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ABSTRACT

Intricate arrangements of biopolymers lead to versatile processes to support
and sustain life. Polypeptides/proteins form a major class of biopolymers, which
participate in myriad of the cellular events like cellular signaling to catalysis, in
addition to its role as chief structural units in biology. Understanding the origin
and development of their sophisticated structural and functional aspects led to
emergence of the research area called ‘foldamers’. In this connection, the
dissertation entitled “Synthetic Oligomers with Heterogeneous Backbones
Featuring a/f-Conjugated Building Blocks” attempts the design and creation of
assorted assemblies featuring natural-unnatural o/p-conjugated (specifically
aliphatic-aromatic) building blocks. The work undertaken herein, is oriented
towards understanding the interplay of non-covalent interactions in governing the
structural preferences of compact three-dimensional assemblies that emanate from
the permutation and combination of these building blocks. The broad objective of
the work is directed towards comprehending the folding behavior of biopolymers.

Section I of Chapter 1 deals with investigations of the folding propensity of
aliphatic-aromatic amino acid conjugate Anz-Pro motif (Pro = ““proline and Ant =

anthranilic acid), which is

known to exhibit a nine-
membered hydrogen-
bonding pattern.
Significance of both the

units has been assessed and

Figure 1. Crystal structures of Boc-"Val-Ant-"Pro- || was found to be equally
p(C¢H,)Br (left) and Boc-"Val-Ant-"Pro-p(C¢H,)Br
(right) revealing stable reverse turn architecture.
(Hydrogens have been removed for clarity). the turn motif. Our next

crucial for the creation of

objective was to appraise
the robustness of Ant-Pro motif as a reverse turn mimic. Hence, a number of
structural modulations around the turn segment by altering chiralities of the amino

acid residues were undertaken, using N- and C-terminal amidated peptides (Figure

I).
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In order to determine its sensitivity towards the structural perturbation, beta-
branched amino acid like valine was substituted at N-terminal of the motif. Solid
and solution state studies revealed the insensitivity of the turn segment towards
structural and chirality modulation, establishing its potential as a robust reverse
turn mimetic. This section also discusses the synthesis of Fmoc-Ant-Pro-OH
scaffold meant for incorporation into peptides via solid phase, in order to facilitate
rigidity of the bioactive peptide for enhanced proteolytic stability.

Section II of the chapter focuses on determination the f-hairpin nucleation
propensity of the Ant-Pro motif. With the intention to establish the minimum

criteria for S-hairpin formation, different “a-f-o-a” tetramer sequences were

synthesized with alternating Steric
. . L. repulsion
chirality = comprising  both N
natural (L) and unnatural (D) N%
NH2 e
analogues of Val, Pro and Leu o N\HP&O N"NH4
R
residues. Four sequences of R;- N:SW R %‘;
H-N e H s
YPyal-Ant-"Pro-""Leu-R, %\fo c17
(Rl = Piv and Rz = NHMG) . . .
‘ Figure 2.  Schematic representation  of
were designed i.e. LLL, DLL, intramolecular H-bonding pattern of the plausible
. . S-hairpin featuring Ant-Pro reverse turn (left) and
LDL and DLD with varying crystal structure of Boc-"Val-Ant-"Pro-"Leu-
chirality pattern at o-amino | P(CeHy)Br (right) (Hydrogens have been removed
] ) . for clarity).
acids. Their folding

propensities were explored using solid and extensive solution state studies. The
studies revealed that hetero-chiral analogues with alternate chirality exhibits best
hairpin nucleation tendency (Figure 2).

Chapter 2 “Investigations of conformational pre-disposition of -o/p,-
oligomers (a. = “Pproline and p = anthranilic acid)” is an attempt to investigate
the effect of constitutional ratio variation of residues on the conformational
disposition of the oligomers. Section I describes the effect of stoichiometric
variation of a:p residues (o = Pro and = anthranilic acid), from the structural
studies of sequentially repeating homo- chiral and hetero-chiral -Pro-Ant-Ant-
[o/B/B] units. Ant-Pro 1:1 sequential repeats are known to adopt a compact, rigid
right-handed helical secondary structure displaying 1—2 forward turns. On the
other hand, Ant-Ant repeats are well established sheet inducers due to the

vii



hybridization induced planarity of the aromatic rings and constant amide dihedral
angles ().

Also, the chirality of amino acids induces severe effects on the structure
formulation. Structural studies revealed a helical disposition for the homo-chiral
repeats Rl-(Laﬁz)n-Rz (n=2) (Figure 3a); whereas, the hetero-chiral R;-
(“oB,"aB2)s-Rs (n=2) i.e. Piv-"Pro-(Ant),-"Pro-(Ant),-NHMe exhibited a unique
zipper like folded architecture featuring a large inter-residual hydrogen bond
spanning 26 atoms (Figure 3b).

In order to explore and establish the non-covalent forces responsible for the
remote hydrogen-bond, further studies were undertaken. Thus, we synthesized and
investigated structural characteristics of corresponding analogues of zipper motif
devoid of hydrogen-bond donor and the acceptor sites. Solution-state NMR
structure obtained for its corresponding hetero-chiral ester derivative Piv-"Pro-
(Ant),-"Pro-(Ant),-OMe revealed that in the absence of donor atom at C-terminal,
the termini fray apart. So was the result obtained for the pentapeptide Br-Aib-
(Ant)z—DPro—(Ant)z—NHMe devoid of acceptor atom at N-terminus, where the
solid-state structure revealed absence of folding. Solution state studies also
vindicated fair amount of edge-to-face aromatic stacking effect between the
aromatic rings. These observations led to an inference that the co-operative
interplay of the non-covalent interactions namely H-bonding and aromatic

stacking drive the assembly along with the stereochemical control.

a) b) c)

Figure 3. Crystal structures of homo-chiral analogue Piv-"Pro-(Ant),-"Pro-(Ant),-NHMe
(a), hetero-chiral analogue Piv-"Pro-(Ant),-"Pro-(Ant),-NHMe (b) and PyMOL generated
model of Piv-"Pro-(Ant);-"Pro-(Ant);-NHMe (c). (Hydrogens are removed for clarity).
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To evaluate the effect of further constitutional variation of residues, oligomers
featuring -Pro-Ant-Ant-Ant- [o/p/B/B] repeats were synthesized and their folding
propensities were explored in Section II of the chapter. Solution-state studies
substantiated the folded architecture even in the absence of remote H-bonding
interaction, supporting the co-operative effect of the participating non-covalent
forces (Figure 3c).

Chapter 3 discusses few instances where the local constraints of individual
amino acids largely contribute towards the conformational bias of the peptides.

Section I describes the synthesis and investigations of oligomer based on -
Aib-Ant-"Pro- repeats. The motif was designed with the purpose to understand the
influence of individual torsional preference of amino acid on the overall
conformational disposition. Along these lines, we attempted to understand the
structural influence of a constrained amino acid like Aib at the N-terminus of Ant-
“Pro motif and its repeats. Sequential repeat of -Aib-Ant-"Pro- unit is anticipated
to reveal one or more type of hydrogen-bonding patterns i.e. either C9- / C10-
hydrogen bonding pattern or both concurrently by strategically placing the
/ \ residues adjacent to each other. But,
/ @ \ NMR studies of the hexamer derivatives

NHMe

posed serious challenges due to the poor

oi( solubility, possibly due to aggregation.
H‘N However, the solution-state NMR studies

of hexamer (Figure 4) indicated existence

Figure 4. Molecular structure

of multiple conformations, which can be

attributed to exposed amide NHs

associated  infer-molecularly  and/or

absence of any specific intra-molecular

hexapeptide analogue Nj-Aib-
\Ant—LPro—Aib—Ant—LPro-NHMe. /

hydrogen bonding network in the peptide

motif.

Monomer unit synthesis posed lots of challenges because of benzoxazinone
formation as the major side product obtained on C-terminal activation of N3-Aib-
Ant-OH segment during coupling with H-"Pro-OBn. As several coupling
strategies were unrewarding, different Lewis acid catalysed carbonyl activation of
corresponding benzoxazinone moiety was attempted. However, Schreiner’s

iX



(thio)urea provided best results. Using Schreiner’s (thio)urea in reaction provided

a mild means for opening of azlactone moiety with amines without exploiting

harsh conditions successfully facilitated amide bond formation (Figure 5).
Optimization revealed 10 mol% of Schreiner’s (thio)urea in DMSO to be the

best condition. Reaction was also found to proceed considerably well in water.

/ \ Different sets of primary
/ 6 R o \ and secondary amines

H H .
Previous Method [_)\( were reacted with the

benzoxazinones isolated

O\« Couplin . .

H O Ag:ntsg (j\( by activation of
T OH ?, :
0> 7 ,,c\ corresponding beta-
(I So
H
N

,H N R

N B i i i
)\ enzoxazinone aromatic amino aCldS.
o R Alternate Strategy

Amino acids with less

Figure 5: Organocatalytic ring opening of 4H- steric bulk reacted readily,
benzo[d][1,3]oxazin-4-one derivatives with different

primary and secondary amines. / also sterically constrained
\ acyclic amino acid like

aminoisobutyric acid, cyclic amino acid like proline reacted well providing good

a

yields of coupled product.
Section III of chapter 3 demonstrates the utilization of *Ant-Pro motif as a

reverse turn inducer which is also known to feature nine-membered H-bonding

network. Sequences containing *Ant-Pro at centre

with orthanilic acid as a connecting entity were / Q Nj \ \

&
designed and developed. In order to assess the Q °
NH O “NH
influence of substitution of constrained amino %o :2<
o

acid like Aib on the turn at both N- and C- termini o<V H NH

sequence Boc—LLeu(1)—Aib(2)—SAnt(3)—Pro(4)— BocHN //k HN/Q/
Aib(5)—LLeu(6)-NHMe was synthesized and its

structural propensity was evaluated (Figure 6). Figure 6. Designed

. Lo hexapeptide hexamer
Elucidated structure revealed that substitution of possessing SAnt-Pro at the
constrained amino acid like Aib at both N- and C- an region. /

termini around the Ant-Pro segment did not perturb the folding pattern. The
oligomer revealed the long range 15- and 10- membered H-bonded ring. These
results further supported the strong reverse-turn inducing ability of orthanilic acid.
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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.

» Dry reactions were performed under argon atmosphere.

All the reactions were monitored by thin layer chromatography (TLC) on
precoated silica gel plates (Kieselgel 60F,s4, Merck) with UV, I, or Ninhydrin
solution, anisaldehyde 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.

> Distilled solvents were used as eluents in the column chromatography

» All evaporations were carried out under reduced pressure on Buchi rotary

evaporator below 50 °C, unless otherwise stated.

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

Optical rotations were measured on JASCO-P2000 polarimeter.

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

NMR spectra were recorded in CDCl3; on AC 200 MHz, AV 400 MHz and AV
500 MHz Bruker NMR spectrometers. All chemical shifts are reported in
ppm downfield to TMS and peak multiplicities as singlet (s), doublet (d),
quartet (q), broad (br), broad singlet (bs) and multiplet (m).

Elemental analyses were performed on a Elmentar-Vario- EL (Heraeus
Company Ltd., Germany).

Electron Scattered Ionization (ESI) Mass Spectrometric measurements were
done with API QSTAR Pulsar mass Spectrometer.

MALDI-TOF/TOF mass spectrometric measurements were done on

ABSCIEX TOF/TOF™ 5800 mass spectrometer.
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CHAPTER 1

Ant-Pro Motif as a Potent Turn and Hairpin

Nucleator
0 R
H CO ~F
H-N 810“ N~H£ N-H
l\“ R : O
R Cc14 ngR RF/¥O
dil'e Hehhk  GAE
N—H N-H QH H-N.,
& ;J\ rn \F:
Native Ant-Pro-based
Typical B-hairpin Pseudo-B-hairpin

This chapter exclusively deals with investigations of the folding propensity of Ant-Pro
motif (Pro = LPyroline and Ant = anthranilic acid). Section I discusses about Ant-Pro motif
as a potent reverse turn mimic and its modification meant for its utilization in biomedical
application. Section II describes the investigations on hairpin nucleation propensity of Ant-
Pro motif. The conformational pre-disposition has been thoroughly explored using NMR

spectroscopy and single crystal X-ray diffraction studies.

It has been recognized that hydrogen bonds restrain protein molecules to their native
configurations, and I believe that as the methods of structural chemistry are further applied to
physiological problems, it will be found that the significance of the hydrogen bond for physiology is greater

than that of any other single structural feature.

— Linus Pauling



Ant-Pro Motif as a Potent Turn and Hairpin Nucleator Chapter 1

1.0 Preamble

To identify the structure and function of biopolymers, probing and understanding their
conformational features in solution as well as in solid-state becomes indispensable.
Amongst different biopolymers, proteins perform key functions in cellular
communication, biocatalysis, molecular transportation etc., where the spatial
arrangement of its residues holds the key to their properties. Last two decades have
witnessed growth of peptides as preferred drug candidates with escalating demand for
bio-compatible drugs. But, as they still suffer from poor bioavailability due to rapid
proteolysis and limited shelf life, an efficient method of constructing bio-compatible
structures and 3D- pharmacokinetic profiling presents tricky challenge to future drug
development.

Field of foldamers' - a branch of peptidomimetics — which deals with the
thorough analyses of the structural aspects of de novo generated secondary structural
motifs, exploits this understanding in development of peptide-derived therapeutics.
This area of study has been evolving and flourishing since the advent of unnatural
amino acids-based replication of the topology of natural peptide components.
Conformationally constrained amino acids and molecules derived from the unnatural
analogues satisfactorily mimic the natural shape of the target molecule and can be
tethered rather effortlessly into peptide backbones. The combinations that arise by the
virtue of these unnatural residues (heterogeneous backbones) quite often successfully
duplicate the structure and function of native functional entities and also increase
stability.” Mimicking specific protein secondary structure elements, specifically the
turn motifs, using a hybrid aliphatic-aromatic amino acid conjugate is the primary

motivation of the work carried out in this chapter.

1.1 Turns in biology

Turns in proteins are irregular secondary structure elements and are the sites, where
the polypeptide chain totally folds back on itself causing proteins to adopt a globular
shape.’ Folding of the peptide chains are preferentially caused by amino acids like
Asn, Gly and Pro (about 50% of turns found in proteins) efc, because of their torsional
characteristics. They are mostly located at the surface of proteins providing means for
the interaction with receptors, and thus they are involved in various biological events

and pathways.* Reverse turns exhibit multi-faceted functions in biological systems

Ph. D. Thesis Dec 2013 1



Ant-Pro Motif as a Potent Turn and Hairpin Nucleator Chapter 1

like p-turns, which act as recognition sites for the initiation of complex
immunological, metabolic, hematological, and endocrinological reactions. Fairlie and
co-worker’s extensive coverage on protein-protein interaction depict that over
hundred peptide-activated GPCR ligands recognise turn structures.’

Unlike a-helices or f-sheet secondary structures, turns are termed as irregular
structures due to lack of clearly defined torsion angle preferences. In proteins, reverse
turns are generally classified into different types on a virtual basis of the number of
residues that participate in the formation of intra-turn hydrogen bond between the
main-chain carbonyl group from the first residue and the main-chain amide group
from the last residue of the turn. A peptide turn may be categorized by 7-, 10-, and 13-
membered hydrogen bonded rings formed by participation of 3 residues (y-turn), 4
residues (f-turn), and 5 residues (a-turn), respectively (Figure 1A). The most common
turn-type found in proteins is the f-turn (= 25% of overall turns), which was first
recognised in the 1960s by Venkatachalam. f-turns revert the total direction of the
polypeptide chain and the chain progresses in the overturned direction to construct -

hairpin/sheet secondary structure (Figure 1B).

minimal-pB-hairpin

o B H 0
S HN -
KL 18««, » O H R ,
| N i+ o N )LYN
Y R O ‘R
| A R

Figure 1: Types of reverse turns (A), and schematic representation of a typical f-
hairpin secondary structure detailing the components of its structure: f-strand, S-turn,
and loop (B).

[S-turns can be further sub-categorised into types based on their dihedral angle
values. The consecutive repeats of f-turns produce 3o-helices and the usual a-helices
are created by multiple a-turns. In current perception, turns also include ‘open’ turn
conformation lacking a hydrogen bond, whose C,-C, distance <10 A of the first and

last residue that participates in peptide chain direction reversal. *’
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1.2 Reverse turn mimics

Reverse turns are common motifs in biomolecules and a range of bioactive peptide
sequences mediate their function through the interaction of the side chains of amino
acids situated at the turn units with different receptor sites. Various synthetic three-
dimensionally (3D) ordered reverse turn mimics lucratively imitate the structural
topology of such peptides but, interfere in their biological pathways. Their
incorporation into functional bioactive core increasingly meliorates the understanding
of interactions of small molecules with biological targets such as enzymes or
receptors, besides tackling different ‘peptides as drugs’ related concerns.
Rigidification or stabilisation of reverse turn can be accomplished by use of various

backbone modifications or by making reverse turn mimics.

1.2.1 Cyclisation mediated reverse turn mimics
In order to obtain selective protein inhibitors, Freidinger introduced the idea of local
backbone cyclization meant to limit the local mobility of an oligopeptide.® Several
scaffolds employing chimeric amino acids to develop reverse-turn mimics have been
formulated in the past three decades.’ Different exercises include head-to-tail
covalently linked cyclization through click chemistry,'® alkyne bond formation, ring-
closing olefin metathesis,'' disulphide brigding'? efc to render rigidified systems.
Integrating constrained moieties saw use of dipeptide lactams," proline
derivatives,'* spirolactam bicyclic and tricyclic systems based on proline,"
functionalized  dibenzofurans,'®  substitution by  dehydroamino  acids,"
benzodiazepines,'®  diketopiperazines," sugars,20 benzodiazepinones,”  (S)-
aminobicyclo- [2.2.2]octane-2-carboxylic acid (ABOC),” and metal complexes of
linear peptides® or chiral pentaazacrowns and so on (Figure 2).** In order to retain
biological activity, cyclic constraints must influence the backbone conformation

. .. . . . . . 25-28
without compromising crucial side chain interactions with the receptor.
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Figure 2: Selected examples of f-turn mimetics.

1.2.2 Reverse turn mimics based on unnatural amino acid residues
To restrict the reverse turn architecture, one of the easiest ways is to integrate
torsionally constrained amino acids into the peptide backbone (Figure 3). The

common choices include germinal constraints, such as o - amino acids like a-amino
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butyric acid (Aib) (gem-dimethyl substituted open amino acid) > and N-aminoproline
(cyclically constrained).’® Another important 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 (hetero-chiral dinipecotic acid segment promotes antiparallel sheet
secondary structure),” 1-aminomethylcyclohexaneacetic acid (gabapentin, Gpn),*® &-

amino acids like C-linked carbo-y(4)-amino acids and y-aminobutyric acid ezc. >"®

A
R COOCH
L _cooH HNTY /
H;N R H,N COOH H,N COOH
p3-amino Acid p%-amino Acid ACPC ACHC
ISR
— OH
/7 i
H,N  COOH H,N  S-OH N COOH NH, O
o) N
Anthranil g Orthanilic acid 2-aminothiophene- oxanorbornene
t ili i anilic aci _ ; f
nihrantic acl 3-carboxylic acid derived amino acid
B NH, COOH
HN
HoN_-<LLCOH O»COOH /©\
H,N COOH
Cyclopropane bearing Nipecotic acid Constrained 3-amino benzoic acid
y-amino Acid y-amino acid Gpn
c OR'
A 2
o>/ O H RO “OR'
_ ) ) OR'
Oxitane amino acid Furanoid amino acid Pyranoid amino acid

Figure 3: Selected examples peptide building blocks: f-amino acids(A), y-amino
acids (B), and o—amino acids (C).

The use of aliphatic-aromatic hybrids is a recent practise in the locale of
heterogeneous peptide design. They also often deliver turn structures, owing to the
combined local conformational preferences of the a-amino acid and rigidity of the
conjoining aromatic residue. The constrained torsions of aromatic residues enforce
linear structural design on the plane. A very coherent design of a reverse turn motif by
Smith et al, involves amino acid derived alcohol conjoining aromatic amine which

was found to promote parallel sheet structure (Figure 4).%%*°
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Figure 4: Molecular structure of Smith’s reverse turn structure that stabilizes sheet-
like structural architecture (left) and crystal structure of turn motif (right).

Another remarkable aliphatic-aromatic amino acid based reverse turn motif
reported from our group is the anthranilic acid-proline conjugated pseudo beta turn
mimic (Figure 5). *! The effect of the steric and dihedral angle constraints offered by
proline on the anthranilic acid 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 5A). Extensive
studies confirmed that the proline and six-membered constrained ring structure of Ant
are essential for the formation of pseudo-g-turn structure.** Interestingly, we observed
an unusual conformational similarity of two peptide folds featuring sulfonamide and
carboxamide on the backbone (Figure 5B).*" Further analysis of the robustness of

this motif will be discussed in this chapter.

Figure 5: Molecular structures and corresponding crystal structures of: Ant-Pro
motifs linked via carboxamide and sulphonamide (A and B, respectively), Xaa-"Ant-
Yaa peptide sequences Boc-Pro->Ant-NH'Bu and Boc-Gly-°Ant-Aib-OMe (C and D,
respectively). Non polar hydrogens have been removed for clarity.
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In recent times, use of 2-aminobenzenesulfonic acid (orthanilic acid, SAnt) at
the C-terminal of any flexible or constrained amino acids with peptide sequences
(Xaa-°Ant-Yaa), has also been found to induce a strong reverse-turn featuring 11-
membered-ring hydrogen bonding network formed in the backward direction (Figure
5C,D).

Slight variation in the Ant- residue substitution pattern from (o- to m-)
furnishes 3-amino-5-bromo-2-methoxy benzoic acid (Amb), which on combination
with Pro (proline) unfolds a well-defined, compact, three-dimensional helix with
periodic y-turns (Figure 6). An additional conformational restriction offered by
methoxy group orients the NH of Amb in close proximity to the prolyl carbonyl,
resulting in the formation of S(7)-type 7-membered y-turn stabilised by an intra-
molecular bifurcated S(5)-type hydrogen bond with the Amb methoxy group.**
Several designer amino acids are being developed to create such intriguing assemblies
and this area is ever-growing with the intent of coming up with better and stronger

reverse turn mimics.

(A)

Figure 6: Molecular structure of -(Pro-Amb)- dipeptide unit (A), its corresponding
crystal structure (B), and conformation of the tetrapeptide at the HF/6-31G* level of
ab initio MO theory (C).**

1.3 Significance 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
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half-life (prone to rapid 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. Different techniques
involve methods like glycosylation, amino acid modification, intra-molecular

cyclisation etc.

1.4 Application of 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.

1.4.1 Reverse turn mimics in therapeutics

Bioactive peptides are ubiquitous in all forms of life and a large number of
physiological processes in living systems is an outcome of their interactions with the
receptor molecules. Several peptides have been identified carrying out specific
functions for eg. octapeptide 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
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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, and many others.

Various groups have been working on incorporating turn mimics into these
peptides. Seebach and group replaced (Phe-Trp-Lys-Thr) sequence that binds to
somatostatin receptor with a cyclic S-tetrapeptide (Figure 7).* The cyclic f-peptide
showed binding affinity at micromolar concentration (KD = 3.3 - 186 uM).

NH,

Figure 7: Cyclic peptidomirnetic of somatostatin reported by Seebach e al. **

Gramicidin S, a cyclic decapeptide containing two type II p-turns was found to
have antibiotic properties, which can kill the bacterium by interrupting the synthesis
of Adenosin-triphosphate (ATP) from ADP. Introduction of azabicycloalkane amino
acids (f-turn dipeptide/ BTD) into GS resulted in antibiotic analogues with similar
activity as the parent peptide.”” Hruby and co-workers developed a bicycle leu-
enkephalin analogue incorporating 4-phenyl indolizidinone.*® Similarly, Jurzak and
group used (285,65,8S5)-indolidin-9-one amino ester as BTD." Sugar-based reverse

turn mimetic has been shown to mimic GS structure (Figure 8).%

e ¢
Q\i \H/\N )j/\ \[ B-turn mimic

H

R

Figure 8: Sugar based f-turn mimic of Gramicidin S designed by Overhand ez al.**
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Angiotensin II (Ang II) is a linear octapeptide with sequence Asp-Arg-Val-
Tyr-Ile-His-Pro-Phe and it is the active component of rennin-angiotensin system,
which plays important role in regulation of blood pressure, body fluid and electrolyte
homeostasis. It is produced by the stepwise cleavage of angiotensinogen
(decapeptide) by rennin and angiotensin converting enzyme. Several ACE
inhibitors/blockers have been developed so as to avert the vasoconstriction effect
caused due to the interaction between AT; receptor and Ang II (Figure 9), but they
stand to face problems like their interference in bradykinin metabolism or enhanced

prostaglandin synthesis.

Angiotensin Il
Asp-Arg-Val-Tyr-lle-His-Pro-Phe

OPAR VYD O®®G

Linear octapeptide

Extended
conformation conformation

* Vasoconstriction * Vasodilation

* Fibrosis * Apoptosis

* Sodium retention * Antiproliferation

* Vascular hypertrophy * Cell differentiation

* Aldosterone secretion
* Oxygen free radical production
* Cell growth and proliferation

Figure 9: Mode of interaction of Angll with receptors AT1 and AT2 and its effects.
Also, few of the side effects known are dry & excessive nonproductive cough,
dizziness efc. This led to the advancement of angiotensin receptor blockers (ARB),
which are primarily used to treat high blood pressure, cardiac diseases such as stroke,
heart attack and congestive heart failure (CHF). Unlike ACE inhibitors, Ang II
receptor antagonists do not inhibit bradykinin metabolism or enhance prostaglandin

synthesis. They do not adversely affect lipid profiles or cause rebound hypertension
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after discontinuation and have beneficial effect on the kidney, particularly the kidneys
of people with diabetes, making them the more effective and relatively safe in the
treatment of hypertension. Two Ang II receptor antagonists have been
commercialised losartan (Cozaar) and valsartan (Diovan). Peptide-derived drugs also
could be safely used for the treatment of heart failure in patients intolerant of ACE
inhibitor therapy, particularly Candesartan (Diovan).

Several analogs comprising turn mimics replacing Tyr'-Ile’ residues have
been synthesized and studied. Replacement of Tyr*-Ile’ residues with benzodiazepine-
derived f-turn mimic revealed high binding affinity towards AT, receptor at (K; = 1.8
nM) concentration (Figure 10). 12

benzodiazepine based
- turn mimic

H,N \)DH\/H(N\;L‘/&\&

0

OH

IZ

o‘ o)
N/)

Figure 10: Angiotensin II analog featuring benzodiazepine as reverse turn mimic
designed by Hallberg et al. *

O

1.4.2 Reverse turn mimics in catalysis

General points usually considered for the development of catalysts include
economy, availability, stability while handling, moisture sensitivity (serious issue for
chiral metal complexes) and better enantioselectivity, conversion and catalyst loading.
Peptides as catalysts fulfil many of these criteria and thus have found great
applications in organocatalytic chemistry as they offer high chemoselectivity, wide
substrate scope, chemical robustness and catalyst reusability. In the early 1980s,
simple peptide like polyalanine (upto >10 residues) was productively utilised for
Julia-Colonna epoxidation. Later, Berkessel et al employed poly-leucine (upto >4
residues) was employed for the epoxidation with low catalyst loading with better
enantioselectivity.”® Peptides have been exploited greatly in asymmetric catalysts for
eg. In acylation reactions, oxidations, hydrolytic reactions, and C-C bond

. 51
formations.
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Miller’s group extensively explored p-methyl-histidine-containing peptides for
group transfer chemistry. Previous work from the Miller group has accomplished
selective transfer of groups like acyl, phosphoryl, sulfinyl and thiocarbonyl to
alcohols,” enantioselective mono (sulfonylation)-mediated desymmetrization of
mes0-1,3-diols,53 site- and enantioselective oxidation of certain positions of various
isoprenols-polyene epoxidation,™ kinetic resolution of alcohols® amongst various
other reactions. Selected examples of synthetic peptides used as organocatalysts are
depicted in figure 11. Qu et al. modified amide into thioamide and utilised the
modified tetrapeptide analogue synthesised by Miller and co-workers to successfully
carry out acyl transfer reactions (Figure 11A).°° Wennemer’s group introduced
peptides of the category Pro-Pro-Xaa for enamine catalysis, where Xaa is an acidic
amino acid (Figure 11B). They utilized tripeptide H-Pro-Pro-Asp-NH, with a well-
defined turn conformation, which was found to be crucial for the high catalytic
activity and selectivity of direct asymmetric aldol reactions and asymmetric catalysts
for 1,4-addition reactions of aldehydes to nitroolefins.’” In an elegant example,
thiourea catalyst with a aliphatic-aromatic hybrid backbone ten-membered S-turn-like
structure that catalyzes Mukaiyama—Mannich reaction with high enantioselectivity

(Figure 11D) was reported by Smith ef al.

X > B
. //E 0
AN H
Q H /=0 N\)\NHz
HN N B
\ 0 o Ph NG
L8 N OMe O o COOH
Ny NH
X =0, Y = Boc, Miller et al 5° Wennemers et al %"

X=8,Y=Ts, Quetal®®

Miller et al 53 Smith et al 3°

Figure 11: Selected examples of peptides used as organocatalysts having turn
conformation.
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Section I
Investigations on Ant-Pro Motif as a Potent Reverse Turn Mimic

1.5 Objective of the work

As described in Section 1.2.2, aliphatic-aromatic amino acid conjugate Ant-
Pro motif features a nine-membered H-bonding pattern connecting the amide NH of
the Ant residue and the carbonyl of the Pro residue. Significance of both the units has
been assessed and was found to be equally crucial for the creation of the turn motif.
Therefore, our objective was to appraise the robustness of Ant-Pro motif as a reverse
turn mimic. Thus, extensive structural modulations around the turn segment of the N-
and C-terminal amidated peptides by altering chiralities of the amino acid residues

were undertaken. A part of this study has been described in this section.

1.6 Design strategy

Mutual influence of the conformational constraints of L-proline and
anthranilic acid fabricates a completely novel secondary structure element (pseudo S-
turn). Modifications around the turn segment have been carried out in order to
determine its sensitivity towards the structural perturbations employing beta-
branched amino acid like valine at N-terminal of Ant-Pro motif. The
functionalization of the C- terminus with 4(Br)-anilide was carried out considering

the relative ease of crystal formation observed by bromo compounds.*®

1.7 Synthesis

The functionalized tripeptides 3a and 3b, with alternating chirality at valine
required for the present study were synthesized as depicted in Scheme 2.1. Boc-"Val-
OH on coupling with anthranilic methyl ester using DCC in DCM afforded 2a.
Similarly, 2¢ was obtained from Boc”Val-OH. Methyl ester cleavage with LiOH in
THF:H,0 furnished acids 2b and 2d. The final Ant-Pro reverse-turn analogs 3a and
3b were accessed by the direct coupling of Boc-"Val-Ant-OH and Boc-"Val-Ant-OH
with HN-"Pro-NH(p-C¢H,-Br) 2f, respectively, aided by HBTU as coupling agent in
DCM in considerable yields.
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Scheme 1.1. Synthesis of reverse turn analogs 3a and 3b
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H
o]
o
t
NH* Boc . NH'Boc
2b/2d v

2b + 2e T 3a (tval) 60%
2d + 2¢ — 3b (Pval) 56%

Reagents and conditions: (i) DCC, cat. HOBt, DCM, 0 °C-rt, overnight; (ii) LiOH,
THF, H,0; (iii) EDC.HCI, DMAP, CH;CN; (iv) HBTU, DIEA, DCM, 0 °C-rt, 12h.

1.8 Conformational analyses
The reverse-turn conformational architecture was examined using X-ray

crystallography, solution state NMR and CD studies.

1.8.1 Single crystal X-ray diffraction studies
The solid-state conformation of both tripeptides 3a and 3b revealed that the

unusual nine-membered hydrogen-bonding pattern of Ant-Pro reverse-turn clearly
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prevails in both the cases, regardless of structural and chirality modulations, around
the turn segment. The Ant and the Pro rings evidently maintained an anti-periplanar
arrangement perfectly, causing the otherwise strong 6-membered-ring hydrogen-

bonding to collapse, facilitating a folded conformation (Figure 12).

Br
p ()
N H
* — L * — D
L] O —)
NH
H
O *
NH'Boc

Figure 12: Crystal structures of Ant-Pro reverse turn analogues 3a and 3b.
Hydrogens, other than the polar amide hydrogens have been removed for clarity.

