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ABSTRACT

Name of the Candidate Amol Suresh Kotmale

Research Supervisors Dr. P. R. Rajamohanan and Dr. G. J. Sanjayan

Title of the Ph. D. thesis | Design, synthesis & biophysical investigations of
Ant-Pro based peptidomimetics

Preamble: Synthetic peptide analogues are now widely recognized as important
lead compounds, both for the development of new materials and also for the
generation of therapeutic agents. Our focus in the area of peptidomimetics is
directed towards determination of structural conformation and biological activity
of molecules resulting from incorporation of a known robust synthetic structural
motif in selected oligopeptides such as gramicidin S, avellanin, f-lactam
antibiotics like ampicillin, amoxicillin & cefalexine etc. Ultimately, we aim to
attain tailor-made peptidomimetic building blocks with desired secondary

structure.

Contents: This thesis is divided into four chapters. The first chapter describes the
synthesis and investigation on the conformational preferences of “Ant-Pro” C9
turn motif incorporated gramicidin S and avellanin.'" The second chapter
discussess about design of “Ant-Pro urea” based foldamers, which exhibit C9 and
C11 bifurcated hydrogen bonding.2 Chapter three is divided into two parts; first
part deals with synthesis of novel self-assembling system containing £ lactam
moiety. The second part of this chapter describes the unusual cyclization of the
anticancer tetrapeptide AVPL Fourth chapter deals with investigations of
conformational changes of zipper architecture peptides by using solution state

NMR and MD simulation studies.

Chapter 1: Synthesis & conformational investigation of “Ant-Pro”

incorporated gramicidin S mimic

This chapter describes the synthesis of gramicidin S mimic (GS-1) and avellanin
mimic (2), incorporated with conformationally constrained f-amino acid i.e.
anthranilic acid (Ant) and D-Proline (°Pro) dipeptide unit (a well known pseudo /3
i.e. C9 turn motif)." The D-Phe and L-Pro dipeptide unit of natural gramicidin S

I



were replaced by a robust “Ant-Pro” motif, to improve its efficacy as an
antimicrobial agent, while the truncated form of GS mimic was synthesized as one
of avellanin analog (cyclic penta peptide). We have also investigated the
conformational preferences of synthetic gramicidin S mimics as well as avellanin
analog by solution-state NMR spectroscopy and MD simulation studies. We
carried out extensive solution-state NMR experiments such as variable
temperature studies, 2D COSY, TOCSY, NOESY/ROESY, HSQC & HMBC
experiments to validate the pleated antiparallel S-sheet conformation of synthetic
GS mimic, while the truncated form disturbs the p-sheet conformation.
Antibacterial studies of synthetic gramicidin S mimic show equipotent activity

similar to that of natural gramicidin S.

Gramicidin S mimic: Cyclo(-Val-(D)Pro-Ant-leu-Orn-),

10
9>
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Figure 1.1a) Structure of modified gramicidin S containing “Ant-"pro” unit, b)
characteristic nOe’s and ¢) 20 minimized MD simulated structures of synthetic
gramicidin S mimic.

Avellanin mimic: Cyclo(-Val-(D)Pro-Ant-leu-Orn-)
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10 7% o
A /N NH4%
7 1 _NH1

80 7.9 ppm

NH4+ 07" _,NH NHS

NI NH2

W] R s - NHCbz NH1 NH3 N“ H4 A ppm
O 19 nH3 ppmNH &

4
°© c7l @NH1/C7H E NH2NHE_ 7 8
===+ Strong -
2 i NHacTHE 47 NH >
T NH2NHZ 8.0

T T
- Weak 84 81 7.8 ppm 960 ppm

() (b) ()
Figure 1.2a) Structure of modified avellanin analog containing “Ant-"pro” unit, b)

characteristic nOe’s and ¢) 20 minimized MD simulated structures of synthetic
avellanin analog.
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Chapter 2: Design, synthesis & conformational investigation of “Ant-Pro
urea” based foldamers

The field of foldamer has helped chemists to create a large collection of structural
assemblies and also understanding of the structural intricacy of biopolymers. In
this chapter, we designed and investigated novel “Ant-Pro urea” based building
blocks which exhibit C9 & C11 bifurcated hydrogen bond in solid as well as in

solutions-state.
o

@ﬁ@
o o Q Q m\
N o NH j ™ °éZNH P ) by %JHT/ X\ %ﬁ)\(
o I\ o= O "\H o;<NH O 'NH O NN
© NH o oﬁ) HN< oﬁ) -
@l 9 4
Br oN Br

2a 2b 2c

2k

29 2h 2i 2

Fig.2. 2a-f) Molecular structures of “Ant-Pro urea” foldamers prepared; 2g 2h are
crystal structures of 2a and 2¢; 2i-k are MD simulated structures of 2d-f analogs
respectively.

Analogs 2a-d were synthesized using corresponding isocyanates, while analog 2e
& 2f were synthesized wusing active carbamate stategy i.e using p-
nitrophenylchloroformate. All analogues were extensively analysed by solution-

state NMR experiments and solid-state crystal structure.

Chapter 3: Synthesis of novel antibacterial & anticancer agents

Part A: Self assembly in designed S-lactam antibiotics

This part deals with the design and synthesis of novel self-assembling systems
incorporated with p-lactam antibiotics such as ampicillin, amoxicillin &
cefalexine. The duplex formation of novel self-assembling system was confirmed

by its characteristic 2M+H peak in ESI-HRMS..

v
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Fig 3a-c Molecular structures of self assemblies of ampicillin, amoxicillin & cefalexin
respectively.

All synthetic ureidopenicillin analogues showed equipotent antibacterial activity

with parent penicillins against tested bacteria.

Part B: Unusual three residual cyclization in AVPI tetra peptides

The part B of this chapter describes structural studies on the tetrapeptide AVPI,
which undergo unusual three residual cyclization when exposed to EDC.HCI. This
unusual cyclization was confirmed by spectroscopic methods such as NMR and
HRMS. Different analogues were synthesized to explore the unusual three residual

. . 4
cyclization.

COCO ;»ﬁ ;ﬁ

Fig.3. 3d-g Molecular structures of synthetic cyclic AVPI analogues

Chapter 4: Detailed NMR studies of zipper peptides

In this chapter, a thorough investigation of the conformation of zipper peptides
featuring long range terminal hydrogen bonding, pi-pi stacking, chiraliy
modulated and terminal residue specificity, was carried out using solution-state

NMR and MD simulation studies.

The part A of this chapter describes solution state conformational
investigation of novel heterochiral hybrid peptides 4a (n=2) and 4b (n = 4) of the
general sequence “af,"af,, featuring proline (Pro, a constrained a-amino acid)
and anthranilic acid (Ant, a constrained f-amino acid) as building blocks exhibited

a unique zipper like folded architecture featuring a large inter-residual hydrogen

\Y%



bond spanning 26 and 42 atoms respectively (Figure 4f and 4g). While in the
absence of terminal hydrogen bond donor (4c¢) folded architecture remains

unchanged but fraying of the termini occurs (Figure 4h).

D/
N

0i%
e

Pro ;T
4

Fig.4 4a-e Molecular structures of zipper peptides, 4f is crystal structure of 4a
whereas 4g-k are MD simulated structures 4b-k of zipper peptides.

The part B of this chapter describes the substitution alterations at the N-
terminus of the zipper motif and their consequent influences on its structure and
stability. The N-terminus Pro residue of the zipper motif was substituted with a
flexible amino acid - alanine (4d) and a constrained acylic amino acid - 2-
aminoisobutyric acid (4e) to investigate the role of N-terminus proline in
stabilizing Ant-Pro zipper motif, and their stabilities were assessed by employing
solution-state NMR, MD simulation studies. The results suggested that the
conformationally arrested residue like Pro fulfills all the requirements for the
stable zipper architecture. Comparatively, substitutions at the N-terminus with Aib
(Figure 4i) or “Ala (Figure 4k) support zipper architecture, but considerably
weaker terminal H-bonding interaction indicated the interplay of dihedral

constraints in stability of these unique structures.
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General Remarks
Unless otherwise stated, all the 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 60F254, 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 CHCIl; using Shimadzu FTIR-8400
spectrophotometer.
NMR spectra were recorded on AV 400 MHz, AV 500 MHz and AV 700
MHz Bruker NMR spectrometers. All chemical shifts are reported in 6 ppm
downfield to TMS and peak multiplicities as singlet (s), doublet (d), quartet
(q), broad (br), broad singlet (bs) and multiplet (m).
MALDI-TOF/TOF mass spectrometric measurements were done on
ABSCIEX TOF/TOF™ 5800 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 Insight II
(97.0)/Discover program on a Silicon Graphics Octane workstation and
MacroModel, Maestro version from Schrodinger software.
Single crystal X-ray data were collected on a Bruker SMART APEX CCD
Area diffractometer.
Circular dichroism (CD) was performed using JASCO 2000 spectrometer and

Spectra were smoothened and plotted using Origin Pro 6.0 software.
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NMR Experimental Conditions

All the solution state NMR measurements were carried out on a Bruker AV 400
(resonating at 400.13, 100.62 MHz for 'H and "°C, respectively), AV500 (500.13,
125.75 MHz for 'H and "*C nuclei, respectively), AV 700 (resonating at 700.13,
176.04 MHz for IH, 13C, respectively). The measurements were performed in a
standard 5 mm NMR tube and 'H, COSY, NOESY, "C, *C DEPT, 'H-"C
HSQC, and 'H-BC HMBC experiments were done on 5 mm broad band observe
(BBO) gradient probe at ambient temperature (~28°C). Gradient spectroscopic
techniques were employed for all the 2D experiments. In general, 256 experiments
(1 increments) of 8 to 24 scans were used for COSY, TOCSY and NOESY
measurements. The COSY and the 'H-">C HMBC spectra were collected in a
magnitude mode while a phase sensitive (States-Time Proportionate Phase
Increment (TPPI)) mode was used for HSQC and NOESY measurements. A
mixing time of 1 s was employed for NOESY experiment. A pulse train of ~ 300
ms, was used for ROESY spin lock. The number of scans used for each t1
increment for other 2D experiments were 16 to 24 for 'H-">C HSQC and 'H-"*C
HMBC. 'H-"°C HMBC collected with polarization transfer delay corresponding to
long-range coupling constant of 7 Hz whereas the corresponding. The HMBC
spectra were acquired without proton decoupling during detection. Appropriate
window functions, viz. sine squared bell with no phase shift for all magnitude
modes and phase shifted (ssb = 2) sine-squared bell for phase sensitive mode were
used for data processing. In general a 1 Kx1 K data matrix size was used for the 2-
D experiments. 'H chemical shifts were referred to the residual solvent peak (6 =
7.27 ppm for CHCl;) and for °C the central signals of the solvent multiplet is
used for referencing (6 = 77.0 ppm for CDCls).
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Chapter I: Synthesis & Conformational Investigation of “Ant-Pro” Incorporated Gramicidin S
and Avellanin Mimics

1.1 Introduction#

Natural peptides and proteins are fundamental components of organism that carry
out important biological and physiological functions. These proteins and natural
polypeptides are mainly composed of twenty a-amino acids and a few relatively rare
amino acids. Different combinations and proper sequences of these amino acids lead to
enormous structural diversity in the proteins. Protein structures are divided into four
levels of polypeptide chain (Figure 1.1). The primary structure represents a linear array of
amino acids (linear strand) held together by covalent bonds. The secondary structures are
referred to conformations resulting from the primary sequences with well-defined
geometry. ' The common secondary structures are helices (a-helix, 31o-helix and 7-helix),
[-sheets and turns. The tertiary structure is composed with well-defined spatial
arrangement of many secondary structures like helices, B-sheet, turns and loops, * while
the quaternary structure is the three-dimensional arrangement of multiple protein subunits
or tertiary structures, comprising different peptide strands stabilized by non-covalent

interactions.’

/’rimary structure ¢ w'.'g
G~g M “-\t 3

Secondary
structure

Quaternary¢
structure

Tertiary
structure

Figure 1.1 Four levels of hierarchical organization in protein (Image source: internet) **
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Chapter I: Synthesis & Conformational Investigation of “Ant-Pro” Incorporated Gramicidin S
and Avellanin Mimics

1.1.1 Secondary structure elements in the peptides and proteins

The backbone dihedral angles of « amino acids (y and ¢) play an essential role in
determining the secondary structure of peptides. The distribution of dihedral angles given
by the Ramachandran plot provides information about the possible secondary structures of

the polypeptides.” The regular secondary structural elements of proteins are the following.

a-helix: This is most stable motif in the secondary structure of proteins and is a right
hand-coiled or spiral conformation (helix) in which every backbone N-H is involved in
hydrogen bonding with the backbone C=0O group of the amino acid located three or four
residues earlier along the protein sequence. It involves 13 member hydrogen bond rings
and it is generally denoted as 3.6;3-helix (the average number of residues per helical turn,

with 13 atoms are involved in the ring formation).

f-sheet:. This is a common secondary structure motif of protein in which two
polypeptide chains (f-strands) run alongside each other and are linked together by
hydrogen bonds to form a f-sheet. Green fluorescent proteins and immunoglobulins are
two proteins which contain predominantly f-sheet structures (Figure 1.2a). They are of
two types; (a) parallel and (b) anti parallel. Parallel S-sheets are less prevalent and less

stable where as anti-parallel f-sheets occur frequently and are highly stable.

f-hairpins: The f-hairpin (f-f unit or fS-ribbon) is the simple protein structural motif

involving two fS-strands that look like a hairpin.

Loops: These are the connectors of two secondary structures which are often located at
the surface of folded protein. Loops varying in length and shapes are important structural

entity in biological recognition process.

Turns: Turns are regions in peptide chain where a chain reversal occurs.”” They can be

classified into a, B, y, « etc.® and are represented by the following diagram (Figure 1.2b).

y-turn: If the carbonyl of first amino acid forms a 7-membered ring hydrogen bond with

NH of third amino acid, then it is called a y-turn.” "'
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minimal—B-hairpin
a Tty b

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

Figure 1.2 Schematic representation of a typical S-hairpin secondary structure detailing

the components of its structure: f-strand, f-turn, and loop (a); Different types of reverse
turns (b).

f-turn: The most common turn motif, where the carbonyl of first amino acid forms a 10-
membered ring hydrogen bond with NH of fourth amino acid, is the f-turn. f-turns are
found abundantly in biologically systems'*'” and are further classified into type-1, type-II
(Figure 1.3) and so on, depending on their dihedral angle preferences (y and o).

H R H l-{ o "
o P R i \ LR
H %c" E’;,I Ne—Cm ™
™~ [ H 3 Ho|
N ° F=° N c=0
R fC=D'-----H—N " . H"C:D ..... H_N'fr
> 12: / R "“cf \-::"‘"HJ
WO\ / w W\ AW
B-Turn Type-l

B -Turn Type-lI
Figure 1.3 Two types of f-turn

o-turn: Here, the carbonyl of first amino acid forms a 13-membered ring hydrogen bond
with NH of fifth amino acid.'*

m-turn: A 16-membered ring hydrogen bonded ring formed between the carbonyl of first

amino acid and the NH of sixth amino acid.

1.1.2 Reverse turn mimics
Reverse turns in proteins are the sites, where the polypeptide chain totally reverses
on itself causing proteins to adopt a globular shape. Reverse turns exhibit multi-faceted

functions in biological systems. For example, the f-turns, which act as recognition sites
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and Avellanin Mimics

for the initiation of complex metabolic, hematological, immunological, and
endocrinological reactions.'” Many of the synthetic three-dimensionally ordered reverse
turn mimics although imitate the structural topology of natural bioactive peptides but, at
the same time can interfere in the biological pathways of their natural analogs. The
incorporation of reverse turn mimics into functional bioactive core increasingly
ameliorate the understanding of interactions of small molecules with biological targets
such as enzymes or receptors, besides tackling different ‘peptides as drugs’ related
concerns. Rigidification of reverse turn can be accomplished by use of various backbone

modifications or by making reverse turn mimics.

1.2.3 Reverse turn mimics containing unnatural amino acid residues

To confine the reverse turn architecture, the easiest way is to incorporate
torsionally constrained amino acids into the peptide backbone (Figure 1.4). The common
examples include geminal constraints or constrained a-amino acids, such as a-amino
butyric acid (Aib) (gem-dimethyl substituted amino acid)'® and N-aminoproline
(cyclically constrained).”” Another significant category is insertion of modified homo-
analogues i.e. f-amino acids like 2-aminocyclopropanecarboxylic acid (ACC),* 2-
aminocyclopentanecarboxylic acid (ACPC),”' 2-aminocyclohexanecarboxylic acid
(ACHC),” and 2-aminobenzoic acid (anthranilic acid, Ant)* or y-amino acids like
nipecotic acid, a hetero-chiral dinipecotic acid segment promotes antiparallel sheet

structure,”* 1-aminomethylcyclohexaneacetic acid (gabapentin, Gpn), ec. 2% %’
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R
2 HzN/jR/ COOH HZNJ\/COOH

WN  Cood HN  COOH

B2-amino Acid p3-amino Acid

ACHC ACPC
AN
‘\Q _OH S: B Z
2 :
HoN COOH HN  S-OH NH; O HN COOH
O
ili i i ; oxanorbornene 2-aminothiophene-
Anthranilic acid Orthanilic acid derved aminc asid  3-carboxylic acid
b NH, COOH

» QL
HaN_ <[ LCO,H O»COOH Ei H,N COOH

3-amino benzoic acid

Cyclopropane b_earing Nipecotic acid Constrained
y-amino Acid y-amino acid Gpn
c OR'
ny 2
o>/ O H R'O “OR'
Oxitane amino acid Furanoid amino acid Pyranoid amino acid

Figure 1.4 Some examples of peptide building blocks: (a) f-amino acids, (b) y-amino
acids, and (c) 6—amino acids.

The use of aliphatic-aromatic hybrid building block is a recent practise in the
locale of heterogeneous peptide design. These hybrid building blocks offer the combined
local conformational preferences of the a-amino acid and rigidity of the conjoining

. . 2
aromatic residue.’®

Another significant aliphatic-aromatic amino acid based reverse turn motif
reported from our group is the anthranilic acid (f-amino acid) —proline (a-amino acid)
conjugated pseudo beta turn mimic (Figure 1.5). ** The effect of the steric and dihedral
angle constraints offered by proline on the anthranilic acid (Ant) residue evades the
formation of much anticipated 6-membered H-bond (which causes the Ant repeats to
adopt sheet structure®) to establish a 9-membered H-bond between Ant-NH and Pro-CO
(Figure 1.5). Extensive studies confirmed that the proline and six-membered constrained
ring structure of Ant are essential for the formation of pseudo-g-turn structure.”Further
analysis of the robustness of this motif when it incorporated in cyclic peptides will be

discussed in this chapter.
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Figure 1.5 Molecular structure and corresponding crystal structure of Ant-Pro motif.*

1.1.3 Importance of foldamer based mimics

Peptides face an inherent problem of large degree of conformational freedom
rendering the biologically active conformations to be feebly populated in solution state.
Also, they possess the tendency to form unintended hydrogen bonds, thus they face
difficulties in crossing membranes leading to poor transportation into cells. However, the
modified bioactive peptides are one of the most preferred drug candidates because of their
high potency, specificity and biological & chemical diversity. They are better than the
peptide based therapeutics which possess short half-life (prone to proteolysis), poor
solubility or aggregate and cumbersome synthesis. Peptide-based drugs are biocompatible
to greater extents with lesser toxicity, reaching the site of action after an easy
administration with minimized drug-drug interactions and reduced accumulation in
tissues. There has been great development in the area of peptide based drug research, with

various technologies meant for improvement in their activity and bioavailability.

1.1.4 Application of foldamer-based reverse turn mimics

Foldamer-based mimics maintain stable three-dimensional compact architecture in
both solid- and solution state. These robust turn mimics successfully retain the desired
conformation for biological receptor recognition by enzymes or peptides. Besides
medicinal relevance, it also has established its forte in organic asymmetric synthesis by
providing the proper orientation and site selectivity over long distances meant to bring

reactants closer or activate the functional groups.
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1.1.5 Reverse turn mimics for peptide therapeutics

Bioactive peptides are present in all forms of life and many physiological
processes in living systems is an outcome of their interactions with the receptor
molecules. Several peptides have been identified for carrying out specific functions. A
few examples are angiotensin that causes vasoconstrictor effects, vasopressin that brings
vasodilator effects, enkephalins and neurotensin that directs central nervous mechanisms
like respiratory, cardiovascular, temperature pain and sensory controls etc. This
knowledge significantly stimulated the development of peptide emulating drugs or
structural analogs in form of their agonists (which mimic the parent peptide) and
antagonists (that occupies peptide receptor) as they are non-toxic.

Reverse turns form an integral part in many antibiotics, toxins, antitoxins,
ionophores, antimicrobial decapeptide sequences like gramicidin S and tyrocidines A-E,
antibiotic viomycin and cyclic dodecadepsipeptide valinomycin, octapeptide amatoxins
and the heptapeptide phallotoxins.

Many of these bioactive peptides possess turn structure at the site of molecular
recognition. Even a small peptide can acquire the turn conformation, triggering
physiological process through peptide-receptor interaction. Turn mimics are one of the
most thoroughly investigated secondary structure mimics. These motifs are having
implications in recognition of elements in structure-activity studies of the peptide
hormones, angiotensin II, bradykinin, GnRH, somatostatin, gramicidin S, and many
others.

1.1.6 Gramicidin S:

Gramicidin S (GS) is a cationic cyclic decapeptide (Cationic antibacterial
peptides: CAP)* and has a structure of an anti-parallel beta-sheet conformation.
Gramicidin S molecule is amphiphilic, with hydrophobic amino acids (D-Phe, Val, Leu
side chains) and hydrophilic (chargded) aminoacid (L-Orn). GS exibits strong antibiotic
activity towards Gram- positive and Gram- negative and even several pathogenic fungi. *'
The mode of action of gramicidin S is by disruption of the lipid membrane and
enhancement of permeability of the bacterial cytoplasmic membrane. Unfortunately,
being hemolytic at even low concentrations, it cannot be administered internally, and

hence it is used as topical medication.
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1.1.7 Gramicidin S Mimics:
Structurally, gramicidin S is a C2 symmetric cyclo (-Val-Orn-Leu-D-Phe-Pro-)2
antiparallel pleated f- sheet conformation with two D-Phe-Pro dipeptide units (type 11’ -
turn) at the loop region (Figure 1.6).”* Native gramicidin S is a broadly utilized cyclic

peptide scaffold for the study of the effects of turn inducers and peptide mimetics.>***

p S R O
Leu zz—wl Leu Oom Val Pro
A

Hydrophobic Face

Hydrophilic Face

Figure 1.6 a) Structure of native gramicidin S, b) Native gramicidin S with possible intra
molecular hydrogen bonding (side chain hydrogens are omitted for clarity), ¢) Crystal
structure of gramicidin S (horizontal view) where, hydrophobic and hydrophilic faces are
in opposite direction.

Various groups have been working on incorporating turn mimics into GS. Peter
Wipf & Co-worker introduced trisubstituted (E)-alkene to peptide bond as replacements
in the loop region of GS (Figure.7).” Hruby and co-workers developed a bicyclic -leu-
enkephalin analogue incorporating 4-phenyl indolizidinone.** Similarly, Jurzak and group

used (25,65,85)-indolidin-9-one amino ester as BTD.*
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GS (CF3), GS (TEADI),GS

Trisubstituted (E)-alkene dipeptide
isostere

Figure 1.7 Trisubstituted alkene f-turn mimic of Gramicidin S from P. Wipf er al.*

Sugar-based reverse turn mimetic has been shown to mimic GS structure (Figure 1.8).%

o : Sugar based

Oi o, o :_Xaa B-turn mimic
©\ Hﬂ?N\n/:\u " Figure 1.8 Sugar based GS mimics
(0]

designed by Overhand et al.*°

Recently, T. K. Chakraborty and co-workers introduced tetrahydrofuran amino acid in the

GS to improve biological profiles (figure 9).%

O va Om g lew Figure 1.9 Tetrahydrofuran amino acid P—turn
\© region of Gramicidin S published by Chakraborty
etal’’

Carlos Cativiela and his group showed that sequence inversion and phenylalanine
surrogates (Figure 1.10) at the f-turn which enhances the antibiotic activity of gramicidin

S.38
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Sequence J Increased
inve:sian _r.,f‘ putalncr
‘ d against
Stereochemistry ) 2 u Gram+
conservation M ‘rcm" &

Figure 1.10 Sequence inversion and phenylalanine surrogates in the GS taken from C.
Cativiela and group.*®

Thiazole-based y-building block incorporated in GS (Figure 1.11) was studied by Ludovic

Va on o Leu T. Maillard and his group.”
%fL j): S—  Figure 1.11 Thiazole-based y-building block in
S the B—turn region of Gramicidin S published by
Leu O I Maillard et al.*

Komarov, and co-workers reported a biological active peptidomimetic containing a
reversibly photoisomerizable diarylethene scaffold (Figure 1.12) which is effectively
controlled by ultraviolet/visible light and illustrated it by a bacterial lawn treated with the

modified gramicidin S and illuminated through a mask. *°

GS-Sw(LF) N

Figure 1.12 Photoswitch gramicidine S by Komarov et al.*
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1.1.8. Avellanin:

Avellanins are the fungal metabolites isolated from Hamigera family. ** They are
cyclic pentapeptides containg Ant-"Pro dipeptide unit, as well as NMe-" Phe and PAla
residues (Figure 1.13).

L- Pro L-Pro o Pro
N NMe-D-Phe / NMeDPhe
NMe D-Phe L : /k

A

N
° l
(0]
NH
nt H
N
o
iy, o D-Ala o D-Ala
D-Ala

L-lle L-Phe
L-Val

Avellanin A Avellanin B Avellanin C

Figure 1.13 Different types of avellanins and their structures.

Natural avellins differ in their structure at one residue. Avellanin A contain L-Val
residue, Avellanin B contain L-Ile residue while Avellanin C contain L-Phe residue
respectively. Avellanin C was inactive in antimicrobial or cytotoxic assay but displayed

inhibitory effects on the quorum-sensing signalling in Staphylococcus aureus. **

1.2 Objective of the present work

The aim of the studies reported in this chapter is to incorporate Ant-Pro (a robust
C9-pseudo f-turn inducer) dipeptide unit® in natural cyclic peptides such as gramicidin
S (GS) and avellanin. We also aim to investigate the conformation as well as to

determine the bioactivity of synthetic mimics.

1.3 Design strategy

The synthesis and conformational investigation of gramicidin S (GS) analogues
1 (Figure 1.14a) containing Ant Pro (a robust C9-pseudo f-turn) dipeptide unit™
replacement of the two “Phe-Pro A -turn regions of natural gramicidin S is described in
this section. The cyclic, gramicidin S analogue assumed to adopt a f -sheet conformation
featuring pseudo g reverse (C9) turn induced by the Ant Pro and C17 type hydrogen
bonding network between two ornithine residues. The altered turn region induces a

similar antiparallel pleated / —sheet conformation as that of natural GS and the overall
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geometry closely resembles GS. This GS mimic 1 is also shown to be antibacterial agent

as active as the parent GS. We also aim to modify the Ant Pro based cyclic peptide i.e

avellanin analogue 2 (Figure 1.14b) and investigate its conformation as well as its

bioactivity.

a) Gramicidin S mimic

P
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o ;
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b) Avellanin mimic
L-Pro
0
NMe-D-Phe
° @
NH NH
° D-Ala
R

R= Leu, Val, Phe

Natural Avellanins
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Synthetic mimic of Avellanin

Figure 1.14 Native cyclic peptides i.e gramicidin S and avellanin and designed modified

analogues containing Ant-"Pro dipeptide unit.
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1.4 Synthesis

Synthesis of cyclic peptides 1 and 2 was done by solution phase coupling strategy
using suitable coupling reagent and suitable solvent in each coupling reaction. Initially,
HCL.*Val-OMe was coupled with Boc-"Pro-OH in the presence of EDC.HCI, DIEA,
HOBt (cat.) in DCM to get dipeptide Boc-"Pro"Val-OMe (5). This dipeptide on
deprotection with TFA:DCM resulted the TFA salt which was neutralized by sat.
NaHCO; to get free amine, H- Pprotval-OMe. This free amine, H- DProLVal-OMe, was
coupled with Boc-Ant-OH in presence of HBTU, DIEA in ACN to produce Boc-Ant-
PPro"Val-OMe (6). This tripeptide was deprotected and coupled with Boc-"Leu-OH in
presence of EDC.HCI, HOBt (cat) in DCM to get Boc-"Leu-Ant-"Pro"Val-OMe (7). This
tetrapeptide on deprotection and coupling with Boc(Z)-Orn-OH, in presence of HBTU,
DIEA gave the pentapeptide Boc(Z)-Orn- “Leu-Ant-"Pro“Val-OMe (8). For the synthesis
of 1, we used segment strategy, in which one part is acid of pentapeptide i.e. Boc(Z)-Orn-
"Leu-Ant-"Pro"Val-OH and other part was amine i.e. H-(Z)-Orn- “Leu-Ant-"Pro"Val-
OMe . They were coupled in the presence of HBTU, DIEA in ACN to get the decapeptide
ie. Boc(Z)-Orn-"Leu-Ant-"Pro“Val-(Z)-Orn-"Leu-Ant-"Pro*Val-OMe ~ (9).  This
decapeptide sequentially hydrolysed and deprotected to get TFA. H-(Z)-Orn- “Leu-Ant-
PPro"“Val-(Z)-Orn- "Leu-Ant-"Pro"Val-OH. This on cyclization by using HBTU, DIEA in
DCM yielded to Cbz-1. All NMR characterization was done at this stage and finally, Cbz-
1 was deprotected using H,, Pd/C, 10 mol% in 0.02M HCI solution and the HCI.1, salt

was directly used for bio-activity.

For synthesis of compound 2, Boc(Z)-Orn- “Leu-Ant-"Pro"Val-OH was
deprotected to get TFA. H-(Z)-Orn- “Leu-Ant-"Pro"Val-OH, and this was cyclised under
dilute condition using HBTU, DIEA in DCM to produce Cbz-2, and was used for
conformational investigation using NMR and other characterization techniques. Cbz-2
was deprotected using H,, Pd/C, 10 mol% in 0.01M HCI solution and the resultant salt

was directly used for bio-activity.

The detailed schematic representation of the synthesis is shown in Scheme-1.1
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Scheme 1.1 Synthesis of modified analogous 1 and 2
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Reagents and conditions: (i) EDC.HCI, DIEA, HOBt, DCM, RT, 8 h; (ii) a) TFA:DCM;
b)Boc-Ant-OH, HBTU, DIEA, ACN, RT, 6 h; (iii) a) TFA:DCM; b) Boc-Leu-OH,
EDC.HCI, HOBt, DCM, RT, 8 h; (iv) a) TFA:DCM; b) Boc-(Cbz)-Orn-OH, HBTU,
DIEA, ACN, RT, 12 h; (v) a) LIOH:H,O; b) TFA:DCM; (vi) HBTU, DIEA, ACN, RT, 12
h; (vii) a) LiOH : H,O; b) TFA:DCM; ¢) HBTU, DCM, RT, 12 h; (viii) Hy, 10 mol%
Pd/C, 0.02M HCI in MeOH, 12 h; (ix) a)TFA:DCM; b) HBTU, DIEA, DCM, RT, 12 h,
(x) Hz, 10 mol% Pd/C, 0.01M HCI in MeOH, RT,12 h.
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Attempts for synthesis of “Pro containing cyclic analogus 15 and 17:

We also attempted the syntheses of cyclic peptide 15 and 17, by similar synthetic

procedures used for syntheses of 1 and 2, shown in Scheme-1.2.

Scheme 1.2 Synthesis of “Pro analogues 15 and 17
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Reagents and Conditions: (i) EDC.HCI, DIEA, HOBt, DCM, RT, 8 h; (ii) a) TFA:DCM;
b) Boc-Ant-OH, HBTU, DIEA, ACN, RT, 6h; (iii) a) TFA:DCM; b) Boc-Leu-OH,
EDC.HCI, HOBt, DCM, RT, 8h; (iv) a) TFA:DCM; b) Boc-(Cbz)-Orn-OH, HBTU,
DIEA, ACN, RT, 12h; (va) LiOH:H,O; (vb) TFA:DCM; (vi) a) TFA:DCM; b) HBTU,
DIEA, ACN, RT, 12h. (vii) HBTU, DIEA, ACN, RT, 12h, (vii) a) LiOH:H,O b)
TFA:DCM; b) HBTU, DIEA, ACN, RT, 12h.
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1.5 Conformational analyses
The conformational features of the synthetic peptides were investigated by X-ray

crystallography, solution state NMR and CD studies.

