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Abstract

The relationship between a well-defined structure and function of proteins inspire the creation of
foldamers from non-natural building blocks. Among them, the most widely studied foldamers are
constructed from B- and y-amino acid subunits. The remarkable protein secondary structure
mimetics displayed by these B- and y-peptide oligomers have been exploited in designing
inhibitors for various protein-protein interactions, antimicrobials and biomaterials. Previously,
we have showed the utilization of naturally occurring E-vinylogous amino acids in the design of
B-hairpins and B-sheet mimetics. In the present study, we investigated the utility of these
conformationally constrained yet highly reactive a, B-unsaturated y-amino acids to engineer the
folding in polypeptides and as Michael acceptors to derive a variety of 3,4-disubstituted y-amino
acids. We showed that by selective insertion of E-vinylogous amino acids in the a-peptide
sequence, it is possible to design novel miniature B-meander as well as helix-turn-helix type of
motifs even in small peptide sequences. Further, utilizing E-vinylogous residues as Michael
acceptors, we derived highly functionalizable B-nitromethyl y-amino acids as well as thiostatines
(B-sulfhydryl y-amino acids). Besides their utility as templates in the design of 14- and 12-helical
foldamers, we showed the multifaceted nature of alkyl nitro group on peptides by transforming it
into various functional groups including amines, carboxylic acids, oximes, and 1, 3-dipolar
addition products. Further, as E-vinylogous amino acids preferred to adopt extended [-sheets
type structures, we investigated whether Z-vinylogous amino acids can be used to design helical
peptide foldamers with conjugated double bond in the helix backbone. Finally, in the course of
our investigation on structural and chemical characterization of unsaturated y-amino acids and
peptides, we encountered a base mediated novel rearrangement transforming the vinylogous
amides into y-lactams through double bond migration. Overall, these basic results on vinylogous
amino acids open wide opportunities to further explore them as building blocks for the foldamers

design as well as templates to perform various organic reactions.
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Chapter 1

Engineering Polypeptide Folding
Through trans Double Bonds



1.1 Introduction

Proteins play a crucial role in all biological events of life. Three dimensional structures of
proteins are very important for their functions. Inspection of protein three dimensional structures
suggests their complex tertiary folds and quaternary associations. The disintegration of protein
tertiary structure, hypothetically, leads to a limited number of secondary structural elements such
as B-sheets, helices, and turns, which are assembled using loosely structured loops (Figure 1.1).!
These protein secondary structures are locally defined, meaning that there can be many different
secondary motifs present in one single protein molecule. These protein secondary structures are
further connected by loosely structured loops leads to the supersecondary structures such as -
hairpins (B-p motifs), helix-turn-helix, coiled-coils, f-meanders, B-o-p motifs, Greek key motifs
etc. Understanding the folding processes of proteins is of paramount importance in the de novo

design of protein structures.

Primary
Structure

Secondary
Structure

Tertiary
Structure

Quaternary
Structure

Fig 1.1: Structural description of proteins (PDB codes: 1AIU and 1BL8).

Protein structures are mainly described at four levels as shown in Fig. 1.1., where primary

structure of protein represents the number and sequence of amino acids arranged in a poly
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peptide chain. Secondary structure describes the local organization of peptide backbone in a
specific three dimensional conformation. Tertiary structure explains the overall structure of
single polypeptide chain resulting from interactions of amino acid side chains and secondary
structural elements. Whereas quaternary structure defines the spatial arrangement of two or more
polypeptide chains in a specific oligomer complex which is accompanied by a variety of non-

covalent interactions and disulfide cross linkages.
1.1.1 Protein Secondary Structures

Protein secondary structures are classified mainly into helices, B-sheets and reverse turns.
In their seminal work, Linus Pauling and colleagues first described the o-helix and B-sheet
structures. These secondary structures are characterized by the definite pattern of hydrogen
bonding between the main chain NH and CO groups. Protein structures are built up by the
combination of secondary structures which are connected by loops of various lengths. The loop
regions which connects two adjacent anti-parallel B-strands are called reverse turns. In their
pioneering work, G. N. Ramachandran and colleagues® delineated the stereochemically allowed
conformations of polypeptide secondary structures using two degrees of torsional freedom ¢ and

v (Figure 1.2C). Brief descriptions regarding secondary structures are given below.

——
s -l

a-Helix

¢ 180°

(B) - (€)

Fig 1.2: (A) Depiction of torsional angles ¢ and y on peptide backbone, (B) Secondary structural
elements shown in a protein ribbon model (PDB code: 1H75) and (C) Ramachandran plot

depicting the torsional angles of different secondary structures.
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Helices: Based on the H-bonding pattern and number of residues per turn, helices are classified

into 2.27 (y-helix), 310, 3.613(a-helix) and 4.416 (m)-helices. a-Helix is the most abundant
secondary structure present in proteins and predominant motif over the other types of helices.
The structure of a-helix was proposed in 1951 by Linus Pauling.® a- Helix is right-handed screw
(Right-handedness and Left-handedness are represented by P and M, respectively) like structure
which constitutes 3.6 residues per turn and 13-atoms in the H-bond pseudo cycle. General
nomenclature of the a-helix is represented by 3.613-P-helix with average ¢ and v values -60° and
-45°, respectively. Unlike a-helix, 310-helix is rarely present in proteins. The average ¢ and
values of 310-P-helix is -49° and -26°, respectively. The nomenclature 3;0-helix describes the
three residues per turn and 10-atoms in H-bond pseudo cycle. Similarly, n-helix is denoted by
4.416-P-helix (¢ = -55°, y =-70°) and y-helix as 2.2; helix (¢ = -70°, y =70°).

B-Sheets: B-Pleated sheets are the second major structural elements found in proteins. B-Sheets

are usually 5 to 10 residues long with extended conformation. The ¢ and  values are found to
be within the broad structurally allowed region in the upper left quadrant of Ramachandran Map.
In 1930, William Astbury proposed the first -sheet structure. However, the refined version of -
sheet structure was proposed by Linus Pauling and Robert Corey in 1951.* Based on the
directionality of B-strands arranged in B-pleated sheets, they are classified into (i) parallel -
sheets, in which the chains are aligned in parallel manner and (ii) anti-parallel B-sheets, in which
the chains are connected by H-bonds in anti-parallel manner (Fig 1.3). B-sheets usually exhibit a
right-handed twist (¢ = -135°, y = 135°) rather than a perfect extended character (¢ = -180°, y =

180°), which is favored by intrastrand non-bonded interactions and interstrand geometric

o h © H o o
- - )J\H/\H/N\)J\H/\H/N\ )]\N/\[]/H\)J\N/\n/n\
;0 p O H o H o
| s OO
S SN S Sy
N N
I G 0 e ol
(&) (®)

Fig 1.3: Hydrogen bonding and directionality of B-sheets shown in parallel B-sheets (A) and anti-
parallel B-sheets (B).



constraints. At the tertiary structure level, layers of B-sheets are generally oriented to each other

at a small angle (-30°) in aligned B-sheet packing or close to 90° in orthogonal -sheet packing.

Reverse Turns: Reverse turns are also considered as secondary structures of proteins.
Reverse turns are classified based on the number of residues involved in inducing the reverse
directionality of the polypeptide chain. They are classified as é-turn (2 amino acids), y-turn (3
amino acids), B-turn (4 amino acids), o-turn (5 amino acids) and n-turn (6 amino acids). Based
on the dihedral angles ¢ and y of i+1 and i+2 residues, the predominantly occurring B-turns are
further classified into type I, Il and Il as well as their mirror images type I’, II’ and III’ turns

respectively.’
1.1.2 Protein Supersecondary Structures

Supersecondary structural motifs have been found frequently in many protein structures.
Supersecondary structures are nothing but the combination of few secondary structures with a
specific geometrical arrangement. These motifs have been associated with the many functions of
proteins such as DNA binding, receptor recognition etc. The supersecondary structures are
classified based on the involvement of secondary structures such as Bp (B-hairpin), helix-turn-
helix, coiled-coils, sheet-helix-sheet (B-o-p), p-meander, helix-loop-helix, Greek Key motif etc.

(Fig 1.4). A brief description of these supersecondary structures is given below.

a3

Beta-Meander Helix Loop Helix
-
%"2
% Coiled Coils
Greek Key Helix Turn Helix

Fig 1.4: Model diagrams of diverse supersecondary structures of proteins.
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B-Hairpins (BP): p-Hairpins are the simplest protein supersecondary structures. The B-hairpin
motif consists of two anti-parallel B-strands and a reverse turn. The B-hairpin structure is
generally stabilized by intramolecular H-bonds existed between the two antiparallel p-strands
and van der Waals interactions between the side chains. Based on the number of residues
involved in the reverse turn, B-hairpins are classified as one residue B-hairpin to four residue p3-

hairpin.

B-Meander: The B-meander is a common protein supersecondary structural motif consists of
two or more anti-parallel s-strands and each adjacent strands are connected by g-hairpin loops.’
The B-meander structural motif is frequently observed in many proteins including proteases and
enzymes.® In addition, B-barrel and B-propeller structural motifs are also constituted from -
meander topology.®

Greek key (B4): Greek key motif is formed by four adjacent B-sheets connected by loops. In
details, first three strands are connected by hairpin loops and fourth strand connected to first
strand with longer loop (Fig 1.4).

Helix-turn-helix motif: This motif can also be represented as aa motif. In this type of
motifs, two helices are joined by a loop. These helix-turn-helix architectures are found frequently
in DNA binding as well as in calcium binding proteins (EF motifs) (Fig 1.4).
Sheet-helix-sheet motif: This is represented by B-a-B as it is comprised of p-strand, a-helix
and B-strand connected by two loops. Two parallel B-sheets are connected via a-helix and form a
common hydrophobic core. These motifs are frequently found in many proteins mostly in ion
channels.

Coiled coil motif: Coiled coil motifs are widely present in protein structures.™ In this motif,
two alpha helices are wound with each other either in parallel or in anti-parallel way to form
coiled coil super helix. The conformations of coiled-coils are prescribed primarily by a seven-
residue (‘heptad’) sequence repeat, denoted as a-b-c-d-e-f-g. Positions a and d are predominantly
occupied by the hydrophobic residues. In addition to the hydrophobic interactions between ‘a’
and ‘d’, coiled coils are also stabilised by the polar/ionic interactions between side-chains of
amino acids at ‘e’ and ‘g’ positions. Coiled coil a-helices occur in many fibrous proteins like o-

keratin, tropomyosin etc.'? Left handed coiled coils are predominant in nature.
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1.1.3 Mimicking protein structures

Our understanding of protein structure and function has advanced rapidly in recent years,
providing a mechanistic insight into a wide variety of biological processes. De novo design of
existing or novel protein folds demands a thorough understanding of the rules that underlie
protein structure and stability. Considerable attention has been paid over the past several decades
on polypeptides composed of a-amino acids, the use of stereochemically constrained amino acids
and templates in the design of folded polypeptides.®* The de novo design of protein secondary
structural elements is not only useful in our understanding of structure, function and folding of

proteins, but also provides widespread opportunity in structure based drug design.

Polymers that show both secondary and tertiary structures are not limited to natural
proteins. RNA also adopts characteristic secondary and tertiary structures. In RNA, as in
proteins, specific folding underlies diverse informational and catalytic functions, even though
proteins and RNA have very different backbones. Thus, it underlines that it should be possible
for the chemist to design functional polymers with biological, catalytic, and organizational
properties that are not precedent in nature.

In this context, a variety of unnatural amino acids and organic templates have been
explored as building blocks in the design of protein secondary structures. Among the various
unnatural amino acids and organic templates, the most widely studied foldamers are constructed

from - and y-amino acid subunits.

1.1.3.1 B-peptide Foldamers

The B-amino acids are homologated species of a-amino acids. Depending on the position
of the side chain, they are classified as B3~ and B?-amino acids (Figure 1.5). Double
homologation of a-amino acids leads to yz-, yg-, and y4-amin0 acids. In contrast to a-peptides, /-
peptides and higher homologue oligomers have proved to be proteolytically and metabolically
stable .* These properties make S-peptides and higher homologue oligomers very attractive from
a biomedical perspective. In the past two decades, B-peptides composed of B-amino acids
emerged as very promising tools in the construction of protein secondary structures. In their

pioneering work, Gellman and Seebach introduced cyclic B-amino acids and chiral acyclic -
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amino acids, respectively and investigated the conformational properties of polypeptides
generated from these amino acids.’® In addition, Sharma and colleagues extensively investigated
B-peptide oligomers generated from carbo-B-amino acids.™® Reiser et al. showed the utilization of
the cyclic B-amino acids in the design of B-peptides.'” Further, Aitken and colleagues'® and
Fulop et al.” showed the utilization of various cyclic f-amino acids in the design of B-peptide
foldamers. Different types of acyclic and cyclic f-amino acids utilized in the protein structure
mimetics are shown in the Fig 1.5. The structures adopted by peptides assembled from f-amino
acid units are again classified as helices, sheets and turns. -Peptide and higher homologue
peptides produced a variety of helical secondary structures which are not seen in the alpha-
peptides. The helices produced by the B-peptides are recognized as Cis-, Ci2-, Cio- and Cg-
helices.??? The helices from B-peptides have different polarities with respect to their C and N-
termini. The Cg- and Cip-helices have a hydrogen bond direction (C «—N), which is the same as
that observed in a-peptides, whereas in the C1o- and Cy4- structures the hydrogen bond directions
(N «C) are reversed. The structural diversity of the helices increases upon progressing from o-
to B- to y-peptides. The structural diversity of y-amino acids and y-peptides, however, has not
been elucidated nearly as well as that of B-peptides.

In their initial attempt, Balaram and colleagues demonstrated the hybrid peptide
structures composed of B-amino acids and higher homologous amino acids into host a-peptide
helices and B-hairpin structures.”*® The concept of hybrid peptides was further explored by
Gellman and others.”**" The hybrid peptides with heterogeneous backbone (peptides with o and
other B- and y-amino acids) displayed a variety of hydrogen bonded helical structures compared
to that of homooligomers of B- and y-amino acids. The advantage of hybrid helices is that it is

possible to design a variety of helices by simply varying the amino acid sequence patterns.
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Fig 1.5: The list of -amino acids used in the design of foldamers. The torsional variables for -
amino acid were depicted.

Gellman and colleagues showed that short o, B-hybrid peptides contained backbone
constrained trans-ACPC amino acids (trans-2-aminocyclopentane carboxylic acid and its
derivatives) are able to adopt both Cii-helix andCisns-helix.?** 2** Recently, Amblard et al.
showed the conformational conversion between Cgj11-helix and Cig6-helix using tri-substituted
B-amino acid [(S)-ABOC] in a, B-hybrids.?* Further, Gellman et al. demonstrated C11/11/12-helix
and Cign11-helix formation in 1:2 and 2:1 o, B-hybrids.24d Fulop and colleagues evaluated the
stereochemical patterns in the folding of a, B-hybrid peptides.?*® Similar results are also observed
from Sharma and colleagues.?*?* Moreover, Gellman and colleagues reported spectacular helix
bundle quaternary structures in oligomers composed of o-fz-a-B2 and az-B-0p-f Sequence

patterns.>*24
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Fig 1.6: (A) trans-ACPC o, B-hybrid Cys-helix, (B) trans-ACPC Cy,-helix, (C) C14-helix of a,f°-
hybrid peptide. (D) Three helix bundle from the crystal structure of a/B-hybrid peptide (PDB-
20XJ). Crystallographic information is taken from ref. 22 and ref. 24.

Biologically active p- and hybrid B-peptides:

In addition to the design and understanding the conformations of homo and hetero
oligomers of B- and y- amino acids, the structural properties of these foldamers have also been
exploited in the design of antimicrobials,? antiproliferative agents,?® somatostatin analogues,?’
p53-hDM2 inhibitors,?® HIV inhibitors,?® Human cytomegalovirus entry inhibitors® etc. Nylon-3
polymers made up of B-amino acids showed potent activity and selectivity against planktonic
forms of multiple fungal species.*® In addition, these peptides also have showed good inhibitory
profiles against biofilm formation of drug-resistant candida albicans.®!
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Ordered supramolecular assemblies of B-peptide helices:

33,34

Extensive investigations from the Fulop and colleagues®* and others**** showed the

ordered supramolecular assemblies from the B-peptide helices. The B-peptide helices displayed a

322 yesicles,** hexagons,

well-defined 3D molecular architectures such as nanostructured fibrils,
molar tooth shape® and rod-shaped assemblies.®® In addition, the cyclic o, B-hybrid peptides self-
assembled into excellent nanotubes and these nanotubes have been utilized in many biomedical

applications.*
1.1.3.2 y-peptide Foldamers

v-Amino acids are double homologated a-amino acids having two —CH,- groups between
C* carbon and C=0 carbon. These two methylene groups introduced two additional torsional
variables 0; and 0, along with regular ¢ and y. Unlike B-amino acids, y-amino acids have not
been much explored probably due to the difficulties in the synthesis and isolation of stereo-
chemically pure y-amino acids. However, in their preliminary investigations Seebach and

colleagues®’ and Hanessian et al.*®

recognized the 14-helical conformations of the oligomers of
y*-amino acids as well as 2, 3, 4 substituted y-amino acids. In addition, Hofmann and colleagues
predicted a wide range of helical organizations from the oligomers of unsubstituted y-amino
acids and hybrid peptides composed of 1:1 alternating a- and y- amino acids using ab initio
theoretical calculations.® In their pioneering work, Balaram and colleagues reported a variety of
helical conformations from the homo and heterooligomers of gabapentin (3, 3-dialkyl-y-amino
acid) as well as y*-amino acids. In contrast to the y-peptides with backbone homologated y-amino
acids,*® the homooligomers of gabapentin displayed Cy and C- helical conformations. Further,
the a,y-hybrid peptides composed of gabapentin displayed C;, and combinations of C;, and Cyg
H-bonding patterns.** In continuation, Sharma and colleagues reported the left-handed helical
conformations of y-peptides composed of carbo-y-amino acids (y-Caas) along with y-
aminobutyric acid (GABA), helix-turn-helix motifs etc., in solution .** Recently, Gellman and
colleagues reported a verity of helical conformations from both single crystals and in solution.*®
Further, Smith and colleagues showed extended sheet structures with bifurcated H-bonds from
the y2'3-cyclopropane amino acids.** In addition to the cyclic and acyclic y-amino acids, many

different types of y-amino acids containing backbone heteroatoms such as O (Oxygen) and N
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(Nitrogen) have also been reported. Yang and colleagues demonstrated the conformational
properties of oligomers constructed from both a-aminoxy peptides and B-aminoxy peptides.*
They observed Cg helical conformations in a-aminoxy peptides and Cy helices and turns in the
case of B-aminoxy peptides. Further, Le Grel et al. showed the synthesis and conformational
properties of y-peptides composed of aza-amino acids.*® Similar to that of aminoxy peptides, the
structures of azapeptides are also stabilized by short range turn like H-bonds. Further, Guichard
and colleagues derived new y-amino acids, where the a-carbon has been replaced with NH group
and constructed a variety of urea-oligomer peptidomimetics.” The structural investigation of the
urea peptides revealed that they adopted 14-helical conformations. In addition, conformational
properties of y-amino acids with thiazole backbone has also been reported.*® The structures of y-
amino acids utilized in the design of foldamers are shown in Figure 1.5. The helical structures

obtained from various y-amino acids are shown in Figure 1.10.

In contrast to various unnatural y-amino acids described above, a variety of non-
ribosomal y-amino acids such as o, B-unsaturated y-amino acids, B-hydroxy y-amino acids, p-
keto-y-amino acids have been found in many biologically active peptide natural products.
However, little is known regarding the conformational properties of these amino acids. In this
chapter, we explored the geometrically constrained trans o, 3 unsaturated y-amino acids in the
design of novel peptide foldamers.

¢ 010, y
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Fig 1.7: The list of y-amino acids used in the design of foldamers. The torsional variables for y-

amino acid were depicted.
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Fig 1.8: (A) Ci4-helix of v* —peptide, (B) Cq-helix of gabapentin oligomer and (C) Cys-helix of

y*34 _oligomer peptide. Crystallographic information is taken from ref. 40 and 43.

1.2 (E)-vinylogous y-amino acids in the design of foldamers

1.2.1 Natural occurrence and Biological importance of vinylogous amino acids

(E)-a, B-unsaturated y-amino acids (E-vinylogous amino acids) are non-ribosomal amino
acids often found in many natural products like Cyclotheonamide (A, B, C, D, E), Gallinamide
A, Miraziridine A and Luminmycin (A, B, C) (Fig 1.9). Further, Schreiber and colleagues
reported the detailed mechanistic study of Cyclotheonamides binding to serine protease and
bovine B-trypsin and act as strong inhibitors.*® Gallinamide A also shown a potent anti-malarial
activity.® Miraziridine A is a natural cyclic peptide that inhibits variety of proteases like
trypsine-like protease, papain-like cysteine protease and pepsin-like aspartyl protease.>* These
excellent biological activity and natural occurrence of vinylogous amino acid residues motivated
many synthetic chemists to design peptide inhibitors against serine and cysteine proteases (Fig
1.10).%
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Fig 1.9: Chemical structures of naturally occurring a, p-unsaturated y-amino acid contained

cyclic and linear peptides.
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Fig 1.10: Synthetic peptides contained a, B-unsaturated y-amino acids used for various protease

inhibitors.>?
1.2.2 Previous Work

Besides their potential protease inhibition property, E-vinylogous amino acids have also
served as starting material for many organic reactions like Diels-Alder reaction, epoxidation and
Michael addition reactions to generate a variety of y-amino acids. These biological and chemical
properties of (E)-vinylogous residues motivated many chemists to study their conformational

behavior in monomers as well as peptides. In their preliminary investigation, Schreiber and
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colleagues showed the B-sheet formation of dipeptide and unusual helical structure from the
hybrid tetrapeptide.>® Chakraborty et. al. showed the utilization of E- vinylogous amino acids to
induce reverse turn in B-hairpins.>* In continuation, Hoffmann and colleagues> reported a
variety of helical organizations with larger H-bond pseudo cycles from the homooligomers of
(E)-and (Z)-vinylogous amino acids through systematic theoretical calculations using ab initio
MO theory (Figure 1.11A). It is also been proposed that it is possible to construct single walled
nanotubes from the E-vinylogous amino acid homooligomers.*® Recently, our group studied the
single crystal conformations of stable -hairpin by incorporating (E)-vinylogous amino acids at
the facing positions of the anti-parallel B-strands. In continuation, our group also studied the
unusual planar structures in 1:1 a,dyX-hybrid peptides(Fig 1.11)°" and the direct transformation
of this unusual planar structure into a,y-hybrid peptide 12-helix through single step catalytic

hydrogenation.

(A)

(©) (D)

Fig 1.11: Structure of Foldamers contained (E)-a, B-unsaturated y-amino acids. (A) Theoretical
models of C,,- and Cy;-helical structures (Data is taken from ref. 54), Crystal structures: Boc-
dyLeu-dyVal-OEt (B), Ac-Val-dyLeu-Val-°Pro-Gly-Leu-dyVal-Val-NH, (C) and Boc-Aib-
dyPhe-Aib-dyPhe-OEt (D). Crystallographic data is taken from ref. 56 and ref. 57.

15



1.3 Aim and rationale of the present work

(E)-0, B-unsaturated y-amino acids have been utilized in the design of B-sheets, B-hairpins
and turns. In addition, 1:1 alternating a-and E-vinylogous amino acids showed the unusual
planar conformation. We anticipated that the exceptional conformational properties of (E)-
vinylogous amino acids can be exploited to design highly organized protein supersecondary
structural mimetics (B-meander, Greek key and helix-turn-helix etc.) beyond the conventional
secondary structures (helix, B-sheets and turns). Based on the previous results described above,
we hypothesized that B-sheet promoting and turn inducing properties of (E)-vinylogous amino
acids can be readily exploited in the design of miniature B-meander and miniature Helix-Turn-

Helix mimetics (for protein structures see section 1.1.2).

We envisaged that in contrast to 1:1 alternating o, and E-vinylogus sequences, by using
2:1 o~ and E-vinylogous sequences it may be possible to achieve cross B-sheet structures. In
addition to this, we also sought to investigate whether E-vinylogous amino acids can be
accommodated into the hybrid peptide helix. Herein, we are reporting the design of novel
miniature B-meanders from aaE-vinylogous hybrid hexapeptides, single step transformation of
miniature B-meanders into 10/12 aay-hybrid helices using catalytic hydrogenation, the design of

novel miniature helix-turn-helix motif, and their solution and single crystal conformations.
1.4 Results and Discussion
1.4.1 Design and Synthesis of Hexapeptides P1 and P2

Required (E)-a, B-unsaturated y-amino esters were synthesized through Wittig reaction
starting from o-amino aldehydes as reported earlier.® The schematic representation of the

synthesis of E-vinylogous amino esters is shown in Scheme 1.
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Scheme 1: Synthesis of (E)-a, B-unsaturated y-amino esters using Wittig reaction.

To understand the conformational behavior of hybrid peptides composed of both a- and
a,B-unsaturated y-amino acids, we designed two hexapeptides P1 and P2 consists of repeated
aaE-vinylogous amino acid repeats. The sequences of P1 and P2 are shown in Scheme 2.
Peptides P1 and P2 consist of o, B-unsaturated y-phenylalanine and o, p-unsaturated y-alanine,
respectively. Peptides were synthesized using Boc-chemistry by a solution phase using
DCC/HOBt coupling conditions. Details of the peptide synthesis are given in the experimental
section. Crude peptides were purified by reverse phase HPLC using MeOH/H,0 in gradient
method. Pure peptides were subjected to conformational analysis in solution as well as to grow

single crystals in various solvent combinations.

Scheme 2: Sequences of two hexapeptides P1 and P2 composed of E-vinylogous amino acids.
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1.4.2. Crystal Structure analysis of P1

Single crystals of P1 obtained from the slow evaporation of a methanol/toluene solution
yielded the single crystals suitable for X-ray diffraction. The crystal structure is shown in Fig
1.12. Peptide P2 did not give X-ray diffraction quality single crystals. Instructively, P1 adopted a
novel miniature 3-meander type of structural motif with two reverse-turns. The analysis of the
crystal structure of P1 reveals that two C=0----NH intramolecular hydrogen bonds between the
urethane carbonyl and the NH of Leu4 (1 «4) and between the carbonyl of dyPhe3 and NH of
dyPhe6 (1 « 4) stabilize the overall folding of the molecule.

O ¢ RO, 6, y

4

H

(A) (B)

(©)

Fig 1.12: (A) ORTEP diagram of hybrid peptide Boc-(Leu-Aib-dyPhe),-OEt (P1) where
ellipsoids are drawn to 40% probability. Hydrogen bonds are represented in dotted lines (CCDC
number 1063358). (B) 15-membered and 10-membered H-bond pseudocycles depicted in crystal
structure of P1 and (C) View of crystal packing for P1 along b-axis.
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The torsional angles of a,B-unsaturated y-amino acids were measured by introducing two
new additional variables 0; and 6, along with ¢ and y (Fig 1.12). The torsional angles and H-
bond parameters of P1 are tabulated in Table 1 and 2, respectively. Inspection of the crystal
structure reveals that Aib2 and dyPhe3 adopted a reverse turn type of conformation stabilized by
a 15-membered H-bond. Furthermore, analysis of the central segment, Leu4-Aib5, reveals that it
adopted a type II B-turn conformation by displaying torsional values ¢4 = -48° , w4 = 128°, ¢5 =
68° and y5 = 11° [for a typical type II B-turn ¢(i) = -60°, y(i) = 120°, ¢(i + 1) = 80° and y(i + 1)
= (0°]. The type II B-turn is stabilized by the 1 « 4 hydrogen bond between the carbonyl of dyPhe
3 and NH of dyPhe 6.

Table 1:Torsional variables (in deg) of Boc-Leu-Aib-dyPhe-Leu-Aib-dyPhe-OEt(P1)

Peptide Residue ) 0, 0, 7 [0}
Leul -95 - - -46 -163
Aib2 -60 - - -45 -174
dyPhe3 -129 18 -178 178 -178
P1 Leud -48 - - 128 177
Aib5 68 - - 11 173

dyPhe6 | -122 118 -178 -10 -

Table 2: Hydrogen bond parameters of Boc-Leu-Aib-dyPhe-Leu-Aib-dyPhe-OEt (P1)

) Intramolecular Hydrogen bond parameters
Donor Acceptor D....A DH....A £NH....O
(D) (A) A) A (deg)
N4 02 2.944 2.235 139.70
N6 05 2.853 2.055 153.98
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i) Intermolecular Hydrogen bond parameters

Donor Acceptor D....A DH....A £NH....0
(D) (A) A) A) (deg)
N1 04° 2.931 2.160 148.05
N2 03° 3.063 2.238 160.90
N5 o7’ 2.934 2.075 176.72
03 N2* 3.063 2.238 160.90
04 N1t 2.931 2.160 148.05
07 N5~ 2.934 2.075 176.72

Symmetry transformations used to generate equivalent atoms: § 1.5-x, 1/2+y, 2-z; + 1.5-x, 1/2+y,
1-z; 1 1.5-x, 1/2+y, 2-z; * 1.5-x, 1/2+y, 1-z.

1.4.3 NMR structure analysis of P1 and P2

In order to understand the conformations of P1 and P2 in solutions, we recorded 2D
NMR (TOCSY, ROESY and COSY) in CDCls. The *H NMR reveals that all amide NHs are in
the range of 6 6.5-7.3 ppm. The amino acid residues and their positions in the peptide sequences
were identified using TOCSY and ROESY spectra, respectively. The strong sequential NH—NH
connectivity between Aib2<dyPhe 3 and Aib5<dyPhe 6 residues observed in P1 suggests the
reverse turn conformations of dipeptide segments in the hexapeptide. In addition, a strong NOE
between the dyPhe3 C,H and Leu4 NH indicates the extended conformation of the conjugated
amide. The solution conformation analysis of P2 also reveals a similar type of NOE pattern.
Adding to the characteristic sequential NH—NH NOEs between Leul—Aib2, Aib2<dyAla 3
and Aib5« dyAla6, the peptide also showed the NOEs between Aib2 side chains with both Leul
NH as well as NH of dyAla3. The long range strong NOE is observed between dyAla3 fH and
the dyAla6 side-chain which further supports a well folded conformation of P2 in solution. The
intramolecular H-bonds are further examined using temperature-dependent *HNMR. It has been
established that if the values of temperature coefficient are less negative than —4.5 ppb K™*, such
amide NHs are considered to be less solvent exposed and are involved in the intramolecular H-

bonds. The residues which are exposed to the solvent exhibited a do/dt value above —5.9 ppb
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K—1. The unexpected -2.8 and -3.7 ppb K—1 observed for Aib3 and Aib5 indicates their probable
involvement in the strong intermolecular H-bond with other PB-meanders or solvent
molecules.The unexpected value observed for Leu4 may be due to solvent invasion at the N-
terminal H-bond of the peptide. The peptide P2 also displayed a similar trend revealed from the
do/dt values of backbone amide protons. The chemical shifts and temperature coefficients of
both the peptides are tabulated in Tables 3 and 4. Using unambiguous NOEs and variable
temperature data, solution structure models of P1 and P2 are generated and shown in Fig 1.15.
Instructively, both peptides adopt distinctively different and a spectacular 3-dimensional folded
miniature B-meander type of structures in solution as compared to the 2-dimensional flat crystal
structure. We understand that the crystal packing forces possibly directed the 3-dimentional
architecture of P1 in single crystals. Overall, the crystal structure and the NMR models

suggested that both P1 and P2 adopted novel and distinct miniature -meander type of structures.