The Ca;-Caiss distance of an ideal S-turn was observed to be <7A and both the
pseudo-p-turn mimics 3a and 3b reveal a distance = 5.6 A, with the H-bonding
distance [d(N-H..O=C)] = 2.1 A, suggesting the robustness of C9-H-bonded network.
In stark contrast to the normal anthranilamides where the y value appears about +
150°, it differs substantially and appears about -75° and -95°, respectively for 3a and
3b, which is presumably due to the antiperiplanar pre-disposition of the Ant and Pro
rings. The torsion angle 0 = 7.43° for the constrained f-amino acid Ant in 3a, due to
the cis-disposition of the carboxyl and amino groups appended on the rigid aromatic
framework. It is noteworthy that the distinctive cyclic structure imparts proline an
exceptional conformational rigidity with a restricted N-Ca torsion angle of about ~ +

60° allowing it to seek spaces in the “turn” regions of proteins.**

Table 1: Backbone torsion angles and hydrogen bonding parameters observed in
crystals of 3a and 3b.

Torsion (deg.)’ Hydrogen Bonding Parameters
Ant Pro Distances (A) Angles (deg.)
(0] 0 1] 0] 1] NH..0=C  d(Cai+-Cair2) 0..H N..O C=0.H C=0.N NH.O
3a 158.7 743 -75.6 -53.4 156.7 -95.6 5.76 212 297 130.29 13052  168.89
3b -168.7 209  -951 -52.4 160.3 1711 5.54 213 2.99 132.76 13512 171.67
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In the Ant-Pro reverse turns reported herein, Pro adopts values that range from

52.36 (3b) and the torsion ¢ ranging between 156.66 (3a).

1.8.2 NMR studies

In order to investigate the solution-state conformation of the Ant-Pro two-
residue reverse turns, we performed 2D NOESY NMR study of analogue 3b in
solution (CDCl;, 400 MHz). The signal assignments were carried out with a
combination of 2D COSY, TOCSY and HMBC. The characteristic strong nOes which
supported the folded architecture were NH; vs P2sH and NH; vs C24H/C21H (Figure
13).

NH2 C24H
ppm MM ppm

VoH C24HIV,H i
~3.4 Y O © ~1.0
VH C23HIV,H |

C24H/C26H i
736 coeH— @ 45

PsH

@

NH2/P,H

T T T
9.4 93 ppm 76 74 7.2 ppm

Figure 13: 2D NOESY excerpts of tripeptide 3b (Boc-"Val-Ant-"Pro-AniBr) (400
MHz, CDClS).

Also, the characteristic chemical shifts of the Ant amide NHs involved in the
9-membered ring hydrogen-bonded network (& 9-9.5 ppm) provides a good reference
to the possibilities of 9-membered ring hydrogen-bonding compared to 6-membered

ring hydrogen-bonding, which appears between 6 10-13 ppm.

1.8.3 CD studies

Circular dichroism (CD) spectra provide characteristic signatures for the
conformational features of ordered chiral molecules (Figure 14).” The Ant-Pro
reverse turn structures 3a and 3b both displayed similar pattern with maxima at
around 195 nm, zero crossing at 200 nm and minima at 209 nm. A strong negative
cotton effect was also observed (second minima) around 240 nm, consistently in both
the cases, owing to the backbone aromatic groups/aromatic electronic transitions in
the oligomers.” It is noteworthy that the typical cotton effects observed for these

systems suggest the onset of helical architecture.
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Figure 14. Representative CD spectra tripeptides 3a and 3b recorded in acetonitrile.
All spectra were recorded at 298 K with a concentration of 0.04 mM.

Preparation of Suitably Protected Ant-Pro Motif for Solid Phase
Peptide Synthesis

1.9 Objective of the work

An exhaustive analysis led to the understanding about Ant-Pro motif as a
strong reverse turn inducer, which is significantly insensitive to structural and
chirality perturbation in-and-around the turn segment. This inspired us to utilise it in
the conformational rigidification of bioactive peptides (for eg. Angiotensin-II
peptide).®’ The inflexibility and tolerance of the Ant-Pro motifs might ensure
conformational rigidity to the peptide core. Our objective was oriented towards
incorporation of this reverse turn mimic into diverse bioactive peptides to impart

conformational rigidity.

1.10 Design strategy

Selected bioactive peptides that mediate their function through reverse turn
architectures (selected few examples have been discussed in Section 1.4.1) are
comprised of a variable peptide length of 6 to 20 amino acid residues. Solid phase

peptide synthesis (SPPS) allows an easy access towards incorporation of modified
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peptide units into these large peptides. Thus we chose to prepare protect N-terminus

of -Ant-"Pro- dipeptide, suitable for SPPS using Fmoc- strategy.
1.11 Synthesis

Several attempts to couple Fmoc-Ant-OH 1f with HN-"Pro-OBn 1g were
attempted but led to only meagre yields of the product. Different coupling reagents
like DCC, EDC.HCI, HBTU were used in varied solvents like DCM, DMF efc. Even
the acid chloride mediated coupling reaction produced sparse yield of the product.
After several trials, THF was found to be the best solvent in which coupling with
EDC.HCI fetched 48% of coupled product 4a. Using HBTU in THF, the product was
isolated with highest yield 74%. Later, to generate free acid Fmoc-Ant-"Pro-OH,
acid-mediated deprotection was attempted and the desired product 4b was obtained

after using 33% HBr in AcOH.

Scheme 1.2: Synthesis of dipeptide 4b

N @)
H OBn i ii
R e
N (0]
H NH

1g 4a, 74% O

Reagents and conditions: (i) HBTU, DIEA, THF, 0 °C-rt, 12h; (i1) HBr, AcOH.

1.12 Conclusions

Conformational investigations of both L and D- valine substitutions at the N-
terminus of Ant-Pro segment, i.e. -“°Val-Ant-"Pro- reveal that Ant-Pro turn is robust
and is highly insensitive towards chirality modulation and substitution effects around
the turn segment. The robustness of the Ant-Pro motif towards structural modulations
around the turn segment has a great bearing in practical utility - particularly in

rigidifying flexible peptide backbones of bioactive peptides.
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Section 11

Formation of Pseudo-f-hairpin Motif Utilizing Ant-Pro Reverse Turn

1.13 Foldamers as f-hairpin mimics

f-hairpin structures form the smallest structural units for the augmentation of a j-
sheet secondary structure in biopolymers.”’ They are one of the most preferred
motifs/ candidates for ‘protein epitope mimetic’ design due to their involvement in
various molecular recognition events. Robinson J. A. has summarised a broad
assortment of f-hairpin mimics of key epitopes involved in protein-protein and
protein-nucleic acid interactions.®” The idea of mimicking these motifs commenced
with the objective of inducing proteolytic stability into different bio-active peptides.
Incorporation of unnatural residues in the peptide backbone and designed reverse-
turn analogues extend to further nucleate hairpin formation and various such mimics
have been found to successfully exhibit wide variety of applications in the area of

peptide based drugs to catalysis.

Pro-Xaa where Xaa= Pro/Gly/Asn etc. is the prominent combination found in
naturel proteins. Balaram’s group experimented alternating chirality of proline unit
and confirmed that heterochirality strengthens turn induction capability.”> Other
hairpin nucleating combinations using cyclic o,a-disubstituted amino acids
developed by the same group are Gpn and 1-Aminocycloalkane-1-carboxylic Acid
(Acec).* Also Overhand’s sugar mimic successfully stabilised Gramicidin S cyclic
hairpin architecture.”” Several reviews earlier illustrated the principles behind the
design and application of f-sheet templates and f-turn mimics.®® Most of the f-
hairpin templates were designed spanning four peptide residues like dibenzofuran-
based and cis azobenzene based templates reported by Kelly and co-workers.”’
Several bicyclic and tricyclic diketopiperazine-based mimics have been designed by
Robinson er al.”* The category of bicyclic lactams are also one of the important
candidates (Figure 15). Further development in this area witnessed rather rigidified
strands that stabilise hairpin structures like 1,6-dehydro-3(2H) pyridinone ring (@-
tides) developed by Bartlett and co.,®® Nowick’s Hao units,” alkene isosteres by

Kelly et al,”® Chakraborthy ef al’s triazole units’' ezc.”
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Figure 15: Set of synthetic turn motifs that render hairpin structure.

1.14 Consequences of stereochemical reordering in conformation of peptides

Stereochemistry provides an excellent tool to tune secondary structures.
Modulation of chirality and substitution pattern of the amino acid residues in any
secondary structure mimic affects the hydrogen-bonding interactions and hence the
stability of the structure as exemplified in a number of cases.”>’*

Demizu’s group has comprehensively explored the chirality alteration effect of
different diastereomeric -Leu-Leu-Aib-Leu-Leu-Aib- hexapeptide sequences. Homo-
chiral sequence adopted a 3;p-helical architecture, whereas stereochemical variation of
even a single residue caused backbones to fold into entirely different conformations
(Figure 16).” Diastereomeric hexapeptide with D-Leu at 4™ and 5™ positions retained

the right-handed (P) 3;¢-helix, while alternating chiality sequence having D-Leu at o
and 5" position adopted a hairpin like folded architecture. Most surprisingly, on
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incorporating D-Leu at 2" and 4™ positions, the S-shaped folded arrangement featured

two types of f-turns (Type II and III) simultaneously.

e el O= (P) 3,5-helix

lLeu-tLeu-Aib-Leu-tLeu-Aib

Lu_lioﬂ

lLeu-Leu-Aib-PLeu-Leu-Aib

CE @@ 0= %

lLeu-PLeu-Aib-'Leu-PLeu-Aib

Type Il B-turn

e e O =

lLeu-PLeu-Aib-Leu-Leu-Aib

Type lll B-turn

Figure 16: Consequences of stereochemical reordering in peptides.

Stereochemical alteration studies by Gellman (JACS 1996) points out that the
conformational proclivity of the backbone arises from a combination of the torsional
preferences of the covalent bonds, steric repulsions experienced in alternative folding
patterns, and the entropic factors. Ramachandran and co-workers, in the early 1970s,
predicted that the turn nucleation propensity of LD-segments are better than LL-
segments in natural peptide sequences.’® Balaram’s (fetero-chiral Pro-Pro segment)
and Gellman’s group also compared (D)Pro-Xxx and (L)Pro-Xxx containing
sequences and reassured the finding.”” Several such studies have been undertaken by
different research groups that highlight the importance of stereochemical patterning

approach to design peptide based foldamers.”

1.15 Objective of the work

Broad investigations about the Ant-Pro motif established its credibility as a potent

mimic of native f-turns. f-turns in biology display a backward hydrogen-bonding
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pattern (1<—4)-type involving four residues and are the candidates that preorganize
the two polypeptide chains in a favorable geometry to render the f-hairpin/sheet
secondary structure. The unusual pseudo-f-turn mimic is expected to nucleate inter-
residual hydrogen-bonding viz. (i—>it+1)-type C9- and (i-2«-i+3)-type C17-
networks, between the central and terminal residues, respectively, and it is
anticipated to promote antiparallel beta sheet formation (Figure 17). Stereochemical
variation is known to cause conformational modulation in different secondary
structures.”® Hence we also sought out to evaluate the competence of Ant-Pro reverse
turn motif as a promoter of f-hairpin structure by means of chirality modulation in-

and-around the turn segment in a tetrapeptide sequence.

O NN T
Native Ant-Pro-based
Typical B-hairpin pseudo-B-hairpin

Figure 17: Schematic representation with intramolecular H-bonding patterns of a
typical p-hairpin motif found in proteins (left) and plausible pseudo-f-hairpin
featuring Ant-Pro reverse turn (right).

1.16 Design strategy

Configurational variation serves as good means for the assessment of stability and
conformational pre-organisation of different peptide sequences. In this work, we
have utilised stereochemically reordered amino acids in order to evaluate the hairpin
nucleation tendency of the Ant-Pro pseudo-f-turn unit. We compared the structural
features of a series of protected tetrapeptide sequences R;CO-""Val-Ant-""Pro-
YPLeu-NHR,, comprising Ant-Pro turn motif at the loop region (Figure 18). Valine
and leucine residues were selected on basis of their sheet promoting dihedral

preferences. In order to carry out the solution phase investigations, pivaloyl-
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protection was preferred so as to confer structural rigidity at the N-terminus and
methylamide protection at C-terminus for a dispersed and distinct non-overlapping
signal. Derivatives with varying stereochemical patterns of o-amino acids were
synthesized such as LLL (homochiral) and DLL (ketero-chiral), LDL and DLD
(alternate hetero-chiral) and their structural pre-disposition were expounded by

means of solid and solution-state studies.

5 R4='Bu, R, =Me, {Piv--'-VaI—Ant—'-Pro-'-Leu-NHMe}
6 R;='Bu, R, =Me, {Piv-PVal-Ant--Pro--Leu-NHMe}
7 Ry= Bu, R, =Me, {Piv-'Val-Ant-°Pro-'Leu-NHMe}
8 R= 'Bu, R, =Me, {Piv-PVal-Ant-'Pro-PLeu-NHMe}

Figure 18: Designed Ant—Pro tetramers with chirality modulation.
1.17 Synthesis

Syntheses of all the tetrapeptide analogues 5-8 were carried out using
conventional solution phase peptide synthesis under standard coupling conditions
(scheme 2.3). Coupling reactions were carried out from N-terminus, in order to avert
the formation of the benzoxazinone intermediate obtained on activation of
anthranilic carboxylic group. After synthesizing dipeptides 11a, 11¢ and 11e, the
amine terminated dipeptides were coupled with Boc- protected anthranilic acid 12,
using HBTU as coupling agent and DIEA as base. The tripeptide analogue 13a was
deprotected and was coupled with Boc-"Val-OH and Boc-"Val-OH to afford 5a and

6a, respectively.

The N-terminus of tetrapeptide analogues were converted into their
corresponding pivaloyl analogs S¢ and 6¢, which were then subjected to amidation
using methylamine solution in methanol to afford 5 and 6, respectively. Analogue 6f

was obtained by coupling acid counterpart 6e with 4-bromoaniline.
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Scheme 1.3: Synthesis of dipeptide and tripeptide units

H Q

N

“tBoc
9a Boc-ProOH
9b BocPProOH

o]

12

o)
o ™ CEWS
OMe N"N=0
H,N N,
2 R1 R2
10a H,N-'Leu-OMe
11a-f

10b H,N-PLeu-OMe

9a + 10a— 8a R;= 'Boc, R, =OMe, {Boc--P--L.-OMe}, 93% —

8b R,=H, R, =OMe, {H--P-'L-OMe} J

9b + 10a-—~ 8¢ R,='Boc, R, =OMe, {Boc-"P--L-OMe} 91% ]
 8d Ry=H, R, =OMe, {H-"P-'L-OMe} !

9a + 10b—~ 8e R;='Boc, R, =OMe, {Boc-'P-PL-OMe}, 89"/:3
8f R;= H, R, =OMe, {H-'P-°L-OMe} !

cw«f

11b/d/f
NH'Boc
NHR

10a-f

12+ 11b—> 13a R,='Boc, R, =OMe, {Boc-Ant--P--L-OMe} 85% .

.. 13b R4=H, R, =OMe, {H-Ant-'P--L-OMe}
1

12+11d— 13c R,='Boc, R, =OMe, {Boc-Ant-°P-'L-OMe} 82% j

~ 13d Ry=H, R, =OMe, {H-Ant-PP-'L-OMe}
iii

12+11f—13e R,='Boc, R, =OMe, {Boc-Ant--P-°L-OMe} 92*’/::|
1]

13f R,= H, R, =OMe, {H-Ant-'P-°L-OMe}

Reagents and conditions: (i) DCC, DMAP, DCM, 12h; (ii) TFA:DCM, 1:1, 2h; (iii)
HBTU, DIEA, ACN, overnight.

For analogues 7 and 8, the free amines 13d and 13e were subjected to

coupling with phthalimide protected valine, the tetramers thus obtained were treated

with methylamine solution in methanol for simultaneous phthalimide deprotection

and methylamide conversion.
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Scheme 1.4: Synthesis of tetrapeptide analogues 5 — 8

1a ‘Boc-Vval-OH
1b 'Boc-PVal-OH

o] 13\b
NH'Boc

NHR;
1a +13b — 5a R;='Boc, R, = OMe, {Boc--V-Ant--P--L-OMe} 65% :’.i
5b R;=H, R, = OMe, {H--V-Ant-'P--L-OMe}

5¢ Ry=Piv, Ry = OMe, {Piv-'V-Ant--P-'L-OMe} 80% j
5 R;=Piv, Ry = NHMe, {Piv-"V-Ant-'P--L-NHMe} 95%
i
1b +13b — = 6a Ry='Boc, R, = OMe, {Boc-PV-Ant-'P--L.-OMe} 75% —]

—— 6b Ry=H, R, = OMe, {H-PV-Ant-'P-'L-OMe} -1
\"
6e R;='Boc, R, = H, {Boc-PV-Ant-LP--L-OH} -

6f R;='Boc, R, = -(p)CgH4-Br, {Boc-PV-Ant-PP-LL-AniBr} 60%
i, 6c R,= Piv, R, = OMe, {Piv-PV-Ant-'P-'L.-OMe} 86% .
v

6 R;=Piv, R, = NHMe, {Piv-PV-Ant-'P-'L-NHMe} 92%

1f Phth--Val-OH
1g Phth-PVal-OH

. O
B

1f +13d Y 7a R1— Phth, R, =OMe, {Boc--V-Ant-PP-'L-OMe} 85% o
7 R4=Piv, R, =NHMe, {Piv-'V-Ant-PP-LL-NHMe} 79% ~—

1g +13e Y 8a R,= Phth, R, =OMe, {Boc-LV-Ant--P-PL-OMe} 86% i
8 R,=Piv, R, =NHMe, {Piv-’V-Ant-'P-PL-NHMe} 67% <—

Reagents and conditions: (i) HBTU, DIEA, ACN, overnight; (ii) TFA:DCM, 1:1,
2h; (ii1) Piv-Cl, Et3N, dry DCM, rt, 4 h; (iv) methanolic methylamine, rt 2h; (v)
LiOH, MeOH, rt, 12 h; (vi) H,N-(p)Cs¢Hs-Br, HBTU, DIEA, DCM, 12h; (vii) TEA,
DCM, 0 °C-rt, 1h.

1.18 Conformational analyses

Secondary structural analyses were accomplished by extensive solution state 2D

NMR and CD studies and solid state X-ray diffraction studies.
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1.18.1 Single crystal X-ray diffraction studies

Extensive efforts culminated in crystals of hetero-chiral DLL derivative 6f
(Figure 19). Crystal structure revealed presence of strong CO9-turn between
anthranilamide -NH3 and C=O of “Pro residue in i—i+1 forward direction
supporting the earlier observations. Strikingly, it revealed presence of a 17-
membered H-bonded ring between the C=0 of 'Boc- functionality of Val and the
methylamide functionality of the Leu residue in i-2<—i+3 reverse direction. The
observed H-bond distances [d(N-H~O=C)] = 2.1 A and H- bonding geometry of the
C9- and C17- membered H-bonds are characterized by the angles (N-H"O) = 165°

and 168°, respectively confirming equal strength for both the interactions.

o7\ NH4
© N—H
NH1\#><V Lo
H—N 0
=0t NHS
e

Figure 19: Molecular structure (left) and crystal structure (right) of analogue 6f
(Boc-"Val-Ant-"Pro-"Leu-NH-(p)CsH,-Br).

1.18.2 NMR studies

The interactions arising from the folding pattern of peptide were explicitly
evaluated by solution state NMR studies, which were undertaken for all the tetramer
analogues 5-8. First glimpse at the '"H-NMR spectra (CDCls, 298 K) of all the
anlogues unequivocally confirmed the presence of nine-membered H-bonding
network from the appearance of anthranilamide protons about 9-9.5 ppm (Figure 20).
Also a vague estimation of the presence of 17-membered H-bonding interaction
could be gained from the chemical shift values of amide proton -NHS5. The homo-
chiral tetrapeptide 5 NHS5 appears relatively upfield and broad revealing
concentration dependence at 7.4 9, clearly suggested the absence of terminal H-

bonding interaction. The downfield chemical shifts exhibited by NHS5 of all other
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hetero-chiral analogues 6-8 appeared >7.9 ppm with consistant chemical shift values

at different concentrations were indicating terminal H-bonding interaction.

u,NHz 8 “ NTS 1 quH4 er

NH2 NH5 NH1

PR (NS || l\ aa

LDL : -
| »NH2 | NH4 I NH1

Lz g s e

DLL A (L““ |

NH2 NH5 NH4 NH1
s | O

LLL F S S . N U
10 9 8 7 ppm

Figure 20. Comparison of chemical shift values of amide protons of all tetramer
analogues.

To validate these interpretations, we carried out structural elucidation via
solution state NMR studies (see experimental section, pages 87-97) to accrue further
evidences. 2D NOESY experiments of all tetrapeptide sequences explicitly
suggested the presence of C9- turn from the prominent NOE cross-peaks observed
between the amide NH2 vs PsH protons (C17/17°H) and NH2 vs P,H (C14H) due to
the folding induced by the 9-membered H-bonding formation (Figure 21 c,e,hk,
respectively). Confirmatory diagnostic long-range dipolar coupling interactions
resulting from 17- membered H-bonding network were validated by NOE cross-
peaks arising spatial proximity between Piv- (C27H) vs methylamide NH5 and
methyl (C25H) protons (Figure 21). The alternate hetero-chiral analogues 7 and 8
displayed intense cross-peaks owing to both these terminal contacts. But, in case of
homo-chiral analogue 5 and hetero-chiral tetrapeptide 6, corresponding long range
NOEs were very weak in intensity. Contradictory to the expectations from the
downfield shift in NMR spectrum, the 2D spectral interpretation of compound 6
revealed the partially bound state of NHS with carbonyl of Piv- group. However,
another medium dipolar coupling observed between NHS and Val,H confirmed the
induction of a folded architecture in 6. Examination of the strength of these H-
bonded contacts from MeOD exchange studies caused differential solvation of amide
NHs and caused protons to shift downfield that resisted NH/D exchange (see

experimental section, page 79, Figure 24).”
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Figure 21. Selected NOE extracts from the 2D NOESY data of 5 (CDCl;, 400
MHz), 6, 7 and 8 (CDCls, 500 MHz (a), (d), (f) & (i) Piv vs NH-CHj3; (b), (g) & (§)
NHs vs Piv; (¢), (e), (h) & (k) NH; vs ProsH; (d) NHs vs Val,H.

Thus variable temperature NMR experiments for all tetrapeptide sequences
were undertaken, from which strength of the H-bonds was evaluated (see
experimental section, pages 83-84, Tables 6-9).*° Especially, comparison of chemical
shift values of -NH2 (anthranilamide involved in C9- turn formation) and -NHS5
(methylamide proton that participates in C17- H-bonding network) were thoroughly
examined. Strikingly, a considerably lower temperature coefficient (ASHN/AT) of =
-2.5 ppb/K was observed for NH2 of tetrapeptides 5 and 6, but a poor value > -7.5
ppb/K for NHS5 indicated solvent exposition of terminal amide proton. It is
noteworthy that (ASHN/AT) lower than -4 ppb/K is indicative of strong intra-
molecular hydrogen bonding. Strangely for 7 and 8, comparable values of about -5

ppb/K for both NH2 and NHS5 were obtained, revealing both amide protons in
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equilibrium between hydrogen-bonded and non-hydrogen-bonded states. These
observations indicated the fact that alternate hetero-chiral analogues 7 and 8 exhibit

a better stereochemistry, with respect to compounds S and 6, for possible hairpin

nucleation.
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Figure 22: Variable temperature studies of tetrapeptides 5-8 (2 mM) and 6f (15
mM).

Variable temperature study was undertaken for tetrapeptide 6f, which
strangely revealed temperature coefficient of -5.9 ppb/K, contradicting the
observations of the strong terminal infra-molecular H-bonding contact apparent from

its crystal structure (Figure 19). These observations presumably suggest the

Ph. D. Thesis Dec 2013 29



Ant-Pro Motif as a Potent Turn and Hairpin Nucleator Chapter 1

predominance of packing effects in crystals. However, the collective interpretation of
solution-state NMR studies suggest that though the /efero-chiral tetrapeptides 6f and
6 reveal the sign of hairpin nucleation, the orientation of NH5 poorly drives the

chains in parallel fashion.

Strangely, DMSO titration studies revealed no chemical shift dependence of
the amide protons on addition of DMSO-ds except for amide proton NH4 (see
experimental section, pages 78-79, Tables 2-5). The negligible 'H NMR chemical
shifts (Ad NH: <0.15 ppm) observed for tetrapeptides 5 - 8 up on DMSO-d; titration
studies (up to 10% of DMSO-de in CDCl3) (Figure 23) strongly supported the intra-
molecular nature of hydrogen bonds in solution-state, suggesting polar solvent
induced folding. This observation was further validated by CD spectra recorded in

acetonitrile, in which tetrapeptide 5 revealed partial conformational ordering.
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Figure 23: '"H NMR DMSO-di titration study of tetrapeptides 5 — 8 (2mM).

1.18.3 IR and CD studies

IR spectra of 7 and 8 displayed only one strong N-H stretch band about ~ 3312 cm™,

supporting all intramolecularly H- bonded amide protons. But, in case of both
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tetrapeptides 5 and 6, an additional intense absorption band about 3439 cm’
confirms the availability of amide protons for intermolecular contacts (see

78 Unlike tetrapeptide 5, which exhibits no sharp

experimental section, pages 81-82).
bands representing NH stretching, analogue 6 features strong absorption band at
3314 cm™, confirming a partially bound state. CD spectra were recorded in non-polar
solvent like 2,2,2-triflouroethanol (TFE) and a polar competing solvent like
acetonitrile (Figure 24). A maxima ca. 218 nm revealing conformational ordering
was observed for analogues 6-8 in both solvents, with alternate hetero-chiral
analogues 7 and 8 featuring exact mirror image of the absorption peaks. But,
analogue 5 displayed totally dissimilar CD signatures on solvent variation showing

no defined cotton effect. Intense absorbance peaks around 250 nm appeared due to

backbone aromatic groups/aromatic electronic transitions.
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Figure 24. Comparison of CD spectra of tetramer analogues 5-8 and 6f in TFE (left)
and acetonitrile (right), respectively.

1.19 Conclusions

In conclusion, we have successfully evaluated the fundamental requisites for the
design of a novel pseudo-f-hairpin mimic. Even though hetero-chiral tetrapeptides 6
and 6f reveal the sign of hairpin nucleation, the observations demonstrated that
alternate hetero-chiral sequences 7 and 8 exhibit the best hairpin nucleation
propensity. We anticipate that this understanding will deeply benefit in development

and expansion in the locale of f-hairpin mimetics.
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1.20 Experimental section

Crystal Data: Data for the compounds were collected at 7 = 296 K, on SMART
APEX CCD Single Crystal X-ray diffractometer using Mo-Ka radiation (A = 0.7107
A) to a maximum 0 range of 25.00°. The structures were solved by direct methods
using SHELXTL. All the data were corrected for Lorentzian, polarization and
absorption effects. SHELX-97 (ShelxTL) was used for structure solution and full
matrix least squares refinement on F°. Hydrogen atoms were included in the

refinement as per the riding model. The refinements were carried out using

SHELXL-97.

Crystal data for 3a: Single crystals of 3a were grown by slow evaporation of the
solution mixture of ethyl acetate and pet-ether. Colorless needle type crystal of
approximate size 0.45 x 0.12 x 0.07 mm’, was used for data collection, Quadrant
data acquisition, Total scans = 4, total frames = 2424, 6 range = 1.72 to 25.00°,
completeness to € of 24.99 ° is 99.9 %, CysH3sBrN4Os, M = 587.51. Crystals belong
to Orthorhombic, space group P2,2,2;, a = 7.7067(3), b = 12.9597(6), ¢ =
29.2017(12) A, ¥'=2916.6(2) A’, Z=4, Dc = 1.338 g/cc, u (Mo—Ka) = 1.452 mm™,
28137 reflections measured, 5117 unique [[>2c(I)], R value 0.0414, wR, = 0.1026,
largest diff. peak and hole 0.484 and -0.335 ¢. A

Crystal data for 3b: Single crystals of 3b were grown by slow evaporation of the
solution mixture of ethyl acetate and pet-ether. Colorless needle type crystal of
approximate size 0.25 x 0.09 x 0.01 mms, was used for data collection, Hemisphere
data acquisition. Total scans = 3, total frames = 1271, @ range = 2.07 to 25.00°,
completeness to € of 25.00 ° is 99.7 %, CysH3sBrN4Os, M = 587.51. Crystals belong
to Monoclinic, space group P2y, a = 11.7520(7), b = 9.1568(6), c = 13.7591(9) A, V
= 1445.55(16) A3, Z = 2, Dc = 1.350 g/cc, p (Mo—Ka) = 1.464 mm™, 7234
reflections measured, 4793 unique [[>2c(I)], R value 0.0314, wR, = 0.0693, largest
diff. peak and hole 0.489 and -0.207 e. A™.

Crystal data of 6f. Single crystals of 6f were grown by slow evaporation of the
solution mixture of ethyl acetate and pet-ether. Colorless needle-type crystal of

approximate size 0.26 x 0.21 x 0.03 mm’, was used for data collection. Total runs = 3,

Ph. D. Thesis Dec 2013 32



Ant-Pro Motif as a Potent Turn and Hairpin Nucleator Chapter 1

total frames = 1265, @range = 2.13 to 25.00°, completeness to & of 25.00 ° is 99.9 %,
C34H46BrNsOs, M = 702.69. Crystals system: Orthorhombic, space group P2,2,2;, a =
9.6704(5), b =9.8238(6), c = 38.263(2) A, V'=3634.93)A’,Z=4,D.=1.280 g/cc,
u Mo—-Kea) = 1.179 mm™, 46085 reflections measured, 6400 unique reflections,
5166 observed [[>2c(I)], R value 0.0447, wR, = 0.1143, largest diff. peak and hole
0.45and-0.21 e. A

2-(2-tert-Butoxycarbonylamino-3-methyl-butyrylamino)-benzoic acid methyl
ester 2a:
A solution containing Boc “Valine (4 g, 18.34 mmol) and 2-methyl anthranilate

(2.22 mL, 14.67 mmol) in DCM was cooled to 0 °C. DCC (4.54 g, 22 mmol) and a
catalytic amount of HOBt were added to the reaction mixture, and stirred at 0 °C for
10 min and then at room temperature for 12 h. The solvent was stripped off under
reduced pressure and the residue was taken in ether and subjected to filtration to
remove the insoluble DCU. The organic layer was washed sequentially with sat.
NaHCOs; solution followed by sat. KHSO, solution, water and brine. The organic
layer was dried over anhydrous Na,SO,4, and the crude product obtained on the
removal of solvent under reduced pressure was purified by column chromatography
(93:7 pet. ether/ethyl acetate, Rf: 0.3) to afford 2a (4.85 g, 75%) as a white solid. mp:
146-147 °C; [a]*"p:-36.396° (¢ = 1, CHCls); IR (CHCl3) v (cm™): 3442, 3019, 2935,
2400, 1698, 1650, 1590, 1524, 1501, 1395, 1394, 1215, 1045; "H NMR (200 MHz,
CDCl) 6: 11.51 (s, 1H), 8.77-8.72 (dd, J = 8.59, 0.89 Hz, 1H), 8.06-8.01 (dd, J =
7.96, 1.51 Hz, 1H), 7.59-7.5 (m, 1H), 7.14-7.06 (m, 1H), 5.22-5.17 (d, J = 8.33 Hz,
1H), 4.29-4.20 (m, 1H), 3.93 (s, 3H), 2.43-2.27 (m, 2H), 1.48 (s, 9H), 1.07-1.03 (d, J
= 6.83 Hz, 3H), 0.97-0.94 (d, J = 6.83 Hz, 3H); *C NMR (50 MHz, CDCl;) &: 170.8,
168.4, 155.7, 140.9, 134.5, 130.8, 122.7, 120.2, 115.2, 79.8, 60.9, 52.3, 30.9, 28.2,
19.3, 17.3; ESI-MS: 351.4256 (M+H)"; 373.4204 (M+Na)+; Elemental analysis
calculated for C;gHysN,Os: C, 61.70; H, 7.48; N, 7.99; Found: C, 61.59; H, 7.62; N,
7.84.

General method for Boc deprotection
A solution containing the Boc-peptide (3 mmol) was subjected to deprotection using

DCM/TFA (50%, 10 mL) at 0°C. After completion of the reaction (~2 h), the reaction
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mixture was stripped off the solvent, neutralized with saturated sodium bicarbonate
solution, diluted with DCM and the product was repeatedly extracted into
dichloromethane (3 x 10 mL). The organic layer was dried over anhydrous Na,SOj,.
The crude product, obtained after evaporating the solvent under reduced pressure, was

used for the next step without further purification.