1.5.1 Single crystal X-ray diffraction studies

We could crystallize two tripeptide units 6 (Boc-Ant-"Pro-"Val-OMe) and 12
(Boc-Ant-"Pro-"Val-OMe) in the mixture of solvents pet. ether and ethyl acetate. The
solid-state conformation of both tripeptides 6 and 12 revealed that the nine-membered
hydrogen-bonding pattern of Ant-Pro reverse-turn clearly prevailed in both the cases,
regardless of chirality alteration in the proline residue (Figure 1.15). But, it is found that
the termini of D-Pro analogue 6 were quite closer than that the termini of L-Pro analogue

12.

2]

o
Boc \_Y.-Lkﬁh

Boc-Ant-YPPro-Val-OMe

12 (Boc-Ant-tPro-Yal-Ome
B (BEoc-Ant-CPro-YWal-Ome) i )

Figure 1.15 Crystal structures of tripeptides 6 (Boc-Ant-"Pro-"Val-OMe) and 12 (Boc-
Ant-"Pro-“Val-OMe). Note, hydrogens other than the polar amide hydrogens have been
removed for clarity.

1.5.2 NMR studies

In order to investigate the solution-state conformation of the two cyclic peptides 1
and 2 containing Ant-"Pro (C9) reverse turn segment, we performed 2D ROESY NMR
study of analogue 1 (10 mM, 700 MHz) in DMSO-ds. The signal assignments were
carried out with a combination of 2D COSY, TOCSY, HSQC and HMBC.
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1.5.2.1 Variable Temperature Studies

Variable temperature NMR experiment (Figure 1.16, Table 1.1) was used to probe

the strength of intra molecular hydrogen bonding in 1. The amide NH protons of Ant and

Orn residues had temperature coefficients -2.36 and -2.31 ppb/K, respectively, which

supported intra molecular hydrogen bonding at these sites. Whereas, the other amide NH

of Val, Leu and side chain of Orn showed temperature coefficient more than 4.5 ppb/K

which indicates non involvement in intra molecular hydrogen bonding at these sites.

= | TR T
343K )l “ 100,
= 951
“ €
333K J %
2 90
323K J MAJLA = gs
)\_J‘JL_J[ n
© 80
J i MAJU £
313K g 75
=
LeuNH
298K AntNH ValNH |_> ornNH MomNH

T
10

I T T
9 8

X0 A0 30 W 3D 0 B I

Tenperature (K)

Figure 1.16 Stacked partial 'H NMR spectra at different temperature) of 1 (2 mM, 700

MHz) in DMSO-d.

Table 1.1 Variable temperature study of 1 (2 mM, 700 MHz, DMSO-dj)

Temperature ( Chemical shift (in ppm)
K) < ? L2
6Ant- 6Val-NH 6Leu- 60rn- 6Orn-NH2 N//‘\\\
NH NH NH1 N‘H"O;K H
298 10.04 8.84 8.61 8.44 7.07 © N~
303 10.03 | 8.82 | 8.58 | 8.43 7.06 NG V"'%:O
313 10.02 8.77 8.53 8.4 6.99 OnvH—N
323 9.99 8.72 8.48 8.38 6.93 O”“f :\)-Om
333 9.97 8.67 8.44 8.36 6.88 N—H"O
343 9.94 8.61 8.39 8.33 6.81 o WL N-H
353 9.91 8.56 8.34 8.31 6.74 N o
Temperature -2.36 -5.09 -4.9 -2.31 -6.0 Ot H-N
Coefficient in %/N\”_@
ppb/K o
Cbz-1
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1.5.2.2 Variable Temperature Studies of 2:

The difference in hydrogen bonding pattern of two macro cyclic compounds
incorporated with Ant’Pro units i.e. cyclic deca peptide 1 and its truncated form cyclic
penta peptide 2 was observed in variable temperature NMR experiment (Figure 1.17,
Table 1.2). The Val NH, Ant NH and Orn NH showed temperature coefficients -1.81, -
4.36 and -3.09, ppb/K respectively, which supported intra molecular hydrogen bonding at
these sites. The Leu NH and side chin Orn NH, on the other hand, showed temperature
coefficients more than -5 ppb/K, indicating their non involvement in intra molecular

hydrogen bonding.
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Figure 1.17 Stacked plot of partial '"H NMR spectra of 2 at different temperature (5 mM,
700 MHz) in DMSO-d,

~
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Table 1.2 Variable temperature study of 2 (5 mM, 700 MHz, DMSO-dy)

Temperat Chemical shift (in ppm)
ure (K)
6Ant-NH 6Val-NH 6Leu-NH 6Orn-NHl 5Orn-NH2 F
298 9.59 8.43 7.93 7.71 7.26 HN
303 9.57 8.43 7.91 7.69 7.24 °
NH
308 9.54 8.42 7.87 7.67 7.21 5 \H/‘\/\/NHCbz
313 9.52 8.41 7.84 7.66 7.18
323 9.47 8.39 7.79 7.63 7.12 Cbz 2
333 9.43 8.37 7.73 7.6 7.07
343 9.38 8.35 7.69 7.57 7
353 9.34 8.33 7.64 7.54 6.93
Temperat | -4.36 | -1.81 -5.27 -3.09 -6.0
ure
Coefficien
tin ppb/K

1.5.2.3 ROESY and CD spectra analysis of 1

2D ROESY NMR reveals inter-strand C19H (aH of Leu)-C2H (aH of Val)
medium nOe, while intra -(B) strand strong nOe’s are observed for C7H (aH of Pro)-
NHI1 (NH of Val), C2H (aH of Val)-NH4 (NH of Orn), C19H (aH of Leu)-NH2 (NH of
Ant), C25H (aH of Orn)-NH3 (NH of Leu). The medium nOe in the loop region (turn
segment) viz. C10H (8H of Pro)-NH2 (NH of Ant), C10’H (8H of PPro)-C17H (C4H of
Ant) (Figures 1.18a and 1.18b) suggests £ sheet conformation for compound 1 in solution

state.

The minima at 220 nm and maxima at 200 nm in CD spectra (Figure19a) of 1 in
methanol clearly indicate the presence of f sheet conformation for compound 1 in

methanol.

1.5.2.4 MD Simulation study of 1

The MD-simulated structures were generated for compound 1, using the
quantitative restraints obtained from the ROESY spectra of 1 in DMSO-ds (Table 1.5).
The 20 superimposed minimum energy structures derived from MD simulations show a
perspicuous antiparallel f-sheet conformation for compound 1 with orthogonal ornithine
side chains (Figure 1.20).
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Figure 1.18 (a) Structure of 1 highlighting nOe’s with dotted double headed arrows; (b)
Diagnostic nOe’s and (¢) Overly of MD simulated 20 minimized structures calculated
using nOe distance restraints.

1.5.2.5 2D ROESY and CD analysis of 2

Compound 2 showed different nOe pattern than compound 1 (Figure 1.20).
The strong nOe between NH1 (Val NH) and NH4 (Orn NH), NH1(Val NH) and
C7H ((aH of DPro), weak nOe between NH4(Orn NH) and C7H ((aH of DPro), as
well as medium nOe between NH4 (Orn NH) and NH2 (Ant NH) suggesting three
NH’s i.e. NH1, NH2 and NH4 are involved in infra molecular hydrogen bonding
with same carbonyl group (carbonyl of Ant).

The CD studies of compound 2 in methanol showed two minima at 235 nm and
195 nm (Figure 1.19.b) and suggested a completely different conformation than
compound 1, which exhibited minima at 220 nm and maxima near 200 nm for the £ sheet

conformation.

1000
0.6 ol

5 o2l /-\ 41000+
< 0.0

: 2000

M
S
o

Mol. Ell

-0.4 -3000+

B T T r - - -4000
200 220 240 260 280 300 200 220 240 260 280 300
Wavelength (nmy Wavelength (nm)

Figure 1.19 Circular Dichroism spectra of 1 (0.1 mM) and 2 (0.2 mM) in MeOH (a and b
respectively)
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Figure 1.20 (a) Structure of 2 highlighting nOe’s with dotted double headed arrows, (b)
Characteristic nOe’s and (c¢) Overly of MD simulated 20 minimized structures calculated using
nOe distance restraints (rTable 1.6).

1.6 Antibacterial studies of 1 and 2:

Synthetic analogs of gramicidin S i.e Cbz deprotected, HCI salt of 1 & 2
were tested against bacteria such as Bacillus subtillus, Escherichia coli,
Pseudomonas aeruginosa and Staphylococcus aureus. The antibacterial studies of
this modified cyclic deca peptide 1 showed 3-15 pg/mL MIC values which is
equipotent to natural gramicidin S, while in the case of cyclic penta peptide 2 it
doesn’t reach to 100 pg/mL ICsy value against all the tested bacteria. This reveals
that g sheet conformation with two orthogonal side chains of ornithine residue is
essential for antibacterial activity. The cyclic penta peptide 2 does not possesses
both these requirements which was confirmed from CD and NMR studies, hence it

didn’t show effect on bacteria.

1.7 Attempts for syntheses of cyclic “Pro analogs 15 and 17:

We made efforts to cyclise the deprotected penta peptide 14 and deca peptide 16
incorporated with Ant"Pro segment, using similar condition for cyclization of 8 and 9 but
it didn’t gave cyclic products 15 and 17 respectively, probably due to the conformational
restriction for cyclization of the peptides, created by Ant-"Pro turn segment in these

systems, and which lead to fraying the termini.
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1.7.1 Comparative CD studies of linear "Pro analogs 8 and 9 with “Pro analogs 14

and 16:

The linear compounds 8, 9, 14 and 16 are the precursors of cyclic peptides.
We find conformational difference between "Pro and “Pro linear analogs in CD
studies. Figure 1.21 describes the CD spectra of linear "Pro anlogs i.e D-Penta 8
and D- Deca peptide 9 showing minima near 210 and maxima near 237 while “Pro
analogs L-penta 14 and L-Deca 16 maxima near 210 and minima near 240 nm
suggesting that difference in conformation with altering the chirality of proline

residue.

—— D-Pent (8)
3000 —— L-Pent (14)

2000_‘ —— D-Deca (9)

] —— L-Deca(16)
1000
0 />(_\

-10004
-2000
-30004
-40004
-50004
-6000

mol. ellip. (deg. cm.dm‘3)

200 220 240 260 280 300
Wavelenght (nm)

Figure 1.21 Circular dichroism spectra of 8, 9, 14 and 16 (0.2 mM) in methanol.

From the CD spectra of linear analogues, it could be conclude that, in this
case study "Pro sequence preorganizes the conformation for the cyclization while

L . . .
Pro sequences resist the cyclization.

1.8 Conclusions

In conclusion, we successfully demonstrated the synthesis of gramicidin S
mimic 1 with Ant°Pro a pseudo Bturn segment in the loop region. The solution
state conformational analysis using CD studies as well as NMR studies approves

the £ sheet conformation for gramicidin S mimic 1 with orthogonal (to backbone)
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side chain of ornithine residues. The cyclic penta peptide 2 shows perturbation
from f sheet conformation and three of its NHs were involved in intra molecular
hydrogen bonding with single carbonyl of Ant residue. The antibacterial studies of
these modified cyclic peptides showed that 1 is as active as its natural analogue GS,
while 2 is not active. We anticipate that this study will be beneficial in developing

the new cyclic peptidomimetics with hetero chiral residues.

1.9 Experimental Section
X-ray Crystallography:

Single crystals of 6 and 12 were obtained by slow evaporation of the
solution of ethyl acetate and pet ether. X-ray intensity data measurement of
compounds LDTRI and LLTRI were carried out on a Bruker D§ VENTURE
Kappa Duo PHOTON II CPAD diffractometer equipped with Incoatech multilayer
mirrors optics. The intensity measurements were carried out with Cu (CuK,=
1.54178 A) and Mo (MoK,= 0.71073 A) micro-focus sealed tube diffraction source
at 100(2) K temperature respectively. The X-ray generator was operated at 50 kV
and 1.1 mA for Cu radiation and 1.4 mA for Mo radiation. A preliminary set of cell
constants and an orientation matrix were calculated from two sets of 40 frames for
Cu source and three sets of 36 frames for Mo sourse. Data were collected for both
radiations with @ scan width of 0.5° at different settings of ¢ and 26 with a frame
time of 10 secs keeping the sample-to-detector distance fixed at 5.00 cm. The X-
ray data collection was monitored by APEX3 program (Bruker, 2016).** All the
data were corrected for Lorentzian, polarization and absorption effects using
SAINT and SADABS programs (Bruker, 2006). SHELX-97 was used for structure
solution and full matrix least-squares refinement on F>.*> All the hydrogen atoms
were placed in geometrically idealized positions and constratined to ride on their
parent atoms except H atoms attached to N atoms which were located in difference
Fourier map and refined isotropically.

Crystal data of LDTRI C,3H33N306, M = 447.52, colorless plate, 0.12 x
0.11 x 0.07 mm’>, tetragonal, space group P4,2:2, a = 9.6856(3) A, b = 9.6856(3)
A, ¢=51.0690(16) A, VV'=4790.8(3) A’, Z=8, T=100(2) K, Cu radiation (CuK, =
1.54178 A ), 20max = 145.71°, Deic (g cm™) = 1.241, F(000) = 1920, g (mm™") =
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0.740, 33857 reflections collected, 4731 unique reflections (Ri,=0.0497), 4378
observed (I > 2o (I)) reflections, multi-scan absorption correction, Tiin = 0.916,
Tmax = 0.950, 295 refined parameters,, S = 1.022, R1 = 0.0384, wR2 = 0.0844 (all
data R = 0.0432, wR2 = 0.0869), maximum and minimum residual electron
densities; 4 pmax = 0.159, A pmin= -0.232 (eA™).
Crystal data of LLTRI Cy3H33N306, M = 447.52, colorless plate, 0.34 x
0.21 x 0.10 mm®, monoclinic, space group P2, a = 13.3238(5) A, b = 7.2153(3) A,
c=13.5409(6) A, B=114.1870(10)°, V' =1187.48(9) A*, Z =2, T=100(2) K, Mo
radiation (MoK,= 0.71073 A )y 26max = 61.062°, D g (g cm*3) = 1.252, F(000) =
480, u (mm' ) = 0.091, 41983 reflections collected, 7203 unique reflections
(Rin=0.0595), 6847 observed (I > 2o (/)) reflections, multi-scan absorption
correction, Tmin = 0.970, Thax = 0.991, 303 refined parameters,, S = 1.038, R1 =
0.0352, wR2 = 0.0856 (all data R = 0.0382, wR2 = 0.0872), maximum and
minimum residual electron densities; 4,0max = 0.330, 4 pmin=-0.191 (¢A™).

Synthetic procedures and data:

Compound 5 (Boc-"Pro"“Val-OMe): To a solution of HC1."Val-OMe 4 (6.523 g, 34.88
mmol, 1.5 equiv.) in DCM (60 mL) at 0°C, DIEA (12.12
F b N\)LO mL, 69.75 mmol, 3 equiv.) was added slowly and the

reaction mixture stirred for 5 minutes. Later Boc-"Pro-OH 3

)( /§ © /\ (5g, 23.25, 1 equiv.), EDC.HCI (8.88 g, 46.5mmol, 2 equiv.)
S & HOBL (catalytic amount) were added sequentially and the

reaction mixture was stirred for 8 h at rt. After completion of reaction, the reaction
mixture was diluted with DCM and washed sequentially with solutions of KHSOs,
NaHCO; and brine. The organic layer was dried over Na,SO4 and evaporated under
vacuum. The crude product was purified by column chromatography (eluent: 20%
AcOEt/Pet. ether, R¢: 0.3) afforded 5 (6.25 g, 82%) as a white fluffy solid material. mp:
102-104 °C; [0]**"p = 105.39° (¢ = 0.122, CHCl3; IR (CHCLs) v (cm™): 3294, 2967,
2358, 1741, 1691, 1658, 1442, 1209, 766; '"H NMR (400MHz , CDCl;) &: 6.51 (bs,1H),
4.54 (bs, 1H), 4.34 (bs, 1H), 3.72 (s, 3H), 3.60 (m, 1H), 3.44-3.27 (m, 1H), 3.49 (bs, 2H),
2.31 (bs, 1H), 2.26-2.11 (m, 2H), 1.89 (t, J = 6.6 Hz, 2H), 1.48 (s, 9H), 0.97 (d, J = 6.8
Hz, 3H), 0.90 (d, J = 6.8 Hz, 3H); °C NMR (100 MHz, CDCl;) &: 172.3, 155.5, 80.5,
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61.3, 60.0, 56.9, 52.1, 47.1, 31.2, 28.3, 24.3, 23.6, 19.0, 17.5; HRMS (ESI) C;cH30N20Os

calculated [M+H]+: 329.1998, found 329.2061, C1¢HsN;NaOs calculated [M+Na] "
351.1896, found 351.1880.
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Figure 1.22 a) 'H NMR, b) °C NMR and ¢) HRMS of compound 5

General Boc-deprotection procedure: Peptide compound stirred in TFA:DCM (1:1)
solution for 30 min. After deprotection, DCM was evaporated under reduced vacuum and
TFA salt was neutralized by NaHCOj solution and compound was extracted with ethyl
acetate and washed with water and brine. The resulting ethyl acetate solution dried over
Na,;SO4 and evaporated under vacuum. The crude product (free amine) was used for next

reaction without further purification.

Compound 6 (Boc-Ant "Pro"Val-OMe): To a solution of BocAnt-OH (2.495 g, 10.52

mmol, 1.2 equiv.) and DIEA (4.57 mL, 26.31 mmol, 3
\L)OLO ~ equiv.) in 30mL of ACN, the amine (H-ProVal-OMe) (2 g,
8.77 mmol, 1 equiv.), HBTU (6.653 g, 17.54 mmol, 2

ST
L_ED N
N Y

we

o o /= equiv.) & catalytic amount of HOBt were added
sequentially at 0 °C. This reaction mixture was then stirred

NH 6
Boc for 6 h at rt. After completion of reaction, ACN was

removed under reduced pressure and the compound was taken into ethyl acetate. The
combined organic layers were washed sequentially with saturated solutions of KHSO4,

NaHCOj; and brine. Organic layer was then dried over Na,SO,4 and was evaporated under
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vacuum. The crude product was purified by column chromatography (eluent 40%
AcOEt/pet. Ether, R¢: 0.3) to furnish compound 6 (3.51 g, 90%) as a white solid. mp: 144-
146°C; [0]*p = 156.08° (¢ = 0.11, CHCL); IR (CHCLy) v (cm™) 3315, 2971, 2358,
1731, 1676, 1525, 1160, 761; '"H NMR (400MHz , CDCl3) & ppm 8.23 (bs, 3H), 8.10 (d, J
= 8.3 Hz, 1H), 7.40 (m, 1H), 7.37 - 7.28 (m, 2H), 7.05 (t, /= 7.5 Hz, 1H), 4.90 (d, /= 5.6
Hz, 1H), 4.66 - 4.45 (m, 1H), 3.72 (s, 3H), 3.60 - 3.39 (m, 2H), 2.48 - 2.32 (m, 1H), 2.29 -
2.18 (m, 1H), 2.18 - 2.08 (m, 1H), 2.04 - 1.93 (m, 1H), 1.91 - 1.78 (m, 1H), 1.50 (s, 9H),
0.98 (s, 3H), 0.91 (d, J = 6.8 Hz, 3H) °C NMR (125MHz , CDCls) & = 172.3, 171.1,
170.2, 153.1, 137.0, 131.0, 127.4, 124.4, 122.3, 121.1, 80.4, 59.5, 57.3, 50.3, 38.6, 30.9,
28.3, 27.4, 25.3, 19.1, 17.6; HRMS (ESI) Cy;H3N304 calculated [M+H]": 448.2369,
found 448.2431, Cy3H33N;3NaOg calculated [M+Na] " 470.2267, found 470.2249.
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Figure 1.23 a) '"H NMR, b) °C NMR and ¢) HRMS spectra of compound 6
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Compound 7 (Boc “LeuAnt "Pro"Val-OMe):
To a solution of Boc-"Leu-OH (1.33 g, 5.76 mmol, 2

@ equiv.) in 20 mL DCM, EDC.HCI(1.1 g, 5.763 mmol, 2

oo NH O }\NHL o equiv.) & catalytic amount of HOBt were added and
L/ \\ b reaction mixture was stirred at 0 °C for 30 min., the
H’\\éoc »\ 7 solution of amine (H-Ant’Pro"Val-OMe) (1 g, 2.88

mmol, lequiv.) in 10mL DCM was added slowly to the
reaction mixture at 0 °C. This reaction mixture was then stirred for 4 h at rt. After
completion of reaction, solution was diluted with DCM. The organic layer was washed
sequentially with saturated solutions of KHSO4, NaHCO; and brine. Organic layer was
then dried over Na,SO, and was evaporated under vacuum. The crude product was
purified by column chromatography (eluent 50% AcOEt/pet. Ether, Ry 0.3) afforded 7
(1.3 g, 81%) as a white fluffy solid. mp: 82-84°C; [a]**"p = 84.44° (¢ = 0.046, CHCI5);
IR (CHCI3) v (cm™) 3343, 3020, 2970, 2357, 1674, 1590, 1217, 764; '"H NMR (400MHz,
CDCls) 6 ppm 9.22 (bs, 1H), 8.30 (d, J = 6.6 Hz, 1H), 7.41 (t,J=7.3 Hz 1H), 7.34 (d., J
= 7.3 Hz, 1H), 7.23 (bs, 1H), 7.13 (t, J = 7.3 Hz, 1H), 5.56 (d, /= 7.1 Hz, 1H), 4.83 (m.,
1H), 4.60 (m, 1H), 4.42 - 4.25 (m, 1H), 3.75 (s, 3 H), 3.49 (m, 1H), 3.40 (m., 1H), 2.30
(m, 3H), 2.01 (m., 1H), 1.94 - 1.69 (m, 3H), 1.67 - 1.56 (m, 1H), 1.43 (s, 9H), 1.00 - 0.94
(m, 9H), 0.92 (d, J = 6.8 Hz, 3H); °C NMR (100 MHz , CDCl5) & ppm 172.3, 172.1,
171.6, 169.2, 155.3, 135.2, 130.6, 126.9, 125.9, 123.7, 79.4, 59.6, 57.3, 54.4, 52.2, 49.6,
41.6, 31.1, 28.2, 25.2, 24.8, 23.0, 21.6, 21.6, 19.1, 17.5; HRMS (ESI) Cy9H4sN4O-
calculated [M+H]": 561.3210, found 560.3273, C,oHuN4NaO; calculated [M+Na] *
583.3108, found 583.3091.
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Figure 1.24 a) '"H NMR, b) °C NMR and ¢) HRMS spectra of compound 7

Compound 8 Boc-(z)LOrniLLeuAntDProVal-OMe:

To a stirred solution of tetra-amine (H-"LeuAnt°ProVal-

OMe) (1 g, 2.17 mmol, lequiv.), and DIEA (1.33 mL,
A’D/ H QLO\ ) (1g quiv.) (

CbZ/ |
Boc

8

4.34 mmol, 3 equiv.) in 20mL ACN, Boc-(z)"Orn-OH
(0.96 g, 2.60 mmol, 1.2 equiv.) HBTU (1.643 g, 4.34
mmol, 2 equiv.) & catalytic amount of HOBt were
added sequentially at 0 °C. This reaction mixture was
then stirred for 8 h at rt. After completion of reaction,
ACN was removed under reduced pressure and then the
mixture was taken into ethyl acetate. The organic layer

was washed sequentially with saturated solutions of

KHSO,4, NaHCO; and brine. The organic layer was dried over Na,SO4 and was

evaporated under vacuum. The crude product was purified by column chromatography

(eluent 60% AcOEt/pet. Ether, R¢: 0.3) to furnish 9 (1.33 g, 76%) as a white fluffy solid.
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mp: 90-92°C; [a]**p = 52.59° (¢ = 0.043, CHCL); IR (CHCL) v (cm™): 3422, 3331,
3020, 2970, 2405, 2357, 1679, 1217, 764; "H NMR (400MHz , CDCl3) & ppm 9.57 (bs,
1H), 8.20 (d, J = 7.9 Hz, 1H), 7.43 - 7.28 (m, 8H), 7.17 - 7.07 (m, 2H), 6.93 (d, J = 6.4
Hz, 1H), 5.40 (bs, 1H), 5.20 (bs, 1H), 5.16 - 5.01 (dd, 11.90 Hz, 2H), 4.78 (m., 1H), 4.65
(m, 2H), 4.33 (m., 1H), 3.75 (s, 3H), 3.58 - 3.38 (m, 2H), 3.37 - 3.28 (m, 1H), 3.16 (m.,
1H), 2.31 - 2.15 (m, 3H), 2.11 (m, 1H), 2.02 - 1.67 (m, 3H), 1.67 - 1.55 (m, 3H), 1.44 (s,
9), 0.95 (m, 9H), 0.89 (d, J = 6.7 Hz, 3H); °C NMR (125MHz, CDCl3) & ppm 172.6,
172.1, 171.5, 171.1, 169.6, 156.9, 155.7, 136.6, 135.6, 130.8, 128.4, 128.0, 127.1, 125.6,
123.8, 122.6, 79.8, 66.6, 59.8, 57.1, 53.3, 52.6, 52.3, 50.2, 41.3, 39.9, 31.0, 29.8, 29.6,
28.3, 26.0, 25.2, 24.7, 23.1, 21.6, 19.0, 17.5; HRMS (ESI) C4,HeoNgOyo calculated
[M+H]": 809.4371, found 809.4429, C4HgNgNaOyo calculated [M+Na] © 831.4269,
found 831.4244.
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Figure 1.25 a) 'H NMR, b) °*C NMR and ¢) HRMS spectra of compound 8
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Hydrolysis of 8: To a stirred solution of 8 in MeOH, LiOH:H,O (2 equiv.) in water, was
added and reaction mixture was stirred for 8h. After complete consumption of starting
material, MeOH was evaporated under vacuum and then mixture was acidified with
KHSO;, solution. The compound was then extracted with ethyl acetate and washed with
water and brine. The ethyl acetate layer was dried over Na;SO4 and was evaporated under
reduced pressure. The penta-peptide acid (Boc-(z)“Orni"LeuAnt’ProVal-OH) 8a was

used for next reaction without further purification.

Compound 9 Boc-((z)"Orni"LeuAnt”ProVal),-OMe (Deca-peptide): The deca-peptide

9 was synthesized by segment doubling

I\II/} strategy from penta-peptide. To a stirred
D

Cbz 4 >‘N solution of 8a (0.41 g, 0.56 mmol, 1

os NH O J7NH o
0 j/L \\//gz equiv.) and 8b (0.4 g, 0.56 mmol, 1 equiv.)

L 'y,

N I A in 15 mL of ACN, HBTU (0.43 g, 1.16
Bocgg'\‘“ mmol, 2 equiv.) & DIEA (0.3 mL, 1.6

mmol, 3 equiv.) were added at 0 °C. The

9 reaction mixture was then stirred for 8 h at

room temperature. After completion of reaction, ACN was removed under reduced
pressure and then the mixture was taken into ethyl acetate. The organic layer was washed
sequentially with saturated solutions of KHSO4, NaHCOs3 and brine. The organic layer
was dried over Na,SO4 and was evaporated under vacuum. The crude product was
purified by column chromatography (eluent 70% AcOEt/pet. Ether, Rg: 0.3) to furnish 9
(0.57 g, 69%) as a white fluffy solid. mp: 126-128°C; [0]>%*p = 33.4824° (¢ = 0.012,
CHCl); IR (CHCL) v (em™) 3297, 3071, 2962, 2357, 1646, 1538, 1252, 1160, 761; 'H
NMR (500 MHz, CDCls) 6 ppm 9.45 (bs, 1H), 9.21 (bs, 1H), 8.19 (d, J = 6.7 Hz, 1H),
8.13 (d, J = 7.6 Hz., 1H), 7.96 (bs, 1H), 7.46 (t, J = 6.7 Hz, 1H), 7.41 - 7.19 (m, 14H),
7.17 (d,J=7.0 Hz, 1H), 7.12 - 7.05 (m, 2H), 7.03 (d, /= 7.0 Hz, 1H), 6.96 (d, /= 6.1 Hz,
1H), 6.20 (bs, 1H), 6.00 (bs, 1H), 5.36 (dd, J = 8.54 Hz, 1H), 5.16 - 4.90 (m, 5H), 4.77
(m., 1H), 4.72 - 4.60 (m, 3H), 4.48 (m, 2H), 4.37 (m., 1H), 3.71 (s., 3H), 3.45 (m., 1H),
3.35 (m., 3H), 3.22 (m, 2H), 3.02 (m, 2H), 2.45 (bs, 2H), 2.14 (m, 5H), 2.03 - 1.88 (m,
8H), 1.62 (m, 4H), 1.49-1.46( m, 5H), 1.43 (S, 9H), 0.97 - 0.84 (m, 24H). *C NMR (101
MHz , CDCls) 6 ppm 172.9, 172.8, 172.5, 171.9, 171.5, 171.4, 170.0, 168.9, 157.0, 156.6,
156.2, 137.2, 136.9, 135.0, 134.6, 130.2, 129.9, 128.3, 128.2, 128.1, 127.8, 127.7, 127.6,
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126.8, 125.4, 124.5, 124.1, 123.7, 121.4, 79.4, 70.5, 66.4, 65.8, 60.3, 59.9, 59.6, 53.9,
52.8,52.2,51.8, 51.6, 50.0, 49.1, 42.3, 40.9, 40.5, 40.0, 30.8, 30.2, 29.7, 29.2, 28.3, 27.8,
26.3, 26.2, 25.1, 24.8, 24.7, 23.2, 23.1, 21.9, 21.4, 19.0, 18.9, 18.3, 17.6. HRMS (ESI)
C7sH0sN120;7 calculated [M+H]+: 1485.7955, found 1485.8007.
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Figure 1.26 a) 'H NMR, b) °C NMR and ¢) HRMS spectra of compound 9
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Hydrolysis of 9: Following the hydrolysis procedure of 8, compound 9 was hydrolized to
Boc-((z)"Orni*LeuAnt”ProVal),-OH (i.e. Boc-Deca-OH).