(A) (B)
Fig 1.13: The solution structures of peptide P1 (A) and P2 (B) in chloroform. The ensembles of

ten low energy structures are calculated based on observed NOEs. H-atoms are omitted for
clarity.
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Fig 1.14: Partial TOCSY spectra of peptide P1 in CDCl3 shown in (A) and (B). The sequential

assignments of amino acids were performed using ROESY.
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Fig 1.15: Partial ROESY spectrum of P1 showing sequential NOEs of (A) NHeNH and
NHeC H and (B) NHeC,H, NH-C,H, NHside-chain, C,H < sidechain.

Fig 1.16: Observed NOEs of P1 from ROESY spectrum are schematically represented by double

headed arrows.
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Fig 1.17: Partial TOCSY spectra of peptide P2 in CDClI3; shown in (A), (B) and (C). The
sequential assignments of amino acids were performed using ROESY..
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Fig 1.18: Partial ROESY spectrum of P2 showing sequential NOEs of (a) NH«<side-chain, C,H
<> sidechain, (b) NH«~C,H, NH~C,H and (¢) NH~NH and NH-~C,H.
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Fig 1.19: Observed NOEs of the peptide P2 in the ROESY spectrum are schematically
represented by double headed arrows.

Variable Temperature Study of Beta-meanders P1 and P2:
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Fig 1.20: Temperature dependent *H NMR spectra of amide NH region of P1.
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Table 3: Chemical shifts (in ppm) of amide NHs of peptide P1

Temp. . .
¢0) Leul Aib2 dyPhe3 Leud Aib5 dyPhe6
-40 5.34 6.73 6.99 7.59 6.44 1.47
-30 5.24 6.69 7.03 7.60 6.48 7.42
-20 5.15 6.62 7.06 1.47 6.47 7.38
-10 5.08 6.57 7.02 7.29 6.46 7.33
0 5.03 6.53 6.95 n.d 6.45 n.d
10 4.98 6.50 6.90 n.d 6.45 n.d
20 4,96 6.47 6.85 6.71 6.44 n.d
30 4,93 6.46 6.82 6.56 6.44 n.d
40 4.89 6.43 6.78 6.43 6.43 7.08
do/dT -5.4 -3.8 -3.4 -16.0 -0.4 -4.9
(ppb KV (£ 0.49) (£ 0.29) (x0.56) (£ 0.99) (x0.17) (x0.75)
—&—Leul
e Aib 2
7.5 A dgA 3
—v—Leu 4
—<— Aib5
7.0 —»dgA 6§
—~ 6.5
£
E 6.0
%
S 55
5
© 50

40

-20 0
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20 40

Fig 1.21: Plot of amides chemical shift and the temperature for peptide P1. The slope dd/dt for

all NH’s is given in the Table 3.
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Fig 1.22: Temperature dependent *H NMR spectra of amide NH region of P2
Table 4: Chemical shifts (in ppm) of amide NH’s of peptide P2
Temp.

(°C;) Leul Aib2 dyAla3 Leud Aib5 dyAla6

-40 5.46 6.68 7.36 7.58 6.84 7.36

-30 5.36 6.66 7.29 7.55 6.67 7.35

-20 5.31 6.71 7.25 7.68 6.75 7.30

-10 5.22 6.69 7.19 7.54 6.69 7.25

0 5.15 6.63 7.13 7.38 6.67 7.19

10 5.09 6.58 7.06 7.11 6.62 7.13

20 5.02 6.53 7.00 6.86 6.56 7.08

30 5.00 6.51 6.95 6.64 6.53 7.04

40 4.98 6.49 6.89 6.54 6.51 7.00

do/dT -6.2 -2.8 -5.9 -14.9 -3.7 -4.9
(ppb K™Y (£0.4) (£0.46) (x0.09) (£2.0) (x0.5) (x0.18)
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Fig 1.23: Plot of amides chemical shift and the temperature for peptide P2. The slope dd/dt for
all NHs is given in the Table 4.

1.4.4 Functional transformation of a,0,dyXaa-hybrid peptides into u,u,y4-

hybrid peptides

To test whether P1 and P2 will adopt the same miniature [B-meander structures upon
reduction of double bonds or not, we subjected the two peptides to catalytic hydrogenation using
20% Pd/C in ethanol. The complete conversion of unsaturated hybrid peptides P1 and P2 into
their saturated analogues P3 [Boc-Leu-Aib-y*Phe-Leu-Aib-y*Phe-OEt] and P4 [Boc-Leu-Aib-
v*Ala-Leu-Aib-y*Ala-OFEt], respectively, was achieved within six hours and isolated with 92—
95% yield (Scheme 3). This transformation also provides an alternative opportunity to synthesize
hybrid y-peptides without starting from saturated y-amino acids. To understand their
conformations, both peptides were subjected to crystallization in various solvent combinations.
Both P3 and P4 gave X-ray quality single crystals in an aqueous methanol solution and their X-

ray structures are shown in Fig 1.24 and Fig 1.25.
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Pd/C, H,

H o R EtOH H 0 R
Boc[ N%N ~_Jo_- - Boc(, N%NJ\/\WOV
H 0 /% H n -95 % H 0 /% H .

Where n =2
P1 (Boc-Leu-Aib-dyPhe-Leu-Aib-dyPhe-OEt) P3 (Boc-Leu-Aib-yPhe-Leu-Aib-yPhe-OEt)
P2 (Boc-Leu-Aib-dyAla-Leu-Aib-dyAla-OEt) P4 (Boc-Leu-Aib-yAla-Leu-Aib-yAla-OEt)

Scheme 3: Direct transformation of aoE-vinylogous hybrid peptides (P1 and P2) into aoy®-
hybrid peptides (P3 and P4).

1.4.5 Structural analysis of P3 and P4

Both peptides adopted helical conformations in single crystals. The release of the
geometrical constraints of vinylogous double bonds in the miniature 3-meanders leads to the
formation of hybrid helices. Analysis of the crystal structure of P3 reveals that the helical
structure is stabilized by four intramolecular H-bonds between i and i + 3 residues similar to the
310-helix®® and the B-peptide 12-helix,> however, with 10- and 12-membered H-bonds. The 10-

membered H-bonds were observed at both N- and C-termini of the helix, while two consecutive

(A) (©)

Fig 1.24: (A) ORTEP diagram of peptide P3 and thermal ellipsoids are drawn at 50%
probability, side view and top view of peptide P3 are shown in (B) and (C), respectively.
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(A) (B) (©)

Fig 1.25: (A) ORTEP diagram of peptide P4 and thermal ellipsoids are drawn at 50%

probability, side view and top view of peptide P4 are shown in (B) and (C), respectively.

12-membered H-bonds were observed at the centre of the helix. Similar to P3, P4 also adopted a
10/12 helical structure. These helical structures of aay-hybrid peptides are consistent with the
hybrid helices of —(aya),— sequences reported by Balaram and colleagues.®® The stereochemical
analysis of y*-residues in both P3 and P4 adopted gauche®, gauche® (g*, g*, 8:~6,~ 60°)
conformation about the Cp—C,and C,—Cg bonds, while the C-terminal y-residues displayed
gauche™ (Cs-C,), anti (C,—Cp) conformation due to the lack of a terminal H-bond donor (NH) to
participate in the helix. Similar to the E-vinylogous amino acids, the torsional angles of y-amino
acids were measured by introducing additional torsional variables 61 and 0, along with ¢ and .

The torsional angels and H-bond parameters of y-residues are tabulated in the Table 5-7.
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Table 5: Torsional angles (in deg) of peptides P3 and P4.

Peptide Residue ¢ 01 0, v 0]
Leul -53 - - -40+2 -175+2
Aib2 -57 - - -34 -174
yPhe3 -127+1 52 61 -114 -175+1
P3 Leud -55+2 - - -39 178
Aib5 -59 - - -25 -173#1
yPhe6 -104 172+4 | 176/-161 | 98%15 -
Leul -46 - - 41 -177
Aib2 -54 - - -37 -173
yAla3 -132 55 59 -122 -169
P4 Leu4 -62 - - -37 -178
Aib5 -67 - - -12 -177
yAla6 -121 74 82 172 -

Table 6: Peptide P3 (Boc-Leu-Aib-yPhe-Leu-Aib-yPhe-OEt)

)} Intramolecular Hydrogen bond parameters for two molecules A and B in the

asymmetric unit

Acceptor Donor D....A DH....A £NH....O
(A) (D) A) (A) (deg)
02 (A) N19 (A) 3.08 2.35 142.8
O3 (A) N16 (A) 2.95 2.12 163.5
04 (A) N18 (A) 2.99 2.14 169.5
05 (A) N17 (A) 2.84 2.04 153
011 (B) N26 (B) 2.99 2.25 143.9
012 (B) N23 (B) 2.92 2.07 164.8
013 (B) N24(B) 3.04 2.20 165
014 (B) N25 (B) 2.84 2.03 157.4
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i)

Intermolecular Hydrogen bond parameters for two molecules A and B in the

asymmetric unit

Donor Acceptor D....A DH....A £ZNH....O
(D) (A) (A) A) (deg)
Molecule A
N14 016~ 2.90 2.153 161
N15 019~ 3.00 2.068 169
O00B 021" 2.70 - -
08’ 021" 2.97 - -
o7 020 2.84 - -
o7 N20 (B) 2.87 2.04 161
Molecule B
N20 07 (A) 2.87 2.04 161
N21 020 2.99 2.14 167
016 019 2.84 - -
N14 (A) * 016 2.90 2.07 161
Symmetry transformations used to generate equivalent atoms:
Xy, -1+z; P14, y, 2 T14x, Y, 23 F Xy, 142
Table 7: Peptide P4 (Boc-Leu-Aib-yAla-Leu-Aib-yAla-OEt)
Intramolecular Hydrogen bond parameters
Acceptor Donor D....A DH....A £ZNH....O
(A) (D) A) (A) (deg)
09 N3 2.92 2.162 146.95
08 N4 2.94 2.0841 171.6
o7 N5 2.93 2.102 160.68
06 N6 3.00 2.209 153.93

i)

Intermolecular Hydrogen bond parameters
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Acceptor Donor D....A DH....A £ZNH....O
(A) (D) A) A) (deg)
N1 04~ 2.80 1.95 168
04 N1 2.80 1.95 168
04+ 0107 2.88 2.14 165

Symmetry transformations used to generate equivalent atoms:
T1x, 14y, 147; T-14x, -14y, -1+7; Fx, <14y, 7, Fx, 14y, 2
1.4.6 Analogy with 310- helix and B-peptide 12-helix

Interestingly, the top view of the helical peptides in aoy-hybrid peptides showed the
projection of side-chains at three faces of the helical cylinder similar to the B-peptide 12-helices
and 3y0-helix.®® > In contrast, ay-hybrid peptide 12-helices showed the projection of the side-
chains at four corners of the helical cylinder.®* The side-chain correlation of 10/12 hybrid helices
with 310-helix and B-peptide 12-helix is shown in Fig 1.26. Analysis suggests that the aoy-hybrid

peptides can mimic -peptide 12-helices as well as 3;p-helices.

310-h€|iX Lo N

aoy*-hybrid Ci,-helix > »

B-peptide Ci,-helix soS T N N e
(A) (B)

Fig 1.26: (A) Backbone H-bond directionality shown for 31¢-, aay®- and B-peptide helices and
(B) Side-chain correlation of 350-(green), aoy*-(grey) and p-peptide (cyan) helices (top view).
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1.5 Design and synthesis of heptapeptide P5 (Ac-Aib-yPhe-Ala-dyVal-Aib-
yPhe-Aib-CONHy,)

1. and recent advancements from our group®’ clearly

Earlier studies by Schreiber et a
showed that (E) a, B-unsaturated y-amino acids are prone to adopt an extended conformation in
homo- and hybrid oligomers irrespective of their sequence. In the above section, we studied the
miniature -meander type conformation in the short aadyX-hexapeptide sequences. In the
present section we sought to exploit these E-vinylogous amino acids in the design of another

interesting supersecondary structure, helix-turn-helix (HTH).

We reasoned that selective incorporation of (E) o, p-unsaturated y-amino acid in ay-
hybrid Ci,-helix sequence can potentially lead to the construction of miniature helix-turn-helix
(HTH) motifs. To test our hypothesis, we have taken known sequence of ay-hybrid Ciz-helix
heptapeptide (Ac-Aib-yPhe-Aib-yPhe-Aib-yPhe-Aib-CONH,) (Fig 1.27) as a model.®** We have
designed the peptide P5 (Ac-Aib-yPhe-Ala-dyVal-Aib-yPhe-Aib-CONH,) by selective
replacement of the third and fourth residues of model peptide with Ala (Alanine) and dyVal (a,
B-unsaturated y-Valine) residues respectively.

IR Sl

(A) (B)

Fig 1.27: (A) Model peptide (Ac-Aib-yPhe-Aib-yPhe-Aib-yPhe-Aib-CONH;) and (B)
crystallographic data is taken from ref. 61c.
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Peptide P5: Ac-Aib-yPhe-Ala-dyVal-Aib-yPhe-Aib-CONH,

O s n o y T o .
S N “ “
H o z H o H o z H o

We have synthesized the peptide P5 using standard solid-phase Fmoc-chemistry on Rink-
amide resin at 0.2 mmol scale. After synthesis, the peptide was cleaved from the resin using
TFA/H,0/Phenol/TIPS (88:5:5:2) cocktail. The crude peptide was subjected to reverse phase-
HPLC purification on Cyg-column with methanol/water as a gradient at a flow rate of 3 mL/min.
We attempted to crystallize the pure peptide P5 in various solvent combinations to understand its
unambiguous structure in single crystals. After repeated attempts we were fortunate enough to
get single crystals of the peptide from the slow evaporation of aqueous methanol solution. The
X-ray structure of P5 is shown in Fig 1.28.

Fig 1.28: X-ray structure of peptide P5 and its ribbon diagram depicting helix-turn-helix
supersecondary structure motif of protein.
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The engineered oy-hybrid heptapeptide P5 (Ac-Aib-yPhe-Ala-dyVal-Aib-yPhe-Aib-
CONHy,) was crystallized in triclinic space group P;, with two independent peptide molecules
and seven water molecules in the crystallographic asymmetric unit. The backbone conformations
of two peptide molecules showed that the peptide folds into a bended Ci,-helix stabilized with 4
— 1 intramolecular H-bonds. The conformation was found to be very similar to protein
supersecondary structure “helix-turn-helix” motif (Fig 1.28). Careful observation of crystal
structure revealed that all y-residues have adopted g*, g* conformations except fourth residue (a,
B-unsaturated y-Valine) due to the presence of constrained trans double bond (Table 8). This
remarkable character of vinylogous amino acid induces the continuous Ci,-helix to fold into a
miniature “HTH” motif (a bend like structure). In summary, these results suggested that a, -
unsaturated y-amino acids can be readily utilized to design different types of protein

supersecondary structures using short hybrid peptide sequences.

Table 8: Torsional variables (in deg) for peptide P5

Peptide ) 01 0, W [0)
Aib 1 -54 - - -55 -180
yPhe 2 -118 58 63 -129 -172
Ala 3 -71 - - -32 -175

dyVal 4 -80 121 -177 -169 -177
Aib 5 -52 - - -52 -177
yPhe 6 -122 54 67 -114 -179
Aib 7 -54 - - -43 -
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1.6 Conclusions

In conclusion, we presented the utilization of geometrically constrained trans double
bonds to engineer folding in peptides. The solution and crystal conformations suggested that the
designed unsaturated hybrid peptides P1 and P2 adopted a novel miniature “B-meander” type of
structure. Furthermore, these peptides also provide a prospect to transform them into 10/12-
hybrid helices through simple catalytic hydrogenation. The structural analogy of aay-hybrid
10/12 helices suggests that they can be used to mimic surface topology of B-peptide 12-helices as
well as 3jp helices. Additionally, we have shown that selective incorporation of a, f-unsaturated
y-amino acids into ay-hybrid 12 helices leads to a novel miniature “helix-turn-helix” type of
motif. The miniature B-meander and helix-turn-helix type structures from the short peptide
sequences offers a glimpse of the potential to generate higher order structures using the
combinations of a- and a,B-unsaturated y-amino acids. As peptide foldamers have been emerging
as promising candidates in medicinal chemistry and chemical biology, the novel miniature -
meanders, novel miniature helix-turn-helix and aoy-hybrid peptide helices reported here can be

further explored to design functional hybrid peptide foldamers.

1.7 Experimental Section

General experimental details

All amino acids, triphenylphosphine, TFA, Ethyl bromoacetate, DCC, HOBt and LAH were
commercially available. DCM, DMF, ethyl acetate and pet-ether (60-80 °C) have used after
distillation. THF was dried over sodium and distilled immediately prior to use. Column
chromatography was performed on silica gel (120-200 mesh). Final peptides were purified on
reverse phase HPLC (C18 column, MeOH/H,O 60:40-95:5 as gradient with flow rate 1.00
mL/min). *H spectra were recorded on 500 MHz (or **C on 125 MHz) and 400 MHz (or **C on
100 MHz) using residual solvents as internal standards (CDClz oy 7.26 ppm, 6c77.3 ppm).

Chemical shifts (o) reported in ppm and coupling constants (J) reported in Hz.

NMR spectroscopy: All NMR studies were carried out by using a Bruker AVANCE"'-500 MHz
spectrometer. Resonance assignments were obtained by TOCSY and ROESY analysis. All two-

dimensional data were collected in phase-sensitive mode, by using the time-proportional phase
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incrementation (TPPI) method. Sets of 1024 and 512 data points were used in the t; and t;
dimensions, respectively. For TOCSY and ROESY analysis, 32 and 72 transients were collected,
respectively. A spectral width of 6007 Hz was used in both dimensions. A spin-lock time of 256
ms was used to obtain ROESY spectra. Zero-filling was carried out to finally yield a data set of 2

K x 1 K. A shifted square-sine-bell window was used before processing.

Molecular Dynamics (MD): Model building and molecular dynamics simulation of P2 was
carried out using Insight 11 (97.0) / Discover program on a Silicon Graphics Octane workstation.
The cvff force field with default parameters was used throughout the simulations.
Minimization’s were done first with steepest decent, followed by conjugate gradient methods for
a maximum of 1000 iterations each or RMS deviation of 0.001 kcal/mol, whichever was earlier.
The energy-minimized structures were then subjected to MD simulations. A number of inter
atomic distance constraints obtained from NMR data were used as restraints in the minimization
as well as MD runs. For MD runs, a temperature of 300 K was used. The molecules were
initially equilibrated for 50 ps and subsequently subjected to a 1 ns dynamics with a step size of
1 fs, sampling the trajectory at equal intervals of 10 ps. In trajectory 50 samples were generated
and the best structures were again energy minimized with above protocol and superimposed

these structures.
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Table 9: List of NOEs used for MD calculation for peptide P1.

Residue H-atom Residue H-atom NOE observed
Leu (1) a CH Aib (2) NH Strong
Leu (1) NH Aib (2) NH Strong
Leu (1) NH Leu (1) aCH Medium
Leu (1) NH Leu (1) S CH Strong
Leu (1) NH Leu (1) y CH Strong
Leu (1) NH Leu (1) o0 CH Strong
Leu (1) a CH Aib (2) (CH3), Strong
Aib (2) NH dyPhe (3) NH Strong
Aib (2) NH Aib (2) (CHs), Strong
dyPhe (3) NH Aib (2) (CHs), Medium
dyPhe (3) aCH Leu (4) NH Strong
dyPhe (3) NH dyPhe (3) @ CH, Strong
dyPhe (3) B CH dyPhe (3) @ CH, Strong
dyPhe (3) y CH dyPhe (3) Aromatic Strong
dyPhe (3) aCH dyPhe (3) y CH Weak
Leu (4) NH Leu (4) S CH Medium
Leu (4) NH Leu (4) y CH Weak
Aib (5) NH Leu (4) S CH Weak
Aib (5) NH Leu (4) aCH Strong
Aib (5) NH dyPhe (6) NH Strong
Aib (5) NH Aib (5) (CHs), Strong
dyPhe (6) NH Aib (5) (CHs), Medium
dyPhe (6) NH dyPhe (6) @ CH; Strong
dyPhe (6) NH dyPhe (6) aCH Strong
dyPhe (6) aCH dyPhe (6) @ CH; Weak
dyPhe (6) aCH dyPhe (6) yCH Weak
dyPhe (6) aCH Aib (5) (CHa). Weak
dyPhe (6) S CH dyPhe (6) @ CH, Strong
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Table 10: List of NOEs used for MD calculation for peptide P2.

Residue H-atom Residue H-atom NOE observed
Leu (1) NH Aib (2) NH Strong
Leu (1) a CH Aib (2) NH Strong
Leu (1) NH Aib (2) (CHa)2 Medium
Leu (1) NH Leu (1) S CH Strong
Leu (1) NH Leu (1) y CH Weak
Aib(2) NH dyAla (3) NH Weak
Aib(2) NH Aib (2) (CHa)2 Strong
Aib(2) (CH3), dyAla (3) NH Strong
Aib(2) (CHa)2 dyAla (3) a CH Weak
Aib(2) (CHa)2 dyAla (3) y CH Weak
dyAla (3) NH dyAla (3) CHj3 Strong
dyAla (3) S CH dyAla (3) CHj3 Strong
dyAla (3) S CH dyAla (6) CHj3 Strong
dyAla (3) a CH Leu (4) NH Strong
dyAla (3) a CH dyAla (3) NH Strong
dyAla (3) a CH dyAla (3) CHj3 Medium
Leu (4) NH Leu (4) S CH Medium
Leu (4) NH Leu (4) y CH Medium
Leu (4) a CH Aib (5) NH Strong
Leu (4) a CH Leu (4) o CH Strong
Aib (5) NH dyAla (6) NH Medium
Aib (5) NH Aib (5) (CH3), Strong
Aib (5) (CH3), dyAla (6) NH Strong
Aib (5) (CHs)2 dyAla (6) a CH Weak
Aib (5) (CH3), dyAla (6) y CH Strong
dyAla (6) a CH dyAla (6) NH Medium
dyAla (6) a CH dyAla (6) CHj3 Weak
dyAla (6) NH dyAla (6) CHj3 Strong
dyAla (6) S CH dyAla (6) CHj3 Strong
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Crystallographic Information

Crystal structure analysis of Boc-Leu-Aib-dyPhe-Leu-Aib-dyPhe-OEt (P1): Crystals of
peptide were grown by slow evaporation from a solution of methanol/toluene (1:1). A single
crystal (0.21 x 0.08 x 0.1 mm) was mounted on loop with a small amount of the paraffin oil. The
X-ray data were collected at 100K temperature on a Bruker APEX(Il) DUO CCD diffractometer
using Mo K, radiation (A = 0.71073 A), w-scans (260 = 52.52 ), for a total of 14074 independent
reflections. Space group C2, a = 35.352(11), b = 10.430(3), ¢ = 17.876(5), f = 107.549(5), V =
6285 (3) A3, Monoclinic C, Z = 4 for chemical formula CagH72NgOg (C;Hg), with one molecule
in asymmetric unit; pcalcd = 1.037 gcm™, x = 0.070 mm™, F(000) = 2120, Ri,= 0.0506. The
structure was obtained by direct methods using SHELXS-97.°* The final R value was 0.0542
(WwR2 = 0.1280) 14074 observed reflections (Fo > 40( |Fo| )) and 589 variables, S = 0.832. The
largest difference peak and hole were 0.228 and -0.256 eA®, respectively.

There is some partially occupied solvent molecule also present in the asymmetric unit. A
significant amount of time was invested in identifying and refining the disordered molecule.
Option SQUEEZE of program PLATON® was used to correct the diffraction data for diffuse
scattering effects and to identify the solvent molecule. PLATON calculated the upper limit of
volume that can be occupied by the solvent to be 1740 A 3, or 27.7% of the unit cell volume. The
program calculated 118 electrons in the unit cell for the diffuse species. No data are given for the

diffusely scattering species. Outputs of SQUEEZE report are appended in cif file P1.

Crystal structure analysis of Boc-Leu-Aib-yPhe-Leu-Aib-yPhe-OEt (P3): Crystals of peptide
were grown by slow evaporation from a solution of methanol. A single crystal (0.12 x 0.09 x 0.1
mm) was mounted on loop with a small amount of the paraffin oil. The X-ray data were collected
at 100K temperature on a Bruker APEX(I1l) DUO CCD diffractometer using Mo K, radiation (A
=0.71073 2\), w-scans (20 = 56.7), for a total of 90866 independent reflections. Space group P
21,a=9.286 (3), b =20.892 (7), c = 27.661 (9), 5 = 98.639 (6), V = 5305 (3) A%, Monoclinic C,
Z = 2 for chemical formula C49 H7s Ng Og (C H4 O, 3 O), with two molecule in asymmetric unit;
pcalcd = 1.168 gem, u« =0.082 mm™, F (000) = 1936, Ri= 0.1470. The structure was obtained
by direct methods using SHELXS-97.% The final R value was 0.1509 (WR2 = 0.3727) 26002
observed reflections (Fo> 40 (|Fo|)) and 1224 variables, S = 1.642.

43



There are partially occupied solvent molecules along with peptide molecules. Option
SQUEEZE of program PLATON® was used to correct the diffraction data for diffuse scattering
effects and to identify the solvent molecule. PLATON calculated the upper limit of volume that
can be occupied by the solvent to be 470 A 2 or 8.8% of the unit cell volume. Outputs of
SQUEEZE report are appended in CIF file P4. This structure contains ethyl ester groups. Even
though this structure was collected at 100K the thermal parameters for one of the ethyl ester
group was very high. This was attempted to be modeled as disorder but this was not successful.
The conclusion is that this group is not well defined and thus was refined isotropically.

Crystal structure analysis of Boc-Leu-Aib-yAla-Leu-Aib-yAla-OEt (P4): Crystals of peptide
were grown by slow evaporation from a solution of methanol. A single crystal (0.15 x 0.04 x
0.07 mm) was mounted on loop with a small amount of the paraffin oil. The X-ray data were
collected at 100K temperature on a Bruker APEX(II) DUO CCD diffractometer using Mo K,
radiation (A = 0.71073 A), w-scans (20 = 56.9), for a total of 7174 independent reflections. Space
group P1, a = 9.7972 (4), b = 10.4809 (5), ¢ = 12.3285 (6), # = 102.4740 (10), V = 1132 (9) A%,
Triclinic, Z = 1 for chemical formula C3; Hgg Ng Og (C2 Hg O), with one molecule in asymmetric
unit; pcaled = 1.129 gem™, & = 0.081 mm™, F (000) = 419, Ri,= 0.0401. The structure was
obtained by direct methods using SHELXS-97.°*The final R value was 0.035 (WR2 = 0.1052)
7363 observed reflections (Fo> 40 (JFo|)) and 514 variables, S = 0.908.

Crystal structure analysis of Ac-Aib-yPhe-Ala-dyVal-Aib-yPhe-Aib-CONH (P5):Crystals of
peptide were grown by slow evaporation from aqueous solution of methanol. A single crystal
(0.13 x 0.05 x 0.08 mm) was mounted on loop with a small amount of the paraffin oil. The X-ray
data were collected at 100K temperature on a Bruker APEX(Il) DUO CCD diffractometer using
Mo K, radiation (A = 0.71073 A), w-scans (260 = 59.9), for a total of 7174 independent
reflections. Space group P1, a = 10.154(13), b = 16.17(2), ¢ = 17.35(2), = 107.002(15), V =
2522(6) A%, Triclinic, Z = 1 for chemical formula 2(C46HssNgOg), 7(0) with two molecules in
asymmetric unit; pcalcd = 1.208 gcm™, 1 = 0.087 mm™, F (000) = 985, Riy= 0.0415. The
structure was obtained by direct methods using SHELXS-97.%% The final R value was 0.115
(WR2 =0.328) 14027 observed reflections (Fo > 40 (|Fo[)) and 1201 variables, S = 0.962.
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General procedure for the Synthesis of Boc-N- a, B-unsaturated y-amino esters:

Boc-a,pB-unsaturated y-amino esters: N-Boc-Amino aldehyde (10 mmol) was dissolved in 30
mL of dry THF followed by Wittig ylide (11 mmol) was added at RT. Reaction mixture was
stirred for about 5 h at RT. Completion of the reaction was monitored by TLC. After completion,
solvent was evaporated and the crude product was purified by column chromatography using
EtOAc/pet ether to get (88%) of pure product.

R Ph3P=CH-COOEt R
Boc\N/H(H - . Boc\NWo\/
H o THF, 12 h, RT H o)

dyF = Boc, A Oy dyA = Boc\u/‘\y\[(O\Et

(S, E)-ethyl 4-((tert-butoxycarbonyl)amino)-5-phenylpent-2-enoate (1): White powder solid;
Yield 88%; *H NMR (400 MHz, CDCls) 6 7.30-7.14 (m, 5H), 6.89 (dd, J = 16 Hz, J = 4 Hz,
1H), 5.84 (dd, J = 16 Hz, J = 2 Hz, 1H), 4.59 (b, 1H), 4.16 (q, J = 7 Hz, 2H), 2.88 (m, 2H), 1.37
(s, 9H), 1.25 (t, J = 7.1 Hz, 3H); *C NMR (100 MHz, CDCls) § 166.3, 155.2, 147.6, 136.4,
129.4, 128.6, 126.9, 121.1, 79.9, 60.5, 52.3, 40.9, 28.3, 14.2; MALDI TOF/TOF m/z calculated
value for C1gH,sNO4 [M+Na'] 342.1676 and observed 342.1657.

Iz

(S, E)-ethyl 4-((tert-butoxycarbonyl)amino)pent-2-enoate (2): Colourless Oil; Yield 93%; 'H
NMR(400 MHz, CDCI3) ¢ 6.87-6.82 (dd, J = 16 Hz, J = 4 Hz, 1H), 5.89-5.85 (d, J = 16 Hz, 1H),
4.5 (br, 1H), 4.38 (br, 1H), 4.19-4.14 (q, J = 8 Hz, 2H), 1.43 (s, 9H), 1.26-1.24 (m, 6H); °C
NMR(100 MHz, CDCI3) 166.4, 154.9, 120.2, 79.8, 60.5, 47.0, 28.4, 204, 143;
MALDI.TOF/TOFm/z Calculated value for Cy,H»NOs4 [M+Na]® 266.1368 and Observed
266.1365.
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General procedure for the Synthesis of Peptide P1 and P2:

Boc-Leu-Aib-dyX-Leu-Aib-dyX-OEt: Tripeptide and hexapeptide were prepared by
conventional solution-phase fragment condensation strategy. Deprotections were performed with
trifloroacetic acid and saponification for N- and C-termini respectively. Couplings were carried
out using N, N’-dicyclohexylcarbodiimide (DCC) and 1-hydroxybenzotriazole (HOBL).
Tripeptide was synthesized using 1+2 condensation strategy involving Boc-Leu-OH and NH,-
Aib-dyX-OEt. Hexapeptide was synthesized by 3+3 condensation strategy involving Boc-Leu-
Aib-dyX-COOH and NH,-Leu-Aib-dyX-OEt. All peptides were purified by RP-HPLC using
MeOH/H,0 system.