General method for methyl ester hydrolysis:

To the solution of ester (10 mmol) in methanol, LiOH-H,O (40 mmol) was added in
water (12 mL) at 0°C, and the reaction mixture was stirred for 4 h. After the complete
consumption of the starting material, the solvent was evaporated under reduced
pressure, and the free acid was liberated by treating with sat. KHSO4 solution
followed by extraction with DCM (2 X 25 mL). The corresponding crude acid
derivatives obtained after evaporation of the solvent under reduced pressure were
carried forward for the next reaction, without further purification.
(S)-tert-butyl2-(4-bromophenylcarbamoyl)pyrrolidine-1-carboxylate 2e:

To a solution of Boc “Proline (5g, 23.2 mmol) in dry MeCN, 4-bromo aniline (4.39
g, 25.5 mmol), EDC.HCI (5.34 g, 27.9 mmol), DMAP (3.4 g, 27.9 mmol), and
catalytic amount of HOBt were added at 0 °C and stirred for 15 min. The reaction
mixture was then stirred at room temperature for 12 h. The solvent was evaporated
and the residue was dissolved in DCM (25 mL) and washed with sat. NaHCO;
solution followed by sat. KHSO,4 solution, water and brine. The organic layer was
dried over anhydrous Na,SO4 and evaporated under reduced pressure to get the crude
product which on purification by column chromatography, (eluent: pet. ether/ethyl
acetate 80:20, Rf: 0.6) afforded 2e as a white solid (7.2 g, 84%); mp: 197-198 °C;
[a]”p: -94° (¢ = 1, CHCL); IR (CHCL) v (em™): 3318, 3122, 2977, 1668, 1591,
1539, 1490, 1397, 1366, 1302, 1289, 1247, 1162, 1127, 1073; '"H NMR (200 MHz,
CDCl) 6: 9.66 (s, 1H), 7.42 -7.38 (m, 4H), 4.47 (bs, 1H), 3.45 (bs, 2H), 2.46-1.93
(m, 1H), 1.49 (m, 1H); °C NMR (50 MHz, CDCl3) &: 170.4, 156.0, 137.5, 131.5,
120.8, 116.0, 80.7, 60.3, 47.1, 28.3, 24.4; ESI-MS: 369.2641 (M+H)"; 391.2549
(M+Na)+; 409.2371 (M+K)+; Elemental analysis calculated for C;¢H»;N,OsBr: C,
52.04; H, 5.73; N, 7.59; Found: C, 52.14; H, 5.77; N, 7.45.
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2-(2-tert-Butoxycarbonylamino-3-methyl-butyrylamino)-benzoic acid methyl
ester 2c:
Compound 2¢ was synthesized by similar way as that of 2a. The product 2¢ was

obtained as white solid (80%); mp: 97- 98 °C; [a]*'p: 27.50° (¢ = 1, CHClL); IR
(CHCI3) v (em™): 3442, 3019, 2935, 2400, 1698, 1650, 1590, 1524, 1501, 1395, 1394,
1215, 1045; 'H NMR (200 MHz, CDCl;) &: 11.5 (s, 1H), 8.76-8.72 (d, J = 8.05 Hz,
1H), 8.05-8.01 (dd, J = 8.04, 0.93 Hz, 1H), 7.57-7.50 (m, 1H), 7.13-7.05 (m, 1H),
5.22-5.18 (m, 1H), 4.28-4.2 (m, 1H), 3.92 (s, 3H), 2.39-2.30 (m, 1H), 1.47 (s, 9H),
1.06-1.03 (d, J = 6.88 Hz, 3H), 0.97-0.93 (d, J = 6.92 Hz, 3H); °C NMR (100 MHz,
CDCl) o: 170.8, 168.4, 155.7, 140.9, 134.5, 130.8, 122.7, 120.2, 115.2, 79.8, 60.9,
52.3, 309, 283, 19.4, 17.3; ESI-MS: 351.2807 (M+H)"; 373.2709 (M+Na)';
389.2405 (M+K)+; Elemental analysis calculated for C;gH,6N,Os: C, 61.70; H, 7.48;
N, 7.99; Found: C, 62.32; H, 7.37; N, 7.89.
(1-{2-[2-(4-Bromo-phenylcarbamoyl)-pyrrolidine-1-carbonyl]-phenylcarbamoyl}
-2-methyl-propyl)-carbamic acid zerz-butyl ester 3a:

To a solution of 2a (0.1g, 29.7 mmol) and 2f (0.079 g, 0.2976 mmol) in DCM
maintained at 0 °C, DIEA (0.052 mL, 0.3571 mmol) and HBTU (0.135 g, 0.3571
mmol) were added. The reaction mixture was stirred at 0 °C for 10 min and then at
room temperature for 12 h. The organic layer was washed sequentially with sat.
NaHCOj; solution followed by sat. KHSO4 solution, water and brine. The organic
layer was dried over anhydrous Na,SO4 and the crude product was subjected to
column purification (60:40 pet. ether/ethyl acetate, Rf: 0.3) to furnish 3a as a white
solid (0.104 g, 60%); mp:198-199 °C; [a]*p: -285.68° (¢ = 1, CHCl;); IR (CHCl3) v
(cm™): 3303, 3121, 2932, 2876, 1676, 1617, 1543, 1490, 1427, 1397, 1366, 1301,
248, 1163, 1163; 'H (200 MHz, CDCl3) 8: 9.71 (s, 1H), 9.57 (s, 1H), 8.52-8.48 (d, J =
8.21 Hz, 1H), 7.49-7.4 (m, 1H), 7.35-7.29 (m, 3H), 7.19-7.12 (m, 3H), 5.33-5.29 (d, J
=9.22 Hz, 1H), 4.99-4.92 (m, 1H), 4.51-4.44 (m, 1H), 3.66- 3.54 (m, 1H), 3.42-3.31
(m, 1H), 2.41-1.82 (m, 7H), 1.40 (s, 9H), 1.08-1.05 (d, J = 6.69 Hz, 3H), 1.0-0.96 (d,
J =6.70 Hz, 3H); °C NMR (50 MHz, CDCls) &: 171.8, 170.4, 168.7, 165.7, 155.8,
137.1, 135.0, 131.3, 130.8, 126.4, 126, 123.8, 121.4, 121.2, 116.4, 60.9, 59.9, 31.4,
29.7, 28.2, 25.1, 19.4, 17.5; ESI-MS: 609.8739 (M+Na)'; Elemental analysis
calculated for CsH35BrN4Os: C, 57.24; H, 6.00; N, 9.54; Found: 57.39; H, 5.88; N,
9.76.
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(1-{2-[2-(4-Bromo-phenylcarbamoyl)-pyrrolidine-1-carbonyl]-phenylcarbamoyl}
-2-methyl-propyl)-carbamic acid zerz-butyl ester 3b:

Compound 3b was synthesized by similar way as that of 3a. White solid (56%));
mp: 197-198 °C, [a]*p: -105.3° (¢ = 0.11, CHCL3); IR (CHCl3) v (cm™): 3303, 3121,
2932, 2876, 1676, 1617, 1543, 1490, 1427, 1397, 1366, 1301, 248, 1163, 1163; 'H
NMR (200 MHz, CDCls) &: 9.78 (s, 1H), 9.29 (s, 1H), 8.54-8.50 (d, J = 8.21 Hz,
1H), 7.47-7.39 (m, 4H), 7.18-7.14 (m, 3H), 5.9-5.86 (d, J = 9.1 Hz, 1H), 4.98-4.91
(m, 1H), 4.44-4.36 (t, J=7.58 Hz, 1H), 3.57-3.42 (m, 2H), 2.44-1.79 (m, 7H), 1.41 (s,
9H), 1.04-0.98 (m, 6H); °C NMR (50 MHz, CDCls) &: 171.5, 170.4, 168.6, 165.7,
155.6, 136.8, 134.7, 131.3, 130.6, 125.9, 125.8, 123.7, 121.1, 116.6, 79.4, 61.0, 60.8,
49.5, 38.5, 31.3, 29.9, 28.2, 24.9, 19.2, 17.9; ESI-MS: 588.0416 (M+H)"; 590.0733
(M+H)", 610.0925 (M+Na)"; 612.0887 (M+Na)"; Elemental analysis calculated for
CosH3sBrN4Os: C, 57.24; H, 6.00; N, 9.54; Found: C, 57.38; H, 6.21; N, 9.23.

benzyl (2-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)benzoyl)-L-prolinate 4a:

To a solution of Fmoc-Ant-OH 1f (0.4g, 1.138 mmol, lequiv.) and HN-"Pro-OBn 1g
(0.28 g, 1.366 mmol, 1.2 equiv.) in THF maintained at 0 °C, DIEA (0.256 mL, 1.479
mmol, 1.3 equiv.) and HBTU (0.517 g, 1.3658 mmol, 1.2 equiv.) were added. The
reaction mixture was stirred at 0 °C for 10 min and then at room temperature for 12 h.
The organic layer was washed sequentially with sat. NaHCOs solution followed by
sat. KHSO, solution, water and brine. The organic layer was dried over anhydrous
Na;SO4 and the crude product was subjected to column purification (80:20 pet.
ether/ethyl acetate, Rf 0.3) to furnish 4a as a sticky solid (0.46 g, 74%); [a]*p: -
29.848° (¢ = 0.5, CHCls); IR (CHCL3) v (cm™): 3362, 3020, 2400.6, 1733, 1624,
1598, 1524, 1422, 1045, 929; 'H (200 MHz, CDCl;) &: 8.73 (s, 1H, amide), 8.24-8.20
(d, J = 8.08 Hz, 1H), 7.79-7.69 (m, 4H), 7.46-7.31 (m, 11H), 7.12-7.05 (d, J = 7.33
Hz, 1H), 5.26 (s, 1H), 4.84-4.77 (m, 1H), 4.47-4.43 (m, 2H), 4.32-4.25 (m, 1H), 3.66-
3.44 (m, 2H), 2.48-2.30 (m, 1H), 2.15-1.87 (m, 1H); >C NMR (50 MHz, CDCl;) &:
172.0, 168.6, 153.7, 143.9, 143.8, 141.2, 136.4, 135.5, 131.0, 128.6, 128.3, 128.1,
127.7, 127.1, 125.3, 124.2, 122.4, 120.2, 119.9, 67.3, 37.2, 59.1, 49.7, 47.0, 29.3,
25.2; LC-MS: 546.91 (M+H)", 568.89 (M+Na)", 584.93 (M+K)"; Elemental analysis
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calculated for C33H3oN,Os: C, 74.71; H, 5.53; N, 5.12; Found: C, 74.69; H, 5.69; N,
5.04.

(2-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)benzoyl)-L-proline 4b:
Compound 4a (0.1g) was dissolved in 33% w/w HBr in AcOH (2 mL) under
anhydrous conditions and stirred in an inert atmosphere. After completion of the
reaction, HBr and AcOH were removed in vacuo. The reaction mixture was dissolved
in EtOAc and was washed sequentially with sat. NaHCOj solution followed by sat.
KHSO4 solution, water and brine. The organic layer was dried over anhydrous
Na;SO4 and the crude product was subjected to column purification (55:45 pet.
ether/ethyl acetate, Rf: 0.3) to furnish 4b as a white fluffy solid (0.07 g, 72%); mp:73-
75 °C; [a]*p: -43.4° (¢ = 0.5, CHCl;); IR (CHCIL) v (cm™): 3431 (broad), 3020,
2400, 2090, 1635, 1526, 1452, 1419, 1301, 1218, 1113, 1041; 'H (200 MHz, CDCl;)
d: 9.47 (s, 1H, amide), 8.57 (s, 1H, amide), 8.02-7.98 (d, J = 7.33 Hz, 1H), 7.85-7.62
(d, J = 7.33 Hz, 1H), 7.54-7.50 (m, 2H), 7.31-7.11 (m, 7H), 6.91-6.83 (d, J = 7.45
Hz, 1H), 4.62-4.55 (m, 1H), 4.3-4.26 (m, 2H), 4.18-4.11 (m, 1H), 3.27- 3.21 (m, 2H),
2.25-2.11 (m, 1H), 1.91-1.63 (m, 3H); "*C NMR (50 MHz, CDCl;) &: 175.4, 168.8,
153.9, 143.7, 143.6, 141.1, 136.0, 130.9, 127.6, 127.0, 126.9, 125.3, 124.3, 122.6,
120.4, 119.8, 67.3, 58.9, 49.6, 46.8, 29.1, 25.0; LC-MS/MS: 457.20 (M+H)", 479.18
(M+Na)+, 495.14 (M+K)+; Elemental analysis calculated for C,7H24N,0s: C, 71.04;
H, 5.30; N, 6.14; Found: C, 71.24; H, 5.05; N, 6.10.

General method for the synthesis of compounds 11a, 11¢ and 11e.

(R)-tert-butyl 2-(((S)-1-methoxy-4-methyl-1-oxopentan-2-yl)carbamoyl)
pyrrolidine-1-carboxylate 11c.

Compound 11c¢ was synthesized by the reported procedure. Purification by column
chromatography (eluent: 10:90 ethyl acetate/pet. ether, Ry 0.5) afforded 11¢ as a
colorless white solid (91%). mp: 124-125 °C; [a]***p: 58.488° (¢ = 0.5, CHCIL); IR
(CHCL;, v (em™): 3422, 3307, 3083, 2959, 2932. 1741, 1690, 1537, 1453, 1392, 1245, 1216,
1124, 1090, 1017, 980; 'H NMR (CDCl3/200MHz): & ppm 7.02:tamer (b, 0.4H, amide),
6.38otamer (b, 0.6H, amide), 4.63 (b, 1H), 3.72 (s, 3H), 3.49 (b, 2H), 2.16 (b, 1H),
1.94-1.86 (m, 3H), 1.71-1.60 (m, 4H), 1.46 (s, 9H), 0.94-0.92,5tamer (M, 4H), 0.85-
0.820tamer (m, 2H); °C NMR (CDCl;,50MHz): & ppm 173.7, 173.3, 153.4, 80.5, 52.2,
50.5, 47.1, 41.5, 33.9, 28.3, 24.9, 24.7, 22.9, 21.7; LC-MS: 364.93 (M+Na)", 380.90
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(M+K)+; Elemental Analysis calculated for C;7H3oN,Os: C, 59.63; H, 8.83; N, 8.18;
Found: C, 59.60; H, 8.70; N, 8.10.
General method for the synthesis of compounds 13a, 13¢ and 13e.

(S)-methyl  2-((S)-1-(2-((tert-butoxycarbonyl)amino)benzoyl) pyrrolidine-2-
carboxamido)-4-methylpentanoate 13a.

To a solution of compound 11b (1.8 g, 7.258 mmoles) and Boc-Ant-OH (1.37 g,
5.806 mmoles, 0.8 equiv) in DCM (30 mL), DIPEA (1.89 mL, 10.887 mmol, 1.5
equiv) and HBTU (3.3 g, 8.709 mmol, 1.2 equiv) were added at 0 °C. After 12 h, the
reaction mixture was diluted with DCM (30 mL) and washed sequentially with
saturated solutions of NaHCO; (20 mL), water (20 mL) and KHSO, (20 mL). The
washings were extracted with DCM (10 mL x 3) and the combined organic layer was
dried over anhydrous Na,SO, and evaporated under reduced pressure to obtain the
crude residue, which was purified by column chromatography (eluent: 30%
AcOEt/pet. Ether, R 0.3) to afford 13a as a waxy solid (2.3 g, 85%). [a]* D -
121.10° (¢ = 1, CHCLs); IR (CHCls, v (cm™): 3364, 3020, 2977, 2401, 1725, 1683,
1624, 1521, 1417, 1159, 1046, 929; '"H NMR (CDCl:/200MHz): & ppm 8.35 (s, 1H,
amide), 8.17-8.13 (d, J = 8.34Hz, 1H), 7.41-7.31 (m, 2H), 7.04-6.92 (m, 2H), 4.81-
4.74 (m, 1H), 4.66-4.54 (m, 1H), 3.73 (s, 3H), 3.57-3.47 (m, 2H), 2.33-1.78 (m, 4H),
1.71-1.60 (m, 2H), 1.50 (s, 9H), 0.93-0.88 (m, 6H); *C NMR (CDCls, 50MHz): &
ppm 173.2, 170.9, 168.9, 153.0, 137.2, 131.0, 127.4, 123.6, 121.8, 120.4, 80.4, 59.6,
52.2,50.9,50.6,41.2,28.3,27.7,25.3,24.8, 22.7, 21.9; MALDI-TOF/TOF: 484.8722
(M+Na)"; 500.8892 (M+K)"; Elemental Analysis calculated for Ca4H3sN3Og: C,
62.45; H, 7.64; N, 9.10; Found: C, 62.36; H, 7.56; N, 9.18.

(S)-methyl  2-((R)-1-(2-((tert-butoxycarbonyl)amino)benzoyl)  pyrrolidine-2-
carboxamido)-4-methylpentanoate 13c.

Compound 13¢ was synthesized following the procedure for 13a. The crude product
was purified by column chromatography (eluent: 30% AcOEt/pet. Ether, Rf: 0.3) to
furnish 13¢ (82%) as a waxy solid. [a]**p: 111.728° (¢ = 1, CHCl;); IR (CHCls, v
(cm™): 3355, 3017, 2975, 2897, 2401, 1724, 1683, 1625, 1590,1521, 1413, 1158,
1050, 928; '"H NMR (CDCl3/200MHz): & ppm 8.23 (s, 1H, amide), 8.11-8.07 (d,
J=8.34Hz, 1H), 7.42-7.27 (m, 3H), 7.08-7.01 (m, 1H), 4.90-4.84 (m, 1H), 4.67-4.58
(m, 1H), 3.70 (s, 3H), 3.60-3.48 (m, 2H), 2.46-2.38 (m, 1H), 2.15-1.82 (m, 4H), 1.70-
1.60 (m, 2H), 1.50 (s, 9H), 0.95-0.93 (m, 6H); *C NMR (CDCls, 50MHz): 8 ppm

Ph. D. Thesis Dec 2013 38



Ant-Pro Motif as a Potent Turn and Hairpin Nucleator Chapter 1

173.3,170.9, 170.2, 153.1, 136.9, 131.0, 127.5, 124.3, 122.2, 121.1, 80.4, 59.2, 52.3,
50.9, 50.3, 49.0, 41.2, 28.3, 27.0, 25.2, 249, 22.8, 21.7, MALDI-TOF/TOF:
485.0148 (M+Na); 501.0496 (M+K)"; Elemental Analysis calculated for
CoH3sN3O0g: C, 62.45; H, 7.64; N, 9.10; Found: C, 62.36; H, 7.56; N, 9.18.

(S)-methyl  2-((R)-1-(2-((tert-butoxycarbonyl)amino)benzoyl)  pyrrolidine-2-
carboxamido)-4-methylpentanoate 13e.

Compound 13e was synthesized following the procedure for 13a. The crude product
was purified by column chromatography (eluent: 30% AcOEt/pet. Ether, Rf: 0.3) to
furnish 13e (92%) as a waxy solid. [a]**'p: -112.868° (¢ = 1, CHCLs); IR (CHCls, v
(cm™): 3348, 3018, 2897, 2401, 1724, 1682, 1625, 1590,1520, 1412, 1369, 1158,
1052, 928; '"H NMR (CDClI3/200MHz): & ppm 8.23 (s, 1H, amide), 8.10-8.06 (d,
J=8.34Hz, 1H), 7.41-7.27 (m, 3H), 7.07-7.00 (m, 1H), 4.89-4.80 (m, 1H), 4.66-4.55
(m, 1H), 3.69 (s, 3H), 3.53-3.44 (m, 2H), 2.45-2.32 (m, 1H), 2.15-1.82 (m, 4H), 1.69-
1.55 (m, 2H), 1.49 (s, 9H), 0.94-0.91 (m, 6H); °C NMR (CDCls, 50MHz): & ppm
173.3,170.9, 170.1, 153.1, 136.9, 131.0, 127.5, 124.2, 122.2, 121.0, 80.4, 59.2, 52.3,
50.8, 50.3, 41.2, 28.3, 27.0, 25.2, 24.8, 22.8, 21.7; MALDI-TOF/TOF: 484.8722
(M+Na)+; 500.8892 (M+K)+; Elemental Analysis calculated for C,4H3sN3;Ogq: C,
62.45; H, 7.64; N, 9.10; Found: C, 62.43; H, 7.69; N, 8.98.

General method for the synthesis of compounds 5a and 6a.

(S)-methyl 2-((S)-1-(2-((S)-2-((tert-butoxycarbonyl)amino)-3-methylbutanamido)
benzoyl) pyrrolidine-2-carboxamido)-4-methylpentanoate Sa.

To a solution of compound 13b (0.4 g, 1.108 mmoles, 1 equiv) and Boc-"Val-OH
(0.29 g, 1.329 mmoles, 1.2 equiv) in DCM (5mL), HBTU (0.546 g, 1.44 mmol, 1.3
equiv) and DIEA (0.287 mL, 1.662 mmol, 1.5 equiv) were added. After 12 h, the
reaction mixture was diluted with DCM (30 mL) and washed sequentially with
saturated solutions of NaHCO; (20 mL), water (20 mL) and KHSO4 (20 mL). The
washings were extracted with DCM (10 mL x 3) and the combined organic layer was
dried over anhydrous Na,SO, and evaporated under reduced pressure to obtain the
crude residue, which was purified by column chromatography (eluent: 40%
AcOEt/pet. Ether, Rf: 0.4) to afford 5a (0.40 g, 65%) as a sticky liquid. [a]***p: -
44.216° (¢ = 1, CHCLs); IR (CHCls, v (cm™): 3280, 3069, 2963, 2931, 2875, 1745,
1715, 1668, 1589, 1541, 1457, 1421, 1391, 1370, 1275, 1247, 1162, 1092, 1016, 987,
873; "H NMR (CDCl3/200MHz): & ppm 9.39 (s, 1H), 8.26-8.28 (d, J = 7.96 Hz, 1H),
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7.37-7.21 (m, 2H), 7.09-7.02 (m, 1H), 6.78-6.74 (d, J = 7.96 Hz, 1H), 5.34-5.30 (d, J
= 8.97 Hz, 1H), 4.68-4.53 (m, 2H), 4.28-4.21 (m, 1H), 3.68 (s, 3H), 3.48-3.17 (m,
2H), 2.21-2.11 (m, 3H), 1.98-1.5 (m, 5H), 1.36 (s, 9H), 0.97-0.94 (d, J = 6.69 Hz,
3H), 0.88-0.84 (m, 9H); *C NMR (CDCl;, 50MHz): & ppm 173.6, 171.6, 168.5,
165.6, 155.9, 134.8, 130.4, 126.6, 124.0, 121.9, 79.4, 68.6, 60.2, 59.9, 52.3, 51.0,
49.1, 43.9, 41.2, 31.3, 29.2, 28.2, 25.1, 24.7, 22.7, 21.8, 19.3, 17.5; MALDI-
TOF/TOF: 584.1642 (M+Na)"; 600.1794 (M+K)"; Elemental Analysis calculated for
C9H4aN4O7: C, 62.12; H, 7.91; N, 9.99; Found: C, 62.15; H, 7.69; N, 9.88.

(S)-methyl 2-((S)-1-(2-((R)-2-((tert-butoxycarbonyl)amino)-3-methylbutanamido)
benzoyl) pyrrolidine-2-carboxamido)-4-methylpentanoate 6a.

Compound 6a was synthesized following the procedure for 5a. The crude product was
purified by column chromatography (eluent: 40% AcOEt/pet. Ether, Rf: 0.4) to
furnish 6a (75%) as a sticky liquid. [a]**’p: -66.352° (¢ = 1, CHCl;); IR (CHCl;, v
(cm™): 3300, 2960, 2925, 1747, 1667, 1626, 1514, 1456, 1414, 1368, 1246, 1204,
1160, 1017, 875; IR (CHCls, v (cm™): 3280, 3069, 2963, 2931, 2875, 1745, 1715,
1668, 1589, 1541, 1457, 1421, 1391, 1370, 1275, 1247, 1162, 1092, 1016, 987, 873;
'H NMR (CDCl3/200MHz): & ppm 9.22 (s, 1H), 8.39-8.35 (d, J = 8.21 Hz, 1H), 7.41-
7.26 (m, 2H), 7.11-7.03 (m, 1H), 6.97-6.93 (bs, 1H), 5.82-5.77 (d, J = 8.84 Hz, 1H),
4.71-4.54 (m, 2H), 4.19-4.12 (m, 1H), 3.72 (s, 3H), 3.42-3.37 (m, 2H), 2.26-2.19 (m,
4H) 2.02-1.51 (m, 4H), 1.40 (s, 9H), 0.99-0.87 (m, 12H); °C NMR (CDCls, 50MHz):
d ppm 173.1, 171.5, 171.0, 168.6, 165.6, 155.6, 135.3, 130.6, 126.8, 125.3, 123.4,
121.3, 79.3, 61.2, 59.7, 52.1, 51.1, 49.6, 41.0, 31.1, 28.7, 28.2, 25.2, 24.6, 22.6, 21.7,
19.2, 17.8; MALDI-TOF/TOF: 584.0563 (M+Na)'; 600.0703 (M+K)"; Elemental
Analysis calculated for Cyo0H44N4O7: C, 62.12; H, 7.91; N, 9.99; Found: C, 62.20; H,
7.72; N, 9.91.

tert-butyl ((R)-1-(2-((S)-2-(((S)-1-((4-bromophenyl)amino)-4-methyl-1-
oxopentan-2-yl) carbamoyl)pyrrolidine-1-carbonyl) phenyl)amino)-3-methyl-1-
oxobutan-2-yl)carbamate 6f:

To a solution of acid 6e (0.1g, 0.183 mmol, 1 equiv) and 4-bromoaniline (0.031 g,
0.183 mmol, 1 equiv) in dry DCM (10 mL), HBTU (0.083g, 0.219 mmol, 1.2 equiv)
and DIEA (0.041 mL, 0.238 mmol, 1.3 equiv) were added and reaction was
maintained at 0 °C. The mixture was stirred at room temperature for an additional 12
h. DCM (10 mL) was added to the reaction mixture and the combined organic layers

were washed sequentially with solutions of KHSO4, NaHCO;3 and brine. Organic
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layer was then dried over Na,SO4 and was evaporated in vacuo. The crude product
was purified by column chromatography (eluent: 40% AcOEt/pet. Ether, Rf: 0.4) to
furnish 6f (0.75 g, 60%). as a white crystalline solid. mp: 229-231 C; [ 'p: -
73.588° (¢ 1, CHCls); IR (CHCI3) v (ecm™): 3272, 2962, 2930, 2403, 1682.4, 1621,
1538, 1490, 1457, 1394, 1302, 1246, 1163, 1075, 1010, 828; 'H NMR
(CDCl15,500MHz): 6 ppm 9.64 (s, 1H, amide), 9.58 (s, 1H, amide), 8.34-8.32 (d, J =
8.24 Hz, 1H), 7.59-7.57 (m, 2H), 7.39-7.37 (m, 3H), 7.24-7.22 (m, 3H), 7.14-7.09 (m,
2H), 5.56-5.54 (d, J = 9.46 Hz, 1H), 4.96-4.88 (dd, J = 6.71Hz, J = 9.16 Hz, 1H),
4.72-4.69 (m, 1H), 4.60-4.56 (m, 1H), 3.39-3.31 (m, 2H), 2.30-2.24 (m, 1H), 2.07-
1.84 (m, 4H), 1.74-1.64 (m, 3H), 1.46 (s, 9H), 0.98-0.96 (d, J = 6.10 Hz, 3H), 0.91-
0.86 (m, 9H); *C NMR (CDCls, 125MHz): & ppm 173.1, 171.6, 171.0, 168.6, 156.1,
137.6, 134.5, 131.6, 130.0, 127.0, 125.3, 123.9, 121.3, 121.25, 116.5, 79.9, 59.8, 58.9,
54.0, 49.2, 40.9, 33.3, 29.6, 28.5, 24.8, 22.6, 22.3, 18.9, 18.4; MALDI-TOF/TOF:
725.4464 (M+Na)+; 741.5165 (M+K)+; Anal. caled for Cs4H4BrNsOg: C, 58.28; H,
6.62; Br, 11.40; N, 10.00; Found: C, 58.36; H, 6.69; Br, 11.41; N, 9.94.

General method for the synthesis of compounds 7a and 8a.

(S)-methyl 2-((R)-1-(2-((S)-2-(1,3-dioxoisoindolin-2-yl)-3-methylbutanamido)
benzoyl) pyrrolidine-2-carboxamido)-4-methylpentanoate 7a.

To a solution of Phth-"Val-OH (0.576g, 2.333 mmol, 1.2 equiv) in dry DCM (10 mL)
and catalytic amount of DMF, oxalyl chloride (0.20 mL, 2.527 mmol, 1.3equiv) was
added dropwise at 0 °C, later reaction was allowed to continue at rt for 1h. DCM was
then stripped off in vacuo. To the solution containing 13d (0.7g, 1.944 mmol, 1 equiv)
and Et;N (0.394 mL, 2.916 mmol, 1.5 equiv) in dry DCM (15 mL) was cooled in an
ice bath with stirring. A solution of Phth-"Val-COCI in DCM (10 mL) was added
dropwise for 15 min to the reaction mixture. The mixture was stirred at room
temperature for an additional 1 h. DCM (10 mL) was added to the mixture which was
then washed with KHSOy, solution (10 mL), saturated aqueous NaHCO; (10 mL), and
brine (10 mL). The organic layer was dried over Na,SO4 and evaporated in vacuo.
The crude product was purified by column chromatography (eluent: 40% AcOEt/pet.
Ether, Rf: 0.4) to furnish 7a (0.96 g, 85%) as a white crystalline solid. mp: 157-160
C; [a]**? b -117.856° (¢ 1, CHCl3); IR (CHCL3) v (cm™): 3063, 2959, 2927, 2874,
1722, 1622, 1532, 1453, 1417, 1384, 1247, 1153, 1071, 988; '"H NMR (200 MHz,
CDCl) 6: 9.54 (1H, amide), 8.08-8.04 (d, J = 8.08 Hz, 1H), 7.91-7.85 (m, 2H), 7.78-
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7.74 (m, 2H ), 7.43-7.33 (m, 2H), 7.17-7.10 (m, 2H), 4.63-4.52 (m, 3H), 3.69 (s, 3H),
3.50-3.42 (m, 2H), 3.04-2.92 (m, 1H), 2.46-2.35 (m, 1H), 2.1-1.92 (m, 2H), 1.85-1.46
(m, 4H), 1.19-1.16 (d, J = 6.57 Hz, 3H), 0.93-0.90 (m, 9H); >C NMR (50 MHz,
CDCl) ¢: 173.1, 170.6, 170.2, 168.0, 166.8, 135.2, 134.3, 131.6, 130.9, 127.5, 126.2,
124.0, 123.5, 123.2, 61.6, 59.0, 52.2, 50.8, 50.4, 41.0, 38.6, 29.6, 27.5, 26.8, 25.2,
24.8, 22.8, 21.8, 20.5, 19.4; MALDI-TOF: 613.3940 (M+Na"), 629.4184 (M+K");
Anal. calcd for C3,H3sN4O7: C, 64.85; H, 6.80; N, 9.45; Found: C, 64.98; H, 6.69; N,
9.49.

(R)-methyl 2-((S)-1-(2-((R)-2-(1,3-dioxoisoindolin-2-yl)-3-methylbutanamido)
benzoyl) pyrrolidine-2-carboxamido)-4-methylpentanoate 8a.

Compound 8a was synthesized following the procedure for 7a. The crude product was
purified by column chromatography (eluent: 40% AcOEt/pet. Ether, Rf: 0.4) to
furnish 8a (86%) as a white solid. mp: 151-153 "C; [0]**? p: -107.592° (¢ 1, CHCL3);
IR (CHCL) v (cm™): 3062, 2959, 2923, 2873, 2951, 1721, 1623, 1532, 1456, 1428,
1383, 1249, 1153, 1071; "H NMR (200 MHz, CDCl3) &: 9.55 (1H, amide), 8.08-8.04
(d, J=7.96 Hz, 1H), 7.91-7.87 (m, 2H), 7.79-7.75 (m, 2H ), 7.44-7.34 (m, 2H), 7.17-
7.10 (m, 2H), 4.63-4.53 (m, 3H), 3.69 (s, 3H), 3.51-3.42 (m, 2H), 3.04-2.93 (m, 1H),
2.49-2.32 (m, 1H), 2.07-1.93 (m, 2H), 1.86-1.47 (m, 4H), 1.19-1.16 (d, J = 6.69 Hz,
3H), 0.94-0.90 (m, 9H); °C NMR (50 MHz, CDCls) &: 173.1, 170.6, 170.2, 168.0,
166.9, 135.2, 134.32, 131.6, 130.9, 127.5, 126.3, 124.0, 123.5, 123.3, 61.6, 59.1, 52.2,
50.9, 50.4, 41.0, 38.6, 27.6, 26.8, 25.2, 24.8, 22.8, 21.8, 20.5, 19.5; MALDI-TOF:
613.7018 (M+Na"), 629.7104 (M+K"); Anal. caled for C3H3sN4O7: C, 64.85; H,
6.80; N, 9.45; Found: C, 64.97; H, 6.71; N, 9.51.