Compound 1 (Cbz-GS1): Cyclo-((z)"Orn"LeuAnt’ProVal)-;; Boc-Deca-OH was
stirred in TFA:DCM (1:1) solution for 30

Q_”\ f’\ minutes. After deprotection, solution was

N=H.o evaporated under reduced vacuum and resulted
”7’\\' solid TFA salt of H-Deca-OH which was then
CbzHN  H- N O iHN dried under high vacuum pump. This TFA salt
- L of H-Deca-OH (0.08 g, 0.055 mmol, 1 equiv.)
N— HO

" \( —H NHChz Was taken in ‘10 mL‘DCM‘ and stirred for 5 min
AR at 0 °C, to this reaction mixture DIEA (0.04mL,
OniH— N 1 0.033 mmol, 4 equiv.) was added. Later, HBTU
%/ (0.042 g, 0.011, 2 equiv.) and HOBt (catalytic
amount) were added into the reaction mixture
and then reaction mixture was stirred for overnight at room temperature. After completion
of reaction, the reaction mixture was diluted with DCM and washed with saturated
solutions of KHSO4, NaHCO; and brine. The organic layer was dried over Na,SO4 and
was evaporated under vacuum. The crude product was purified by column
chromatography (eluent 2% methanol/DCM, Rg¢: 0.3) to furnish compound 1 (0.037 g,
50%) as a white fluffy solid. mp: 284-286°C; [a]**p - 87.08° (¢ =0.007, CHCl;); IR
(CHCIL3) v (ecm™) 3418, 3022, 2966, 2930, 2869, 2405, 2357, 1641, 1544, 1421, 1216,
765, 670; 'H NMR (700MHz, DMSO-ds) 6 ppm 10.04 (s, 2H), 8.85 (d, J = 9.3 Hz, 2H),
8.62 (d, J=9.5 Hz, 2H), 8.44 (d, /= 9.5 Hz, 2H), 8.20 (d, /= 8.3 Hz, 2H), 7.38 - 7.22 (m,
14H), 7.20 (d, /= 7.6 Hz, 2H), 7.12 (m, 2H), 7.10 (t, J = 7.6 Hz, 2H), 5.70 (m, 2H), 5.01
(m, 2H), 4.75 - 4.66 (m, 4H), 4.62 (m, 2H), 3.23(m, 2H), 3.17(m, 2H), 2.85 (m, 4H), 2.35
(m, 2H), 1.90-1.80(m, 8H), 1.72 (m, 2H), 1.60- 1.45 (m., 5H), 1.44-1.33 (m, 5H), 1.29 (m,
2H), 0.88 (d, /= 6.6 Hz, 6H), 0.85 (d, /= 6.6 Hz, 6H), 0.80 (d, J= 7.3 Hz, 6H), 0.78 (d, J
= 7.3 Hz, 6H); *C NMR (175 MHz, DMSO-d¢) & ppm 172.5, 172.2, 171.6, 170.0, 167.23,
156.0, 137.2, 134.4, 129.2, 128.3, 128.2, 127.9, 127.6, 125.1, 123.4, 120.5, 65.0, 59.3,
58.6, 50.6, 50.3, 48.6, 42.5, 31.3, 31.0, 30.8, 30.2, 29.0, 25.7, 24.4, 24.1, 23.3, 21.5,
18.41; HRMS (ESI) C7,HosN 2014 calculated [M+H]™ 1353.7169 found 1353.7225,
C7,HoeN12NaOy4 calculated [M+Na] "1375.7067, found 1375.7036.
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Figure 1.27 a) 'H NMR, b) °C NMR and ¢) HRMS spectra of compound 1

Procedure for Cbz deprotection and HCI salt formation of 1: The Cbz protecting
groups in Cbz-1 was successfully removed by hydrogenolysis in the presence of 10%
Pd/C in a 0.02 M HCI/MeOH solution. After deprotection, reaction mixture was filtered
through celite pad and then filtrate was evaporated under vacuum which resulted to a
colorless solid; HRMS (ESI) C7,HgsN 1,04 calculated [M]" 1084.6433 found 1084.6481,
C7,Ho7N1,014 calculated [M+H] " 1085.6433, found 1085.6553.
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Figure 1.28) HRMS spectrum of free amine 1

Compound 2 Cyclo-((z)"Orni"LeuAntProVal); Cyclic compound 2 was prepared using

same procedure of 1, which purified by column

N/:’Efo chromatography (eluent 60% AcOEt/pet. Ether,
JiN L R¢: 0.3) to furnish compound 1 yielded (60%) as a
o white fluffy solid. mp: 138-140°C; [a]”®p —

NH H NH
L_N_L NHCbz 162.6° (¢ =0.01, CHCl3); IR (CHCl3) v (cm™)

O

o) 3331, 2959, 2874, 2357, 1668, 1591, 1532, 1421,
) 763; '"H NMR (700 MHz, DMSO-dg) & ppm 9.59

(s, 1H), 8.52 (d, J= 7.9 Hz, 1H), 8.43 (d, J = 8.4
Hz, 1H), 7.70 (d, J= 9.5 Hz, 1H), 7.58 (dd, J = 1.4, 7.6 Hz, 1H), 7.47 (dt, J= 1.1, 8.6, Hz
1H), 7.36 - 7.27 (m, 3H), 7.26 (t, J = 5.7 Hz, 1H), 7.14 (dt, J = 1.1, 7.5 Hz, 1H), 4.91 (m,
2H), 4.67 (m, 1H), 4.46 (m, 2H), 4.34 (dd, J = 3.7 Hz,, 8.4 Hz, 1H), 3.79 (m, 2H), 3.06
(m, 2H), 2.48 (m, 1H), 2.30 - 2.15 (m, 2H), 2.10 - 1.98 (m, 2H), 1.95 (m, 1H), 1.90 - 1.85
(m, 2H), 1.75 (m, 1H), 1.56 (m, 2H), 1.47 (m, 1H), 0.94 (d, J = 7.1 Hz, 3H), 0.92 (d, J =
7.1 Hz, 3H), 0.87 (d, J = 6.7 Hz, 3H), 0.86 (d, J = 6.7 Hz, 3H); '>*C NMR (175MHz,
DMSO-ds) & ppm 173.5, 170.8, 170.5, 169.8, 167.6, 156.1, 137.3, 136.9, 131.3, 128.3,
127.8, 127.7, 127.7, 122.5, 122.4, 119.1, 65.1, 59.9, 58.0, 54.1, 51.3, 50.7, 36.2, 29.4,
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29.0, 27.8, 27.4, 25.9, 24.9, 23.3, 21.3, 19.2, 16.9; HRMS (ESI) C3sH4sN¢O7 calculated

[M+H]" 676.3584, found 676.3647, C3sHisNgNaO; calculated [M+Na] * 699.3482, found
699.3450
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Figure 1.29 a) 'H NMR, b) °C NMR and ¢) HRMS spectra of compound 2

Cbz deprotection procedure and HCI salt formation of 2: Following the same

procedure Cbz deprotection of 1, compound 2 was deprotected and HCI salt of 2 was
formed as a colorless solid; HRMS (ESI) C,3H4,NgOs calculated [M]+ 542.3217 found
542.2968, Cy3sH43N¢Os calculated [M+H] "542.3217, found 542.3283.
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Figure 1.30 HRMS spectra of free amine 2
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Compound 11 (Boc-"Pro"“Val-OMe): Following the same procedure for synthesis of
o] compound 5, compound 11 was synthesized. Purification was
@\«H\L)L 0/ done by column chromatography (eluent 20% AcOEt/Pet.
)(o/lo o) /:\ Ether, R¢: 0.3) afforded 11 (6.4 g, 85%) as a white fluffy solid
material; Mp: 66-68°C [a]*"p = -85.09° (¢ = 0.09, CHCl;; IR
(CHCIL3) v (em™): 3324, 2970, 2884, 2357, 1743, 1689, 1534,
1398, 1166, 761; '"H NMR (700MHz , CDCl3) & ppm 7.49 (bs, rota. NH), 6.53 (bs, rota.
NH), 4.60 (m, 1 H), 4.37 (m, 1 H), 3.71 (s, 3 H), 3.52 - 3.24 (m, 2 H), 2.36 (bs, rota. H),
2.14 (bs, rota. 2 H), 2.02 - 1.75 (m, 3H), 1.46 (bs, 9 H), 0.90 (d, J= 6.7 Hz, 3 H), 0.87 (d,
J = 6.4 Hz, 3 H); °C NMR (175 MHz, CDCl;) & ppm 172.5 (rota), 172.0, 172.1 (rota),
171.8, 155.8, 154.6 (rota), 80.8 (rota), 80.3, 61.2 (rota), 59.6, 57.2, 56.7 (rota), 52.0, 46.9
(rota),31.4 (rota), 31.2, 28.3, 27.5 (rota), 24.6, 23.6 (rota), 19.0, 17.6 (rota), 17.5. HRMS
(ESI) Ci6H30N,Os calculated [M+H]": 329.1998, found 329.2062, C;sH2sN,NaOs
calculated [M+Na] " 351.1896, found 351.188]1.

11

a)
o N~ [32] NI MNMAODAOFTOSINAHO O NOO’)OOl\g
NN @ IR B o T i ol i e B s B =
N | A B A A WA
'H NMR (700MHz, CDCl,)
(o]
N B
o/ |
, P .
11
| |
[ Ly
J\ | MM U
10 9 8 7 6 5 4 3 2 1 0

Chemical Shift (ppm)

Note: Extra signals 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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Figure 1.31 a) 'H NMR, b) °C NMR and ¢) HRMS spectra of compound 11
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Compound 12 (Boc-Ant “Pro“Val-OMe): Following the same synthetic procedure of 6,

compound 12 was synthesized and purification was done by

- H\SLO/ column chromatography (eluent 15-20% Ac(?Et/Pet. Ethe.r,

Q\W : Re 0.3) afforded 12 (3.5 g, 90%) as a white fluffy solid

o/ material; Mp: 110-112°C [a]**p = -106.1° (¢ = 0.03,

CHCl;; IR (CHClL3) v (cm™): 3331, 2971, 2888, 2357, 1820,

EEC 12 1728, 1675, 1623, 1595, 1160, 779; '"H NMR (700MHz ,

CDCl3) 6 ppm 8.32 (bs, 1H), 8.16 (d, J = 7.7 Hz, 1H), 7.38

(t,J=7.7 Hz, 1H), 7.29 (d, J = 7.5 Hz, 1H), 7.08 (d, J = 8.4 Hz, 1H), 7.01 (t,J = 7.3 Hz,

1H), 4.80 (t, J = 6.6 Hz, 1H), 4.55 (dd, J = 5.2, 7.7 Hz, 1H), 3.75 (s, 3H), 3.56 (m, 1H),

3.51 (m, 1H), 2.44 (m, 1H), 2.20 (m, 1H), 2.17 (m, 1H), 2.04 (m, 1H), 1.90 (m, 1H), 1.51

(s, 9H), 0.95 (d, J= 6.7 Hz, 3H), 0.91 (d, J = 6.7 Hz, 3H); °C NMR (175MHz , CDCl;) &

ppm 172.3,171.0, 169.9, 153.0, 137.3, 131.1, 127.4, 123.6, 121.8, 120.5, 80.4, 59.7, 57 .4,

52.1, 50.6, 31.2, 28.3, 27.6, 25.4, 19.0, 17.7;, HRMS (ESI) Cy3H33N30¢ calculated

[M+H]": 448.2369, found 448.2433, C»3H33N3NaOy calculated [M+Na] * 470.2267, found
470.2252.

a)

O

CHLOROFORM-d

12 11 10 9 8 7 6 5 4 3 2 1 0
Chemical Shift (ppm)
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Figure 1.32 a) '"H NMR, b) °C NMR and ¢) HRMS spectra of compound 11
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Compound 13 (Boc “LeuAnt “Pro“Val-OMe): Following the same synthetic procedure

of 7, compound 13 was synthesized. The crude product

NL was purified by column chromatography (eluent 50%
NH . : 0. . 9
0 NH 0 ¢ ‘L o AcOEt/pet. Ether, Ry 0.3) afforded 7 (1.03 g, 80%) as a
L \\ 5 white fluffy solid. Mp: 83-85°C; [a]**p =-84.10° (¢ =
HN # 13 0.035, CHCLs); IR (CHCL) v (cm™): 3318, 2966, 2357,
Boc

1670, 1625, 1535, 1455, 1166, 760; '"H NMR (700 MHz ,
CDCls) & ppm= 9.35 (bs, 1H), 8.24 (d, J=7.1 Hz, 1H), 7.40 (t, J = 7.9 Hz, 1H), 7.30 (d, J
=7.3 Hz, 1H), 7.13 (t, J = 7.5 Hz, 1H), 6.65 (d, J = 4.5 Hz, 1H), 5.41 (bs, 1H), 4.67 (m,
2H), 4.47 (bs, 1H), 3.76 (s, 3H), 3.50 (m, 1H), 3.32 (m., 1H), 2.34 (m, 3H), 2.01 (m, 1H),
1.78 (m, 1H), 1.73 (m, 2H), 1.62 (m, 1H), 1.43 (s, 9H), 1.00 (d, J = 6.9 Hz, 3H), 0.97 (dd,
J=5.8 Hz, 6H), 0.94 (d, J = 6.9 Hz, 3H); *C NMR (175 MHz, CDCl;) = 172.5, 172.4,
171.6, 168.6, 155.6, 135.0, 130.6, 126.7, 124.1, 122.5, 79.5, 60.4, 57.5, 53.9, 52.2, 49.2,
41.9, 31.4, 29.0, 28.3, 25.3, 24.9, 23.1, 21.9, 19.0, 17.7; HRMS (ESI) CyH4sN,O7
calculated [M+H]": 561.3210, found 561.3271, C,oHuN4NaO; calculated [M+Na] *
583.3108, found 583.3088.
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Figure 1.33 a) 'H NMR, b) °C NMR and ¢) HRMS spectra of compound 13
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Compound 14 Boc-(z)"Orni"LeuAnt’ProVal-OMe:
(Penta-peptide): Following the same synthetic
procedure of 8, compound 14 was synthesized. The
crude product purified by column chromatography
(eluent 60% AcOEt/Pet. Ether, Ry 0.3) afforded 14
(0.71g, 81%) as a white fluffy hygroscopic solid. Mp:
74-78°C; [a]”*p =-52.26° (¢ = 0.03, CHCL); IR
(CHCI3) v (cm™): 3422, 3334, 3019, 2408, 1675, 1217,
763; "H NMR (700 MHz, CDCl3) & ppm 9.30 (bs, 1H),

8.29 (d, J= 8.4 Hz, 1H), 7.38 (t, /= 7.9 Hz, 1H), 7.36 - 7.27 (m, 6H), 7.25 (m, 2H), 7.08
(t, J= 7.3 Hz, 1H), 6.64 (bs, 1H), 5.89 (bs, 1H), 5.19 (d, J = 12.5 Hz, 1H), 5.07 (d, J =
12.5 Hz, 1H), 5.04 - 5.00 (m, 1H), 4.69 (bs, 1H), 4.65 (t, J = 6.7 Hz, 1H), 4.54 (bs, 1H),
4.32 (bs, 1H), 3.74 (s, 3H), 3.43 (m, 2H), 3.36 (m, 1H), 3.18 (m, 1H), 2.2 (m, 3H), 2.0 (m,
2H), 1.95 (m, 2H), 1.85 (m, 4H), 1.65 (m, 1H), 1.43 (s, 9H), 0.94 (m, 9H), 0.89 (d, /= 6.7
Hz, 3H); °C NMR (175MHz, CDCl3) & ppm 172.6, 172.5, 171.7, 171.5, 168.9, 157.2,
155.6, 136.7, 135.1, 130.8, 128.4, 128.1, 128.0, 126.7, 125.8, 123.8, 122.0, 79.6, 66.5,
60.0, 57.8, 53.1, 52.9, 52.2, 49.6, 41.1, 39.8, 31.1, 30.4, 29.0, 28.3, 26.1, 25.1, 24.8, 23.2,
21.5, 18.8, 18.0; HRMS (ESI) CsHgoNgOjo calculated [M+H]": 809.4371, found
809.4432, C4,HgoNgNaO calculated [M+Na] " 831.4269, found 831.4244.

PhD Thesis

51



Chapter I: Synthesis & Conformational Investigation of “Ant-Pro” Incorporated Gramicidin S
and Avellanin Mimics

a)

CHLOROFORM-d @

‘
o OO0 OANTOOONMNT O0OMHDOUILITM VMMONL MO ST ONNO
M ANNNNAANIN H00C00YOONY AFARNNINARHIO RSO
[«2) QO MMM~ OSSO N NNNAAAAAAO OO0 OO
TR A I (R G B L S
TH NMR (700MHz, CDCl,)

NNOSTOON ©HAOMMDO©MO

OINRNHONGO ©OAdARS 0O ®X®QD OMNONNOO©HAH0NM OSNNOMO®OT AN
NN O N OO 0EN~ OG0 ©HOoOMWO~NONIN—d ASTONAHON I0®O
NENNOLY OOONNNNNNN ONNOOONANNDT 9000 OLW T M 00
QW‘?;‘ ‘_‘HPQH\—IHH\—IH r\r\r\r\nogommmvwwwc?n\'c\lwwwx—h—«

13C NMR (175MHz, CDCL,)

———
E——

|

200 180 160 140 120 100 80 60 40 20 0
Chemical Shift (ppm)

PhD Thesis 52



Chapter I: Synthesis & Conformational Investigation of “Ant-Pro” Incorporated Gramicidin S
and Avellanin Mimics

c)

L-PENTA_151202145433 #116 RT. 051 AV:1 NL: 1.52E9
T: FTMS + p ESIFull ms [100.00-1500.00]

g4 [M+Na]*

R=39207
C42 Hgo 010 Ng Na =831.4263
1005 -2.2547 ppm
E HRMS
955
%7 o
" L H\'-)L Q
53 N /'\ !
£ o)
e [M+H]" o
704 809.4432 NH
657 R=39407 .
o 1 C42Hg1 O10 N =809.4444 o W
2 60] 214728 ppm 0. _NH
E % H L
< 503 cbz’ NH o,
@ 7 Boc
Z 457
< 3
2 407 Chemical Formula: C4,HgoNgO1o
355 Exact Mass: 808.4371
307
25
207
157 826.4698
E R=39007
104
] 820.9293
53 789.3650 797.4393 R=38706 840.4822 BR{ZS%? %5:23383
R=23900 R=36500 L, | | R=34907 -

0:\\\\\\\\\\\\\\\\\\\\\HH\HH\\\lu\HH\HH\HH‘\'\H\\'HH\HH\H"H\HH\"HH\\H
780 785 790 795 800 805 810 815 820 825 830 835 840 845 850 855 860

miz

Figure 1.34 a) 'H NMR, b) *C NMR and ¢) HRMS spectra of compound 14

Compound 14a Boc-(z)"Orni"LeuAnt"ProVal-OH: Following the same hydrolysis
procedure of 8, compound 14 hydrolyzed to compound 14a (Boc-
(z)"Orni"LeuAnt"ProVal-OH or Boc-Penta-OH).

Attempt for synthesis of cyclic compound 15: Following the same synthetic procedure
of 2, for the synthesis of compound 15; reaction does not give desired product 15. Later,

trials using various coupling agents but reaction did not offered cyclic compound 15.

Compound 16 Boc-((z)"Orni"LeuAnt"ProVal),-OMe (Deca-peptide): Following the
same synthetic procedure of 9, compound

N& 16 was synthesized and the crude product

NHL o purified by column chromatography

L \\‘ 0 2 (eluent: 70% AcOEt/pet. Ether, Rg: 0.3) to
furnish 16 (0.57 g, 62%) as a white fluffy
solid. Mp: 128-130°C; [a]**p = -755° (¢ =
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0.014, CHCLs); IR (CHCl3) v (cm™) 3324, 3021, 2969, 1674, 1519, 1422, 1217, 1039,
766, 670; "H NMR (500MHz , CDCls) & ppm 9.82 (bs, 1H), 9.44 (bs, 1H), 8.39 (bs, 1H),
8.17 (d, J= 6.9 Hz 1H), 7.84 (d. J = 5.9 Hz 1H), 7.56 (bs, 1H), 7.42 (d, J = 7.1 Hz, 1H),
7.31 (m., 3H), 7.29 (m, 7 H), 7.16 (m, 3H), 7.03 (m, 2H), 6.96 (t, J = 6.9 Hz 1H), 6.25
(bs, 1H), 6.09 (bs, 1H), 5.42 (m, 1H), 5.09 (m, 2H), 5.04 (m, 2H), 4.87 (m, 3H), 4.67 (m.,
1H), 4.58 (dd, J = 4.4, 8.6 Hz, 1H), 4.45 (m, 2H), 4.30 (m., 1H), 3.74 (s, 3H), 3.67 (m,
1H), 3.54 (m, 2H), 3.24 (m., 1H), 2.94 (m, 2H), 2.81 (m, 2H), 2.35 (m, 4H), 2.0 (m, 1H),
1.95 (m, 5H), 1.7(m, 4H) 1.64 (m, 6H), 1.43 (bs, 9H), 1.08 (m, 24H); °C NMR (125
MHz, CDCls) & ppm 172.6, 172.5, 171.9, 171.7, 171.6, 171.4, 171.3, 168.8, 168.8, 156.9,
156.9, 155.7, 136.8, 136.7, 135.1, 134.5, 130.6, 128.3, 128.3, 128.0, 128.0, 127.9, 127.9,
127.8, 127.7, 126.9, 126.8, 126.6, 126.1, 122.6, 122.1, 79.9, 66.4, 66.3, 60.5, 60.0, 57.8,
53.3,52.7,52.6,52.2,52.1,49.6, 49.3, 45.8, 41.2, 40.1, 39.8, 31.1, 30.9, 30.8, 29.5, 29.3,
28.9, 28.3, 28.2, 25.9, 25.1, 24.8, 24.8, 23.1, 23.0, 21.7, 21.6, 18.9, 18.8, 18.7, 18.0;
HRMS (ESI) C73H;0sN1,0,7 calculated [M+H]+: 1485.7955, found 1485.8011.
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Figure 1.35 a) 'H NMR, b) °C NMR and ¢) HRMS spectra of compound 14
Attempt for synthesis of cyclic compound 17: Following the same synthetic procedure
of 1, attempted to synthesis 17, but the reaction did not produce the desired cyclic product
17.
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2D- NMR spectra
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Figure 1.36 COSY spectrum of 1 (10 mM, 700 MHz) in DMSO-ds
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Figure 1.37 TOCSY spectrum of 1 ((10 mM, 700 MHz) in DMSO-ds
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Table 1.3 Signal assignment of Cbz-1 from TOCSY Spectra

Proton | NH1 oH/1H BH/2H YH/3H 6H/4H NH2
Vs
chemica
I shift
Val 8.86(d) | 4.61(t) 1.86(m) 0.77(d)C3H
NH1 ClH C2H 0.79(d)C3’H
Pro 4.70(dd) 2.25(m) 1.82(m) 3.11(m)C10H
C7H C8H C9H 3.22(m)C10’H
Ant 10.04(s) | 8.18(d) 7.33(t) 7.08(t) 7.19(d)
NH2 C14H C15H Cl6H C17H
Leu 8.58(d) | 5.63(t) 1.65(m)C20H 1.58(m) 0.83(d)C22H
NH3 C19H 1.38(m)C20’H C21H 0.87(d)C23H
Orn 8.43(d) | 4.66(m) 1.66(m) 1.37(m) 2.85(m) 7.08(t)
NH4 C25H C26H C27H 28CH NH5
J AL M M ppm
— | ﬁ el £ 20
_ = ° ® oo [
— e . . — 40
— * — 60
— 80
—100
3 . —120
— 140
T T ARARRRRRAS AR R EARREARENS T
10 8 7 6 5 4 3 2 1 ppm

Figure 1.38 HSQC spectrum of 1 (10 mM, 700 MHz) in DMSO- ds
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Figure 1.40 Full ROESY spectrum of 1 (10 mM, 700 MHz) in DMSO- d;

2D NMR spectra of 2:
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Figure 1.41 Partial COSY spectra of 2 (15 mM, 700 MHz) in DMSO-ds a) aliphatic
region, b) aromatic region.
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Figure 1.42 TOCSY spectrum of 2 (15 mM, 700 MHz) in DMSO-ds
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Table 1.4 Signal assignment of Cbz-2 from TOCSY Spectra.

Proton Vs | NH1 aH/1H BH/2H YyH/3H SH/4H NH2
chemical
shift
val 8.83(d) | 4.34(dd) 2.47(m) 0.94(d)C4H
NH1 C2H C3H 0.93(d)C5H
Pro 4.68(br. d) 2.20(m) 1.88(m) 3.75(m)C10H
C7H C8H C9H 3.34(m)C10’H
Ant 9.59(s) | 8.51(d) 7.49(t) 7.14(t) 7.50(d)
NH2 C14H C15H Cl6H C17H
Leu 7.94(d) | 3.76(m) 2.07(m) C20H 1.51(m) 0.88(d)C22H
NH3 C19H 1.92 (m) C20°H C21H 0.86(d)C23H
Orn 7.71(d) | 4.46(m) 1.91(m) 1.35(m) 2.96(m) 7.26(t)
NH4 C25H C26H C27H 28CH NH5
ppm
— ": - 20
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Figure 1.43 HSQC spectrum of 2 (15 mM, 700 MHz) in DMSO-ds
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Figure 1.44 a) HMBC spectrum of 2 (15 mM, 700 MHz) in DMSO-d,
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Figure 1.45 ROESY spectrum of 2 (15 mM, 700 MHz) in DMSO-ds
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Molecular Dynamic Studies

The molecular dynamic study was carried out on MacroModel, version 10.8

program from Schrodinger software with OPLS 2005 Force Field, using the quantitative

restraints obtained from the ROESY spectra calculating the relativity of cross-peak

intensities of the volume integrals. The 20 superimposed minimum energy of 1 (RMSD

<0.15A) and 2 (RMSD <0.2 A).

Table 1.5 ROESY restraints used for MD simulation studies of 1

Atom1l

14H
NH2
NH2
NH1
NH1
NH1
NH1
NH3
NH3
NH3
NH3
NH4
NH4
NH5
NH5
NH5
30H
2H
19H
19H
19H
2H
25H
25H
25H
7H
2H
7H

Atom2
15H
19H
10aH
4H/5H
3H
2H
7H
21H
20H
25H
19H
2H
25H
27aH
27bH
28H
32H/36H
19H
22H/23H
20H
21H
4H/5H
27H
26aH
26bH
9aH
3H
8H

Upper Bound(A)

2.68
2.43
3.75
3.79
3.09
3.48
2.6
3.57
3.25
2.49
3.43
2.5
3.69
3.76
4.79
2.83
2.91
3.23
2.75
3.06
3.62
2.46
3.32
2.95
3.08
3.2
3.2
2.63

2.2
1.99
3.07

3.1
2.53
2.85
2.12
2.92
2.66
2.03
2.81
2.05
3.02
3.08
3.92°
231
2.38
2.64
2.25

2.5
2.97
2.01
2.72
2.41
2.52
2.62
2.61
2.15

Lower Bound(A)

16 47

15 010 g
14=—=13 "
NH2
o

N—H NH1

187-3/2
2175
NH5 19..2]
NH3
30 >LNH 20 4
029 24
27
25
NH4
o
g H‘NS: b
[¢) t:
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Figure 1.46 Different stereo views of 20 superimposed minimum energy structures for
peptide 1. Note-hydrogens, other than the polar amide hydrogens have been removed for
clarity.

Table 1.6 ROESY restraints used for MD simulation studies of 2

Atom | Atom | Upper Bound Lower Bound
14H 15H 2.68 2.2
NH2 NH3 2.88 2.36
NH2 NH4 3.3 2.7
NH2 14H 4.32 3.54
NH2 19H 3.34 2.73
NH1 3H 3.78 3.09
NH1 2H 3.35 2.74
NH1 7H 2.41 1.97
NH1 NH4 2.88 2.36
NH3 21H 3.57 2.92

10 7 O 5
NH3 26aH 3.64 2.98 N/\|//
NH3 20AH 3.77 3.08 OHNr\
NH3 25H 3.07 2.51 NH2

NH O “NHNH4 34

NH3 2H 4.18 3.42 1 \/@
NH4  4H/5H 4.07 3.33 M e b
NH4 27aH 3.05 2.49 ©
NH4 27bH 3.53 2.88
NH4 2H 3.43 2.81
NH4 25H 3.25 2.66
17H 10bH 3.44 2.82
17H 10aH 2.49 2.04
30H  32H/36H 2.88 2.36
NH5 28H 2.72 2.23
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NH5 26aH 3.57 2.92
NH5 27aH 3.72 3.05
NH5 27bH 3.45 2.82
7H 9aH 3.11 2.54
7H 8aH 2.65 2.17
25H 28aH 3.12 2.56
2H 4H/5H 2.59 2.12
19H 22H/23H 2.64 2.16
19H 21H 3.26 2.67
NH1 4H/5H 2.65 2.17
NH3 22H/23H 3.64 2.98
7H 10aH 4 3.28
NH3 NH4 3.07 2.51
NH4 7H 4.08 3.34

Figure 1.47 Stereo view of 10 superimposed minimum energy structures for peptide 2.
Note-hydrogens, other than the polar amide have been removed for clarity.
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2.1 Introduction

2.1.1 Reverse turn, g-hairpin and g-Sheet:

Reverse turn and f-hairpin scaffolds are integral part of proteins and polypeptides
which are playing a vital role in several fundamental biological processes and also
instrumental for the three dimensional structure.” * Due to significant biological
properties, the reverse turn and f-hairpin structures have attracted much attention in the
research field. Several research groups have developed 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 peptide mimetic systems possess potential applications in the
interdisciplinary fields such as medicinal chemistry,” organocatalysis’ and material
chemistry.* The f-hairpin is a simple protein structural motif involving two beta strands
that look like a hairpin. The B-sheet is divided into two major types a) antiparallel S-sheet
and b) Parallel p-sheet (Figure 2.1).

a) Antiparallel g-sheet: This type is characterized by two peptide strands running in
opposite directions held together by hydrogen bonding between the strands.

b) Parallel g-sheet: This type is characterized by two peptide strands running in the same
direction held together by hydrogen bonding between the strands.

a b
R e} R O
H H
RGN N JIP.( Jp(
Wl/k'.“J\:’ N i
O H R O H o H
oY T N
] ] ] ] \\ \
HN
I%I O R H O 0
N N =,
A < ;
R o) O

Figure 2.1 a) General schematic representation antiparallel S-sheet, b) parallel S-Sheet (S
= Spacer).

Antiparallel f-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 (Figure 2.1a).” Parallel S-sheets can be constructed by using nonpeptidic turn

motifs such as diamine (Figure 2.2a) or diacid (Figure 2.2b) linker, which can connect

PhD Thesis 71



Chapter I1: Design, Synthesis & Conformational Investigation of “Ant-Pro Urea”
Based Foldamers

adjacent peptide strands through the C-terminus to C-terminus or N-terminus to N-

6-16

terminus connection respectively.

Figure 2.2 Parallel S-sheet promoting linkers: diamine (a) and diacid (b). Examples of
parallel - sheet in the short peptides containing C to C linker DPro-DAMDE (c) and N to
N linker CHDA-Gly (d).

Herein, we discuss the f-turn mimetics, in particular, that finds application in
generating parallel f-sheet models. In this context, Feigel’s group reported parallel /-
sheet macrocycles using phenoxathiin-4,6-dicarboxylic acid and 2,8- dimethyl-4,6-
bis(aminomethyl)phenoxathiin-10,10-dioxide moities.” Sogah’s group showed the parallel
[-sheet models that contain 2,8-dimethylphenoxathiin 4,6- dicarboxylic acid motif as a
turn inducing scaffold.” Kelly’s group developed the dibenzofuran moiety-based diacid
linker that promote parallel S-sheet conformation in peptides.® Nowick’s group prepared
artificial parallel B-sheet models utilizing urea-based reverse turn mimetics.” Karle and
co-workers constructed the norbornene-based reverse turn scaffold to induce parallel -
sheet structures.'’ Gellman et.al. reported the reverse turn scaffold such as D-prolyl-(1,1-
dimethyl)-1,2-diaminoethyl linker (D-Pro-DADME) to induce parallel p-sheet
conformation (Figure 2.2¢)."" Subsequently, Gellman’s group also utilized diacid linker-
based reverse turn mimetics such as cis-1,2-cyclohexanedicarboxylic acid-Gly [(S,R)-
CHDA-Gly, (Figure 2.2d) to create parallel S-sheet structures, wherein they attached
adjacent peptide strands to nonpeptidic reverse turn scaffold via N-terminus to N-terminus
connection.'” Further, Gellman etal also reported a small, stable, parallel p-sheet

macrocyclic scafold using N to N and C to C linker."” Kraatz and coworkers developed
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ferrocene diacid linker which acts as a reverse turn scaffold to induce parallel sheet
conformation in peptides.'*
2.1.2. Urea based templates for parallel g sheet structures:

[-Sheets consist of extended polypeptide strands (f-strands) connected by a
network of hydrogen bonds and occur widely in proteins. Although the importance of /-
sheets in the folded structures of proteins has long been recognized, there is a growing
recognition of the importance of intermolecular interactions among p-sheets.
Intermolecular interactions between the hydrogen-bonding edges of f-sheets constitute a
fundamental form of biomolecular recognition (like DNA base pairing) and are involved
protein quaternary structure, protein-protein interactions, and peptide and protein
aggregation. The importance of S-sheet interactions in biological processes makes them
potential targets for intervention in diseases such as AIDS, cancer, and Alzheimer’s
syndrome.

Lee’s 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 p-sheet structures (Figure 2.3a)."” An intriguing example of urea-based
nonpeptidic reverse turn scaffold was developed by Smith et.al., which can promote
parallel f-sheet conformation in a cyclopropane-based 6-amino acid-containing peptide
(Figure 2.3b).'° They further showed that synthetically modified urea-based analogues

efficiently catalyze the asymmetric Mukaiyama-Mannich reaction (Figure 2.3c)."”

a b Cc
FsC e
He<o 0

A x NN

ﬁ N
o) \ | I‘-I H
%k\ --H-N o WM N Y
o /E o 0 /'SL
"H-N N)'w N~ N
~X H H
R N R
Vs
Figure 2.3 Templates for the induction of parallel B-sheet structures (a and b), and dual
hydrogen-bonded urea-based organocatalyst for Mukaiyama-Mannich reaction (C).

Nowick’s group developed many artificial f-sheet structures which are urea based
foldamer (Figure 2.4a) containing parallel f-sheet (Figure 2.4b) anti parallel S- sheet

(Figure 2.4c) three-stranded f-sheets containing parallel as well as anti parallel strands.
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The group of D.S Kemp developed symmetrical f-sheet using 2, 8-diaminoepindolidione

template (Figure 2.4d).
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Figure 2.4 Urea based foldamer containing (a) parallel f- sheet (b) anti parallel - sheet
(c) three-stranded pf-sheets containing parallel as well as anti parallel S- sheet (d)
symmetrical f-sheet contain 2,8-diaminoepindolidione template.

In summary, the studies in the development of f-sheet models revealed that in
addition to the non covalent interactions, there are two more factors which substantially
determine the stability of f-sheet structures: @) the turn scaffold which holds adjacent

peptide strands and b) its precise position in the peptide sequence.

