.04 (m, 2H), 6.46 (s, 2H),
4.00-3.99 (d, J = 5.9 Hz, 1H), 3.86 (bs, 3H), 3.76 (bs, 3H), 3.60 (bs, 2H), 3.51 (bs,
1H), 3.19 (s, 1H), 2.12-2.05 (m, 3H), 1.77-1.65 (m, 3H), 1.32 (s, 9H); '°C NMR
(100 MHz, CDCL3) &: 169.89, 159.71, 153.70, 148.02, 143.91, 138.98, 134.78,
129.53, 122.09, 121.70, 116.92, 111.43, 62.79, 51.20, 49.67, 36.57, 30.55, 29.60,
28.46, 24.32; HRMS: CagH3O¢NsS, Caled: 546.2381 Found: 546.2387;
C6H3506N;sNa$, Caled: 568.2200 Found: 568.2205.

(S)-N-(2-((2-(tert-butylcarbamoyl)  pyrrolidin-1-yl)  sulfonyl)  phenyl)
pyrrolidine-1-carboxamide 15:

Compound 15 was prepared by following the procedure for the synthesis of 10.
The crude product was purified over a neutral alumina column (60:40 EtOAc/pet
ether, Ry 0.5) to afford 15 as a viscous liquid (96%); [a]*p : —54.37° (¢ 0.16,
CHCl;); IR (CHCLs) v (em™): 3355, 2964, 1680, 1538, 1371, 1146, 757, 608; 'H
NMR (400 MHz, CDCls) ¢: 9.06 (s, 1H), 8.64-8.62 (d, J = 8.5 Hz, 1H), 7.76-7.74
(d, J = 8.0 Hz, 1H), 7.56-7.52 (t, J = 8.5 Hz, 1H), 7.09-7.05 (t, J = 8.0 Hz, 1H),
6.50 (s, 1H), 4.05-4.02 (m, 1H), 3.54-3.46 (m, 5H), 3.28-3.21 (m, 1H), 2.15-2.12
(m, 1H), 1.96 (s, 4H), 1.78-1.67 (m, 3H), 1.34 (s, 9H); °C NMR (100 MHz,
CDCl3) d: 169.92, 152.94, 139.43, 134.86, 129.53, 121.58, 121.24, 62.62, 51.16,
49.87, 45.71, 36.31, 30.53, 28.48, 25.49, 24.33; HRMS: CyoH3,04N,4S, Calcd:
423.2061 Found: 423.2063; C,0H3004N4NaS, calcd: 445.1880 Found: 445.1882.

(S)-N-(2-((2-(tert-butylcarbamoyl)  pyrrolidin-1-yl)  sulfonyl)  phenyl)
piperidine-1-carboxamide 16:

Compound 16 was prepared by following the procedure for the synthesis of 10.

The crude product was purified over a neutral alumina column (60:40 EtOAc/pet
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ether, Ry 0.3) to afford 16 as a viscous liquid (85%); [a]”b : —52.98° (¢ 0.33,
CHCLs); IR (CHCL3) v (em™): 3371, 2932, 2853, 1681, 1519, 1434, 1335, 1145,
607; '"H NMR (400 MHz, CDCl3) d: 9.16 (s, 1H), 8.47-8.45 (d, J = 8.5 Hz, 1H),
7.77-7.75 (d, J = 9.0 Hz, 1H), 7.57-7.53 (t, J = 8.5 Hz, 1H), 7.11-7.07 (t, J = 7.6
Hz, 1H), 6.49 (s, 1H), 4.04-4.02 (m, 1H), 3.53-3.48 (m, 5H), 3.27-3.20 (m, 1H),
2.17-2.14 (m, 1H), 1.77-1.69 (m, 4H), 1.65-1.62 (m, 5H), 1.35 (s, 9H); HRMS:
C21H3304N,4S, Caled: 437.2217 Found: 437.2220.

(S)-N-(2-((2-(tert-butylcarbamoyl)  pyrrolidin-1-yl)  sulfonyl)  phenyl)
morpholine-4-carboxamide 17:

Compound 17 was prepared by following the procedure for the synthesis of 10.
The crude product was purified over a neutral alumina column (70:30 EtOAc/pet
ether, Ry 0.3) to afford 17 as a viscous liquid (72%); [a]”p : —42.86° (c 0.1,
CHCl); IR (CHCl3) v (em™): 3360, 2963, 2860, 1683, 1530, 1433, 1332, 1118,
761, 609; '"H NMR (500 MHz, CDCl3) d: 9.22 (s, 1H), 8.49-8.47 (d, J = 8.5 Hz,
1H), 7.77-7.75 (d, J = 9.1 Hz, 1H), 7.58-7.55 (t, J = 8.5 Hz, 1H), 7.13-7.10 (t, J =
7.6 Hz, 1H), 6.44 (s, 1H), 4.00-3.97 (m, 1H), 3.74-3.72 (t, J = 4.8 Hz, 4H), 3.54—
3.48 (m, 5SH), 3.23-3.18 (m, 1H), 2.13-2.11 (m, 1H), 1.82 (bs, 1H), 1.79—1.74 (m,
2H), 1.70-1.66 (m, 1H), 1.35 (s, 9H); °C NMR (125 MHz, CDCls) J: 169.88,
153.86, 138.92, 134.85, 129.57, 122.21, 121.85, 121.75, 66.42, 62.71, 51.23,
49.82, 43.94, 30.65, 28.52, 24.34; HRMS: C,0H3,05N4S, Calcd: 439.2010 Found:

439.2013; C,0H300sN4NaS, calcd: 461.1829 Found: 461.1832.
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3.15 Experimental section (Part C)

1-isobutyl-3-(prop-2-yn-1-yl) urea 19:

To a solution of trichloroacetic acid (1.58 g, 9.14 mmol) and isobutyl amine
(0.736 g, 10 mmol) in dry DCM (50 mL), EDC.HCI (2.63 g, 13.7 mmol) and
DMAP (0.57 g, 4.57 mmol) were added. The reaction mixture was stirred
overnight at room temperature. The reaction mixture was diluted with DCM (50
mL). The organic layer was washed with water, saturated solution of KHSO, and
then with brine. The organic layer was dried over Na,SO4 and concentrated under
vacuum. The crude product 18 was used for the next step without purification. To
a solution of 18 (1.58 g, 9.14 mmol) and propargyl amine (0.736 g, 10 mmol) in
dry acetonitrile (50 mL), DBU (2.63 g, 13.7 mmol) was added. The reaction
mixture was refluxed for 4 h. Then the reaction mixture was cooled and diluted
with EtOAc (50 mL). The organic layer was washed with water, saturated solution
of KHSO, and then with brine. The organic layer was dried over Na,SO4 and
concentrated under vacuum. The crude product was purified by column
chromatography (40:60 EtOAc/pet ether, R 0.5) to afford 19 as a white solid
(0.86 g, 56%); mp: 48-50 °C; IR (CHCls) v (cm™): 3343, 3310, 3143, 3040, 1960,
2877, 1631, 1586, 1463, 1430, 1354, 1271, 1052, 917, 654; 'H NMR (400 MHz,
CDCls) 0: 5.93 (bs, 1 H), 5.73 (bs, 1 H), 3.95 (dd, J = 2.4, 5.4 Hz, 2 H), 3.01-2.92
(m, 2 H), 2.19-2.13 (m, 1 H), 1.77-1.65 (m, 1 H), 0.90 (d, J = 6.8 Hz, 6 H); °C
NMR (100 MHz, CDCls) ¢: 158.74, 81.12, 70.60, 47.79, 29.986, 28.94, 20.07;
HRMS: CgH;50N,, Calcd: 154.1106 Found: 154.1108.

Urea-tethered octapeptide 21:

To a solution of 20™ (0.150 g, 0.1 mmol) and 19 (0.09 g, 0.6 mmol) in DMF (2

mL), EtsN (4 mL) was added under an inert atmosphere. The reaction mixture was
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cooled using liquid N, and argon was purged. Then the reaction mixture was
warmed to room temperature and again purged with argon. The reaction mixture
was stirred overnight at room temperature. The reaction mixture was diluted with
ethyl acetate (20 mL). The organic layer was washed with water, saturated
solution of KHSO4 and then with brine. The organic layer was dried over Na,SOg4
and concentrated under vacuum. The crude product was purified by column
chromatography (0.8:92 MeOH/EtOAc, R¢ 0.4) to afford 21 as a yellow solid
(0.096 g, 60%); mp: 182-185 °C; [a]*°p: —35.18° (¢ 0.1, MeOH); IR (nujol) v(cm
": 3390, 2840, 1704, 1641, 1624, 1577, 1462, 1374, 1160, 680; 'H NMR (500
MHz, DMSO-ds) 6: 11.41 (bs, 1 H), 10.27 (bs, 1 H), 10.26-9.84 (m, 3 H), 8.47-
8.30 (m, 1 H), 7.93-7.85 (m, 3 H), 7.74-7.15 (m, 8 H), 6.32-6.05 (m, 8 H), 4.62
(bs, 1 H), 4.43-4.36 (m, 2 H), 4.10-3.93 (m, 9 H), 2.83-2.78 (m, 8 H), 2.32-1.96
(m, 7 H), 1.93-1.74 (m, 7 H), 1.61 (bs, 7 H), 1.38 (bs, 3H), 1.26 (s, 9H), 0.82-0.75
(m, 28 H); °C NMR (125 MHz, DMSO-ds) d: 183.91, 180.09, 173.74, 170.96,
167.35, 166.72, 158.17, 157.70, 153.06, 135.30, 134.75, 132.85, 130.54, 130.19,
118.59, 117.18, 112.57, 89.00, 88.80, 80.42, 80.32, 79.92, 79.19, 78.91, 78.78,
62.02, 61.16, 60.41, 60.14, 52.90, 50.00, 49.74, 46.93, 29.83, 29.61, 29.49, 28.60,
28.47, 28.15, 27.93, 24.78, 24.45, 23.14, 20.02, 19.92; HRMS: CgsH;09O14N¢Na,

Calcd: 1612.8201 Found: 1612.8145.
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