Boc-Leu-Aib-dyPhe-OEt (T1): White solid; yield 88%; *H NMR (400 MHz, CDCls) § 7.30 (bs,
1H), 7.29-7.17 (m, 5H), 7.06 (d, J = 7.8 Hz, 1H), 6.92 (dd, J = 15.8 Hz, J = 4.8 Hz, 1H), 6.47
(bs, 1H) 5.90 (d, J = 15.57 Hz, 1H), 4.90 (m, 2H), 4.16 (g, 2H, J = 8 Hz), 2.91 (m, 2H) , 1.65
(m, 2H), 1.50-1.40 (m, 16H), 1.26 (t, J = 7.1, 3H), 0.94 (m, 6H); *C NMR (100 MHz, CDCls) §
173.53, 172.38, 147.05, 136.92, 129.35, 128.56, 126.83, 121.21, 80.82, 60.44, 57.54, 54.05,
53.53, 51.26, 40.62, 40.17, 34.03, 28.35, 25.61, 25.46, 25.03, 24.86, 23.03, 21.92, 14.33; HR-MS
m/z calculated for CgH43N30g [M+Na] * 540.3050, observed 540.3057.

gy ©
B N
oc\H %H A o
o - (o)

Boc-Leu-Aib-dyAla-OEt (T2):*H NMR (400 MHz, CDCls) J 7.08 (d, J = 8 Hz, 1H), 6.88 (dd, J
= 16 Hz, J = 4 Hz, 1H), 6.48 (s, 1H), 5.92 (d, J = 16 Hz, 1H), 4.99 (bs, 1H), 4.65 (m, 1H), 4.16
(g, J = 8 Hz, 2H), 3.90 (m, 1H), 1.65 (m, 2H), 1.52 (s, 3H), 1.51 (s, 3H), 1.42 (s, 9H), 1.26 (m,
6H), 0.93 (M, 6H); *C NMR (100 MHz, CDCls) § 173.5, 172.2, 166.7, 156.3, 149.1, 120.4, 80.8,
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60.5, 57.5, 54.4, 46.1, 40.3, 28.4, 25.8, 24.9, 23.0, 22.0, 20.0, 14.4; HR-MS m/z value calculated
for C2oH39N306 [M+Na'] 464.2736, observed 464.2740.

. 0
Boc\u N%HJ\/\WO\/
o /> 0

Boc-Leu-Aib-dyPhe-Leu-Aib-dyPhe-OEt (P1): White color solid; Yield 50%; *H NMR (500
MHz, CDCls) 6 7.12-7.02 (m, 11H), 6.66 (dd, J = 15.6 Hz, J = 5 Hz, 1H), 6.77 (m, 2H), 6.43 (b,
1H), 6.40 (s, 1H), 6.35 (s, 1H), 6.13 (d, J = 15 Hz, 1H), 5.88 (dd, J = 16 Hz, J = 1 Hz, 1H), 4.88
(d, J =5 Hz, 1H), 4.83 (m, 1H), 4.76 (m, 1H), 4.07 (m, 2H), 3.78 (m, 1H), 2.91-2.73 (m, 4H),
1.66-1.42 (m, 6H), 1.40-1.16 (m, 25H), 0.86 (m, 12H); HR-MS m/z calculated value for
CagH72NsO9 [M+Na'] 911.5253, observed 911.5266.

.0 - R o
Boc\N N%N - N?J\N}}(NNO/\
H o /> H o) \("' o = :

2.0 4
28.20 min

0.5+

T T T J
0 10 20 30 40

Time (min)

Fig 1.29: Reverse phase HPLC profile of peptide P1(A = 220 nm). MeOH/H,O was used as

solvent system at a flow rate of 1.00 mL/min.
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Boc-Leu-Aib-dyAla-Leu-Aib-dyAla-OEt (P2): White color solid; Yield 72%; *H NMR (400
MHz, CDCl3) 6 7.09 (d, J = 8 Hz, 1H), 7.01 (d, J = 8 Hz, 1H), 6.93 (d, J = 4 Hz, 1H), 6.89 (d, J
=4 Hz, 1H), 6.80 (d, J = 4 Hz, 1H), 6.76 (d, J = 4 Hz, 1H), 6.72 (d, J = 8 Hz, 1H), 6.58 (s, 1H),
6.57 (s, 1H), 6.14 (d, J = 16 Hz, 1H), 5.93 (d, J = 16 Hz, 1H), 5.08 (d, J = 4 Hz, 1H), 4.70-4.60
(m, 2H), 4.20-4.12 (m, 4H), 3.92-3.87 (m, 1H), 1.74-1.47 (m, 22H), 1.44 (s, 9H), 1.29-1.21 (m,
11H), 0.98-0.91 (m, 15H); HR-MS m/z calculated value for C3;HgsNgOo [M+Na'] 759.4632,
observed 759.4623.

H (0} H (0} : H o
B N N <__N
o ‘- o] Y o -

0.16 4
25.5min
0.14 4
0.124
0.104

0.08 4

AU

0.06 4

0.04

0.02 4
0.00 4

0 10 20 30 40

Time (min)

Fig 1.30: Reverse phase HPLC profile of peptide P2 (A = 220 nm). MeOH/H,0O was used as

solvent system at a flow rate of 1.00 mL/min.

Transformation of B-miniature peptides into their saturated analogs of 10/12-
helices through catalytic hydrogenation: Boc-Leu-Aib-dyX-Leu-Aib-dyX-OEt (0.10
mmol, 100 mg) was dissolved in EtOH (4 mL), and was treated with 20 mg of 20% Pd/C. The
hydrogen gas was supplied through balloon. The reaction mixture was stirred under hydrogen
atmosphere for about 5 h. The completion of the reaction was monitored by MALDI-TOF/TOF
and RP-HPLC. After the completion of reaction, the reaction mixture was diluted with EtOH (10

mL) and it was filtered through sintered funnel using celite bed and celite bed was washed with
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EtOH (3 x 15 mL). The filtrate was evaporated under vacuum to get white crystalline pure

product.

Boc-Leu-Aib-yPhe-Leu-Aib-yPhe-OEt (P3):White color solid; Yield 90%; *H NMR (500
MHz, CDCl3) 6 7.92 (bs, 1H), 7.62 (bs, 1H), 7.40 (d, J = 15 Hz), 7.29-7.10 (m, 11H), 6.92-6.90
(m, 2H), 6.74-6.63 (m, 2H), 5.53 (bs, 1H), 4.36-4.27 (m, 1H), 4.12-4.04 (m, 3H), 3.89-3.80 (m,
2H), 2.96-2.64 (m, 4H), 2.53-2.35 (m, 5H), 2.23-2.17 (m, 3H), 1.94-1.85 (m, 3H), 1.72-1.67 (m,
2H), 1.57 (s, 3H), 1.49 (s, 9H), 1.42 (s, 3H), 1.30 (s, 3H), 1.22 (t, J = 5 Hz, 3H), 1.02 (s, 3H),
0.98-0.88 (m, 12H); HR-MS m/z calculated value for C49H76NsO9 [M+Na'] 915.5571, observed

915.5574.
o @ H @ \s H o
Boc. N%N NJN&NMO/\
H o -~ H o EW/H o E

3.5x10"

25.9 min
3.0x10" 4

2.5x10" 4

2.0x10" 4

AU
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1.0x10™ 4
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Fig 1.31: Reverse phase HPLC profile of peptide P3. MeOH/H,0O was used as solvent system at

a flow rate of 1.00 mL/min.

Boc-Leu-Aib-yAla-Leu-Aib-yAla-OEt (P4):White color solid; Yield 95%; *H NMR (400 MHz,
CDCl3) 6 8.03 (s, 1H), 7.15 (s, 1H), 7.08 (s, 1H), 6.83 (d, J = 10 Hz, 1H), 6.63 (s, 1H), 5.10 (d, J
=5 Hz, 1H), 4.13-4.06 (m, 2H), 4.03-3.86 (m, 5H), 2.55-2.34 (m, 4H), 2.16-2.13 (m, 1H), 2.03-
1.97 (m, 1H), 1.86-1.73 (m, 10H), 1.60 (s, 3H), 1.53 (s, 3H), 1.48 (s, 9H), 1.44 (s, 3H), 1.37 (s,
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3H), 1.23 (t, J =5 Hz), 1.14 (d, J = 5 Hz, 3H), 1.04 (d, J = 5 Hz, 3H), 1.00-0.90 (m, 14H); HR-
MS m/z calculated value for C37HgsNsOg [M+Na'] 763.4945, observed 763.4940.

H o H (0] S H o
Boc. N})LNJ\/\WNEQ&N&NMO/\
H o /> H ol w/” o °

0.15 4

0.10 4

AU

0.05 4

0.00 -‘,\k____“’___J

18.8 min

0

T
10

Time (min)

d
30

Fig 1.32: Reverse phase HPLC profile of peptide P4. MeOH/H,0 was used as solvent system at

a flow rate of 1.00 mL/min.

Ac-Aib-yPhe-Ala-dyVal-Aib-yPhe-Aib-CONH, (P5) : *H NMR (400 MHz, DMSO-dg) J 8.19
(s, 1H), 8.00 (d, J = 12Hz, 1H), 7.95 (s, 1H), 7.82 (d, J = 16 Hz, 1H), 7.77 (d, J = 8Hz, 1H), 7.60
(s, 1H), 7.52 (d, J = 12Hz, 1H), 7.40 (d, J = 12Hz, 1H), 7.22-7.11 (m, 10H), 6.72 (s, 1H), 6.60
(dd, J = 8 Hz, J =8 Hz, 1H), 6.04 (d, J = 16 Hz, 1H), 4.36-4.10 (m, 2H), 3.91 (m, 1H), 2.65 (m,
2H), 2.20-1.99 (m, 4H), 1.87-1.47 (m, 8H), 1.29-1.15 (m, 22H), 0.80 (m, 8H); HRMS m/z
calculated value for C46HesNgOg [M+Na'] is 883.5052 and observed 883.5010.
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Fig 1.33: Reverse phase HPLC profile of peptide P5. MeOH/H,0O was used as solvent system at

a flow rate of 1.00 mL/min.
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1.9 Appendix I: Characterization Data of Synthesized Compounds

Designation Description Page
Boc-dyPhe-OEt (1) 'H & ¥C NMR 59
Boc-dyAla-OFEt (2) 'H & ¥C NMR 60
Boc-Leu-Aib-dyPhe-OFEt (T1) 'H & °C NMR 61
Boc-Leu-Aib-dyAla-OEt (T2) 'H & ¥C NMR 62
Boc-Leu-Aib-dyPhe-Leu-Aib-dyPhe-OEt (P1) 'H NMR 63
Boc-Leu-Aib-dyAla-Leu-Aib-dyAla-OEt (P2) 'H NMR 63
Boc-Leu-Aib-yPhe-Leu-Aib-yPhe-OEt (P3) 'H NMR 64
Boc-Leu-Aib-yAla-Leu-Aib-yAla-OEt (P4) 'H NMR 64
Ac-Aib-yPhe-Ala-dyVal-Aib-yPhe-Aib-CONH2 (P5) 'H NMR 65

& MALDI-TOF/TOF spectrum 65
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Chapter 2

Exploring Reactivity of (E)-Vinylogous
Amino Acids and their Utility in the

Design of Peptide Foldamers
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2.1 Introduction

Due to their structural diversity and functional versatility, backbone homologated a-amino acids
and their oligomers, such as B-and y-peptides, emerged as a very important class of molecules in
medicinal chemistry." As described in the previous Chapter 1, the p- and y-peptides have been
shown to adopt stable secondary structures, such as helices, B-sheets and reverse turns, similar to
the natural protein secondary structures.” In addition, simple unprotected B-alkyl or dialkyl
substituted y-amino acids (pregabalin and gabapentin) have also been marketed as anticonvulsant
drugs for the neuropathic pain as well as for the treatment of epilepsy.® In comparison with o-
and B-peptides, the structural diversity of y- and hybrid y-peptide foldamers is expected to be
richer due to the presence of additional backbone C-C bonds.* The structural characterization of

234 substituted y-peptides® and peptides from cyclic y-amino

homooligomers of y*, y** and y
acids® reveal that they adopt the Cy,-helical conformations. In a sharp contrast to these helical y-
peptide foldamers, the 4, 4-dimethyl substituted y-amino acid oligomers exhibit extended
structures.” The growing body of literature infers that y-amino acids and peptides have a huge
potential in the design of peptidomimetics and biomaterials. In the previous chapter, we explored
the E-vinylogous y- amino acids in the design of protein supersecondary structure mimetics such
as miniature p-meanders as well as helix-loop-helix structures through selective incorporation. ®
We anticipate that these [-sheet promoting E-o, B-unsaturated y-amino acids may serve as
excellent starting materials to introduce functional diversity into the y-peptides through simple
Michael addition of nitromethane, thiols as well as other nucleophiles.’® In addtion, y** substiuted
amino acids have not been explored in the design of foldamers and the Michael addtion products
of nitromethane and other nucleophiles may also provide new building blocks to construct
peptide foldamers. In this context, we sought to explore the chemical reactivity of unsatured vy-
amino esters. Chapter 2 is divided into Section 2A and Section 2B. The first part, section 2A
deals with the synthesis and isolation of diastereomerically pure B-nitromethyl substituted -
amino acids through the Michael addition of nitromethane, utility of these multifaceted
nitromethyl substituted y-amino acids in the design of foldamers and the transformation of nitro
functional group into a variety of other functional groups. The second part, section 2B deals with
the Michael addition of thiols to E-vinylogous amino esters to derive thiostatines (B-sulfhydryl y-

amino acids) and the stereochemistry of thiol conjugate addition products.
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SECTION 2A: Design, synthesis and functionalization of multifaceted

p-nitromethyl y-amino acids and peptides

2A.1 Introduction

This section deals with Michael addition reaction of nitromethane to E-vinylogous amino
esters to derive disubstituted y-amino acids and their utility in the design of peptide foldamers.
The reason to introduce nitromethyl group is that nitroalkanes are unique with respect to the
diverse functional group transformations. Nitroalkanes have been used as effective precursors for
the synthesis of amines, carboxylic acids, aldehydes, ketones, substituted alkanes, alkenes,
complex heterocyclic structures and more (Figure 1).° With these multifaceted functional group
transformations of nitroalkanes, we asked the question whether these functional properties of
nitroalkanes can be transformed to the y-amino acids and to the peptides, since they are very

attractive entities from the perspective of medicinal chemistry.

Addition

Fig 1: Diverse functional group transformations of nitroalkanes.

Michael
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2A.2 Aim and Rationale of the Present Work

We anticipate that o, B-unsaturated y-amino esters may serve as ideal precursors for the
synthesis of B-nitromethane functionalized y-amino acids using Michael addition. A variety of
nucleophiles and catalysts have been demonstrated for the C—C and C-X (X = N, S, O, etc.)
bond formation using the Michael addition reaction.'! In addition, nitromethane Michael addition
to the N-carbamate protected vinylogous amino esters has also been reported, however, these
reports have offered no insight into the diastereoselectivity and the mechanism of the conjugate
addition.> We sought to utilize these amino acids as substrates in the Michael addition reaction
with nitromethane to understand the diastereoselectivity as well as to obtain stereochemically
pure B-nitromethane substituted y-amino acids to synthesize hybrid peptide foldamers. Herein,
we are reporting the highly diastereoselective Michael addition of nitromethane to various N-
Boc-(S, E)-a,B-unsaturated y-amino esters, single crystal conformations of B-nitromethane
substituted y-amino acids as well as various B-nitromethyl y-amino acid homooligomers and
hybrid peptides. In addition to that we are also reporting the functional transformation of nitro

group into various other functional groups on both monomers as well as on hybrid peptides.
2A.3 Results and Discussion

2A.3.1 Highly Diastereoselective Synthesis of p-Nitromethyl y-Amino Acids from Naturally
Occurring o, B-Unsaturated y-Amino Acids

Synthesis of (E)-vinylogous amino esters from a-amino acids

The N-protected (S, E)-vinylogous amino esters (1) were synthesized starting from the N-
protected amino aldehydes using the Wittig reaction'® as shown in Scheme 1. The N-Boc amino
aldehydes were synthesized from the oxidation of corresponding amino alcohols.** A variety of
E-vinylogous amino esters were synthesized using this protocol (Scheme 1, 1a-l). Instructively,
many of these N-protected E-vinylogous amino esters were prone to crystallize immediately after
the column purification. The crystal conformations of the compounds 1b and 1c are shown in Fig
2.
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R R

B H Ph;P=CHCOOX,
oc. > B ~ ~
N/k[( oc NWO X
H Dry THF, RT H

o o
75-90%
(1)
1a: R = -CH(CH),, X = -CH,-CH3; 1b: R = -CH(CH3)-CH,-CH3, X = -CH,-CHg;
1c: R = -CH,-CH(CH3),, X = -CH,-CH;; 1d: R = -CH,-NHBoc, X = -CH,-CHg;
1e:R = -CH2-C6H5, X= -CH2-CH3; 1f: R= -CHZ-OtBu, X= -CHz-cH3;
1g: R = -CH,-COO'Bu, X = -CH,-CH3; 1h: R =-CHj, X = -CH,-CHs; 1i = o
1i: R = -Proline, X = -CHy-CHs; 1j: R =-CH(CHa),, X = -CH,-CgHs; N~ N ~
1k: R = -CH,-CH(CH3),, X =-CH,-CgHs;  11: R = -CH,-C¢Hs, X = -CH,-CeHs; Boc o

Scheme 1: Synthesis of «, f-unsaturated j-amino esters using Wittig reaction.

1b 1c
(A) (B)

Fig 2: (A) The local torsional variables of vinylogous residues and (B) X-ray structures of N-

Boc-(S, E)-vinylogous amino esters 1b and 1c showing the N-C'-CP=C* eclipsed conformations.
Conjugate addition of nitromethane to (E)-vinylogous amino esters

We anticipate that Michael addition of nitromethane to all E-vinylogous esters (1a-1) can

be performed in the presence of a base. The schematic representation of the conjugate addition in
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the presence of a base is shown in Scheme 2. Conditions for the Michael addition were
optimized using the base DBU.'** To begin with, ethyl ester of N-Boc-(S, E)-o, p-unsaturated y-
valine (Boc-(S, E)-dyVal-OEt, 1a) was subjected to the Michael addition reaction using
nitromethane in the presence of DBU.

R neat 5 eq. CH;NO R i
. 3NO2
Boc. = o. Boc\N O\X 4 Boc\N O\X
N X Z H
H 1eq. DBU H 0 o)
o o,N~ O2N
2-3 hr 2
1 72-92% 2 (anti); major 3 (syn); minor

Scheme 2: Synthesis of S-nitromethane substituted y-amino esters.

Table 1: List of g-nitromethane substituted -amino acids and their diastereomeric ratios.

product dr
Entry R X (% yield) (anti:syn)

1 2+3 2:3

a -CH(CHa), -C,Hs 90 89:11"
b -CH(CHs)-CH»-CH; -CyHs 89 83:17"
c -CH,-CH(CHy), -CyHs 86 82:18"
d -CH,-NHBoc -C,Hs 87 90:10"
e -CH,-CgHs -C,Hs 88 80:20"
f -CH,-O'Bu -C,Hs 84 100:0™
g -CH,-COO'Bu -CyHs 82 81:19"
h -CHs -C,Hs 92 80:20*
i Proline side chain -C,Hs 91 61:39"
i -CH(CHs), -CH,CgHs 80 86:14"
k -CH,-CH(CHs), -CH,CgHs 79 81:19*
| -CH,-CgHs -CH,CgHs 72 89:11"

Note: fDetermined by isolated products; *Determined by reverse phase HPLC; {Determined by
NMR analysis.

The Michael addition product was isolated with 90% vyield in 2.5 h at room temperature.
Interestingly, the HPLC analysis of the crude product reveals the 89.5:10.5 diastereomeric ratio
of anti (2a): syn (3a) products, respectively. Both major (2a) and minor (3a) products were
separated using column chromatography and analyzed. Encouraged by the high
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diastereoselectivity, we further subjected other vinylogous amino acids (1b-l) to the Michael
addition reaction and the diastereomeric products were isolated in moderate to good yields (72-
92%). The analyses of all nitromethane conjugate addition products reveal that anti (2b-1) is a
major product in all the cases. The diastereomeric major (2a, 2b, 2c and 2e) and minor (3a, 3b,
3c and 3e) products of 1a, 1b, 1c and le were separated using column chromatography and the

diastereomeric ratio was measured using the isolated yields. Surprisingly, compound 1f gave a

2C 2b acid
Fig 3: X-ray crystal structures of Boc-NH-yleu(s-CH,NO,)-COOEt (2c) and Boc-pleu(s-

CH,NO,)-COOH (2b acid).

single anti isomer 2f. As the reactions were performed in small scale, only major anti Michael
addition products of 2g, 2j, 2k and 2l were isolated using column chromatography for the
compounds 1g, 1j, 1k and 1l, respectively. In addition, we found difficult to separate the
diastereomers for the compounds 1d, 1h and 1i from the column chromatography. However, the
diastereomeric ratio (2: 3) was measured for all the crude products either using RP-HPLC or by
the 'H NMR (Table 1). Instructively, high diastereoselectivity was observed for all E-vinylogous
esters except the proline side-chain containing compound 1i. In addition, both benzyl and ethyl
esters gave similar yields and diastereoselectivity of the nitromethane Michael addition. Out of
all Michael addition products (2a-1 and 3a-l) in the Table 1, we were able to obtain the single
crystals for 2c and its X-ray structure is shown in Figure 3.

In contrast to the nucleophilic addition at the carbonyl compounds containing e-chiral
center, the stereochemical outcome of 1, 4 nucleophilic addition to «, p-unsaturated esters
containing j-stereogenic center is sometimes bewildering to rationalize. However, the intriguing
results of conjugate addition of nitromethane to N-Boc-protected vinylogous amino esters la-e,
1h and 1j-k, single anti isomer of 1f and the almost equal diastereomeric ratio from 1i, enable us
to rationalize plausible mechanism of the Michael addition starting from the crystal structures of
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E-vinylogous amino esters. The local conformations of vinylogous residues were determined by
introducing additional torsional variables 8, (N-C'-CP=C%) and & (C'- CP=C*-C’) along with the
¢ and w as shown in Figure 1. The crystal conformations of vinylogous amino esters from the

8, 10

literature and from the present work, suggest that they mainly adopt either N-C'-CP=C“

(6:=~0°) or H-C'-CP=C* (6,=~120°) eclipsed conformations (Figure 1). This is not surprising

|.16

because in their seminal work Houk and colleagues® and Wiberg et al.*® proposed that the

eclipsed conformations of olefins and the carbonyls are stabilized by c—n* donations. As C-C

bond is a better o donor than the C-N bond, from the analysis of twenty one units of vinylogous
resides in both monomers as well as in peptide crystals,® we observed that the amino acid side-
chains are always perpendicular to the double bonds. In addition, the analysis also reveals the
preference of N-C'-CP=C* eclipsed conformation in monomer esters and H-C'-CP=C“eclipsed
conformation in amides/peptides. Based on these analyses, we speculate that both eclipsed

conformers A and B are in equilibrium in solution (Scheme 3).

HN H H H X
X
o) \H H—N\7 o
o "0
A +/ \+ B
:N\t) _(/ —
(o] (o] \
X
(o) R X
YHN R (2c)
O,N H
H HN HO
H Y NO,
Minor Major
(3) (2)

Scheme 3: Schematic representation of the highly diastereoselective Michael addition of
nitromethane to the E-vinylogous amino esters. The crystal structure of 2c representing the

stereochemical outcome from the conformer B.
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The preference for A over B is may be due to the reduced A" * strain. In the conformer
B, both C'-H and C“-H are in the same plane separated by a distance of 2.3 A, where as in the
conformer A, N-H is twisted upwards in all N-C'-CP=C* eclipsed conformations (in single
crystals) probably to reduce the steric strain (N-H---H-C* distance 2.75 A and N-H---H-C* angle
67°) with C*-H. The crystal structure analysis also suggests that the approach of the nucleophile
from top is restricted due to the steric clash with R group (Scheme 3) as the R-group projected
perpendicular to the double bonds. Based on these analyses, we propose that nucleophile must
approach the conjugated ester from the opposite face of the R group to avoid the steric clash. In
addition, the excellent diastereoselcetivity observed in all E-vinylogous amino esters containing
amide NH except proline (1i), suggesting the significant role of the carbamate NH’s in dictating
the high diastereoselectivity. In order to understand the role of NH in the conjugate addition, we
performed the conjugate addition reaction on ethyl ester of N, N-di-Boc-protected (S, E)-«, f-
unsaturated y-phenylalanine (4, Scheme 4). Instructively, the conjugate addition of nitromethane
yield the diastereomeric ratio (5+6) 52:48 similar to the compound 1i suggesting the crucial role
of amide NH. We speculate that carbamate NH may be involving in the H-bond formation with

the incoming nucleophile and stabilizing the nucleophilic approach. Based on these results, we

neat CH;NO,

Boc. o
Boc. A A O~ BOCN SN O N ~
I DBU éoc .0 Boc NOO
Boc O 23 hr NO, 2
0,
4 5 (52%) 6 (48%)

Scheme 4: Conjugate addition of nitromethane to N,N-di-Boc-protected E-vinylogous amino

ester.

propose the possible reaction mechanism for the conjugate addition of the nitromethane as
shown in Scheme 3. The conformer B leads to the major (anti) product due to the H-bond
mediated stabilization of the nucleophile in the conjugate addition, whereas in the conformer A
disfavored the formation of major (syn) as there is no favorable H-bond stabilization for the
nucleophilic approach. Further, the analysis of the crystal structure 2c reveal that it adopted the

similar structure as anticipated from the conformer B.
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2A.3.2 Synthesis of Nitro-Peptides

To understand the conformations of s-nitromethane substituted yamino acids in peptides,
we synthesized various homo and heterooligomers. In order to synthesize pg-nitromethane
substituted y-peptides, we subjected ethyl esters of N-protected nitroamino acids for the

saponification and N-Boc deprotection using 1N NaOH and 50% TFA in DCM, respectively.

O,N !
P1 Boc\N/kﬂ/N : 0/\ i P2 Boc\N N : 0/\
"o :\C | "o Al

‘Buo o,N o

P3 E P4 Boc. l/\H/HM PN
| N7 . o)
: H > o =
E O,N P
| O,N
| B

P5 i P6 Boc\l':ll ; N o

OZN/ o PN

Scheme 5: Sequences of peptides P1-P7 containing g-nitromethane substituted »-amino acids.

The free amines and carboxylic acids were directly used for the peptide synthesis without further
characterization. However, we were able to obtain the single crystals for the 2b after the ester
hydrolysis and its structure is shown in Figure 3. The peptide couplings were carried out using
standard DCC/HOBLt coupling conditions. The list of g-nitromethane substituted j- dipeptides
(P1-P7) were synthesized using this procedure is shown in Scheme 5. All peptides were isolated
in moderate to good yields (55-78%) after column chromatography. Out of all the peptides in
Scheme 5, P6 and P7 gave single crystals after the slow evaporation from the solution of EtOAc

and their X-ray structures are shown in Figure 4. Similar to the vinylogous amino acids (Figure
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P6

Fig 4: X-ray structures of P6 and P7.

P7

1), the backbone torsional angles of S-nitromethane substituted y-amino acids were also analyzed

by introducing additional torsional variables & and &.* The torsional variables of /-

nitromethane substituted »-amino residues are tabulated in Table 2. Inspection of the crystal

structures of P6 and P7 reveal that the independent amino acids in the dipeptides adopted g*, g*

backbone conformations similar to the amino acid crystal structure 2b. In contrast to the anti-

conformation of 2c (along C3-C4 bond), the amino acid 2b and amino acid residues in the

Table 2: Torsional values of Nitro amino acids and nitropeptides

Compound residue ¢ 6 & % Back bone
Conformation

2¢ yLeu(s-CH,NO,) | -110 | -179 | 89 | -146 t g

2 b acid yvlleu(8-CH,NO,) | -110 | 67 72 | -145/36 9,9
P6 yVal(6-CH,NO,)-1 | -100 | 68 | 72 -87 9.9
yLeu(8-CHyNOy)-2 | -99 69 66 36 9,9

P7 yVal(B-CH,NO,)-1 | -100 | 65 | 76 -88 9.9
yVal(B-CH,NO,)-2 | -98 | 66 | 71 27 g%, 9"
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dipeptides P6 and P7 follow the general trend of tetra alkyl substituted ethane by adopting the
gauche conformations.!” Instructively, the analysis of the crystal structures of P6 and P7 reveal
that they adopt Co-helical type of structure in single crystals."® The helial structures are
stabilized by single nine membered intramolecular H-bond [average C=0---H-N distance 1.99
A, O---N dist. 2.85 A and O---H-N bond angle 173] existed between Boc-amide CO and the NH
of C-terminal residue (i—i+2). These structures are resembling the y-turn in o-peptides.*® Similar
type of 9-helices have also been observed in the homooligomers of gabapentin, however, with

mirror image torsional values.?
2A.3.3 Synthesis and Conformational Analysis of y**-Homooligomers

In order to understand the conformations of B-nitromethyl y-amino acids in higher
homooligomers, we synthesized peptides P8 and P9 in solution phase using standard DCC/HOBt
coupling conditions. The sequences of the peptides P8 and P9 are shown in Scheme 6. The
deprotection of N-Boc and ethyl esters was carried out using TFA and NaOH, respectively. We
adopted stepwise couplings from C- to N- terminus to avoid unexpected impurities during the
hydrolysis of peptide esters. Both peptides were subjected to grow the X-ray quality crystals in
various solvent combinations to understand their unambiguous conformations. In contrast to the

44 234

and y***-peptides,” the conformations of y**-peptides have not been

,YA_, 72'4-, Y3'3
systematically investigated. We speculated greater helical propensity from y>*-peptides due to

the favorable gauche interactions of side-chains similar to the tetra substituted ethanes.*’

- LWMLW M

Scheme 6. Sequences of y*"*-peptides derived from the major anti-isomers.
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Single crystal structures of P8 and P9 are shown in Figure 5. Intriguingly, the extension
of dipeptide (P7) to tri (P8) and tetrapeptide (P9) leads to (P)-14-helical conformations similar to
the y*-peptides.”” The helical conformation in P8 and P9 is stabilized by one and two
intramolecular H-bonds between the i and i+3 residues, respectively. The torsional values and H-
bond parameters are tabulated in the Table 5-9. The helical structure in P8 is stabilized by the
14-membered H-bond between the Boc amide CO (i) and the NH of the C-terminal y-residue
(i+3), while P9 structure is stabilized by two intramolecular 14-membered H-bonds between Boc
amide CO (i) and NH of y** Val3 (i+3) and between the Vall CO (i) and y** Val4 NH (i+3).
Though there is a possibility to attain Co-helices similar to the P7, both P8 and P9 attained the

Ci4-helical conformation.