2.2 Objective and design strategy:

Herein, we have designed the urea-based foldamer of H-X-H three centred dual
hydrogen bonding stabilized reverse turn scaffold containing a Ant-Pro (C9) reverse turn
(developed in our laboratory)'® and a urea moiety at the N-terminus of the turn motif

(Figure 2.5). We anticipated that the urea NHs would form intra molecular dual hydrogen
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bonding with the C=0 of proline. In this regard, the urea moiety can be installed at the N-
terminus of Ant- Pro reverse turn scaffold'® by reacting H,N-Ant-Pro with various
isocyantes. In the present study, various isocyantes used to generate the unsymmetrical as
well as symmetrical urea analogues (1-4) shown in (Figure 2. 5).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.

(@] (e}
rE\ijoc 0 o’ Ri @8' o7 "Ry
NHZ NH (@) R4 NH
2
o&’\NH

|

R2
Figure 2.5 Design strategy for the H-X-H three centered dual hydrogen bonding
stabilized reverse turn (Ant Pro) scaffold.

2.3 Synthesis

The unsymmetrical urea analogues were synthesized from amine NH,- Ant-Pro-
Ani-Br building block as shown in the Scheme 2.1a. The synthesis started by coupling of
H-Pro-Ani-Br (Deprotected 8a/8b) with Boc-Ant-OH in presence of HBTU, HOBt and
DIEA which resulted in Boc-Ant-Pro-Ani-Br 9a/9b. Next step was deprotection of Boc of
9a/9b using TFA:DCM, to get the free amine H- Ant-Pro-Ani-Br, which was used for next

coupling with different isocyanates to produces urea analogs 1 to 3.

The symmetrical urea analogue was synthesized from amine NH,- Ant-Pro-Val-
OMe building block as given in Scheme 2.1b. The synthesis started from coupling of
Boc-"Pro-OH and HCIL.H-"Val-OMe in presence of EDC.HCI, HOBt, DIEA, DCM, to get
the dipeptide Boc-"Pro-“Val-OMe (11a). This dipeptide on Boc deprotection using
TFA:DCM, resulted in free amine H-"Pro-"Val-OMe, which was used for next coupling
reaction with Boc-Ant-OH in the presence of HBTU, HOBt and DIEA to get Boc-Ant-
“Pro-"Val-OMe (12a).The tripeptide on deprotection with TFA:DCM, gave the free amine
H-Ant-"Pro-"Val-OMe, which on coupling with 1,4-Phenylene diisocyanate, in Pyridine
formed a symmetric urea analogue 4. Formation of this symmetric urea is further

confirmed by its "H and ?C NMR spectra.
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Scheme-2.1:
a)
4 Pow i
e [\H _i
N OH N o  NH
Boc

B
8a. BocPro-Ani-Br, 95%. o¢

7a. Boc-ProOH
8b. BocPPro-Ani-Br, 93%.

7b. BocPProOH

Br
9a. BocAnt-Pro-Ani-Br, 89%

9b. BocAntPPro-Ani-Br, 90%

@H
1. R=Ph, (PheYAnt-ProAni-Br), 60%

2. R=p-NO,Ph, (p-NO,PheVAnt-ProAni-Br), 56%
,NH 3. R=Bz, (BzYAntPPro-Ani-Br), 65%
Br

b)

(0] K\Li
N
v
oo o ?; s
Hel NH © ﬁ
Boc ©
Lppal o=
Lval- i - 0
10. HCI.*Val-OMe 11a. Boc--Pro-Val-OMe, 90%. 12a. Boc-Ant-ProtvVal-OMe, 90%.

4. p-di(PhYAnt-Pro-Val-OMe), 55%.

Reagent & conditions: (i) p-bromoaniline, EDC.HCI, DMAP, DCM, rt, 6h; (iia)
TFA:DCM; (iib)BocAnt-OH, HBTU, ACN, rt, 8h; (iiia)TFA:DCM; (iiib) RNCO,
Pyridine,rt, Sh. (iv). Boc-"Pro-OH, EDC.HCI, HOBt, DIEA, DCM, rt, 8h; (va)
TFA:DCM; (vb) BocAnt-OH, HBTU, ACN, rt, 6h; (via)TFA:DCM,; (vib) 1,4-Phenylene
diisocyanate, Pyridine, rt, Sh.
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Installation of N terminal amino acid

The synthetic root for the N-terminal amino acid incorporation into the designed

urea-based foldamer is given in the following Scheme 2.2

Scheme-2.2:

O (0]
N NH

o NHL NH O
BOC 0] Boc (@]
O— HN—
Quantitative
12a. BocAnt-Pro-Val-OMe; 13a.BocAnt-Pro-Val-NHMe;
12b. BocAntPPro-Val-OMe. 13b. BocAnt°Pro-Val-NHMe.
o

14a.4-nitrophenylcarbamate of BocAnt-Pro-Val-NHMe;
14b.4-nitrophenylcarbamate of BocAntPPro-Val-NHMe

0
N%H
1]

_— NH

NH O N

O)\NHO
o HN—

OR
5. R=Bz, (Benzyl ester of GlyYAnt-Pro-Val-NHMe); 70%.
6. R=Me, (Methyl ester of GlyYAnt-Pro-Val-NHMe); 73%.

Reagent & conditions: (i) MeNH, in MeOH, rt, 12h; (iia) TFA:DCM; (iib) 4-
nitrophenyl chloroformate, NaHCO;, ACN, rt , 1h; (iii)PTSA salt of Gly-Bz/ HCI salt of
Gly-OMe, DIEA, DMF, rt,1h.
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2.4 Results and discussion

2.4.1 Crystal structure analysis:

Figure 2.6 Molecular structures (left) of 1 and 3 displaying observed hydrogen bonding
and crystal structures (right).

After extensive crystallization trials, we could grow good quality crystals of an
analogue 1 in a mixture of ethyl acetate and toluene while analogue 3, crystals were
grown in ethyl acetate and pet ether mixture. The crystal structure (Figure 2.6) analysis of
1 and 3 revealed that the distance between NH1 and NH2 is 2.0 A for 1 and 2.1 A for 3
which indicated the trans-trans configuration of the urea-NH’S and planar orientation of
urea moiety in the solid-state. The hydrogen bonding distances were found to be [d(NH1--
-0) = 2.1 A] and [d(NH2---O) = 2.1 A] for 1, while for 3, [d(NH1---O) = 2.5 A] and
[d(NH2---O) = 2.1 A], which clearly suggested participation of urea NH’s in the strong
intra molecular hydrogen bonding with carbonyl of proline. Crystal structure also
revealed that on alteration of chirality of proline residue doesn’t affect the hydrogen

bonding pattern of urea NHs.

2.4.2 NMR Studies of 1-4

We have undertaken detailed 2D NMR studies of all synthetic urea analogues (1-
4) to gain insights into solution-state conformation of urea-based scaffolds (see
experimental section 2.5). The involvement of urea-NHs in an intra molecular hydrogen
bonding was confirmed by variable temperature (VT) experiments and DMSO-d, titration

studies in CDCls.
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2.4.2.1 Variable temperature studies of 1-4

The values of temperature coefficients obtained for urea-NHs of 1-4 (vide infra
Table 2.1) were found to be very negligible [AS/AT (NH1 or NH2) < -3 ppb/K] which
clearly indicated their participation in strong intra molecular hydrogen bonding, while,
on the contrary, larger value of temperature coefficient for NH3 [AS/AT (NH3)> - 5
ppb/K] suggested its solvent exposed nature or non involvement of intra molecular

hydrogen bonding.

Table 2.1 Temperature coefficients and chemical shift change in DMSO-d titration

studies of compounds 1-4.

Urea Temp coefficients® Chemical shifts®
analogues | A8/AT (ppb/K) A& (ppm)

NH1 NH2 NH3 NH1 NH2 NH3
1 -3.79 -4.5 -8.36 0.24 0.09 0.44
2 -1.81 -4.1 -8.0 0.23 0.30 0.42
3 -2.9 -4.36 -6.18 0.12 0.09 0.35
4 -3.23 -2.92 -3.80 0.20 0.1 1.23

Note: * Variable temperature studies carried out in CDCl; (2 mM, 700 MHz) and ® Values
of chemical shifts obtained from DMSO-d titration studies in CDCl; (2 mM, 700 MHz,
298 K). See tables 2.3 to 2.6 in the experimental section.

2.4.2.2 DMSO-dj titration studies of 1-4

We carried out DMSO-dg titration studies of all in CDCls, the values of chemical
shifts change for urea-NHs of 1-4 (vide supra Table. 2.1) were found to be very negligible
[AS (NH1 or NH2) < 0.3 ppm] which clearly indicated their involvement in strong intra
molecular hydrogen bonding. On the contrary larger value of chemical shifts change seen
for NH3 [Ad (NH3) > 0.3 ppm] suggested its non involvement in intra molecular
hydrogen bonding.

2.4.2.3 NOESY/ROESY analysis and MD simulated structures

Solution state conformational investigation of 1-4 was done using 2D NOESY/ROESY
experiment in CDCls. The noticeable inter-residual nOes were observed in the compound
1-4, such as NH2/C12Ha and C4H/C12Hb (Figure 2.7), which suggested that compound
1-4 adopted well-defined folded conformation (C9 turn). The appropriately positioned
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C=0O group of ©proline and trans-trans
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NH 4 Q C9H/NH3 and C15H/NH3 confirmed projection of
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C=0 group of proline towards urea-NHs while

strong nOe: NH2/NHI1 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.
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Figure 2.7 Selected nOe extracts of 1 (a), 2 (b), and 3 (c), (700 MHz, CDCl3).

We could not get crystals even after several crystallization trials for 4 therefore,
we relied on nOe based MD simulated 20 minimized structures as shown in Figure 2.8.

The nOe distance restraints were shown in the Table 2.9.

5 4 . o NH1
STy
6 B IN\12 k ppm
7 NH2 " o]
1\ NH:: 13 10 ‘.11 NH1 @ E75
o=(" "0 ¥ i
»°7 °NH E
NH1NH‘ 1 14\1?0 9‘0 89 IR
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o . 1,/ \\ 0-19
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HN - #N;i‘ --- Strong M ppm J\ ppm

NH3 0

ﬁsz --- Medi -3.3

9H 2 0 '

N, 50 12aH 35
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I —
4 8.4  ppm 9.0 89 ppm
a b

Figure 2.8 (a) Structure of 4 highlighting nOe’s with dotted double headed arrows, (b)
Characteristic nOe’s from ROESY experiment of 4 (700 MHz, CDCls) and (c) Overly of
MD simulated 20 minimized structures of 4 calculated using nOe distance restraints.
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2.4.3 Solution state conformational investigation of 5 and 6
2.4.3.1 Variable temperature studies and DMSO-d6 titration studies.

The values of temperature coefficients for urea-NHs of 5 and 6 (vide infra Table.
2.2 and also see tables 2.7 and 2.8 in the experimental section) were found to be very
negligible [AS/AT (NH1 or NH2) < -3 ppb/K] (except NH2 of 6) which clearly indicated
their participation in strong intra molecular hydrogen bonding, while larger value of
temperature coefficient for NH3 and NH4 [A0/AT (NH3 or NH4)> - 5 ppb/K] suggested
its solvent exposed nature or non involvement of infra molecular hydrogen bonding.

In the DMSO-d; titration studies, the values of chemical shift changes for urea-
NHs of 5 and 6 (vide infra Table 2.2) were found to be very negligible [Ad (NH1 or NH2)
< 0.3 ppm] which clearly indicated their involvement in strong infra molecular hydrogen
bonding. The larger value of chemical shifts change for NH3 and NH4 [Ad (NH3 or NH4)

> (0.3 ppm] suggested its non involvement in infra molecular hydrogen bonding.

Table 2.2 Temperature coefficients and chemical shift change in DMSO-d¢ titration

studies of compounds 5 and 6.

Urea Temp coefficients® Chemical shifts
analogues | AS/AT (ppb/K) A6 (ppm)

NH1 NH2 NH3 NH4 NH1 NH2 NH3 NH4
5 -3.33 -3.33 -9.5 -9.6 0.14 0.01 0.17 0.68
6 -3.09 -7.81 -6.72 -9.63 0.15 0.05 0.67 0.45

Note: * Variable temperature studies carried out in CDCl; (5 mM, 700 MHz) and ® Values
of chemical shifts obtained from DMSO-d; titration studies in CDCl; (5 mM, 700 MHz,
298 K). Also see tables 2.7 and 2.8, in the experimental section.

2.4.3.2: NOESY analysis and MD simulation of 5 and 6.

The noticeable inter-residual nOes were observed in the compound 5 and 4, such
as NH2/C14Ha and C6H/C14Hb, which suggested that compound 5 and 6 adopted well-
defined folded conformation (C9 turn). The appropriately positioned C=0O group of
proline and trans-trans conformation of urea can form the dual hydrogen bonding
effectively. The significant nOe C11H/NH3 and weak nOe C16H/NH3 confirmed

projection of C=0 group of proline towards urea-NHs while strong nOe: NH2/NHI
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confirmed the trans-trans conformation of urea and hence the hydrogen bonding sites
facilitated participation of C=0 of proline in the dual hydrogen bonding with urea-NHs in

compound 5 and 6 shown in Figure 2.9.

14bH ° F s NH w 766
14aH @ 5:
3.6 NH4 6.7

T T ) T T
8.3 8.2 ppm 83 82 ppm

Figure 2.9 (a) and (b) Structure of 5 and 6 with characteristic nOe’s and overly of MD
simulated 20 minimized structures calculated using nOe restraints given in Table 2.10 and
2.11 respectively..

2.5 Conclusions

Conformational investigations of designed urea derivatives (unsymmetrical as
well as symmetrical urea) 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 C9
and C11 dual hydrogen bonding. We also standardized the protocol for this urea scaffold
attached to peptide strands through N-terminus as well as C- terminus, and thus it can

serve as a template to promote parallel f-sheet structures.
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2.6 Experimental Section: Experimental Procedure and data

Compound 9a: (Boc-Ant-"Pro-Ani-Br): To a solution of H-

3 N Pro-Ani-Br (1.3 g, 4.85 mmol,1 equiv.) and DIEA (2.53 mL, 1.

45 mmol, 3equiv.) in ACN (15mL), Boc-Ant-OH (1.2 g, 5.3

Bod H W mmol, 1.1 equiv.) was added, followed by addition of HBTU
(2.75 g, 7.27 mmol, 1.3 equiv.) and HOBt (catalytic amount).

9a Be [he reaction mixture was stirred at room temperature for 8 h.

After completion of reaction, ACN was removed under reduced pressure and the product
was taken into ethyl acetate. The combined organic layers were washed sequentially with
saturated solutions of KHSO,4, NaHCO; and brine. Organic layer was then dried over
Na,SO4 and was evaporated under vacuum. The crude product was purified by column
chromatography (eluent 35% AcOEt/pet. Ether, Rf: 0.3) to furnish 9a (2.05 g, 89%) as a
white solid. Mp: 193-195 °C; [0]**'°p = - 52.12 (¢ = 0.16, CHCl3); IR (CHCl3) v (cm™),
3314.17, 3282.46, 3020.05, 1724.04, 1690.52, 1615.25, 1536.18, 1158.76 ; 'H NMR
(500MHz, CDCls-d) 6 ppm = 9.59 (s, 1H), 8.46 (s, 1H), 8.27 (d, J = 8.4 Hz, 1H), 7.43 (t,
J =178 Hz, 1H), 7.36 (d, J = 7.2 Hz, 1H), 7.28 (d, J = 8.8 Hz, 2H), 7.18 (d, J = 8.8 Hz,
2H), 7.08 (t, J = 7.4 Hz, 1H), 5.02 (dd, J = 5.9, 7.8 Hz, 1H), 3.71 - 3.58 (m, 1H), 3.55 -
3.45 (m, 1H), 2.39 - 2.18 (m, 2H), 2.14 - 1.99 (m, 2H), 1.94 - 1.83 (m, 1H), 1.56 (s, 9H);
BC NMR (125MHz , CDCl3) & ppm = 169.7, 153.1, 137.3, 136.7, 131.5, 131.3, 131.0,
126.7, 124.0, 122.0, 120.8, 120.1, 116.1, 80.5, 60.7, 50.5, 29.0, 28.3, 25.1; HR-MS
C»3Hy7BrN3;O4 calculated: 487.1185, Found: 488.1185; C,3HsBrN3NaOs calculated:
510.1004, Found: 512.0982.
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Figure 2.10 a) 'H NMR, b) *C NMR and ¢) HRMS spectra of compound 9a

Compound 9b (Boc-Ant-°Pro-Ani-Br):  Compound 9b was prepared using same
procedure of 9a. 9b is a white solid. Mp:195-197 °C; [a]***®p =

? 86.96 (¢ = 0.15, CHCls); IR (CHCIl3) v (cm™) 3312.78, 3305.08,

N D 3019.22, 2982.05, 1723.58, 1688.93, 1615.57, 1523.37, 1458.53,

NH NH 1158.55, "H NMR (400MHz, CDCls) & ppm : 9.47 (s, 1H), 8.39 (s,
Bod © 1H), 8.23 (d, J=7.9 Hz, 1H), 7.43 (t, J= 7.6 Hz, 1H), 7.36 (d, J =
7.9 Hz, 1H), 7.32 (d, J = 8.5 Hz, 2H), 7.26 - 7.20 (m, 2H), 7.07 (t,

9 J=17.6 Hz, 1H), 5.06 - 4.96 (m, 1H), 3.67 - 3.58 (m, 1H), 3.58 -

Br 3.48 (m, 1H), 2.45 -2.21 (m, 2H), 2.17 - 2.01 (m, 1H), 1.98 - 1.85
(m, 1H), 1.54 (s, 9H); °C NMR (100MHz, , CDCls) & ppm : 170.1, 169.4, 153.1, 137.2,
136.9, 131.5, 131.2, 127.0, 123.8, 122.1, 121.0, 120.4, 116.3, 80.6, 60.7, 50.7, 28.3, 28.2,
25.2; HR-MS Cy3H»7BrN3O4 Calculated: 487.1107, Found: 490.1161; Cy3Hy6BrN3NaOQOy
Calculated: 510.1004, Found: 510.1003.
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Figure 2.11 a) '"H NMR, b) *C NMR and ¢) HRMS spectra of compound 9b

Boc Deprotection:

Boc-9a or 9b was deprotected with TFA:DCM and DCM was evaporated under
vacuum, to get the TFA salt which was neutralized by solution of NaHCO; and extracted
with DCM. The organic layer was washed with water and brine and dried over Na,SO4
and was evaporated under vacuum. The crude product (free amine i.e. H-AntProAni-Br)
was used for next reactions, without further purification.

Synthetic procedure for compounds 1, 2, & 3:

The amine (H-AntProAni-Br, lequiv.) was taken into 2 mL of dry pyridine and
the solution was stirred for 5 min at 0 °C, isocyanate (1 equiv.) and activated molecular
sieves were added to the reaction mixture. This reaction was stirred at room temperature
for 4-5 h. After completion of reaction, the reaction mixture was diluted with ethyl acetate
(20 mL). Pyridine from mixture was removed by washing several times with CuSO4
solution. Organic layer was dried over Na,SO4 and was evaporated under vacuum. The
crude product was purified by column chromatography (eluent 30% AcOEt/pet. Ether, R¢:
0.3).
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Compound 1: Compound 1 was yielded as a white solid (60 %), mp: 168-170 °C;
o [a]****p = 17.54.96 (¢ = 0.1, CHCl); IR (CHCl5) v (cm™) 3385.50,

N, 3299.87,3129.43, 1716.33, 1545.77, 1216.51. "H NMR (700MHz ,

NH \H CDCl3) 6 ppm : 9.65 (bs, 1 H), 8.72 (s, 1 H), 8.52 (d, /= 8.4 Hz, 1

o= © H), 7.81 (s, 1 H), 7.48 (m, 3 H), 7.37 (t, J=7.9 Hz, 2 H), 7.13 (t, J
N Q =9.4 Hz, 3 H), 7.28 (dd, J= 1.1, 7.53 Hz, 1 H), 7.14-7.07 (m, 6
@ gr H), 5.23 (dd, J= 5.1, 8.9 Hz, 1 H), 3.62 (m, 1 H), 3.46 (m, 1 H),

1 2.53 (m, 1 H), 2.18 (m, 1 H), 2.12 (m, 1 H), 2.01 (m, 1 H); °C

NMR (175 MHz, CDCl3) & ppm : 172.0, 169.4, 152.6, 138.8, 136.2, 136.1, 131.6, 131.0,
129.2, 125.1, 124.9, 123.0, 122.2, 120.9, 119.8, 118.7, 117.4, 60.7, 49.6, 30.6, 24.9;

HRMS [M+H]" CysH,4BrN4O; Calculated: 507.0954, Found: 507.1033, [M+Na]
C,sH»3BrN4NaOs Calculated: 529.0851, Found: 529.0850.
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Figure 2.12 a) '"H NMR, b) "*C NMR and c¢) HRMS spectra of compound 1.
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Compound 2: Compound 2 was yielded (56 %) as a white solid; mp: 222-224 °C;

o [a]****5 = 13.96 (¢ = 0.05, CHCls); IR (CHCI3) v (cm™) 3682.72,

N 3378.61, 3020.29, 2933.21, 1601.63, 1546.82, 1514.57, 1215.96,

NH g 103404 'H NMR (700MHz , CDCl3) & = 9.68 (bs, 1 H), 8.85 (s, 1

o= °©° H), 8.48 (d, J= 8.4 Hz, 1 H), 8.25 (bs, 1 H), 8.23 (d, J=9.03 Hz, 2
N Q H), 7.57 (d, J = 9.0 Hz, 2 H), 7.53(td, J = 1.08, 8.4 Hz, 1 H), 7.31
@ Br (dd,J=1.08,7.53 Hz, 1 H), 7.18 (t, J=7.3 Hz, 1 H), 7.09 (s, 4 H),
O,N 2 5.23 (dd, J=5.1, 8.9 Hz, 1 H), 3.59 (m, 1 H), 3.47 (m, 1 H), 2.53

(m, 1 H), 2.18 (m, 1 H), 2.12 (m, 1 H), 2.02 (m, 1 H); *C NMR (125 MHz, CDCl;) & =
172.3, 169.2, 151.7, 145.1, 142.5, 136.0, 135.2, 131.6, 131.1, 125.5, 125.4, 125.0, 123.1,
121.1, 120.0, 117.8, 117.5, 60.7, 49.6, 30.7, 24.9; HRMS [M+H]" C,sHa3BrNsOs
Calculated: 552.0804, Found: 552.0886, [M+Na]~ C,sH,,BrNsNaOs Calculated:

576.0702, Found: 576.0681.
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Figure 2.13 a) '"H NMR, b) *C NMR and ¢) HRMS spectra of compound 2.
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Compound 3: Compound 3 was prepared (65 % yield) as a white solid; mp: 168-170 °C;

[a]**7p = 38.64 (¢ = 0.09, CHCL;); IR (CHCL) v (cm™)

i N 3400.24, 3350.85, 1716.22, 1659.73, 1546.80, 1025.64, 826.45;

"H NMR (700MHz, CDCl3) 8 = 9.78 (s, 1 H), 8.60 (s, 1 H), 8.53

O;<NH o N, J=86Hz 1 H), 743 (td, /=151, 8.6 Hz 1 H), 7.39 (m, 3

NH Q H), 7.33 (m, 1 H), 7.21 (dd, J= 1.4, 7.4 Hz, 1 H), 7.04 (t, J=7.4
@ L Hz, 1 H), 692 (d, /=88 Hz, 2 H), 6.80 (d, J = 8.8 Hz, 2 H),
3 6.02 (t, J = 5.3 Hz, 1 H), 5.12 (dd, J = 4.6, 8.9 Hz, 1 H), 4.51

(m, 2 H), 3.56 (m, 1 H), 3.39 (m, 1 H), 2.40 (m, 1 H), 2.04 (m, 2 H), 1.94 (m, 1 H); °C
NMR (175 MHz, CDCls) 6 = 171.6, 169.4, 155.4, 138.7, 136.5, 136.4, 131.3, 130.9,
128.8, 127.7, 127.5, 124.9, 124.4, 121.6, 120.7, 119.3, 116.7, 60.5, 49.4, 44.3, 30.5, 24.8;

HRMS [M+H]" CyH,;BrN4O; Calculated: 521.1110,

C,6H2sBrN4NaOs5 Calculated: 543.1008, Found: 543.1008.
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Figure 2.14 a) '"H NMR, b) °C NMR and ¢) HRMS spectra of compound 3
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Compound 11a: The salt HC1."Val-OMe (6.523g, 34.88mmol, 1.5 equiv.) in DCM (60 mL) was
0 neutralized by adding DIEA (12.12 mL, 69.75 mmol, 3 equiv.) at

H O/ 0 °C and stirred for 5 min and to this solution Boc-"Pro-OH

O\\( (5 g, 23.25 mmol, 1 equiv.), EDC.HCI (8.881g, 46.5 mmol,

L
N
PO
o~ "o 2 equiv.) & HOBt

1lla sequentially. The reaction mixture was stirred for 8 h at

(catalytic amount) were added

room temperature. After completion of reaction, the combined organic layer was washed
sequentially with solutions of KHSO4, NaHCO; and brine. Organic layer was then dried
over Na,SO,4 and was evaporated under vacuum. The crude product was purified by
column chromatography (eluent 20 % AcOEt/Pet. Ether, Rs: 0.3) afforded 1la (6.4 g,
85%) as a white fluffy solid material; Mp: 66-68°C [a]*"p = -85.09° (¢ = 0.09, CHCl;;
IR (CHCl3) v (em™): 3324, 2970, 2884, 2357, 1743, 1689, 1534, 1398, 1166,; 'H NMR
(700MHz , CDCl3) 8 ppm 7.49 (bs, rota. NH), 6.53 (bs, rota NH), 4.60 (m, 1 H), 4.37 (m,
1 H), 3.71 (s, 3 H), 3.52 - 3.24 (m, 2 H), 2.36 (bs, rota. H), 2.14 (bs, rota. 2 H), 2.02 - 1.75
(m, 3H), 1.46 (bs, 9 H), 0.90 (d, J = 6.7 Hz, 3 H), 0.87 (d, J = 6.4 Hz, 3 H); °C NMR
(175 MHz, CDCl3) 6 ppm 172.5 (rota), 172.0, 172.1 (rota), 171.8, 155.8, 154.6 (rota),
80.8 (rota), 80.3, 61.2 (rota), 59.6, 57.2, 56.7 (rota), 52.0, 46.9 (rota),31.4 (rota), 31.2,
28.3, 27.5 (rota), 24.6, 23.6 (rota), 19.0, 17.6 (rota), 17.5. HRMS (ESI) C;cH30N,Os
calculated [M+H]": 329.1998, found 329.2062, C;sH2sN,NaOs calculated [M+Na] *
351.1896, found 351.1881.
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NOTE: Extra signals or signal broadening are seen due to rotamer (minor conformer)
formation at N-terminus of proline residue (Chem. Eur. J. 2008, 14, 6192).

b)

CHLOROFORM-d
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Figure 2.15 a) '"H NMR, b) °C NMR and ¢) HRMS spectra of compound 11a

Compound 12a: Methyl (2-((tert-butoxycarbonyl)amino)benzoyl)-L-prolyl-L-valinate;

Boc deprotection of 11a was achieved by stirring it with TFA:DCM (50:50) mixture for
30 minutes., The solution obtained was evaporated under vacuum, the TFA salt obtained
was neutralized by saturated NaHCOsand the product was extracted with ethyl acetate.
The organic layer was washed by water and brine. The resulting ethyl acetate solution was
dried over Na,SO,4 and evaporated under vacuum. The crude product (free amine i.e. H-

“Pro"Val-OMe) was used for next reaction without purification.

To a solution of BocAnt-OH ( 2.495g, 10.52mmol, 1.2 equi.)

@\‘(H 3 O/ and DIEA (4.57mL, 26.31 mmol, 3 equi.) in 30mL of ACN,
N \ free amine (H-ProVal-OMe) (2 g, 8.77 mmol, lequiv.),
o) HBTU (6.653 g, 17.54 mmol, 2 equiv.) & catalytic amount of
NH 12a HOBt were added sequentially at 0 °C and the reaction
!
Boc
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mixture was stirred for 6 h at room temperature. ACN was evaporated and the compound
was diluted with ethyl acetate. The combined organic layer was washed sequentially with
solutions of KHSO4, NaHCO; and brine. Organic layer was then dried over Na,SO, and
was evaporated under vacuum. The crude product was purified by column
chromatography (eluent 40% AcOEt/pet. Ether, R¢: 0.3) to furnish 12a (3.51 g, 90%) as a
white solid. mp:100-102 °C; [a]**p = - 106.11 (¢ = 0.03, CHCL;); IR (CHCl;) v (cm™):
3331, 2971, 2888, 2357, 1820, 1728, 1675, 1623, 1595, 1160, 779; '"H NMR (700MHz ,
CDCls) 8 ppm 8.32 (bs, 1H), 8.16 (d, /= 7.7 Hz, 1H), 7.38 (t,J = 7.7 Hz, 1H), 7.29 (d, J
=17.5 Hz, 1H), 7.08 (d, J = 8.4 Hz, 1H), 7.01 (t, J = 7.3 Hz, 1H), 4.80 (t, /= 6.6 Hz, 1H),
4.55 (dd, J =5.2, 7.7 Hz, 1H), 3.75 (s, 3H), 3.56 (m, 1H), 3.51 (m, 1H), 2.44 (m, 1H),
2.20 (m, 1H), 2.17 (m, 1H), 2.04 (m, 1H), 1.90 (m, 1H), 1.51 (s, 9H), 0.95 (d, J = 6.7 Hz,
3H), 0.91 (d, J = 6.7 Hz, 3H); *C NMR (175MHz , CDCl3) § ppm 172.3, 171.0, 169.9,
153.0, 137.3, 131.1, 127.4, 123.6, 121.8, 120.5, 80.4, 59.7, 57.4, 52.1, 50.6, 31.2, 28.3,
27.6, 25.4, 19.0, 17.7; HRMS (ESI) C13H33N;30¢ calculated [M+H]": 448.2369, found
448.2433, Cy3H33N3NaOg calculated [M+Na] 7470.2267, found 470.2252.

a)

CHLOROFORM-d

1H NMR (700MHz, CDCI;)

12 11 10 9 8 7 6 5 4 3 2 1 0
Chemical Shift (ppm)
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Figure 2.16 a) '"H NMR, b) *C NMR and ¢) HRMS spectra of compound 12a.
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Compound 4: The compound 12a was deprotected using TFA:DCM and the resultant
solution was evaporated under vacuum. The TFA salt obtained was then neutralized to
o] 1 free amine by NaHCO; solution and extracted with ethyl
©\)L\ Q acetate. The organic layer was washed by water and brine.