General method for the synthesis of compounds 5S¢ and 6¢:

(S)-methyl 4-methyl-2-(($)-1-(2-((S)-3-methyl-2-pivalamido butanamido)benzoyl)
pyrrolidine-2-carboxamido)pentanoate Sc.

To a solution of Sb (0.33 g, 0.713 mmol, 1 equiv) in dry DCM (5 mL), Et;N (0.145
mL, 1.071 mmol, 1.5 equiv) was added. Reaction was kept under N, atmosphere and
the temperature was maintained at 0 C in ice. Piv-Cl (0.1 mL, 0.855 mmol, 1.2 equiv)
was added drop wise slowly into the reaction mixture. After 15 min, reaction was
allowed to continue at rt for 1 hr. DCM (10 mL) was added to the reaction mixture
and DCM layer was washed with NaHCO; solution followed by water and brine.

DCM layer was dried over Na,SO4 and was concentrated in vacuo. The crude product
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was purified by column chromatography (eluent: 45% AcOEt/pet. Ether, Rf: 0.4) to
furnish 5¢ (0.30 g, 80%) as a sticky liquid. [o]*"p: -53.748° (¢ 1, CHCls); IR (CHCl;)
v (em™): 3408, 3020, 2400, 1635, 1420, 1318, 1079; 'H NMR (CDCl:/200MHz): &
ppm 9.44 (s, 1H), 8.25-8.21 (d, J = 7.96 Hz, 1H), 7.42-7.26 (m, 2H), 7.16-7.11 (m,
1H), 7.0-6.96 (d, J = 8.46 Hz, 1H), 6.43-6.39 (d, J = 8.59 Hz, 1H), 4.76-4.55 (m, 3H),
3.73 (s, 3H), 3.46-3.21 (m, 2H), 2.28-2.12 (m, 2H), 2.03-1.51 (m, 6H), 1.22 (s, 9H),
1.02-0.98 (d, J = 6.69 Hz, 3H), 0.93-0.85 (m, 9H); *C NMR (CDCl;, 50MHz): § ppm
178.6, 173.8, 171.7, 171.3, 168.4, 134.6, 130.4, 127.0, 126.7, 124.1, 122.1, 60.5, 58.3,
52.3, 50.8, 49.1, 41.2, 38.8, 31.2, 29.6, 29.2, 27.4, 25.1, 24.9, 22.7, 21.7, 19.3, 17.8;
MALDI-TOF/TOF: 570.2427 (M+K)+; Anal. calcd for CooH44N4Og: C, 63.95; H,
8.14; N, 10.29; Found: C, 63.88; H, 8.20; N, 10.25.

(S)-methyl 4-methyl-2-((S)-1-(2-((R)-3-methyl-2-pivalamido butanamido)
benzoyl)pyrrolidine-2-carboxamido)pentanoate 6c.

Compound 6¢ was synthesized following the procedure for S¢ from 6b. The crude
product was purified by column chromatography (eluent: 45% AcOEt/pet. Ether, Rf:
0.4) to furnish 2¢ (86%) as a sticky liquid. mp: 58-60 'C; [0]**’p: -89.084° (¢ 1,
CHCl); IR (CHCls) v (em™): 3283, 3073, 2960, 2873, 1747, 1667, 1626, 1588, 1524,
1455, 1417, 1370, 1301, 1201, 1155, 1025, 986, 914; '"H NMR (CDCl3/200MHz): &
ppm 9.53 (s, 1H), 8.32-8.28 (d, J = 8.21 Hz, 1H), 7.44-7.32 (m, 2H), 7.15-7.07 (m,
1H), 6.82-6.79 (d, J = 7.83 Hz, 1H), 6.51-6.47 (d, J = 8.21 Hz, 1H), 4.80-4.73 (m,
1H), 4.63-4.49 (m, 2H), 3.74 (s, 3H), 3.58-3.42 (m, 2H), 2.31-2.16 (m, 3H), 2.04-1.6
(m, 5H), 1.23 (s, 9H), 1.02-0.89 (m, 12H); °C NMR (CDCl;, 50MHz): 8 ppm 178.4,
173.3,171.1, 170.4, 169.2, 135.9, 131.0, 127.3, 124.8, 123.4, 121.9, 59.7, 58.6, 52.3,
51.1, 50.5, 41.1, 38.9, 31.8, 29.6, 28.1, 27.5, 25.3, 24.8, 22.7, 21.9, 19.3, 17.7;
MALDI-TOF/TOF: 570.1554 (M+K)+; Anal. calcd for CooH44N4Og: C, 63.95; H,
8.14; N, 10.29; Found: C, 63.88; H, 8.20; N, 10.25.

(8)-N-((S)-4-methyl-1-(methylamino)-1-oxopentan-2-yl)-1-(2-((:S)-3-methyl-2-
pivalamidobutanamido)benzoyl)pyrrolidine-2-carboxamide 5.

Compound Sc (0.2g, 0.25 mmol) was stirred in saturated solution of methanolic
methylamine for 2h at rt. Solvent was evaporated in vacuo and the crude product was
purified by column chromatography (eluent: 45% AcOEt/pet. Ether, Rf: 0.4) to
furnish 5 (95%) as a white fluffy solid. mp: 100-102 "C; [a]*"'*: -50.672° (¢ 0.5,
CHCl); IR (CHCls) v (em™): 3318, 3020, 2967, 2401, 1648, 1589, 1509, 1457, 1420,
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1369; '"H NMR (400 MHz, CDCls) &: 9.68 (1H, amide), 8.32-8.29 (d, J = 8.28 Hz,
1H), 7.42-7.35 (m, 3H), 7.28-7.26 (m, 1H ), 7.16-7.12 (t, J = 7.53 Hz, 1H), 6.50-6.48
(d, J=8.28 Hz, 1H), 4.98-4.94 (m, 1H), 4.74-4.71 (dd, J = 5.27 Hz, J = 8.03 Hz, 1H),
4.64-4.58 (m, 1H), 3.37-3.23 (m, 2H), 2.78-2.77 (d, J = 4.52 Hz, 3H), 2.35-2.26 (m,
1H), 2.17-1.07 (m, 3H), 1.85-1.80 (m, 1H), 1.70-1.57 (m, 3H), 1.23 (s, 9H), 1.02-1.0
(d, J=6.78 Hz, 3H), 0.96-0.91 (m, 9H); *C NMR (100 MHz, CDCls) &: 178.4, 173.9,
171.8, 171.3, 168.6, 134.5, 130.1, 127.7, 125.9, 124.1, 121.6, 60.5, 58.0, 52.2, 48.9,
40.4, 38.8, 32.3, 29.8, 29.7, 27.5, 26.4, 24.7, 24.6, 22.7, 22.3, 19.3, 18.2; MALDI-
TOF: 567.2104 (M+Na+), 583.2536 (M+K+); Anal. caled for Co9H4sN5Os: C, 64.06;
H, 8.34; N, 12.88; Found: C, 64.17; H, 8.44; N, 12.87.

(8)-N-((S)-4-methyl-1-(methylamino)-1-oxopentan-2-yl)-1-(2-((R)-3-methyl-2-
pivalamidobutanamido)benzoyl)pyrrolidine-2-carboxamide 6.

Compound 6 was synthesized following the procedure for 5 from 6c. The crude
product was purified by column chromatography (eluent: 45% AcOEt/pet. Ether, Rf:
0.4) to furnish 6 (67%) as a sticky liquid. [0]*"'p: -79.944° (¢ 0.5, CHCL); IR
(CHCl3) v (cm™): 3314, 3020, 2965, 2874, 2401, 1646, 1589, 1550, 1515, 1456, 1417,
1370, 1296; 'H NMR (500 MHz, CDCl3) &: 9.89 (1H, amide), 8.59 (m, 1H, amide),
8.40-8.38 (d, J = 8.54 Hz, 1H), 7.44-7.37 (m 2H), 7.24-7.23 (d, J = 7.32 Hz, 1H ),
7.14-7.11 (m, 1H), 6.60-6.58 (d, J = 8.54 Hz, 1H), 5.27-5.24 (dd, J = 6.71 Hz, J =
8.54 Hz, 1H), 4.78-4.77 (m, 1H), 4.48-4.47 (m, 1H), 3.37-3.32 (m, 2H), 2.8-2.8 (d, J
= 2.75 Hz, 3H), 2.33 (m, 1H), 2.08-1.96 (m, 3H), 1.98-1.88 (m, 1H), 1.79-1.63 (m,
3H), 1.22 (s, 9H), 0.99-0.96 (m, 9H), 0.93-0.92 (d, J = 6.1 Hz, 3H); °C NMR (125
MHz, CDCl;) 6: 178.3, 174.0, 172.9, 171.0, 168.4, 134.5, 129.9, 127.2, 125.4, 123.9,
121.0, 59.7, 57.3, 53.3, 49.2, 40.6, 38.9, 33.4, 28.8, 27.6, 26.4, 24.84, 24.82, 22.7,
22.2, 18.9, 18.3; MALDI-TOF: 566.9368 (M+Na'), 583.1334 (M+K"); Anal. calcd
for Cy9H4sNsOs: C, 64.06; H, 8.34; N, 12.88; Found: C, 64.09; H, 8.39; N, 12.77.

(R)-N-((S)-4-methyl-1-(methylamino)-1-oxopentan-2-yl)-1-(2-((S)-3-methyl-2-
pivalamidobutanamido)benzoyl)pyrrolidine-2-carboxamide 7.

Compound 7 was synthesized following the procedure for 5 to afford the free amine
which was further protected with pivaloyl group following the procedure for Sc. The
crude product was purified by column chromatography (eluent: 45% AcOEt/pet.
Ether, Rf: 0.4) to furnish 7 (79%) as a white solid. mp: 80-82 ‘C; [a]**'**: 22.608° (¢
0.5, CHCl;); IR (CHCls) v (cm™): 3312, 3019, 2966, 2874, 2401, 1648, 1588, 1518,
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1456, 1420, 1369, 1297; 'H NMR (500 MHz, CDCl;) &: 9.7 (1H, amide), 8.32-8.30
(dd, J=1.53 Hz, J = 8.54 Hz, 1H), 7.91-7.90 (m, 1H, amide), 7.39-7.36 (dd, J=1.53
Hz, J = 8.54 Hz, 1H), 7.24-7.22 (dd, J = 1.53 Hz, J = 7.32 Hz, 1H), 7.15-7.10 (m,
2H), 6.53-6.51 (d, J = 9.16 Hz, 1H), 5.09-5.06 (dd, J = 7.02 Hz, J = 8.85 Hz, 1H),
4.94-4.90 (m, 1H), 4.72-4.69 (m, 1H), 3.40-3.31 (m, 2H), 2.77-2.76 (d, J = 4.58 Hz,
3H), 2.36-2.29 (m, 1H), 2.12-1.86 (m, 4H), 1.7-1.61 (m, 3H), 1.23 (s, 9H), 1.03-1.02
(d, J=6.71 Hz, 3H), 0.98-0.95 (m, 9H); *C NMR (125 MHz, CDCl;) &: 178.2, 172.5,
172.2, 171.1, 168.4, 134.7, 129.8, 127.5, 125.2, 123.8, 121.7, 60.1, 57.4, 51.9, 49.2,
42.0, 38.9, 33.2, 30.1, 29.7, 27.7, 26.3, 25.0, 24.6, 22.8, 22.4, 19.3, 18.0; MALDI-
TOF: 566.7384 (M+Na"), 583.7939 (M+K"); Anal. calcd for C9H4sNsOs: C, 64.06;
H, 8.34; N, 12.88; Found: C, 64.09; H, 8.39; N, 12.77.

(R)-N-((S)-4-methyl-1-(methylamino)-1-oxopentan-2-yl)-1-(2-((S)-3-methyl-2-
pivalamidobutanamido)benzoyl)pyrrolidine-2-carboxamide 8.

Compound 8 was synthesized following the procedure for 5 to afford the free amine
which was further protected with pivaloyl group following the procedure for Sc. The
crude product was purified by column chromatography (eluent: 45% AcOEt/pet.
Ether, Rf: 0.4) to furnish 8 (67%) as a white solid. mp: 75-77 'C; [a]***p: -23.68° (c
0.5, CHClL); IR (CHCls) v (cm™): 3312, 3018, 2966, 2874, 2401, 1648, 1588, 1551,
1513, 1456, 1420, 1369, 1297; '"H NMR (500 MHz, CDCls) &: 9.71 (1H, amide),
8.32-8.31 (d, J = 8.24 Hz, 1H), 7.93-7.92 (m, 1H, amide), 7.39-7.36 (dd, J=1.53 Hz,
J=8.54 Hz, 1H), 7.24-7.22 (m, 2H), 7.13-7.10 (m, 1H), 6.53-6.51 (d, J = 9.16 Hz,
1H), 5.10-5.06 (dd, J = 6.71 Hz, J = 9.16 Hz, 1H), 4.94-4.89 (m, 1H), 4.72-4.69 (m,
1H), 3.40-3.31 (m, 2H), 2.77-2.76 (d, J = 4.88 Hz, 3H), 2.37-2.30 (m, 1H), 2.11-1.88
(m, 4H), 1.7-1.61 (m, 3H), 1.22 (s, 9H), 1.03-1.02 (d, J = 6.71 Hz, 3H), 0.98-0.95 (m,
9H); *C NMR (125 MHz, CDCl;) &: 178.2, 172.6, 172.2, 171.1, 168.4, 134.6, 129.8,
127.5, 125.2, 123.8, 121.6, 60.1, 57.4, 51.8, 49.1, 42.0, 38.9, 33.1, 30.1, 27.6, 26.3,
25.0, 24.6, 22.7, 22.3, 19.2, 18.0; MALDI-TOF: 566.8729 (M+Na'), 583.0687
(M+K+); Anal. calcd for Cy9oH4sNsOs: C, 64.06; H, 8.34; N, 12.88; Found: C, 64.09;
H, 8.39; N, 12.77.
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TOF/TOF™ Linear Spec #1[BP = 566.9, 86376]

+
(M+Na)* MALDI-TOF/TOF
100 ) 8.6E4
90
80 (M+K)* 0
583.1334 N
B L/wH
L N
70
N H
MeHN
60 (0]
z
5 NH
Q
£ 50
2 B
0" p
4 .
0 584.1429 NHPiv
30 6
20
585.2645
10 593.3674
507.9877 594.3268
449.0 520.4 591.8 663.2 734.6 806.0
Mass (m/z)
JTOFITOF™ Linear Spec #1[BP = 566.7, 28333]
(M+Na) MALDI-TOF/TOF
566.7384
100 2.8E+
582.7939
M+K)*
o [»( )
80 O

H
L/wH
" WN 0
N H

MeHN
60 567.7905 0
% 583.8078 NH H
40 O L

% Intensity

NHPiv
30 7
20 465.6455 584.9074
598.9132
609.0475
483.6382 3
Aﬁgg'sg% 533.7219, . . 610.0506 677.2444 772.6408
Ktalssarthelre fb
520.4 591.8 663.2 734.6 806.0

Mass (m/z)

Ph. D. Thesis Dec 2013 55



Ant-Pro Motif as a Potent Turn and Hairpin Nucleator Chapter 1

TOF/TOF™ Linear Spec #1[BP = 566.8, 75211]
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Table 2. Titration study of tetrapeptide 5 in CDCl3 (2 mM) with DMSO-d,
(volume of DMSO-d¢ used for each addition =5 pl).

Vbmso-as added Chemical shift (in ppm)
(in plit) OnH2 OnHs ONHa4 OnH1
0 9.5 7.16 6.65 6.45
5 9.56 7.19 6.86 6.45
10 9.57 7.2 7.03 6.43
15 9.59 7.22 7.18 6.42
20 9.6 7.22 7.27 6.41
25 9.61 7.23 7.37 6.41
30 9.61 7.23 7.42 6.4
35 9.6 7.23 7.51 6.4
40 9.6 7.22 7.54 6.39
45 9.59 7.21 7.57 6.38
50 9.59 7.21 7.61 6.37

Table 3. Titration study of tetrapeptide 6 in CDCl3 (2 mM) with DMSO-d,
(volume of DMSO-d¢ used for each addition =5 pl).

Vbmso-as added Chemical shift (in ppm)
(in plit) ONH2 OnHs ONH4 ONH1
0 9.84 7.9 6.28 6.54
5 9.85 7.92 6.54 6.53
10 9.85 7.95 6.75 6.52
15 9.86 7.97 6.87 6.51
20 9.87 7.98 7.07 6.49
25 9.87 7.99 7.2 6.48
30 9.86 8.02 7.27 6.47
35 9.84 8.04 7.38 6.46
40 9.83 8.05 7.46 6.44
45 9.81 8.07 7.51 6.44
50 9.77 8.09 7.57 6.43

Table 4. Titration study of tetrapeptide 7 in CDCl3 ( 2 mM) with DMSO-d¢
(volume of DMSO-d¢ used for each addition =5 pl).

Vbmso-qs added Chemical shift (in ppm)
(In }Jllt) 6NH2 6NH5 6NH4 6NH1
0 9.55 7.86 6.52 6.51
5 9.6 7.83 712 6.51
10 9.63 7.82 7.26 6.52
15 9.64 7.81 7.36 6.52
20 9.65 7.78 7.53 6.52
25 9.64 7.76 7.67 6.52
30 9.63 7.74 7.73 6.52
35 9.62 7.72 7.82 6.52
40 9.61 7.71 7.86 6.52
45 9.6 7.7 7.89 6.52
50 9.58 7.68 7.94 6.52
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Table S. Titration study of tetrapeptide 8 in CDCl3 (2 mM) with DMSO-d,

(volume of DMSO-d¢ used for each addition =5 pl).

Vbmso-de Chemical shift (in ppm)

added 6NH2 6NH5 6NH4 6NH1

(in plit)
0 9.58 7.87 6.61 6.5
5 9.61 7.83 6.98 6.5
10 9.63 7.8 7.24 6.52
15 9.65 7.78 7.37 6.52
20 9.64 7.75 7.53 6.52
25 9.63 7.72 7.67 6.52
30 9.62 7.7 7.77 6.52
35 9.61 7.68 7.8 6.52
40 9.59 7.66 7.88 6.51
45 9.58 7.65 7.93 6.51
50 9.57 7.63 7.96 6.51

"H NMR NH/D exchange study of tetramer 1 in Methanol-d,

Deuterium exchange of the amide protons (NH/D) in the tetramer 1 was studied at
400 MHz by dissolving the compound in CDCl; (0.4 ml) and methanol-d4 (0.1 ml).
The experiment was started immediately after the dissolution of compound using the
following parameters: number of scans = 16, relaxation delay = 1 sec, flip angle =
30°, spectral width = 8223. The 'H NMR spectra were recorded then at different
intervals at 296 K. A stacked plot at different time intervals is shown below.

M, A Ao M 20h
. s P
M S 25min
min
N mn
M S 10 min
8 min
: Y A ———
M S 4 min
- N e .
I o M . CDCly
Figure 24: H/D Exchange of hexapeptide 1 (400MHz, CDCl; + methanol-dy).
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Figure 25. Concentration dependence study of tetrapeptide 5 (400 MHz, CDCl;)
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Figure 26. Concentration dependence study of tetrapeptide 6 (500 MHz, CDCl;)
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Figure 27. Concentration dependence study of tetrapeptide 7 (500 MHz, CDCl;)
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Figure 28. Concentration dependence study of tetrapeptide 8 (500 MHz, CDCl;)
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Table 6: Temperature variation study of tetrapeptide 5 (2 mmol, 400 MHz, CDCl3)

Temperature Chemical shift (in ppm)

(in K) 6NH2 6NH5 6NH4 6NH1
268 9.59 7.41 6.75 6.54
273 9.58 7.35 6.7 6.53
278 9.57 7.3 6.67 6.52
283 9.56 7.27 6.63 6.51
288 9.55 7.23 6.59 6.49
293 9.54 717 6.56 6.49
298 9.52 7.15 6.53 6.48
303 9.51 71 6.5 6.47
308 9.5 7.07 6.49 6.46
313 9.49 7.05 6.47 6.45
318 9.47 7.01 6.45 6.44
323 9.46 6.98 6.43 6.43

NH2 = -2.30 ppb/K
NH5 = -7.82 ppb/K
NH4 = -5.82 ppb/K
NH1 = -2.00 ppb/K

Table 7: Temperature variation study of tetrapeptide 6 (2 mmol, 400 MHz, CDCI3)

Temperature Chemical shift (in ppm)

(in K) ONH2 ONHs OnH4 ONH1
268 9.84 8.38 6.57 6.42
273 9.83 8.33 6.57 6.38
278 9.82 8.28 6.56 6.36
283 9.81 8.24 6.56 6.33
288 9.8 8.19 6.55 6.31
293 9.79 8.16 6.55 6.29
298 9.77 8.1 6.54 6.27
303 9.76 8.03 6.53 6.26
308 9.74 7.98 6.53 6.25
313 9.73 7.93 6.52 6.24
318 9.72 7.88 6.52 6.23
323 9.7 7.82 6.51 6.22

Table 8: Temperature variation study of tetrapeptide

NH2 = -2.54 ppb/K
NH5 =-10.18 ppb/K
NH4 =-10.90 ppb/K
NH1 = -3.64 ppb/K

7 (2 mmol, 400 MHz, CDCI3)

Temperature Chemical shift (in ppm)
(in K) OnH2 OnHs OnHa ONH1
268 9.7 8 6.71 6.54 NH2 = -4.73 ppb/K
273 9.69 7.99 6.67 6.53 NH5 = -5.27 ppb/K
278 9.65 7.97 6.63 6.52 NH4 = -4.73 ppb/K
283 9.62 7.95 6.6 6.51 NH1 = -1.64 ppb/K
288 9.61 7.93 6.57 6.5
293 9.58 7.9 6.55 6.49
298 9.56 7.87 6.53 6.49
303 9.53 7.82 6.5 6.5
308 9.51 7.8 6.48 6.49
313 9.49 7.77 6.47 6.47
318 9.47 7.75 6.46 6.46
323 9.44 7.71 6.45 6.45
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Table 9: Temperature variation study of tetrapeptide 8 (2 mmol, 400 MHz, CDCl3)

Temperature Chemical shift (in ppm)
(in K) ONH2 ONH5 ONH4 ONH1

268 9.74 803 | 685 | 654

273 9.71 802 | 679 | 653

278 9.68 8 675 | 652 NH2 = -5.27 ppb/K
283 9.65 7.97 6.7 6.52 NHS = -5.45 ppbiK
288 9.63 794 | 669 | 6515

293 9.62 793 | 666 | 651 NH4 = -6.45 ppb/K
298 9.6 789 | 663 | 6505 NH1 = -1.45 ppb/K
303 9.59 785 | 658 65

308 9.55 7.81 655 | 6495

313 95 778 | 653 | 648

318 9.48 775 | 651 6.47

323 9.45 773 | 649 | 646

Table 10: Temperature variation study of tetrapeptide 6f (15 mmol, 400 MHz,
CDCl3)

Temperature Chemical shift (in ppm)

(in K) 6NH2 6NH5 6NH4 6NH1

268 9.59 9.59 6.81 5.58

273 9.58 9.73 6.79 5.57 NH2 = -3.24 ppb/K
278 9.57 9.69 6.74 5.56 NH5 = -5.93 ppb/K
283 9.55 9.67 6.70 5.55 NH4 = -6.11 ppb/K
288 9.54 9.64 6.66 5.55 NH1 = -0.41 ppb/K
293 9.52 9.61 6.63 5.54

298 9.51 9.58 6.60 5.54

303 9.50 9.55 6.57 5.53

308 9.48 9.52 6.54 5.53

313 9.46 9.49 6.52 5.52

318 9.45 9.45 6.51 5.51

323 9.42 9.42 6.49 5.50
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Figure 29: Partial COSY spectra of tripeptide 3b (400MHz, CDCIl;): Aromatic (a)

and Aliphatic regions (b).
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Figure 30: Partial TOCSY spectra of tripeptide 18 (400 MHz, CDCls): Aromatic (a)

and Aliphatic regions (b).
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Figure 31: 2D NOESY spectrum of tripeptide 3b (400 MHz, CDCls)

C20H/C24H
C9H | C/21HIC23H

C10H © CitH  ppm

C24H/C5H I
H CAHIC5H e® 10
| C23HIC5H |
H< N C24HIC26H _
C17H ~N C26H — (@) ;1 5
: O Br C23HIC26H| '*
t "0 nczm S N B
\ " . HEZSH
u/|_'|m LIRS 76 74 7.2 ppm
C5H | h
04[\(( ' / NH2
L L ppm
H” H NH2CITH | 34
C26H :
o} C1THI ' s
C17’H - 3.6
94 93 ppm

Figure 32: 2D NOESY excerpts of tripeptide 3b (400 MHz, CDCls).
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Figure 33. Partial COSY spectra of tetrapeptide 5 (S00MHz, CDCl3): Aliphatic (a)

and aromatic region (b).
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Figure 34. Partial HSQC spectra of tetrapeptide 5 (S00MHz, CDCl3): Aliphatic (a)

and aromatic regions (b).
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Figure 35. Partial TOCSY spectra of tetrapeptide 5 (500MHz, CDCI3): Aliphatic (a)
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Figure 36. Partial HMBC spectra of tetrapeptide 5 (S00MHz, CDCl3): Aliphatic (a,b)

and aromatic regions (c).
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Figure 37. Partial COSY spectra of tetrapeptide 6 (S00MHz, CDCI3): Aliphatic (a)

and aromatic region (b).
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Figure 38. Partial HSQC spectra of tetrapeptide 6 (S00MHz, CDCls): Aliphatic (a)
and aromatic regions (b).
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Figure 40. Partial COSY spectra of tetrapeptide 7 (S00MHz, CDCl3): Aliphatic (a)
and aromatic region (b).
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Figure 41. Partial HSQC spectra of tetrapeptide 7 (S00MHz, CDCI3): Aliphatic (a)
and aromatic regions (b).

0o 0 %1 7.0
] 3 [}
0 0
o 0 i} e@ o@ 2 L
[] o o & ~7.5
0 (-] o b L
o g 0 8.0
-4 I
[ ° 0 o ©
G. ] 3 =5 j [
Ty frorrTT frorrrT frorrTT [ I I I I I I I 785
5 3 2 1 ppm 84 82 80 78 76 74 7.2 ppm
N ~ppm
(c) :
o 0 1.0
1.5
0 :
o 20
~2.5
s r
R T B I
80 7.5 7.0 6.5 ppm

Figure 42. Partial TOCSY spectra of tetrapeptide 7 (S00MHz, CDCI3): Aliphatic (a)
and aromatic regions (b).
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Figure 43. Partial HMBC spectra of tetrapeptide 7 (500MHz, CDCI3): Aliphatic (a,b)

and aromatic regions (c,d).
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Figure 44. Partial COSY spectra of tetrapeptide 8 (S00MHz, CDCI3): Aliphatic (a)
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Figure 45. Partial HSQC spectra of tetrapeptide 8 (S00MHz, CDCl3): Aliphatic (a)
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Figure 46. Partial TOCSY spectra of tetrapeptide 8 (S00MHz, CDCI3): Aliphatic (a)
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Figure 47. Partial HMBC spectra of tetrapeptide 8 (S00MHz, CDCl3): Aliphatic (a,b)

and aromatic regions (c,d).
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Figure 48. 2D NOESY spectrum (a), and excerpts (b) of 5 (400 MHz, CDCI3).
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Figure 49. 2D NOESY spectrum (a), and excerpts (b) of 6 (500 MHz, CDCI3).
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Figure 50. 2D NOESY spectrum (a), and excerpts (b) of 7 (500 MHz, CDCI3).
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Figure 51. 2D NOESY spectrum (a), and excerpts (b) of 8 (500 MHz, CDCI3).
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CHAPTER 2

Investigations of  conformational pre-
disposition of -o/p,-oligomers (a = o proline
and f = anthranilic acid)

This chapter discusses conceptual background, design principles, and investigations about
the effect of constitutional ratio variation of aliphatic-aromatic residue conjugates on the

conformational disposition of oligomers.

It is the tension between creativity and skepticism that has produced the stunning and unexpected findings
of science.

- Carl Sagan
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2.0 Preamble

The three-dimensional architecture of molecules dictate the specific functions
of different biopolymers. The structural features of such assemblies emanate from
interplay of a set of non-covalent forces, which associate with the local constraints to
render conformational ordering.' Nature exemplifies a range of structural and
functional assemblies like DNA molecule, the genetic information stockpile, where
non-covalent interactions co-operatively orchestrates the double helical assembly.
Non-covalent interactions like directional H—bonding2 and sequence-dependent
aromatic stacking interactions’ associate co-operatively with each other in order to
assemble this unique architecture. The aromatic-stacking driven rigidified individual
strands of DNA twist in double helical fashion by virtue of a series of complementary
array of H-bonding interactions between the templates.* Another remarkable example
is the most abundant fibrous protein ‘collagen’, commonly found in the connective
tissues, which illustrates a luminous triple helical architecture formed by intertwining
of individual helices with each other via an extensive intermolecular H-bonding
network.” Structurally intriguing ‘beta-barrel membrane proteins’ exemplify the
selective patterning of hydrophobic residues with brilliant complementary H-bonding
arrangement, to create large beta-sheets containing closed structure. Its specific
structural architecture directs its overt functions in ion- and lipid transportation in
cells.’

With an intention of interpreting the mystery behind the complexity of such
architectures and understanding its contribution towards its functions, investigations
about their structural features have emerged as a discipline in biomolecular chemical
sciences. The objective of recognizing the structure-and- function relationship marked
beginning of the field called ‘foldamers’. Considering the multitude of possibilities of
achieving suitable templates for the design of biologically active molecules that can
compete for a variety of protein-protein and protein membrane interactions, synthetic
chemists constantly endeavour to create novel assemblies.” The consistent efforts in
creating novel assemblies are often shown to successfully mimic few such complex
assemblies. This part of work is an attempt to explore the forces involved in
manifestation of some such intriguing structural architectures, chiefly originating

from the varying constitutional combinations of natural and unnatural building blocks.
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2.1 Magnitude of non-covalent forces: Their role in stabilising complex
molecular architectures

Structure assembly process in proteins / ordered arrangements (conformations) of
syntheric oligomers are governed by the interplay of multiple non-covalent forces like
hydrogen bonding, hydrophobic, electrostatic and van der Waals forces either
exclusively or in a co-operative manner. These interactions are widely responsible for
various physiological events like signal transduction in cells, the transportation of
ions/molecules in-and-out of membranes, enzymatic reactions efc. Due to
participation of these forces in localized regions, polypeptide chains attain secondary
structure which further associate into bonded aggregates (intramolecularly and
intermolecularly) to direct tertiary structure and quaternary structure formation. A
very coherent pictorial representation of co-operativity of non-covalent forces in
protein folding process was provided by T. E. Creighton in Current Biology 1995
(Figure 1).® In a simple form as described by them, all interactions are apparently
identical providing similar cooperativity, but in reality, some sets of interactions

become more pronounced depending on the local constraints.

A

ANl ;

AB

"

= A

< | L
/1‘\1 h

Figure 1: Schematic illustration of co-operativity between two interactions A and B,
with respective equilibrium constants K and Kg in the unfolded polypeptide chain.

All these non-covalent interactions are equally critical in synthetic systems as
well, often joined by solvophobic interactions’ (detailed discussion follows in section
2.1b) to cause conformational modulations. Huc et al successfully designed double-
helical assemblies in an attempt to emulate DNA assembly. In this inimitable system,
the two strands are pulled together by aromatic stacking interactions and the template
is organised and rigidified by intra-molecular bifurcated H-bonding interaction,

unlike the natural duplex.'® Such findings have allowed the applications of the field of

Ph. D. Thesis Dec 2013 106



Conformational Pre-Disposition of -o/f,-oligomers Chapter 2

foldamers to expand its horizon from designing aptamers to molecular shuttles.'
Following section discusses diverse synthetic molecular assemblies driven by non-

covalent forces.

2.1.1 Role of hydrogen-bonding interactions

H-bonding interactions play a fundamental role in defining the secondary structure of
proteins like a-helix, 3jo-helices, sheets, loops, linear strands, coils, turns, efc, when
they participate intra-molecularly between the backbone amide groups. When the H-
bonding sites are situated at the side chains, they often intermingle to form interesting
architectures like the fibrous protein collagen.” The repeating Hyp-Pro-Gly tripeptide
units adopt a-helical structure and by virtue of the hydroxyl groups present on each
hydroxyproline (Hyp) residue, strong triple helix is shaped through extensive
intermolecular H-bonding network (Figure 2A).