P8 P9

Fig 5: Single crystal structures of peptides P8 and P9.

Crystal structure analysis of P8 and P9 reveal that except the C-terminal y**-residue, the
other y**-residues adopted g+, g+ conformations. The directionality and the pattern of H-
bonding (i—i+3) observed in the y3'4- tri and tetrapeptides resemble the 3;0-helix in a-peptides as
well as 14-helix of y*-peptides.?® ** The torsional angles of P8 and P9 are given in Table 3-6.

Careful analysis of the intramolecular H-bonds in P7-P9 revealed that the H-bond distance is
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relatively lager in 14-helix compared to the 9-helix. Overall, these novel y**-disubstituted amino
acids favor the helical conformations even in simple dipeptides.

In addition, single crystals of P9 were simultaneously grown in methanol and ethanol
solutions along with EtOAc and their X-ray structures, P3(m) and P3(e) are shown in Figure 6.
Instructively, the structural analysis reveals that P9 adopted different type of helical
conformation. The solvent molecules MeOH and EtOH were invaded the intramolecular 14-
membered H-bond which existed between the Boc urethane CO and NH of y** Val(3) and
bridges the Boc CO (i) and NH of y** Val (i+3) through two strong H-bonds. With this solvent
invasion, a new nine membered intramolecular H-bond is observed between the residues y**
Val2 (CO) and y** Val4 (NH) instead of the regular 14-membered H-bond observed between the
residues y** Vall (CO) and y** Val4 (NH). All independent y** Val residues adopted g+, g+
conformations without much deviation in their original torsional values observed in the Cyy-
helix. These results demonstrated that solvent dependent helical switch between 14-to distorted
C9 helix. In addition, these studies also provide the realistic information regarding the

conformational transition of solvent dependent helical types.

P9 P9(m) P9(e)

Fig 6: Solvent dependent reversible Ci4- and Cg-helical types in single crystals of P9 (m =

methanol and e = ethanol). Amino acid side-chains are removed for clarity.
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Table 3: Back bone torsional variables of peptide P8.

. Back bone
Compound Residue ¢ o, o W w
conformation
P8 yVal(B-CH,NO,)-1 | -110 58 72 | 175 | 175 g9
Molecule A ..
yVal(B-CH,NO,)-2 | -108 62 66 | -148 | -173 9,9
yVal(B-CH,;NO,)-3 | -106 | -171 | -60 | 156 - t,g"
P8 yVal(B-CH,NO,)-1 | -114 59 68 | 175 | 172 9,9
Molecule B ..
yVal(B-CH,NO,)-2 [ -115 67 68 | -135 | -177 g, 9
yVal(B-CH,NO,)-3 [ -99 65 | 111 -7 - gt
P8 yVal(B-CH,NO,)-1 [ -109 69 68 | 176 | 173 g9
Molecule C ..
yVal(B-CH,NO,)-2 | -119 61 72 | -140 | 174 g, 9
yVal(B-CH,;NO,)-3 | -120 | 177 | -69 [ -121 - t,g"

Mean torsional values of three peptides tabulated with e.s.d. value

Residue ) 0, 0, 7 w

yVal( B-CH,NO,)-1 | -111(2) | 62(6) | 69 (2) | 176 (1) | 173 (2)

yVal( B-CH,NO,)-2 | -114(6) | 63(3) | 69(3) | 141(6) | -

yVal( B-CH,NO,)-3 | -108 - - ; -
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Table 4: Intra and Intermolecular H-bond parameters of P8A - P8C.

P8 Donor | Acceptor | D....A | DH....A | NH....O | N....O=C
Molecule A | (D) (A) (A) (A) (deg) (deg)
Intermolecular | N5 02 2.938 | 2.091 167.78 164.97
Intramolecular | N1 038 (S) | 3.063 | 2.231 162.98 139.56
H-bond
N3 027 (b) | 2.841 | 1.987 171.81 142.62
032 N8 (c) | 2.835 | 1.976 176.32 133.58
P8 Donor | Acceptor | D....A | DH....A | NH....O | N....0=C
Molecule B (D) (A) (A) (A) (deg) (deg)
Intermolecular | N (13) 0 (23) 2.962 2.106 172.85 177.50
Intramolecular | N (15) 0 (19 2.863 2.063 154.34 134.53
H-bond
O0@7) | N(3)(a) | 2.841 1.987 171.81 142.62
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P8 Donor | Acceptor | D....A | DH....A | NH....O | N....0=C

Intramolecular | N (10) | O (13) | 2.956 | 2.104 | 171.13 | 163.59

Intermolecular | N (8) | O(38) | 2.835 | 1.976 | 176.32 | 133.58

H-bond
0(19) [ N (15 2.863 | 2.063 154.34 134.53

Table 5: Back bone torsional variables of peptide P9.

Back bone
Compound residue ) 6 & 74
conformation
P9 yVal( B-CH,NO,)-1 | -105 | 64 72 | 172 g% 9"
EtOAc | yVal( p-CH,NO,)-2 | -123 | 51 71 | -154 g% g"
yVal( B-CH,NO,)-3 | -127 | 49 63 -145 g.q"
yVal( B-CH,NO,)-4 | -110 | -161 | -56 | 175 t,g"
PO (m) | yVal(B-CH,NOy)-1 | -111 | 50 | 72 | -172 g% q"
MeOH | yVal( p-CH,NO,)-2 | -106 | 71 64 | -162 g% g"
yVal( B-CH,NO,)-3 | -102 | 72 69 | -95 g% g"
YV(B-CH,NO,)-4 | -99 | 67 74 2 g q"
PO(e) | yV(B-CHNOp-1 | -112 | 47 | 74 | -170 g9
EtOH yV(B-CH,NO,)-2 | -107 | 68 | 66 | -160 g, g
yV(B-CH,NO,)-3 | -106 | 71 | 70.74 | -99 g5 g"
YV(B-CHNOy)-4 | -99 | 67 72 6 g g"
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Table 6: Intra and Intermolecular H-bond parameters of P9.

P9 Donor | Acceptor | D....A | DH....A | NH....O | N....O=C
EtOAc (D) (A) (R) (R) (deg) (deg)

Intermolecular | N (5) 02 3.067 | 2.253 157.55 166.28
H-bond

N@) | o@B) |2997 | 2145 | 170.70 | 154.05

Intramolecular | N(3) | O(11)T | 2.805 | 2.037 148.19 155.55
H-bond

o1 | N@)* | 2805 | 2037 | 148.19 | 15555

* Symmetry equivalent -1+X, y, z; ¥ Symmetry equivalent 1+x, y, z

P9 Donor | Acceptor | D....A | DH....A | NH....O [ N....0O=C

CHCIy/ Tol (D) (A) (A) (A) (deg) (deg)

Intermolecular | N (5) 0(2) 3.073 | 2.264 157.04 166.75

H-bond N@) | o@G) |3016| 2166 | 17026 | 154.35

Intramolecular | N(3) | O(11)f | 2.811 | 2.045 147.99 156.14

H-bond 011 N@)* | 2811 | 2.045 147.99 156.14

* Symmetry equivalent -1+X, y, z; ¥ Symmetry equivalent 1+x, Yy, z
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P9 Donor | Acceptor | D....A | DH....A | NH....O | N....0O=C
MeOH (D) (A) (R) (R) (deg) (deg)
Intermolecular | N (4) 0(9) 2.817 1.970 168.11 122.66
Intramolecular | O (2) o7 2.725 1.906 175.62 155.38
H-bond N (1) 0(12)* 2.877 2.070 158.41 126.05
N (8) 0(17) 2.858 | 1.999 176.83 11151
012 | N()t | 2877 | 2070 158.41 126.05
* Symmetry equivalent 1-x, 1/2+y, 1-z; ¥ Symmetry equivalent 1-X, -1/2+y, 1-z
P9 Donor | Acceptor | D....A | DH....A | NH....O | N....0O=C
EtOH (D) (A) (R) (A) (deg) (deg)
Intermolecular | N (7) 0 (8) 2.852 | 2.022 167.91 123.50
Intramolecular | O(2) | O(14) | 2.748 | 1.953 163.19 162.37
H-bond (EtOH) (0....0-0)
N(@1) [ o@n* | 2638 | 2.000 | 164.53 126.22
NG) | 0@s) | 2914 | 2.054 | 176.85 124.33
(EtOH) (N....0-C)
011 N (DT | 2.638 [ 2.000 164.53 126.22

*Symmetry equivalent 1-x, 1/2+y, 1-z; + Symmetry equivalent 1-x, -1/2+y, 1-z
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2A.3.4 Synthesis and Conformational Analysis of a, y>*-Hybridpeptides

The results obtained from the homooligomers of f-nitromethyl substituted y- amino acids
motivated us to design P10 and P11 to understand the conformations of y**-amino acids in 1:1
a,y-hybrid peptides. The sequences of the peptides are shown in Scheme 7. Peptide P10 consists
of both y* # and y*-amino acids along with Aib, while P11 composed of alternating Aib and y**
amino acids. Peptides were synthesized in solution phase and pure peptides were subjected to
crystallization. Single crystals of P10 obtained from the methanol solution gave the X-ray

structure as shown in the Figure 7.

BOC\N>"\H/N : N>\[‘/N\:/\)J\N/
H o z H o z H
P10

O,N O,N
o :\© (o) :\©
P11

Scheme 7: Sequences of o, y***-hybrid peptides derived from the major anti isomers.

The 12-helical structure of P10 is stabilized by three intramolecular H-bonds between i and i+3
residues similar to the other o,y-hybrid peptides.?* Both y*-Phe and y**-Phe adopted required g+,
g+ conformations along C'-C" and CP-C* bonds to accommodate into the12-helix. The H-bond
parameters and torsion angles are tabulated in the Table 7 and 8. Enormous efforts have been
made to crystallize P11 in various solvent combinations; however, it gave single crystals only in
isopropanol solution. The X-ray structure of P11 is shown in Figure 7. The 12-helical
conformation of P11 is stabilized by two 12-membered H-bonds. Analysis reveals that instead of
participating into the canonical intramolecular H-bonding the terminal amide NH is involved in
strong intermolecular H-bonding with the solvent isopropanol.
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P10 P11

Fig 7: X-ray structures of o, y>*-hybrid tetrapeptide 12-helices, P10 and P11.

In contrast to P10, the nitro and the CO groups of y** Phe2 in P11 are involved in
intermolecular H-bonding with NH of the y** Phe2 and Boc-amide NH of the other helix. These
intermolecular interactions lead to the arrangement of 12-helices into a spectacular right-handed
super-helix with the pore diameter of 7.3 A. Solvent isopropanol occupied the helical groove of
the super helix in the crystal packing, suggesting its important role in peptide crystallization. A
well-organized helical assembly of P11 is shown in Figures 8. The tubular arrangement of the
hybrid 12-helix, P11, resembles the arrangement of B-sheets in B-helix, however, through non-
covalent interactions.?® Recently, the tubular porous organic and peptide structures have attracted
considerable attention due to their applications in the separation science, catalysis and
nanobiotechnology.?® We hypothesize that the tubular architecture of P11 may serve as a new
template to design soft biomaterials. In contrast, the P10 12- helix with single nitro amino acid
did not show helical pores in single crystals, suggesting the requirement of two nitro groups for
the hierarchical tubular assembly. Overall the structural analysis of heterooligomers of f-
nitromethyl-substituted y-amino acids suggested that they readily adopt helical conformations
and follow the trend of other y-peptides. In addition, helical pores observed in P11 offer the
glimpse of potential of B-nitromethyl y-amino acids and laid the foundation for further

investigation.
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Fig 8: Hierarchical assembly of a, y**-hybrid 12-helix P11 into right-handed super-helix along
the b-axis and top view of the ordered self-organization of P11 (along the c-axis).

Table 7: Back bone torsional variables of peptide P10.

) Back bone
Compound Residue g 6] & v .
conformation
Aibl 59 | - - -45 g9
P10

yPhe( B-CH;NO,)-2 | -121 [ 55 | 63 | -126 g.,g9"

Aib-3 54 | - | - | -37 g g

yPhe-4 -95 (72| -170 | 87 gt
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Table 8: Intra and Intermolecular H-bond parameters of P10.

P10 Donor | Acceptor | D........ A | D-H....A D-H...... A [ D....0O=

(D) (A) (R) (R) (deg) (deg)

Intramolecular N (3) 0 (2) 291 2.06 172 157
H-bonds

N (4) 0N ()] 2.82 1.98 166 145

N (5) O (6) 2.86 2.02 167 138

Intermolecular N (2) o> 2.67 2.09 150 151
H-bonds

O (7) N@)i 2.67 2.09 150 151

T 14x, 1+y, z; * x, 14y, z

Table 9: Back bone torsional variables of peptide P11.

) Back bone
Compound Residue ¢ o o 74 .
conformation
Aibl -62 - - -31 g% 9"
P11
yPhe(B-CH,NO,)-2 | -118 45 67 -129 g.9"
Aib-3 -58 - - -38 g.9"
yPhe(B-CH,NO,)-4 | -118 | -171 -65 -130 t,g*
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Table 10: Intra and Intermolecular H-bond parameters of P11.

P11 Donor | Acceptor | D........ A | D-H....A | D-H...... D.....0=C

(D) (A) A) (A) (deg) (deg)

Intra - N (4) 02 3.056 2.232 160.63 147.75
molecular
H-bonds

N (5) 0(3) 2.864 2.035 161.41 143.08

Inter - N (1) 0@6)t 2.878 2.095 151.15 117.19
molecular
H-bonds

N (2) 04t 3.022 2.269 146.21 154.03

N@1y O (6) 2.878 2.095 151.15 117.19

N QY 04 3.022 2.269 146.21 154.03

N (6) O (15)* 2.868 2.014 171.59 122.37

0 (11) o) 2.762 2.016 151.16 142.34

O (15) 0O (11) 2.757 1.950 167.89 123.35

N (6)i O (15) 2.868 2.014 171.59 122.37

T Symmetry equivalent y, 1-x+y, -1/6+z; * Symmetry equivalent X, Y, -1+Z

> Symmetry equivalent 1+x-y, X, 1/6+z ;  Symmetry equivalent x, y, 1+z
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2A.4. Chemistry on Nitropeptides

To understand whether B-nitromethyl substituted y-amino acids can undergo chemical
transformations similar to the nitroalkanes (Figure 1), we subjected them to selected organic
transformations (Scheme 8). The transformation of B-nitromethyl group to corresponding
carboxylic acid (7) was achieved through NaNO,/AcOH oxidation.”” The oxidation of pB-
nitromethyl group provided an alternative route to synthesize new 2, 3-disubstituted -amino
acids. Further, the B-nitromethyl group was transformed to oxime (8) using tributyl tin hydride in
the presence of AIBN.? The transformation of 3, 4-disubstituted y-amino acid into 3-substituted
y-amino acid (9) was achieved through simple catalytic hydrogenation in the presence of Pd/C.%
In addition, 1, 3-dipolar cycloaddition product (10) of alkyl nitro group with phenylacetylene
was achieved in presence of phenyl isocyanate under mild conditions.*® The products of these
transformations were isolated in good yields. All these reactions suggested that the nitro amino
acids may serve as versatile templates to derive various - and y-amino acid building blocks and

their utility in bioconjugations through simple organic transformations.

*iu;vjf% oA W

Ho o ©
(7)
0,
Bu;SnH, AIBN 82% 91% KMno,
toluene, 110 °C KOH, K;HPO,
t-BuOH, rt

Dry THF, RT,
Ph—=
NEt,, Ph-NCO

1) Pd-C, MeOH, H,, 5 hr

20% 65% 2) aq.Na,CO3/THF, Fmoc-OSu
(] (]

>Loj‘LNR O~ >LJKJ\/Y

~. O
N\ / Fmoc HN™
o
(10) ©

Scheme 8: Organic transformations on N-Boc-B-nitromethyl substituted y-amino esters.
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As a proof of concept to verify whether the nitropeptides can also undergo similar
transformations as mentioned in the simple amino acid templates, we subjected P10 to various
organic transformations to derive corresponding carboxylic acid (P12), 1,3-dipolar cycloaddition
product (P13) with phenylacetylene and reduction to corresponding amine (P14) under identical
conditions. The organic transformations on hybrid peptide P10 are shown in Scheme 9. All
hybrid peptide derivatives were isolated in good yield and characterized. These results suggest

that organic transformations are also possible on p-nitromethyl y-peptides.

ChzHN _

HO. O
MONC A M ON L VROV R
BocHN g ! N (r)[ : N BocHN ™~y N Y H
A RPN (o] :‘\ e o) :\ PN
® 0 SRS
P14 NaNO,, AcOH P12
_ D DMSO
(i) 20 mol% Pd-C/ H, o 35°C, 6 h, 65%
MeOH/AcOH 7 o ., o)
v R ] LN /R
RT,24h BocHN ™ "y T NS T T N
(ii) 10% Na,CO5/THF ° U T‘J
Chz-Cl ~~ P10 ~
0,
60% S
NEt;, (3-OMe)PhNCO
Dry THF, RT
12 h, 90%
0
[N o
BocHN™ 7 ™7 7 TN T T N
H H o - . H
ﬂ I
P13

Scheme 9: Organic transformations of hybrid peptide P10 to P12, P13 and P14
2A.5 B* 3-Amino Acids and Peptides

The transformation of B-nitromethyl substituted y-amino acids to novel disubstituted -
amino acids were further explored to synthesize [-peptide P15 to prove that organic
transformations can be performed in large scale. The synthetic scheme and the sequence of P15
are shown in Scheme 10. The peptide was synthesized in solution phase and pure peptide was
subjected to crystallization. The single crystal conformation of P15 is shown in Figure 9.

Instructively, the disubstituted P-peptide adopted helical screw type conformation with 6-
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membered H-bonds. Even though extensive theoretical calculations suggested stable Cg-helical
conformation in P-peptides,® they are rarely studied in single crystals. Similar type of
continuous Ce-helical B-peptides were studied with cyclic B-amino acids in solution.* To the best
of our knowledge, this is the first report which shows stable Cg-helix of p**-peptide in single
crystals. The torsion angles and H-bond parameters of P15 are tabulated in the Table 11 and 12.
The B>3-residues displayed torsion angle values (-120°, -66°, -120°) very close to those which
characterize this residue in an optimized 6-helix foldamer.*'g?3-residue adopted a g+ local
conformation for the 6 torsion angle, facilitating formation of the (1—1) 6-membered ring H-
bond and orientation of its NH towards carbonyl. Thus C6 helical conformation was formed with
C=0...... H-N distances in the range 2.2-2.3 A and £NH....0 = 125°). The structure does not
have a helical topology, however resembling a ribbon. Although the ester C-terminal of P15 was
showed poor geometry of H-bonding (C=0...H-N = 2.75 A, £NH....O = 95°), however, the
torsion angles were found to be same as the other two residues. It is noteworthy to mention that

B-nitromethyl-substituted y-amino acids can be transformed into novel 2, 3-disubstituted 3-amino

acids.
R DMSO, AcOH,
op NaNOz 35°C R
BocHN™ ™ _— BocHN/'\;/ﬁfoEt
- O 85-91% 2
O,N ? Ho Yo ©
6h
DMF,
o DCC,
BocHN OH + H,N HOBt BocHN
COOEt COOEt 12h COOEt COOEt
55%
DMF,
DCC,
HOBt
BocHN OoH t H,N _>BocHN
COOEt COOEt COOEt cooa COOEt COOEt

55 /o

P15

Scheme 10: Transformation of B-nitromethyl y-amino esters into 2,3-disubstituted f-amino acids

and synthesis of p**-peptide P15.

92



Fig 9: X-ray structure of B-peptide (P15) Ce-helix (Side-chains omitted for clarity).

Table 11: Back bone torsional variables (in deg) of peptide P15.

Residue ¢ 0 ) 0}

BV -126 -66 -126 -179

BL -116 -66 -132 177

BV -98 -49 -102 -

BV’ -127 -67 -126 -179

BL’ -116 -66 -132 178

BV’ -99 -48 -102 -

Average of Two molecules

BV -126.5 (0.5) -66.5 (0.5) -126 (0) -179 (0)

BL -116 (0) -66.5 (0.5) -132 (0) 177.5 (0.5)

BV -99.5 (0.5) -48.5 (0.5) 102 (0) -

Table 12: Intra and Intermolecular H-bond parameters of P15.
Donor (D) Acceptor (A) D....A (A) DH....A (A) ZNH....O (deg)
Intra-molecular H-bond Parameters
N1 03 2.8 2.2 125.7
N2 06 2.8 2.3 1194
N3 09 2.95 2.75 94.8
N4 017 2.8 2.2 125.7
N5 019 2.8 2.3 1194
N6 022 2.95 2.75 94.8
Inter-molecular H-bond Parameters

N6 04f 3.0 2.3 145.4
N6+ 04 3.0 2.3 145.4

Symmetry operations: T 1+x, y, z; { -1+X, y, Z.
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SECTION 2B: Synthesis and Stereochemical Analysis of thiostatines (-

sulfhydryl y-amino acids)
2B.1 Introduction

In continuation with the nitromethane conjugate addition reactions on E-vinylogous
amino esters, we also investigated the conjugate addition of thiols and the stereochemistry of
thiol conjugate addition reaction. The reason to use thiols as nucleophiles is that it is possible to
mimic the statine (B-hydroxy y-amino acids)® analogues as well as modified cysteines with
sulfhydryl group attached to the backbone. Recently, we reported the utility of thiostatins in the
design of backbone disulfide bridged B-hairpins.® In contrast to the p-nitromethyl substituted y-
amino acids, B-thiol substituted y-amino acids did not give the single crystals to determine their
stereochemistry and diastereoselectivity in the thiol conjugate addition. To understand the
stereochemistry of the thiol conjugate addition products, we designed and synthesized a
heptapeptide composed of thiostatine and studied the stereochemistry using single crystals. To
introduce thiol group into the backbone we adopted different strategy and details are given

below.
2B.2 Results and Discussion

2B.2.1 Synthesis of B-sulfhydryl y-Amino Acids

The synthesis of orthogonally protected f-thiol substituted y-amino acids (thiostatines) is
shown in Scheme 11. The starting material tert-butyl ester of o, B-unsaturated y-Val(4) was
synthesized using Wittig reaction and subjected to thioacetic acid Michael addition in the
presence of DBU. Due to the self-dimerization of free thiols, we are encouraged to utilize less
reactive thioacetic acid as a source of thiol in the conjugate addition. In addition, the acetyl group
in thioacetic acid acts as a temporary protecting group and it can be removed through mild
NaBH, reduction. The diastereomeric mixture of thioacetate conjugate addition products (11)
were purified and subjected to the NaBH, reduction in the presence of O-nitro benzyl bromide to
derive photochemically labile protecting group for free —SH (12) in situ. In contrast to the
thioacetic acid conjugated addition products (11), the O-nitro S-benzyl anti (12a) and syn (12b)
diastereoisomers (with respect to amino acid side-chain) of thiostatines were separated in 60:40
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ratio through column chromatography. We utilized major diastereoisomer (12a) for the synthesis
of P16. The Boc- and tert-butyl protecting groups were deprotected using TFA in DCM and the
free amine was further protected using Fmoc- group (13a) and directly utilized in the solid phase

synthesis.

oy

(o]
)j\ in DBU
" SH t THF
Boc-HN" OB Boc-HN B __—
RT, 6h o.§ O NaBH,, 0 °C
ﬁ/ 10h
1 1
t t
Boc-Hhx/\'(OBu separation BOC-HNI./\’(OBUt + Boc-HrI/\'(OBu
S O by column s o S O
12 12a 12b
I/\'( 70 % TFA in DCM
oBut 0 °C-RT, 1h
Boc-HN™ > Fmoc-HNI./\,( OH
S O 10 % aq. Na,CO; S O
Fmoc-OSu, THF, 8h
12a 13a

Scheme 11: Schematic representation of the synthesis of orthogonally protected thiostatine

(Fmoc-yVal(B-SNB)-OH).

2B.2.2 Synthesis and Conformational Analysis of B-Sulfhydryl y-Amino Acid in Hybrid

Helix

The model peptide P16 was synthesized using solid phase method by standard Fmoc-chemistry
on Knorr amide resin at 0.2 mmol scale. All coupling reactions were performed using standard

HBTU/HOB coupling conditions. The thiostatine was incorporated at 4™ position of the a,y-
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hybrid heptapeptide sequence, Ac-Aib-yPhe-"Ala-(S,S)yVal(B-SNB)-Aib-yPhe-Aib-CONH,.
After the synthesis, the peptide P16 was released from the resin and purified using HPLC.

O,N
o

< H O : 4y S O ., H o -
)LNB’\WNNLN;\WNMN#NNLN)Q(NHZ
Scheme 12: Chemical structure of peptide P16 (Ac-Aib-yPhe-"Ala-(S,S)yVal(B-SNB)-Aib-yPhe-
Aib-CONH,).

(A)

Fig 10: (A) ORTEP diagram of peptide P16 and thermal ellipsoids were drawn at 60%
probability. H-bonds are shown by blue dotted lines. (B) X-ray structure of peptide P16 (Ac-Aib-
yPhe-PAla-(S,S)yVal(B-SNB)-Aib-yPhe-Aib-CONH,). H-atoms of polar atoms and p, y C-atoms
of thiostatine residue [for (S, S) stereochemistry] are shown for clarity. H-bonds are represented
by dotted lines.
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The peptide was subjected to crystallization to understand the stereochemistry of thiostatines.
The single crystals were obtained from aqueous methanol solution and its structure is shown in
Figure 10. The heptapeptide adopted distorted 12-helical conformation due to the presence of
PAla at position 3. Similar to the o,y-hybrid 12-helix, the C-terminal 12-helix is stabilized by
three intermolecular H-bonds.?* The torsional angles and H-bond parameters are tabulated in the
Tables 13 and 14. The crystal structure analysis reveals stereochemistry of thiol addition product.
The stereochemistry of major product 12a was found to be anti (3S, 4S). More importantly, the
conjugate addition of thiols followed the similar trend that was observed in the nitromethane
conjugate addition to compounds 1i and 4 (Table 1 and Scheme 4; Section 2A). This is also in
good agreement with H-bond assisted nitromethane conjugate addition (Scheme 3; Section 2A).
Our group is further exploring the utilization of thiostatines in the design of stable and

biologically active -hairpins and helix mimetics.

Table 13: Back bone torsional variables of peptide P16

Compound Residue [0} 01 | 62 \/ ®
Aibl -59 - - -36 -171
vPhe 2 -118 | 68 | 64 | -137 | 173
°Ala 3 60 | - | - | -141 | -180

yVal(B-SNB) 4 | -116 | 53 | 69 | -136 | -171

P16
Aib 5 -60 - - -35 | -168
vPhe 6 -114 | 62 | 64 | -140 | -178
Aib 7 -62 - - -25 -
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Table 14: Intra and Intermolecular H-bond parameters of P16

P16 Donor | Acceptor | D........ D-H....A | D-H...... D.....0=C
(D) (A) (A) (A) © ©
Intramolecular N5 03 2.9 2.0 167 123
H-bonds
N6 04 2.9 2.1 153 146
N8 06 2.9 2.1 153 150
Intermolecular N1 o7 3.0 2.1 167 126
H-bonds
03 09 2.8 - - 122
N4 08 2.9 2.1 168 175
05 011 2.8 - - 176
01 010 2.79 - - 167
N3 010 2.85 1.99 176 -
06 016 2.9 - - 135

2.2 Conclusion

In conclusion, we have presented the synthesis, conformational analysis and chemical
diversity of novel B-nitromethane substituted y-amino acid homooligomers and a,y-hybrid
peptides. In addition, B-nitromethyl substituted y-amino acids were used to construct 2,3-
disubstituted B-peptide foldamers. Moreover, the alkyl nitro group can be used as an excellent
intermediate to generate a variety of functional groups on peptides under mild conditions. Both

3,4

v¥* and a, y**-hybrid peptides showed characteristic Cis- and Cyp-helical conformations,

respectively. The spectacular supramolecular tubular architecture displayed by the hybrid peptide

98




P11 invokes further investigations in higher ordered hybrid peptides. In addition, 2, 3-
disubstituted p-peptide derived from the nitro amino acids showed a notable Cg-helix signature.
In comparison with other peptide foldamers, the nitropeptides showed remarkable chemical
transformations. In addition, thiol conjugate addition follows the similar trend that was observed
in the case of nitromethane Michael addition of dyPro (1i). Overall, the single crystal
conformations of the y**-peptides, self-organized helical pore from «, y**-hybrid 12-helix and
the transformation of alkyl nitro group into a verity of functional groups, and synthesis and the
stereochemistry of thiostatines reported here can be utilized further for the construction of

functional foldamers and peptidomimetics.

2.3 Experimental Section:

2.3.1 General experimental details

Column chromatography was performed on silica gel (120-200 mesh). *H NMR and *C NMR
spectra were recorded on 400 MHz and on 100 MHz respectively, using residual solvent signal
as internal standards (CDCl3& CD3;OH). Chemical shifts () reported in parts per million (ppm)
and coupling constants (J) reported in Hz. Mass spectra were recorded using MALDI TOF/TOF
and HRMS Electron Spray lonization (ESI). Fluorescence measurements were performed on

spectrofluorometer.

2.3.2 Synthesis procedure and characterization of compounds in Section 2A.
Crystallographic Information of Peptides

Crystal structure analysis of Boc-yLeu(p-CH,NO,)-COOEt (2c): Crystals were grown by
slow evaporation from a solution of EtOAc. A single crystal (0.19% 0.15 x 0.12 mm) was
mounted on loop with a small amount of the paraffin oil. The X-ray data were collected at 100 K
temperature on a Bruker APEX(Il) DUO CCD diffractometer using Mo K, radiation (1 =
0.71073 A), w-scans (260 = 56.56 ), for a total of 4625 independent reflections. Space group
P2(1), 2(1), 2(1), a = 11.306(6), b = 31.857(16), ¢ = 5.353(3), V = 1928.2(17) A%, Orthorhombic
P, Z=4 for chemical formula C1sH3yN,Os, With one molecule in asymmetric unit; p calcd = 1.193
gem™, 1= 0.091 mm™, F(000) = 752, Rin= 0.0616. The structure was obtained by direct methods
using SHELXS-97.The final R value was 0.0927 (wR2 = 0.2645) 2600 observed reflections (Fo
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> 40 ( |Fo| )) and 224 variables, S = 1.161. The largest difference peak and hole were 0.920 and -
0.470 eA3, respectively.

Crystal structure analysis of Boc-ylleu(p-CH,;NO,)-COOH (2b acid): Crystals were grown
by slow evaporation from a solution of EtOAc and Hexane. A single crystal (0.35% 0.24 x 0.20
mm) was mounted on loop with a small amount of the paraffin oil. The X-ray data were collected
at 100 K temperature on a Bruker APEX(Il) DUO CCD diffractometer using Mo K, radiation (4
=0.71073 A), w-scans (20 = 56.56 ), for a total of 4252 independent reflections. Space group
P2(1), a=11.226(8), b = 7.133(5), ¢ = 12.018(9), B = 110.948(15) V= 898.7(11) A%, Monoclinic
P, Z=2 for chemical formula C14H26N2Os, With one molecule in asymmetric unit; p calcd = 1.176
gem™, 1 = 0.092 mm™, F(000) = 344, Ri,= 0.0345. The structure was obtained by direct methods
using SHELXS-97.The final R value was 0.0441 (wR2 = 0.1012) 3359 observed reflections (Fo
> 40 ( |Fo| )) and 205 variables, S = 1.036. The largest difference peak and hole were 0.173 and -
0.239 eAS, respectively.