NH O NT /) The resulting ethyl acetate solution dried over Na,SO4 and

0 "NH \\\\\g\ was evaporated under vacuum. The crude product (free

amine i.e. H-"Pro"Val-OMe) was used for next reaction

without further purification.

o HN The free amine (H-Ant-"Pro“Val-OMe), (0.066 g, 0.19
mmol, lequi.) was taken into 1 mL of dry pyridine and
E stirred for 5 min at 0 °C followed by addition of 1,4-
Phenylene diisocyanate (0.018 g, 0.114 mmol, 0.6 equi.)
and activated molecular sieves. This reaction mixture was
stirred at room temperature for 5 h. After completion of
reaction, the reaction mixture was diluted with ethyl acetate and washed with CuSO4
solution to remove pyridine from reaction mixture. Organic layer was dried over Na;SO4
and was evaporated under vacuum. The crude product was purified by column
chromatography (eluent 50% AcOEt/pet. Ether, Rs: 0.4) to furnish 4 (0.046 g, 55%) as a
white solid; mp: 224-226 °C; [a]***p = 3.00 (¢ = 0.05, CHCl;); IR (CHCl;) v (cm™)
3377.99, 3302.40, 2971.73, 2933.97, 1738.75, 1661.84, 1547.09, 1460.42, 1215.62,
1032.11, 770.36; '"H NMR (700 MHz CDCls) & = 8.52 (s, 2 H), 8.40 (d, J = 8.2 Hz, 2 H),
7.81 (s, 2 H), 7.43 (s, 4 H), 7.38(t, J= 8.2 Hz, 2 H), 7.23 (dd, J = 1.0, 7.4 Hz, 2 H), 7.02
(t,J=7.4Hz,2 H), 6.54 (d,J=8.6 Hz, 2 H), 4.74 (dd, /= 5.1, 8.7 Hz, 2 H), 4.60 (dd, J =
4.8, 8.5 Hz, 2 H), 3.82 (s, 6 H), 3.51 (m, 2 H), 3.35 (m, 2 H), 2.38 (m, 2 H), 2.25 (m, 2 H),
2.13 (m, 2 H), 2.04 (m, 2 H), 1.93 (m, 2 H), 1.02 (d, /= 6.9 Hz, 6 H), 0.98 (d, /= 6.9 Hz,
7 H); *C NMR (175 MHz, CDCls) & = 173.7, 172.0, 168.7, 152.9, 136.3, 134.3, 130.5,
125.5, 125.2, 121.9, 119.5, 119.5, 59.9, 58.2, 52.4, 48.9, 31.2, 30.1, 25.0, 19.0, 17.9;
HRMS (ESI) Cs4Hs4NgOjo calculated [M+H]+: 855.3963, found 855.4042,
C44Hs4NgNaO calculated [M+Na] " 877.3861, found 877.3909.
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Figure 2.17 a) '"H NMR, b) ">C NMR and ¢) HRMS spectra of compound 4

Compound 13a: The compound 12a was taken in saturated methanolic methyl amine

o} solution and stirred for 12h at room temperature. After
H /7
G)\«N L H complete consumption of ester 12a, methanolic methyl
N =
o/ amine solution was evaporated under vacuum and
@]

compound was purified by column chromatography (eluent

\ 70% AcOEt/pet. Ether, Rs: 0.3) to furnish quantitative yield

of 13a; 'H NMR (500MHz, CDCl;) & = 8.37 (bs, 1 H), 8.10

(d,/J=8.0Hz, 1 H), 737 (t, J=7.6 Hz, 1 H), 7.30 (d, /= 7.2 Hz, 1 H), 7.17 (d, J = 6.1

Hz, 1 H), 7.01 (t,J=7.2 Hz, 1 H), 6.61 (bs, 1 H),4.73 (t, J=6.9 Hz, | H), 4.25 (t,J=7.2

Hz, 1 H), 3.62 - 3.47 (m, 2 H), 2.77 (d, J = 4.2 Hz, 3 H), 2.30 (bs, 1 H), 2.20 (m, 2 H),

2.00 (m, 1 H), 1.84 (m, 1 H), 1.49 (s, 9 H), 091 (d, /= 6.5, 3 H), 0.90 (d, J = 6.5, 3 H);

C NMR (125 MHz, CDCl3) & = 171.6, 171.4, 170.0, 153.0, 137.3, 131.1, 127.4, 123.6,
121.9, 120.7, 80.4, 60.2, 58.8, 50.7, 30.6, 28.4, 28.2, 26.1, 25.4, 19.3, 17.9.

a)
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Figure 2.18 a) '"H NMR and b) >C NMR spectra of compound 13a.
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Compound 13b: Following same synthetic procedure of compound 13a and using 12b,
compound 13b was prepared. '"H NMR (500 MHz, CDCl5)

(o g \L_jLN/ 5 =828 (bs, 1 H), 8.12 (d, /= 7.2 Hz, 1 H), 7.34 (m, 2 H),
N : M 7.05 (bs, 1 H), 6.99 (d, J= 7.2 Hz, 2 H), 4.58 (bs, 1 H),
. °© T 4 (bs, 1 H), 3.57 (bs, 1 H), 3.48 (bs, 1 H), 2.72 (bs, 3 H),

W 1 2.35 (m, 1 H), 2.22 (m, 1 H), 2.12 - 1.96 (m, 2 H), 1.79 (m,
Boc 1 H), 1.48 (bs, 9 H), 0.94 (d, J = 4.6 Hz, 3 H), 0.88 (d, J =

4.6 Hz, 3 H); °C NMR (125 MHz, CDCl3) § = 172.2, 171.4, 169.5, 153.0, 137.1, 131.1,
127.1, 123.6, 121.8, 120.5, 80.5, 60.6, 58.4, 50.6, 29.6, 29.3, 28.2, 26.1, 25.4, 19.4, 17.3.

a)

CHLOROFORM-d
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Figure 2.19 a) '"H NMR and b) *C NMR spectra of compound 13b.

Compound 14a & 14b: To a solution of free amine of 13a/13b (H-AntProVal-NHMe,
lequiv.) in ACN, NaHCO; (2equi.) and 4-Nitrophenyl chloroformate (1.5 equiv.) were
added and reaction mixture was stirred at 0 °C for 1h or until the appearance of a white
precipitate. This precipitate was filtered out under suction pump and washed with chilled
ACN to get rid of impurities. This results in a white solid which was dried over high

vacuum pump and used for next reaction without further purification.

? Compound 5: To a solution of H-Gly-OBz (0.143 g, 0.867

N_L
@)L 2 mmol, 2 equiv.) and DIEA (0.15 mL, 0.867 mmol, 2 equiv.)
o” N7 N
| N
H AN
o)
o

E\H in ACN at 0 °C, a solution of 14a in ACN was added drop
0~ "NH

DS

o 5 completion of reaction, ACN was evaporated under vacuum

wise and stirred at room temperature for 2h. After

and the reaction mixture was taken into DCM. The
combined organic layer was sequentially washed with
solution of KHSO,4, NaHCO3 and brine. The organic layer was dried over Na,SO,, and

was evaporated under vacuum. The crude product was purified by column
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chromatography (eluent 70% AcOEt/pet. Ether, Ry 0.3) to furnish pure compound 5;
mp.101-103 °C, [0]***p = -23.62 (¢ = 0.135, CHCls); IR (CHCL) v (cm™)3362.20,
3301.38, 3069.93, 2968.38, 1742.06, 1645.06, 1552.78, 1449.93, 1391.73; "H NMR (700
MHz, CDCl3) 6 =8.58 (s, 1 H), 8.17 (d, J=8.4 Hz, 1 H), 7.39 - 7.31 (m, 6 H), 7.20 (m, 2
H), 7.03 (t,/=7.4 Hz, 1 H), 6.71 (d, J=4.3 Hz, 1 H), 6.67 (t,J=4.7 Hz, 1 H), 5.19 (m, 2
H), 4.71 (dd, J=5.5, 8.5 Hz, 1 H), 4.26 (t,J=8.6 Hz, 1 H), 4.21 - 4.06 (m, 2 H), 3.46 (m,
1 H), 3.31 (m, 1 H), 2.77 (d, /= 4.7 Hz, 3 H), 2.34(m, 1 H), 2.04(m, 2 H), 1.95 (m, 1 H),
1.87 (m, 1 H), 0.96 (d, J= 6.7 Hz, 3 H), 0.94 (d, J = 6.7 Hz, 3 H); >C NMR (175 MHz,
CDCl3) 6 = 173.1, 172.1, 171.3, 169.0, 155.6, 136.1, 135.3, 130.3, 128.7, 128.5, 128.0,
126.4, 125.6, 122.4, 120.9, 67.0, 60.4, 59.5, 49.0, 42.3, 30.9, 30.1, 26.2, 25.0, 19.2, 18.5
HRMS (ESI) CysH3¢N50O¢ calculated [M+H]+: 538.2587, found 538.2668, C,sH35NsNaQOg
calculated [M+Na] " 560.2485, found 560.2482.

a)

CHLOROFORM-d

ON~NONNOUYINTOMNAAN ONOAAONOIN~NONANLANNNSTONNLNO© ©WOLWS
AT NMOMNOANNNONGO NAANNNANNNAAAAITIONNOOOCOO®R 00 09
tf)cliioil\l\l\l\l\l\l\:—l:ijo [ToliTel <

1H NMR (500MHz, CDCl5) : ) NE

%

Chemical Shift (ppm)

PhD Thesis 105



Chapter I1: Design, Synthesis & Conformational Investigation of “Ant-Pro Urea”

Based Foldamers

b)

CHLOROFORM-d

MEHOOD O MO ANNDONSONT
AN © oONMONMONIM®MmO 0O MmO W © HANNOOS M
ONdD 1 GO BWX O NS QoML 9 N ooNOALn
NN~ O 0 MHOMOOMOANNNNNNN ~NN~NONOO © N OO0 W< O
Ty T tiigaggars EERRY T Y BRSNS
13C NMR (125MHz, CDCl;) o
@)X\N L
NH N H
PUIEED LN
o“>NnH H J
Kfo
II (o] 5
|
| |
I " !
| | I
| |
|
|
| | |
“I | |
| 1
[ 1‘ A || A " L 1
LI o e e
180 160 140 120 100 80 60 40 20 0
Chemical Shift (ppm)
ASK-10#118 RT:0.53 AV:1 NL:1.88E9
T: FTMS + p ESI Full ms [100.00-1500.00]
538.2668
R=48807
C28 H3s O6 N5 = 538.2660
1.5521 ppm
1005 HRMS PP
B +
95 [M+H]
90
857
807
= o
757 N_L
705
E H
657 NH o "l‘ L N\
3 H
o 601 07 "NH I
g 1 o
8 557
5 1 o 5
£ 503
[ |
g A
g 459
g A
& 407
E 540.2714
359 . R=47602
E Chemical Formula: CygH35N50¢
304 Exact Mass: 537.2587
253
E [M+Na]*
205 560.2482
157 R=48007
105 4622347 507.2241 555.2927
3 R=48607 R=44906 R=47700 SR%'S?;;
= - _ 22765 = 576.2222
= 436.1481 C22 Haz Og N = 462.2347 C27Ha1 O N4 =507.2238 54 p ReaGa0y 583.3237
E R=52807 0.0012 ppm 0.4908 ppm R=39302 “' R=4260
- -t
420 430 440 450 460 470 480 490 500 510 520 530 540 550 560 570
m/z

Figure 2.20 a) '"H NMR, b) >C NMR and ¢) HRMS spectra of compound 5.
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Compound 6: Following the same synthetic procedure of 5, compound 6 was prepared
using HCL.Gly-OMe (0.118 g, 0.9393 mmol, 2.5 equiv.),

[\
@)LNE\ 14b (0.191 g, 0.375 mmol, 1 equiv.) and DIEA (0.26 mL,

NH o H - H 1.5 mmol, 1 equiv.). Compound 6 yielded as a pasty
0~ "NH 4 N\ material after purification using column chromatography
Kfo (eluent 80% AcOEt/pet. Ether, Re: 0.3) to furnish pure

0 6

compound 6; [a]**"p = 15.98 (¢ = 0.1, CHCL); IR
(CHCl3) v (cm™) 3300.74, 3015, 2966.10, 1747.55, 1648.93, 1591.12, 1553.36, 1461.23,
1370.79; '"H NMR (700 MHz, CDCl3) & = 8.26 (s, 1 H), 8.21 (d, /= 8.4 Hz, 1 H), 7.41 (d,
J=84Hz | H), 7.35 (t,J=8.6 Hz, 1 H), 7.20 (dd, J = 1.4, 7.6 Hz, 1 H), 7.02 (td, J =
0.9, 7.5 Hz, 1 H), 6.70 (m, 1 H), 6.59 (t, J= 5.4 Hz, 1 H), 4.73 (dd, J = 5.4, 8.0 Hz, 1 H),
429 (dd, J = 6.0, 8.6 Hz, 1 H), 4.10 - 4.01 (m, 2 H), 3.75 (s, 3 H), 3.45 (m, 1 H), 3.33 (m,
1 H), 2.78 (d, J = 4.7 Hz, 3 H), 2.26 (m, 3 H), 2.05(m, 1 H), 1.89 (m, 1 H), 1.00 (d, J =
6.7 Hz, 3 H), 0.97 (d, J = 6.9 Hz, 3 H); >*C NMR (175 MHz, CDCls) & = 173.1, 171.6,
171.6, 169.6, 155.5, 136.3, 130.4, 125.5, 125.4, 122.1, 120.7, 60.0, 59.4, 52.1, 49.1, 41.8,
30.2, 28.9, 26.3, 25.1, 19.4, 17.8; HRMS (ESI) C»,H3,NsOg calculated [M+H]": 462.2274
found 462.2350, C2,H3NsNaOg calculated [M+Na] * 484.2172, found 484.2168.

a)

CHLOROFORM-d

1H NMR (700 MHz, CDCl,)

=
=
-
f
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Figure 2.21 a) '"H NMR, b) *C NMR and ¢) HRMS spectra of compound 6
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Table 2.3 a) Titration study of 1 in CDCl; (5mM) with DMSO-d¢ b) Temperature
variation study of 1(5 mM, 700 MHz, CDCl;)

a) b)

VDCI‘\/I;od% Chemical shift (in ppm) Temperature Chemical shift (in ppm)
adde (K) 5 5 5
(in pl) OnH1 SnH2 NS (pgﬁ) (pg—rﬁ) (pg:;)

(ppm) (ppm) (ppm) 268 79 8.85 9.87
0 7§§ 27; 3-63 273 789 8.83 985
150 ;-95 8-;1 9-;6 278 7.88 881 982
: ' ' 283 787 8.79 9.79
15 798 87 9.95
288 786 878 9.76
20 8.01 8.69 10.01 753 e < s T
25 8.03 8.68 10.05 : : :
30 8.04 8.67 10.08 298 7.82 872 | 966
35 8.05 8.66 10.09 303 7.8 8.7 9.62
20 206 266 01 308 778 8.63 9.57
45 8.06 8.65 10.11 313 7.76 865 | 952
50 8.06 8.64 10.12 318 7.74 8.63 | 948
323 772 8.6 9.41
(o]
@
(o] (o] 3
e O Se Cld oo
NH \
NH NH; NH, ; NH, N A
2 NH NH NH >\NH \8\(
o:<NH o 0:< o) o:(NH o o} N':-:11 o
NH NH NH
NH, NH; NH,4 g
HN
O,N 0 o
1 2 3 HN.__O HT 4
e
(o]

Table 2.4 a) Titration study of 2 (SmM) in CDCl; with DMSO-d¢—,b) Temperature |
variation study of 2(5 mM, 700 MHz, CDCls)

a) b)
VpMmso-de Chemical shift (in ppm) Temperature Chemical shift (in ppm)
added (K)
. SNt SnH2 N
(in pl) SnH1 SN2 LN (ppm) (ppm) (ppm)
(ppm) (ppm) (Ppm) 268 831 8.98 9.9
8.26 8.86 9.7 273 8.2 8.96 9.88
5 8.24 8.87 9.85 278 8.29 8.94 9.84
10 8.22 8.87 9.92 283 8.29 8.92 9.81
15 8.19 8.87 10.01 288 8.28 8.91 9.81
3(5) gg 222 ig-?? 293 8.27 8.89 9.79
: - : 298 8.26 8.86 9.74
30 8.13 8.85 10.12 03 253 Y 969
35 8.1 8.85 10.12 208 8'24 8'82 9'64
40 8.09 8.85 10.12 . : .
45 8.05 3.84 10.12 313 8.23 88 961
20 %03 233 1012 318 8.22 8.77 9.55
323 8.21 8.75 951
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Table 2.5 a) Titration study of 3 (5mM) in CDCl; with DMSO-d¢, b) Temperature
variation study of 3(5 mM, 700 MHz, CDCl;)

a) b)

VbMmso-d6 Chemical shift (in ppm) Temperature Chemical shift (in ppm)
added (K) ONH1 SNHZ 6NH3
(in pl) ONH1 SnH2 SnH3 (ppm) (ppm) | (ppm)

(ppm) (ppm) (Ppm) 268 6.06 8.7 9.82
0 5.98 8.57 9.64 273 6.05 8.68 9.79
5 6.01 8.56 9.7 278 6.04 8.66 9.77
10 6.03 8.55 9.76 283 6.04 8.64 9.75
15 6.05 8.54 9.8 288 6.02 8.62 9.72
20 6.06 8.53 9.84 203 6 36 97
25 6.08 8.52 9.89 298 5.98 8.52 9.67
30 6.09 8.51 9.92 303 597 8.56 9.63
35 6.09 8.5 2.94 308 5.97 8.53 9.59
40 6.09 8.5 9.96 313 5.94 851 | 9.56
45 6.09 8.49 9.97 318 X %4 952
50 6.1 8.48 39 323 59 846 | 948

Table 2.6 a) Titration study of 4 (2mM) in CDCl; with DMSO-d¢ b) Temperature
variation study of 4 (2 mM, 700 MHz, CDCls)

a) b)

Vbmso-de Chemical shift (in ppm) Temperature Chemical shift (in ppm)
added (K) 8NH1 8NH2 8NH3
(in ul) Sy Oz Snis (ppm) | (ppm) | (ppm)

(ppm) (ppm) | (ppm) 268 7.92 8.62 6.69
0 7.82 8.53 6.56 273 7.90 8.60 6.66
5 7.83 8.53 6.64 278 7.89 8.59 6.64
10 7.86 8.54 6.75 283 7.87 8.57 6.61
15 7.92 8.57 6.89 288 7.85 8.55 6.59
20 7.95 8.58 7 293 7.84 8.54 6.57
25 7.98 8.6 7.1 298 7.82 8.53 6.56
30 8 8.61 7.25 303 7.81 8.51 6.54
35 8.01 8.61 7.38 308 7.79 8.50 6.52
40 8.01 8.62 7.5 313 7.78 8.48 6.51
45 8.01 8.62 7.65 318 7.76 8.47 6.50
50 8.02 8.63 7.79 323 7.74 8.46 6.49
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Table 2.7 a) Titration study of 5 (5 mM) in CDCl; with DMSO-ds, b) Temperature

variation study of 5 (5§ mM, 700 MHz, CDCl5)

a)
Vpmso- Chemical shift (in ppm)
dé o
a.dded Onm1 Onm2 8NH3 Onka Q/LN
(inpl) | (ppm) (ppm) | (ppm) | (ppm NH2 \Ha
0 6.69 8.59 7.22 6.74 NH NH o
5 6.68 8.59 721 6.79 o=
10 6.66 8.6 7.19 6.84 NH, HN—
15 6.64 8.61 7.17 6.89 g: NH4
20 6.63 8.61 7.14 6.95 o
25 6.61 8.6 7.13 6.98 O
30 6.6 8.6 7.11 7.02
35 6.58 8.6 7.1 7.04
40 6.57 8.59 7.09 7.04
45 6.56 8.59 7.06 7.05
50 6.55 8.58 7.05 7.06
b)
Temperature Chemical shift (in ppm)
(K) 8NHl 8NH2 8NHI'} 8NH3
(epm) | (ppm) | (ppmM) | (PPM
268 6.78 8.69 7.54 7.04
273 6.77 8.68 7.48 6.99
278 6.75 8.66 7.42 6.94
283 6.73 8.64 7.37 6.89
288 6.72 8.63 7.32 6.84
293 6.7 8.61 7.26 6.78
298 6.68 8.59 7.21 6.73
303 6.66 8.57 7.17 6.68
308 6.65 8.56 7.14 6.65
313 6.63 8.54 7.09 6.59
318 6.61 8.52 7.05 6.55
323 6.59 8.51 7.02 6.51
PhD Thesis 111



Chapter I1: Design, Synthesis & Conformational Investigation of “Ant-Pro Urea”

Based Foldamers

Table 2.8 a) Titration study of 6 (5 mM) in CDCl; with DMSO-d¢ b) Temperature
variation study of 6 (5§ mM, 700 MHz, CDCl5)

a)
Vbwmso- Chemical shift (in ppm)
dé
added 8NH1 8NH2 6NH?: 8NH4
(in pl) (ppm) | (ppm) | (ppm) | (ppm
0 6.61 8.28 7.45 6.72
5 6.59 8.31 7.7 6.9
10 6.58 8.33 7.82 6.98
15 6.56 8.34 7.94 7
20 6.54 8.35 8 7.1
25 6.53 8.35 8.04 7.13
30 6.52 8.35 8.06 7.143
35 6.5 8.34 8.09 7.16
40 6.49 8.34 8.11 7.17
45 6.47 8.33 8.11 7.18
50 6.46 8.33 8.12 7.18
b)
Temperature Chemical shift (in ppm)
(K) 8NHl 8NH2 8NH3 8NH3
(Pppm) (ppm) | (ppm) | (PPM
268 6.69 8.55 7.67 7.06
273 6.67 8.49 7.63 6.99
278 6.66 8.44 7.58 6.93
283 6.65 8.4 7.54 6.88
288 6.63 8.34 7.49 6.81
293 6.62 8.3 7.46 6.77
298 6.6 8.27 7.42 6.72
303 6.58 8.23 7.39 6.67
308 6.57 8.2 7.37 6.63
313 6.59 8.17 7.34 6.59
318 6.54 8.15 7.32 6.55
323 6.52 8.12 7.3 6.53

NH NH3
NH
o= o o
NH
NH1 HN—
NH4
(@]
o) 5
\

PhD Thesis

112



Chapter I1: Design, Synthesis & Conformational Investigation of “Ant-Pro Urea”
Based Foldamers

NH1
10bH113H11bH

9H 12aH 12bH f /
I AL 10aH N )k “ppm

NH2

NH3 UH

% ) Bl pome2
L e ® 0 -] ..IE
s
= o:<5‘“ 1o : 33 JEH:
2@NH1 %4
21 Br
—_— [ ] [ ] & @ o ?5
1 E
56
=t W
— ' coe %9
— T T T A T T \’
9 8 7 6 5 4 3 2 ppm
Figure 2.22 TOCSY spectrum of 1 (10 mM, CDCls, 700MHz)
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Figure 2.23 NOESY spectrum of 1 (10 mM, CDCl;, 700MHz)
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Figure 2.24 TOCSY spectrum of 2 (10 mM, CDCls, 500MHz)
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Figure 2.25 NOESY spectrum of 2 (10 mM, CDCl;, 500MHz)
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Figure 2.26 TOCSY spectrum of 3 (20 mM, CDCls, 500MHz)
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Figure 2.27 NOESY spectrum of 3 (20 mM, CDCl;, S00MHz)
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Figure 2.28 TOCSY spectrum of 4 (10 mM, CDCls;, 700MHz)
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Figure 2.29 HSQC spectrum of 4 (10 mM, CDCl3, 700MHz)
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Figure 2.30 HMBC spectrum of 4 (10 mM, CDCl3, 700MHz)
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Figure 2.31 ROESY spectrum of 4 (10 mM, CDCl;, 700MHz)
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Figure 2.32 TOCSY spectrum of 5 (20 mM, CDCl;, 500MHz)
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Figure 2.33 NOESY spectrum of 5 (20 mM, CDCl;, 500MHz)
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Figure 2.35 NOESY spectrum of 6 (20 mM, CDCl;, 700MHz)
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Table 2.9 ROESY restraints used for MD simulation studies of 4

(F2) [ppm] (F1) [ppm] Upper Bound Lower Bound Between
8.3995 7.3584 2.68 2.2 7H/6H
8.9524 8.2401 2.55 2.09 NH1/NH2
8.9474 3.4233 4.07 3.33 NH2/12aH
8.2451 7.5029 2.8 2.29 NHI1/21H
8.3497 4.9376 3.16 2.59 NH3/9H
8.3397 4.5441 3.55 291 NH3/14H
8.3497 1.0224 4.16 34 NH3/16H
7.2538 3.3436 4.14 3.39 4H/12bH
4.9475 2.3972 3.06 2.5 9H/10aH
4.9525 2.1232 3.5 2.86 9H/10bH
4.5241 1.0074 3.07 2.51 14H/16H
3.4482 1.9289 3.35 2.74 12aH/11aH
3.3685 1.919 3.28 2.68 12bH/11bH

Table 2.10 NOESY restraints used for MD simulation studies of 5

(F2) [ppm]  (F1) [ppm] Upper Bound Lower Bound Between
7.364 7.0332 2.68 2.2 7H/8H
8.1788 7.3552 2.62 2.14 9H/8H
8.5912 6.6809 2.38 1.95 NH1/NH2
8.5962 3.4706 3.11 2.54 NH2/14aH
8.5962 7.2244 4.64 3.8 NH2/NH3
7.359 5.2016 2.44 1.99 22H/24H
7.2282 0.9647 2.74 2.24 NH3/19H,18H
7.2282 2.0315 2.79 2.29 NH3/17H
7.2232 3.3196 3.11 2.55 6H/14H
7.2282 4.7235 2.6 2.13 NH3/11H
6.7454 0.9597 3.23 2.65 NH4/18,19H
6.7403 2.7762 2.66 2.18 NH4/21H
6.7454 2.0265 4.36 3.57 NH4/17H
6.7454 4.2656 2.45 2.01 NH4/16H
6.685 4.1952 2.82 2.31 NH1/2aH
6.675 4.0895 3.77 3.08 NH1/2bH
4.7235 2.3485 2.46 2.02 11H/12aH
4.7235 2.0466 3.29 2.69 11H/12bH
4.2709 0.9547 2.36 1.93 16H/19,18H
4.2709 2.0265 2.84 2.33 16H/17aH
3.4712 1.961 2.82 2.31 14bH/13bH
3.3254 1.956 33 2.7 14aH/13AH
3.3254 1.8654 2.86 2.34 14bH/13bH
2.0328 0.9547 2.07 1.69 17H/18,19H
2.3597 2.0365 2.08 1.7 12aH/12bH
2.3597 1.8755 3.17 2.6 12aH/13aH
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Table 2.11 NOESY restraints used for MD simulation studies of 6

(F2) [ppm] (F1) [ppm] Upper Bound  Lower Bound Between
7.364 7.0281 2.68 2.2 7H/8H
8.219 7.3552 2.65 2.17 8H/9H
8.2592 6.6004 2.36 1.93 NHI1/NH2
8.2693 3.4605 3.24 2.65 NH2/14aH
8.2643 3.3448 5.06 4.14 NH2/14bH
7.4243 0.9899 2.7 2.21 NH3/18,19H
7.4243 2.273 3.08 2.52 NH3/12H
7.4243 4.3009 3.3 2.7 NH3/16H
7.4243 4.7437 2.55 2.08 NH3/11H
7.4243 6.7111 3.48 2.85 NH3/NH4
7.2131 3.3448 3.25 2.66 6H/14bH
7.2131 3.4605 3.67 3.01 6H/14aH
6.7102 0.9949 3.46 2.83 NH4/18,19H
6.7102 2.2831 3.62 2.96 NH4/17H
6.7051 2.7863 2.66 2.18 NH4/21H
6.5995 2.7812 3.68 3.01 21H/NH1
6.7102 4.3009 2.66 2.18 NH4/16H
6.5945 4.0694 2.82 2.31 NH1/2aH
6.6046 4.0392 2.89 2.36 NH1/2bH
6.6046 4.3009 4.04 33 NH1/16H
4.7437 2.2529 2.5 2.04 11H/12H
4.7437 1.9057 3.65 2.99 11H/13aH
4.3011 0.9949 2.58 2.11 16H/18,19H
4.3011 2.2831 2.75 2.25 16H/17TH
3.3455 1.9007 2.95 242 14bH/13bH
3.4612 1.9057 3.67 3 14aH/13BH
3.4612 2.0667 2.95 241 14aH/13aH
2.2893 0.9949 2.24 1.83 17H/18,19H
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Introduction

3.1.1 p-lactam antibiotics

In 1928, Sir Alexander Fleming isolated the antibiotic substance penicillin from
the fungus penicillium notatum,' for which he shared a Nobel Prize in 1945. Penicillin is
an antibiotic used in the treatment of bacterial infections. It belongs to a class of antibiotic
agents containing beta-lactam ring in their molecular structure and are known as f-lactam
antibiotics. These are broad-spectrum antibiotics and are the most widely used group of
antibiotics. This includes penicillin derivatives (penams), cephalosporins (cephems),
monobactams, and carbapenems. They work, by inhibiting the cell wall biosynthesis of
the bacterial organism. f-Lactam antibiotics are used for prevention and treatment of
bacterial infections caused by susceptible organisms. Initially, f-lactam antibiotics were
mainly used against only Gram-positive bacteria, but recent development of broad-
spectrum f-lactam antibiotics active against various Gram-negative organisms has

increased their effectiveness.

A B C D
R S R
pra i s n
N~ NH
o N\> OJ;'Q o o
COOH COOH COOH
penam carbapenam cephem monobactam
E F G H
R s R 0 R R 0
0o A DR
0 O 0 0
COOH COOH COOH COOH
penem oxapenam. carbacephem oxacephem

Figure 3.1 f-Lactams are classified according to their core ring structures.’

3.1.2 Mode of action

Most of the p-lactam antibiotics work by inhibiting cell wall biosynthesis of the
bacterial organism. They inhibit the synthesis of peptidoglycon layer containing N-
acetylglucosamine (NAG) and N-acetylmuramic acid (NAM) connected by penicillin
binding proteins (PBP).* Penicilins act on PBP and thus inhibit the synthesis of
peptidoglycon.*
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Figure 3.2 Interaction between the f-lactam antibiotics and the active site serine of the
PBP, formation of a stable acyl-enzyme complex (a). The beta lactam enters the
bacterium through the porin and which binds to the PBP, inhibiting cell wall synthesis and
thus the bacterium dies (b).

3.1.3 Catagories of Beta-lactam antibiotics

Benzylpenicillin (G), Benzathine
benzylpenicillin, Procaine,
benzylpenicillin,
Phenoxymethylpenicillin (V),
Propicillin, Pheneticillin, Azidocillin,
Clometocillin, Penamecillin

B-lactamase
Narrow sensitive
spectrum|  (1st generation)

Peniciling B-lactamase
. Cloxacillin (Dicloxacillin Flucloxacillin
(penams)| reistant ( )

Oxacillin Nafcillin Methicillin

(2nd generation)

Aminopenicillins  Amoxicillin, Ampicillin (Pivampicillin,
Extended| (3rd generation) Hetacillin, Bacampicillin, Metampicillin,
Talampicillin) Epicillin

spectrum
= Penems
B-lactams — Carboxypenicillins Ticarcillin, Carbenicillin,
(inhibit PBP (4th generation) Carindacillin, Temocillin
cross-links) | Carbapenems RS

'Ureidopenicilliné*x Piperacillin, .
(4th generat|on) Azlocillin, Mezlocillin
Cephems  TTeeeooe-

Monobactams

—— B-lactamase inhibitors

Combinations

Other

Figure 3.3: Classification of f-lactam antibiotics, specifically for penicilin (generation
wise) with an examples of drugs. Highlighted ureidopenicillins are the area of interest of
the present work.
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3.1.4 Resistance:

In 1940, Abraham and Chain, showed that the resistance developed by E Coli
bacteria to penicillins.” During the 1950’s, resistance became a serious problem as some
bacteria had built up resistance to penicillins via selection of penicillin S-lactamase-
producing strains. Bacteria have several strategies to diminish the antibiotic activity such
as enzymatic destruction, target site (PBP) alterations, diminished permeability for the
drug to enter the cell, and active efflux systems that pump the drug out of the cell.®
Bacteria utilises all these to fight f-lactams, but the most common and well-known
mechanism is the enzymatic destruction via synthesis of S-lactamases. This group of
enzymes hydrolyse the essential f-lactam ring (Figure 3.4), thus it prevent further

reactions with PBPs.

lactamases
P yd

N 0 N
o N OH H
Figure 3.4: Enzymatic hydrolysis of the -lactam ring in the penicillin

The fS-lactamases are secreted into the periplasm in Gram-negative bacteria and to
the outer medium in Gram-positive species to destroy f-lactam antibiotics before they can
reach the PBP targets in the cytoplasmic membrane.

During the years, two main strategies have been employed to avoide the resistance
caused by f-lactamases. The first strategy is based on alterations of the structure of the f-
lactam core to produce new variants not recognized by the f-lactamases. But, it is usually
only a question of time until a new mutation allows a modified f-lactamase to recognize
and hydrolyse the new compound. The second strategy involves inhibition of the f-
lactamases. An example is of clavulanic acid, a naturally occurring S-lactam that has little

antibacterial activity in itself but binds the f-lactamases irreversibly and is used together

with f-lactam antibiotics.

3.1.5 Ureidopenicillins

The ureidopenicillins’ are a group of extended f-lactam penicillins which are
generally active against gram negative bacteria such as Pseudomonas aeruginosa. Few
examples of ureidopenicillins in clinical use are Azlocillin, Piperacillin, Mezlocillin etc.

(Depicted in Figure 3.5). Generally, ureidopenicillins are derived from ampicillin or
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amoxicillin. It is speculated that the extra side chain interact with the peptidoglycan chain,
more effectively than ampicillin, and thus would bind more easily to the penicillin-
binding proteins.* ° Moreover, ureidopenicillins are not resistant to beta-lactamases,
therefore, they are used in combination with the beta-lactamase inhibitor such as

tazobactam.'°

0 - \\o
Sy o (e Ci’"f
o= ° ° :<N/£O o£<N o 01<N °

NH
NH NH
: ;—NH M Q\Sﬁ HO <:> S
H NH NH
—S %4 H ‘\H

: A N
o OH O™ "OH O~ "OH

Azlocillin Mezlocillin Piperacillin Fuzlocillin

Figure 3.5 Molecular structures of ureidopenicillins in use.

3.1.6 Pyrimidinones:

Derivatives of pyrimidone are the basis of many biological molecules, including,
nucleobases, such as cytosine, barbiturates, such as metharbital which is used in the
treatment of epilepsy.