The polyamides featuring natural / unnatural amino acids and their analogues
are heavily reflected in the foldamer units constructed by Gellman, Seebach, Balaram,
Fulop, Guichard and others.'” In this connection, a broad range of H-bonding-
stabilised arylamide oligomers have been illustrated in various reviews by Li and
group.” Also, a library of higher-order synthetic acrylamide oligomers featuring
amide bonds on the side chains, instead of its backbone, presents an amazing display
of hydrogen-bonded self-assembled extended sheet-like supramolecular network

(Figure 20).1

CONHMe _”

Figure 2: Structure of collagen (A), Molecular structure of acrylamide oligomer and
PyMol-rendered top view of single crystal X-ray structure (B and C, respectively) of
acrylamide oligomers showing arrangement of the individual strands in the H-bonded
self-assembled extended parallel sheet-like supramolecular network
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The area of hetero-foldamer design has been fast emerging, as it offers wide
range of conformational diversity of the oligomers compared to the homogeneous
oligomer counterparts.'” Aliphatic-aromatic amino acid conjugates belong to this class
of heterogeneous peptides wherein, the formation of the anticipated secondary
structures are warded off to afford distinct 3D compact ensembles like knots,'® tail
biters,'” pillars'® and herringbone helices."” By virtue of an array of complementary
intra-molecular H-bonding pattern, water-soluble 54-, 78-, and 102- membered giant
macrolactams a.k.a. “cyclic modular f-sheets” have been generated by linking the two
strands via a B-turn mimic 6-linked ornithine residue (Figure 3).% These structures
developed by Nowick ef al. used Hao (hydrazine, 5-amino-2-methoxybenzoic acid
and oxalic acid mimic) units-based strands, which formed f-sheet mimics that are
shown to exhibit very high association constants.”’ Using the knowledge of pre-
organisation of templates through intra-molecular H-bonding, these strand mimics
were found to inhibit peptide aggregation by binding to proteins through f-sheet

interactions.*?

0o © 0O E 0 K
+ E gy O Ky O HT(\@ Oy o H{\@\ o H H H
HsN N N N )}fN\)J\ /'\[rN
3 N)\ITN\)LN)\ITN\_)LNN N)ST ;JL'?‘ 'T')S( \:)L'?' AN “ch,
RE 4 0 F p O T w0 wOQFHO 4O Y HOVHOI
HC - S O e
LLoo By oy o ff oMy oft ol 1 o E ok CH
2C ~ : N N A N N N~ N
NJ\(N\H/\NJ\‘/N\[]/\N)H( \©\)LN \[I/\N)Hf N \n/\NJJ\‘/ \n/\NJJ\‘/ \H/<KIH3
Hk oHEoHMO oH o H o ot o koM E O
Me TFA salt

Figure 3. Nowick’s 102-membered cyclic modular f-sheet (stabilised by an extensive
array of complementary H-bonding interactions).

Inspired by DNA duplex assembly, Gong and co-workers developed
molecules featuring amino methoxy benzoic acid (Amb) stabilised by S(6) H-bonding
which offers directionality.”” In combination with flexible aliphatic amino acid Gly
the Gong group prepared molecular modules that delivered linear arrays of hydrogen
bond donors (D) and acceptors (A), which were also stabilised by the van der Waals
attraction between methylene protons.** Sequence-specific association of these motifs
generated duplexes stable in polar media (association constant up to 10° M in
CHCl3), formed by dynamic covalent cross-linking the templates at the termini.*
Bulky side-chains in such systems have proven to be efficient gelators for aromatic

solvents.”® Such concepts have been very well utilised for the design of artificial

duplexes for applications in host-guest assembly and self-assembling systems.”’

Ph. D. Thesis Dec 2013 108



Conformational Pre-Disposition of -o/f,-oligomers Chapter 2

2.1.2 Role of solvophobic forces

Peptide folding and quaternary structure stabilisation is largely influenced due to
solubility contrast between the backbone and side chains (solvophobic/solvophilic
sites). This modulates the folding<>defolding processes as the molecule tries folds to
lock away the solvophobic portions. These forces also are of non-directional nature
thus they do not make a good choice in the foldamer design strategy. Yet, it has been
extensively explored in the case of oligomers with aromatic backbones.

Various synthetic systems such as oligo-m-PE oligomers assume compact
helical conformation in polar solvents like acetonitrile, whereas it takes up a random
coil conformation in non-polar solvents like chloroform (due to its polar side chains
oriented towards the solvent).”® Oligomers designed by Lehn er al comprising
alternating naphthyridines and pyrimidines were shown to fold into one- and two-turn
helices in chloroform and acetonitrile selectively (Figure 4). While on addition of Cs”,

it adopts ‘molecular spring’-type structure (longer, hollow channel) in which further

ions could also bind.?

Figure 4: Representative example of consequence of solvophobic effects on folding:
naphthyridine-pyrimidine metallofoldamer reported by Lehn.*

Another example is cholic acid-based aliphatic foldamer reported by Zhao et
al., which was seen to favour helical conformation in non-polar solvent that
underwent  hydrophobically ~ driven  helix<>random  coil transition.”
Oligo(diaminopyridine-isophthalamide) designed by Lehn ef al illustrated the
supportive solvophobic and stacking effects. These factors forced amide NH to
arrange inwards to stabilize a host-guest assembly (cyanuric acid), within its helical

structure through H-bonding.”!
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2.1.3 Role of electrostatic interactions

These interactions mainly occur in charged molecules like in molecules bearing
charged side chains. These include different types of interactions like charge-charge,
charge-dipole and dipole-dipole etc. Cation-m interactions are one of the most

important classes that belong to this category. **

2.1.4 Role of van der Waals (vdW) forces

Van der Waals forces are relatively weak compared to covalent bonds but occur in
large peptide molecules and significantly contribute towards folding of proteins.
These are less selective and directionally specific, which discourages their use to
confer conformational uniqueness. These are of two types: attractive and repulsive

which participate occasionally in protein folding.**

2.1.5 Role of aromatic stacking interactions

Aromatic stacking interactions are one of the major forces that render
structural assembly to aromatic systems. They arise due to the charge transfer or
polarization phenomena in the delocalised electron rich/deficient systems. Diederich
et al have carried out extensive studies to establish the role played by the solvent on
the n-m interaction in host-guest complexes in biological systems and concluded that
the most stable complexes of apolar substrates are formed in water.”

Various interesting studies on synthetic oligomers comprising exclusively
aromatic units were carried out by Iverson et al. These hetero-duplex self-assembled
systems were termed as ‘aedamers’, which emanate from a stacked arrangement of
electron-rich  1,5-dialkoxynaphthalene (DAN) and electon-deficient 1,4,5,8-
naphthalenetetracarboxylic diimide (NDI) units to facilitate a columnar assembly

(Figure 5) in aqueous environment.”

HO,C
HO,C N N::':: H?\l o
3
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Nﬂj CHg
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Hetero-duplex

(DAN)  h=1 23 4etc

Figure 5. Aedamers designed by Iverson and group based on NDI and DAN units.*”

Ph. D. Thesis Dec 2013 110



Conformational Pre-Disposition of -o/f,-oligomers Chapter 2

Using a combination of crowded aromatic residues with aliphatic amines as
linkers and synergy of H-bonding and intra-molecular pi-stacking effects, a foldamer
with columnar arrangement was achieved by Nuckoll and co-workers.>* The crowded
mesogens are known for their property of forming discotic liquid crystals. Gong et al
also designed and developed hybrid linear strands that self-assembled via H-bonding
and folded due to pi-stacking effect (Figure 6). These self-assembled duplexes
revealed good association constants, demonstrating an intelligent selection and

. . . . . .4 24
sequencing of aliphatic and aromatic amino acids.

o) 0 HO o) H
R/1Q ‘Q ] 19
o0 Q R? RR2 RR1
o~ ch.)
R? R' = n-CgH17; R2 = -(CH,CH,0)sCHs

Figure 6. Highly stable, self-complementary hydrogen bonded molecular duplexes
reported by Gong et al.**

2.2 Consequences of stoichiometric variation of residues: Outcome and factors
affecting assembly
One of the much exploited practises in bottom-up approach in foldamer research is
the development of oligomers with stoichiometric variation of amino acid residues,
often result in striking H-bonding patterns.>>°

Gellman ef al used varying constitutional ratios of a-amino acid-ACPC (f3-
amino acid) residues in distinct cases that afforded dissimilar helical assemblies
(Figure 7). A 1:1 ratio of o/p residues furnished 11 or 14/15 helix, while 2:1 o/f
residue ratio gave rise to 10/11/11 helices and 1:2 ratio resulted in a mixed 11/11/12-
helix. These patterns bear high contrast when compared to the ACPC homo-
oligomers, which usually adopt 12-helical conformation.”’ a:y-amino acid unit repeats
with varying constitutional ratio, recently reported by the same group, gave rise to a

peculiar 12-helical network.*®
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t-BuO %f@{ﬂf&%ﬁ f@LOBn

Figure 7. Comparison of H-bonding patterns observed in different helices formed by
constitutional variation of a/B-peptide (o = Aib, p = ACPC) residue repeats. Crystal
structure of : A (ACPC homo-oligomers) featuring 12-helix (a), 11-helix formed by B
(1:1 o/p residue repeats) (b), C showing 10/11/11-helix formed by a/a/p repeats (c),
D revealingl1/11/12-helix formed by o/p/B repeats (d). (H-bonding patterns are
highlighted in red, blue and pink for 12, 11 and 10-membered H-bonded rings,
respectively).

The unprecedented folding and self-assembling patterns emanating from the
stoichiometric disparity are often very intriguing. The progress of this field can be
chiefly attributed to the development of unnatural amino-acids that has unfastened
enormous opportunities for combinatorial structural effects on secondary structure.*
Variation of the constitutional ratios afforded resultant structure as an outcome of the
predominant non-covalent interaction. A very interesting example is that of the PQ

sequential repeats developed by Huc et a/ (Q= 8-amino-2-quinoline carboxylic acid
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and P=6-aminomethyl- 2-pyridinecarboxylic acid). 1:1 ratio of P and Q units
exhibited rare herringbone helix architecture, which on varying the stoichiometric

ratio of PQ, to 1:4 revealed a rod like helical secondary structure.*

5.6 nm - 40 units - 16 helical turns
Figure 8: Consequence on the backbone conformation upon variation of

stoichiometry of the residues. Molecular structure of repeating units (Q and P) and
corresponding crystal structures of -(PQ)s- repeats with 1:1 ratio of residues (above)
and -(PQ4)s- repeats with 1:4 ratio of residues (below). (Isobutyl chains, solvents and
hydrogens have been removed for clarity).

Constitutional ratio variation of residues, as seen in case of AcNH-Ant-Ant-
Pro-NHMe trimer unit, have been shown to induce detrimental effect on the pseudo-
p-turn assembly or the C(6) pattern observed generally in Ant, repeats. Interestingly,
the twin-fold observed in featuring a highly mutually dependent C10- and a CI11-
closed hydrogen-bonded network was formed by the tripeptide, when Ant preceded

Pro residue (Figure 9). Alteration of any of these hydrogen-bonded networks, caused

disruption of fully folded conformation of the peptide.*!

Figure 9. Molecular structure of AcNH-Ant-Ant-Pro-NHMe with H-bonding patterns
(B), and crystal structures of its “Pro and "Pro analogues (B, C), respectively.
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Section I
Synthesis and Conformational Evaluation of Homo-chiral
-(*Pro-Ant-Ant),- Oligomers

2.3 Objective of the work

As described in the preceding section 2.2, constitutional variation of distinct
residues manifests intriguing assembling patterns. Hence, we sought out to develop
and explore the conformational pre-disposition of oligomers featuring dissimilar
stoichiometry and chiralities of Pro and Ant building blocks i.e. homo-chiral -
(“oBn-ap,)- and hetero-chiral -(“ap, 0opy)- sequences with n = 2,3 etc. Also, in order
to closely understand the 3D structural architecture of the oligomers and the crucial
non-covalent interactions that contribute towards their conformational modulation,

andstability, we undertook extensive solid- and solution-state structural studies.

2.4 Design strategy

Referring the information accrued from different studies regarding the
conformational characteristics arising from distinct residue combinations and their
individual preferences, we designed homo-chiral and hetero-chiral sequences with 1:2
Pro:Ant residues i.e. -(“Pro-Ant-Ant),- and -(*Pro-Ant-Ant- °Pro-Ant-Ant),- repeats.
We have already vindicated the robustness of the reverse-turn Ant-Pro motif in the
previous chapter, which was found to be highly insensitive towards structural and
chirality modulations in-and-around the turn segment. The Ant-Pro 1:1 sequentially
repeating oligomers are known to adopt a compact, rigid right-handed helical
secondary structure displaying 1—2 forward turns* and on the contrary, Ant, repeats
have extended sheet forming propensity. s

Aliphatic amino acid “Pro” possesses constrained torsion angle and is highly
prone towards cis/trans isomerization of the imidic peptidic bond. Pro is also known
to affect the conformation of the amino acid preceding it in polypeptides and is a
known sheet and helix breaker, even though it is found in triple helical assembly like
collagen or poly(Pro)Il helix.** On the other hand, B aromatic amino acid “Ant” has
highly constrained dihedral angles ¢ and y = 180°, with an additional dihedral angle
0 = 0°. Also, the aromatic amino acids act as fine candidates for construction of shape
persistent molecular structures owing to their intrinsic hybridisation-induced planarity

and locked dihedral angles.
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We anticipated that with the blending of a/f aliphatic:aromatic amino acids of
such contrasting nature and alteration in their ratios, structural predilection will
compete with each other and would deliver unprecedented and interesting structural

arrangements.
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Figure 10: Design principle of the hybrid —(Pro-Ant-Ant)- repeats.
2.5 Synthesis

For the preparation of the oligomers of —(Pro-Ant-Ant)- series, monomers
units (trimer segments -“Pro-Ant-Ant- segment) with altered chiralities were
prepared. Owing to reduced reactivity of aromatic amine, we initially attempted acid
chloride-mediated coupling of amine H,N-Ant-Ant-OMe 2b with Cbz-"Pro-OH,
which afforded excellent yields of tripeptide monomer unit 3a. But, difficulties with
Cbz- deprotection during oligomerisation forced us to modify the protecting group.
Thus for simplification, trimer synthesis standardisation employing mixed anhydride
coupling method was carried out wih Boc-""Pro-OH and 2b. With the monomer units
3¢ and 3h (°Pro for hetero-chiral oligomer preparation) in hand, corresponding acid
and amine counterparts were generated by ester cleavage, under basic condition with
LiOH2H,0 and TFA-mediated deprotection of ‘Boc- group, respectively.

All these oligomers experienced peak broadening and / or multiplication of

signals in NMR spectrum, due to rotameric effect at the N-terminus.*> This led to
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serious hassles in NMR studies. Thus, the N-'Boc substituted tripeptide 3¢ (known to

undergo cis-trans isomerizations and hamper NMR studies *®) was converted into its

corresponding pivaloyl derivative 3f from 3e using pivaloyl chloride in presence of

TEA in DCM. The efforts to segment double the monomer units were unrewarding,

even with a range of coupling agents, due to the formation of benzoxazinone.*

7 Thus,

as a modified strategy, all the corresponding oxazinones i.e. 3j-1 were isolated by

activating their corresponding acids with simple coupling agent like EDCHCI in good

yields.

Scheme 2.1: Synthesis of monomer units 3a-1
O

. g, Cin
|
Lo Cr ek
M 0
w0, Ao, 20

Ri

1a 1b —— 2a Ry= NO,, R, = OMe, 90%
i, 2p Ry= NHy, R, = OMe

L, 2¢ Ry=NO,, Ry = OH

H OH :
L M o
N o : :
R 2b vi 3b X~ 3j R,= Cbz (-Pro), 9

1c Ry = Cbz (“Pro)
R4
. 3a-h
\%
1c 3a R, = Cbz (“Pro), R,= OMe, 87%
_EL 3b Ry= Cbz (‘Pro), Ry,= OH

1e R, = 'Boc (PPro)

\"

1d —— 3¢ Ry ='Boc (-Pro), R, = OMe, 90%
1, 3d Ry= 'Boc (“Pro), R,= OH
Vil 3e R, =H (Pro), R, = OMe j
Vil

T 3f R, = Piv (*Pro), R, = OMe, 87%

L 3g Ry = Piv (Pro), R, = OH

1e Y 3h R, = 'Boc (°Pro), R, = OMe, 81%
_EL 3i R; = H (°Pro), R, = OMe

3d —>3k R,= 'Boc (*Pro), 98%
1d R, = Boc (-Pro) N. 3g %~3I R= Piv (-Pro), 98%

Reagents and conditions: (i) TEA, DCM,; (ii) Pd(OH),, MeOH, 4h; (iii) LiOH.2H,O0,
MeOH, rt, 4 h; (iv) (COCl),, cat. DMF, DCM, 0 °C, 30 min., (v) CICOOEt, Et;N,
THF, 0 °C - rt, 2h; (vi) THF, reflux, 6h; (vii) TFA:DCM (1:1), rt, 2 h; (viii) Piv-Cl,

TEA, DCM, 1h; (viii) EDC.HCI, DCM, 0°C-rt, 4h.
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The purified stable oxazinone derivatives isolated were then subjected to DBU-
mediated opening, a strategy explored and established in our group.** Resultant

hexamers 4a and 4c¢ with amine 3e and oxazinones 3j and 3Kk, respectively, were

obtained in good yields.

Scheme 2.2: Synthesis of #omo-chiral hexapeptides 4a-j
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NRH O 4d —Y~ 4iR, = Boc, 96%
1

49 Y~ 4j R, = Piv, 97%
i
3 + 3e — 4a R, = Cbz, R, = OMe, 94%
L. 4b R, = Cbz, R, = NHMe, 98%
3k + 3e - 4c Ry ='Boc, Ry = OMe, 78%
-, 4d R{="'Boc, R,= OH
LIV, 4eR1=H, R2=OMe
31 + 3e L 4fR, =Piv, R, = OMe, 73%
I, 4g R4= Piv, Ry= OH
Ui, 4h R, =Piv, R, =NHMe, 98%

Reagents and conditions: (i) DBU, DMF, 4A molecular sieves, rt, 2 h; (ii)

methanolic methylamine, rt,1h; (iii) aq. LiOH, MeOH, 1t, 4 h; (vi) TFA:DCM (1:1),
rt, 2 h; (v) EDC.HCI, DCM, 0°C-rt, 4h.

Following the same strategy, higher oligomers i.e. dodecamers 5a and 5d were
prepared by reacting oxazinones 4i and 4j with amine 4e, to afford corresponding
‘Boc- and Piv- protected oligomers, respectively. Similarly, octadecapeptides 6a and
6b were obtained from the oxazinones 4i and 4j, by reacting amine Sb. The C-terminal
methyl amides 4b and 4h (hexamers), 5e (dodecamer) and 6¢ (octadecamer) were
accessed readily by direct amidation of the corresponding esters 4a, 4f, 5¢ and 6b,

respectively, using saturated methanolic methylamine.
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Scheme 2.3: Synthesis of homo-chiral dodecapeptides Sa-e and

octadecapeptides 6a-c
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5a R, ='Boc, R,= OMe, 64% M g
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4j+ 4e - B¢ R, = Piv, Ry= OMe, 56%
Hll-5d R, = Piv, Ry= NHMe, 94% HO
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L 4i+ 5b —— a R, = 'Boc, R,= OMe, 36%
%N 4j+ 5b ﬁsb R+ = Piv, R;= OMe, 30%

6c R; = Piv, R= NHMe, 86%

Reagents and conditions: (i) DBU, DMF, 4A molecular sieves, rt, 2h; (ii)
TFA:DCM (1:1), rt, 2h; (iii) methanolic methylamine, rt,1h.
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2.6 Conformational analyses
Secondary structural analyses were carried out via extensive 2D NMR, X-ray

diffraction and CD studies.

2.6.1 Single crystal X-ray diffraction studies

Intense crystallisation efforts afforded needle shaped fine colourless crystals of 4b
and 4h from MeOH and mixture of DCM:EtOH, respectively (Figure 11b,d).
Interestingly, both the crystal structures shared striking similarity, where the
structures featured clear absence of C9- turn in both the oligomers and the
involvement of all amide NHs of the Ant residues in strong intra-residual 6-
membered-ring H-bonding, except the terminal methylamide NH7. Crystal structures
of both homo-oligomers 4b and 4h revealed that Ant2-Ant3 units almost adopted
orthogonality with respect to each other and Pro4 unit induced another turn.
Substantial strain was observed by Ant3 residue of 4h, where its ¢ = - 46.93° and 0 =
-16.04°, which is notably higher. The Ant5-Ant6 units also deviated from planarity

introducing further twist in the structure, resulting in a nearly helical disposition.
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Figure 11: Single crystal X-ray structures of 4b and 4h in capped stick representation
(b and d, respectively) revealing a nearly helical disposition, with their molecular
structures (a and c, respectively). Hydrogens, other than at the hydrogen bonding
sites, have been deleted for clarity.
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2.6.2 NMR studies
The signals assignments were done using a combination of 2D- COSY, HSQC,
HMBC, TOCSY and NOESY experiments (CDCls, 500 MHz). Details of the peak

assignments are provided in the experimental section of this chapter, pages 246-247.
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Figure 12: Selected NOE extracts from the 2D NOESY data of 4h (CDCl,, 500
MHz), (a) Ar-H region vs NH region, (b) NH vs NH region, (c) Piv vs NH-CH,, (d)
Ar-H region vs NH-CH,, (¢) Ar-H vs Ar-H region, (f) Ar-H vs NH region, (g), (h), (1)
and (j) Ar-H vs Ar-H region.

As an outcome of the twists, pi-stacking interactions are observed by the
proton C10H (Ant2) causing it to appear considerably upfield at 6.5 ppm. It can be
evidenced from the nOe crosspeaks C10H/C31H, C30H and C28H (Figure 12h,)).
Also, another dipolar coupling is observed between C16H/C38H (Figure 12g),

strongly suggesting the presence of another turn promoted by Pro4 residue. Also the
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presence of free terminal methylamide -NH7 of 4h was confirmed by titration studies

with DMSO-ds (5 pL on each addition) in CDCl; (Figure 13), revealing a chemical
shift variation [AS (NH) > 0.6 ppm].
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Figure 13: '"H NMR DMSO-dg titration study (5 mM) of the hexamer 4h.

2.6.3 CD studies

Strikingly, CD spectra of both the ester and methylamide counterparts of somo-chiral
oligomers displayed exactly similar pattern, revealing analogous folding features
(Figure 14). All the compounds displayed maxima =~ 214 nm, zero crossing at ca. 222
nm and a strong minima at about 230 nm in case of each oligomer (Figure 14). A
strong Cotton effect was also observed (second minima) around 320 nm owing to the
backbone aromatic groups/aromatic electronic transitions in the oligomers.*’ Higher
order oligomers i.e. dodecamer and octadecamer revealed defined CD signatures,

when compared with hexapeptides, revealing further ordering in their structure.
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Figure 14: Representative CD spectra of homo-chiral Pro-Ant-Ant oligomers: ester
derivatives (dotted lines) and methylamide derivatives (solid lines) in trifluroethanol.
All spectra were recorded at 293 K with a concentration of 0.05 mM.
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Synthesis and Conformational Evaluation of Hetero-chiral
-(* Pro-Ant-Ant-"Pro-Ant-Ant),- Oligomers
2.7 Synthesis

Synthesis of hetero-chiral -Pro-Ant-Ant- repeats initiated from DBU-
mediated opening of oxazinones 3k and 31 with amine 3i (described in Scheme 2.1),
that afforded hexamers 7a and 7d, respectively. Oxazinones 7h and 7i with N-

terminal ‘Boc- and Piv-, respectively were generated for further oligomerisation.

Scheme 2.4: Synthesis of hetero-chiral hexapeptides 7a-i

fbﬁ& . | 7hii

NHO 7b —~ 7h Ry = 'Boc, 99%
7e Y 7iR, = Piv, 97%

3k +3i 1 7aR,='Boc, R, = OMe, 87%
i, 7b Ry='Boc, R, = OH
LV, 7¢ R;=H, R, =OMe
31+3i L 7d R, =Piv, R, = OMe, 64%
_iii, 7e Ry = Piv, Ry= OH
L. 7fR, = Piv, R, = NHMe, 93%
V> 7g Ry = Piv, Ry = NMe,, 93%

Reagents and conditions: (i) DBU, DMF, 4A molecular sieves, rt, 2 h; (ii)
methanolic methylamine, rt,1h; (iii) aq. LiOH, MeOH, rt, 4 h; (iv) TFA:DCM (1:1),
rt, 2 h; (v) methanolic dimethylamine, rt, 2h; (vi) EDC.HCI, DCM, 0°C-rt, 4h.
Following the same strategy described earlier for homo-chiral analogues,
higher oligomers i.e. dodecamers 8a and 8¢, and octadecamers 9a and 9c¢ were
synthesized from their corresponding oxazinones and amines. The C-terminal
amidation afforded analogous #hefero-chiral derivatives 8d (dodecamer) and 9c¢

(octadecamer).
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Scheme 2.5: Synthesis of hetero-chiral dodecapeptides 8a-d and
octadecapeptides 9a-c¢

H N-H
LN 0
N H
R0 (ND'\AN
7h + 7c—— 8a Ry = 'Boc, Ry= OMe, 75% i | HO
8b Ry =H, Ry= OMe N-HO

7i + 7c_L. gc R, = Piv, Ry= OMe, 48% N 0
8d R, = Piv, R;= NHMe, 90%

N-H
o)
H
(I
N
Q—§ HO .
HO 7h + 8b__~ 9a R, ='Boc, Ry,= OMe, 43%
N- .
o) 7i +8b— > 9b R;=Piv, Ry=OMe, 52%
- 2 9¢ Ry = Piv, R,= NHMe, 87%
N Z
RO

Reagents and conditions: (i) DBU, DMF, 4A molecular sieves, rt, 2 h; (ii)
TFA:DCM (1:1), rt, 2 h; (ii1) methanolic methylamine, rt,1h.
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2.8 Conformational analyses
Secondary structural analyses were accomplished by extensive 2D NMR, X-ray

diffraction and CD studies.

2.8.1 Single crystal X-ray diffraction studies

Extensive efforts to crystallize the oligomers resulted in crystals of 7f from
PEG. Remarkably, the crystal structure featured a unique folded conformation having
the oligomer arms zipped together via an unusually long-range intramolecular

hydrogen bond at the termini encompassing 26 atoms in the H-bonded ring.

Figure 15. Molecular structure of peptide 7f (a), and crystal structure of 7f
represented in sticks and cartoon, (b and c, respectively). (Hydrogens, other than the
polar amide hydrogens have been removed for clarity).

These non-covalent interactions were found to be apparently stronger,
characterized by the H-bonding parameters d(H"O) = 2.03 A, d(N"0) = 2.848(3) A,
(N-H"O) = 153° and the torsion angle (NH"O=C) = 8°. Apart from the unusually
long-range intra-molecular hydrogen bond observed at the termini, all the four
anthranilic acid residues of 7f displayed their characteristic 6- membered H-bonding
interactions usually observed in oligoanthranilamides.” All the other anthranilic acid
residues retained perfect geometries as displayed by N-acylated anthranilamides™ i.e.
S(6)-type intra-molecular H-bonding interaction [H-bond geometric parameters: bond
distance d(N""0) = 2.6 A, d(H"0) = 1.9 A, bond angle (N-H"O) = 138°, and the
planarity of the hydrogen bond torsion angle (N-H O=C) = 5°]. The terminal H-bond
also influenced the planarity of Ant5-Ant6 units, contributing substantially to direct
acceptor-donor sites into proximity. This could be clearly visualised from the crystal

structure, where the strained dihedral angle 8 = -9.66° and y = -150.23° was observed
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by Ant5. Aromatic stacking interactions were also clearly evident from the crystal
structure and aromatic proton — aromatic ring centroid distance featuring edge-to-face

stacking’' effect [d(C10 Ar-H — Cg(5) =3.11 A (Cg = centroid of Ant5)].

2.8.2 NMR studies

The peptide 7f exhibited excellent solubility in non-polar organic solvents
(>>100 mM in CDCI;), despite having several amide groups, suggesting the fact that
the polar hydrogen-bonding groups are not solvent exposed and not prone towards
aggregation.”” The negligible '"H NMR chemical shifts (A NH: <0.15 ppm) observed
for all the amide protons of 7f up on DMSO-ds titration studies (up to 10% of DMSO-
d6 in CDCIl;) (Figure 16, left), strongly supported the intra-molecular nature of the
hydrogen bonds in the solution-state. Further strong confirmation for the intra-
molecular nature of H-bonding was obtained from MeOD exchange studies where the
amide protons could not be completely exchanged even after prolonged time (>22 h)
(see experimental section, page 245, Figure 28). Also, NH7 revealed temperature
gradients more positive than -4.3 ppb/K (Figure 16, right) that reassured the strength

of the inter-residual H-bonding (see experimental section, page 244, Tables 7 and 8).

» NH5 | - NH5
=13 L, C NHE = lTIlIIIIIiiiiir e N
%12< ---------- : NH2 g_ 124 NH2
e . Nps & v NH3
111 &z 114 NH7
5 NH?-E Y Y Y Y Y Y Y VYV VYV VY VYV Vv
210{ T T T T v 92 101
S 8
£ 9 £ o
[}
c (0]
O 84 5 8
7 T T T T T y 7 T T T T T T T T
0 10 20 30 40 50 220 230 240 250 260 270 280 290

Volume of DMSO-d, added (microlitres) Temperature (K)

Figure 16: '"H NMR DMSO-di titration study (5 mM) (left), and variable temperature
(20 mM) (right), respectively of the hexamer 7f.

To elucidate the solution-state NMR based structure, the signals were assigned
using a combination of 2D- COSY, HSQC, HMBC, TOCSY and NOESY
experiments (CDCl;, 400 MHz). Details of the peak assignments with tables and
spectra are provided in the experimental section of this chapter, pages 250-251. The
distinctive long-range inter-residual nOes observed between the groups positioned at
the termini (C42H/C40H and C42H/NH7; Figure 17a,b) were some of the diagnostic
dipolar coupling interactions that explicitly indicated the fact that the solid-state fully
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folded conformation clearly prevailed in the solution-state as well. Other
characteristic nOes in support of the folded conformations were the dipolar
interactions between amide NH3/NHS5 (Figure 17¢), P, H/C35H (Figure 17e),
C10H/C40H (Figure 17f), C1I0H/NHS5 and C10H/NH6 (Figure 17g).

a C40H p C12H C19 NH7

Pem = M Tu pem
13 NH7/C42H -1.30
c12}-|/c42 i
CazH ] -1.35
14 c42|-|<
- -Strong C40H/C42H 45 7 140
- -Medium C19H/C42H
- -Weak T ‘ | ‘
2.8 ppm 86 84 ppm
c NH5 d ¢y N7
ppm R pem
C12H/CA40H
~2.7
NH3— C40H
NH5/NH3  [10.5 28
NH7/C40H | 9 g

12.8 12.7 ppm 8‘6 8‘ ‘

4 82 ppm
e f C40H
ppm MO ppm

4.3

g o

P1H
C40H/C10H [ 6.2
I I I
—
8.0 7.8
ppm 2.8 ppm
HSNH6  NH2 C28H C30H i
m h i C31HC19H C38H
g 'I I‘ T PP M ppm J_MJM_A ppm
NHS/C10H  |~6.0 6.0 C31HIC10H  |-6.0
ANH2/C10H C28H/C10H i .
C10H ) 3 [\ C19HyC10H
<< @ C10H @ 6.1 ¢cq0 10 6
NH6/C10H 6.2 i :
‘ | c30H/C10H 6.2 538"”010 -6.2
I T T
13 12 ‘
pPm 76 ppm 9.0 85  ppm

Figure 17: Selected NOE extracts from the 2D NOESY data of 7f (CDCl;, 400
MHz), (a) Piv vs NH-CH,, (b) Piv vs NH-CH,, (¢) NH vs NH, (d) NH-CH, vs Ar-H,
(e) P1oH vs Ar-H region, (f) Ar-H region vs NH-CH,, (g) Ar-H region vs NH region,
(h) and (i) Ar-H vs Ar-H region.

Solution-state  NMR studies also supported an edge-to-face stacking
interaction faced by C10H (Ant2) causing the proton to appear relatively upfield at
6.10. Distinctive nOes that validate the stacking interactions are between C10H/C30H
and C31H (Figure 17h,1).
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2.8.3 CD Studies

The CD signatures of all oligomers recorded in TFE (trifluoroethanol; 0.05 mM
concentrations) revealed comparable features, particularly in the region 185-250 nm.
CD spectra of hetero-chiral (Pro-Ant-Ant) oligomers displayed a defined minima
around 215 nm, zero crossing at ca. 222 nm and a strong minima at about 232 nm in
case of each oligomer (Figure 18). Unlike the homo-chiral oligomers, where all C-
terminal ester and amide derivatives revealed good conformational ordering, hetero-
chiral analogues showed slight disparity in CD signatures.

—f
—— &d

10*
N

[0]/n (deg cm™dmol™) X

'200 220 240 260 280 300 320 340
Wavelength (nm)

Figure 18: Representative CD spectra of hefero-chiral oligomers: ester derivatives
(dotted lines) and methylamide derivatives (solid lines) in trifluroethanol. All spectra
were recorded at 293 K with a concentration of 0.05 mM.