Crystal structure analysis of Boc-yVal(-CH,;NO,)-yLeu(p-CH,NO,)-COOEt (P6): Crystals
of peptide were grown by slow evaporation from a solution of EtOAc. A single crystal (0.34x
0.20 x 0.18 mm) was mounted on glass fiber with a small amount of the paraffin oil. The X-ray
data were collected at 100K temperature on a Bruker APEX(Il) DUO CCD diffractometer using
Mo K, radiation (A = 0.71073 2\), w-scans (260 = 58.56 ), for a total of 5572 independent
reflections. Space group P3(2) , a = 13.503(9), b = 13.503 (9), ¢ = 14.005(10), o = 90.00, B =
90.00, y = 120.00, V =2211.44 A3, Trigonal, Z = 3, Z* = 0 for chemical formula C4H44N4Oo,
with one molecule in asymmetric unit; pcalcd = 1.186 gcm™, 2 = 0.091 mm™, F(000) = 864, R
= 0.1857. The structure was obtained by direct methods using SHELXS-97. The final R value
was 0.0865 (WR2 = 0.2072)1917 observed reflections (Fo > 40 (|Fo|)) and 343 variables, S =
0.878. The largest difference peak and hole were 0.879 and -0.438¢A3, respectively. During the
crystal analysis, it was observed that leucine side chain methyl carbons Cy7 and C;g are showing
disorder due to a large difference in the vibrational behavior of atoms and therefore H-atoms
attached with them are showing short intramolecular contacts due to lack of sufficient van der

waals space.
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Boc-yVal(B-CH;NO,)-yVal(B-CH;NO,)-COOELt (P7): Crystals of peptide were grown by slow
evaporation from a solution of EtOAc. A single crystal (0.15 x 0.1 x 0.08 mm) was mounted on
loop with a small amount of the paraffin oil. The X-ray data were collected at 100 K temperature
on a Bruker APEX(Il) DUO CCD diffractometer using Mo K, radiation (A = 0.71073 A), w-
scans (260 = 52.52 ), for a total of 5339 independent reflections. Space group P3 (2), a = 13.414
(11), b =13.414 (11), c = 13.869 (11), £ =90.00, V = 2161 (3) A3, Trigonal, Z = 3 for chemical
formula Ca3H42N4O,, with one molecule in asymmetric unit; p caled = 1.196 gem™, 4 = 0.092
mm™*, F(000) = 840, Ri,= 0.1275. The structure was obtained by direct methods using SHELXS-
97.The final R value was 0.0726 (wR2 = 0.1610) 5339 observed reflections (Fo > 40( |Fo| )) and
333 variables, S = 1.013. The largest difference peak and hole were 0.356 and -0.368 eA®,
respectively.

Boc-yVal(p-CH,;NO,)-yVal(p-CH,;NO,)- yVal(-CH,NO,)-COOEt (P8): Crystals of peptide
were grown by slow evaporation from a solution of Ethyl acetate/ Pet-ether. A single crystal (0.1
x 0.06 x 0.08 mm) was mounted on loop with a small amount of the paraffin oil. The X-ray data
were collected at 100K temperature on a Bruker APEX(Il) DUO CCD diffractometer using Mo
K, radiation (A =0.71073 /&), w-scans (260 = 52.52 ), for a total of 13133 independent reflections.
Space group P1, a = 15.4725 (13), b = 16.0538 (14), ¢ = 16.7490 (3), # = 106.461 (2), V =
3482.3 (7) A%, Triclinic, Z = 1 for chemical formula Ca;HssNgO12, with three molecule in
asymmetric unit; p calcd = 1.049 gem™, 4 = 0.081 mm™, F(000) = 1185, Riy= 0.0455. The
structure was obtained by direct methods using SHELXS-97.The final R value was 0.0678 (WR2
= 0.1875) 24769 observed reflections (Fo > 40 ( |Fo| )) and 1409 variables, S = 0.708. The largest
difference peak and hole were 0.758 and -0.488 eAS, respectively.

There is some partially occupied solvent molecule also present in the asymmetric unit. A
significant amount of time was invested in identifying and refining the disordered molecule.
Option SQUEEZE of program PLATON was used to correct the diffraction data for diffuse
scattering effects and to identify the solvent molecule. PLATON calculated the upper limit of
volume that can be occupied by the solvent to be 679.7 A 2, or 19.5 % of the unit cell volume.
The program calculated 106 electrons in the unit cell for the diffuse species. No data are given
for the diffusely scattering species. Output of SQUEEZE reports are apended in cif file P2. The
terminal atoms C101 and C110 have large displacement parameters indicating some flexibility of

the terminal chains.
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Boc-yVal(B-CH;NOy)-yVal(B-CH2NO,)-yVal(B-CH;NO;)-yVal(p-CH,NO)-COOEt (P9):
Crystals of peptide were grown by slow evaporation from a solution of EtOAc. A single crystal
(0.20 x 0.15 x 0.18 mm) was mounted on loop with a small amount of the paraffin oil. The X-ray
data were collected at 100 K temperature on a Bruker APEX(11) DUO CCD diffractometer using
Mo K, radiation (A = 0.71073 f&), w-scans (260 = 52.52 ), for a total of 11806 independent
reflections. Space group P 2 (1), a =9.3190 (4), b = 23.4460 (10), ¢ = 11.3960 (5), = 108.4420
(7), V.= 23619 (16) A%, Monoclinic, Z = 2 for chemical formula CsgH7oNgO1s, with one
molecule in asymmetric unit; p calcd = 1.154 gcm™, 4 = 0.096 mm™, F(000) = 882, Rj= 0.0514.
The structure was obtained by direct methods using SHELXS-97.The final R value was 0.0410
(WR2 = 0.0938) 10048 observed reflections (Fo > 40( |Fo| )) and 571 variables, S = 1.001. The
largest difference peak and hole were 0.433and -0.455 A’ respectively.
Boc-yVal(p-CH;NO,)-yVal(B-CH,NO,)-yVal(B-CH;NO,)-yVal(p-CH,NO,)-COOEL[P9 (m)]:
Crystals of peptide were grown by slow evaporation from a solution of MeOH. A single crystal
(0.11 x 0.08 x 0.06 mm) was mounted on loop with a small amount of the paraffin oil. The X-ray
data were collected at 100K temperature on a Bruker APEX(Il) DUO CCD diffractometer using
Mo K, radiation (A = 0.71073 A), w-scans (20 = 52.52 ), for a total of 9497 independent
reflections. Space group P 2 (1), a=11.601 (4), b = 16.339 (6), ¢ = 13.508 (5), = 103.1520 (6),
V = 2493.3 (15)2\3, Monoclinic, Z = 2 for chemical formula C39H7oNgO15, with one molecule in
asymmetric unit; pcaled = 1.196 gem™, 4 = 0.092 mm™, F(000) = 962, Ri;= 0.0514. The
structure was obtained by direct methods using SHELXS-97.The final R value was 0.0797 (WR2
= 0.1792) 4037 observed reflections (Fo > 40( |Fo| )) and 592 variables, S = 0.860. The largest
difference peak and hole were 0.549 and -0.438 eAS, respectively.
Boc-yVal(B-CH;NO,)-yVal(-CH,NO,)-yVal(B-CH,NO,)-yVal(p-CH,NO,)-COOEt [P9 (e)]:
Crystals of peptide were grown by slow evaporation from a solution of EtOH. A single crystal
(0.12 x 0.07 x 0.07 mm) was mounted on loop with a small amount of the paraffin oil. The X-ray
data were collected at 100K temperature on a Bruker APEX(1l) DUO CCD diffractometer using
Mo K, radiation (A = 0.71073 A), w-scans (260 = 52.52 ), for a total of 9465 independent
reflections. Space group P 2 (1), a = 11.7666 (7), b = 16.5378 (10), ¢ = 13.4925 (8), p =
103.3210 (10), V = 2554.9 (3)2\3, Monoclinic, Z = 2 for chemical formula C3sH7NgO15, with
one molecule in asymmetric unit; pcalcd = 1.068 gem, u = 0.086 mm™, F(000) = 882, Rin=
0.0418. The structure was obtained by direct methods using SHELXS-97.The final R value was
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0.0520 (WR2 = 0.1517) 7452 observed reflections (Fo > 40( |Fo| )) and 600 variables, S = 0.665.
The largest difference peak and hole were 0.522 and -0.307 eAS, respectively.
Boc-Aib-yPhe(p-CH;NO,)-Aib-yPhe-CONHMe (P11): Crystals of peptide were grown by
slow evaporation from a solution of MeOH\Tol. A single crystal (0.14 x 0.04 x 0.08 mm) was
mounted on loop with a small amount of the paraffin oil. The X-ray data were collected at 100 K
temperature on a Bruker APEX(II) DUO CCD diffractometer using Mo K, radiation (A =
0.71073 A), w-scans (260 = 50.48 ), for a total of 36583 independent reflections. Space group P2
(1), a=11.813 (3), b= 9.272 (2), c = 19.747 (4), B = 104.52, V = 2093.6 (8) A%, Monoclinic, Z =
2 for chemical formula C3;Hs4NgOg with one peptide, one methanol and one water molecules
Wwere present in an asymmetric unit; p (calcd) = 1.128 gcm™, x = 0.08 mm™, F(000) = 764, Rin=
0.0811. The structure was obtained by direct methods using SHELXS-97. The final R value was
0.0559 (WwR2 =0.1314) 10361 observed reflections (Fo > 4a( |Fo| )) and 497 variables, S = 1.017.
The largest difference peak and hole were 1.127 and -0.911 eAS, respectively.
Boc-Aib-yPhe(p-CH,;NO,)-Aib-yPhe(p-CH,NO,)-CONHMe (P12): Crystals of peptide were
grown by slow evaporation from a solution of isopropanol. A single crystal (0.1 x 0.1 x 0.05
mm) was mounted on loop with a small amount of the paraffin oil. The X-ray data were collected
at 100 K temperature on a Bruker APEX(11) DUO CCD diffractometer using Mo K, radiation (A
=0.71073 2\), w-scans (260 = 52.52 ), for a total of 42195 independent reflections. Space group P
61, a = 27.657(18), b = 27.657(18), ¢ = 11.852(8), 8 = 90.00, V = 7835(11) A®, Trigonal, Z = 6
for chemical formula C3gHssN7O10, 2(C3 Hg O), with two isopropanol molecules in asymmetric
unit, p caled = 1.132 gem™, 4 = 0.083 mm™, F(000) = 2864, Riy= 0.3425. The structure was
obtained by direct methods using SHELXS-97.The final R value was 0.1189 (wR2 = 0.2095)
7400 observed reflections (Fo > 40( |Fo| )) and 581 variables, S = 0.913. The largest difference
peak and hole were 0.426 and -0.286 eA’, respectively. After thorough crystallization process,
we are able to get crystals in isopropanol solvent, which results in moderate quality data leads to
Rintvalue above 0.25. At the same time helical packing of molecules leaves some solvent
accessible voids in structure around 869 A%, The packing of molecules is shown in fig. S6.

Boc- pVal(CH,COOEt)- BLeu(CH,COOELt)- pVal(CH,COOELt)-OBn (P15): Crystals of
peptide were grown by slow evaporation from a solution of EtOH. A single crystal (0.51 x 0.11
x 0.02 mm) was mounted on loop with a small amount of the paraffin oil. The X-ray data were
collected at 100 K temperature on a Bruker APEX(Il) DUO CCD diffractometer using Mo
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Kradiation (A = 0.71073 A), w-scans (20 = 57.14 ), for a total of 72888 independent reflections.
Space group P 21, a =11.231(2), b = 12.669 (2), c = 33.438 (6), # = 90.04 (4), V = 4757.6 (15)
A®, Trigonal, Z = 4 for chemical formula Ca3 Hgg N3 O12, with two molecules in asymmetric unit,
p caled = 1.145 gcm™, 1 = 0.082 mm™, F(000) = 1776, Riy= 0.1214. The structure was obtained
by direct methods using SHELXS-97.The final R value was 0.0793 (wR2 = 0.1662) 10055
observed reflections (Fo > 40( |Fo| )) and 1059 variables, S = 0.965. The largest difference peak
and hole were 1.022 and -0.386 eA°, respectively.
General procedure for the synthesis of N-Boc-protected g-nitromethane substituted
amino ethyl esters

The N-Boc a, p-unsaturated y-amino ester 1 (10.0 mmol) was dissolved in neat
nitromethane (100.0 mmol). To this solution, DBU (10.0 mmol) was slowly added under N,
atmosphere at 0 °C. Then the reaction was stirred at room temperature for about 3 hrs and the
progress of reaction was monitored by TLC. After completion of the reaction, EtOAc (200 mL)
was added to the reaction mixture, and washed with H,O (3 x 80 mL), 0.5N HCI (3 x 80 mL),
10% Na,CO3 (3 x 80 mL) and brine (2 x 80 mL) solution, respectively. Then the organic layer
was dried over anhydrous Na,SO,4 and concentrated under reduced pressure. The crude product

was subjected to silica gel column chromatography to get the pure diastereomers (2 & 3).

R neat 5 eq. CH;NO R T
. 3NO>
Boc.. _— o. Boc\N O\X i Boc\N O\X
N X H H
H 1eq. DBU H H o o
o O,N~ O.N
2-3 hr 2
1 2 (anti); major 3 (syn); minor

anti

(3R, 4S)-Ethyl-4-(tert-butoxycarbonylamino)-5-methyl-3-(nitromethyl) hexanoate (2a)
Light yellow oil (2.66 g, 80%, dr 89:11); [a]po®® +35.0 (c 1.0, MeOH); The dr determined by
Reverse Phase HPLC analytical Cig column (5 um, 4.6 x 250 mm), flow rate 0.75 mL/min, R;
(major, 2 ®™) = 33.3 min, R; (minor, 3 %" = 32.3 min; IR v (cm™) 3360, 2970, 2930, 1710, 1550,
1510, 1380, 1240, 1170,1100, 1030; *H NMR (400 MHz, CDCls) 6 4.55-4.44 (m, 2H), 4.35 (d, J
=10.1 Hz, 1H), 4.16 (q, J = 8 Hz, 2H), 3.60-3.54 (m, 1H), 2.92-2.84 (m, 1H), 2.53-2.38 (m, 2H),
1.87-1.81 (m, 1H), 1.43 (s, 9H), 1.23 (t, J = 8 Hz, 3H), 0.98 (d, J = 6.9 Hz, 6H), 0.88 (d, J = 6.9
Hz, 6H); *C NMR (100 MHz, CDCls) § 171.1, 156.3, 79.9, 76.3, 61.0, 56.9, 36.6, 34.4, 29.3,
28.3, 20.1, 16.8, 14.2; MALDI TOF/TOFm/z calculated value for CisH2;N,Os [M+Na']
355.1840, found 355.1829.
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(3S,4S)-Ethyl-4-((tert-butoxycarbonyl)amino)-5-methyl-3-(nitromethyl)hexanoate(3a)™".
Colorless oil; Yield (0.33 g, 10%); [a]o® -9.0 (c 1.0, MeOH):; IRv cm™ 3370, 2988, 2870, 1720,
1555, 1399, 1234, 1190, 1113, 1020 ; *H NMR (CDCls, 400 MHz) 6 4.53-4.39 (m, 3H), 4.13 (q,
J = 7.3 Hz, 2H) 3.51-3.45 (m, 1H), 2.98-2.90 (m, 1H), 2.47-2.30 (m, 2H), 1.77-1.69 (m, 1H), 1.4
(s, 9H), 1.25 (t, J = 7.1 Hz, 3H), 0.98-0.91 (m, 6H); *C NMR (CDCls, 100 MHz) § 172.1,
156.1, 79.7, 76.8, 61.1, 56.9, 36.1, 32.3, 30.1, 28.3, 28.1, 19.9, 18.1, 14.1; MALDI
TOF/TOFm/z calculated value for C19H2sN20g [M+Na'] 355.1840, found 355.1829.
(3R, 4S)-Ethyl-4-(tert-butoxycarbonylamino)-3-(nitromethyl)-5-phenyl pentanoate (2b)
White solid (2.67 g, 70%, dr 80:20); mp 117 °C; [a]p® -114.2 (c 1.0, MeOH); The dr determined
by isolated products; IRv (cm™) 3370, 2970, 2930, 1700, 1550, 1510, 1380, 1250, 1170, 1030,
860,766; '"H NMR (400 MHz, CDCl3) & 7.23 (m, 5H), 4.54 (m, 2H), 4.34 (d, J = 8.24 Hz, 1H),
4.15 (g, J = 7.2 Hz, 2H), 3.99 (m, 1H), 2.91 (m, 2H), 2.74 (m, 1H), 2.55 (m, 2H), 1.29 (s, 9H),
1.26 (t, J = 7.32 Hz, 3H); *C NMR (100 MHz, CDCls) § 171.2, 155.6, 137.0, 129.1, 128.7,
126.9, 79.9, 76.0, 61.1, 53.1, 38.8, 38.3, 34.3, 28.2, 14.2; MALDI TOF/TOFm/z value
calculated for C19H2sN,Og [M+Na'] 403.1840, found 403.1816.

anti

syn

(3S, 4S)-Ethyl-4-((tert-butoxycarbonyl)amino)-3-(nitromethyl)-5-phenyl pentanoate (3b)™".
White solid (0.67 g, 18%); mp 120 °C; [u]o® -15.0 (¢ 1.0, MeOH) ; The dr determined by
isolated products; IRv (cm'l) 3374, 2980, 2930, 1718, 1691, 1553, 1520, 1378, 1249, 1175,
1022, 701, 605; *H NMR (CDCls, 400 MHz) § 7.33-7.18 (m, 5H), 4.59-4.51(m, 3H), 4.18 (q, J =
7.2 Hz, 2H), 4.09 (m, 1H), 2.94-2.88(m, 1H), 2.58-2.53 (m, 2H), 1.33-1.27 (m, 12H); *C NMR
(CDCl3, 100 MHz) 171.9, 155.6, 136.9, 129.0, 128.7, 126.9, 79.9, 74.7, 61.2, 52.7, 39.2, 37.7,
32.4, 29.7, 28.2, 14.2; MALDI TOF/TOFm/z value calculated for CioHsN,Os [M+Na']
403.1840, found 403.1816.

Experimental Procedure for the Synthesis of peptide P7:

Saponification of the ethyl ester of N-Boc- B-nitromethyly- yamino valine acid: The Boc-
NH-yVal(5-CH,NO,)-COOEt, 2a (1.66 g, 5 mmol) was dissolved in 15 mL methanol followed
by slow addition of 1N NaOH. The reaction mixture was stirred for about 4 hrs. The progress of
the reaction was monitored by TLC. After completion of the reaction, methanol was evaporated
under reduced pressure. Then the residue was diluted with water (60 mL), acidified (pH~ 4) with

0.5N HCI and extracted the compound with EtOAc (3 x 60 mL). The combined organic layer
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was washed with 50 mL brine solution, dried over anhydrous Na,SO, and concentrated under
reduced pressure to get free carboxylic acid (1.37 g, 90%). The carboxylic acids were directly

used for the peptide synthesis without further purification.

Deprotection of Boc-group from N-Boc- B-nitromethyly- amino valine ethyl ester: The
solution of Boc-NH-yVal(8-CH;NO,)-COOEt, 2a (2 g, 6 mmol) in 3 mL of DCM was cooled to
0 °C in ice bath followed by addition of neat 5 mL of TFA. After completion of the reaction (~
30 min), solvent was evaporated under reduced pressure. The residue was diluted with water and
solid Na,CO3 was added at 0 °C until pH of the solution turned to ~10. The aqueous layer was
extracted with EtOAc (3 x 50 mL). The combined organic layer was washed with 50 mL of brine

solution, dried over anhydrous Na,SO,4 and concentrated under reduced pressure to ca. 2 mL.

Coupling Strategy: The solution of NH,-yVal(5-CH,NO,)-COOEt in EtOAc (2 mL) was added
to the solution of Boc-yVal(f-CH;NO2)-COOH (1.37 g, 4.5 mmol) in 3 mL of DMF. Then the
mixture was treated with DCC (0.93 g, 4.5 mmol) and HOBt (0.6 g, 4.5 mmol) at ice cold
condition. The reaction mixture was stirred for about 12 hrs at room temperature and the
completion of the reaction was monitored by TLC. After completion of the reaction, the reaction
mixture was diluted with EtOAc (150 mL) and DCU was filtered through celite packed sintered
funnel. Then the filtrate was washed with brine (3 x 50 mL) followed by 0.5N HCI (3 x 50 mL),
10% Na,COj3 (1 x 50 mL) and brine solution (1 x 80 mL). The organic layer was dried over
anhydrous Na,SO,4 and concentrated under reduced pressure. The crude product was purified by
silica gel column chromatography using EtOAc/pet ether to get pure product P7 (1.4 g, 60%).

DMF, N, atm OZN
>L )OL on DCC, HOBt >L )L
+
N T | 0°C rt
OzN/ OZN/ /

12 hr

P7

Boc-pal(B-CHoNO,)-Wal(B-CH,NO,)-COOEL(P7). Yellow solid (1.4 g, 60%); mp 120 °C;
[a]o?° -5.0 (c 1.0, MeOH); IR v (cm™) 3427, 3254, 3062, 2964, 2950, 2564, 1742, 1642, 1554,
1461, 1295, 1253, 1166, 1033, 885, 735; *H NMR (400 MHz, CDCl3) 6 6.31 (d, J = 10.1 Hz, 1H,
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NH), 4.57 (m, 2H), 4.38 (m, 3H), 4.14 (q, J = 7.3 Hz, 2H), 3.96 (dt, J = 10.1 Hz, J = 6.6 Hz, 1H),
3.38 (td, J = 9.4 Hz, J = 3.7 Hz, 1H), 2.97 (m, 2H), 2.49 (m, 2H), 2.3 (d, J = 6.9 Hz, 2H), 1.42
(m, 11H), 1.24 (t, J = 7.1 Hz, 3H), 0.95 (m, 12H); **C NMR (100 MHz, CDCl3) ¢ 171.2, 170.8,
157.2, 80.5, 76.0, 61.0, 58.0, 55.1, 37.2, 37.0, 36.5, 34.6, 34.0, 30.3, 29.4, 28.3, 25.6, 25.0, 20.1,
19.9, 19.5, 17.5, 14.2; MALDI TOF/TOF m/z calculated value for Cy3HsN4;O9 [M+Na']
541.2844, found 541.2827.

Experimental Procedure for the Synthesis of Peptide P8:

Synthesis of peptide P2 was carried out by 1+2 convergent synthesis. The 2a carboxylic acid was
subjected to the coupling reaction with free amine of dipeptide P1 by using DCC as a coupling
agent to get P2.

NH,-yVal(f-CH2NO,)-yVal(-CH2NO,)-COOEL: To the solution of dipeptide P1 (1.0 g, 2 mmol)
in DCM (2 mL) was added TFA (2 mL) slowly at 0 °C. After completion of the reaction (~30
min), TFA was evaporated under reduced pressure. Then the residue was diluted with water and
solid Na,CO3 was added slowly at ice cold condition until the pH turned to ~10. The free amine
was extracted with EtOAc (3 x 50 mL) and combined organic layer was washed with brine
solution (1 x 50 mL). Then the organic layer was dried over anhydrous Na,SO, and concentrated

under vacuum to ca. 2 mL.

To the solution of Boc-NH-yVal(B-CH;NO,)-COOH (0.46 g, 1.5 mmol) and NHj-yVal(B-
CH2NOy)-yVal(B-CH;NO,)-COOEt(2 mL) in DMF (2 mL) was added DCC (0.3 g, 1.5 mmol)
and HOBt (0.2 g, 1.5 mmol) at 0 °C. Then the reaction was stirred at room temperature for about
12 hr and progress of the reaction monitored by TLC. After completion of the reaction, EtOAc
(150 mL) was added to the reaction mixture and DCU was filtered through celite packed sintered
funnel. Then filtrate was washed with 0.5N HCI (3 x 50 mL), 10% Na,COg3 (3 x 50 mL) and
brine solution (1 x 80 mL), respectively. The organic layer was dried over anhydrous Na,SO4
and concentrated under reduced pressure. Then crude mixture was subjected to column

chromatography to get pure peptide P8(0.48 g, 45%).
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>L 02N DMF, N, atm
DCC
OJ]\ + Hzi/\n/
H 0°C—rt
/
OzN
/'

12 hr
P8

Boc-pVal(B-CH,oNO,)-al(B-CHoNO,)- yVal(p-CH,oNO,)-COOEL(P8): Colorless solid (0.48 g,
45%); *H NMR (400 MHz, CDCls) 6 6.82 (d, J = 9.6 Hz, 1H), 5.94 (d, J = 10.1 Hz, 1H), 4.69-
4.67 (m, 2H), 4.50-4.33 (m, 5H), 4.16 (q, J = 7.1 Hz, 2H), 4.04-3.98 (m, 1H), 3.76-3.64 (m, 2H),
3.18-3.11 (m, 1H), 3.09-3.03 (m, 1H), 2.99-2.94 (m, 1H), 2.65-2.48 (m, 2H), 2.37-2.26 (m, 4H),
1.85-1.73 (m, 3H), 1.43 (s, 9H), 1.26 (t, J = 7.1 Hz, 3H), 1.07-0.91 (m, 18H); **C NMR (100
MHz, CDCl3) ¢ 171.3, 170.9, 170.8, 157.2, 80.5, 76.0, 76.0, 75.9, 60.9, 57.0, 56.0, 54.9, 36.6,
36.5, 35.9, 35.3, 34.6, 30.8, 30.5, 29.3, 28.4, 20.3, 20.1, 20.0, 19.8, 19.6, 17.8, 14.2; HR-MS m/z
calculated value for C3;HsNsO12 [M+H™] 705.4029, found 705.4036.

Experimental Procedure for the Synthesis of Peptide P9:
Peptide P9 was synthesized by 1+3 convergent synthesis. The monomer (2a) acid was coupled to
free amine of peptide P8by using DCC as a coupling agent.

>L )k °2N DMF, N, atm
DCC
H H,N
°c-» rt
OZN
; /:

6 hr
P9
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Boc-pVal(p-CH,NO,)-pal(B-CHoNO,)-  pVal(B-CHoNO,)-  pVal(B-CH,NO,)-COOEL  (P9):
Colorlesss solid (0.16 g, 30%); R.of the peptide P3 = 24.3 min [Reverse phase HPLC column
(C18, 5 um, 4.6 x 250 mm column), flow rate 0.75 mL/min, mobile phase H,O:MeOH (gradient
system: B = 60% first 10 min and changed to 90% over 25 min].; 'H NMR (400 MHz, CDCl3) ¢
7.05 (d, J = 12 Hz, 1H), 6.45 (d, J = 12 Hz, 1H), 6.04 (d, J = 12 Hz, 1H), 4.66-4.32 (m, 9H), 4.15
(9, J = 8 hz, 2H), 3.98 (m, 1H), 3.84-3.64 (m, 3H), 3.18-2.93 (m, 4H), 2.60-2.25 (m, 8H), 1.85-
1.69 (m, 4H), 1.44 (s, 9H), 1.25 (t, J = 8 Hz, 3H), 1.06-0.91 (m, 24H); MALDI TOF/TOF m/z
calculated value for C3gH7oNgO15 [M+H"] is 891.5033, found 891.5049.

Experimental Procedure for the Synthesis of Hybrid Peptides:

Hydrolysis of ester and urethane group removal is carried out by saponification and TFA,

respectively. All peptides were synthesized by standard coupling agent DCC/HOBt.

Boc-Aib-yPhe(-CH,NO,)-OEt (D): White solid (1.2 g, 92%); *H NMR (400 MHz, CDCls) ¢
7.29-7.17 (m, 5H), 6.47 (d, J = 8 Hz, 1H), 4.71-4.53 (m, 3H), 4.37 (m, 1H), 4.16 (g, J = 8 Hz,
2H), 3.05-2.74 ( m, 3H), 2.68-2.47 (m, 2H), 1.42 (s, 9H), 1.31 (s, 3H), 1.27 (t, J = 8 Hz, 3H),
1.08 (s, 3H); *C NMR (100 MHz, CDCl;) ¢ 174.7, 171.4, 155.0, 137.3, 129.1, 128.7, 126.9,
80.7, 76.0, 61.1, 36.9, 51.5, 38.9, 38.8, 34.7, 34.1, 28.4, 25.9, 25.7, 25.1, 24.8, 14.3; HRMS m/z
calculated value for Cx3HasN3O7 [M+Na'] 488.2367, found 488.2374.

DMF

O,N o
R DCC/HOBt HJ\/M
x(OH + HNN ° - —— BocHNfo - o™
BocHN B o z
o O,N” ° 0°C—>rt
12 hr

D

Boc-Aib-yPhe(CH,NO,)-Aib-yPhe-NHMe (P10): White solid(Yield 55%); *H NMR (400 MHz,
CDCls) dppm 7.56 (d, J = 8 Hz, 1H), 7.30-7.10 (m, 11H), 6.73 (d, J = 8 Hz, 1H), 4.92 (s, 1H),
4.81 (m, 1H), 4.53-4.43 (m, 2H), 4.30-4.21 (m, 1H), 2.97-2.89 (m, 3H), 2.82-2.78 (m, 4H), 2.69-
2.62 (m, 2H), 2.49-2.32 (m, 4H), 2.20-2.04 (m, 2H), 1.44 (s, 9H), 1.42 (s, 3H), 1.39 (s, 3H), 1.11
(s, 3H), 0.94 (s, 3H); *C NMR (100 MHz, CDCls) dppm 174.6, 174.5, 174.2, 169.3, 155.2,
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139.1, 136.6, 129.5, 129.2, 128.7, 128.1, 127.3, 126.1, 81.5, 57.1, 56.8, 49.2, 49.1, 41.5, 40.1,
38.2, 35.8, 33.4, 32.6, 28.5, 28.1, 27.6, 26.4, 23.3, 23.2; HR-MSm/z calculated value for
C37H54NsOg [M+Na'] is 733.3895, observed 733.3899. R; of the peptide is 13.6 min (C18, 5 um,
4.6 x 250 mm column; A binary gradient H,O (A): MeOH (B) was used as follows: B = 40% for
the first 5 min, increased to 95% by 15 min and decreased to 40% by 20 min.