3.1.7 Ureidopyrimidones:

Meijer and coworkers used ureidopyrimidones in designing of quadruple hydrogen
bonded AADD or DDAA type self assembling systems (A= Hydrogen bond accepter, D=
Hydrogen bond donor)."' Later, many group showed applications of ureidopyrimidones
self assembly in material science, supramolecular science'? and also in biomedical

e 13,14
applications. ™

3.1.8 Tautomeric and Dimeric forms of ureidopyrimidinones

R i N
0 )l N© N ?
0 HN'TX Noh o
.H A i H H
fLNO Ry oy S I
N

" N N (0]
R /)\N)LN\/R Kaw N R SN
HoH D p A A YNy R
NoNH g
6[1H] pyrimidinone 4[1H] pyrimidinone R

monomer monomer

4[1H]-pyrimidinone
dimer

Figure 3.6 Equilibria of the tautomeric and dimeric forms of ureidopyrimidinones
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Ureidopyrimidinones are exists in the two different tautomeric forms (Figure 3.6).
These tautomeric forms result in the formation of either discrete monomeric species
(6[1H]- pyrimidinone) or dimeric species via pre-organised DDAA (4[1H]-pyrimidinone).
G. Cooke and co-workers proved that 4[ 1 H]-pyrimidinone tautomer exist in the non polar
solvents such as chloroform while 6[1H]-pyrimidinone tautomer exist in the polar

solvents such as DMSO, using NMR spectroscopy and cyclic voltammetry studies.'

3.1 Objective of present work

The aim of the present work is to design and synthesize ureidopyrimidone conjugated
with beta lactam antibiotics such as ampicillin, amoxicillin, cephalexin etc, and also to

examine the antimicrobial activity of synthesised compound.

3.2 Design strategy

S-Lactam antibiotics are among the most frequently used antibiotics for the treatment
of bacterial infections. The designing of extended beta lactam antibiotics is of interest
because they binds more effectively to PBP as compared to ampicillin, therefore we
designed the following acylated penicillins containg pyrimidinone conjugated to

ureidopenicillins, derived from ampicillin, amoxicillin and cephalexin (Figure 3.7).

N ]
N H N-H
H N-H Ho:<N’” o=
o= - N-H
o
o
HN, H AN 8¢ :
s g N N
N\)L o N o]
o g 2
5 7 o
o//\OH O/\OH OH
2 3
1

Figure 3.7 Designed pyrimidinone ureidopenicillins.

3.4 Synthesis

The synthesis of the designed ureidopenicillins was started with the coupling of 2-
amino-6-methylpyrimidin-4(3H)-one and carbonyldiimidazole to form CDI coupled
compound 5. This intermediate compound 5 was used for next reaction with ampicillin,

amoxicillin and cephalexin respectively, to get the desired conjugated product.
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Scheme 3.1: Synthetic scheme for ureidopenicillins
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Reagents and conditions:(i) DMSO, 60°C, 2h; (ii) DIEA, DMF, RT, 2h; (iii) DIEA,
drops of water, DMF, RT, 2h.

3.5Result and Discussion

3.5 a) Duplex Formation

Ureidopyrimidones are well known for the duplex formation in the non polar
solvents. Here, the designed pyrimidinone ureidopenicillin were also shown to have their
self assembled duplex form which was confirmed from the [2M+1] in the EST HRMS
(Figure 3.8).
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Figure 3.8 HRMS of monomeric form and dimeric form of ureidopyrimidinones
containing the ampicillin.

3.5b) 6[1H] pyrimidone monomeric form in polar solvent:

In non polar solvent
In polar solvent

6[1H] form

o Z °NH O
Ktaut Z°NH O Kdim o”% N/)\N N,R
(8 e eyt
.R H H H B
N A b BoRoc
A D D = z
No self assembly formation R’NTN\(/N =0
4[1H] monomeric form O HN__~

4[1H] dimeric form

Figure 3.9 The tautomeric form and dimeric form of ureidopyrimidinones containing the
penicillins."

In polar solvents such as DMSO, this system is present in the 6[1H] monomeric
form" (Figure 3.9), since DMSO solvent is hydrogen bond breaker. Therefore, the
synthesized compounds 1-3 are present in the 6[1/] monomeric form in DMSO-dg, which

also confirmed from the broad signals of NH’s in the amide region of '"H NMR spectra.
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3.6 Antibacterial studies

All the three ureidopenicillin analogs 1-3 synthesized were tested against gram
positive bacteria such as Staphylococcus aureus and Bacillus subtilis as well as gram
negative bacteria such as Escherichia coli and Pseudomonas aeruginosa. The 1Csy and
MIC values in pg/mL (for screening all compounds were taken in DMSO) of each
synthetic and parent analogs were shown in Table 3.1. All the synthesized
ureidopenicillin analogues showed equipotent antibacterial activity as compared to their

parent penicillins.

Table 3.1 The values of ICsy and MIC (pg/mL) of synthetic and parent analogs.

S. aureus Bacillus subtilis E. coli P. aeruginosa

I1Cs MIC 1Cs MIC 1Cx MIC 1Cx MIC

Compound1l 0.161  0.283 0.185 0.581 5.45 10.01 >10 >10
Compound 2 0.224  0.615 0.215 0.948 6.25 >10 9.31 >10
Compound 3 0.283  3.484 0.229 3.56 >10 >10 >10 >10
Ampicillin 0.156  0.288 0.156 0.288 0.224 0.884 >10 >10

Amoxicillin -~ 0.156  0.298 0.156 0.322 0.156 0.322 >10 >10
Cefalexin 0.77 2.399 0.254 1.876 3.684 4.945 >10 >10

3.7 Conclusions

The novel uridopenicillins i.e. pyrimidone conjugated with penicillins such as
ampicillin, amoxicillin and cephalexin were successfully synthesized. All synthetic
ureidopenicillin analogues showed equipotent antibacterial activity with parent penicillins

against tested bacteria.

3.8 Experimental Section

Compounds 5 was synthesized as per the reported procedure.'®

Compound 1: To a solution of Ampicillin (0.239 g, 0.593 mmol, 1.3 equiv.) in DMF,

DIEA (0.24 ml, 1.36 mmol, 3 equiv.) was added and reaction mixture was stirred for 5
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min at room temperature, followed by addition of dry 5
ﬁ\)N\H )ol\ E/E(H ; (0.1 g, 0.456 mmol, 1. equiv.). After stirring the reaction
0”7 NTON T yﬁ%: mixture for 2 h, it was poured into cold water which was
1 ° 4 " slightly acidified by formic acid. The precipitated product
was filtered under suction and washed with plenty of water and later kept in P,Os
containing desiccator for vacuum drying. This yielded the pure product 1 (0.2 g, 93%) as
white solid, mp: 92-94 °C; IR (Nujol) v (cm™): 3338.76, 3207.87, 1774.35, 1660.90,
1517.43, 1308, 1221.61; "H NMR (500MHz, DMSO-ds) & = 13.12 (bs, 1 H), 11.43 (bs, 1
H), 9. 27 (bs, 1 H), 9.31 (d, J = 7.6 Hz, 1 H), 8.76 (bs, 1 H), 7.44 (d, J = 7.6 Hz, 2 H),
7.37 (t, J=7.4 Hz, 2 H), 7.30 (t, /= 7.25 Hz 1 H), 5.82 (bs, 1 H), 5.67 (d, /= 8.0 Hz, 1
H), 5.54 (dd, J=3.8, 7.6 Hz, 1 H), 5.39 (d, /= 3.8 Hz, 1 H), 4.20 (s, 1 H), 2.14 (s, 3 H),
1.55 (s, 3 H), 1.40 (s, 3 H); °C NMR (125MHz, DMSO-d¢) & = 173.2, 169.7, 168.9,
161.3, 153.7, 151.2, 138.2, 128.4, 127.8, 126.6, 104.7, 70.3, 67.0, 63.7, 58.1, 55.7, 30.2,
26.6, 23.2; HRMS (ESI) calculated [M-FH]+ for CpHy5NgO6S: 501.1478, found
501.15438, calculated [2M+H]" for C44H49N,015S,: 1001.2956 found 1001.3017.

a)
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Figure 3.10 a) 'H, b) "*C and ¢) HRMS spectra of 1
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Compound 2: Following the procedure for synthesis of

compound 1 and using Amoxicillin (0.433 g, 1.23 mmol,

OH

ﬁ\/ )N\H )OI\E/S(H s 1.3 equiv.), compound 2 was synthesized (0.365 g, 81%) as
NN 5 ﬁ-& a white solid; mp 194-196 °C; IR (Nujol) v (cm™): 3350,
2 4 > 3182.68, 2728.25, 1769.45, 1657.27, 1513.24, 1229.90,
1041.66; '"H NMR (500 MHz, DMSO-dg) & = 13.11 (bs, 1 H), 11.35 (bs, 1 H), 9.71 (bs, 1
H), 9.45 (bs, 1 H), 9.16 (d, J= 7.6 Hz, 1 H), 8.51 (bs, 1 H), 7.21 (d, /= 8.4 Hz, 2 H), 6.73
(d,/J=8.4Hz 2 H),5.81 (bs, 1 H),5.57-5.49 (m, 2 H), 5.39 (d, /= 3.8 Hz, 1 H), 4.20 (s,
1 H), 2.13 (s, 3 H), 1.56 (s, 3 H), 1.42 (s, 3 H); °C NMR (125MHz ,DMSO-d¢) & = 173 .4,
170.1, 168.9, 164.5, 160.8, 157.0, 153.5, 150.9, 128.3, 127.9, 115.1, 104.9, 70.4, 67.0,
63.7, 58.0, 55.2, 30.1, 26.6, 23.2; HRMS (ESI) calculated [M+H]" for CH,5NsO7S:
517.1427, found 517.1500, calculated [2M+H]+ for C44H49N12014S,: 1033.2854 found

1033.2931.
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Figure 3.11 a) 'H, b) "*C and ¢) HRMS spectra of 1
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Compound 3: To a solution of Cefalexin (0.412 g, 1.18 mmol, 1.3 equiv.) in DMF, at
room temperature, DIEA (0.47 ml, 2.74 mmol, 3 equiv.)
AN o % and few drops of water (for making clear solution) were
N/J\HJ\H T Hyg 2\ added and reaction mixture was stirred for 5 min at 0°C,
. o /o then to this reaction mixture compound 5 (0.2 g, 0.913
mmol, 1. equiv.) was added. After stirring the reaction for 2
h, it was poured in cold water which was slightly acidified by formic acid, and the product
was precipitated out. This precipitate was filtered using suction pump and washed with
plenty of water and later kept in P,Os containing desiccator for vacuum drying. This gave
pure product 3 (0.42 g, 92%) as a white solid; mp 198-200 °C; IR (Nujol) v (cm™): 3368,
3267.13, 3179.13, 2724.81 1765.44, 1658.76, 961.79; 'H NMR (500MHz, DMSO-d¢) & =
13.08 (bs, 1 H), 11.35 (bs, 1 H), 9.67 (bs, 1 H), 9.44 (d, J = 8.4 Hz, 1 H), 8.80 (bs, 1 H),
7.46 (d,J=7.6 Hz,2 H), 7.37 (t,J=7.4 Hz, 2 H), 7.31 (t, J=7.25 Hz 1 H), 5.83 (s, 1 H),
5.66 (dd, J=4.8, 7.8 Hz, 1 H), 5.61 (d, /= 7.6 Hz, 1 H), 4.96 (d, /= 4.6 Hz, 1 H), 3.47
(d, J=18.3 Hz, 1 H), 3.28 (d, J = 18.3 Hz, 1 H), 2.14 (s, 3 H), 1.99 (s, 3 H); °C NMR
(125MHz, DMSO-d¢) o: 170.8, 164.3, 163.9, 163.5, 162.8, 154.1, 151.6, 138.7, 130.0,
128.9, 128.4, 127.1, 123.2, 105.3, 58.8, 57.5, 56.4, 29.3, 23.7, 19.8; HRMS (ESI)
calculated [M+H]" for C2,H»3NsO6S: 499.1322, found 499.1398, calculated [2M+H]" for
Ca4H4sN12012S,: 997.2643 found 997.2726.

a)

13.11
11.33

Chemical Shift (ppm)
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Figure 3.12 a) 'H, b) "°C and ¢) HRMS spectra of 1
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HPLC Data:

Purity was examined using reverse phase HPLC (Figure 3.13) using DELTA PAK
column, SB-C18, 300 * 3.9 mm, specially used for penicillin like structures, Mobile phase
A=0.025 M KH;,POy in water (pH=3), B= acetonitrile. Injection volume 5 puL, Flow rate 1
mL/min, Gradient of 5% to 65% of B in 25 min. UV detector 214 nm wavelength.

2007

=<

Ampicillin

9.153
12.316
22.539

000

Amoxicillin

= Compound1

0,001
4001

20 Compound 2

0,001
4001 M

=20 DIVISON \ J‘ Compound3

\ _

000 ‘m_m_m_m_HT;‘W_Q\T({(T‘ R e e
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Minutes

Figure 3.13 stacked plots of HPLC spectra of compounds 1-3 and standard compound
ampicillin and amoxicilllin (taken in methanol/ water). Note-Compound 3 was taken in
DMSO solvent; hence the highlighted peak is from DMSO.
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Chapter 3

Part B- Unusual three residual
cyclization in the AV PI peptides.
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3.10 Preamble

3.10.1 Apoptosis

Apoptosis is a programmed cell death that occurs in multicellular organisms to
carry out the normal development and homeostasis." Modern cancer therapies, such as
radiation therapy, chemotherapy, and immune therapy work by inducing apoptosis in
cancer cells.” Cancer cells resist apoptosis if the process is discontinued by any reason
which lead to many human immune diseases such as autoimmune diseases,
neurodegenerative disorders including cancer.’ Apoptosis occurred via two distinct
pathways namely intrinsic and extrinsic pathway (Figure 3.14). In extrinsic pathway,
death ligands such as TRAIL (TNF-Related Apoptosis Inducing Ligand), TNFa (Tumor
Necrosis Factor a), or FasL (Fas Ligand) undergo ligation with the death receptor and
leads to the formation of FADD (Fas-Associated Death Domain), which later activates
caspase-8 and caspase-10(caspase: Cysteine-aspartic proteases).® Finally, apoptosis is
accomplished by caspase-3 and caspase-7. In intrinsic pathway, due to external factors
such as radio or chemotherapy, Bcl-2 family protein such as Bax (Bcl-2 associated X
protein) causes the release of cytochrome ¢ from the mitochondria into the cytosol.’
Cytochrome c then binds to Apaf-1 (Apoptotic Protease Activating Factor-1) to form the
apoptosome complex, caspase-9 then induces the activation of the effectors, caspase-3

and caspase-7 to achieve apoptosis.

Extrinsic pathway
TRAIL/TNF Ligand

m Radio and chemotherapy

Death Receptors

Intrinsic pathway — _'t‘fChnnﬁ"a

i
Caspase-8/10 Channel
Apaf-1

cytochrome ¢ Smac/
Smac/ Proca spasehl DIABLO
DIABLO Apoptosome

il

P /\
|
I

Caspase-3/7

[ ] vmp [ Apoptoss]

Figure 3.14 A simplified schematic representation of apoptosis pathway.’
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3.10.2 Inhibitor of Apoptosis Proteins (I1AP)
IAPs (Inhibitors of Apoptosis Protein) are kind of proteins which can inhibit
apoptosis process particularly in cancer cells.” There are many IAPs known, some of them

are listed here:

e XIAP (X-chromosome linked Inhibitor of Apoptosis Protein)
e c-IAPI (cellular IAP 1)

o c-IAP2 (cellular IAP 2)

e Cp-IAP

e Op-IAP

e Survivin

e NAIP

Each TAP member contains three BIR (Baculovirus IAP Repeat) domains which are the
important characteristic functional domain of apoptosis inhibition.® XIAP binds to the
effector caspase-3 or caspase-7, with BIR2 domain and the initiator caspase-9, with its
BIR3 domain.” So, these caspases remain unavailable for apoptosis and hence strategies
targeting XIAP can be an useful method for reducing the resistance of cancer cells

towards apoptosis.'’

3.10.3 Smac/DIABLO

Smac (Second Mitochondria-derived Activator of Caspase), or DIABLO (Direct
IAP Binding protein with Low pl), is a protein released from mitochondria that
potentiates apoptosis.'' 55 Residues out of 239 residues are removed during translocation
to yield active Smac. Figure 3.15, shows the terminal amino- tetrapeptide in Smac, Ala-
Val-Pro-Ile (residue 56 to 59) which is homologous with the exposed terminal amino-
tetrapeptide of caspase-9 (Ala-Thr-Pro-Phe). Smac binds with the BIR3 domain of XIAP
and releases caspase-9 for apoptosis. It also binds with BIR2 domain and makes caspase-3
and caspase-7 accessible for apoptosis.'? This tetrapeptide AVPI segment is equipotent
with the Smac protein (Kg = 0.4 uM). Hence, it is possible to mimic this tetrapeptide
AVPI in order to get potent synthetic analogs of Smac peptides which can further enhance
the bioactivity by binding to BIR2 and BIR3 domains of XIAP effectively and thus
releasing caspase-9, caspase-3 and caspase-7 for the apoptosis. The structure of Smac

peptide complexes with XIAP-BIR3 domain is comprehensively studied using X-ray
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crystallography and NMR spectroscopy.” Figure 3.15 shows the interaction of the Smac
peptide with the XIAP BIR3 domain.'*

Figure 3.15 Structure of XIAP BIR3 and Smac peptide (AVPI) complex. '**

3.10.4 Structure Activity Relationship of Smac mimetics:

The structure activity relationships (SAR) of small molecular Smac mimetics have
been extensively explored by many groups and the general SAR profile is shown vide

infra in Figure 3.16."
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Gly, Asp and Pro

not favorable Larger hydrophobic

methy| or oUps more optimal
ethyl prefered group -

methylation methylation
not tolerated tolerated

Figure 3.16 Summary of structure-activity relationship of Smac mimetics."

From N-terminus, it has been observed that the methyl group (Me) of Alanine residue can
be replaced with ethyl (Et) but, higher alkyl groups are shown to have an adverse effect

on the binding with BIR domains and activity."*"'®

Valine residue at second position has
been replaced with many amino acids except glycine (Gly), aspartic acid (Asp) and
Proline (Pro) along with some D- amino acids such as D-Ala, D-Val and D-Phe. N-
methylation of the amide NH’s at position 2 is not tolerated. Proline at position 3 is
essential for the bioactivity which keep the molecule at the right conformation. Fourth
placed Isoleucine (Ile) has been replaced by many other groups and it has been observed
that large hydrophobic groups have been well tolerated because of the presence of large
hydrophobic pocket formed by lysine 297 and lysine 299 of the XIAP BIR3 domain.

These structural studies have helped many researchers to design diverse class of Smac

mimetics with improved efficacy.'’

3.10.5 Smac mimetics and their binding affinities to XIAP protein:

The Wang group from the University of Michigan was first to report the design
and binding activity of conformationally constrained Smac mimetics.'® Figure 3.17 shows
the different Smac analogs with their binding affinity (Kj, competitive inhibition constant)
towards XIAP BIR3."™ ' Note, lesser the Ki value more the binding with XIAP BIR3 and

more active compound.
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Figure 3.17 Conformationally constrained Smac mimetics; Val and Pro residues have
been fused together to form reverse turn like structures which are several fold active than
the Smac tetrapeptide.'® '’

Figure 3.17 also shows the structure of highly active Smac mimetics containing
fused bicyclic ring system. It has been observed that with increasing the ring size of the
fused ring system, there is an increase in the binding affinity and hence there is a constant
decrease in the competitive inhibition constant K; value. (Ki= 150 nM to 14 nM). The
increase in the size of the hydrophobic group at the C-terminus have a favorable effect on

the binding affinity of the Smac mimietics."

Many studies showed that Smac mimetics inhibits cell growth and help in

inducing apoptosis in cancer cells.”

These Smac mimetics were found active against
various cancer cells which include breast cancer cell lines BT-549 and MDA-MB-231,
leukemia cell line HL-60, melanoma cell line SK-MEL-5, renal cancer cell line RXF-393,
ovarian cancer cell line SK-OV-3, and non-small-cell lung cancer cell lines NCI-H23 and

NCI-H522.
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3.10.6 Examples of Smac mimetics which are in clinical trials

Structures of some of the Smac mimetics are depicted in Figure 3.18.

¢%? 23, gﬁ}{

Debio 1143
LCL161 (AT-406)
Novartis, Phase Il O Debiopharm, Phase |

CUDC-427 Birinapant Tetralogic
Curis, Phase | Pharmacauticals, Phase I

Figure 3.18 Examples of IAP antagonists in clinical development.*’

3.11 Objective of the present work

Objective of this part of the thesis is synthesis of cyclic AVPI or cyclic Smac
mimetics, and also to find out the correct mode of cyclization (Figure 3.19), whether it is
forming cyclic compound A (three residual 9 member unusual cyclization) or compound

B (four residual 12 member cyclization).

/N\_)\\H O (o Nri 0

Boc

EDC.HCI

0R\7

Boc-Cy-AVPI

Figure 3.19 Reaction of Boc-AVPI-OH with EDC.HCI, producing cyclic AVPI either 9
member or 12 member cyclic system.
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3.12 Design and strategy

The unusual cyclization in the AVPI peptides and synthesis of new cyclic AVPI anlogues
have been investigated to genralize the unusual cyclization. For cyclization, the C-
terminus was made free acid and the N- terminus was protected either with Boc or Cbz
protecting group, and was subjected for cyclization in the presence of EDC. HCI. The
cyclic tetra peptide with N-Methylated alanine (Boc NMe Cy-AVPI) and cyclic tri peptide
(Boc-Cy VPI), strongly suggest that the A ring products (cyclic nine member ring
compounds) were forming exclusively. The molecular structures of the designed cyclic
AVPI peptide analogues are depicted in Figure 3.20. The structures of three residual
cyclic products were also investigated by using 2D NMR spectra (Figures 3.31 to 3.34).

Boc/N\HLN Chz”~ \HLN N \HL Boc.
(0]
S

6 7

Boc-Cy-AVPI Cbz-Cy-AVPI NMe-BocCy AVPI Boc-Cy-VPI

Figure 3.20 Designed analogues of cyclic AVPI peptides.

3.13 Syntheses

The cyclic tetrapeptide AVPI analogues were synthesized in the solution phase
using Boc peptide coupling strategy. The synthesis is shown in Scheme 3.2. Boc-"Pro-OH
was coupled with HCL.H-"Ile-OMe using HBTU, to give the dipeptide 12, which was
converted to tripeptide 13 by deprotecting the Boc group of 12 and coupling with Boc-
“Val-OH. Using similar reaction sequences, tripeptide was converted to tetrapeptide 15
using different protected alanine. These tetra peptides on hydrolysis and reaction with
EDC.HCI yielded the cyclic tetra peptides. Similarly, cyclic tri peptide Val-Pro-Ile was
synthesized from linear tri peptidel3, which showed occurrence of an unusual cyclization
in the three residues in which NH of Val residue and free acid of Ile residue taking part in

the cyclization.
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Scheme 3.2: Synthesis of cyclic AVPI analogues.
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Figure 3.21 Possible reaction path for unusual cyclization
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The reaction of N terminal protected AVPI-OH with EDC. HCI, forms an active
ester with 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide which undergo amide bond
formation with NH of Val residue leading to formation of a bisacylated cyclic product

(Figure 3.21).
3.14 Conclusions

In conclusion, formation of an unusual nine membered, three residual cyclization
in the AVPI peptide on treatment with EDC. HCI, was observed. The synthesis of few
more cyclic AVPI analogues were carried out, in order to generalize the unusual
cyclization. These unusual cyclic bisacylated products are not stable in polar protic

solvents.

3.15 Experimental Section :
Synthetic procedure and data
Compound 12: Boc-"Pro-"Ile-OMe

0 To a solution of HCL."Tle-OMe (6 g, 33.03 mmol, 1.5 equiv.) and

H\)\\O/ DIEA (11.47 mL, 66.12 mmol, 3 equiv.) in ACN (50 mL), Boc-
Q\W /"\/ LPro-OH (4.73 g, 22.02 mmol, 1 equiv.) was added, followed by
addition of TBTU (10.59 g, 33.01 mmol, 1.5 equiv.) and HOBt

12 (65%) (catalytic amount). This mixture was stirred at room temperature
for 8 h. After completion of reaction, ACN was removed under reduced pressure and then
the compound was taken into ethyl acetate. The combined organic layers were washed
sequentially with saturated solutions of KHSO4, NaHCO; and brine. Organic layer was
then dried over Na,SO, and was evaporated under vacuum. The crude product was
purified by column chromatography (eluent 20% AcOEt/pet. Ether, R¢: 0.3) to furnish 12
(6.12 g, 65 %) as a pasty material; [0]**®p = - 91.73 (¢ = 0.135, CHCl3); IR (CHCl3) v
(cm™): 3407.78, 3318.89, 2969.82, 2935.13, 2879, 1743.65, 1254.86, 1205.87, 1031.34,
772.05'"H NMR (400 MHz, CDCl3) & = 7.47 (bs, rota H), 6.52 (bs, rota H), 4.5 (m, 1 H),
4.29 (m, 1 H), 3.67 (s, 3 H), 3.35 (m, 2 H), 2.31 (bs, 1 H), 2.09 (m, 3 H), 1.84 (bs, 3 H),
1.41 (s., 9 H), 1.35 (m, 1 H), 1.10 (m., 1 H), 0.82 (m, 6 H); °C NMR (175 MHz, CDCls)
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O = 172.5 (rota), 172.4 (rota), 172.1(rota), 171.8(rota), 155.8(rota), 154.6 (rota), 80.7
(rota), 80.3(rota), 61.1(rota), 59.6 (rota), 56.6 (rota), 56.1 (rota), 55.0 (rota), 51.9 (rota),
47.0 (rota), 37.9 (rota), 37.6 (rota), 30.9 (rota), 28.3, (rota), 27.5 (rota), 24.7 (rota), 23.6,
15.4 (rota), 14.5 (rota), 11.5 (rota); HRMS [M+H]+ C17H31N,Os Calculated: 343.2155,
Found: 343.2223, [M+Na]" C;7H3,N,NaOs Calculated: 365.2052, Found: 365.2042.
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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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Chapter I11: Synthesis of Novel Antibacterial & Anticancer Agents

Compound 13: Boc--Val-"Pro-"1le-OMe

To a solution of TFA salt .H-"Pro."le-OMe (6 g, 16.85
@rH ,  mmol. 1.2 equiv.) and DIEA (7.32 mL, 42.1 mmol, 3 equiv.)
‘§—§ NE/Z( _ in ACN (40 mL), Boc-"Val-OH (3.04 g, 14.04 mmol, 1
HN‘BOC °° /:\/O equiv.) was added, followed by addition of TBTU (6.76 g,
13 21.06 mmol, 1.5 equiv.) and HOBt (catalytic amount). This
mixture was stirred at room temperature for 8 h. After completion of reaction, ACN was
evaporated under reduced pressure and then the compound was taken into ethyl acetate.
The combined organic layers were washed sequentially with saturated solutions of
KHSO4, NaHCO; and brine. Organic layer was then dried over Na,SO4 and was
evaporated under vacuum. The crude product was purified by column chromatography
(eluent 35 % AcOEt/pet. Ether, R 0.3) to furnish 13 (7.52 g, 86 %) as a colorless pasty
material; [0]**p @ -124.0 (¢ = 0.1, CHCL;); IR (CHCl;) v (cm™): 3310.36, 2968.85,
2935.68, 2877.53, 1741.00, 1687.58, 1632.55, 1367.07, 1092.88, 1016.41,756.04; 'H
NMR (500 MHz, CDCls) 6 =7.31 (d,J=8.2 Hz, 1 H), 5.39 (d, /= 9.5 Hz, 1 H), 4.55 (m,
1 H), 442 (dd, J=4.9, 8.2 Hz, 1 H), 4.21 (dd, J = 6.6, 9.0 Hz, 1 H), 3.67 (m, 1 H), 3.64
(s, 3 H), 3.53 (m, 1 H), 2.22 (m, 1 H), 2.06 (m, 1 H), 1.89 (m, 3 H), 1.76 (m, 1 H), 1.35 (s,
9 H), 1.31 (m, 1 H), 1.10 (m, 1 H), 0.90 (d, /= 6.7 Hz, 3 H), 0.84 (d, J = 6.7 Hz, 3 H),
0.80 (m, 6 H); °C NMR (125 MHz, CDCl3) & = 172.2, 172.0, 170.9, 155.7, 79.2, 59.6,
56.6, 56.5, 51.7, 47.5, 37.5, 31.2, 28.1, 27.3, 24.9, 24.8, 19.3, 17.2, 15.2, 11.3; HRMS
[M+H]" C,H4oN30¢ Calculated: 442.2839, Found: 442.2911, [M+Na]" CyH3N3;NaOg
Calculated: 464.2737, Found: 464.2726.