2.9 Role of Non-Covalent Forces in Manifestation of the Synthetic Peptide
Zipper (consequence and impact of non-covalent forces)

The crystal structure of hetero-chiral hexapeptide 7f evoked further questions about
the forces that participate to orchestrate the zipper architecture. Three plausible
aspects come into picture like: (1) the possible dihedral constraints introduced by the
pentacyclic proline unit, (2) the aromatic stacking interactions arising due to
anthranilic acid residues, and/or (3) the strong and directional non-covalent H- bond
interaction between the termini. Amongst which, the constrained dihedrals of Pro at
the center facilitate the turn formation; which is the first step towards the zipper
architecture formation, but cannot possibly coerce the termini into proximity. Thus,
the competition remains between the two major non-covalent forces overtly i.e.

aromatic stacking and H-bonding interactions. Various solution-state studies were
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undertaken in order to expound the role of each interaction towards the
conformational ordering.

2.9.1 Role of Remote Hydrogen-Bonding

From the outset, the formation of the terminal long range inter-residual hydrogen
bonding observed in 7f was intriguing, considering its size encompassing 26 atoms in
the hydrogen bonded network. Therefore, we were curious to see the outcome, when
this H-bonding is disengaged. Therefore, we prepared and analysed structural features
of derivatives of 7f, lacking a H-bonding amide donor at the C-terminal and lacking
the amide carbonyl acceptor (-C=0) attached to Prol at the N-terminal, both of which

are essential for H-bonding.

2.9.1a Effect in absence of H-bond donor
In order to evaluate the role of the H-bond donor site at the N-terminus using
solid state structural studies, we prepared some ester derivatives by substituting

different alcohols like isobutyl, neopentyl efc.

2.9.1b Synthesis
Ester derivatives 7j-m were obtained using simple DBU-mediated opening of the

hexapeptide benzoxazinone derivatives 7h and 7i at 0 °C in 1h (Table vide infra).

Table 1

7i DBU 'BuOH 87%

DBU,
7k 7i DMF 89%

4@ d
N/
H/b Comp. Reactant Reagent Solvent Yield
‘N
@O Reagent

H Solvent @ n-PenOH

Sy
m %j@ 7l 7h DBU BUOH  82%

m DBU,

NHO 7m 7h DMF 95%
7h R1=‘Boc Ry n-PenOH

7i R4= Piv 7j-m

2.9.1c Conformational analysis

Intense derivatisation and crystallisation trials of ester analogues weren’t fruitful, thus
we were forced to undertake solution-state structural investigations of the methyl ester
analogue 7d and dimethylamide derivative 7g (scheme 2.4), both devoid of H-

bonding donor sites at the C-terminal, which is essential for H-bonding, as seen in 7f.
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Notably, the diagnostic terminal nOe interactions which were present in 7f
were clearly absent in both 7d and 7g, which confirmed fraying of the termini (Figure
19, 20). In both the hexapeptides 7d and 7g, pivaloyl group attached to Prol
experienced fraying, well evident from the strong dipolar coupling it experiences with
CI9H (Ant3). Folding induction at Ant-Pro segment remained intact similar to

hexapeptide 7f, leading to similar diagnostic nOe between NH3/NHS5 (Figure 19¢).
a C1gH C19H oo

2 1.2
c12H/CazH[ |
c42H% x

‘ C19H192H ~1.4
9.0 8.5 ppm
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b C18H 17H
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C17HI/C42H

‘ ‘ 1.4
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c d c31, G38H C19H € Ci2HCi9H C28H
NHENHS NH2 oo " ppm . ppm
3 12HINH2
NHS/NH3 C31HII 319%&310_5 C28H/NH2 11.4
NH3% j 108N T 'ér @ F10.6 Ny bﬁ '
; -10.7
NH2/NH3-10.7 C38HINH3 [ 408 -5
| | s : C19H/NH2
T T
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; C31H C38H h CoH
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! " 8.0 F8.7
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Figure 19: Selected NOE extracts from the 2D NOESY data of 7d (CDCl,, 400
MHz), (a) and (b) Piv vs Ar-H region, (c) NH vs NH, (d) and (e) Ar-H region vs NH
region, (%), (g) and (h) Ar-H vs Ar-H region.

Another strange dipolar coupling that supported the staggered conformation of
the structures (facilitating free movement C-terminus) is C16H/C38H (Figure 19g).
Surprisingly, the effect of aromatic interactions remains discernible in 7d, as dipolar
couplings were observed between C10H/C31H (Figure 19f), whereas in 7g, stacking
effect was very scarcely observed (Figure 20g). This effect demonstrated that the
weak existence of edge-fo-face aromatic interactions too failed to bring remote H-

bonding sites into proximity, consequently evading the zipper architecture.
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All the amide NHs of both analogues 7d and 7g displayed strong intra-
molecular S(6)-type H-bonding interactions, substantiated by the negligible chemical
shift differences with DMSO-ds addition, reflecting the H-bond stability of
anthranilamides. MeOD exchange studies of 7d also supported the fact, as amide
protons did not undergo complete exchange even after 5 days. This observation
implied that the planarity of the Ant-Ant units remained conserved in this case
(spectra and stacked plots are provided in Experimental section page 245, figure 27).
These results clearly suggested that the long-range inter-residual hydrogen bonding

has substantial role to play in maintaining the zipper conformation of the peptide.
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Figure 20: Selected NOE extracts from the 2D NOESY data of 7g (CDCl,, 400
MHz), (a) Piv vs Ar-H region, (b) NH vs NH, (c) and (d) NH vs Ar-H region, (e), (f)

and (g) Ar-H region vs NH region.
2.9.1d Effect in absence of H-bond acceptor

To attain a clear picture of the structural architecture, the pentapeptide
derivatives devoid of acceptor site were prepared and analysed. After a great deal of
efforts, thin needle-shaped crystals of bromo-isobutyryl-substituted pentapeptide
analogue 10d was obtained, from which the conformational investigations were

performed.
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2.9.1e Synthesis

Preparation of 10d was achieved in simple steps by reacting corresponding

pentapeptide amine 10c¢ with bromo-isobutyryl-bromide using TEA as base in DCM

with 65% yield. The pentapeptide amine 10c¢ was obtained by reducing corresponding

pentapeptide 10b, which was obtained by DBU-mediated opening of benzoxazinone

2d with amine 9f.

Scheme 2.7: Synthesis of pentapeptide derivatives 10d and hexapeptide 10g

Oii©

R,

10a-g
i 10a R, = NO,, R, = OMe, 67%
10b R = NH,, R, = OMe —
—— 10c Ry = NH,, R, = NHMe v |
10d R, = Br—C(CH3)2 -CONH, R, = NHMe, 65%
N 10e R; = N3-C(CHs),-CONH, R, = NHMe, 96%
10f R, = H2N C(CHs),-CONH, R, = NHMe

10g Ry = Piv-NH-C(CHj3),-CONH, R, = NHMe, 60%

i
it |

Reagents and Conditions: (i) (COCl),, cat. DMF, DCM, 0°C-rt, 1h; (ii) 3i, DBU,
DMF, 4A molecular sieves, rt, 2 h; (iii) Pd(OH),, MeOH, 4h; (iv) methanolic
methylamine, rt, 1h; (v) a-bromoisobutyryl bromide, TEA, DCM, 1h, 0 °C; (vi)
NaNGi, cat. LiCl, DMF, rt, 12h; (vii) Piv-Cl, TEA, DCM, 1h.

2.9.1f Conformational analyses

Crystal structure of 10d clearly revealed absence of folded conformation, featuring an

unexpected deviation from planarity observed at Antl-Ant2 link, which can be

ascribed to the packing effects of the crystal (Figure 21).
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Figure 21. Molecular structure (left) and crystal structure (right) of pentamer 10d
(other hydrogens except for the amide hydrogen are not displayed for clarity).

Surprisingly, solution-state NMR studies disclosed fair amount of terminal
interaction, epitomizing the importance of the aromatic interactions (Figure 22). The
terminal interactions were apparent from the dipolar coupling interactions observed
between C37H/C31H, C37H/ NH6 (Figure 22f) and C37H/ C35H (Figure 22c¢). Also,
a weak aromatic stacking effect was evident from interactions between CSH/C23H
and C26H (Figure 22). The investigation of the structural feature of the pentapetide
10d also supported the significance of collective co-operative effect of H-bonding and

aromatic-aromatic interactions to render the zipper structural ensemble.
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Figure 22: Selected NOE extracts from the 2D NOESY data of 10d (CDCI,, 400
MHz), (a) NH vs NH, (b) Ar-H region vs NH region, (c), (d) and (e) Ar-H vs Ar-H
region, (f) Aib vs Ar-H region; Aib vs NH-CH,, (g) Aib vs Ar-H region.
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2.9.2 Evidence for aromatic stacking interactions

Crystal structure of 7f clearly indicated the presence of an edge-to-face
aromatic stacking interaction featuring aromatic proton — aromatic ring centroid
distance [d(C10 Ar-H — Cg(5) = 3.11 A (Cg = centroid of Ant5)]. Solution-state NMR
studies also supported the edge-to-face stacking interaction faced by C10H (Ar-H
Ant2), causing the proton to appear relatively upfield at 6.18 compared to ester
derivative 7d. In the solution-state 2D NOESY spectrum, distinctive nOes that
validated the stacking interactions were between C10H/C30H and C31H, with the
observed distances d(C10 Ar-H - C30 Ar-H) = 3.8 A and d(C10 Ar-H - C31 Ar-H) =
3.6 A from the crystal structure.

L, Amide 7f *

.'._. . Ester7d
7.2 70 6.8 6.6 6.4 6.2

c10H%

Figure 23: Comparison of the diagnostic "H NMR shielding effects observed by ester
7d and amides 7f (a), wireframe representation of crystal structure of amide 7f (b) and
2D-NOESY excerpt displaying diagnostic dipolar coupling between C10H vs C31H
(c). Note: Aromatic rings bearing upfield protons that observe shielding effects due to
aromatic stacking interactions are represented as spheres.
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2.9.3 Effect of chirality in folding

Inspection of the crystal structure of both homo-oligomers 4b (Cbz-"Pro-Ant-
Ant- “Pro-Ant-Ant-NHMe) and 4h (Piv-"Pro-Ant-Ant-"Pro-Ant-Ant-NHMe) and the
solution-state NMR studies undertaken for 4h confirmed a nearly helical disposition
for the oligomers (discussed in Section 2.6), asserting the role of chirality in zipper
architecture formation. Further, we became keen on evaluating the effect on zipper
architecture on substitution of an achiral constrained residue like a-amino butyric acid

(Aib) in place of Prol. Therefore, Piv-Aib-Ant-Ant-"Pro-Ant-Ant-NHMe 10g was
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synthesized from 10d following few simple steps via conversion of bromo- to azido-
substitution, followed by reduction and pivoloyl protection. However, in case 10g
terminal interactions between Piv- and methylamide -CH; were not observed, due to
probable orientation of terminus exerted by the constrained germinal a-disubstitution.
Similar to compound 7f, aromatic stacking effect in 10g was clearly evidenced from
C9H proton of Ant2 as it appeared at 6.4 ppm in the 'H-spectrum, which showed
diagnostic dipolar coupling between COH/C30H (Figure 24d). An unequivocal proof
for folding feature was obtained from the strong nOe among C11H/C39H (Figure
24e). Also, the presence of H-bonding interaction was evidenced from the DMSO-dg
titration experiment that revealed chemical shift variation of = 0.43 ppm for NH7 and
the slow H/D exchange rate in MeOD (see experimental section, page 245, Figure

29).
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Figure 24: Selected NOE extracts from the 2D NOESY data of 10g (CDCI,, 400

MHz), (a) NH vs NH, (b), (c) and (f) Ar-H region vs NH region, (d) and (e) Ar-H vs
Ar-H region, (g) Ar-H region vs NH-CH,

2.9.4 CD studies

Conformational ordering of oligomers 7d, 7g and 10g were also assessed
using circular dichroism studies. Ester and dimethylamide derivatives 7d and 7g

revealed comparable patterns with a minima = 218 nm and a broad, undefined
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positive absorption around 233 nm. On the other hand, 10g featured a sharp minima
ca. 212 nm, zero crossing at 222 nm with a positive absorption peak about 230 nm,

akin to hexapeptide 7f, validating folded pattern.
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Figure 25: Representative CD spectra of hexapeptide 7d, 7g and 10g. All spectra were
recorded at 293 K in TFE with a concentration of 0.05 mM.

2.10 Conclusions

In conclusion, this part of chapter discloses unique structural assemblies of
peptides derived from a blend of o/p- aliphatic:aromatic heterogeneous backbone with
1:2 stoichiometric combination of amino acid residues. The Aetero-chiral hexapeptide
Piv-"Pro-Ant-Ant-"Pro-Ant-Ant-NHMe 7f was seen to assume a firm folded “zipper”
architecture featuring an atypically large remote inter-residual H-bonding interaction
encompassing 26 atoms. Structural studies carried out both in solid- and solution-state
vindicated the stability of the synthetic zipper peptide is via a co-operative interplay
of hydrogen bonding, aromatic stacking and backbone chirality. Influence of
stereochemistry of building blocks on the structural assembly phenomenon was found
to play significant role on the conformational bias, where homo-chiral hexapeptides
4d and 4h displayed nearly helical disposition.

The results highlight the utility of non-covalent forces in engineering complex
synthetic molecules with intriguing structural architectures. Such studies are

anticipated to increase our understanding of biomolecular folding and function.
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SECTION II
Synthesis and Conformational Evaluation of Hetero-chiral
Pro-Ant-Ant-Ant Repeats

2.11 Objective of the work

Having explored the unique zipper architecture adopted by the Aefero-chiral sequence
-“0B, aB,- comprising Pro(a)):Ant() building blocks that featured an unusually long
range intra-residual contact, our objective was to evaluate the conformational

propensity of -“af;ap;- hybrid oligomer.

2.12 Synthesis
Oligomers were synthesized using similar conditions (as described in section I of the

chapter) utilizing DBU-mediated opening of oxazinones.

Scheme 2.8: Synthesis of tetramers 11a-i.

O MeO
(o) OMe .
|

— 2e R4 = NOZ o)
i
2f R1 = NH2
N=©
o}
H
R, @Nb
f&E\QOH i HN o)
NH
. o) o
R1 NH _\H
1d R, = Boc (-Pro) Oj RN

1e R, = 'Boc (PPro)

HN 11h-i
vii _t
m 11¢ —~ 11h R1 ='Boc (“Pro), 92%
N O 11f Y 14i R1 = Boc (WPro), 87%
Rq 11a-g

—— 11a R, ='Boc (Pro), R, = OMe, 85%

Y 116 R, = H (Pro), Ry = OMe,
V¥ .11¢ R1 =R, ='Boc (-Pro), R, = OH
11d R, = Piv (-Pro), R, = OMe, 86% <"

,:>11e R; = Piv (*Pro), R, = OH
:m R, ='Boc (°Pro), R, = OMe, 81%
11g R, = HN-(°Pro), R, = OMe

Reagents and conditions: (i) Et;N, DCM, 1h, 0 °C- rt; (ii) H,, Pd/C, DMF, 4h; (iii)
(a) CICOOEt, EtzN, THF, 0 °C- rt, (b) 2f, reflux, 6h; (iv) TFA:DCM, 1:1, 2h; (v)
LiOH, MeOH,2h; (vi) Piv-Cl, Et;N, DCM, 2h; (vii) EDC.HCI, DCM, 1h.
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Monomer units with alternating chirality for -Pro-Ant-Ant-Ant- oligomers
were prepared by coupling using ethyl chloroformate-mediated mixed anhydride
activation of acids Boc-"Pro-OH and Boc-"Pro-OH with amine H,N-Ant-Ant-Ant-
OMe 4, in THF to furnish tetramers 11a and 11f, respectively. Piv- protected tetramer
11d was synthesized from amine generated from 11a. Corresponding benzoxazinones
11h and 11i were prepared by activation of acids 11¢ and 11e, respectively. Boc- and
Piv- protected octapeptides 12a and 12d were generated by reacting 11h and 11i,
respectively, with amine 11g (HN-PPro-Ant-Ant-Ant-OMe), further which were
treated with methanolic methylamine to afford their methylamide derivatives meant

for structural studies.

Scheme 2.9: Synthesis of octamers 12a-e

O
Ry
HN
o o}

zZr-
‘It
.
z

11h + 11b ——— 12aR1="'Boc, R2 = OMe, 77%
"~ 12b R1=H, R2 = OMe
ii_, 12¢ R1 ='Boc, R2 = NHMe, 92%

11i + 11911% R1 =Piv, R2 = OMe, 85%
W, 12e R1 = Piv, R2 = NHMe, 82%

Reagents and conditions: (i) DBU, DMF, 4A MS; (ii) TFA:DCM, 1:1, 2h; (iii)
MeNH,, MeOH, 4h.

2.13 Conformational analyses

Solution-state investigations revealed that the terminal interactions between

methylamide NH and CHjs groups prevailed in nOe spectra, in spite of the absence of
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terminal H-bond (evident from DMSO-dg titration studies, where methylamide NH9
observed drastic chemical shift variation; see experimental section page 243, table 6).
Also weak cross-peaks observed between the residues of the two arms authenticated
this conclusion. However surprisingly, a weak but significant dipolar coupling was
witnessed between C56H/NH9 (Figure 26a), C56H/C54H (Figure 26b),

C56H/C50H and C49H (Figure 26g,h), confirming a folded architecture for the
octapeptide 12e. Also, further evidence came from the dipolar coupling between
P,,H/CC54H (Figure 26c). A slight effect of edge-fo-face aromatic stacking effect

was also evident, but of weaker intensity (Figure 26e).

C54H

a g N ppm b M ppm

- ~Medium ¢%6H O 1.3 C56H% O F1.3

--Weak

% NHO/C56H C54HIC56H
.7 T T T T
NO 70 68 66 ppm 30 29  ppm
O HNHG PsH P,H d NHé m
N e _ A pem A PP
~10.7
NH7 2.9
NH3 N C54H NH4% @ 1
?_{ P, HIC54H NH6/NH4 10.9
O L- 52 T T T T
e H:N 48 46 ppm 121 12.0 ppm
, NH8
N" NH2 0 50 e C38H C12H ¢ NH2
o c 49|;| SN PPmM ppm
3 NH9 M/ 6.9
H<Pa H- ,
S A \)//
N S/ - 1%B4 c17l Q C19H O 8.6
o Lo H 7.0 C52H
v C38H/C17H NH2/C52H
H T T T T
56 8.8 8.7 ppm 11.6 11.5 ppm
g h
M ppm SRR ppm
~1.25 -1.25
C56H O -1.30 056H<J Q 1.30
C50H/C56H C49H/C56H 1-35
‘ 135 N
7145 7.0  ppm 7.55 7.50  ppm

Figure 26: Selected NOE extracts from the 2D NOESY data of 12e (CDCI,, 400
MHz), (a) Piv vs NH-CH,, (a) Piv vs NH-C_HQ, (c) PigH vs NH-C_HQ, (d) NH vs NH,
(e), (g) and (h) Ar-H vs Ar-H region, (f) Ar-H region vs NH region.

2.14 Conclusions
Hetero-chiral octamer derived from Pro-Ant-Ant-Ant [o/B/B/B] unit also indicated a
folded conformation even in the absence of remote H-bond, validating prominence of

aromatic interactions in increment of aliphatic:aromatic amino acid ratio.
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2.15 Experimental section

Compounds 2-(2-Nitro-benzoylamino)-benzoic acid methyl ester 2a, 2-(2-Amino-
benzoylamino)-benzoic acid methyl ester 2b, 2-(2-nitrophenyl)-4H-benzo[d][1,3]
oxazin-4-one 2d and methyl 2-(2-(2-nitrobenzamido)benzamido)benzoate 2e were

synthesized as per the reported procedure.*"

benzyl 2-((2-((2-(methoxycarbonyl)phenyl)carbamoyl)phenyl)carbamoyl)
pyrrolidine-1-carboxylate 3a: CAS Registry Number: 1129527-29-2
References: (1) Tseng, M.-C.; Yang, H.-Y.; Chu, Y.-H. Org. Biomol. Chem. 2010, &,

419-427.
(2) Tseng, M.-C.; Lai, C.-Y.; Chu, Y.-W.; Chu, Y.-H. Chem. Commun. 2009, 445-
447.

tert-butyl (S5)-2-((2-((2-(methoxycarbonyl)phenyl)carbamoyl)phenyl)carbamoyl)
pyrrolidine-1-carboxylate 3c:

To a solution of Boc-"Pro-OH (6g, 27.9 mmol, 1.02 equiv.) and Et;N (3.807 mL, 1.02
equiv.) in THF (60mL) at 0 °C, ethyl chloroformate (3.028 mL, 1.02 equiv.) was
added drop wise and the reaction mixture was stirred for 1 h at 0 ‘C. A solution of the
amine 2b (7.38 g, 27.3 mmol, 1 equiv.) in THF (40 mL) was added slowly to the
mixed anhydride solution, prepared above. The reaction mixture was stirred at 0 C for
an hour, then at room temperature for 2 h, followed by reflux at 70 'C for 6 h. After
completion of reaction, THF was removed under reduced pressure and then the
compound was taken into DCM. The combined organic layers were washed
sequentially with solutions of KHSO4, NaHCO; and brine. Organic layer was then
dried over Na,SO4 and was evaporated in vacuo. The crude product was purified by
column chromatography (eluent: 30% AcOEt/pet. Ether, R¢: 0.3) to furnish 3¢ (10.3 g,
90%) as a fluffy white solid. mp: 71-73 °C; [a]***h: -119.448° (¢ 1, CHCL); IR
(CHCIL3) v (cm™): 3448, 2976, 1693, 1655, 1607, 1584, 1524, 1435, 1388, 1318,
1271, 1164, 1097; 'H NMR (200 MHz, CDCl3) &: 12.090wmer (s, 0.6H, amide),
12.050tamer (S, 0.4H, amide), 11.82ytamer (S, 0.4H, amide), 11.760tamer (s, 0.6H, amide),
8.9-8.71(m, 2H), 8.11-8.07 (dd, J = 1.52 Hz, J = 7.96 Hz, 1H), 7.92-7.85 (m, 1H),
7.88-7.49 (m, 2H), 7.29-7.12 (m, 2H), 4.5-4.27 (m, 1H), 3.96 (s, 3H), 3.85-3.74 (m,
2H), 2.37-2.11 (m, 2H), 2.04- 1.87 (m, 2H), 1.45:0tamer (5, 3H), 1.330tamer (s, 6H); °C
NMR (50 MHz, CDCls) &: 172.2, 171.7, 168.9, 168.8, 167.4, 167.3, 154.8, 154.0,
141.2, 141.0, 139.8, 134.9, 134.3, 132.9, 130.8, 127.0, 123.2, 122.9, 121.1, 120.5,
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1154, 115.2, 80.0, 79.8, 62.5, 61.9, 52.47, 49.9, 47.7, 36.5, 31.4, 30.4, 29.5, 28.3,
28.2, 28.1, 24.5, 24.1, 23.8, 23.6, 23.3; MALDI-TOF/TOF: 490.310 (M+Na)",
506.3015 (M+K)+; Elemental analysis calculated for C,sH,9N3Og¢: C, 64.23; H, 6.25;
N, 8.99. Found: C, 64.21; H, 6.33; N, 9.02.

General procedure for methyl ester cleavage:
Compounds 3b, 3g, 4d, 4g, 7b, 7e, 11c, 1le etc., were prepared following this
procedure.

(8)-2-(2-(1-(zert-butoxycarbonyl)pyrrolidine-2-carboxamido)benzamido)benzoic
acid 3d:
To a solution of 3¢ (7 g, 0.019 mmol, 1 equiv.) in THF:H,O (2:1 v/v), LiOH.2H,0

(1.98 g, 0.033 mmol, 2 equiv.) was added and the reaction mixture was stirred for 12
h. After completion of the reaction, THF was removed in vacuo and the solution was
neutralized using KHSO, solution. The crude product was extracted into ethyl acetate
and was washed with brine solution. The organic layer was dried over Na,SO4 and
evaporated in vacuo to afford 3d. The crude product obtained was used for the next

step without further purification.

General procedure for Boc deprotection:
Compounds 3e, 3i, 4e, 5b, 7c, 8b, 11b, 11g, 12b, 12d efc., were prepared following

the same procedure.

methyl (5)-2-(2-(pyrrolidine-2-carboxamido)benzamido)benzoate 3e:

To a 1:1 mixture of TFA and DCM (50 mL), 3¢ (7.5g) was added at room
temperature. After stirring for 30 min., the reaction mixture was stripped off the
volatiles under reduced pressure. The waxy residue obtained was dissolved in EtOAc
(50 mL) and was washed with saturated NaHCOj solution, followed by brine. Later,
the organic layer was dried over Na,SO4 and concentrated under reduced pressure to

afford crude 3e, which was used for the next step without further purification.

(R)-methyl 2-(2-(1-pivaloylpyrrolidine-2-carboxamido)benzamido)benzoate 3f:

To a solution of 3e (7g, 19.1 mmol, 1 equiv.) in dry DCM (70 mL), EtsN (3.86 mL,
28.5 mmol, 1.5 equiv.) and Piv-Cl (2.57 mL, 20.9 mmol, 1.1 equiv.) were added at 0
“C. After completion of reaction, DCM (30 mL) was added to the reaction mixture
and the combined DCM layer was washed sequentially with saturated NaHCOs3
solution, water and brine solution. DCM layer was then dried over Na,SO,, filtered

and the solvent was stripped off under reduced pressure. The product was purified by

Ph. D. Thesis Dec 2013 140



Conformational Pre-Disposition of -o/f,-oligomers Chapter 2

column chromatography (30% AcOEt/pet. Ether, R¢: 0.3) furnishing 3f (7.5 g, 87%)
as a white fluffy solid. mp: 128-130 C; [0]**%p: -52.0° (¢ 1, CHCLy); IR (CHCL3) v
(cm™): 3460, 3020, 1634, 1625, 1524, 1403; 'H NMR (200 MHz, CDCl5) &: 12.04 (s,
1H, amide), 11.44 (s, 1H, amide), 8.81-8.72 (dt, J = 0.88 Hz, 8.59Hz, 2H), 8.11-8.06
(dd, J= 1.52 Hz, J = 7.96Hz, 1H), 7.92-7.85 (dd, J = 1.39 Hz, J = 7.96 Hz, 1H),
7.63-7.46 (m, 2H), 7.23-7.11 (m, 2H), 4.67-4.61 (m, 1H), 4.03-3.81(m, 2H), 3.95 (s,
3H), 2.19-1.93 (m, 4H), 1.33 (s, 9H); °C NMR (50 MHz, CDCls) &: 177.5, 171.5,
168.8, 167.5, 141.1, 140.2, 134.5, 132.9, 131.0, 126.9, 123.0, 121.5, 120.5, 120.4,
115.5, 64.16, 52.6, 48.5, 39.1, 27.4; MALDI-TOF/TOF: 474.255 (M+Na) ', 490.2446
(M+K)+; Elemental analysis calculated for C,sH29N3Os: C, 66.50; H, 6.47; N, 9.31.
Found: C, 66.34; H, 4.45; N, 9.36.

tert-butyl (R)-2-((2-((2-(methoxycarbonyl)phenyl)carbamoyl)phenyl)carbamoyl)
pyrrolidine-1-carboxylate 3h:

Compound 3h was synthesized, following the procedure for 3¢, using Boc-"Pro-OH
and 2b. Purification by column chromatography (eluent: 30% AcOEt/ pet. Ether, R¢:
0.3) afforded 3h (81%) as a fluffy white solid. mp:101-103 °C; [a]*7°: 103.78° (¢ 1,
CHCl); IR (CHCl3) v (cm™): 3448, 3020, 2401, 1689, 1608, 1585, 1525, 1435, 1390,
1271, 1166, 1097, 929; 'H NMR (200 MHz, CDCl3) &: 12.08stamer (s, 0.6H, amide),
12.04;0tamer (s, 0.4H, amide), 11.79tamer (S, 0.4H, amide), 11.73otamer (s, 0.6H, amide),
8.9-8.71 (m, 2H), 8.12-8.07 (dd, J = 1.52 Hz, J = 7.96 Hz, 1H), 7.91-7.85 (m, 1H),
7.68-7.51 (m, 2H), 7.23-7.12 (m, 2H), 4.49-4.24 (m, 0.4H), 4.34-4.26 (m, 0.6H), 3.96
(s, 3H), 3.84-3.73 (m, 1H), 3.65-3.41 (m, 1H), 2.36-2.15 (m, 2H), 1.98-1.86 (m, 2H),
144 0tamer (5, 3H), 1.32mtmer (s, 6H); °C NMR (50 MHz, CDCls) &: 172.15, 171.7,
168.9, 167.3, 154.8, 154, 141.1, 139.9, 134.8, 134.4, 132.9, 130.9, 126.9, 123.2,
123.0, 121.1, 120.5, 115.3, 79.9, 62.9, 62.5, 61.9, 52.5, 46.9, 46.7, 31.4, 30.4, 28.1,
24.2, 23.7; MALDI-TOF/TOF: 490.1408 (M+Na)’, 506.0963 (M+K)"; Elemental
analysis calculated for CysHy9N3Og: C, 64.23; H, 6.25; N, 8.99. Found: C, 64.18; H,
6.28; N, 8.92.

General procedure for oxazinone preparation:

Compounds 3j, 3k, 4i, 4j, 7h, 7i, 11h, 11i efc., were prepared following the

mentioned procedure.

(8)-N-(2-(4-ox0-4H-benzo[d][1,3]oxazin-2-yl)phenyl)-1-pivaloylpyrrolidine-2-
carboxamide 31:
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To a solution of 3g (1.8g, 4.12 mmol, lequiv.) in dry DCM (20 mL), EDC.HCI (0.94
g, 4.94 mmol, 1.2 equiv.) was added. After completion of the reaction, the reaction
mixture was diluted with DCM and was sequentially washed with NaHCOs;, water
and brine solution. The organic layer was dried over Na,SO4 and evaporated in vacuo.
The residue obtained was purified by column chromatography (eluent: 30%
AcOEt/pet. Ether, R¢: 0.4) to afford 31 (1.69 g, 98%) as a fluffy white solid. mp: 78-80
°C; [a]***p: -2.18° (¢ 1, CHCLs); IR (CHCls) v (cm™): 3448, 2968, 2927, 1769, 1700,
1611, 1585, 1538, 1476, 1467, 1447, 1363, 1288, 1234, 1164, 1034, 1007; 'H NMR
(200 MHz, CDCls) 8: 12.48 (s, 1H, amide), 8.75-8.70 (d, J= 8.08 Hz, 1H), 8.24-8.20
(m, 2H), 7.87-7.80 (m, 1H ), 7.70-7.66 (m, 1H), 7.56-7.44 (m, 2H), 7.17-7.10 (m,
1H), 4.74-4.72 (m, 1H), 3.85 (s, 3H), 2.23-2.01 (m, 4H), 1.30 (s, 9H); °C NMR (50
MHz, CDCls) &: 177, 171.6, 158.2, 157.2, 145.3, 140.6, 136.8, 133.9, 129.3, 128.7,
126.7, 122.8, 120.8, 116.6, 114.8, 64.7, 48.6, 38.8, 28.6, 27.3, 25.9; MALDI-
TOF/TOF: 420.1408 (M+H)', 442.0936 (M+Na)’, 458.0855 (M+K)"; Elemental
analysis calculated for C,4H,5N304: C, 68.72; H, 6.01; N, 10.02. Found: C, 68.79; H,
5.98; N, 9.96.

benzyl (8)-2-((2-(4-ox0-4H-benzo[d][1,3]oxazin-2-yl)phenyl)carbamoyl)

pyrrolidine-1-carboxylate 3j:
Compound 3j was synthesized from 3b, following the procedure for 3l. Purification

by column chromatography (eluent: 30% AcOEt/ pet. Ether, Rg: 0.3) afforded 3j
(96%) as a fluffy white solid. mp:134-135 °C; [0]*”* 0.488° (¢ 1, CHCL); IR
(CHCL) v (em™): 3459, 3020, 1775, 1622, 1541, 1402, 1216; '"H NMR (200 MHz,
CDCl) 6: 12.25:0amer (s, 0.3H, amide), 12.06.tamer (s, 0.7H, amide), 8.84-8.80 (d, J =
8.34 Hz, 1H), 8.23-8.18 (m, 2H), 7.85-7.85 (m, 1H), 7.74-7.70 (m, 1H), 7.59-7.51
(m, 2H), 7.33 (b, 1H), 7.24-7.16 (m, 1H), 7.03-6.95 (m, 2H), 6.86-6.82 (m, 1H),
5.22-5.16 (m, 1H), 5.08-5.02 iotamer (M, 0.3H), 4.88-4.82;0tamer (M, 0.7H), 4.57-4.47
(m, 1H), 3.87-3.68 (m, 2H), 2.46-2.13 (m, 2H), 2.03-1.88 (m, 2H); C NMR (50
MHz, CDCl;) 6: 171.8, 158.2, 156.6, 155.3, 145.2, 139.6, 136.7, 135.7, 133.7, 129.4,
128.6, 128.4, 127.9, 127.8, 126.9, 126.5, 123.1, 120.9, 116.4, 115.6, 67.3, 62.5, 48.0,
31.8, 24.0; MALDI-TOF/TOF: 470.8876 (M+H)", 493.0232 (M+Na)", 509.0346
(M+K)+; Elemental analysis calculated for C,7;H,3N30s: C, 69.07; H, 4.94; N, 8.95.
Found: C, 69.15; H, 4.78; N, 8.69.