H\)\/loj\ N i
N
BocHN><ﬂ/ : OH + H2N><H/N\;/\)J\N/
o = : 0 = : H
DMF, 0 °C > RT

DCC, HOBt
45%

BocHN><H/N - N><H/N\;/\)J\N/
o z H o z H
P10

Boc-Aib-pPhe(ff-CH;NO,)-Aib-yPhe(f-CH;NO,)-OEt (T): White solid (0.087 g, 30%); 'H
NMR (400 MHz, CDCls) 6 7.78 (d, J = 8 Hz, 1H), 7.30-7.09 (m, 11H), 6.82 (d, J = 12 Hz, 1H),
5.29-4.93 (m, 2H), 4.91 (s, 1H), 4.66-4.58 (m, 2H), 4.46-4.30 (m, 2H), 4.26-4.17 (m, 2H), 3.20-
3.05 (m, 2H), 3.00-2.87 (m, 3H), 2.70-2.55 (m, 3H), 2.46-2.11 (m, 2H), 1.41 (s, 9H), 1.40 (s,
3H), 1.32 (s, 3H), 1.31 (t, J = 8 Hz, 3H), 1.05 (s, 3H), 0.74 (s, 3H); **C NMR (100 MHz, CDCl5)
5 174.7, 174.4, 171.0, 169.1, 155.2, 138.5, 137.4, 129.8, 129.4, 128.4, 128.1, 126.2, 81.5, 61.1,
56.9, 56.7, 50.1, 49.1, 41.4, 40.1, 38.5, 37.7, 35.8, 34.7, 28.4, 26.7, 23.3, 23.1, 14.4; HRMS m/z
calculated value for C3gHssNgO11 [M+H"] 785.4085, found 785.4080.
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Experimental Procedure for the Synthesis of PeptideBoc-Aib-yPhe(p-CH,NO,)-Aib-
yPhe(B-CH;NO,)-NHMe (P11):

Boc-Aib-yPhe(B-CH,NO,)-Aib-yPhe(B-CH,NO,)-OEt (T) (0.05 g, 0.064 mmol) was
dissolved in 50 mL of MeOH and bubbled the solution in cold condition with methyl amine gas
until there was an increase in 5 mL of volume. Then the flask was stored under Njatm for one
day at room temperature. After completion of the reaction, methanol was evaporated and the
product was diluted with EtOAc (50 mL). The organic layer was washed with dil. HCI (3 x 25
mL), 25 mL of brine solution, dried over anhydrous Na,SO4 and concentrated under reduced
pressure. The crude product was purified through RP-HPLC on C18 column using
methanol/water gradient system to get pure compound P11 (0.043 g, 90%).
Boc-Aib-yPhe(f-CH,NO,)-Aib-yPhe(-CHoNO,)-NHMe (P11): White solid (0.043 g, 90%); *H
NMR (400 MHz, CDCls) 6 7.63 (d, J = 8 Hz, 1H), 7.29-7.09 (m, 11H), 6.82 (d, J = 8 Hz, 1H),
6.74 (d, J = 4 Hz, 1H), 4.98 (s, 1H), 4.96-4.85 (m, 2H), 4.63-4.37 (m, 4H), 3.11-2.91 (m, 6H),
2.84 (d, J = 4 Hz, 1H), 2.89-2.16 (m, 6H), 1.43 (s, 9H), 1.39 (s, 3H), 1.36 (s, 3H), 1.09 (s, 3H),
0.90 (s, 3H); HRMS m/z calculated value for C3gHssN7O10 [M+H"] 770.4088, found 770.4080. R;
of the peptide is 13.4 min (C18, 5 um, 4.6 x 250 mm column; A binary gradient H,O (A):
MeOH (B) was used as follows: B = 40% for the first 5 min, increased to 95% by 15 min and
decreased to 40% by 20 min.
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Chemistry on Nitropeptides:

Procedure for the synthesis of p-amino acids Boc-yLeu(p-COOH)-COOEt (7):

The Boc-yLeu(s-CH,NO,)-COOEt (2 mmol) in t-BuOH (8 mL) at ~25 °C was treated with
aqueous buffer KOH (0.5 M in KOH and 1.25 M in KoHPQOy4, 3 mL). The mixture was stirred for
2 min and then aqueous KMnO, (0.5 M, 4mL) was added with slight cooling to maintain the
temperature at ~25 °C. After stirring for another 60 min, saturated Na,SO3 (~ 5 mL) was added
with cooling. The mixture was adjusted to pH ~3 with 1IN HCI and the resulting solution was
extracted with EtOAc (3x 25 mL). The combined organic layer dried over anhydrous Na,SO,4 and

evaporated under reduced pressure to yield 95 % (1.9 mmol) the acid.

(2S, 3S)-3-(tert-butoxycarbonylamino)-2-(2-ethoxy-2-oxoethyl)-4-methylpentanoic acid [Boc-
yLeu(B-COOH)-COOEt] (7): White colour solid; Yield 95%; mp 111-113 °C; IRv (cm™) 3381,
3212, 2975, 2933, 2873, 1475, 1490, 1521, 1370, 1241, 1162, 1026, 846, 607; ‘H NMR
(DMSO-dg, 400 MHz) ¢ 12.39 (bs, 1H), 6.77 (d, J = 9.2 Hz, 1H), 4.07-3.99 (m, 2H), 3.95-3.88
(m, 1H), 2.90-2.84 (m, 1H), 2.45-2.43 (m, 2H), 1.58-1.47 (m, 1H), 1.37(s, 9H), 1.16 (t, J = 7.1
Hz); *C NMR (DMSO-ds, 100 MHz) ¢ 174.28, 172.52, 155.70, 78.30, 60.44, 49.29, 46.27,
31.16, 28.72, 24.88, 23.87, 21.07, 14.57 ; MALDI TOF/TOFm/z value for Cy5 Hyy N Og[M+
Na'] 354.1887 (calcd), 354.1888 (observed).
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(7)
Procedure for the synthesis of p-amino acids Boc-yLeu($-CH=NOH)-COO'Bu (8):
A solution of BusSnH (0.2 mL, 0.75 mmol) and AIBN (0.033 g, 0.2 mmol) in toluene (0.2 mL)
was added to a r.t solution of the Boc-yVal(8-CH,NO,)-O'Bu (0.18 g, 0.5 mmol) in toluene (0.2
mL). The resulting mixture was immersed in a 110 °C oil bath and stirred for 5 hr. Additional

AIBN (0.033 g, 0.2 mmol) was then added, and the reaction mixture was stirred for additional 3
h. It was then cooled to RT and concentrated under vacuum. The crude product was purified by

silica gel chromatography to get 88% desired product.

Bu3SnH, AIBN
toluene
o 110 °C o
>|\ )J\ (0} >I\OJ\Nji/\H/°
CNY UK 88 % N TR
OZN/ N/
OH
(8)

(3S, 4S)-tert-butyl 4-(tert-butoxycarbonylamino)-3-((hydroxyimino)methyl)-5-methylhexanoate:
White color solid; yield 88%; mp 125-127 °C; IR v (cm™) 3384, 3310, 2971, 1690, 1546, 1371,
1283, 1162, 1088, 1046, 937, 682; *H NMR (CDCls, 400 MHz) § 7.56 (bs, 1H, -OH), 7.43 (d, J
= 6.4 Hz, 1H, H-C=N-OH), 4.65 (d, J = 10.5 Hz, 1H, NH), 3.51-3.45 (m, 1H), 3.10-3.03 (m,
1H), 2.47-2.44 (m, 2H), 1.77-1.65 (m, 1H), 1.44 (s, 9H, Boc), 1.43 (s, 'Bu), 0.99-0.91 (m, 6H);
3C NMR (CDCls, 100 MHz) ¢ 171.09, 156.13, 151.17, 80.97, 79.32, 58.16, 38.08, 36.82, 31.23,
28.45, 28.13, 20.01, 19.09 ; MALDI TOF/TOF m/z value for C17 Hs; N2 Os [M+Na'] 367.2203
(calcd), 367.2200 (observed).

Procedure for the synthesis of p-amino acids Boc-yLeu(-CH,NHFmoc)-COO'Bu (9):
The Boc-yLeu(p-CH;NO,)-COOEt (0.28 g, Immol) and 20% (w/w) Pd-C were dissolved in
EtOH (10 mL) in a RB contained magnetic bar under nitrogen atmosphere and stirred for 8 hr

under H; gas atmosphere provided by balloon. The progress of reaction was monitored by TLC.
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After completion of the reaction filtered the Pd-C through sintered funnel and evaporated EtOH
to get our desired amino acid. Residue was dissolved in 15 mL of water and the pH was adjusted
to ~11 by slow addition of Na,COgs. The solution of Fmoc-OSu (0.337 g, 1 mmol) in THF added
slowly. The reaction stirred for overnight. After completion of the reaction, reaction mixture
acidified with 2N HCI and aqueous layer extracted with EtOAc (3x 30 mL). The combined
organic layer was washed with brine and dried over anhydrous Na,SO,4. The crude product was

purified by silica gel chromatography to get 65 % (0.7 mmol) pure product.

Pd-C, MeOH o 1) 10% aq.Na,CO3 | THF
o 2) Fmoc-OSu
H
>Lo)kN o\/© 2 >L0)LN 7 OH
H : H : o,
OZN/ (0] 5h HZN/ (o) overall 65%
SR
0 N OH
H > o (9

Fmoc HN;

(3R, 4S)-3-((((9H-fluoren-9-yl)methoxy)carbonylamino)methyl)-4-(tert-butoxycarbonylamino)-6-
methylheptanoic acid: Light yellowish oil; Overall yield 65 %; IR v cm™ ; *H NMR (DMSO-d,
400MHz) ¢ 12.02 (bs, 1H, -COOH), 7.90-7.30 (m, 8H, aromatic), 6.6 (d, J = 9.6 Hz, 1H, NH),
4.27-4.21 (m, 3H), 4.05-4.00 (m, 1H), 3.70-3.66 (m, 1H), 3.13-2.74 (m, 2H), 2.21-2.06 (m, 2H),
1.58-1.50 (m, 1H), 1.37 (s, 9H), 0.86-0.79 (m, 6H); *C NMR (DMSO-ds, 100 MHz) & 176.80,
156.40, 143.06, 139.91, 137.92, 130.03, 129.90, 120.55, 110.30, 78.03, 51.09, 43.99, 41.91,
34.24, 28.71, 24.88, 24.02, 21.91, 14.59; MALDI TOF/TOF m/z value for CygH3sN,Og
[M+Na'] 533.2322 (calcd), 532.2300 (observed).

Procedure for the synthesis of -amino acids Boc-yLeu(p-phenyloxazole)-COO'Bu (10):
To the dry THF (2 mL) solution of Boc-NH-yPhe(CH,NO,)-OEt (0.38 g, 1mmol),
phenylacetylene (0.55 mL, 5 mmol) and phenylisocyanate (0.55 mL, 5 mmol) were added.
Triethylamine (0.42 mL, 3 mmol) was added to the above solution drop wise at room
temperature and stir the reaction for 6 h. After completion of the reaction, urea (by product) was
filtered out through celite using EtOAc (50 mL). Filtrate was washed with 5% HCI (3 x 20 mL),
10% Na,CO3 (3 x 20 mL), brine solution (3 x 20 mL) and dried over anhydrous Na,SO,4. The
crude product was purified by silica gel chromatography to get 90% (0.9 mmol) pure product.
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(3S, 4S)-ethyl 4-((tert-butoxycarbonyl)amino)-5-phenyl-3-(5-phenylisoxazol-3-yl)pentanoate:
Colorless solid; Yield 90%; mp 99-101 °C; IR v cm™ 3395, 2970, 2925, 2861, 1731, 1690, 1590,
1508, 1448, 1378, 1254, 1169, 1030, 944, 914, 850, 764, 693, 586, 496; "H NMR (CDCls, 400
MHz) 6 7.79 (m, 2H), 7.51-7.45 (m, 3H), 7.30-7.17 (m, 6H), 6.42 (s, 1H), 5.28 (d, J = 8 Hz, 1H),
4.33-4.26 (m, 1H), 4.12-4.03 (m, 2H), 3.54-3.50 (m, 1H), 2.88-2.67 (m, 4H), 1.39 (s, 9H), 1.18
(t, J = 8 Hz, 3H); *C NMR (100 MHz, CDCI3) 6 171.1, 169.8, 164.2, 155.8, 138.0, 137.4,
130.5, 130.0, 129.3, 129.2, 128.6, 127.4, 126.7, 126.0, 120.8, 100.8, 79.5, 60.8, 54.0, 40.3, 37.4,
36.9, 28.5, 14.2; HR-MS m/z value calculated for CyH3N,0s [M+H"] 464.2311, observed
464.2359.

Procedure for the synthesis of Boc-Aib-yPhe(p-COOH)-Aib-yPhe-NHMe (P12):
To the DMSO (0.3 mL) solution of peptide P10(10 mg, 0.014 mmol), NaNO, and AcOH were
added. Stir the reaction mixture at 35 °C for 12 h. After completion of the reaction, crude
mixture diluted with MeOH and directly subjected to reverse phase HPLC purification using
MeOH/H,0 as a gradient system to get 65% (6.3 mg, 0.009 mmol) pure peptide P12.

DMSO
NaNO, (3 eq)

O,N
H\)\/ﬁ\ H\/\)?\ AcOH (10 eq)
N N

S

) )
\© \© 35°C, 2h
P10

HO_ O
BocHN><”/N - N><”/N\;/\)J\N/
5 i H O H

P12
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Boc-Aib-yPhe(B-COOH)-Aib-yPhe-NHMe (P12): White solid(Yield 65%); ‘H NMR (400
MHz, CDCls3) oppm 7.75 (d, J = 8 Hz, 1H), 7.64 (s, 1H), 7.40 (d, J = 8 Hz, 1H), 7.38 (d, J =8
Hz, 1H), 7.24-7.09 (m, 11H), 5.15 (s, 1H), 4.27-4.16 (m, 2H), 2.87-2.59 (m, 10H), 2.42-2.31 (m,
4H), 1.45 (s, 3H), 1.42 (s, 9H), 1.35 (s, 3H), 1.14 (s, 3H), 0.96 (s, 3H); *C NMR (100 MHz,
CDCl3) dppm 189.2, 188.8, 175.9, 175.8, 174.6, 155.3, 139.0, 137.2, 129.6, 128.5, 128.1, 126.9,
126.1, 81.1, 57.1, 56.7, 49.7, 49.1, 45.0, 41.2, 40.7, 36.2, 32.9, 29.9, 28.5, 28.2, 27.1, 26.7, 23.7,
23.5, 23.0; HR-MS m/z calculated value for C3;Hs3NsOg [M+Na'] 718.3786, observed 718.3794.
R; of the peptide is 13.6 min (C18, 5 pm, 4.6 x 250 mm column; A binary gradient H,O (A):
MeOH (B) was used as follows: B = 40% for the first 5 min, increased to 95% by 15 min and
decreased to 40% by 20 min.

Procedure for the synthesis of Boc-Aib-yPhe(f-phenylisoxazole)-Aib-yPhe-NHMe (P13):To
the dry THF (1 mL) solution of P10 (10 mg, 0.014 mmol), phenylacetylene (7.0 pL, 0.065
mmol) and 3-methoxyphenylisocyanate (8.5 pL, 0.065 mmol) were added. Triethylamine (9.0
pL, 0.065 mmol) was added to the above solution at room temperature and stir the reaction for
12 h. After completion of the reaction, evaporated the THF and then crude product was purified
by HPLC using MeOH/H,0 as a gradient system to get 70% (7.8 mg, 0.0098 mmol) pure
product.

O,N
BocHN><”/N - N><”/N\;/\)J\N/
o z H o z H
:P10 :

N.
= SC.
NEt O 42n
Dry THF, RT, <
)




Boc-Aib-yPhe(B-phenylisoxazole)-Aib-yPhe-NHMe (P13): White solid(Yield 70%); *H NMR
(400 MHz, CDCls) oppm 7.81-7.78 (m, 2H), 7.72 (d, J = 8 Hz, 1H), 7.52-7.40 (m, 4H), 7.24-7.03
(m, 10H), 6.91-6.8 (m, 1H), 6.38 (s, 1H),5.07 (s, 1H), 4.51-4.45 (m, 1H), 4.33-4.26 (m, 1H),
3.65-3.59 (m, 2H), 2.87-2.70 (m, 6H), 2.63-2.57 (m, 1H), 2.53-2.45 (m, 1H), 2.39-2.26 (m, 3H),
2.17-2.10 (m, 2H), 1.51 (s, 3H), 1.39 (s, 9H), 1.39 (s, 3H), 1.21 (s, 3H), 0.94 (s, 3H); °C NMR
(100 MHz, CDCl3) oppm 174.5, 170.2, 165.1, 155.2, 139.3, 137.3, 130.8, 129.6, 129.5, 129.3,
128.5, 128.0, 126.9, 126.0, 115.6, 100.4, 81.1, 56.9, 49.4, 41.5, 40.7, 39.6, 38.5, 33.3, 32.9, 28.5,
28.3, 27.6, 26.4, 23.3, 23.1; HR-MSm/z calculated value for C4sHsgNgO7; [M+Na'] 817.4259,
observed 817.4270. R; of the peptide is 16.1 min (C18, 5 um, 4.6 x 250 mm column; A binary
gradient H,O (A): MeOH (B) was used as follows: B = 40% for the first 5 min, increased to 95%
by 15 min and decreased to 40% by 20 min.

Procedure for the synthesis of Boc-Aib-yPhe(f-CH,NHCbz)-Aib-yPhe-NHMe (P14):The
peptide P10 (0.1 g, 0.14 mmol) and 20% (w/w) Pd-C were dissolved in MeOH/AcOH(1:1, 5
mL) and stirred for 8 hr under H, atmosphere. After completion of the reaction, Pd-C is filtered
through sintered funnel and evaporated MeOH/AcOH under reduced pressure to get peptide free
amine. The free amine was further dissolved in 5 mL of THF and 5 mL of 10% Na,CO3; was
added slowly. The solution of Cbz-Cl (20 pL, 0.14 mmol) in THF (2 mL) added slowly to the
reaction mixture and stirred at room temperature for about 5h. After completion of the reaction,
reaction mixture acidified with 1IN HCI and extracted with EtOAc (3x 30 mL). The combined
organic layer was washed with brine and dried over anhydrous Na,SO,. The crude product was
purified by reverse phase HPLC to get 60 % (57 mg, 0.084 mmol) pure product.

O:N i) MeOH/ACOH (1:1)

(o) (o)
H\)\/U\ H H,/Pd-C
BocHN><ﬂ/N : ”&N\:/\)Ln/

0O = 0O = ii) Na,CO5/THF
O O Coz.Ci
P10

CbzHN
o

N N
BocHNXW | NXW Ay

H H
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Boc-Aib-yPhe(B-CH,NHCbz)-Aib-yPhe-NHMe (P14): White solid (Overall yield 60%); ‘H
NMR (CDCl3, 400 MHz) ¢ 7.84 (S, 1h), 7.68 (d, J = 8Hz, 1H), 7.36 (m, 5H), 7.24-7.08 (m,
12H), 6.67 (d, J = 8Hz, 1H), 5.15 (m, 3H), 4.73 (s, 1H), 4.17 (m, 2H), 2.77 (m, 5H), 2.60 (m,
1H), 2.33 (m, 4H), 2.03 (m, 2H), 1.42 (s, 9H), 1.37 (s, 3H), 1.36 (s, 3H), 1.13 (s, 3H), 0.96 (s,
3H); **C NMR (CDCls, 150.99 MHz) 176.0, 174.9, 174.4, 171.9, 155.2, 154.9, 138.7, 137.7,
136.1, 129.3, 129.1, 128.6, 128.4, 128.4, 128.4, 128.0, 126.7, 126.0, 80.8, 67.2, 56.8, 56.4, 50.1,
49.4, 41.0, 40.9, 39.5, 36.4, 32.4, 32.2, 28.3, 28.3, 27.4, 27.1, 26.6, 23.5, 23.3; HR-MSm/z
calculated value for C4sHeNgOg [M+H'] 815.4707, found 815.4719.R, of the peptide is 10.6
min (C18, 5 um, 4.6 x 250 mm column; A binary gradient H,O (A): MeOH (B) was used as
follows: B = 40% for the first 5 min, increased to 95% by 15 min and decreased to 40% by 20

min.

Procedure for the Synthesis of p23-peptides:

Beta amino acids were synthesized using above mentioned protocol. Hydrolysis of ester and
removal of urethane group of B-amino acids are carried out by saponification and TFA,
respectively. Tri peptide was synthesized by 1+2 convergent synthesis using standard coupling
agent DCC/HOB.

DMF,
DCC,
BocHN OH + H,N HOBt BocHN

COOEt C°°Et 12 h COOEt COOEt
55%

DMF,
DCC,
HOBt
BocHN OH + H,N _>BocHN
COOEt c00Et COOEt COOEt cooa cooa

5%

P15

Boc- AVal(CH,COOEY)- fVal(CH,COOEY)- fVal(CH,COOE®)-OBn (P15): White solid (Yield-
55%): Retention time tz = 13.5 min; “H NMR (400 MHz, CDCls) 6 7.40-7.32 (m, 5H), 6.57 (d, J
= 12 Hz, 1H), 6.03 (d, J = 12 Hz, 1H), 5.17 (g, J = 12 Hz, 2H), 4.17-4.07 (m, 7H), 3.83 (td, J =
12 Hz, J = 4 Hz, 1H), 3.75 (d, J = 4 Hz, 1H), 3.41-3.28 (m, 2H), 3.00 (m, 1H), 2.81 (m, 1H),
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2.73-2.44 (m, 6H), 1.68-1.58 (m, 2H), 1.54-1.47 (m, 1H), 1.42 (s, 9H), 1.26-1.18 (m, 9H), 1.04-
0.79 (m, 18H); *C NMR (100 MHz, CDCls) 6 173.7, 173.7, 173.6, 171.9, 171.1, 156.8, 135.4,
128.8, 128.7, 128.5, 79.4, 67.2, 61.3, 61.1, 60.9, 58.3, 55.8, 48.8, 44.7, 43.2, 43.1, 42.9, 42.1,
36.0, 35.5, 35.4, 32.4, 31.8, 28.6, 25.0, 22.6, 22.4, 20.4, 20.0, 19.9, 19.4, 14.3; HR-MSm/z
calculated value for C43HggN3O12 [M+Na'] 842.4773 and observed 842.4777.

2.3.3. Synthesis procedure and characterization of compounds in Section 2B.

Crystal data analysis of Ac-Aib-yPhe-Aib-(3S, 4S)-yVal(#-SNB)-Aib-yPhe-Aib-CONH,
(P16): Crystals were grown by slow evaporation from a solution of aqueous methanol. A single
crystal (0.1 x 0.08 x 0.02 mm) was mounted on loop with a small amount of the paraffin oil. The
X-ray data were collected at 100K temperature on a Bruker APEX DUO CCD diffractometer
using Mo K, radiation (A = 0.71073 A), w-scans (20 = 56.90), for a total of 20903 independent
reflections. Space group P 1, a=9.19 (11), b = 12.59 (14), ¢ = 13.69 (16), p = 77.53 (3), V =
1499.6 (3) A3, triclinic, Z = 1 for chemical formula Css Hzs Ng O1o S, 6(0O), with one molecule in
an asymmetric unit; p calcd. = 1.245 gcm™, & = 0.125 mm™, F (000) = 552, R;,; = 0.0338. The
final R value was 0.0492 (wR2 = 0.1388) 11235 observed reflections (Fo > 40 (|Fo|)) and 722
variables, S = 0.967. The structure was obtained by direct methods using SHELXS-97. All non-
hydrogen atoms were refined anisotropically. The hydrogen atoms were fixed geometrically in
the idealized position and refined in the final cycle of refinement as riding over the atoms to

which they are bonded.
Synthesis of Thiostatins from (E)-a, p-Unsaturated y-Aminoacids

In 50 mL RB flask, Boc-dyVal-O'Bu (1, 1.49 g, 5mmol) was treated with mixture of
DBU (0.228 g, 1.5mmol) and thioacetic acid (2.28 g, 30 mmol). The reaction mixture was
vigorously stirred for another 6h. The progress of reaction was monitored by the TLC. After the
completion of reaction, the thioacetic acid was evaporated under reduced pressure and residue
was dissolved in 70 mL of ethyl acetate. The organic layer was treated 5 % aqueous HCI (3 x 30
mL), 5 % aqueous Na,COs3 (3 x 30 mL) and brine (1 x 30 mL). The organic layer was dried over
anhydrous Na,SO,4 and evaporated under reduced pressure. The diastereomeric mixture of Boc-
yValS-(SAc)-O'Bu (2) was obtained after column chromatography in 70 % (1.3 g) yield.
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The diastereomeric mixture of Boc-yValg-(SAc)-O'Bu (2, 1.3 g, 3.4 mmol) was dissolved
in THF (25 mL). To this, ortho-nitro benzyl bromide (3.74 g, 17 mmol) was added. The reaction
mixture was cooled to 0 °C and treated with NaBH, (1.29 g, 34 mmol) in water (4 mL). The
reaction was allowed to stir for another 12 h. After completion of reaction, the excess NaBH,4
was quenched with 5 % aqueous HCI and the solvent THF was evaporated under reduced
pressure. Then the residue was dissolved in ethyl acetate (75 mL) washed with brine, dried over
anhydrous Na,SOjand concentrated under reduced pressure to get crude diastereomeric mixture
of Boc-yValf(S-ONB)O'Bu. The crude product was purified through silica gel column
chromatography using 5 % ethyl acetate in petroleum ether to get pure diastereomers (3a and 3b)
in 40 % vyield (0.64 g).

L
NO,

(5eq.)
THF ¢
Boc-HN OtBu —— Boc-HN O'Bu
o._S O NaBH,, 0 °C s 0
ﬁ/ 12 h

12

11

Procedure for synthesis of Fmoc-yValg(S-ONB)-OH

The pure diastereomerBoc-yValB(S-ONB)O'Bu (3a, 0.384 g, 0.8 mmol) was dissolved in
DCM (3 mL). The solution was cooled to 0 °C and to this added TFA (3mL).The reaction
mixture was stirred for another 1h at RT. After completion of the reaction, solvent DCM and
TFA were evaporated under reduced pressure and residue was co-evaporated with DCM (three
times). Then the residue was dissolved in 10 % aqueous Na,COj3 (10 mL) and added THF (3mL).
To this reaction mixture Fmoc-OSu (0.276 g, 0.8 mmol) in THF (5 mL) was added. The reaction
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mixture was stirred for another 8h. After the completion of reaction, solvent THF was evaporated
and residue was treated with 5 % aqueous HCI to make pH~2. Then the aqueous layer was
extracted with ethyl acetate (30 mL x 3) and the combined organic layer was washed with brine
solution (50 mL). The combined organic layer was dried over anhydrous Na,SO, and
concentrated under reduced pressure to get Fmoc-yValp-(S-ONB)-OH (4a, 0.394 g) in 90 %

yield, which was used for solid phase peptide synthesis without further purification.

70 % TFA in DCM
0 °C-RT, 1h
t )
Boc-HNI./\'(O Bu - Fmoc-HNI./\'(OH

S O S O
10 % aq. Na,CO;
O,N Fmoc-OSu, THF, 8h O,N
12a 13a

(3R, 4S)-tert-Butyl 4-((tert-butoxycarbonyl)amino)-5-methyl-3-((2nitrobenzyl)thio)hexanoate
(Boc-yValB-(S-ONB)O'Bu) (12a); Gummy oil (0.384 g, 24 %) 'H NMR (400 MHz, CDCl3)s
7.97 (d, J = 8.4 Hz, 1H), 7.56-7.49 (m, 2H), 7.43-7.39 (m, 1H), 4.45 (d, J = 10.8 Hz, 1H), 3.57-
3.51 (m, 1H), 3.09-3.01 (m, 1H), 2.65-2.47 (m, 2H), 2.13-2.08 (m, 1H), 1.45 (s, 9H), 1.42 (s,
9H); *C NMR (100 MHz, CDCls) 171.4, 158.0, 148.6, 133.9, 132.9, 128.2, 125.3, 81.0, 79.2,
60.8, 57.6, 43.8, 39.5, 32.4, 28.9, 28.3, 28.0, 20.3, 16.0; HRMS (ESI)m/zcalcd. for C,3H3sN206S
[M + Na] is 491.2192, found 491.2236.