PhD Thesis 158



Chapter I11: Synthesis of Novel Antibacterial & Anticancer Agents
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Figure 3.23 a) 'H, b) '*C and ¢) HRMS spectra of 13
Compound 14a: Boc-"Ala-"Val-"Pro-"lle-OMe
To a solution of TFA salt .H-"Val-"Pro-"Tle-OMe
5 \ﬂ«N (2.5 g, 5.49 mmol, 1.2 equiv.) and DIEA (3.18 mL,
H
N}H { NH O 1831 mmol, 4 equiv.) in DCM (40 mL), Boc-
7/ < O A
© = izo_ “Ala-OH (0.865 g, 4.57 mmol, 1 equiv.) was
added, followed by addition of TBTU (2.2 g, 6.86

Bo

l4a
mmol, 1.5 equiv.) and HOBt (catalytic amount). This mixture was stirred at room

temperature for 8 h. After completion of reaction, the reaction mixture was diluted with
DCM. The DCM solution was washed sequentially with saturated solutions of KHSOy,
NaHCOs; and brine. Organic layer was then dried over Na,SO4 and was evaporated under
vacuum. The crude product was purified by column chromatography (eluent 50 %
AcOEt/pet. Ether, R¢: 0.3) to furnish 14a (2.12 g, 82 %) as a white sticky solid; mp 57 °C;
[a]***p = - 139.84 (¢ = 0.05, CHCls); IR (CHCl;) v (cm™): 3428.94, 3322.44, 3018.57,
2971.91, 2935.41, 2878.60, 1738.65, 1670.75, 1628.37, 1216.44, 1163.09, 1052.77; 'H
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NMR (400MHz, CDCl3) & = 7.46 (bs., 1 H), 7.38 (d, J= 8.1 Hz, 0 H), 5.20 (d, J= 7.3 Hz,
1 H), 4.64 (m, 1 H), 4.51 (dd, J= 5.3, 8.4 Hz, 1 H), 4.40 (m., 1 H), 3.78 (m, 1 H), 3.71 (s,
3 H), 3.66 (m, 1 H), 2.2 (m, 2 H), 1.95 (m, 2 H), 1.89 (bs., 2 H), 1.85 (m, 1 H), 1.44 (s, 9
H), 1.38 (m, 1 H), 1.25 (d, /= 6.38 Hz 3 H), 1.14 (m, 1 H), 0.97 (d, J= 6.8 Hz, 3 H), 0.92
(d, J= 6.6 Hz, 3 H), 0.87 (m, 6 H); >°C NMR (100 MHz, CDCls) & = 172.6, 172.3, 171.4,
171.2, 155.4, 79.9, 59.7, 56.7, 55.4, 51.9, 49.6, 47.9, 38.6, 37.5, 31.6, 28.3, 25.1, 25.0,
19.5, 19.3, 17.7, 15.5, 11.4; HRMS [MJrH]+ C,5H4sN4O; Calculated: 513.3210, Found:
513.3283, [M+Na]" C,5H44N4;NaO; Calculated: 535.3108, Found: 535.3097.
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Figure 3.24 a) 'H, b) "°C and c) HRMS spectra of 14a
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Compound 14b: Cbz-"Ala--Val-"Pro-"1le-OMe

Compound 14b was synthesized using same
y i«% synthetic procedure of 14a. The, compound 14b
Cbz/;\'\?\u O o li\H_{O was yielded (0.36 g, 86 %) as a white solid; mp
T\ 97 5860 °C, [a]*"! = - 140.84° (c = 0.15, CHCLy);
14b IR (CHCL3) v (cm™): 3450.0, 3311.44, 3018.02,
2968.60, 2933.36, 1739.26, 1704.92, 1673.24, 1504.76, 1216.27, 1053.71; "H NMR (400
MHz, CDCl3) 6 = 8.02 (d, /= 8.3 Hz, 1 H), 7.48 (d, J= 8.3 Hz, 1 H), 7.35 (m, 5 H), 5.73
(d, /=73 Hz, 1 H), 5.15 (m, 2 H), 4.69 (m, 3 H), 4.52 (dd, /= 5.4, 8.3 Hz, 1 H), 3.8 (m,
1 H), 3.73 (m, 1 H), 3.70 (s, 3 H), 2.20 (m, 1 H), 2.13 (m, 2 H), 2.05 (m, 1H), 1.97 (m, 1
H), 1.83 (m, 1 H), 1.35 (m, 1 H), 1.22 (d, /= 6.4 Hz, 3 H), 1.11 (m, 1 H), 0.98 (d, /= 6.4
Hz, 3 H), 0.90 (d, J= 6.4 Hz, 3 H), 0.84 (m, 6 H) °C NMR (100 MHz, CDCl;) § = 172.3,
172.3, 171.6, 171.1, 155.9, 136.2, 128.5, 128.1, 128.0, 66.9, 59.7, 56.70, 55.3, 51.91,
49.94, 48.0, 37.5, 31.6, 28.9, 25.1, 25.0, 20.1, 19.3, 17.7, 15.6, 11.5; LCMS [M+H]"
Co3H43N40O7 Calculated: 547.3053, Found: 547.3131, [MJrNa]+ Cy3sH4N4NaO5 Calculated:
569.2951, Found: 569.2941.
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Figure 3.25 a) 'H and b) *C spectra of 14b

Compound 14c: Boc-NMe"-Ala-"Val-"Pro-"1le-OMe

Bo

o j/\(NQr
N\)LN NH O
C/ :: H O o \\\5 <

10—

14c

Compound 14c was synthesized using N-
methylated Boc-Ala-OH by following the same
synthetic procedure of 14a. Compound 14cC was
yielded (0.24 g, 85 %) as a pasty material, [a]**"®

p= - 108.26° (¢ = 0.2, CHCls); IR (CHCL3) v (cm’

1:3415.20, 3319.00, 3017.01, 2970.84, 2935.96, 2878.85, 1738.93, 1679.57, 1631.87,
1516.43, 1439.19, 1322.85, 1215.92, 863.19; '"H NMR (400 MHz, CDCl3) 6 = 7.22 (d, J =
7.8 Hz, 1 H), 6.76 (bs, 1 H), 4.72 (bs, 1 H), 4.57 (m, 2 H), 4.48 (dd, J= 5.0, 8.2 Hz, 1 H),
3.76 (m, 1 H), 3.72 (s, 3 H), 3.61 (m, 1 H), 2.79 (s, 3 H), 2.33 (m, 1 H), 2.11 (m, 1 H),
2.02 (m, 2 H), 1.87 (m, 2 H), 1.49 (s, 9 H), 1.42 (m, 1 H), 1.32 (d, J= 6.8 Hz, 3 H), 1.17
(m, 1 H), 0.96 (d, J= 6.6 Hz, 3 H), 0.89 (t, /= 7.1 Hz, 9 H); *C NMR (101 MHz, CDCls)
§=172.0,171.7, 171.4, 170.7, 156.2, 80.6, 59.87 (rota), 59.82 (rota), 56.71 (rota), 56.69
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(rota), 55.33, (rota) 55.29, (rota) 53.4, 51.9, 47.7, 37.6, 31.3, 29.8, 28.3, 27.1, 25.1, 25.0,
19.5, 17.6, 15.4, 13.49, 11.5; LCMS [M+H]+ Co6H47N4O7 Calculated: 527.3366, Found:
527.3443, [M+Na]" C,6H46N4sNaO; Calculated: 549.3264, Found: 549.3256.
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Figure 3.26 a) 'H, and b) "°C spectra of 14c
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Hydrolysis of the compounds 15a-c and 13 was done using LiOH:H,O in aq. Methanol.
Compound 6: Boc- “Ala- Cy--Val-"Pro-"lle

To a solution of 15a (1.6 g, 3.2 mmol, 1 equiv.) in DCM (40
oo o mL), EDC.HCI (1.3 g, 6.4 mmol, 2 equiv.) was added and the

Boc/N H N N reaction mixture was stirred at room temperature for 5-6 hr.
(?\N ﬁ After completion of reaction, the mixture was diluted with
H O DCM. The organic layer then washed with NaHCO;, KHSO4
6 and brine solution, later the organic layer was dried over
Na,SO4 and evaporated under reduced pressure. The crude product was purified by
column chromatography (eluent 50 % AcOEt/pet. Ether, Rs: 0.3) to furnish 6 (1.31 g, 85
%) as a white sticky solid; mp 70 °C; [0]**%p = - 94.26 (¢ = 0.175, CHCl;); IR (CHCl3) v
(cm™): 3431.4, 3308.89, 3019.06, 2972.00, 2935.38, 1826.17, 1705.54, 1676.96, 1645.64,
1450.9, 1166.07, 1043.65; "H NMR (500 MHz, CDCl3) & = 6.76 (d, J= 6.1 Hz, 1 H), 5.00
(bs, 1 H), 4.88 (m, 2 H), 4.60 (m, 2 H), 4.16 (dd, rota, 1 H), 3.84 (m, 1 H), 3.72 (m, 1 H),
2.28 (m, 1 H), 2.07 (m, 4 H), 1.56 (m, 1 H), 1.43 (s, 9 H), 1.38 (m, 1 H), 1.34 (d,J="7.2
Hz 3 H), 1.29 (m, 1 H), 1.01 —0.91 (m, 11 H), 0.82 (d, J = 7.0 Hz, rota, 1 H). >C NMR
(125 MHz, CDCls) & = 178.4 (rota), 177.4 (rota), 172.5, 170.5, 164.5 (rota), 164.2 (rota),
155.4, 80.1, 69.1 (rota), 68.3 (rota), 55.50 (rota), 55.49 (rota), 55.1 (rota), 54.9 (rota), 50.2
(rota), 47.19 (rota), 47.18 (rota), 37.3 (rota), 37.1 (rota), 31.4 (rota), 31.3 (rota), 29.2
(rota), 29.1 (rota), 28.3, 26.3, 24.68 (rota), 24.65 (rota), 19.4 (rota), 19.3 (rota), 18.12
(rota), 18.07(rota), 17.4, 15.3 (rota), 14.4 (rota), 11.7; HRMS [M+H]  CuH4N4Og
Calculated: 481.2948, Found: 481.3021, [MJrNa]+ Co4H4oN4NaOg Calculated: 503.2846,
Found: 503.2850.
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Figure 3.27 a) 'H, b) "°C and ¢) HRMS spectra of 6

Compound 7: Cbz- “Ala- Cy-"Val-"Pro-"lle

Compound 7 was prepared using same synthetic procedure of
compound 6 as a white sticky solid; mp 72-74 °C; [a]**"p = -
100.2 (¢ = 0.16, CHCL); IR (CHCl) v (cm™): 3450.0,
3310.44, 3019.02, 2970.60, 1739.26, 1704.92, 1673.24,
1504.76, 1220.27, 1055.71; '"H NMR (500 MHz, CDCl;) & =
7.31 (m, 5 H), 6.69 (t,J=8.9 Hz, 1 H), 5.35 (t, /= 7.6 Hz, 1

H), 5.13 (s, 2 H), 4.87 (m, 1 H), 4.63 (m, 1 H), 4.29 (m, 1 H), 4.23 (d, J= 3.4 Hz, rota, 0.5
H), 4.18 (d, J = 4.0 Hz, rota 0.5 H), 3.83 (m, 1 H), 3.73 (m., 1 H), 2.28 (m, 1 H), 2.17 -

1.88 (m, 4 H), 1.60 (m, 1 H), 1.43 (m, 1 H), 1.39 (d, /= 7.0 Hz, 3 H), 1.31 (m, 1 H), 1.07
-0.87 (m, 11 H), 0.84 (d, J= 7.0 Hz, 2 H); >C NMR (125 MHz, CDCl5) 8 = 178.3 (rota),
177.4 (rota), 172.2 (rota), 172.1 (rota), 170.5 (rota), 164.5 (rota), 164.2 (rota), 155.8
(rota), 136.1 (rota), 128.6, 128.2, 128.2, 69.1 (rota), 68.4 (rota), 67.0 (rota), 55.6 (rota),
55.5 (rota), 55.1 (rota), 54.9 (rota), 50.6 (rota), 47.2 (rota), 47.2 (rota), 37.3 (rota), 37.1
(rota), 31.35 (rota), 31.31 (rota), 29.1 (rota), 26.3, 24.7 (rota), 24.7 (rota), 19.4 (rota), 19.3
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(rota), 18.7 (rota), 18.6 (rota), 17.4, 15.3 (rota), 14.4 (rota), 11.7; HRMS [M+H]"
C,7H39N4O¢ Calculated: 515.2791, Found: 515.2781, [MJrNa]+ C,7H;33N4NaQOg Calculated:
537.2689, Found: 537.2678.
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Figure 3.28 a) 'H, and b) "°C spectra of 7
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Compound 8: Boc-NMe-"Ala-Cy-"Val-"Pro-"lle

Compound 8 was prepared using same synthetic procedure of

compound 6. Compound 8 is yielded as a white solid; mp 121-

123 °C; [0]**’p = - 88.92 (¢ = 0.2, CHCL;); IR (CHCL3) v (cm’

"Y: 3412.42, 3332.45, 3019.96, 2969.93, 2935.19, 1678.30,

1648.77, 1826.22, 1548.77, 1155.51, 928.04; '"H NMR (500

MHz, CDCl3) & = 6.71(bs, 1 H), 4.84 (m, 1 H), 4.72 (bs, 1 H),
458 (t,J=73 Hz, 1 H), 4.20 (d, J=2.7 Hz, rota 0.5 H), 4.15 (d, /= 4.0 Hz, rota 0.5 H),
3.85 (m, 1H), 3.71 (m, 1H), 2.78 (s, 3 H), 2.26 (m, 1 H), 2.14 - 1.94 (m, 5 H), 1.58 (m, 1
H), 1.47 (s, 9 H), 140 (m, 1 H), 1.32 (d, /= 6.7 Hz, 3 H), 1.03 - 0.86 (m, 12 H), 0.81 (d, J
= 6.7 Hz, 1 H); *C NMR (125 MHz, CDCls) & = 178.4 (rota), 177.5 (rota), 171.5, 170.57
(rota), 170.55 (rota), 164.5 (rota), 164.2 (rota), 156.3, 80.6, 69.1 (rota), 68.4 (rota), 55.4,
55.1 (rota), 54.8 (rota), 47.2, 37.3 (rota), 37.1 (rota), 31.3, 30.0 (rota), 29.9 (rota), 29.2
(rota), 29.1 (rota), 28.4, 26.3, 24.7 (rota), 24.6 (rota), 19.4 (rota), 19.3 (rota), 17.6, 15.3,
14.4, 13.5, 11.7; HRMS [M+H]" C»sH43N4O¢ Calculated: 495.3104, Found: 495.3104,
[MJrNa]+ C,sH4N4NaOg Calculated: 517.3002, Found: 517.3002.

a)

CHLOROFORM-d

|

5 7.0 6.5 6.0 55 5.0 4.5 4.0 35 3.0 25 2.0 15 1.0 0.5 0
Chemical Shift (ppm)

NOTE: Extra signals and / or signal broadening are seen due to rotamer formation (Chem.
Eur. J. 2008, 14, 6192).
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b)

CHLOROFORM-d
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NOTE: Extra signals and / or signal broadening are seen due to rotamer formation (Chem. Eur. J.
2008, 14, 6192).
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Figure 3.29 a) 'H, b) '*C and ¢) HRMS spectra of 8
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Compound 9: Boc-Cy--Val-"Pro-"lle

Compound 9 was prepared from Boc-"Val-"Pro-"Ile-OH, using

Bocﬂ) same procedure of 7. Compound 9 is yielded as colourless pasty

N N material. [a]*""'p = - 82.34 (¢ = 0.15, CHCl3); IR (CHCl3) v (cm™):

© 3434.96, 3316.22, 3018.45, 2970.55, 2930.0, 1704.16, 1684.68,

1636.99, 1505.00, 1216.01, 1095.94; "H NMR (500 MHz, CDCl3) &

9 =5.21 (m, 1 H), 4.85 (m, 1 H), 4.29 (m, 1 H), 4.20 (m, rota, 0.5 H),

4.14 (m, rota, 0.5 H), 3.81 (m, 1 H), 3.68 (m, 1 H), 2.26 (m, 1 H), 2.06 (m, 5 H), 1.41 (s, 9

H), 1.28 (m, 2 H), 1.05 - 0.86 (m, 11 H), 0.80 (m, 1 H); *C NMR (125 MHz, CDCl;) & =

178.4 (rota), 177.5 (rota), 171.3 (rota), 171.3 (rota), 164.6 (rota), 164.3 (rota), 155.9

(rota), 155.9 (rota), 79.5, 69.1 (rota), 68.3 (rota), 56.8, 55.1 (rota), 54.8 (rota), 47.1 (rota),

47.0 (rota), 37.3 (rota), 37.1 (rota), 31.3 (rota), 31.2 (rota), 29.14 (rota), 29.12 (rota), 28.3,

26.3 (rota), 24.7 (rota), 24.68 (rota), 24.6 (rota), 19.5 (rota), 19.3 (rota), 17.2, 15.2 (rota),
14.3 (rota), 11.7; HRMS [MJrH]+ C,1H36N30O5 Calculated: 410.2577, Found: 410.2649.

Iz
O

a)

CHLOROFORM-d

~ NAHOW O~
N ANAND NANANAATORGOCO NNOQOOOS M OO0 900
T

H NMR (500MHz, CDCL,)

it
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N N
O /g}
N o
9

| U E A

7.5 7.0 6.5 6.0 55 5.0 4.5 4.0 35 3.0 25 2.0 15 1.0 0.5 0 -0.5
Chemical Shift (ppm)

NOTE: Extra signals and / or signal broadening are seen due to rotamer formation (Chem. Eur. J.
2008, 74, 6192).
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b)
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Figure 3.30 a) 'H, b) "°C and ¢) HRMS spectra of 9
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Figure 3.32 TOCSY spectrum of 6 (CDCl3, 500 MHz)
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Figure 3.34 HMBC spectrum of 6 (CDCI3, 500 MHz)
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4.1 Introduction

4.1.1 Structure Determination

The molecular structures of organic compounds are determined mainly by single
crystal X-ray and nuclear magnetic resonance (NMR) spectroscopy. In addition to these
techniques there are many spectroscopic methods such as Mass spectrometry, Infrared
(IR) spectroscopy, Circular Dichroism (CD), Raman spectroscopy, Ultra Violet (UV)
spectroscopy, Fluorescence spectroscopy etc, that give the information about the
structural and molecular property of the organic molecules. For peptides and proteins, X-
ray and NMR spectroscopy are the most widely used techniques. Although X-ray
diffraction provides precise structural information of proteins and peptides, it has some
limitations such as difficulties associated with crystallization and also, it gives only a snap
shot of image which is in static form. On the contrary, the NMR spectroscopy provides
information about the structure as well as the dynamics of proteins and peptides. Using
NMR spectroscopy one can carry out the detailed structural studies of any bio-molecules
dissolved in aqueous solution, which is similar to the physiological condition and thus it
provides insight into the structural and dynamics over the wide range of time scales.

4.1.2 One dimensional NMR spectroscopy:

One dimensional NMR spectrum is commonly used for routine analysis of
compounds, this includes regular ("H) Proton, *Carbon and 1D spectrum of other NMR
active nuclei.

Regular 1D experiment: It consists of two parts, viz. preparation and detection (Figure

4.1).12
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1H NMR 90°,

d b Fourier Transform

o |l

FID Spectrum
> <€
Time Frequency

— J o\ )
Y

Preparation Detection
Figure 4. 1 Schematic representation of 1D NMR

During preparation period the spin systems are in thermal equilibrium state, an rf
signal of sufficient power (near to 50 W) is transmitted (pulse) for a short period (a few
microseconds), in order to move the magnetization vector from the z-axis to the x,y-plane.
After applying a 90° pulse all magnetization are placed in the transverse plane. The signal
that evolves due to precession of the magnetization vector is measured after the pulse
during the detection period and the signal also decays with time (Free induction decay,
FID) due to T, relaxation. During this process, the vector also returns to equilibrium on
the z-axis (due to T; relaxation). The measured FID is the variation of magnetization with
time and it is incomprehensible. Therefore, to make it understandable, the FID is
converted into readable frequency domain spectrum, using a mathematical process called
the Fourier transformation (FT). Usually, the experiments is repeated several times and
summed up the data to increase the signal height or to get better signal to noise ratio
(S/N).

The spectral parameters such as the chemical shift (6 in ppm), the indirect dipole-
dipole coupling or scalar coupling (J coupling), relaxation times, longitudinal (T;) and

transverse (T,) can be determined from 1D NMR studies.

4.1.3 Two dimensional NMR spectroscopy
Early NMR studies of biomacromolecules were performed on relatively simple
low molecular weight model systems using one-dimensional (1D) methods, however

higher molecular weight systems are difficult to interpret due to signal overlapping.

PhD Thesis 182



Chapter IV: Detailed NMR studies of Zipper peptides

Multidimensional NMR techniques provide elegant tools for unambiguous resonance
signal assignment for biomacromolecules such as proteins, peptides and sugars. Two
dimensional NMR was first proposed by Jean Jeener in 1971, * later Ernst in 1976
developed and demonstrated two dimensional NMR.* > These 2D NMR techniques give
the data plotted in a space defined by two frequency axes, and it is easier to interpret and
often more informative. To obtain structural information from the NMR spectral
parameters, a variety of 2D experiments have been developed.

In two-dimensional NMR, the signal is recorded as a function of two time
variables, t; (evolution time) and t, (detection time) and the resulting data is Fourier
transformed twice to yield a spectrum which is a function of two frequency variables. All
2D NMR experiments have the same four stages (Figure 4.2), viz. preparation period,

evolution period (t;), mixing period and detection period (t5).

Detection

Lm:}lutmn

|

|I|n|r|".".-
!

|||I |'

Figure 4.2 General pulse scheme of any 2D NMR experiment

During preparation period, the sample is excited by one or more pulses. The
resulting magnetization is allowed to evolve for the first time variable t; followed by
another period, called the mixing time, which consists of a further pulse or pulses. After
the mixing period the signal is recorded as a function of the second time variable, t, the
detection or acquisition time. Recording of a 2D data set involves repeating of the pulse
sequence for increasing values of t; and recording free induction decay as a function of t;

for each value of t;.

4.1.4 Types of 2D NMR spectroscopy
a) Homonuclear:
Through bond: COSY, TOCSY
Through Space: NOESY, ROESY
b) Heteronuclear correlation
One-bond correlation: HSQC, HMQC
Long-range correlation/Multiple bond correlation: HMBC.
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4.1.5 Correlation Spectroscopy (COSY):
COSY’ is the simplest 2D NMR experiment. It correlates one proton to another

proton via J coupling that generated from 2-bond or 3-bond.

4.1.6 Total Correlation Spectroscopy (TOCSY):

TOCSY ? is useful for large molecules with many separated coupling networks
such as peptides, proteins, oligosaccharides and polysaccharides. It is a homonuclear
experiment, used to establishment of connectivity between remote nuclei belonging to the
same spin system. It differs from COSY at the mixing pulse; here spin lock (90°-1-180°-
1-90°) pulse train MLEV-17is used. > '°

4.1.7 Heteronuclear Correlation Spectroscopy:

Coherence transfer between unlike spins example “C or N and 'H can be
observed in 2D heteronuclear- correlation experiments. In the HETCOR experiments,“
the spectrum maps the chemical shift of each X nucleus (*C or "N) to the chemical shift
of directly attached protons (HSQC'? experiment) or indirectly attached protons (protons
attached to different carbons by three/two bonds in HMBC'? experiment).

TOCSY COSY JHH Jun NOESY (<5A)

Figure 4.3 Information extracted from different 2D NMR Experiments.

PhD Thesis 184



Chapter IV: Detailed NMR studies of Zipper peptides

4.1.6 Nclear Overhauser Effect Spectroscopy (NOESY)

The NOESY spectrum uses the nuclear Overhauser effect (nOe) to provide
information about the spatial proximity of nuclei (typically 'H). This spectroscopy is the
most powerful technique for obtaining structural information of molecules in solution.
The NOESY experiment '* is used for defining molecular geometry, stereochemistry,
conformation, and biomolecular structure and interactions. The nuclear Overhauser effect
(nOe) is the cross-relaxation of spin polarization from one spin to another induced by
dipole-dipole interaction. Therefore, this method is used for investigation of cross-
relaxation and chemical exchange processes. Since its amplitude depends on the
separation of the two spins, it can be used to measure the distance between them. The
nuclear Overhauser enhancement can be positive or negative, depending on the
correlation time of the molecules. It is positive for small molecules and negative for large
molecules (macromolecules). The nOe for molecules of intermediate size are usually

weak but, it can also be zero (Figure 4.4)
4.1.7 Rotating-frame Overhauser Spectroscopy (ROESY)

In ROESY experiment,”” cross-relaxations measurements are carried out in the
rotating-frame with spin-locked magnetization and it means that NOE in the transverse
plane (ROE) is always positive (no nulling condition as in NOESY-type experiments)

and, in addition, chemical exchange can always be distinguished which is negative.
4.1.8 Molecular Weight and Maximum NOE/ ROE

The maximum attainable peak intensities or peak volumes depend on the

molecular size and the frequency of the spectrometer.
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Figure 4.4 Comparison of ROESY and NOESY build up with molecular weight or
product of the field of the magnet (®) and the correlation time of the compound (1)

The diagram (Figure 4.4) illustrates that for certain combinations of field (e.g ®,=
700 MHz) and molecular size (expressed in the correlation time t.), the nOe can be zero
even when the protons are very close in space. In this case ROESY experiment is useful

for getting the good and precise data.
4.1.9 Constraints Generation:

NMR is the only technique that can determine peptide and protein structures in
solution. The inter-nuclear distances and dihedral angles are the most often used

constraints for generating a three dimensional structure of peptides and proteins.
4.1.9.1 Distance Constraint

In contrast to X-ray crystallography, NMR primarily measures data that locally

describe the position of atoms relative to each other. Most important parameter for the
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determination of 3D structures of peptides and proteins is inter proton distance calculated
from the nuclear Overhauser enhancement (nOe). Comparison of the cross-peak volume
integrals in a quantitative NOESY/ ROESY is used for measurement of the distance
between the protons. The strength of the nOe or rOe signal is inversely proportional to the
sixth power of the distance between the atoms. Generally, a distance of 1.8 A between the
geminal (methylene) protons or 2.44 A between the vicinal protons for aromatic protons
are taken as standard reference (r..f) with standard intensity of cross peaks (Mf). All

distant constraints (r,hs) can be calculated using following equation.
Mret/ Nobs = (Tobs / Trer)”

Nret = Volume integral of reference cross peak

Nobs = Volume integral of observed cross peak

This relationship between cross peak intensity and the distance is not exact, therefore,
upper and lower bound are calculated for providing distance constraints by adding or
subtracting 10% to the calculated distance rops. These calculated NOE depended distances
are divided into Strong (1.8-2.5 A), Medium (2.5-3.5 A), and Weak (3.5-5 A).

4.1.9.2 Angle Constraints

The three bond (vicinal) J-coupling constant is depended on the torsion angles (0)
between the coupled spins. The Karplus equaltion16 provides a relation between J and 0 as

shown in the following equation.
3J= A cos*(0) + B cos (0) + C

Where A, B and C are constants and which are empirically derived parameters whose
values depend on the atoms and substituent’s involved. Particularly, for the peptides the

Karplus curve (Figure 4.5) is derived as follows.

3JNH-CoH= 6.4 cos? |®-60] + 1.4 cos |D-60+ 1.9
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Figure 4.5 Karplus curve showing relation between dihedral angle vs >/ values.

4.1.10 Hydrogen bonding

Hydrogen bonding ' is an important constituent for stabilizing the secondary and
tertiary structure of proteins and peptides. There are two types of hydrogen bonds,
intermolecular hydrogen bond (H-bond present between two atoms of two different
molecules) and intra molecular hydrogen bond (H-bond present between two atoms of the
same molecule or within the molecule). For peptides, the amide protons are generally
involved in the hydrogen bonding. To verify the involvement of amide NH in the intra
molecular H-bonding, NMR experiments such as variable temperature studies (in non
polar or polar solvent), DMSO-d; titration studies, time dependent methanol (MeOD)
exchange or deuterium (D,0) exchange studies, and dilution studies, in which chemical
shift change of amide proton is measured with the concentration of the peptide entity, are
employed. The smaller chemical shift change (VT, Dilution and DMSO titration studies)
or the more exchange time (Deuterium exchange) for amide protons suggests the

involvement of strong intra molecular hydrogen bonding.

4.1.11 Molecular Dynamics

Molecular dynamics '® is the most versatile computational method to calculate the
time dependent behaviour of a bio-molecular system. MD simulations can provide

detailed information of the fluctuations and conformational changes of proteins, peptides
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nucleic acids. This method is used to investigate the structure, dynamics, thermodynamics

of molecules and their complexes.

The steps involved in the MD simulations are as follows:

Step1- Start with extended structure

Step2- Minimize using restraints (or simulated annealing process)
Step3- Start MD simulation using minimized structure

Step4- Equilibration and Dynamics simulation

Step4- Collection of the trajectories for further analysis

4.1.12 Ant-Pro zipper peptides:

A new class of synthetic Ant—Pro (af3,) based zipper peptide which showed its
three-dimensional zipper like structures stabilized by hydrogen bonding, aromatic
stacking, and backbone chirality (Figure 4.6).%° Structural studies were carried out in both
solid and solution state confirmed the zipper-like structural architecture assumed by the
synthetic peptide which makes use of unusually remote inter-residual hydrogen-bonding
and aromatic stacking interactions to attain its shape. The effect of chirality modulation
and the extent of noncovalent forces in the structure stabilization have also been
comprehensively explored via single-crystal X-ray diffraction and solution-state NMR

studies.
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Intramolecular Arom atic
H-bonding stacking

Figure 4.6 a) Molecular structure, b) Crystal structure of 1. The non covalent forces

which stabilize the zipper architecture, ¢) Highlighted the long ranged 26 member,

terminal hydrogen bonding and d) Edge to face aryl stacking.””*!

4.2 Objective

The objective of this chapter is to carry out structural studies of Ant—Pro based
zipper architectural peptides in solution state. First part of this chapter was to study the
effect of ratio variation of Pro:Ant from 1:2 to 1:4 (decamer 2) and in absence of C-
terminal amide (hexamer 3) on their conformation, using solution state NMR and MD
simulation studies (Figure 4.7a). The second part of this work was the solution state NMR
studies on replacement of N-terminus proline by flexible (Ala) and constrained (Aib)

amino acid residues in the Ant-Pro zipper motif (Figure 4.7b).
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Figure 4.7 Structures of zipper peptides which are under taken for solution state
conformational studies. a) Solution state NMR studies of olgomers 1, 2 and 3; b)
Comparative NMR studies of oligomers 2 and 3 with 1.

Part A: Solution state conformational investigation of 1, 2 and 3

4.3 NMR studies of 1, 2 and 3:

We carried out DMSO-dj titration studies, variable temperature studies and deuterium
(MeOD) exchange studies were carried out for evaluating the intra molecular hydrogen

bonds in the following peptides 1, 2 and 3 (Figure 4.8 to 4.10 and Tables 4.1 to 4.3).

4.3.1 Titration studies of 1, 2 and 3

Si
. NH5 NS
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Volume of DMSO-d, added (microlitres)

134 . . N
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= v NH3 NH3
=11 NH7 o N.,
— v v v v v v v v v v v NH6
810 H\N @Ifo
&
29 ° N
S H H
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Figure 4.8 Titration study plot (chemical shift vs volume of DMSO-ds added) of hexapeptide 1
(5 mM, 400 MHz)
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Table 4.1 Titration study of hexapeptide 1 in CDCl; (5SmM) with DMSO-d;.

Amide protons NHS | NH6 | NH2 | NH3 NH7
Chemical Shift Change after 0.35 0.06 0.25 0.12 0.13
addition of 50 pl of DMSO-d;

: . 2 2 2 o o o L e NH1O N—H
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Figure 4.9 Titration study plot (chemical shift vs volume of DMSO-ds added, See Table 4.5
experimental section) of decapeptide 2 (5 mM, 400 MHz)

Table 4.2 Titration study of decapeptide 2 in CDCI3 (5SmM) with DMSO-d,

Amide protons | NH2 | NH3 | NH4 | NH5S | NH7 | NHS8 | NH9 | NH10 | NH11

Chemical Shift | 042 (023 [0.19 | 0.02 |0.31 |0.27 0.32 0.13 0.03
Change after
addition of 50 pl
of DMSO-d,
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Figure 4.10 Titration study plot (chemical shift vs volume of DMSO-ds added, See Table 4.6
experimental section) of hexapeptide 3 (5 mM, 400 MHz)

Table 4.3 Titration study of hexapeptide 3 in CDCI3 (2mM) with DMSO-d,

Amide protons NH2 NH3 NH4 NHS5
Chemical shift change after 0.22 0.17 0.17 0.15
addition of 50ul of DMSO-d,
4.3.2Temperature variation study
/
13‘ [ ] [] n M n - . - NH5 'ﬁ
L] L] L] L] L) L] L] : : : : : ° NH6 WOO !\l
121 NH2 H
_ NH5
114 v NH3 Nfhs ©
NH7

Chemical Shift (ppm)
S

270

280 290 300 310 320

Temperature (K)

Figure 4.11 Temperature variation study plot (chemical shift vs temperature, Table 4.7,
experimental section) of hexapeptide 1 (5 mM, 400 MHz)
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Figure 4.12 Plot of Temperature vs Chemical shift (Table 4.8, experimental section) of
amide protons in the oligomer 2
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The small chemical shift change in the amide protons in DMSO-ds and V.T
studies suggests all amide protons are involved in the intra-molecular hydrogen bonding

in these systems.
4.3.3 H/D exchange studies study in Methanol-d,:

Deuterium exchange of the amide protons (NH/D) in 1, 2 and 3 was studied by
dissolving the compound in CDCl; (0.4 ml) and methanol-ds (0.1 ml) at 400 MHz. The
experiment was started instantly after the dissolution of compound using the following
parameters: number of transients = 16, relaxation delay = 1 sec, flip angle = 30° and
temperature at 298 K. A stacked plot of partial (amide region) 'H NMR spectra at

different time intervals is shown vide infra.

The amide protons could not be completely exchanged even after prolonged time
(>22 h), (Figure 4.13 to 4.15) which suggests the strong confirmation for the intra-

molecular nature of H-bonding present in all oligomer 1, 2 and 3.
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Figure 4.13 H/D Exchange of hexapeptide 1 (400MHz, CDCl; + methanol-d,).
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Figure 4.14 H/D Exchange of hexapeptide 2 (400MHz, CDCIl; + methanol-dy).
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Figure 4.15 H/D Exchange of hexapeptide 3 (400MHz, CDCl; + methanol-d,).

4.3.4 2D NOESY/ ROESY analysis

To evaluate the solution-state NMR based structure, the signals were assigned
using a combination of 2D experiments such as COSY, HSQC, HMBC, TOCSY and
NOESY/ ROESY (See experimental section of this chapter).

4.3.4.1 2D NOESY Spectral analysis of 1

The characteristic long-range inter-residual nOes are observed between the groups
placed at the termini (C42H/C40H and C42H/NH7) are some of the diagnostic dipolar
coupling interactions that clearly indicated the fact that the fully folded conformation in
the solid-state is clearly prevailed in the solution-state as well. Other characteristic nOes
which support the folded conformations were the dipolar interactions between amide
NH3/NHS, P1aH/C35H, C10H/C40H, C10H/NHS and C10H/NH6. Solution-state NMR

also supported an edge-to-face" stacking interaction faced by C10H (Ant2) causing the
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proton to appear relatively up field at & 6.1 ppm. Distinctive nOes that validate the
stacking interactions are between C10H/C30H and C31H (Figure 4.16).