(8)-tert-butyl 2-((2-(4-0x0-4H-benzo[d][1,3]oxazin-2-yl)phenyl)carbamoyl)
pyrrolidine-1-carboxylate 3k:
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Compound 3k was synthesized from 3d, following the procedure for 31. The crude
product was purified by column chromatography (eluent: 30% AcOEt/pet. Ether, Ry
0.3) to furnish 3k (4.5 g, 98%) as a fluffy white solid. mp: 95-97°C; [a]*~*: -18.316°
(c 1, CHCls); IR (CHCIL3) v (cm™): 3448, 2977, 1770, 1694, 1606, 1584, 1520, 1477,
1446, 1388, 1293, 1251, 1163, 1119, 1036, 1009; 'H NMR (200 MHz, CDCl;) &:
12.050tamer (0.8H, amide), 11.79-11.72;0tamer (0.2H, amide), 8.9-8.68 (m, 1H), 8.23-
8.19 (m, 1H), 8.06-8.02 (m, 1H), 7.94-7.85 (m, 1H), 7.58-7.50 (m, 2H), 7.22-7.12 (m,
1H), 4.44-4.23 (m, 1H), 3.76-3.39 (m, 2H), 2.43-2.28 (m, 1H), 2.24-2.05 (m, 1H),
1.96-1.86 (m, 2H), 1.43-1.36c0tmer (M, 3H), 1.3150amer (s, 6H); *C NMR (50 MHz,
CDCl3) 6 172.2, 167.2, 158.1, 156.9, 154.9, 145.3, 141.0, 139.8, 137.0, 133.7, 132.8,
130.7, 129.5, 128.7, 128.4, 127.1, 126.8, 123.0, 120.9, 120.6, 120.5, 116.4, 115.7,
95.9, 80.5, 79.9, 62.8, 62.4, 61.5, 52.4, 47.4, 46.6, 31.7, 28.0, 27.2, 24.0; MALDI-
TOF: 458.1276 (M+Na"); 474.0995 (M+K");. Anal. caled for C;5sH;,N,Os: C, 66.19;
H, 5.79; N, 9.65. Found: C, 66.39; H, 5.89; N, 9.55.

General procedure for oligomer preparation via bezoxazinone opening with DBU:
Compounds 4a, 4c, 5a, 5c, 6a, 6b, 7a, 7d, 7j-m, 8a, 8c, 9a, 9b, 10a, 12a, 12e etc,,
were prepared following the same procedure.

Methyl  2-(2-((S)-1-(2-(2-((S)-1-pivaloylpyrrolidine-2-carboxamido)benzamido)
benzoyl)pyrrolidine-2-carboxamido) benzamido)benzoate 4f:

To a solution containing 31 (0.23 g, 0.88 mmol, 1 equiv.), amine 3e (0.37 g, 0.88
mmol, 1 equiv.) and 4A MS in dry DMF (3 mL), DBU (0.134 mL, 3.01 mmol, 1
equiv.) was added at 0 °C. After completion of the reaction, molecular sieves were
filtered off and DCM (50 mL) was added to the reaction mixture and the combined
organic layer was washed with KHSO, solution followed by water and brine
repeatedly to ensure complete removal of DMF. DCM layer was dried over Na,SO4
and was concentrated under reduced pressure. Column chromatographic purification
(eluent: 50% AcOEt/pet. Ether, Rg: 0.3) of the residue yielded 4f (0.5 g, 73%) as a
white fluffy solid. mp: 107-109 °C; [a]**’p: -93.844° (¢ 1, CHCl3); IR (CHCls) v (cm’
": 3293, 3268, 3019, 2882, 2436, 2400, 2317, 1694, 1607, 1586, 1526, 1447, 1271,
1216; '"H NMR (200 MHz, CDCl;) &: 12.09 (s, 1H, amide), 11.94 (s, 1H, amide),
11.33 (s, 1H, amide), 10.62 (s, 1H, amide), 8.80-8.76 (d,J = 7.83 Hz, 1H), 8.68-8.64
(d,J= 796 Hz, 1H), 8.62-8.58 (d, J = 8.34 Hz, 1H ), 8.36-8.32 (d, J = 8.21 Hz, 1H
), 8.11-8.07 (dd, J = 1.52 Hz,J = 7.96 Hz, 1H ), 8.0-7.96 (dd, J = 1.14 Hz, J = 7.71
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Hz, 1H), 7.89-7.85(dd,J = 1.01 Hz,J = 7.96 Hz, 1H), 7.67-7.63 (dd, J = 1.14 Hz,
J =796 Hz, 1H ), 7.58-7.38 (m, 4H ), 7.26-7.11 (m, 3H), 7.02-6.94 (m, 1H), 4.90-
4.82 (m, 1H), 4.60-4.55 (m, 1H), 3.95 (s, 3H), 3.90-3.75 (m, 4H), 2.58-2.41 (m, 1H),
2.28-1.86 (m, 7H), 1.29 (s, 9H); *C NMR (50 MHz, CDCls) & 177.2, 171.5, 170.5,
170.4, 168.9, 168.8, 167.2, 140.9, 140.3, 139.7, 137.2, 134.4, 133.3, 132.7, 131.14,
131.1, 128.9, 127.3, 127.0, 124.3, 123.4, 123.2, 123.0, 122.3, 121.5, 121.4, 120.7,
120.6, 120.1, 115.8, 64.0, 62.6, 52.6, 51.2, 48.5, 39.0, 30.0, 28.9, 27.4, 25.5; MALDI-
TOF/TOF: 809.6099 (M+Na)", 825.5373 (M+K)"; Anal. calcd. for C4qHasNgOs: C,
67.16; H, 5.89; N, 10.68. Found: C, 67.09; H, 5.80; N, 10.45.

benzyl  (5)-2-((2-((2-((S)-2-((2-((2-(methoxycarbonyl)phenyl)carbamoyl)phenyl)

carbamoyl)pyrrolidine-1-carbonyl)phenyl)carbamoyl)phenyl)carbamoyl)
pyrrolidine-1-carboxylate 4a:

Compound 4a was synthesized, following the procedure for 4f, employing oxazinone
3j and amine 3e. Column chromatographic purification (eluent: 40% AcOEt/pet.
Ether, R¢: 0.3) of the residue afforded 3 as a white fluffy solid (94%). mp: 89-91 C;
[a]**'p: -108.07° (¢ 1, CHCL); IR (CHCL) v (cm™): 3445, 3020, 2401, 2341, 1695,
1627, 1585, 1521, 1435, 1297, 929; 'H NMR (200 MHz, CDCl;) &: 12.09 (s, 1H,
amide), 11.99otamer (s, 0.5H, amide), 11.94;otamer (s, 0.5H, amide), 11.86tamer (S, 0.5H,
amide), 11.77otamer (s, 0.5H, amide), 10.64 (s, 1H, amide), 8.82-8.75 (m, 1H), 8.67-
8.63 (m, 2H), 8.43-8.35 (m, 1H), 8.10-8.06 (dd, J = 1.14 Hz, J = 7.96 Hz, 1H), 8.0-
7.85 (m, 2H), 7.69-7.33 (m, 6H), 7.23-7.13 (m, 4H), 7.03-6.96 (m, 3H), 5.35-4.96 (m,
2H), 4.92-4.83 (m, 1H), 4.52-4.37 (m, 1H), 3.94 (s, 3H), 3.90-3.52 (m, 4H), 2.57-2.43
(m, 1H), 2.35-1.88 (m, 7H); “C NMR (50 MHz, CDCl;) &: 171.6, 170.3, 168.9,
167.8, 140.9, 140.3, 137.2, 134.5, 133.3, 132.8, 131.1, 128.9, 128.4, 128.1, 127.7,
127.1, 123.4, 123.2, 123.0, 122.1, 121.4, 120.5, 120.3, 120.1, 115.8, 77.2, 67.1, 67.0,
62.7, 62.3, 52.8, 51.3, 47.3, 46.9, 36.6, 31.5, 30.5, 30.0, 25.5, 23.6; MALDI-
TOF/TOF: 859.4677 (M+Na)', 876.5307 (M+K)"; Anal. caled for C47H44NgOo: C,
67.45; H, 5.30; N, 10.04; Found: C, 67.71; H, 5.21; N, 10.24.

tert-butyl (9)-2-(2-((2-((5)-2-((2-((2-(methoxycarbonyl)phenyl)carbamoyl)
phenyl)carbamoyl)pyrrolidine-1-carbonyl)phenyl)carbamoyl)phenyl)carbamoyl)
pyrrolidine-1-carboxylate 4c:

Compound 4¢ was synthesized, following the procedure for 4f, employing oxazinone

3k and amine 3e. Column chromatographic purification (eluent: 45% AcOEt/pet.
Ether, R¢: 0.3) of the residue afforded 4c¢ as a white fluffy solid (78%). mp: 111-113
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“C; [0]*%%p: -161.548° (¢ 1, CHCLy); IR (CHCL) v (cm™): 3448, 3030, 2401, 2346,
1670, 1655, 1585, 1524, 1475, 1449, 1392, 1297, 1271, 1166, 1030; 'H NMR (200
MHz, CDCls) 6: 12.09 (s, 1H, amide), 11.97;otamer (s, 0.6H, amide), 11.93;tamer (S,
0.4H, amide), 11.81 otamer (s, 0.6H, amide), 11.65otamer (S, 0.4H, amide), 10.76;0tamer (S,
0.6H, amide), 10.5%qtamer (s, 0.6H, amide), 8.80-8.76 (d, J = 8.34 Hz, 1H), 8.71-8.63
(m, 2H), 8.57-8.47 (m, 1H), 8.11-8.07 (dd, J = 1.52 Hz, J = 7.96 Hz, 1H), 7.99-7.95
(m, 1H), 7.89-7.86 (m, 1H), 7.72-7.43 (m, 5H), 7.23-7.13 (m, 3H), 7.06-6.98 (m, 1H),
4.93-4.86 (m, 1H), 4.45-4.39tamer (m, 0.4H), 4.30-4.24,4amer (m, 0.6H), 3.95 (s, 3H),
3.81-3.70 (m, 2H), 3.59-3.38 (m, 2H), 2.54-2.40 (m, 1H), 2.3-1.85 (m, 7H), 1.48swmer
(s, 3H), 1.32s0mmer (5, 6H); °C NMR (50 MHz, CDCls) &: 172.2, 170.5, 170.3, 168.8,
167.7, 166.9, 154.1, 140.9, 140.3, 139.9, 137.3, 134.4, 133.3, 132.3, 132.9, 131.7,
131.1, 128.9, 127.3, 127.1, 123.4, 123.2, 123.0, 122.1, 121.3, 120.8, 120.5, 120.4,
120.1, 119.9, 115.8, 80.0, 62.6, 61.9, 52.6, 51.4, 47.0, 46.7, 31.4, 30.4, 30.0, 29.6,
28.2, 25.5, 24.2, 23.7; MALDI-TOF/TOF: 825.3741 (M+Na)", 841.0604 (M+K)";
Anal. calced for C44H4sNgOo: C, 65.82; H, 5.78; N, 10.47; Found: C, 65.36; H, 5.56; N,
10.41.

General procedure for methylamide derivative preparation:

Compounds 4b, 5d, 6c, 7f, 8d, 9¢, 10c, 12¢, 12f etc., were prepared following the
same procedure.
(8)-NV-(2-((2-(methylcarbamoyl)phenyl)carbamoyl)phenyl)-1-(2-(2-((S)-1-pivaloyl
pyrrolidine-2-carboxamido)benzamido)benzoyl)pyrrolidine-2-carboxamide 4h:
The ester 4f (0.2g, 0.25 mmol) was taken in saturated methanolic methylamine
solution (2 mL) and stirred at room temperature for 2 h. The solvent was removed
under reduced pressure, and the residue was purified by column chromatography
(eluent: 60% AcOEt/pet. Ether, R¢: 0.2) to afford 4h (0.19 g, 98%) as a white solid.
mp: 147-149 °C; [a]***®p: -15.148° (¢ 1, CHCl3); IR (CHCI3) v (cm™): 3300, 3268,
3019, 2400, 1694, 1659, 1626, 1586, 1520, 1447, 1435, 1271; '"H NMR (200 MHz,
CDCls) 6: 12.25 (s, 1H, amide), 12.16 (s, 1H, amide), 11.21 (s, 1H, amide), 10.38 (s,
1H, amide), 8.80-8.77 (d,J = 7.96 Hz, 1H), 8.57-8.53 (d, J = 8.08 Hz, 1H ), 8.33-
8.29 (d,J = 8.08 Hz, 1H ), 8.23-8.19 (d, / = 8.21 Hz, 1H ), 8.45-8.43 (d, J = 8.55
Hz, 1H), 7.82-7.78 (d,J = 7.83 Hz, 1H ), 7.76-7.72 (d, J = 7.58 Hz, 1H ), 7.58-7.54
(d,J = 7.83 Hz, 1H ), 7.51-7.01 (m, 6H), 6.57-6.49 (m, 1H), 4.93-4.86 (dd, J = 7.96
Hz,J = 5.31 Hz, 1H), 4.62-4.56 (m, 1H), 3.96-3.67 (m, 4H), 2.86-2.84 (d, J = 4.67
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Hz, 3H), 2.46-2.25 (m, 2H), 2.16-1.89 (m, 8H), 2.12-2.04 (m, 2H), 1.33 (s, 9H); "°C
NMR (50 MHz, CDCl;) ¢: 177.8, 171.4, 170.3, 170.2, 169.5, 167.6, 167.6, 166.7,
140.1, 139.5, 138.4, 136.7, 133.1, 132.5, 131.6, 130.9, 128.5, 127.4, 127.2, 127.15,
124.6, 123.6, 123.4, 123.3, 123.0, 122.1, 121.2, 121.1, 120.0, 64.1, 62.8, 50.7, 48.5,
39.0, 29.6, 28.8, 27.5, 26.8, 25.5, 25.2; MALDI-TOF/TOF: 808.6611 (M+Na)",
824.6780 (M+K)"; Elemental analysis calculated for C44H47N;07: C, 67.25; H, 6.03;
N, 12.48. Found: C, 67.09; H, 6.04; N, 12.37.

benzyl  (5)-2-((2-((2-((S)-2-((2-((2-(methylcarbamoyl)phenyl)carbamoyl)phenyl)
carbamoyl)pyrrolidine-1-carbonyl)phenyl)carbamoyl)phenyl)carbamoyl)
pyrrolidine-1-carboxylate 4b:

Compound 4b was synthesized from 4a, following the procedure for 4h. Column
chromatographic purification (eluent: 75% AcOEt/pet. Ether, Rs: 0.3) of the residue
afforded 4b as a white solid (98%). mp: 126-128 "C; [a]*>'p: -179.49° (¢ 1, CHCLy);
IR (CHCls) v (cm™): 3445, 2874, 1695, 1627, 1585, 1521, 1435, 1297, 1270, 1215,
1029; '"H NMR (200 MHz, CDCls) &: 12.40 (s, 0.7H, amide), 12.28tmer (s, 0.3H,
amide), 12.17otamer (S, 0.3H, amide), 11.97;otamer (s, 0.7H, amide), 11.78otamer (s, 0.7H,
amide), 11.710tmer (s, 0.3H, amide), 10.57otamer (S, 0.6H, amide), 10.48;otamer (S,
0.6H, amide), 8.90-8.86 (d, J = 8.21 Hz, 0.6H), 8.81-8.77 (d, J = 8.34 Hz, 0.4H), ),
8.65-8.61 (d, J = 8.34 Hz, 0.6H), 8.50-8.46 (d, J = 8.21 Hz, 0.4H), 8.38-8.34 (d, J =
8.08 Hz, 0.4H), 8.24-8.16 (m, 1.6H), 7.94-7.43 (m, 8H), 7.31-6.81 (m, 8H), 6.31-6.23
(m, 1H), 5.34-5.04 (m, 2H), 4.98-4.78 (m, 1H), 4.54-4.49;5tamer (M, 0.7H), 4.43-
4.3 rotamer (M, 0.3H), 4.13-3.84 (m, 2H), 3.73-3.51 (m, 2H), 2.95-2.92stamer (d, J =
4.43 Hz, 1H), 2.81-2.7%tamer (d, J = 4.43 Hz, 2H), 2.46-1.86 (m, 8H); *C NMR (50
MHz, CDCl;) 6: 170.8, 170.5, 169.8, 169.7, 167.6, 166.6, 155.9, 140.1, 139.3, 138.3,
137.5, 136.3, 133.2, 132.6, 131.6, 131.2, 128.6, 128.0, 127.6, 127.4, 127.2, 123.6,
123.3, 123.1, 123.0, 122.7, 122.3, 121.7, 121.4, 120.9, 120.5, 119.8, 77.2, 67.6, 67.0,
63.4, 62.3, 50.8, 46.9, 30.3, 29.9, 29.6, 26.7, 25.1, 24.0; MALDI-TOF/TOF: 858.5309
(M+Na)', 874.5634 (M+K)"; Anal. calcd for C47/H4sN,Og: C, 67.53; H, 5.43; N,
11.73; Found: C, 67.42; H, 5.13; N, 11.89.

tert-butyl (8)-2-((2-((2-((5)-2-((2-(4-0x0-4H-benzo[d][1,3]oxazin-2-yl)phenyl)
carbamoyl)pyrrolidine-1-carbonyl)phenyl)carbamoyl)phenyl)carbamoyl)
pyrrolidine-1-carboxylate 4i:

Compound 4i was synthesized from 4d, following the procedure for 31. Column

chromatographic purification (eluent: 60% AcOEt/pet. Ether, R¢: 0.3) of the residue
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afforded 4i as a fluffy white solid (96%). mp: 99-101 C; [a]**’p: -5.776° (¢ 1,
CHCl); IR (CHCls) v (cm™): 3448, 1770, 1690, 1606, 1585, 1518, 1476, 1449, 1412,
1296, 1249, 1220, 1165, 1125, 1034; '"H NMR (200 MHz, CDCls) &: 12.74 (s, 1H,
amide), 11.65:0tamer (S, 0.55H, amide), 11.55;0mer (S, 0.45H, amide), 10.34;5tamer (S,
0.55H, amide), 10.27;otamer (S, 0.45H, amide), 8.68-8.64 (m, 2H), 8.58-8.47 (m, 1H),
8.54-8.50 (d, J = 8.21 Hz, 1H), 8.11-8.07 (d, J = 7.96 Hz, 1H), 7.99-7.82 (m, 2H),
8.28-8.18 (m, 2H), 7.76-7.30 (m, 7H), 7.23-7.16 (m, 2H), 6.84-6.76 (m, 1H), 4.98-
4.92 (m, 1H), 4.46-4.405tamer (m, 0.45H), 4.32-4.26,0tamer (M, 0.55H), 3.78-3.43 (m,
4H), 2.53-2.44 (m, 1H), 2.36-1.86 (m, 7H), 1.46 rormer (S, 4H), 1.34rotamer (s, SH); °C
NMR (50 MHz, CDCls3) &: 172.0, 171.5, 169.8, 169.0, 167.2, 167.0, 157.8, 157.1,
154.7, 154.0, 144.9, 140.1, 139.5, 136.8, 136.5, 133.9, 132.5, 131.2, 130.8, 129.3,
128.8, 128.7, 127.5, 127.2, 126.0, 124.8, 124.2, 123.3, 123.0, 122.9, 121.9, 120.8,
120.5, 116.4, 114.6, 95.9, 79.9, 79.7, 62.4, 61.9, 61.7, 50.4, 46.9, 46.6, 31.3, 30.3,
29.6, 28.2, 28.1, 25.1, 24.1, 23.6; MALDI-TOF/TOF: 793.2239 (M+Na)", 809.1860
(M+K)"; Anal. caled for C43H4oNgOg: C, 67.00; H, 5.49; N, 10.90; Found: C, 67.24;
H, 5.56; N, 10.79.
(S)-N-(2-(4-0x0-4H-benzo|[d][1,3]oxazin-2-yl)phenyl)-1-(2-(2-((S)-1-pivaloyl
pyrrolidine-2-carboxamido)benzamido)benzoyl)pyrrolidine-2-carboxamide 4j:
Compound 4j was synthesized from 4g, following the procedure for 31. Column
chromatographic purification (eluent: 60% AcOEt/pet. Ether, Rs: 0.3) of the residue
afforded 4j as a fluffy white solid (97%). mp: 134-136 'C; [0]*""p: -78.556° (¢ 1,
CHClLs); IR (CHCls) v (cm™): 3420, 3310, 3020, 2401, 1771, 1662, 1610, 1583, 1521,
1442, 1406, 1293, 1216, 1006; '"H NMR (200 MHz, CDCl;) &: 12.78 (s, 1H, amide),
11.20 (s, 1H, amide), 10.34 (s, 1H, amide), 8.70-8.65 (d, J = 8.46 Hz, 1H), 8.58-8.54
(d, J = 8.21 Hz, 1H), 8.33-8.19 (m, 3H), 7.73-7.32 (m, 8H), 7.22-7.15 (m, 2H), 6.83-
6.76 (m, 1H), 4.96-4.89 (m, 1H), 4.59-4.53 (m, 1H), 3.97-3.65 (m, 4H), 2.54-2.40 (m,
1H), 2.33-1.84 (m, 7H), 1.29 (s, 9H); °C NMR (50 MHz, CDCl;) &: 177.2, 171 .4,
170.0, 168.9, 167.3, 157.9, 157.1, 144.9, 140.2, 139.4, 140.0, 136.4, 133.9, 132.3,
130.9, 129.2, 128.8, 128.6, 127.6, 127.4, 126.1, 124.9, 123.4, 123.0, 122.9, 122.3,
121.2, 121.0, 120.5, 116.3, 114.6, 63.9, 62.0, 50.6, 48.4, 38.8, 29.6, 28.7, 27.2, 25.6,
25.3; MALDI-TOF/TOF: 777.3426 (M+Na)', 793.3498 (M+K)"; Anal. calcd for
Ca3H42NgO7: 68.42; H, 5.61; N, 11.13; Found: 68.32; H, 5.48; N, 11.01.

Homo-chiral Boc dodecamer 5a:
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Compound Sa was synthesized, following the procedure for 4f, employing oxazinone
4i and amine 4e. Column chromatographic purification (eluent: 70% AcOEt/pet.
Ether, R¢: 0.2) of the residue afforded 5a as a white fluffy solid (64%). mp: 165-167
C; [a]**®p: -126.74° (¢ 1, CHCLs); IR (CHCL;) v (em™): 3458, 3021, 1710, 1656,
1589, 1452, 1398, 1297, 1212, 930; '"H NMR (500 MHz, CDCl;) &: 12.05 (s, 1H,
amide), 11.96.otamer (s, 0.7H, amide), 11.92 (s, 1H, amide), 11.89 (s, 1.3H, amide),
11.81 5tamer (S, 0.6H, amide), 11.695amer (S, 0.4H, amide), 10.78-10.61 otamer (s, 3H,
amide), 8.72-8.55 (m, 6H), 8.26-8.23 (m, 2H), 8.03-8.01 (d, J = 7.70 Hz, 1H), 7.95-
7.90 (m, 2H), 7.84-7.82 (d, J = 7.70 Hz, 1H), 7.70-7.65 (m, 3H), 7.55-7.40 (m, 8H),
7.21-7.07 (m, SH), 7.00-6.95 (m, 3H), 4.84-4.78 (m, 3H), 4.43-4.410tamer (m, 0.5H),
4.28-4.255tamer (m, 0.5H), 3.97-3.76 (m, 4H), 3.90 (s, 3H), 3.70-3.41 (m, 4H), 2.43-
2.37 (m, 3H), 2.32-2.25 (m, 1H), 2.17-2.10 (m, 4H), 2.04-1.94 (m, 4H), 1.90-1.82 (m,
4H), 1.42 (s, 3H), 1.32 (s, 6H); °C NMR (125 MHz, CDCls) &: 172.1, 171.6, 170.2,
170.1, 170.0, 169.8, 168.7, 167.6, 167.3, 167.2, 166.9, 154.7, 150.0, 140.7, 140.1,
139.8, 137.2, 136.9, 136.7, 134.3, 133.2, 132.9, 132.8, 130.8, 131.6, 130.9, 128.8,
128.7, 128.7, 127.4, 127.3, 127.0, 124.3, 124.2, 123.3, 123.2, 123.1, 122.9, 122.2,
122.0, 121.1, 120.9, 120.7, 120.3, 120.2, 119.9, 119.5, 115.6, 96.0, 79.9, 79.9, 79.7,
2.6, 62.5, 62.4, 61.8, 52.5, 51.2, 50.9, 50.9, 46.9, 46.6, 31.4, 30.4, 29.9, 29.5, 29.5,
28.3, 28.1, 254, 253, 242, 23.7;, MALDI-TOF/TOF: 1486.3385 (M+Na)",
1512.5137 (M+K)+; Anal. calcd for CgHgoN2O15: C, 66.84; H, 5.47; N, 11.41;
Found: C, 66.66; H, 5.21; N, 11.71.

Homo-chiral Piv dodecamer Sc:

Compound Se¢ was synthesized, following the procedure for 4f, employing oxazinone
4j and amine 4e. Column chromatographic purification (eluent: 80% AcOEt/pet.
Ether, Ry: 0.2) of the residue afforded Sc as a white fluffy solid (56%). mp: 140-142
C; [a]**’p: -99.546° (¢ 1, CHCLs); IR (CHCL;) v (cm™): 3458, 3018, 1693, 1631,
1520, 1406, 1218, 1006; 'H NMR (200 MHz, CDCl3) &: 12.06 (s, 1H, amide), 11.93
(s, 2H, amide), 11.88 (s, 1H, amide), 11.36 (s, 1H, amide), 10.70 (s, 1H, amide),
10.68 (s, 1H, amide), 10.65 (s, 1H, amide), 8.73-8.55 (m, 5H), 8.39-8.34 (d, J = 8.34
Hz, 1H), 8.29-8.22 (m, 2H), 8.06-7.82 (m, 5H), 7.71-7.64 (m, 3H), 7.55-7.39 (m, 9H),
7.25-7.07 (m, 6H), 7.04-6.93 (m, 3H), 4.83-4.78 (m, 3H), 4.60-4.55 (m, 1H), 3.95-
3.57 (m, 8H), 3.91 (s, 3H), 2.50-2.35 (m, 3H), 2.26-1.81 (m, 13H), 1.29 (s, 9H); °C
NMR (50 MHz, CDCl3) 6: 177.2, 171.5, 170.2, 170.1, 170.0, 169.9, 168.8, 167.7,
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167.4, 167.3, 167.2, 140.7, 140.1, 139.9, 139.8, 139.7, 137.1, 136.9, 136.7, 134.3,
133.2, 133.0, 132.6, 140.0, 128.9, 128.7, 127.3, 127.0, 124.4, 124.2, 123.4, 123.3,
123.2,122.2,131.4, 121.2, 121.0, 120.6, 120.4, 120.0, 119.8, 119.6, 115.7, 77.2, 63.9,
62.6, 62.4, 52.6, 51.1, 50.9, 48.5, 38.9, 29.9, 29.6, 27.4, 25.5, 25.4; MALDI-
TOF/TOF: 1480.3448 (M+Na)", 1497.3956 (M+K)"; Anal. calcd for CgHgoN 2014
C, 67.57; H, 5.53; N, 11.53; Found: C, 67.81; H, 5.32; N, 11.59.

Homo-chiral Piv dodecamer 5d:

Compound 5d was synthesized from Sc, following the procedure for 4h. Column
chromatographic purification (eluent: 85% AcOEt/pet. Ether, Rs: 0.3) of the residue
afforded 5d as a fluffy white solid (94%). mp: 175-176 "C; [a]***p: 108.448° (¢ 1,
CHCL); IR (CHCL) v (cm™): 3458, 1682, 1636, 1520, 1404, 1299, 1010; 'H NMR
(200 MHz, CDCl3) o: 12.42 (s, 1H, amide), 12.12 (s, 1H, amide), 11.91 (s, 2H,
amide), 11.34 (s, 1H, amide), 10.79 (s, 1H, amide), 10.62 (s, 1H, amide), 10.59 (s,
1H, amide), 8.86-8.83 (d, J = 7.83 Hz, 1H), 8.72-8.68 (d, J = 8.21 Hz, 1H), 8.65-8.57
(m, 2H), 8.41-8.37 (d, J = 8.46 Hz, 1H), 8.35-8.31 (d, J = 7.83 Hz, 1H), 8.15-8.11 (d,
J =7.96 Hz, 1H), 8.13-8.09 (d, J = 7.96 Hz, 1H), 8.0-7.90 (m, 2H), 7.77-6.91 (m,
20H), 6.42-6.31 (m, 2H), 4.86-4.77 (m, 3H), 4.61-4.55 (m, 1H), 4.02-3.68 (m, 8H),
2.88-2.84 (d, J = 4.55 Hz, 3H), 2.53-2.30 (m, 4H), 2.21-1.85 (m, 12H), 1.31 (s, 9H);
BC NMR (50 MHz, CDCls) 8: 171.5, 170.8, 170.4, 170.2, 170.0, 169.6, 169.4, 167.6,
167.3, 167.2, 166.7, 140.1, 140.0, 139.6, 138.3, 137.2, 137.1, 137.0, 133.2, 132.9,
132.7, 131.6, 131.4, 131.2, 130.9, 129.7, 129.0, 127.5, 127.2, 127.0, 124.2, 123.9,
123.6, 123.6, 123.2, 123.0, 122.3, 121.6, 121.4, 120.7, 120.6, 119.8, 119.6, 118.9,
77.2, 64.0, 63.4, 62.9, 62.6, 48.5, 41.7, 39.0, 31.9, 30.1, 29.6, 27.4, 26.8, 25.4, 25.1;
MALDI-TOF/TOF: 1479.5386 (M+Na)", 1495.4143 (M+K)"; Anal. calcd for
CgoHg1N13043: C, 67.62; H, 5.61; N, 12.50; Found: C, 67.48; H, 5.52; N, 12.23.

Homo-chiral Boc octadecamer 6a:

Compound 6a was synthesized, following the procedure for 4f, employing oxazinone
4i and amine Sb. Column chromatographic purification (eluent: 80% AcOEt/pet.
Ether, R¢: 0.3) of the residue afforded 6a as a waxy solid (36%). [a]*"p: -119.48° (¢
0.5, CHCl;); IR (CHCIls) v (cm™): 3460, 3020, 1683, 1586, 1448, 1395, 1299, 1217,
930; '"H NMR (400 MHz, CDCl3) &: 12.17ctamer (s, 0.1H, amide), 12.07 (s, 1H,
amide), 11.98.otamer (s, 0.9H, amide), 11.93 (s, 1H, amide), 11.89 (broad, 3H, amide),
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11.840tamer (s, 0.7H, amide), 11.69;otamer (s, 0.3H, amide), 10.78-10.62 (m, SH, amide),
8.76-8.57 (m, 8H), 8.29-8.22 (m, 3H), 8.06-8.04 (d, J = 7.78 Hz, 1H), 7.97-7.84 (m,
6H), 7.72-7.66 (m, SH), 7.56-7.42 (m, 12H), 7.24-7.08 (m, 8H), 7.04-6.97 (m, 5H),
4.87-4.78 (m, 5H), 4.44-4.42,otamer (m, 0.5H), 4.29-4.26,0tamer (M, 0.5H), 3.96-3.35 (m,
12H), 3.92 (s, 3H), 2.48-2.43 (m, 4H), 2.31-2.14 (m, 8H), 2.00-1.82 (m, 12H),
1.330tmer (S, SH), 1.2510mmer (s, 4H); C NMR (100 MHz, CDCls) &: 172.3, 171.2,
170.4, 170.1, 169.9, 169.8, 167.5, 167.3, 167.0, 154.1, 140.8, 140.2, 140.0, 137.3,
136.9, 136.8, 134.4, 133.3, 133.1, 131.7, 131.1, 128.9, 128.8, 127.5, 127.4, 127.1,
124.4, 124.3, 123.4, 123.4, 123.2, 123.0, 121.2, 121.1, 120.5, 120.0, 119.7, 119.6,
115.8, 80.1, 77.2, 62.7, 62.5, 60.4, 52.7, 51.0, 46.7, 31.9, 31.5, 31.4, 30.0, 29.9, 29.7,
29.3, 284, 28.2, 254, 243, 23.8, 22.7, 21.1; MALDI-TOF/TOF: 2167.4343
(M+Na)+, 2183.2896 (M+K)+; Anal. calcd for Ci20H114N13021: C, 67.22; H, 5.36; N,
11.76; Found: C, 67.02; H, 5.12; N, 11.71.