12a
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(3S, 4S)-tert-Butyl 4-((tert-butoxycarbonyl)amino)-5-methyl-3-((2nitrobenzyl)thio)hexanoate
(Boc- yValB-(S-ONB)O'Bu) (12b); Gummy oil (0.256 g, 16 %) *H NMR (400 MHz, CDCl3)67.97
(d, J = 7 Hz, 1H), 7.57-7.50 (m, 2H), 7.44-7.40 (m, 1H), 4.44 (d, J = 8 Hz, 1H), 3.39-3.34 (m,
1H), 3.29-3.25 (m, 1H), 2.67-2.53 (m, 2H), 1.69-1.61 (m, 1H), 1.46 (s, 9H), 1.41 (s,9H);
BCNMR (100 MHz, CDCl3)d 171.0, 155.9, 148.6, 134.0, 133.07, 128.3, 125.4, 80.9, 79.1,
60.36, 59.7, 44.8, 41.3, 33.7, 28.2, 28.0, 19.7, 19.1; HRMS (ESI)m/zcalcd. for C;3H3N,06S [M
+ Na] is 491.2192, found 491.2226.

t
Boc-HN O'Bu

12b

Procedure for the solid phase synthesis of heptapeptide P16:

Peptide was synthesized at 0.2 mmol scales on Knorr-Amide resin using standard Fmoc-
chemistry. HBTU/HOBt was used as coupling agents. Reaction times for deprotections and
couplings were 30 min and 1 h, respectively. The final amine was capped with acetyl group
using Ac,O/Py. After completion of the synthesis, peptide was cleaved from resin using 15 mL
of TFA in an aluminum foil wounded round bottom flask. After the completion of cleavage, the
resin was filtered and washed with 3 mL TFA. The cleavage mixture was evaporated under
reduced pressure to give gummy product. Peptides were further recrystallized using cold diethyl
ether and purified through reverse phase HPLC on Cig column using MeOH/H,O gradient.
Homogeneity of peptides was further confirmed using analytical Cig column in same
MeOH/H,0 gradient system. The mass of peptides were confirmed by MALDI TOF/TOF.
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2.5 Appendix I: Characterization Data of Synthesized Compounds

Designation Description Page
Boc-(S, S)yVal(B-CH,NO,)-OEt (2a) 'H NMR (400 MHz) 128
Boc-(R, S)yVal(B-CH,NO,)-OEt (3a) 'H NMR (400 MHz) 128
Boc-(S, S)yPhe(B-CH,NO,)-OEt (2b) 'H NMR (400 MHz) 129
Boc-(R, S)yPhe(B-CH,NO,)-OEt (3b) 'H NMR (400 MHz) 129
Boc-yVal(B-CH,NO,)-yVal(B-CH,NO,)-OEt (P7) 'H NMR (400 MHz) 130
Boc-yVal(B-CH,NO,)-yVal(B-CH,NO,)-yVal(B-CH,NO,)-OEt (P8)  *H NMR (400 MHz) 130
Boc-yVal(B-CH,NO,)-yVal(B-CH,NO,)-yVal(B-CH,NO,)-yVal(B-CH,NO,)-OFEt (P9) 131
Boc-Aib-yPhe(B-CH,NO,)-Aib-yPhe-OEt (P10) 'H NMR (400 MHz) 131
Boc-Aib-yPhe(B-CH,NO,)-Aib yPhe(B-CH,NO,)-OEt (P11)  *H NMR (400 MHz) 132
Boc-Aib-yPhe(B-COOH)-Aib-yPhe-OEt (P12) 'H NMR (400 MHz) 132
Boc-Aib-yPhe(B-CH=NOH)-Aib-yPhe-OEt (P13) 'H NMR (400 MHz) 133
Boc-Aib-yPhe(B-CH,NH,)-Aib-yPhe-OEt (P14) 'H NMR (400 MHz) 133
Boc-Aib-yPhe(B-phenyloxazolyl)-Aib-yPhe-OEt (P15) 'H NMR (400 MHz) 134
Boc-(S, S)yVal(B-SNB)-O'Bu (12a) 'H NMR (400 MHz) 134
Boc-(R, S)yVal(B-SNB)-O'Bu (12b) 'H NMR (400 MHz) 135
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Chapter 3

Peptide Foldamers with Heterogeneous
Backbone: Utilization of Z-Vinylogous
Amino Acids in the Design of a, y-Hybrid
Helices
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3.1 Introduction

The well-defined, three dimensional structures of proteins are crucial for their diverse functions
in all living systems. This universal feature of proteins has created enormous interest in chemists
to build protein like structures from the oligomers of unnatural amino acid building blocks and
organic templates.! As described in Chapters 1 and 2, - and y-peptides are among the most
extensively studied unnatural oligomers. Despite the backbone conformational freedom, these f3-
and y-peptides spontaneously fold into well-defined structures and adopted protein like folding
properties.In addition, the hybrid peptides with the combination of of3, oy and By amino acid
residues displayed a variety of helical structures with different H-bonding patterns.”® The y-
residues with two additional backbone carbon atoms further offer flexibility in the design of
foldamers. Indeed, many bacteria including Bacillus anthracis produces y-amino acid polymer,
poly-y-glutamate, for their survival at high salt concentrations as well as for virulence.*® Several
years back Rydon proposed the left-handed helical signature of poly-y-glutamate with larger Cy7
and Cig H-bond pseudocycles.! Oligomers of y-amino acids with and without side-chains
displayed a variety of well-defined folded structures. In their pioneering work, Seebach and
Hanessian independently showed the well-defined 14-helical organizations from homooligomers

234 alkyl substituted amino acids.® Further, Balaram and colleagues reported

of v*, v** and y
helices and B-turns using y* and y**-amino acids (gabapentin).* Contemporarily, Gellman and
colleagues reported a variety of helical structures from y- and hybrid y-peptides from the
constrained cyclic y-amino acids.® Sharma and colleagues utilized 4-substituted carbo amino
acids to derive helical foldamers.” In addition to the oligomers with amide linkages, Guichard
and colleagues demonstrated the utility of urea bonds in the design of y-peptide foldamers with
additional H-bonds.® Besides these synthetic y-amino acids, Schreiber and colleagues have
showed the extended sheet type of structures from the peptides composed of naturally occurring
non-ribosomal (E)-a,B-unsaturated y-amino acids.*? In continuation, Hofmann and colleagues
reported a variety of helical structures with H-bonded pseudocycles from (E)- and (2)-
vinylogous amino acids through theoretical calculations.™ Strikingly, (E)-vinylogous oligomers
adopt helical conformations with larger H-bond pseudocycles (Ci9, C22 and C,;), whereas Z-
vinylogous peptides prefer stable C;- and Co-helices through nearest neighbor interactions.
Recently, Maillard and coworkers have shown that y-peptides containing thiazole-based y-amino
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acids, which are similar to Z-vinylogous amino acids adopted Cq helices in homooligomers.*
Grison et al. and others also reported cis-vinylog turn and o-turn mimetics using Z-vinylogous
amino acids.®

(o)

OH
HZNM\g HZNE)J\OH

(A)  (E)-vinylogous y-amino acid (2)-vinylogous y-amino acid

(B) ©)
Fig 1: (A) Chemical structures of (E)- and (Z)-vinylogous y-amino acids. Most stable C22- and
C27-helices of (E)-vinylogous-peptide hexamers (B) and C7- and C9- helices of (Z)-vinylogous-

peptide hexamers (C). Coordinates of the model structures are taken from ref.13.

(A) | (8)
Fig 2: (A) X-ray structure of cis-Vinylog turn in dipeptide and (B) Cq-helical structure of
Thiazole based y-amino acid tetramer. Crystallographic data have been taken from ref. 14 and
15a.
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3.2 Aim and Rationale of the Present Work

We have been interested in the design of folded architectures constructed from conformationally
constrained o, B-unsaturated y-amino acids. In the previous chapters, we have demonstrated the
utilization of conformationally restricted conjugated double bonds in the design of miniature 3-
meanders and helix-turn-helix type of mimetics. In addition, we also showed the utility of E-
vinylogous amino esters as Michael acceptors to derive B- and y-peptide foldamers.'®*®
Moreover, we illustrated the direct transformation of unsaturated hybrid peptides into helical
foldamers using catalytic hydrogenation.’® The conformational studies suggested that E-
vinylogous amino acids promote the extended B-sheets type of structures. In addition, we showed
in Chapter 1 that these amino acids can be used to bend the helix rather than accommodating into
the helix. We anticipate that insertion of conjugated double bonds into helical structures would
greatly enhance their utility for further functionalization. Designed helical peptides may be used
as inhibitors for various protein-protein interactions as well as to create peptide nanotubes.'® We
envisioned that instead of B-sheet promoting E-vinylogous amino acids, Z-vinylogous amino
acids can be incorporated into the helical structures without affecting their overall helix folding.
As we have been interested in the design of hybrid peptide foldamers composed of a- and y-
amino acids, we sought to investigate the conformations of Z-vinylogous residues in hybrid
peptides. In this Chapter, we are reporting the design, synthesis and crystal conformations of
various hybrid peptide helices composed of single and multiple Z-vinylogous amino acids. In
addition, hybrid peptides also provide an opportunity to understand the conformational properties
of cis double bonds in acyclic systems.

3.3 Results and Discussion

3.3.1 Synthesis of (Z)-a, p-Unsaturated y-Amino acids

We utilized Witting-Horner reaction to synthesize Z-vinylogous amino acids. The schematic
representation of synthesis is shown in Scheme 1.2° The Wittig-Horner ylide was generated in
situ by treating alkyl ester of 2-(diphenoxyphosphoryl)acetate with Nal and DBU. The in situ
generated ylide was further treated with Boc-amino aldehyde. We standardized the reaction
using both ethyl and tert-butyl esters of 2-(diphenoxyphosphoryl)acetate. The coupling reaction

between the ylide and the N-Boc-amino aldehyde gave both cis and trans products in the ratio of
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approximately 80:20, respectively. Both E- and Z- isomers were separated using column
chromatography. The stereochemistry of the double bonds was confirmed using *H NMR. In
addition, we also obtained the single crystals of major isomer 2d and its X-ray structure and
torsional angles are shown in Figure 3. In order to reduce the synthetic steps, we continued with
tert-butyl esters of N-Boc protected Z-vinylogous amino acids. The N-Boc and tert-butyl ester of
the major cis isomers were deprotected using 50% TFA in DCM in a single step and the free
amine obtained after the deprotection of Boc- group was further protected with solid phase
compatible Fmoc group. The Fmoc-protected Z-vinylogous amino acids were isolated in

excellent yields and directly used for the solid phase synthesis without further purification.

1. Nal, DBU
o o Dry THF, 0 °C R o R
i 10 min P> fo)

Ph0/||: o R BocHNuo’ Ri + BocHN)\/\W "R,
OPh 2. R o]
H . .
BocHN)\H/ major minor
R, = 'Bu, Et o M (2) (3)
-78°Cto0°C,1.5-2h
84-90%

2a: R = Phenyl, R; ='Bu
2b: R=iPr,R; ='Bu
2c: R=iBu, R, ='Bu

2d: R = Phenyl, R, = Et
2e:R=iPr,Ry =Et

Scheme 1: Synthesis of (2)-a, -Unsaturated y-Amino acids using Wittig-Horner Reaction.

2d ¢ 0, 0, v

(2)-dyPhe | -122 150 1 -174

(A)

Fig 3: (A) X-ray structure of compound 2d and (B) Torsional variables (in deg) of compound
2d.
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3.3.2 Incorporation of (2)-a, p-Unsaturated y-Amino acids in a, y-Hybrid Helix: Synthesis

and Conformational Analysis

In order to understand whether Z-vinylogous amino acids (Z-dyX) can be accommodated into the
helix, we designed o,y-hybrid peptide P1 from the previously reported (our own group) a,y-
hybrid peptide 12-helix (Model peptide: M).2* Peptide P1 consists of a single Z-vinylogous
amino acid along with other y*-amino acids with alternating a.-amino acid, Aib. The sequences of
P1 and model peptide M is shown in Scheme 2. Peptide P1 was synthesized by solid phase
method on Rink amide resin using standard Fmoc- chemistry. The coupling reactions were
performed using HBTU coupling reagent. The crude peptide was purified using reverse phase
HPLC on Cyg column and pure peptide was subjected to crystallization in various solvent

combinations to understand its unambiguous conformation.

2 \F H QA& H 9 - H 9 -
P T N L & PP
H o Y H o - : H o H/ H o

mewwiwm
J

P1

Scheme 2: Sequences of a, y-hybrid model peptide (M) and peptide P1.

Single crystals of P1 were obtained from the slow evaporation of peptide solution in aqueous
methanol and its X-ray structure is shown in Figure 4A. Instructively, crystal structure analysis
suggests that the peptide adopted a right handed 12-helix conformation. Both saturated y-amino
acids yLeu2 and yLeu6 have adopted gauche™, gauche® (g*, g*) conformation along C*-C" and
CP-C* bonds in the helix. As anticipated, Z-dyPhe4 nicely accommodated into the 12-helix,
however, without adopting the backbone conformations of saturated y-amino acids. The

backbone conformations of y-residues can be measured by introducing two additional torsional
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P1 M

(A) (B) (©)

Fig 4: (A) X-ray structure of Peptide P1, (B) X-ray structure of model peptide M and (C)
Overlay of Peptides P1 and M (double bond highlighted in orange color).

variables 6; and 6, along with ¢ and y. The 0; and 6, generally attain the value ~ +60° in
saturated y-residues. The torsional angle 6, in Z-vinylogous residue is expected to take torsional
value close to 0°. As predicted, 0, in Z-dyPhe4 arrive at the value -2°. In order to accommodate
Z- vinylogous residue into the helix, both torsional variables 6, and y attained the unusual values
+94° and -79°, respectively. However, torsion angle ¢ was found to be -122°, which is similar to
that of saturated y*-amino acids in 12-helix. These results suggested that it is not necessary that

01 and 0, should adopt g*, g* conformation for the y-residues to accommodate into the helix.
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Similar to peptide M, P1 also stabilized by six intramolecular H-bonds existed between the
residues i and i+3. Further the superposition of P1 and M shown in Figure 4C, suggested an
excellent backbone correlation between the two peptides. The torsional values and H-bond
parameters of P1 are tabulated in Table 3 and 4, respectively.

3.3.3 Design, Synthesis and Conformational Analysis of Peptides P2-P5

In order to understand whether residues other than ZdyPhe can be accommodated into the helix,
we designed hybrid peptides, P2 and P3, containing ZdyVal and ZdyLeu, respectively (Scheme
3). Peptides were synthesized similar to P1 and pure peptides were subjected to crystallization in
various solvent combinations to understand their unambiguous conformations. Both P2 and P3
gave X-ray quality single crystals from the slow evaporation of peptide solution in aqueous
methanol and their crystal structures are shown in Figure 5. Both P2 and P3 adopted right
handed 12-helical conformations. Similar to the 1:1 alternating a,y-hybrid heptapeptides, both
the structures are stabilized by six intramolecular H-bonds between i and i+3 residues. Akin to
Z-dyPhe, 6, of Z-dyVal and Z-dyLeu attained +105° and +98°, respectively. The y values of Z-
dyVal and Z-dyLeu were found to be -74° and -82° which are consistent with  values of Z-

dyPhe in P1. The torsion angles of all Z-vinylogous residues are tabulated in Tables 5 and 7.

L __N c N —__N N
AcHN/<H/ : N/<H/ : %N %NH
: N ﬂ ’,// N ’,// )
(o) Y 0 _~_ (0] (o)

P2

L N L _N_=—__N N
AcHN/<H/ : N/Q( : %N %NH
o) '\( H o \5\/?([)( = H o /=

P3
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AcHN T > N — N T ¢ NH
OYW\%H N W;*

A_ © o _~A_ O
P4
AcHN V;[(\%ku _H ﬂ%NHZ
o _~_ ©O0 ° o ~_ o “~
P5

Scheme 3: Sequences of Z-vinylogous y-amino acids contained o, y-hybrid peptides P2-P5.

To verify whether multiple vinylogous amino acids can be accommodated into the 12-
helix, we designed P4 and P5 with 1:1 alternating o- and Z-vinylogous residues (Scheme 3).
Peptide P4 is composed of alternating Aib and Z-dyVal, while P5 consists of Z-dyVal and Z-
dyPhe along with alternating Aib. Both the peptides were synthesized on solid phase and
purified. Various attempts were made to get single crystals of P4 and P5. The X-ray quality
single crystals of these peptides were obtained from the solution of aqueous methanol and their

X-ray structures are shown in Figure 6.

In a sharp contrast to the unusual planar structure displayed by the 1:1 alternating o.- and
E-vinylogous residues reported earlier,*® peptides P4 and P5 adopted right handed 12-helical
conformations similar to the o,y-hybrid peptides containing saturated y*-amino acids. The 12-
helical structures are stabilized by six intramolecular H-bonds between the residues i and i+3.
The torsional angles of P4 and P5 are tabulated in Tables 9 and 11, respectively. The H-bond
parameters of P4 and P5 are tabulated in the Tables 10 and 12, respectively. Analysis of the
crystal structure of P4 reveals that the torsional angles 6; and v in all three Z-vinylogous
residues in the helix attained the average values 99+ 3° and -79+7°, respectively. Similarly, P5
with different Z-vinylogous residues also showed the 12-helical structure. Both 61 and y in P5
attained the values 103+2° and -75+1°, respectively. The torsion angle ¢ attained the anticlinal

conformation similar to the saturated y*-residues in 12-helix.?? The 12-helix structure in both the
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P2 P3

Fig 5: X-ray structures of peptide P2 and P3

peptides is stabilized by six intermolecular H-bonds. The additional interesting feature in all Z-
vinylogous helices (P1-P5) is that the structures are also stabilized by a weak C-H---n
interactions between y-H of i and conjugated double bonds of i+2 residues (Figure 7). The
distances of the C-H---n interactions are within the limits of the standard C-H---n interactions
(Table 1).2
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(A) (B)

Fig 6: (A) X-ray structure of Peptide P4 and P5, (B) Overlay of Peptides P4 and M (double
bond highlighted in orange color).

Examination of the all crystal structures revealed that the Aib residues adopted right handed
helical conformations by having average ¢ and y value -56+6° and -44+6°, respectively. Overall,
these results suggests that Z-vinylogous residues can be accommodated into the 12-helix without

deviating overall folding of the helix.
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Fig 7: X-ray structures of Peptide P1 where CH---r interaction shown in red dotted lines.

Table 1: CH-x interaction parameters of peptides P1-P5.

Peptide | Donor | Acceptor | D....A | DH....A | NH....O
(D) (A) (A) (A) (deg)
P1 C7 c27 4.13 3.16 169
P2 C53 Cr72 3.88 291 168
P3 C7 C24 3.78 2.85 159
P5 C7 C22 4.17 3.24 158
C18 C33 4.09 3.16 158
P6 C7 C23 4.14 3.26 151
C18 C34 4.01 3.07 161
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Table 2: Comparison of torsional angles between Z-dyX and yX residues

d, v — hybrid 12-Helix ¢ 0, 0, 7 Ref.
4
Balaram and Our lab (Chiral y - amino acid) -125 52 61 -118 1 5S¢, 25
4
Balaram’s lab (Achiral y - amino acid) -132 53.6 9.9 -112 Sb
4
Hoftfmann’s prediction (y - amino acid) 123 -53 -63 126 14
234
Gellman laby - amino acid 143 -56 =52 111 Ta
23
Gellmany - amino acid -129 56 56 -121 Tc
Our Lab (S, S) — (B-hydroxyl y-amino acid) -114 53(173) | 60 (168) -122 25¢
Our Lab (R, S) —(B-hydroxyl y-amino acid) -115 54 63 (-170) | -140 25¢
Our Lab (S, S) — (B-nitromethyl y-amino acid) -112 61 63 -174 20
4
Present Work: Z-vinylogous -y - amino acid -119° 101° 0° 78° )
Table 3: Torsional Angle Parameters of P1
Y- ¢ 0, 0, v 0]
hybrids
Aib 1 -61 - - -39 -176
yLeu 2 -122 49 63 -123 -173
Aib 3 -53 - - -40 -178
z-yPhe 4 -122 95 -2 -79 -167
Aib 5 -59 - - -38 -167
yLeu 6 -141 54 56 -108 -180
Aib 7 -56 - - -51 -
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Table 4: Hydrogen Bond Parameters of P1

Intramolecular H-bonds

Donor | Acceptor | D....A | DH....A | NH....O

O [ A | A (deg)

N3 o1 2.90 2.04 177
N4 02 2.82 2.00 158
N5 03 2.87 2.03 165
N6 o4 2.83 2.06 149
N7 05 3.00 2.15 173
N8 06 2.80 1.95 171

Intermolecular H-bonds

Donor | Acceptor | D....A | DH....A | NH....O

(D) (A) (A) ® (deg)
N1 o7! 2.87 2.03 164
N2 08’ 2.83 2.06 149
N1* 07 2.87 2.03 164
N2} 08 2.83 2.06 149

Symmetry operations: T X, y, -1+z; £ X, y, 1+z
Table 5: Torsional Angle Parameters of P2

o,y -hybrids | ¢ 0|0, w [0}
Aib 1 -60 | - - | -45 -
vPhe 2 - 50 |66 | - -
Aib 3 53 [ - - | -39 | 173

z-yVal 4 - 106 | -0 | -74 -
Aib 5 -61 | - - | -43 -
vPhe 6 - 53 | 63| - -
Aib 7 59 [ - - | -44 -
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Table 6: Hydrogen Bond Parameters of P2

Intramolecular H-bonds

Intermolecular H-bonds

Donor | Acceptor | D....A | DH....A | NH....O
(D) (A) A) A) (deg)
N3 o1 2.89 2.03 178
N4 02 2.82 2.00 159
N5 03 3.03 2.20 162
N6 04 2.89 2.14 146
N7 05 2.97 2.11 173
N8 06 2.79 1.96 160
Donor | Acceptor | D....A | DH....A | NH....O
(D) (A) A) A) (deg)
N1 o7' 2.88 2.03 171
N2 o8’ 2.99 2.17 159
N1* o7 2.88 2.03 171
N2* 08 2.99 2.17 159
03 023 2.67 - -
N5 022 2.40 2.23 90.5
06 019 3.00 - -
03 022 2.85 - -

Symmetry operations: 1 1+x,y, z; § -1+X, Y, Z
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Table 7: Torsional Angle Parameters of P3

Table 8: Hydrogen Bond Parameters of P3

Intramolecular H-bonds

a,y - ¢ 01 0 /4 (0]
hybrids
Aib 1 -62 | - - | 41 | -178
yLeu 2 - 51 | 65 - -177
Aib 3 -50 | - - | 49 | 180
z-yLeu 4 - 98 | -4 | -83 | -167
Aib 5 -61 | - - | -38 [ -175
yLeu 6 - 52 | 58 - -177
Aib 7 51| - - | -51 -
Donor | Acceptor | D....A | DH....A | NH....O
(D) (A) A (A) (deg)
N3 o1 3.07 2.23 165
N4 02 2.85 2.00 168
N5 03 2.85 2.00 167
N6 04 2.87 2.07 154
N7 05 3.02 2.17 170
N8 06 2.86 2.00 174
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Intermolecular H-bonds

Table 9: Torsional Angle Parameters of P4

Symmetry operations: 1 -1+x,y, z; { 1+x,y, z

Donor | Acceptor | D....A | DH....A | NH....O
A)
(D) (A) A) (deg)
N1 o7' 2.83 1.98 167
N2 o8’ 2.93 2.13 154
N1* o7 2.83 1.98 167
N2* 08 2.93 2.13 154
01 09 2.84 2.04 163
09 | 010" | 274 - -
a,y- [ 0, 0, v w
hybrids
Aib 1 53 - - 43 | 177
z-yVal 2 - 95 4 -73 -
Aib 3 -54 - - 47 | 174
z-yVal 4 - 101 | 3 -86 -
Aib 5 57 - - 43 | 175
z-yVal 6 - 102 2 77 -
Aib 7 57 - - 52 -
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Table 10: Hydrogen Bond Parameters of P4

Intramolecular H-bonds

Intermolecular H-bonds

Donor | Acceptor | D....A | DH....A | NH....O
(D) (A) A (A) (deg)
N3 01 2.83 1.99 165
N4 02 2.97 211 173
N5 03 2.88 2.04 169
N6 04 2.85 2.03 157
N7 05 2.95 2.10 171
N8 06 281 1.97 166

Donor | Acceptor | D....A | DH....A | NH....O
(D) (A) A ® (deg)
N1 o7’ 2.87 2.02 165
N2 08’ 2.90 211 152
N1* o7 2.87 2.02 165
N2* 08 2.90 211 152
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Table 11: Torsional Angle Parameters of P5

a, ’Y - ¢ 01 02 l// w
hybrids
Aib 1 -56 - - -41 172

z-yVal 2 | -123 104 -0 -7 -171

Aib 3 -51 - - -53 176

z-yPhe 4 | -116 102 -2 -4 -175

Aib 5 -51 - - -47 172
z-yVal6 | -114 105 1 -14 -173
Aib7 -61 - - -50 -

Table 12: Hydrogen Bond Parameters of P5

Intramolecular H-bonds

Donor | Acceptor | D....A | DH....A | NH....O
(D) (A) (A) (A) (deg)
N3 01 297 | 212 168
N4 02 290 | 206 167
N5 03 293 | 209 166
N6 04 286 | 203 164
N7 05 3.06 | 2.22 165
N8 06 284 | 200 168
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Intermolecular H-bonds

Donor | Acceptor | D....A | DH....A | NH....O
(D) (A) (A) ® (deg)
N1 o7t 2.95 2.10 168
N2 08’ 2.89 2.09 153
N1* o7 2.95 2.10 168
N2* 08 2.89 | 2.09 153

Symmetry operations: T -1+X, y, -1+z; £ 1+x, y, 14z

3.4 Comparison of a, y-Hybrid Helices containing (E)-a, p-Unsaturated vy-

Amino acids and (Z)-a, p-Unsaturated y-Amino acids

Careful analysis of the local conformations of Z-vinylogous residues in the helices as well as in
the monomer single crystals revealed very interesting features of conjugated double bonds. In
general, conjugation favors the planar structure of o, B-unsaturated carbonyl group. The o, B-
unsaturated carbonyl group in the monomer attained the planar structure with local s-cis
conformation. The choice for the s-trans or s-cis over the other depends on the steric interactions
of substituents in the conjugated system. The structural analysis of various E-vinylogous residues
and peptides revealed that amides and peptides preferred s-cis conformations while ethyl and
methyl esters preferred s-trans conformation to avoid 1, 3-allyic strain and maintained the
planarity along the o.B-unsaturated carbonyl group.'® In a sharp contrast, the cis double bonds in
the hybrid helices P1-P5 deviated away from the planarity with the carbonyl groups inferring
that they are not in conjugation. They adopted neither s-trans nor s-cis conformations. The local
torsion angle (CP-C*-C-O = 105°) reveals that the C=C double bonds are almost perpendicular to
the carbonyl group suggesting no m-conjugation (Figure 8), which is unusual property of o, B-
unsaturated carbonyl group. The deviation from planarity of Z-vinylogous residues in the helix

may be dictated by the strength of the intramolecular H-bonds existed in helical structure.
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Fig 8: X-ray structure of peptide P2 depicting no n-conjugation between C=C and C=0 (C"-C"-
C-0 = 105°).

(A) (B)

Fig 9: (A) X-ray structure of Peptide Ac-Aib-yLeu-Aib-ZdyPhe-Aib-yLeu-Aib-NH, (P1) and (B)
X-ray structure of Peptide Ac-Aib-yPhe-Ala-EdyVal-Aib-yPhe-Aib-NH, (P5 from Chapter 1).

The remarkable results obtained from this Chapter and from the Chapterl provided an excellent

opportunity to compare the conformational properties of Z- and E-vinylogous amino acids and

their utility in the design of hybrid peptides. Results suggested that Z-vinylogous amino acids
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can be readily accommodated into the helix, while selective insertion of E-vinylogous amino
acids into helix leads to bending of the helix into two halves (helix-loop-helix type, Figure 9).
Even in the highly strained bend structures, double bond and carbonyl group were retained their
n-conjugation by adopting local s-cis conformation. In contrast, the Z-vinylogous amino acids
lost their t-conjugation while accommaodating into the helix. The double bonds and the carbonyl
groups of Z-vinylogous residues adopted neither s-cis nor s-trans conformation in the helix.
Overall, these results suggested that it is easy to break m-conjugation in the Z-a, B-unsaturated
carbonyl groups compared to the E-a, B-unsaturated carbonyl compounds. The conformational
properties of these amino acids may also influence their chemical reactivity; however, they are
yet to be investigated.

3.5 Conclusions

In conclusion, we presented the synthesis and utilization of Z-vinylogous amino acids in the
design of hybrid peptide foldamers. Results suggested that Z-vinylogous residues can be readily
accommodated into the 12-helix, without any deviation from the overall folding of the helix. It
has been proved in various examples that the saturated y-residues preferred gauche conformation
along C'-CP(0,) and CP-C%(6,) bonds and anticlinal conformations along N-C'(¢) and C*-C’ ()
bonds. In contrast, Z-vinylogous residues adopted entirely different torsional values for 6;, 0,
and v, however, still participated in 12-helix. These results suggested the structural plasticity of
12-helical structures. In comparison with E-vinylogous residues, Z-vinylogous residues are more
flexible and easy to accommodate into the helix with loss of n-conjugation between the double
bond and the carbonyl group. In addition, any acyclic a, B-unsaturated carbonyl systems
preferred to adopt either s-cis or s-trans conformation, however, the conformations displayed by
the Z-vinylogous residues are quite unusual. We are speculating that these conformational factors

may also influence their chemical reactivity towards electrophiles and nucleophiles.
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3.6 Experimental Section

General Experimental Details:

All amino acids, diphenylphosphite, TFA, tert-butylbromoacetate, DBU, Nal, HBTU, HOBt,
LAH, NMP and Knorr-Amide resin were commercially available. DCM, DMF, ethyl acetate and
petether (60-80 °C) have used after distillation. THF was dried over sodium and distilled
immediately prior to use. Column chromatography was performed on silica gel (120-200 mesh).
Final peptides were purified on reverse phase HPLC (C;g column, MeOH/H,0O 60:40-95:5 as
gradient with flow rate 3.00 mL/min). 'H spectra were recorded on 500 MHz (or **C on 125
MHz) and 400 MHz (or *3C on 100 MHz) using residual solvents as internal standards (CDCl3 dy
7.26 ppm, oc 77.3 ppm and CD30D oy 3.31 ppm, oc 49.0 ppm). Chemical shifts () reported in

ppm and coupling constants (J) in Hz.
Crystallographic Information of Peptides:

Crystal structure analysis of Ac-U-yL-U-zdyF-U-yL-U-NH, (P1): Crystals of peptide were
grown by slow evaporation from a solution of aqueous methanol. A single crystal (0.24 x 0.09 x
0.12 mm) was mounted on loop with a small amount of the paraffin oil. The X-ray data were
collected at 100K temperature on a Bruker APEX (1) DUO CCD diffractometer using Mo K,
radiation (A = 0.71073 A), w-scans (260 = 57.62), for a total of 16653 independent reflections.
Space group P21, a = 14.987(13), b = 10.674(9), ¢ = 16.027(14), p = 101.600(13), V = 2512 (4)
A%, Monoclinic C, Z = 2 for chemical formula CssH-4NgOs, with one molecule in asymmetric
unit; p caled = 1.131 gem™, 1 = 0.078 mm™, F (000) = 928, Riy= 0.1635. The structure was
obtained by direct methods using SHELXS-97.The final R value was 0.0861 (WwR2 = 0.1237)
6558 observed reflections (Fo > 40 (|Fo|)) and 558 variables, S = 1.225. The largest difference
peak and hole were 0.339 and -0.361 eAS, respectively.

Crystal structure analysis of Ac-U-yF-U-zdyV-U-yF-U-NH; (P2): Crystals of peptide were

grown by slow evaporation from a solution of agueous methanol. A single crystal (0.4 x 0.1 x

0.18 mm) was mounted on loop with a small amount of the paraffin oil. The X-ray data were

collected at 100K temperature on a Bruker APEX (I1) DUO CCD diffractometer using Mo K,

radiation (A = 0.71073 2\), w-scans (260 = 56.58), for a total of 94183 independent reflections.

Space group P21, a = 16.284(5), b = 18.044(6), ¢ = 17.846(6), f = 91.586(8), V = 5241 (3) A®,
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Monoclinic C, Z = 4 for chemical formula C4;H70NgOg, 3(0), with three water molecules in
asymmetric unit; p caled = 1.17 gcm™, 1 = 0.084 mm™, F (000) = 2310, Riy= 0.1892. The
structure was obtained by intrinsic methods using SHELXS-97.The final R value was 0.1009
(WR2 = 0.2163) 25705 observed reflections (Fo > 40 (|Fo|)) and 1211 variables, S = 1.015. The
largest difference peak and hole were 1.179 and -0.506 eA®, respectively.

Crystal structure analysis of Ac-U-yF-U-zdyL-U-yF-U-NH, (P3): Crystals of peptide were
grown by slow evaporation from a solution of agueous methanol. A single crystal (0.4 x 0.1 x
0.18 mm) was mounted on loop with a small amount of the paraffin oil. The X-ray data were
collected at 100K temperature on a Bruker APEX(Il) DUO CCD diffractometer using Mo K,
radiation (A = 0.71073 A), w-scans (260 = 57.60), for a total of 44241 independent reflections.
Space group P21, a = 16.086(16), b = 8.774(9), ¢ = 18.544(19), A = 90.076(16), V = 2613 (5) A®,
Monoclinic C, Z = 2 for chemical formula C4,H76NgOs, 2(CH,40)), with two methanol molecules
in asymmetric unit; p caled = 1.125 gem™, 4 = 0.08 mm™, F(000) = 968, Ri,= 0.4105. The
structure was obtained by intrinsic methods using SHELXS-97.The final R value was 0.1447
(WR2 = 0.2790) 12101 observed reflections (Fo > 40(|Fo|)) and 578 variables, S = 1.14. The
largest difference peak and hole were 0.645 and -0.697 eA’, respectively.