H-bonding
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- A
v C42H= —1.35
N‘/; ' 2.8 Cazh— 0
d N CAOH/C42H |15 NH7/C40H_ 2.9 7 140
O EiNHp ‘ ‘ T C19H/C42H
—H ) L 28 m 86 84 82 ppm ‘
N H ) PP i 86 8.4 ppm
o g Folding
A N NH5 C35H C40H
H. 10 _ppm ppm ppm
NH2N . RlH a3 i
12 ) a
O e NH3— P1.H faa O C2
pmr:k-: wl._\,H ;lH5/NH -10.5 C40H/C10H [ 6-2

(e} 7\\ Y ‘ : T T T
! 128 127 ppm 8.0 78 ppm 28 ppm
4 petl TN

Pi-stackin
NH5 THS '1“2 m g C28H C30H C31H C19H C38H
A PP ppm i ppm
NH5/C10H 6.0 L 6.0 C31H/C10H 6.0
NH2/C10H C28H/C10H - A
c1ou<< @ ! c10H<< @ F6.1 C10H -6.1
NH6/CI0H  ~6.2 C30H/C10H 6.2 -6.2
T T T T
T
13 12 ppm 7.6 ppm 9.0 85 ppm

Figure 4.16 2D NOESY extracts of 1 (500 MHz, CDCI3). The full NOESY spectrum is
given in Figure 4.31, Experimental section

4.3.4.2 2D ROESY Spectral analysis of 2

The distinctive long-range inter-residual nOes are observed between the termini
groups C68H/C70H and NH11/C70H (Figure 4.17a,b) and are some of the characteristic
dipolar coupling interactions which unambiguously confirmed its long range inter-
residual 42 membered terminal hydrogen bonding and folded zipper architecture in the
solution-state. The folded confirmations are further supported by the characteristic nOe
interactions between CI12H/C68H, NH2/C68H and C63H/PloH (Figure 4.17d.e.f).
Aromatic stacking (edge-to-face) interactions were also supported by solution-state NMR
studies. In the '"H NMR spectrum, two aryl protons appear comparatively up field at &
6.88 ppm and 6.48 ppm for C10H and C24H respectively owing to stacking interactions.
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The diagnostic nOes that authenticate the stacking interactions between NH10/C10H and
C45H/C24H (Figure 4.17k,1).
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Figure 4.17 2D ROESY extracts of 2 (700 MHz, CDCl3). The full ROESY spectrum is given

in Figure 4.36 Experimental section
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4.3.4.3 2D NOESY Spectral analysis of 3

Remarkably, the diagnostic terminal nOe interactions which were present in 1 and
2 were clearly absent in 3, which suggest fraying of the termini (Figure 4.18). The
pivaloyl group attached to Prol experienced fraying, and it was confirmed from the strong
nOe it experiences with C19H (Ant3). Folding induction at Ant-Pro segment remained
intact similar to 1 and 2, leading to similar diagnostic nOe between NH3/NHS5 (Figure
4.18). Another strange nOe interaction that supported the staggered conformation of the
structures is C16H/C38H. The effect of aromatic interactions remains noticeable in 3, as
weak nOe cross peak was observed between C10H/C31H, which suggests presence of
stacking effect in 3. This result demonstrated that the existence of weak edge-fo-face
aromatic interactions failed to bring remote H-bonding sites into proximity, consequently

evading the zipper architecture.
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Figure 4.18 NOESY extracts of 3 (500 MHz, CDCIl3). The full NOESY spectrum is given in

Figure 4.41, Experimental section
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4.4 MD simulation studies

MD simulations of 2 and 3 were done using Insight II (97.0)/Discover program on
a Silicon Graphics Octane workstation. MD simulations were employed all the restraints,
excluding the H-bond restraint using a simulated annealing protocol. Minimization of
structures was done with steepest decent, then using conjugate gradient methods for
10,000 iterations each. The energy minimized structures were then used to MD

simulations.
4.4.1 MD simulation studies of 2

For deca-peptide 2, the minimum energy structures were equilibrated for 50,000
ps and molecular dynamics was later carried out for 50,000 ps at 300 K, with a step size
of 50,00,000 fs with dielectric constant for CDCl5 as 4.7. The superimposed structures
were displayed low RMSD values (<0.2 A). Distance constraints used in MD calculations

for decamer 2 derived from ROESY experiment are given in Table 4.11.

Figure 4.19 Stereo view of superimposed MD simulated 20 minimum energy structures
for deca peptide 2.(Hydrogens, except the polar amide hydrogens are omitted for clarity).
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4.4.2 MD simulation studies of 3

For hexa peptide 3, the minimum energy structures were equilibrated for 10,000
ps and molecular dynamics was carried out for 10,000 ps at 300 K, with a step size of
1,00,000 fs. Distance restraints were used in MD calculations for hexamer 3 derived from

NOESY experiment are given in Table 4.12.

Figure 4.20 Stereoview of superimposed MD simulated 20 minimum energy structures
for peptide 3 (Hydrogens, except the polar amide are omitted for clarity).

4.5 Conclusion of NMR studies of 1, 2 and 3

This solution state structural study reveals the presence of folded architecture
stabilized by complementary aromatic interactions and typically large remote inter-
residual H-bonding interactions completely coequal the solid state conformation (crystal
structure of 1). In the higher oligomer, peptide 2 exhibits a folded conformation involving
46-membered remote H-bond. While in the absence of hydrogen bond donor (in peptide

3) folded architecture remains unchanged but fraying of the termini betided.”
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Part B: Comparative NMR studies of 4 and 5 with 1

4.6 NMR studies of 4 and 5

For evaluating the presence of intra molecular hydrogen bonds in the peptides 4
and 5, DMSO-d; titration studies (Figure 4.21) and deuterium (MeOD) exchange studies
(Figure 4.22 and 4.23) were performed.

4.6.1 DMSO-d; titration studies of 4 and 5
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Figure 4.21 DMSO-d; titration studies (Tables 4.9 and 4.10, experimental section) of 4
(above) and 5 (below)

This DMSO-dj titration experiment (Figure 4. 21) suggests the presence of weaker
terminal infra-molecular hydrogen bonding interaction as revealed by the larger chemical

shift variation for NH7 about 0.42 ppm and 0.37 ppm for hexapeptide 4 and S
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respectively, which was 0.17 ppm for the peptide 1. Therefore, it can be concluded that
the long range terminal H-bonding in 1 having N-terminus Pro residue is stronger than in

4 and S containing N- terminus Aib and Ala residues respectively.
4.6.2 H/D exchange studies of 4 and 5

Deuterium exchange of the amide protons (NH/D) in the oligomer 4 and § (Figure

4.22 and 4.23) was performed under similar condition of oligomer 1 (Figure 4.13).
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Figure 4 Deuterium exchange study of 4 (400MHz, CDCIl; + methanol-dy).
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Figure 4.23 Deuterium exchange study of § (400MHz, CDCl; + methanol-dy).
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The slow H/D exchange rate in MeOD (more than 21h) experiment suggests the

presence of intra-molecular long-range hydrogen bonding in 4 and S as in the case of 1.

4.6.3 NOESY spectral analysis of 4
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Figure 4.24 2D NOESY excerpts of 4 (500 MHz, CDCI3). The full NOESY spectrum is

given in Figure 4.46, Experimental section.

Similar to compound 1, aromatic stacking effect in 4 was clearly evidenced from
C9H proton of Ant2 as it appeared up field chemical shift at 8= 6.4 ppm in the 'H-
spectrum of 4, which showed diagnostic nOe between COH/C30H. An unambiguous proof
for folding feature was obtained from the strong dipolar coupling (nOe) between

C11H/C39H (vide supra Figure 4.24).

4.6.4 NOESY spectral analysis of 5

The oligomer 5§ with N-terminus Ala showed diagnostic long-range inter-residual

nOes observed between the termini groups C38H/C40H and C10H/C38H. The aromatic
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stacking effect in § was clearly verified from C8H proton of Ant2 as it appeared at 6=
6.42 ppm in the 'H NMR spectrum, which also confirmed from the diagnostic dipolar
nOe between C8H/C29H (Figure 4.25). Comparison of the analogues 1 and S revealed

that the overall zipper architecture remains preserved in both the cases.

C38H NH7 opm
_ AW
ppm
NH7/caon | 1-32
1.3
C40Hﬁ C40H ~1.34
C38H/C40H
‘ 1.4 ‘ : —-1.36
2.9 ppm 76 7.5 7.4 ppm
AH 1
P ppm M pom
C38H é ©)  lag % @ 2.9
A,H/C38H NH1/C38H
I I I I I
4.5 4.4 4.3 ppm 6.3 6.2 ppm
C29H
C17H C10H
YN ppm W ppm
-10.3 NH1 % -6.3
NH3% -10.4 6.4  C38H % 1)) 290
CsH |65 =
NH5/NH3 | 10.5 : C10H/C38H [ 2.95
I I I I I I I
127 126 12,5 ppm 9.0 8.9 ppm 8.5 8.4 ppm

Figure 4.25 2D NOESY excerpts of § (500 MHz, CDCl3). The full NOESY spectrum is

given in Figure 4.51, Experimental section.

4.7 MD simulation studies of 4 and 5

MD simulated structures of compound 4 and 5 (Figure 4.26a, 4.26b) were derived
from nOe cross peaks (given in Table 4.13 and 4.14, experimental section) by using
Maestro v9.3.518 from Schrodinger. The MD simulated twenty lowest-energy
superimposed structures of compound 4 and 5 showed RMSD of 0.15 + 0.06 A and 0.20+
0.06 A, respectively.
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Figure 4.26 Stereo views of MD simulated 20 superimposed minimum energy structures
of peptides 4 and 5. (Hydrogens, except the polar amide hydrogens have been removed
for clarity).

4.8 Conclusions

A study of comparative assessment of the three residues (Pro, Aib and Ala) at the
N-terminus of zipper architecture motif was undertaken. This study reveals that the
substitutions at the N-terminus with Aib or “Ala support zipper architecture, but
considerably weaker terminal H-bonding interaction indicates the interplay of dihedral

constraints in stability of these unique structures.
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4.9 Experimental section

Table 4.4 Titration study of hexapeptide 1 in CDCl3 (5 mM) with DMSO-dg

Vol. of Chemical shift (in ppm)

DMSO-d;

added (ul) NH5 NH6 | NH2 | NH3 | NH7 6?
0 12.8 1237 | 116 | 1032 | 835 NN,
5 12.76 | 12.36 | 11.58 | 1031 | 8.34 @’%H'
10 12.72 | 12.36 | 11.56 | 1029 | 8.32 N, Q‘)”@
15 1269 | 1235 | 11.52 | 1028 | 831 o N,
20 1265 | 1234 | 115 | 1027 | 8.29 H. N6
25 1262 | 1234 | 11.47 | 1025 | 8.28 N °
30 1258 | 1233 | 11.45 | 1024 | 8.27 H AN
35 1255 | 12.33 | 11.42 | 1023 | 8.26 NO
40 1251 | 1232 | 114 | 1022 | 8.24 §<1
45 12.48 | 1232 | 1137 | 1021 | 8.24
50 1245 | 1231 | 1135 | 102 | 8.22

Table 4.5 Titration study of decapeptide 2 in CDCl3 (2 mM) with DMSO-dg

Vol. of Chemical Shift (in ppm)

DMSO-

ds ?dged NH2 [ NH3 | NH4 | NH5 [ NH7 [ NH8 | NH9 | NHI0 [ NHI1
u)
0 11.70 | 12,57 | 12.43 | 10.31|12.38 | 12.59 | 12.94 | 12.70 | 8.09
5 11.68 | 1254 | 12.42 | 10.32 | 12.35 | 12.56 | 12.90 | 12.69 | 8.09
10 11.65 | 1251 | 12.40 | 10.33 | 12.32 | 12.53 | 12.86 | 12.68 | 8.09
15 11.62 | 12.48 | 12.38 |10.33 | 12.29 | 12.51 | 12.82 | 12.67 | 8.10
20 11.58 | 12.45 | 12.36 | 10.33 | 12.25 | 12.48 | 12.77 | 12.66 | 8.11
25 1156 | 12.42 | 12.34 [10.33 | 12.22 | 12.45 | 12.74 | 12.65 | 8.11
30 1153 | 1239 | 12.32 [10.32 | 12.19 | 12.42 | 12.70 | 12.64 | 8.11
35 11.50 | 12.37 | 12.30 | 10.32 | 12.16 | 12.40 | 12.67 | 12.63 | 8.12
40 11.47 | 1234 | 12.28 [10.31 | 12.13 | 12.37 | 12.63 | 12.62 | 8.12
45 11.44 | 1232 | 12.26 | 10.30 | 12.10 | 12.35 | 12.61 | 12.61 | 8.12
50 11.42 | 12.29 | 12.24 | 10.29 | 12.07 | 12.32 | 12.60 | 12.57 | 8.12
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Table 4.6 Titration study of hexapeptide 3 in CDCl3 (2 mM) with DMSO-d;

Vol. of Chemical shift (in ppm)

DMSO-d6

added (ul) | NH5 NH6 NH2 NH3
0 12.08 11.93 11.45 10.63
5 12.06 11.92 11.43 10.61
10 12.05 11.91 11.41 10.59
15 12.03 11.89 11.38 10.58
20 12.01 11.88 11.36 10.56
25 12.0 11.86 11.34 10.54
30 11.98 11.85 11.32 10.53
35 11.96 11.83 11.29 10.51
40 11.95 11.81 11.27 10.49
45 11.93 11.80 11.25 10.47
50 11.91 11.78 11.23 10.46

(0]
</ N
Pro4 N N

HNH5

o] 0" "N—H
H NH6
HNH3 @_«O
N

o]
o)
6] H‘N

Table 4.7 Temperature variation study of hexamer 1 (20 mmol, 400 MHz, CDCI3)

Temperature Chemical shift (in ppm)
(K) NH5 NH6 NH2 NH3 NH7 ﬁ
218 12.98 12.38 11.71 10.4 8.74 OO HN
223 12.97 12.38 11.71 104 8.72 N-H l\(ljl-iS
228 12.96 12.38 11.71 104 8.71 NH3
233 12.95 12.38 11.71 10.39 8.68 o N‘H
238 12.94 12.38 11.7 10.39 8.67 H, NH6
243 12.93 12.38 11.7 10.39 8.65 N 0
248 12.92 12.38 11.69 10.38 8.63 0 N
253 12.91 12.38 11.68 10.38 8.61 NH o H
258 12.9 12.38 11.67 10.37 8.59
263 12.89 12.38 11.66 10.36 8.58 \§< 1
268 12.88 12.38 11.65 10.35 8.57
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Table 4.8 Temperature variation study of decamer 2 (20 mmol, 400 MHz, CDCI3)

Temperature Chemical Shift (in ppm)

K) NH2 | NH3 | NH4 | NHS5 | NH7 | NH8 | NH9 | NH10 | NHI11
213 13.06 | 12.68 | 12.61 | 12.52 | 124 | 1236 | 11.84 | 10.31 8.64
218 13.06 | 12.69 | 12.62 | 12.54 | 12.41 | 12.37 | 11.83 | 10.3 8.64
223 13.06 | 12.69 | 12.62 | 12.55|12.43 | 12.38 | 11.83 | 10.29 8.59
228 13.06 | 127 | 12.62 | 12.56 | 12.44 | 12.38 | 11.82 | 10.28 8.59
233 13.06 | 12.7 | 12.63 | 12.57 | 12.44 | 12.39 | 11.81 | 10.28 8.56
238 13.06 | 12.71 | 12.63 | 12.58 | 12.45 | 124 | 11.81 | 10.28 8.54
243 13.05 | 12.71 | 12.63 | 12.59 1245 | 124 | 11.8 | 10.27 8.51
248 13.04 | 12.72 | 12.62 | 12.59 | 12.46 | 12.41 | 11.79 | 10.27 8.49
253 13.04 | 12.72 | 12.62 | 12.6 | 1246 | 12.41 | 11.78 | 10.27 8.46
258 13.03 | 12.72 | 12.62 | 12.6 | 1245|1242 | 11.78 | 10.28 8.44
263 13.02 | 12.72 | 12.61 | 12.6 | 1245|1242 | 11.77 | 10.28 8.4

268 13.01 | 12.72 | 12.61 | 12.61 | 12.45 | 12.42 | 11.76 | 10.28 8.37
273 13 12.72 | 12.6 | 12.6 | 12.43 | 1243 | 11.75 | 10.29 8.33
278 1299 | 12,71 | 12.6 | 12.6 | 12.43 | 12.43 | 11.75 | 10.29 8.28
283 1298 | 1271 | 12.6 | 12.6 | 1243|1242 | 11.74 | 10.3 8.25
288 12.96 | 12.71 | 12.59 [ 12.59 1243 | 12.41 | 11.73 | 10.31 8.2

293 1295 | 127 | 12.59 | 12.58 | 12.43 | 1239 | 11.72 | 10.31 8.14

Table 4.9 Titration study of hexamer 4 in CDCI3 (SmM) with DMSO-d,

Vol. of Chemical shift (in ppm)

DMSO-d;

added (ul) | NH5 NH6 NH2 | NH3 | NH7 | NH1
0 12.53 | 12.23 | 11.76 | 1036 | 7.51 | 6.28
5 12.49 | 12.25 | 11.74 | 1037 | 7.57 | 6.32
10 12.45 | 12.28 | 11.72 | 1038 | 7.66 | 6.35
15 12.41 12.3 11.71 | 1039 | 7.72 | 6.37
20 12.38 | 12.31 | 11.69 | 10.39 | 7.76 | 6.38
25 12.33 | 12.33 | 11.67 | 1038 | 7.8 | 6.39
30 12.31 | 12.25 | 11.65 | 1038 | 7.84 | 6.4
35 12.29 | 12.27 | 11.63 | 1038 | 7.86 | 6.40

5

40 12.26 | 1229 | 11.61 | 1037 | 7.89 | 6.41
45 12.23 12.3 11.59 | 10.36 | 7.91 | 6.41
50 12.2 12.31 | 11.56 | 10.36 | 7.93 | 6.41
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Table 4.10 Titration study of hexamer 5 in CDCI3 (SmM) with DMSO-ds

Vol. of Chemical shift (in ppm)
DMSO-
d6.  "NH5 | NH6 | NH2 | NH3 | NH7 | NHI r\ﬁ
added O N
() @’§ Oy
0 12.62 | 12.33 | 11.64 | 1039 | 7.55 | 6.23 NH5
5 12.58 | 12.34 | 11.62 | 1039 | 7.6 | 6.28 NH3 O
10 | 1254 | 1236 | 116 10.39 | 7.66 | 6.32 O N.
15 12,5 | 12.36 | 11.57 | 1038 | 7.7 | 6.35 H
20 | 12.46| 12.37 | 1154 | 1038 | 7.75 | 6.38 | NH2 N
25 | 1243 1238 | 11.52 | 1038 | 7.79 | 6.41 H,
30 | 1239 1239 | 115 10.38 | 7.83 | 6.45 /8: H,N
35 | 1236 1239 | 11.47 | 1037 | 7.86 | 6.47 NH1 N NH7
40 | 1234 1239 | 11.44 | 1037 | 7.88 | 6.49 H §< 5

C40H C16H
C24824'H C3/3'/23"/23H C19H cogy[C30H COM1/17129/
C31H C12H | C38 C1oH
C2HC2H | | cogoy C2222H C44H  pom st 1ol 37136H ppm
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1Y 3 N o:
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Figure 4.27 Partial COSY spectra of hexapeptide 1 (CDCls 400 MHz): Aliphatic (left)
and aromatic region (right).
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Figure 4.28 Partial HSQC spectra of 1 (CDCl; 400 MHz): Aliphatic (left) and aromatic

region (right).
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Figure 4.29 Partial TOCSY spectra of 1 (CDCl; 400MHz): Aliphatic (left) and aromatic

region (right).
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Figure 4.31 NOESY spectrum of 1 (CDCl;, 400MHz)
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Figure 4.32 Partial COSY spectra of decapeptide 2 (CDCls;, 700MHz): Aromatic (a, b)
and aliphatic region (c, d).
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Figure 4.33 Partial HSQC spectra of 2 (CDCl;3, 700 MHz): Aromatic (a, b) and aliphatic

regions (c, d).
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Figure 4.34 Partial TOCSY spectra of 2 (CDCl3, 700 MHz): Aromatic (a) aliphatic (b)
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Figure 4.36 Full ROESY spectrum of decamer 2 (CDCls, 700 MHz).
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Figure 4.37 Partial COSY spectra of hexapeptide 3 (CDCl3, S00 MHz): Aliphatic (left)
and aromatic region (right).
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Figure 4.42 Partial COSY spectra of hexamer 4 (CDCl;, 500 MHz): Aliphatic (left) and

aromatic region (right).
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Figure 4.43 Partial HSQC spectra of hexamer 4 (CDCl;, 500 MHz): Aliphatic (left) and

aromatic region (right).
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Figure 4.44 Partial TOCSY spectra of hexamer 4 (CDCls 500 MHz): Aliphatic (left) and
aromatic region (right).
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Figure 4.47 Partial COSY spectra of hexamer 5 (CDCl;, 500 MHz): aliphatic (a),
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Figure 4.48 Partial HSQC spectra of hexamer 5 (CDCl; 500 MHz): aliphatic (a) and
aromatic regions (b).
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Table 4.11 Distance restraints used in MD calculations for decamer 2 derived from

ROESY experiment.
Residue Atom Residue Atom Lower Bound Upper Bound
Ant 4 C4H Ant7 C6H 3.905672 4.773599
Ant 5 NHS5 Ant 4 NH4 3.899387 4.765918
Ant 5 NHS5 Ant 7 NH7 2.985797 3.649308
Ant 9 NH9 Ant 9 C6H 3.719821 4.546448
Ant 9 NH9 Ant 10 C6H 3.733473 4.563133
Ant 9 NH9 Ant 4 C6H 4.391102 5.366903
Ant 9 NH9 Ant 8 C3H 1.830166 2.23687
Ant 8 NHS Ant 7 C3H 1.839096 2.247783
Ant 4 NH4 Ant 4 C6H 3.351444 4.09621
Ant7 NH7 Ant 8 C6H 3.715348 4.540981
Ant 7 NH7 Ant 4 C3H 3.326146 4.06529
Ant7 NH7 Pro 5 CHa 3.0008 3.684659
Ant 7 NH7 Pro 5 CHp1 2.763406 3.377497
Ant7 NH7 Pro 5 CHp2 3.965646 4.846901
Ant 2 NH2 Piv 4.08223 4.989392
Ant 2 NH2 Me 4.206407 5.141164
Ant 2 NH2 Pro 2 CHOO 3.575435 4.369977
Ant 2 NH2 Pro 2 CHa 2.139394 2.614815
Ant 2 NH2 Ant 10 C4H 5.051629 6.174214
Ant 2 NH2 Ant 10 C3H 3.823587 4.673273
Ant 2 NH2 NHI11 3.640704 4.449749
Ant 2 NH2 Ant 3 C6H 3.857282 4.714456
Ant 2 NH2 Ant 2 C6H 3.511528 4.291868
Ant 5 NHS5 Pro 6 CHI1 4.239147 5.18118
Ant 5 NHS5 Pro 6 CHa 4.451287 5.440462
Ant 5 NHS5 Ant 4 C3H 1.821805 2.226651
Ant 5 NHS5 Ant 8 C3H 3.733473 4.563133
Ant 5 NHS5 Ant 5 C6H 3.607037 4.408601
Ant 3 C6H Piv 3.508536 4.288211
NH11 Piv 3.069646 3.75179
Ant 10 C3H Piv 2.937536 3.590322
Pro 1 CHa Piv 3.08635 3.772206
Pro 1 CHI1 piv 2.158095 2.637671
pro 1 CHI[2 Piv 2.102789 2.570075
NHI11 Piv 2.476976 3.027415
Ant7 C6H Pro 6 CHI1 4.882115 5.967029
Ant 8 C6H Pro 6 CHO1 3.233282 3.951789
Ant 8 C6H Pro 6 CH[12 4.745809 5.800433
Ant 10 NH10 Me 4.108655 5.021689
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Ant 2 C6H Me 2.738412 3.346948
Ant 10 C3H Me 3.857282 4.714456
Ant 9 C3H Me 3.93154 4.805216
Ant 2 CSH Me 3.353614 4.098862
Ant 2 C4H Me 4.797133 5.863162
Ant 7 NH7 Pro 6 CHp1 4.297976 5.253081
Ant 7 NH7 Pro 6 CHB2 3.457533 4.225873
Ant 7 NH7 Pro 6 CHII1 2.798581 3.420487
Ant 7 NH7 Pro 6 CHD2 3.93154 4.805216
Ant 2 NH2 Pro 2 CHp1 3.207097 3.919785
Ant 2 NH2 Pro 2 CHB2 3.311987 4.047984
Ant 7 C6H Pro 6 CHp2 4.108655 5.021689
Ant 5 NHS5 Ant 8 NHS8 4.517767 5.521716
Ant 8 NHS Ant 8 C6H 3.578852 4.374152
Ant 7 NH7 Ant 7 C6H 3.607037 4.408601
Ant 4 NH4 Ant 5 C6H 3.771678 4.609829
Ant 10 NH10 Ant 10 C6H 3.719821 4.546448
Ant 3 NH3 Ant 3 C6H 3.189924 3.898796
Ant 9 NH9 Ant 2 C3H 3.766751 4.603807
Ant 4 NH4 Ant 3 C3H 1.83026 2.236985
Ant 10 NH10 Ant 9 C3H 1.852265 2.26388

Ant 3 NH3 Ant 2 C3H 1.839583 2.248379
Ant 7 NH7 Ant 5 2CH 3.83459 4.686721
Ant 7 C6H Pro 6 CHa 4.451287 5.440462
Pro 1 CHa NHI1 4.297976 5.253081
Pro 1 CHa Ant 10 C3H 3.493837 4.270245
Pro 1 CHa Ant 10 C4H 3.715348 4.540981
Ant 5 C3H Pro 6 CHa 4.009481 4.900477
Ant4 C3H Pro 6 CHa 4.108655 5.021689
Ant 5 C3H Pro 6 CHO2 2.074502 2.535502
Ant 5 C3H Pro 6 CH[1 2.436845 2.978366

Table 4.12 Distance restraints used in MD calculations for hexamer 3 derived from
NOESY experiment

Residue Atom Residue  Atom Lower Bound Upper Bound

Pro 1 CHd1 Piv 2.21685 2.709484
Pro 1 CHdl1 Piv 2.129175 2.602325
Ant 3 C5H Piv 3.559215 4.350152
Ant 3 C6H Piv 3.152493 3.853047
Ant 2 2NH Piv 3.34715 4.090961
Pro 1 CHa Piv 2.87397 3.51263
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Ant 6
Pro 1
Pro 4
Pro 4
Ant 2
Ant 5
Ant 5
Ant 6
Ant 3
Ant 3
Ant 5
Ant 2
Ant 3
Ant 2

6NH
CHa
CHa
CHa
C6H
C6H
SNH
C6H
C6H
C3H
C3H
C3H
C3H
C3H

Ant 2
Ant 5
Ant 3
Ant 2
Ant 5
Ant 6
Ant 6
Ant 3
Ant 5
Ant 6
Ant 3
Ant 6
Ant 6

Me

2NH
S5NH
C3H
2NH
SNH
C6H
6NH
3NH
S5NH
6NH
3NH
C6H
C6H

4.127999
2.702904
2.903594
4.001898
4.161209
3.712527
4.143353
3.848684
3.92252

3.338956
1.983915
2.088579
3.213983
3.13627

5.045332
3.303549
3.548837
4.891209
5.085922
4.537533
5.064098
4.703947
4.794191
4.080946
2424785
2.552708
3.928202
3.833219

Table 4.13 Distance restraints used in MD calculations for

hexamer 4 derived from

NOESY experiment

Residue Atoml Residue Atomll Lower Bound Upper Bound
Ant3  NH3 Ant5 NH5  3.165592894 3.869057982
Ant 5 NH5 Ant5 30H 3.611599715 4.41417743
Ant 5 NH5 Ant6 37H 4.076698791 4.982631856
Ant 5 NH5 Ant3 15H 438711944  5.362034871
Ant 5 NH5 Ant2 8H 3.010650548 3.679684003
Ant 5 NH5 Pro4 20H 2.822345517  3.44953341
Ant 5 NH5 Pro4 23aH  2.754629584 3.366769491
Ant 5 NH5 Pro4 22aH  2.736498951  3.34460983
Ant 5 NHS5 Pro4 21aH 3.640284719 4.449236879
Ant 6 NH6 Ant5 27H 1.795542826  2.194552342
Ant 6 NH6 Ant 6 237H 3.742275843  4.573892697
Ant 2 NH2 Aib1 3H 2.55661634  3.124753305
Ant 2 NH2 Aib 1 4H 2.076008994  2.537344326
Ant 2 NH2 Aib1 NH1 3.698144574  4.51995448
Ant 2 NH2 NH7 4.049426332  4.94929885
Ant 2 NH2 Ant3 18H 3.868379751 4.728019696
Ant 2 NH2 Ant 2 11H 3.661788878 4.47551974
Ant 3 NH3 Ant2 8H 1.812456081  2.215224099
Ant 3 NH3 Ant5 27TH 3.343186166 4.086116425
Ant 3 NH3 Ant6 37H 3.527260703 4.311096415
Ant 3 NH3 Ant3 18H 3.757837025 4.592911919
Ant 3 NH3 Pro4 23bH  4.754769136 5.8113845
Ant 2 OH Ant 5 29H 4.402872705 5.381288861
Ant 5 21bH Pro4 21bH  4.630372695 5.659344405
NHMe 39H Ant 2 11H 2.507537593 3.064768169
Ant 6 37H Pro 4 23aH  3.345513483 4.088960923
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Ant 2
Ant 3
Ant 3
NHMe
Aib 1
Aib 1
Aib 1
Pro4
Pro 4
Pro4
Pro 4
Pro4

11H
15H
15H
39H
NH1
NH1
NH1
20H
20H
22aH
22bH
23aH

Pro 4
Pro 4

Piv

Aib 1
Aib 1
Pro4
Pro 4
Pro4
Pro 4
Pro4

NH7
23aH
23bH
NH7
41H
3H
4H
21aH
21bH
23aH
23bH
21aH

3.307418163
2.072312582
2.5106514

2.235901355
2.13281949%4
2.305230272
2.594749148
2.565239278
2.073211899
2.448016454
2.464102681
3.233834807

4.042399977
2.532826489
3.068573933
2.732768322
2.606779382
2.817503666
3.171360069
3.135292451
2.533925655
2.99202011

3.011681055
3.952464764

Table 4.14 Distance restraints used in MD calculations for hexamer 5 derived from
NOESY experiment

PhD Thesis

Residue  AtomI Residue AtomII Lower Bound Upper Bound
Ant 5 NH5 Ant 3 NH3 3.237294406 3.956693163
Ant 5 NHS5 Ant 6 36H 3.812211486  4.659369594
Ant 5 NH5 Ant 2 7H 3.203385131 3.915248494
Ant 5 NHS5 Pro 4 19H 2.839000134  3.469889052
Ant 5 NH5 Pro 4 22aH 2.8502677 3.483660523
Ant 5 NHS5 Pro 4 21aH 2.81350174 3.438724349
Ant 5 NH5 Pro 4 20aH 3.674814535 4.491439987
Ant 6 NH6 Ant 6 36H 3.685607213 4.504631038
Ant 6 NHG6 Ant 5 26H 1.867053803 2.281954648
Ant 6 NH6 NHMe 38H 4.356036917 5.32404512

Ant 2 NH2 Ant 2 10H 3.095988369 3.783985785
Ant 2 NH2 NH7 4.404725355 5.383553212
Ant 2 NH2 Alal NH1 3.27547644 4.003360093
Ant 2 NH2 Ala 1l 2H 2.188153091 2.674409333
Ant 2 NH2 Alal 3H 2.634474893  3.219913759
Ant 3 NH3 Ant 3 17H 3.640365042 4.449335051
Ant 3 NH3 Ant 6 36H 3.586586591 4.383605834
Ant 3 NH3 Ant 2 7H 1.903456917 2.326447343
Ant 3 8H Ant 5 29H 3.880787705 4.743184973
Ant 2 10H Piv 40H 3.180799408 3.887643721
Ant 2 10H Alal 3H 3.704101328  4.527234957
Ant 2 10H NHMe 38H 2.696863384 3.296166358
Ant 2 10H Alal 2H 5.034943583  6.153819934
Ant 6 36H Pro 4 22aH 3.466771324  4.237164951
Pro 4 19H Ant 3 14H 3.768020128 4.605357934
Pro 4 22aH  Ant3 14H 2.596602631 3.173625437
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Pro 4
Alal
Alal
NHMe
Piv
Piv
Alal
Piv
Piv
Alal
Alal
Alal
Pro 4
Pro4
Pro 4
Pro4
Pro 4
Pro4
Piv

22bH
2H
2H
38H
40H
40H
2H
40H
40H
3H
2H
2H
19H
19H
22aH
22bH
22bH
22aH
40H

Ant 3
Ant 6

Ant 6

Ant 6
Ant 2
Alal
Alal
Alal
Alal
Pro 4
Pro4
Pro 4
Pro4
Pro 4
Pro4
NHMe

14H
33H
NH7
NH7
33H
NH7
34H
9H
NH1
NH1
NH1
3H
22aH
22bH
21aH
20bH
21bH
21bH
38H

2.17573976
3.200669241
3.291668774
2.3032811
3.532488454
3.56024275
3.493527609
3.637042017
2.187115268
2.407393137
2.716973722
2.147548893
2.515209568
2.238350808
2.621531505
3.322296645
2.626248352
3.891319241
3.34546797

2.659237484
3.911929073
4.023150724
2.815121345
4.317485888
4.351407806
4.269867077
4.445273576
2.673140883
2.942369389
3.32074566

2.624781981
3.074145027
2735762098
3.204094061
4.060584788
3.209859097
4.75605685

2.723473658
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