Homo-chiral Piv octadecamer 6b:

Compound 6b was synthesized, following the procedure for 4f, employing oxazinone
4j and amine 5b. Column chromatographic purification (eluent: 85% AcOEt/pet.
Ether, R¢: 0.2) of the residue afforded 6b as a white fluffy solid (30%). mp: 193-195
C; [a]*"'p: -96.368° (¢ 1, CHCLs); IR (CHCL;) v (ecm™): 3460, 3019, 1626, 1526,
1404, 1216, 1009; 'H NMR (400 MHz, CDCl5) &: 12.05 (s, 1H, amide), 11.91 (broad,
2H, amide), 11.88 (broad, 3H, amide), 11.35 (s, 1H, amide), 10.69 (broad, 3H,
amide), 10.67 (s, 1H, amide), 10.62 (s, 1H, amide), 8.73-8.68 (m, 2H), 8.64-8.57 (m,
4H), 8.39-8.35 (m, 1H), 8.30-8.22 (m, 3H), 8.06-8.04 (d, J = 7.78 Hz, 1H), 7.97-7.95
(d, J=7.53 Hz, 1H), 7.91-7.84 (m, 5H), 7.71-7.66 (m, SH), 7.54-7.42 (m, 12H), 7.23-
7.09 (m, 8H), 7.02-6.95 (m, SH), 4.86-4.79 (m, 5SH), 4.60-4.56 (m, 1H), 3.90-3.57 (m,
12H), 3.92 (s, 3H), 2.49-2.41 (m, 4H), 2.19-2.13 (m, 7H), 2.00-1.86 (m, 13H), 1.30 (s,
9H); *C NMR (100 MHz, CDCl;) &: 177.2, 171.5, 170.3, 170.1, 169.9, 168.8, 167.8,
167.5, 167.3, 167.2, 140.8, 140.2, 140.0, 139.9, 139.2, 137.1, 136.8, 136.8, 134.4,
133.3, 132.7, 131.1, 128.8, 127.5, 127.4, 127.3, 127.1, 124.5, 124.3, 123.4, 123.2,
123.1, 122.4, 122.3, 121.5, 121.3, 121.1, 120.6, 120.5, 120.0, 119.8, 119.6, 115.8,
114.0, 96.1, 77.2, 64.0, 62.6, 62.6, 62.5, 52.6, 51.2, 51.0, 48.5, 39.0, 36.6, 33.8, 31.9,
30.0, 29.7, 29.5, 29.3, 29.1, 28.9, 28.3, 27.4, 25.4, 24.8, 24.6, 22.6, MALDI-
TOF/TOF: 2151.6296 (M+Na)+, 2168.3511 (M+K)+; Anal. calcd for Ci20H114N15020:
C, 67.72; H, 5.40; N, 11.85; Found: C, 67.46; H, 5.36; N, 11.69.
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Homo-chiral Piv octadecamer 6c:

Compound 6¢ was synthesized from 6b, following the procedure for 4h. Column
chromatographic purification (eluent: 90% AcOEt/pet. Ether, Rs: 0.2) of the residue
afforded 6¢ as a white fluffy solid (86%). mp: 186-188 'C; [a]*"'p: -152.648° (c 1,
CHCl); IR (CHCL3) v (cm™): 3461, 3020, 1627, 1526, 1450, 1409, 1298, 1216, 929;
'H NMR (500 MHz, CDCls) &: 12.38 (s, 1H, amide), 12.17 (s, 1H, amide), 11.92
(broad, 2H, amide), 11.88 (s, 1H, amide), 11.87 (s, 1H, amide), 11.36 (s, 1H, amide),
10.78 (s, 1H, amide), 10.72 (s, 1H, amide), 10.69 (s, 1H, amide), 10.64 (s, 1H,
amide), 10.59 (s, 1H, amide), 8.83-8.82 (d, /= 8.53 Hz, 1H), 8.69-8.6 (d, J = 8.25 Hz,
1H), 8.65-8.59 (m, 4H), 8.38-8.37 (d, J = 7.98 Hz, 1H), 8.29-8.25 (m, 3H), 8.18-8.16
(d, J=7.98 Hz, 1H), 8.10-8.09 (d, J = 8.25 Hz, 1H), 7.97-7.96 (d, J = 7.43 Hz, 1H),
7.92-7.91 (m, 3H), 7.71-7.65 (m, 5H), 7.56-7.28 (m, 15H), 7.23-7.15 (m, 7H), 7.07-
6.95 (m, 5H), 6.46-6.43 (t, J = 7.43 Hz, 1H), 6.39-6.36 (t, J = 7.43 Hz, 1H), 4.84-4.79
(m, 5H), 4.57 (m, 1H), 3.96-3.59 (m, 12H), 2.85-2.84 (d, J = 4.13 Hz, 1H), 2.50-2.38
(m, 4H), 2.30-2.27 (m, 1H), 2.17-1.84 (m, 19H), 1.30 (s, 9H); °*C NMR (125 MHz,
CDCl) 6: 177.3, 171.6, 170.8, 170.4, 170.3, 170.1, 170.0, 169.7, 169.4, 167.6, 167.5,
167.4, 167.3, 166.8, 140.2, 140.0, 139.84, 139.8, 139.7, 138.4, 137.2, 137.2, 137.0,
136.8, 133.2, 133.1, 133.0, 132.7, 131.7, 131.4, 131.1, 130.9, 129.6, 129.0, 128.9,
128.3, 127.5, 127.3, 127.3, 127.1, 124.5, 124.4, 124.0, 123.7, 123.6, 123.4, 123.3,
123.2, 123.17, 123.0, 122.4, 122.3, 121.8, 121.4, 120.8, 120.7, 120.6, 119.8, 119.6,
119.0, 114.1, 96.1, 64.1, 63.3, 62.9, 62.6, 62.55, 51.5, 51.3, 51.1, 50.9, 48.6, 39.0,
33.8, 31.9, 31.6, 30.1, 30.0, 29.7, 29.6, 29.5, 29.3, 29.1, 27.4, 26.8, 26.4, 25.5, 25.2,
23.1, 22.7; MALDI-TOF/TOF: 2149.2512 (M+Na)+; Anal. calcd for Ci20H115N19010:
C, 67.75; H, 5.45; N, 12.51; Found: C, 67.52; H, 5.26; N, 12.29.

tert-butyl (9)-2-(2-(2-((R)-2-((2-((2-(methoxycarbonyl)phenyl)carbamoyl)

phenyl)carbamoyl)pyrrolidine-1-carbonyl)phenyl)carbamoyl)phenyl)carbamoyl)
pyrrolidine-1-carboxylate 7a:

Compound 7a was synthesized, following the procedure for 4f, employing oxazinone
3k and amine 3i. Column chromatographic purification (eluent: 45% AcOEt/pet.
Ether, R¢: 0.3) of the residue afforded 3 as a white fluffy solid (64%). mp: 111-113 C;
[a]*7°p: 49.556° (¢ 1, CHCL); IR (CHCL) v (ecm™): 3460, 3020, 1634, 1625, 1524,
1403; '"H NMR (200 MHz, CDCls) &: 12.08 (s, 1H, amide), 11.99umer (s, 0.6H,
amide), 11.96,0tamer (S, 0.4H, amide), 11.79otamer (S, 0.4H, amide), 11.745tamer (S, 0.6H,
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amide), 10.66;0amer (s, 0.6H, amide), 10.64;0umer (s, 0.6H, amide), 8.81-8.77 (d, J =
8.46 Hz, 1H), 8.73-8.60 (m, 2H), 8.54-8.50 (d, J = 8.21 Hz, 1H), 8.11-8.07 (d, J =
7.96 Hz, 1H), 7.99-7.82 (m, 2H), 7.67-7.39 (m, 5H), 7.26-7.13 (m, 3H), 7.01-6.88 (m,
1H), 4.90-4.83 (m, 1H), 4.46-4.40p0amer (m, 0.5H), 4.28-4.22,0tamer (m, 0.5H), 3.97-
3.43 (m, 4H), 3.95 (s, 3H), 2.53-2.43 (m, 1H), 2.3-1.85 (m, 7H), 1.39 (s, 4H), 1.29 (s,
5H); °C NMR (50 MHz, CDCl;) &: 172.2, 171.6, 170.3, 168.8, 167.7, 166.8, 154.0,
140.9, 140.3, 139.8, 137.5, 137.3, 134.4, 133.3, 132.8, 131.5, 131.0, 128.9, 128.6,
127.4, 127.0, 123.4, 123.2, 122.9, 122.1, 121.2, 120.5, 120.0, 115.7, 80.0, 62.7, 61.9,
52.6, 51.2, 47.0, 46.6, 31.4, 30.0, 29.6, 28.1, 25.4, 24.2, 23.7; MALDI-TOF/TOF:
825.2853 (M+Na)', 841.8370 (M+K)"; Anal. calcd for C44HysNgOo: C, 65.82; H,
5.77; N, 10.47; Found: C, 65.99; H, 5.57; N, 10.40.

2-12-({1-]2-(2-{[1-(2,2-Dimethyl-propionyl)-pyrrolidine-2-carbonyl]-amino}-
benzoylamino)-benzoyl]-pyrrolidine-2-carbonyl}-amino)-benzoylamino]-benzoic
acid methyl ester 7d:

Compound 7d was synthesized, following the procedure for 4f, employing oxazinone
31 and amine 3i. Column chromatographic purification (eluent: 50% AcOEt/pet.
Ether, Rs: 0.3) of the residue afforded 3 as a white fluffy solid (64%). mp: 100-102
°C; [a]*%p: 47.512° (¢ 1, CHCLy); IR (CHCL) v (cm™): 3444, 3020, 2400, 1673,
1606, 1585, 1523, 1477, 1439, 1297, 1097, 929; 'H NMR (500 MHz, CDCl;) &: 12.07
(s, 1H, amide), 11.93 (s, 1H, amide), 11.44 (s, 1H, amide), 10.62 (s, 1H, amide),
8.78-8.76 (d, J = 8.24 Hz, 1H ), 8.68-8.66 (d, J = 8.54 Hz, 1H ), 8.65-8.64 (d, J =
8.54 Hz, 1H ), 8.45-8.43 (d, J = 8.55 Hz, 1H ), 8.10-8.08 (dd, J = 1.53 Hz, J = 7.93
Hz, 1H), 7.96-7.95 (d, J = 7.02 Hz, 1H ), 7.86-7.85 (d, J = 7.32 Hz, 1H ), 7.64-7.63
(d,J =7.32Hz, 1H), 7.55-7.52 (m, 2H), 7.50-7.47 (t, J = 7.32 Hz, 1H), 7.43-7.40 (t,
J =17.32Hz, 1H), 7.23-7.20 (t, J = 7.32 Hz, 1H), 7.19-7.14 (m, 2H), 6.98-6.95 (t, J =
7.32 Hz, 1H), 4.89-4.86 (m, 1H), 4.63-4.61 (m, 1H), 3.96 (s, 3H), 3.93-3.91 (m, 2H),
3.82-3.78 (m, 1H), 3.75-3.70 (m, 1H), 2.52-2.45 (m, 1H), 2.24-2.15 (m, 2H), 2.12-
2.04 (m, 2H), 1.98-1.90 (m, 2H), 1.78-1.71 (m, 1H), 1.28 (s, 9H); °C NMR (125
MHz, CDCl;) 6: 177.5, 171.5, 170.4, 170.3, 168.9, 168.8, 167.1, 141.0, 140.3, 140.0,
137.4, 134.4, 133.3, 132.8, 131.2, 131.1, 128.9, 127.1, 123.8, 123.4, 123.2, 123.1,
1229, 122.2, 121.4, 121.3, 120.6, 120.1, 115.9, 64.2, 62.6, 52.6, 51.3, 48.5, 39.1,
36.6, 30.0, 29.0, 27.5, 25.5, 24.7; MALDI-TOF/TOF: 809.4837 (M+Na)', 825.4543

Ph. D. Thesis Dec 2013 152



Conformational Pre-Disposition of -o/f,-oligomers Chapter 2

(M+K)"; Elemental analysis calculated for C44H46N¢Os: C, 67.16; H, 5.89; N, 10.68.
Found: C, 67.24; H, 5.76; N, 10.46.
2-[2-({1-[2-(2-{[1-(2,2-Dimethyl-propionyl)-pyrrolidine-2-carbonyl]-amino}-
benzoylamino)-benzoyl]-pyrrolidine-2-carbonyl}-amino)-benzoylamino]-benzoic
acid methyl amide 7f:

Compound 7f was synthesized from ester 7d, following the procedure for 4h. Column
chromatographic purification (eluent: 60% AcOEt/pet. Ether, Rs: 0.2) of the residue
afforded 1 as white solid (93%). mp: 225-227 °C; [a]**p: 156.356° (¢ 1, CHCLs); IR
(CHCI3) v (em™): 3260, 3020, 2401, 1681, 1651, 1623, 1583, 1520, 1428, 1297. 'H
NMR (400 MHz, CDCls) &: 12.78 (s, 1H, amide), 12.37 (s, 1H, amide), 11.59 (s, 1H,
amide ), 10.32 (s, 1H, amide), 8.98-8.96 (d, J = 8.28 Hz, 1H), 8.56-8.54 (d, J = 8.28
Hz, 1H), 8.48-8.46 (d, J = 8.53 Hz, 1H), 8.33 (s, 1H, amide), 8.29-8.27 (d, J = 8.53
Hz, 1H), 7.89-7.88 (d, J = 7.78 Hz, 1H ), 7.68-7.65 (d, J = 9.54 Hz, 1H ), 7.65-7.63
(d, J = 8.78 Hz, 1H), 7.59-7.55 (m, 1H), 7.5-7.46 (m, 1H), 7.25-7.12 (m, 6H), 6.12-
6.08 (m, 1H), 4.8-4.77 (dd, J = 2.76Hz, J = 7.78Hz, 1H), 4.5-4.27 (m, 1H), 4.4-4.37
(m, 1H), 4.13-4.08 (m, 1H), 4.03-3.97 (m, 1H), 3.9-3.77 (m, 2H), 2.78-2.77 (d,
4.52Hz, 2H), 2.42- 2.4 (m, 2H), 2.14- 2.11 (m, 4H), 1.94- 1.91 (m, 2H), 1.39 (s, 9H);
BC NMR (100 MHz, CDCls) &: 177.5, 171.0, 170.6, 169.6, 169.2, 167.7, 165.9,
140.7, 140.4, 138.4, 138.7, 137.8, 133.1, 132.7, 131.9, 131.3, 128.0, 127.7, 127.3,
127.0, 123.4, 123.1, 123.0, 122.5, 121.4, 120.5, 120.1, 119.1, 117.5, 64.0, 63.7, 50.7,
48.6, 38.9, 30.4, 28.5, 27.4, 26.8, 259, 25.0, MALDI-TOF/TOF: 809.8082
(M+Na)', 825.7921 (M+K)"; Elemental analysis calculated for C44H47N707: C, 67.25;
H, 6.03; N, 12.48. Found: C, 67.09; H, 6.04; N, 12.47.
(R)-N-(2-((2-(dimethylcarbamoyl)phenyl)carbamoyl)phenyl)-1-(2-(2-((:S)-1-
pivaloyl pyrrolidine-2-carboxamido)benzamido)benzoyl)pyrrolidine-2-

carboxamide 7g:
The ester 4d (0.1g) was taken in saturated methanolic dimethylamine solution (2 mL)

and stirred at room temperature for 2 h. The solvent was removed under reduced
pressure, and the residue was purified by column chromatography (eluent: 80%
AcOEt/pet. Ether, R¢: 0.3) to afford 7g (0.093 g, 93%) as a white solid. mp: 87-89 °C;
[a]**%p: 41.952° (¢ 0.5, CHCLs); IR (CHCL) v (cm™): 3340, 3020, 2401, 1600, 1522
1425, 1045, 929; "H NMR (500 MHz, CDCls) &: 11.89 (s, 1H, amide), 11.44 (s, 1H,
amide), 10.58 (s, 1H, amide), 10.27 (s, 1H, amide), 8.73-8.71 (d, J = 8.24 Hz, 1H),
8.67-8.66 (d, J = 8.24 Hz, 1H ), 8.42-8.40 (d, J = 8.24 Hz, 1H), 8.24-8.23 (d, J =
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8.24 Hz, 1H), 7.91-7.89 (d, J = 7.02 Hz, 1H), 7.70-7.68 (d, J = 7.02 Hz, 1H), 7.65-
7.63 (d,J = 7.32Hz, 1H), 7.52-7.49 (t,J = 8.24 Hz, 1H), 7.46-7.41 (m, 3H), 7.33-
7.31(d,J = 7.63 Hz, 1H), 7.20-7.15 (m, 2H), 7.00-6.97 (m, 2H), 4.84-4.81 (m, 1H),
4.62-4.60 (m, 1H), 3.96-3.90 (m, 2H), 3.82-3.79 (m, 1H), 3.69-3.66 (m, 1H), 3.08 (s,
3H), 2.97 (s, 3H), 2.52-2.46 (m, 1H), 2.20-2.14 (m, 2H), 2.10-2.02 (m, 2H), 1.97-1.87
(m, 3H), 1.27 (s, 9H); °C NMR (125 MHz, CDCl;) &: 177.5, 171.5, 170.3, 170.2,
167.2, 167.1, 140.0, 139.97, 137.1, 136.6, 133.2, 132.8, 131.1, 130.6, 128.9, 128.1,
127.1, 136.9, 124.7, 123.8, 123.5, 123.46, 123.1, 122.9, 122.0, 121.3, 121.2, 120.1,
119.8, 64.2, 62.6, 51.2, 48.5, 40.1, 35.7, 30.0, 29.0, 28.4, 27.4, 25.5, 24.6; MALDI-
TOF/TOF: 800.8156 (M+H)', 823.1161 (M+Na)", 839.2504 (M+K)"; Elemental
analysis calculated for C4sH4oN-O7: C, C, 67.57; H, 6.17; N, 12.26. Found: C, 67.69;
H, 6.02; N, 12.06.

(S)-tert-butyl 2-((2-((2-((R)-2-((2-(4-ox0-4H-benzo|[d][1,3]oxazin-2-
yD)phenyl)carbamoyl) pyrrolidine-1-carbonyl)phenyl)carbamoyl)phenyl)
carbamoyl)pyrrolidine-1-carboxylate 7h:

Compound 7h was synthesized from acid 7b, following the procedure for 3g. Column
chromatographic purification (eluent: 60% AcOEt/pet. Ether, R¢: 0.3) of the residue
afforded 1 as white solid (99%). mp: 115-117 'C; [a]*"p: -43.704° (¢ 1, CHCL); IR
(CHCI3) v (cm™): 2459, 3020, 1780, 1665, 1622, 1524, 1449, 1400; '"H NMR (200
MHz, CDCl3) &: 12.8510tamer (S, 0.5H, amide), 12.77otamer (s, 0.5H, amide), 12.09-
11.6610tamer (s, 1H, amide), 10.67-10.64;0tamer (d, 0.3H, amide), 10.40-10.32ptamer (d,
0.7H, amide), 8.81-8.43 (m, 3H), 8.34-8.26 (t, J = 8.59 Hz, 2H), 8.11-7.68 (m, 2H),
7.60-7.34 (m, 5SH), 7.27-7.15 (m, 3H), 7.02-6.72 (m, 1H), 5.05-5.02;0tamer (m, 0.1H),
4.95-4.83 (m, 0.9H), 4.46-4.41 stamer (m, 0.5H), 4.31-4.23,tamer (m, 0.5H), 3.84-3.40
(m, 4H), 2.51-1.9 (m, 8H), 1.43-1.360wmer (M, 4H), 1.32;0mer (5, SH); °C NMR (50
MHz, CDCl;) 6: 172.3, 171.8, 170.3, 170.0, 169.2, 167.1, 166.9, 158.1, 157.5, 154.5,
155.0, 154.1, 145.2, 140.4, 137.2, 136.9, 134.2, 133.3, 132.9, 132.7, 131.5, 131.1,
129.6, 128.9, 127.9, 127.5, 127.2, 126.1, 124.3, 123.3, 123.1, 122.3, 120.7, 116.6,
114.9, 114.1, 80.1, 79.9, 62.6, 62.1, 52.7, 51.3, 50.9, 50.7, 47.1, 46.8, 33.8, 31.9, 31.5,
30.6, 29.7, 29.5, 29.3, 29.1, 28.9, 28.2, 25.5, 25.2, 24.3, 23.8, 22.7, 14.1; MALDI-
TOF/TOF: 793.7233 (M+Na+), 809.7417 (M+K+); Anal. calcd for C43H4oNgO7: C,
67.44; H, 6.13; N, 10.22; Found: C, 67.58; H, 6.08; N, 10.10.
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(R)-N-(2-(4-0x0-4H-benzo[d][1,3]oxazin-2-yl)phenyl)-1-(2-(2-((S)-1-
pivaloylpyrrolidine-2-carboxamido)benzamido)benzoyl)pyrrolidine-2-
carboxamide 7i:

Compound 7i was synthesized from acid 7e, following the procedure for 3g. Column
chromatographic purification (eluent: 60% AcOEt/pet. Ether, Rs: 0.3) of the residue
afforded 1 as white solid (97%). mp: 115-117 'C; [a]*""p: -43.704° (¢ 1, CHCL); IR
(CHCIL3) v (cm™): 3460, 3020, 1781, 1634, 1625, 1524, 1403; 'H NMR (200 MHz,
CDCls) o: 12.79 (s, 1H, amide), 11.25 (s, 1H, amide), 10.34 (s, 1H, amide), 8.81-8.64
(m, 2H), 8.48-8.37 (m, 1H), 8.30-8.22 (m, 2H), 8.02-7.91 (m, 1H), 7.77-7.70 (m, 1H),
7.66-7.35 (m, 6H), 7.25-7.15 (m, 2H), 6.83-6.75 (m, 1H), 4.96-4.90 (m, 1H), 4.75-
4.58 (m, 1H), 4.07-3.58 (s, 4H), 2.48-1.96 (m, 8H), 1.26 (s, 9H); °C NMR (50 MHz,
CDCl) o: 177.6, 171.4, 169.9, 168.9, 167.2, 162.9, 162.4, 161.3, 158.0, 157.2, 145.0,
140.2, 139.5, 137.1, 136.6, 134.0, 132.4, 130.9, 129.3, 128.8, 128.7, 127.7, 127.2,
126.1, 124.4, 123.3, 123.1, 122.9, 122.2, 121.1, 120.7, 120.6, 116.4, 114.7, 64.3, 61.9,
59.2, 50.7, 48.5, 46.9, 39.0, 36.4, 31.3, 29.6, 28.9, 27.3, 25.6, 25.3, 24.2; MALDI-
TOF/TOF: 777.6476 (M+Na)', 794.7167 (M+K)"; Anal. caled for C43H4NgO7: C,
67.44; H, 6.13; N, 10.22; Found: C, 67.58; H, 6.08; N, 10.10.

(S)-tert-butyl 2-((2-((2-((R)-2-((2-((2-(isobutoxycarbonyl)phenyl)carbamoyl)

phenyl)carbamoyl) pyrrolidine-1-carbonyl)phenyl)carbamoyl)phenyl)
carbamoyl)pyrrolidine-1-carboxylate 7j:

Compound 7j was synthesized by reacting benzoxazinone 7h with isobutanol,
following the procedure for 4f using isobutanol as solvent. Column chromatographic
purification (eluent: 60% AcOEt/pet. Ether, Ry 0.3) of the residue afforded 7j as
white solid (87%). mp: 83-85 "C completes at 96 C; [a]**p: 30.856° (¢ 1, CHCl;); IR
(CHCIL3) v (em™): 3444, 3019, 2400, 1680, 1654, 1523, 1449, 929; 'H NMR (200
MHz, CDCls) 6: 12.20 (s, 1H, amide), 12.01;0tamer (s, 0.6H, amide), 11.98;0tamer (S,
0.4H, amide), 11.79;0tamer (s, 0.4H, amide), 11.74otamer (s, 0.6H, amide), 10.66 (bs, 1H,
amide), 8.80-8.76 (d, J = 8.34 Hz, 1H), 8.73-8.61 (m, 2H), 8.54-8.50 (d, J = 8.34 Hz,
1H), 8.12-8.08 (d, J = 7.71 Hz, 1H), 8.00-7.83 (m, 2H), 7.68-7.64 (d, J = 7.71 Hz,
1H), 7.57-7.39 (m, 4H), 7.25-7.12 (m, 4H), 7.02-6.89 (m, 1H), 5.17-5.08 (m, 1H),
4.90-4.83 (m, 1H), 4.49-4.40,otamer (m, 0.5H), 4.28-4.22,tamer (M, 0.5H), 3.97-3.42 (m,
4H), 2.51-1.68 (m, 9H), 1.39-1.30 (m, 12H), 1.01-0.9 (m, 3H); °C NMR (50 MHz,
CDCl) 6: 172.2, 171.7, 170.3, 168.0, 167.7, 166.9, 154.1, 140.9, 140.3, 139.8, 137.5,
137.3, 134.2, 133.2, 132.8, 131.5, 131.1, 130.9, 129.0, 128.6, 127.1, 123.4, 123.1,

Ph. D. Thesis Dec 2013 155



Conformational Pre-Disposition of -o/f,-oligomers Chapter 2

122.1, 121.2, 120.6, 120.0, 116.4, 80.0, 73.9, 62.6, 61.9, 51.2, 47.0, 46.7, 36.6, 31.5,
30.5, 30.0, 28.7, 28.2, 25.4, 23.7, 19.4; MALDI-TOF/TOF: 867.7450 (M+Na)",
883.7388 (M+K)+; Anal. caled for C47Hs5pNgOo: C, 66.81; H, 6.20; N, 9.95; Found: C,
66.61; H, 6.09; N, 9.88.

(S)-tert-butyl 2-((2-((2-((R)-2-((2-((2-((pentyloxy)carbonyl)phenyl)carbamoyl)
phenyl)carbamoyl)pyrrolidine-1-carbonyl)phenyl)carbamoyl)phenyl)
carbamoyl)pyrrolidine-1-carboxylate 7k:

Compound 7k was by reacting benzoxazinone 7h with isobutanol, following the
procedure for 4f in DMF as solvent. Column chromatographic purification (eluent:
60% AcOEt/pet. Ether, Ry: 0.3) of the residue afforded 7k as white solid (87%). mp:
81-83 'C completes at 98 'C; [a]*?p: 30.892° (¢ 1, CHCL); IR (CHCL;) v (cm™):
3445, 2926, 1691, 1655, 1585, 1522, 1448, 1391, 1296, 1260, 1164; 'H NMR (200
MHz, CDCls) 6: 12.16 (s, 1H, amide), 12.00;0tamer (S, 0.6H, amide), 11.97otamer (S,
0.4H, amide), 11.79;0tamer (s, 0.4H, amide), 11.74otamer (S, 0.6H, amide), 10.66 (bs, 1H,
amide), 8.80-8.76 (d, J = 8.34 Hz, 1H), 8.67-8.63 (m, 2H), 8.54-8.50 (d, J = 8.34 Hz,
1H), 8.13-8.09 (d, J = 7.83 Hz, 1H), 8.01-7.82 (m, 2H), 7.68-7.64 (d, J = 7.96 Hz,
1H), 7.57-7.39 (m, 4H), 7.24-7.12 (m, 3H), 6.97-6.89 (m, 1H), 4.90-4.83 (m, 1H),
4.45-4.400tamer (m, 0.5H), 4.28-4.22;5amer (m, 0.5H), 4.04 (s, 2H), 3.97-3.42 (m, 4H),
2.51-1.85 (m, 8H), 1.39-1.38,gamer (m, 4H), 1.300mmer (m, 5H), 1.05 (s, 9H); *C NMR
(50 MHz, CDCl) &: 172.2, 171.7, 170.3, 168.4, 167.7, 166.9, 154.8, 154.1, 141.0,
140.3, 139.8, 137.5, 137.3, 134.4, 133.3, 132.8, 131.6, 131.1, 130.7, 128.9, 128.6,
127.0, 123.4, 123.2, 122.9, 121.2, 120.8, 120.6, 120.0, 116.0, 80.01, 79.8, 74.9, 62.5,
61.9, 51.2, 47.0, 46.7, 36.6, 31.5, 30.5, 30.0, 28.2, 26.5, 25.4, 24.6, 23.7; MALDI-
TOF/TOF: 881.8750 (M+Na)', 898.4380 (M+K)"; Anal. calcd for C4sHs4NgOo: C,
67.12; H, 6.34; N, 9.78; Found: C, 67.00; H, 6.58; N, 9.79.

isobutyl 2-(2-((R)-1-(2-(2-((S)-1-pivaloylpyrrolidine-2-carboxamido)benzamido)
benzoyl)pyrrolidine-2-carboxamido)benzamido)benzoate 71:

Compound 71 was synthesized by reacting benzoxazinone 7i with isobutanol,
following the procedure for 4f, using isobutanol as solvent. Column chromatographic
purification (eluent: 60% AcOEt/pet. Ether, R¢: 0.3) of the residue afforded 71 as
white solid (82%). mp: 102-104 "C; [a]*"p: 47.104° (¢ 1, CHCLs); IR (CHCL;) v (cm’
"): 3448, 3020, 2401, 1655, 1625, 1606, 1585, 1522, 1477, 1439, 1297, 1026, 929; 'H
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NMR (200 MHz, CDCls) 6: 12.13 (s, 1H, amide), 11.90 (s, 1H, amide), 11.37 (s, 1H,
amide), 10.55 (s, 1H, amide), 8.70-8.66 (d, 8.34 Hz, 1H), 8.61-8.55 (dd, J=3.66 Hz,
J = 8.21 Hz, 2H), 8.37-8.33 (d, J = 8.21 Hz, 1H), 8.04-8.00 (d, J = 7.96 Hz, 1H),
7.91-7.88 (d, J = 7.45 Hz, 1H), 7.80-7.76 (d, J = 7.71 Hz, 1H), 7.58-7.54 (d, J = 7.83
Hz, 1H), 7.48-7.30 (m, 4H), 7.16-7.05 (m, 3H), 6.93-6.86 (t, J = 7.58 Hz, 1H), 5.09-
5.00 (m, 1H), 4.82-4.75 (m, 1H), 4.56-4.50 (m, 1H), 3.87-3.58 (m, 4H), 2.49-2.36 (m,
1H), 2.12-1.59 (m, 9H), 1.29-1.26 (d, J =5.94 Hz, 1H), 1.19 (s, 9H), 1.13-1.12 (d, J
= 3.54 Hz, 1H); °C NMR (50 MHz, CDCl;) &: 177.5, 171.6, 170.4, 168.1, 167.8,
167.1, 141.0, 140.3, 140.0, 137.3, 134.2, 133.3, 132.8, 131.2, 131.0, 129.0, 127.1,
123.8, 123.4, 123.2, 123.0, 122.2, 120.6, 120.2, 116.5, 74.0, 64.3, 62.7, 60.4, 51.3,
48.6, 39.1, 30.1, 28.8, 27.5, 27.1, 25.5, 21.0, 19.4, 14.2, 9.7, MALDI-TOF/TOF:
851.7893 (M+Na)', 867.7849 (M+K)"; Anal. calcd for C4;7Hs5:NgOg: C, 68.10; H,
6.32; N, 10.14; Found: C, 68.17; H, 6.21; N, 10.00.

pentyl 2-(2-((R)-1-(2-(2-((S)-1-pivaloylpyrrolidine-2-carboxamido)benzamido)
benzoyl)pyrrolidine-2-carboxamido)benzamido)benzoate 7m:

Compound 7m was synthesized by reacting benzoxazinone 7i with n-pentanol,
following the procedure for 4f using DMF as solvent. Column chromatographic
purification (eluent: 60% AcOEt/pet. Ether, Ry 0.3) of the residue afforded 7m as
white solid (95%). mp: 85-87 "C; [0]*®p: 51.316° (¢ 1, CHCls); IR (CHCLs) v (cm™):
3445, 3020, 2400, 1673, 1606, 1585, 1523, 1477, 1439, 1297, 1096, 1030, 928; 'H
NMR (200 MHz, CDCls) &: 12.12 (s, 1H, amide), 11.89 (s, 1H, amide), 11.38 (s, 1H,
amide), 10.55 (s, 1H, amide), 8.70-8.67 (d, J = 7.83 Hz, 1H), 8.61-8.55 (dd, J=4.29
Hz, J= 8.21 Hz, 2H), 8.38-8.34 (d, J = 8.21