Crystal structure analysis of Ac-U-zdyV-U-zdyV-U-zdyV-U-NH; (P4): Crystals of peptide
were grown by slow evaporation from a solution of aqueous methanol. A single crystal (0.21 x
0.09 x 0.04 mm) was mounted on loop with a small amount of the paraffin oil. The X-ray data
were collected at 100K temperature on a Bruker APEX (Il) DUO CCD diffractometer using Mo
K, radiation (A = 0.71073 A), w-scans (26 = 50.00), for a total of 52207 independent reflections.
Space group P21, a = 16.282(11), b = 16.024(11), ¢ = 18.094(12), p = 111.192(12), V = 4402 (2)
A%, Monoclinic C, Z = 4 for chemical formula CagHesNsOs, with one molecule in asymmetric
unit; p calcd = 1.194 gem™, 1 = 0.084 mm™, F (000) = 1720, Riy= 0.3242. The structure was
obtained by intrinsic methods using SHELXS-97.The final R value was 0.1046 (wR2 = 0.2002)
13991 observed reflections (Fo > 40 (|Fo|)) and 1021 variables, S = 0.968. The largest difference
peak and hole were 0.327 and -0.384 eA®, respectively.

Crystal structure analysis of Ac-U-zdyV-U-zdyF-U-zdyV-U-NH, (P5): Crystals of peptide
were grown by slow evaporation from a solution of MeOH/EtOAc. A single crystal (0.24 x 0.05

x 0.1 mm) was mounted on loop with a small amount of the paraffin oil. The X-ray data were
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collected at 100K temperature on a Bruker APEX (1I) DUO CCD diffractometer using Mo K,
radiation (A = 0.71073 A), w-scans (260 = 57.30), for a total of 30273 independent reflections.
Space group P21, a = 10.101(11), b = 18.11(2), ¢ = 14.706(16), B = 99.027(18), V = 2633 (5) A®,
Monoclinic C, Z = 2 for chemical formula C43HgsNgOg, with one molecule in asymmetric unit; p
caled = 1.038 gcm™, 1 = 0.072 mm™, F(000) = 888, Ri,= 0.2833. The structure was obtained by
intrinsic methods using SHELXS-97.The final R value was 0.1324 (wR2 = 0.3013) 12862
observed reflections (Fo> 40 (|Fo[)) and 533 variables, S = 0.725. The largest difference peak and
hole were 0.327 and -0.384 eA®, respectively.

There is some partially occupied solvent molecule also present in the asymmetric unit. A
significant amount of time was invested in identifying and refining the disordered molecule.
Option SQUEEZE of program PLATON was used to correct the diffraction data for diffuse
scattering effects and to identify the solvent molecule. PLATON calculated the upper limit of
volume that can be occupied by the solvent to be 463.3 A3, or 17.5% of the unit cell volume. The
program calculated 194 electrons in the unit cell for the diffuse species. No data are given for the

diffusely scattering species. Outputs of SQUEEZE report are appended in cif file P5.
Procedure for synthesis of Ethyl/t-Butyl Diphenylphosphonoacetate:?

To a solution of diphenylphosphite (10 mmol) in DCM (10 mL) were added ethyl/t-Butyl
bromoacetate (10 mmol) and then triethylamine (14 mmol) at 0 °C. After stirring for 15 min at 0
°C, the mixture was stirred for 1 h at RT. Then reaction was quenched with H,O and extracted
with EtOAc-hexane (3:1) (3x 30 mL). Then, the extract was washed with water (3x 30 mL)
followed by brine (2 x 30 mL) and dried over anhydrous Na,SO, and concentrated to pale
yellow residue. The crude product was purified by column chromatography to get pure desired
product in 65-80% yield.

4 N\

0 1. BrCH,CO,R, DCM, 0 °C O O
PhO_ 1l PhO. B\)}\ R = Et; Yield = 65%
PhO” P\I_| g PhO~ OR R ='Bu; Yield = 80%
2. NEt;
1h, RT
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General procedure for synthesis of Ethyl/ tert-butyl ester of Boc-NH-(2)-a, g-Unsaturated
y-amino acids:*

A freshly prepared solution of tert-butyl 2-(diphenoxyphosphoryl)acetate (1) (5 mmol) in THF
(40 mL) was treated with Nal (6 mmol) and DBU (5 mmol) at 0 °C for 10 min. After the mixture
was cooled to -78 °C, amino aldehyde 2 (5 mmol) was added. After 10 min, the resulting mixture
was warmed to 0 °C over 1.5-2 h. The reaction was quenched with saturated NH,ClI, followed by
extraction with EtOAc (3 x 50 mL) and combined organic layer was washed with brine solution
(2 x 50 mL). The crude mixture was subjected to silica column chromatography to get desired
product in 85-90% vyield.

1. Nal, DBU
o o Dry THF, 0 °C R o R

H 10 min _ fo)
PhO" o R BocHNUo’& + BocHN/'\/\H/ "Ry

OPh 2. R o
H
BocHN/Hf .
R, ='Bu, Et o major minor
-78°Cto0°C,1.5-2h
84-90%

2a: R=iBu, R; ='Bu
2b: R = Phenyl, R, = 'Bu
2¢c: R=iPr,R, ='Bu

2d: R = Phenyl, Ry = Et
2e:R=iPr,Ry=Et

General procedure for the synthesis of Fmoc-(Z)-a, B-Unsaturated y-amino acids: The tert-Butyl
ester of (Z)-a, B-Unsaturated y-amino acid (3 mmol) was dissolved in 3 mL of DCM and then 5
mL of TFA was added to the reaction mixture at 0 °C. After 1 h, TFA was removed under
vacuum. Residue was dissolved in 10 mL of water and adjusted pH to ~8 by addition of solid
Na,COs. The solution of Fmoc-OSu (2.7 mmol) in 10 mL of THF was added slowly to the
reaction mixture and stirred overnight at RT. After completion of the reaction, the reaction
mixture was acidified with 1N HCI under cold condition and extracted with ethyl acetate (3x 50
mL). The combined organic layer was washed with brine solution, dried over anhydrous Na,SO,
and concentrated under reduced pressure to give white solid product of Fmoc-(Z)-a, B-
Unsaturated y-amino acids in 72-80% yields. They were directly used for solid phase peptide
synthesis without further purification.
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1) DCM/TFA

R o J< 0°Ctort,1h U
BocHN)t)J\O —_— FmocHN — OH

2) 10% Na,CO3/THF
Fmoc-OSu

72-80%

zdyL = R = iBu; zdyF = R = Phenyl; zdyL =R =iPr

(S,2)-tert-butyl 4-((tert-butoxycarbonyl)amino)-5-phenylpent-2-enoate: White solid (88%; dr
94.5:6.5); The dr determined by *H NMR; *H NMR (400 MHz, CDCls) 6 7.32-7.21 (m, 5H),
6.81 (minor E-isomer, dd, J = 16 Hz, J = 5 Hz), 5.79 (minor E-isomer, dd, J = 16 Hz, J = 4 Hz),
6.05 (bs, 1H), 5.73 (d, J = 12 Hz, 1H), 5.31 (m, 1H), 4.80 (s, 1H), 2.98-2.88 (m, 2H), 1.49 (s,
9H), 1.38 (s, 9H); B3¢ NMR (100 MHz, CDCI3) 6 165.3, 155.4, 148.3, 137.5, 129.7, 128.5,
126.7, 121.9, 80.8, 50.3, 40.6, 28.5, 28.3; HR-MS m/z calculated value for CyH29NO, is
347.2097 and observed 347.2081.

(o) J<
BocHN — (o]

(2a)

(S,2)-tert-butyl 4-((tert-butoxycarbonyl)amino)-5-methylhex-2-enoate (2b): White solid (90%,dr
91:9); The dr determined by *H NMR;*H NMR (400 MHz, CDCls) 6.73 (minor E-isomer, dd, J
=16 Hz, J =4 Hz), 5.96 (bs, 1H), 5.74 (d, J = 12 Hz, 1H), 5.82 (minor E-isomer, dd, J = 16 Hz,
J = 4 Hz), 4.89 (bs, 2H), 1.94 (m, 1H), 1.49 (s, 9H), 1.42 (s, 9H), 0.92 (m, 6H); *C NMR (100
MHz, CDCls) ¢ 165.3, 155.4, 146.8, 122.4, 80.7, 79.1, 53.8, 32.6, 28.4, 28.2, 19.1, 17.9; HR-MS
m/z calculated value for C16H29NO, is 299.2097 and observed 299.2062.
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U e
BocHN — (o]

(2b)

(S,2)-tert-butyl 4-((tert-butoxycarbonyl)amino)-6-methylhept-2-enoate (2c): White solid (84%,dr
90:10); The dr determined by *H NMR; *H NMR (400 MHz, CDCls) & 6.66 (minor E-isomer,
dd, J =16 Hz, J =5 Hz), 5.96 (br, 1H),5.77 (minor E-isomer, dd, J = 16 Hz, J =4 Hz), 5.64 (d, J
= 8 Hz, 1H), 5.04 (br, 1H), 4.84 (br, 1H), 1.63 (m, 1H), 1.46 (s, 9H), 1.40 (s, 9H), 1.35 (m, 2H),
0.94 (d, J = 4 Hz, 3H), 0.91 (d, J = 4 Hz, 3H); **C NMR (100 MHz, CDCls) 6 165.4, 155.3,
1485, 121.7, 80.7, 79.2, 47.5, 43.7, 28.5, 28.3, 24.9, 23.3, 22.2; HR-MS m/z calculated value for
C17H31NO4 is 313.2253 and observed 313.2277.

(o) J<
BocHN — (o]

(2c)

ethyl (S,Z)-4-((tert-butoxycarbonyl)amino)-5-phenylpent-2-enoate (2d): White solid (83%, dr
90:10);'H NMR (400 MHz, CDCls) 6 7.27 (m, 5H), 6.20 (bs, 1H), 5.83 (d, J = 12 Hz, 1H), 5.34
(m, 1H), 4.77 (bs, 1H), 4.19 (q, J = 8 Hz, 2H), 2.97 (m, 2H), 1.37 (s, 9H), 1.30 (t, J = 8 Hz, 3H);
3C NMR (100 MHz, CDCls) 6 165.9, 155.4, 150.3, 129.7, 128.6, 126.8, 120.0, 60.4, 50.7, 40.3,
28.4, 14.4; HR-MS m/z calculated value for C1gH25NQO4 is 319.1784 and observed 319.1791.

(o]

BocHN” =" Y0~ ™
(2d)

ethyl(S,Z2)-4-((tert-butoxycarbonyl)amino)-5-methylhex-2-enoate (2e): White solid (88%, dr
85:15);"H NMR (400 MHz, CDCls) 6 6.06 (bd, J = 8 Hz, 1H), 5.83 (d, J = 12 Hz, 1H), 4.95 (m,

163



1H), 4.87 (s, 1H), 4.18 (q, J = 8 Hz, 2H), 1.96 (m, 1H), 1.42 (s, 9H), 1.29 (t, J = 8 Hz, 3H), 0.93
(m, 6H); B3C NMR (100 MHz, CDCI;) ¢ 166.0, 155.6, 149.2, 120.7, 79.4, 60.4, 54.0, 32.7, 28.5,
19.3, 18.1, 14.4; HR-MS m/z calculated value for Cij4HzsNO4 is 271.1784 and observed
271.1790.

s N

D
BocHN™ >—" Yo~ ™

(2e)

General procedure for sold phase synthesis of peptides P1-P5:

Peptides were synthesized at 0.2 mmol scales on Knorr-Amide resin using standard
Fmoc-chemistry. HBTU/HOBt was used as coupling agents. Reaction times for deprotections
and couplings were 30 min and 1 h, respectively. The final amine was capped with acetyl group
using Ac,O/Py. After completion of the synthesis, peptides were cleaved from resin using 15 mL
of TFA. After the completion of cleavage, the resin was filtered and washed with 3 mL TFA.
The cleavage mixture was evaporated under reduced pressure to give gummy product. Peptides
were further recrystallized using cold diethyl ether and purified through reverse phase HPLC on
Cis column using MeOH/H,0O gradient. Homogeneity of peptides was further confirmed using
analytical C;g column in same MeOH/H,O gradient system. The mass of peptides were
confirmed by MALDI TOF/TOF.

Characterization data of peptides:

Peptide P1:

p N g N N N
AcHN/Q( - N/gf T %N 7)J\NH
0 _\( H o ﬂ\ :o = H v

P1
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'H NMR (500 MHz, Methanol-ds) J 8.36 (s, 1H), 8.29 (d, 2H), 8.23 (s, 1H), 7.96 (s, 1H), 7.91
(d, J =10 Hz, 1H), 7.76 (s, 1H), 7.44-7.12 (m, 6H), 6.99 (s, 1H), 5.98 (dd, J = 10 Hz, J = 10 Hz,
1H), 5.87 (d, J = 10 Hz, 1H), 3.94 (m, 2H), 2.96 (m, 2H), 2.41 (m, 2H), 2.01 (m, 7H), 1.66 (m,
1H), 1.53-1.45 (m, 21H), 1.30 (s, 3H), 1.26 (m, 1H), 1.17 (m, 1H), 1.06 (s, 3H), 0.94 (m, 5H),
0.86 (m, 7H); HR-MS m/z calculated value for C4sH7sNgOg [M+H] is 855.5708 and observed
855.5720.

Peptide P2:

k H\/\)OJ\ § N N i /(?\'(H I
AL __N AL __N N N
AcHN/<H/ : N/Q( - 7)J\N %NH
: N ﬂ ’,// N ’,// 2
(o] \@ o0 _~_ o o

P2

'H NMR (400 MHz, Methanol-ds) J 8.40 (d, J = 8 Hz, 1H), 8.29 (d, J = 8 Hz, 1H), 8.25 (s, 2H),
7.96 (s, 1H), 7.88 (s, 1H), 7.53 (d, J = 8 Hz, 1H), 7.27-7.12 (m, 10H), 6.75 (s, 1H), 5.85 (d, J =
12 Hz, 5.69 (t, J = 12 Hz, 1H), 4.64 (bs, 1H), 4.11 (m, 1H), 2.78 (m, 3H), 2.39 (m, 2H), 2.10 (m,
3H), 1.99 (s, 3H), 1.79-1.54 (m, 2H), 1.49 (s, 3H), 1.45 (bs, 6H), 1.43 (s, 3H), 1.35 (s, 3H), 1.34
(s, 3H), 1.26 (s, 3H), 1.10 (s, 3H), 0.91 (d, J = 8 Hz, 3H), 0.85 (d, J = 3H); HR-MS m/z
calculated value for C47H7oNgOg [M+H"] is 875.5400 and observed 875.5411.

Peptide P3:

k H\/\)?\ h N N i ﬁ:\er i
p N p N N N
AcHN/gf . N/Q( - 7,)J\N %NH
o '\( H o \5/\?0( = H o !~ ’

P3

'H NMR (400 MHz, Methanol-ds) 6 8.34 (s, 1H), 8.30 (d, J = 8 Hz, 1H), 8.28 (d, J = 8 Hz, 1H),
8.24 (s, 1H), 7.94 (s, 1H), 7.85 (d, J = 8 Hz, 1H), 7.80 (s, 1H), 7.37 (d, J = 8 Hz, 1H), 6.71 (s,
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1H), 5.80 (M, 2H), 3.93 (m, 2H), 2.44 (M, 2H), 2.03 (s, 1H), 1.98 (s, 3H), 1.93 (m, 3H), 1.73 (m,
2H), 1.59 (m, 3H), 1.58 (s, 3H), 1.47-1.44 (m, 18H), 1.41 (s, 3H), 1.37 (s, 1H), 1.24 (m, 3H),
0.90 (m, 24H); HR-MS m/z calculated value for C4,H76NgOg [M+H"] is 821.5824 and observed
821.5825.

Peptide P4:

AcHN \/3( \ej\u _ H \/3( %NHZ
o _~A_ O ° o ~_ o ‘-~

P4

'H NMR (400 MHz, DMSO-dg) ¢ 8.14 (s, 1H), 8.03 (s, 1H), 7.97 (s, 1H), 7.90 (s, 1H), 7.80 (s,
1H), 7.79 (d,J = 8 Hz, 2H), 7.58 (d, J = 8 Hz, 1H), 7.19 (s, 1H), 6.78 (s, 1H), 5.84 (m, 3H), 5.71
(m, 3H), 4.95 (m, 1H), 4.68 (m, 2H), 1.82 (s, 3H), 1.77 (m, 3H), 1.39-1.23 (m, 24H), 0.95-0.78
(m, 18H); HR-MS m/z calculated value for CsgHesNgOg [M+H™] is 775.5082 and observed
775.5092.

Peptide P5:

AcHN 7 > N — N 7 - 'NH
=t HO““OMA
/\ /\

P5

'H NMR (500 MHz, Methanol-ds) ¢ 8.44 (s, 1H), 8.35 (d, J = 10 Hz, 1H), 8.27 (bs, 2H), 8.16
(bs, 2H), 7.81 (s, 1H), 7.71 (d, J = 10 Hz, 1H), 7.31 (d, J = 10 Hz, 2H), 7.20 (m, 3H), 2.94 (m,
1H), 1.94 (m, 3H), 1.75 (m, 2H), 1.54 (s, 2H), 1.52 (s, 3H), 1.46 (m, 16H), 1.36 (s, 3H), 1.28 (s,
3H), 1.24 (s, 3H), 0.96-0.83 (m, 16H); HR-MS m/z calculated value for C43HgssNgOg [M+H™] is
823.5082 and observed 823.5083.
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3.8 Appendix I: Characterization Data of Synthesized Compounds

Designation Description Page
Boc-Z-dyPhe-O'Bu (2a) 'H NMR (400 MHz) 171
Boc-Z-dyVal-O'Bu (2b) 'H NMR (400 MHz) 171
Boc-Z-dyLeu-O'Bu (2¢) 'H NMR (400 MHz) 172
Boc-Z-dyPhe-OFt (2d) 'H NMR (400 MHz) 172
Boc-Z-dyVal-OEt (2e) 'H NMR (400 MHz) 173
Ac-Aib-yLeu-Aib-zdyPhe-Aib-yLeu-Aib-NH, (P1) 'H NMR (400 MHz) 173
Ac-Aib-yPhe-Aib-zdyVal-Aib-yPhe-Aib-NH, (P2) 'H NMR (400 MHz) 174
Ac-Aib-yLeu-Aib-zdyLeu-Aib-yLeu-Aib-NH, (P3) 'H NMR (400 MHz) 175
Ac-Aib-zdyVal-Aib-zdyVal-Aib-zdyVal-Aib-NH, (P4)  *H NMR (400 MHz) 176
Ac-Aib-zdyVal-Aib-zdyPhe-Aib-zdyVal-Aib-NH; (P5)  *H NMR (400 MHz) 177
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Chapter 4

Unprecedented Rearrangement in (E)-
Vinylogous Amides through a, -8B, y
Double Bond Migration
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4.1 Introduction

Mimicking protein or peptide structures using synthetic molecules is very attractive from the
perspective of medicinal chemistry.! Enormous efforts have been made in the literature to design
peptidomimetics either by modifying the existing structures of peptides with unnatural amino
acids,” 3 cyclization of linear peptides,* organic templates bearing amino acid side-chains® or
small molecules from de novo design.® A variety of unnatural amino acids that mimic o-amino
acid side-chains such as peptoids, B-peptides and y-peptides have been exploited to design
peptidomimetics. Their structural properties and analogy with protein structures have been
discussed in the previous Chapters 1 to 3. We have been engaging in the synthesis and
conformational analysis of foldamers composed of a naturally occurring o, p-unsaturated y-
amino acids’ and some of the these results have been presented in the previous Chapters. This
Chapter is focusing on some of the accidental results that were observed during the course of our
investigation on the structural properties of E-vinylogous amino acids. Here, we are presenting
the migration of double bonds from a, p—p, v in the hybrid peptides and the rearrangement of
N-protected o, B-unsaturated y-amino acid amides into y-lactams through multiple double bond

migrations mediated by a base.
4.2 Aim and Rationale of the Present Work

In addition to the B-sheets and B-hairpin structures, recently we reported the unusual
planer structures of 1:1 alternating Aib and E-vinylogous residues.”® By using E-vinylogous
residues we also successfully mimicked the supersecondary structures like f-meanders and helix-
turn-helix motifs.”® In continuation, we anticipated that it may be possible to generate new folded
architectures in hybrid peptides composed of stereochemically constrained proline, which is not
ideally suited for the design of either a-helix or B-sheet® and E-vinylogous residues. In this
context, we have designed and synthesized a hybrid hexapeptide (P) composed of 1:1 alternating

proline and E-vinylogous residues. The sequence of the peptide is shown in Figure 1.
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Fig 1: Structure of hexapeptide Boc-Pro-dyPhe-Pro-dyPhe-Pro-dyPhe-OEt (P).

P

4.3 Results and Discussion

4.3.1 Synthesis of Boc-Pro-dyPhe-Pro-dyPhe-Pro-dyPhe-OEt Hexapeptide (P)

In order to isolate good amount of pure peptide P, we used solution phase strategy
for the synthesis. The schematic representation of the synthesis is shown in Scheme 2. The
dipeptide Boc-Pro-dyPhe-OEt (P1) obtained after the coupling reaction between Boc-Pro and
free amine of dyPhe-OEt using DCC/HOBt (Scheme 1) was purified and subjected for the
tetrapeptide (P2) synthesis using 2+2 condensation strategy. In addition, P1 also gave X-ray
quality single crystals and its X-ray structure is shown in Figure 2. Interestingly, X-ray analysis
revealed that it adopted a reverse turn type conformation, however, without any intramolecular
H-bonds. The torsional variables are tabulated in Table 1. Further, reverse turn type of
conformation displayed by P1 motivated us to synthesize tetra and hexapeptides anticipating that
they may vyield ribbon type of conformation. Tetrapeptide, Boc-Pro-dyPhe-Pro-dyPhe-OEt (P2)
was synthesized by 2+2 convergent synthesis involving Boc-Pro-dyPhe-COOH (P1-A) and NH,-
Pro-dyPhe-OEt (P1-B) (Scheme 2). The Boc group was deprotected using 50% TFA in DCM
and 1N NaOH in THF was used for the saponification of ethyl ester. Similar to the dipeptide the
coupling reaction was performed using DCC/HOBt coupling conditions. The pure peptide P2
was subjected to hexapeptide (P) synthesis using 4+2 condensation strategy. The ethyl ester of
tetrapeptide (P2) was hydrolyzed using 1IN NaOH in THF solution and 50% TFA was used for
Boc-deprotection of dipeptide (P1). Similar to P1 and P2, the final coupling reaction was
performed using DCC/HOBt coupling reagents (Scheme 3). The crude hexapeptide P was
purified through reverse phase HPLC on Cig column using MeOH/H,O gradient system. The

pure peptide was subjected to 2D NMR and crystallization to understand its conformation.
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Scheme 1: Synthesis of dipeptide P1.

Fig 2: X-ray structure of dipeptide P1.

Table 1: Torsional parameters (in deg) of peptide P1

P1 ¢ 01 02 74 (0]
Pro -52 - - 151 76
dyPhe 69 121 176 -10 -

Q[( \/\)LOH + HN \/\)L DCg,MHFOBt

—

R & R

90%
P1-A P1-B
H o (o]
N N\/\)J\N)_LN 7
Boc 5 H v H

P2

Scheme 2: Synthesis of tetrapeptide P2.
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H o o [ ; H o
BOCQ(NNNK%N = OH + %NNO/\
0 =< : Z o \@

P2-A P1-B

DCC, HOBt rt,24 h
DMF 30%

H (o] (0] H (o)
BOCQ(NMNJH/&(QWNNLO/\

Scheme 3: Synthesis of hexapeptide (P).

4.3.2 Unusual a, p — B, v Double Bond Migration in Hybrid Peptide

Due to presence of three proline residues, we find it difficult to analyze *H NMR as well
as 2D NMR (TOCSY and ROESY) of hexapeptide P. As we find it difficult to analyze its
solution structure, we made enormous efforts to crystallize peptide P from various solvent
combinations. Finally, we are able to get the X-ray quality single crystals from aqueous methanol

solution. The X-ray structure of P is shown in Figure 3A.
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o,— unsaturated y—amino residue

(A) (B) B,y— unsaturated y—amino residue
Fig 3: (A) X-ray structure of peptide P and (B) Chemdraw structure of peptide P.

Table 2: Torsional parameters of peptide P

Pro-dyPhe Hexapeptide (P) ¢ 0, 0> y ©
Pro -65 - - -42 -162
dyPhe -61 -1 111 -149 -176
Pro =77 - - -8 177
dyPhe -94 -6 -175 169 -170
Pro -88 - - 61 -173
dyPhe -115 0 177 178 -

Table 3: Hydrogen bond parameters of peptide P

Donor (D) | Acceptor (A) | D....A (A) DH....A (A) | NH....O (deg)
N4 03 2.88 2.06 158
N6 06 2.8 2.06 148
N2 05’ 2.86 2.19 134
05 N2’ 2.86 2.19 134
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In a sharp contrast to the unusual planar structure of hybrid peptide composed of 1:1
alternating Aib and E-vinylogous residues,”® a quick glance of the X-ray structure of P reveals
that the hybrid peptide adopted a novel 12/7 mixed helix. Although, proline is known as helical
breaker in a-peptide sequences,® we are surprised to see the accommodation of proline into the
helix. The torsional angles of proline are tabulated in Table 2. All three prolines attained
different torsional values. Detailed inspection of the crystal structure revealed an unexpected a, 8
— B, y double bond migration in dyPhe2 of P (Figure 3B). Surprised by this unusual double
bond migration, we searched for the literature precedents. Though there are not many synthetic
examples delineating double migration in unconjugated systems available in the literature,
however, a, p — B, y double bond migration is an important key step in biosynthesis of many
polyketides and antibiotic natural products.” Recently Schaberle and colleagues showed the
double bond migration in biosynthesis of corallopyronin A (Figure 4).° Using NMR and high-
resolution MS measurements they proved the role of a dehydratase that responsible for the

migration of double bonds.

Corallopyronin A

H44 H44

a, B- unsaturated y-amino thio ester B, - unsaturated y-amino thio ester

Fig 4: Proposed mechanism for double bond migration in biosynthesis of corallopyronin A.
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Inspired by nature’s way of double bond migration in the biosynthesis of antibiotics, we
sought to investigate the mechanism of unusual o, B — B, vy double bond migration in the
hexapeptide P. We speculated that similar to the enzyme dehydratase mediated double bond
migration, the basic reaction conditions used in the saponification of the tetrapeptide might have
been played a role in the double bond migration during the synthesis of peptide P. To test our
hypothesis, we resynthesized the tetrapeptide ethyl ester P2 and subjected for the ester hydrolysis
using 1N NaOH. In order to isolate pure peptide we re-esterified with Mel/K,COg3 to get peptide
P3 (Scheme 4). Crude peptide P3 was subjected to RP-HPLC purification and characterized by
'H NMR (Figure 5).

EtOH
H lo) o 1N NaOH
BocN NNJ\MN F o — Boch/ F OH
H H
(o) B o
\© so% o
P2 P2-A
Dry DMF

K,CO,

Mel H o (o)
(o)
6h BocN N bV N H 7 -
o o

73%

Scheme 4: Hydrolysis and re-esterification of tetrapeptide P2

Surprising results were obtained from *H NMR studies. Indeed, P3 showed the double
bond migration from a, B to B, y position. Details of double bond migration in P2 and P3 are
shown in Figure 5. These results confirm that the role of alkali in the migration of double bonds.
Further, these results support the base mediated double bond migration in corallopyronin A by
dehydratase.’

186



g
?
:
i

4.0 3.5 3.0 25 2.0 1.5 1.0 0.5 0.0

8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5
Chemical shift (ppm)

Fig 5: Double bond migration in peptide P3.
4.4 Unprecedented Rearrangement in o, f-Unsaturated y-Amino Acid Amides

Double bond migration in the base hydrolysis of the tetrapeptide P2 motivated us to
investigate this novel double bond migration in simple a, B-unsaturated y-amino esters. As we
have been using simple E-vinylogous esters, we never observed this double bond migration in
monomers. However, we subjected ethyl ester of Boc-dyPhe for the saponification and re-
esterified the acid similar to the P3. *H NMR results suggests that there is no migration of double
bond. We hypothesized that as ester hydrolysis is more facile process than the double bond
migration, simple systems may prefer the hydrolysis. In addition, carboxylate anion formed
during the hydrolysis may create difficulty to generate another negative charge in the system.
Based on these results, we hypothesized that instead of simple esters if we do the same reaction
on amides it may be possible to observe the double bond migration. To test our hypothesis, we
synthesized N-Boc (E)-a, B-unsaturated y-phenylalanine benzyl amide (Scheme 5) as a model

system, and subjected to the base treatment under identical conditions as of P2 using 1IN NaOH
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in THF solution. The reaction mixture was stirred for about 48 hrs and the reaction mixture was
extracted with ethyl acetate. We were able to isolate only 40% of the product after the aqueous
work-up and subjected to *H NMR. Surprisingly, we observed the formation of y-lactam instead
of double bond migrated product. The schematic representation of the reaction is shown in
Scheme 5. The y-lactam product was further confirmed by single crystal X-ray structure. The

structure is shown in Figure 6.

THF
AA D g a0
o 0NN N

H 0

(1a)
/(9( THF ﬁ\
1N NaOH
1 ) 9 Lo
40% 0)\ﬂ N
(1a) (2a)

Scheme 5: Synthesis of y-lactam from a, B-unsaturated y-amino amides

Fig 6: X-ray structure of compound 2a.

The remarkable feature of this transformation is that it is possible to introduce various
amino acids side-chains on to the single y-lactam. This unprecedented novel rearrangement with
great simplicity motivated us to investigate substrate specificity as well as to improve the yield
of the rearrangement product. In addition, we anticipate that this kind of molecules may find
applications in the design of various protein-protein interaction inhibitors (PPI’s inhibitors). As

we isolated only 40% yield in the transformation of 1a to 2a, we tried various bases and organic
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solvents to improve the yield of y-lactam formation. The list of bases and organic solvents tried
in the transformation of 1a to 2a is given in the Table 3. Out of all organic and inorganic bases in
the Table 3, complete transformation of la to 2a was achieved within 12 h in dry THF solution
using KO'Bu as a base (Scheme 6). After the standardization, we screened various E-vinylogous
amides to confirm substrate specificity (Table 4). The list of E-vinylogous amides and
corresponding y-lactams is given in Table 4. Out of all the compounds, we were able to get the
single crystals for the compounds 2b, 2e and 2f. The X-ray crystal structures of these molecules
are shown in Figure 7. It should be noted that all y-lactams isolated in the rearrangement are

racemic mixtures.

KO'Bu
Dry THF o
H
Boc. N A N\/© Boc-N“N
N RT, 12 h H
o]
92%
(1a) (2a)

Scheme 6: Synthesis of y-lactams from a, B-unsaturated y-amino amides using KO'Bu as a base.

Table 3: Solvents and bases screened for the formation of y-lactam from o, B-unsaturated y-
phenylalanine benzyl amide.

Base Solvent Completion Time
LiOH THF - 2d
NaOH THF 40 % 2d
CsOH THF/DMF 50% 2d
DBU THF/DCM - 2d
n-BulLi THF - 1d
KO'Bu THF 100% 12 h
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Table 4: List of y-lactams generated from o, B-unsaturated y-amino amide.

KO'Bu
R Dry THF R&o
Boc.. WHV@ Boc\N N
N I RT, 12 h H
85%-92%
(1 (2)
S. No 1 2 % Yield
%o
a BocHN H\/@ BocHB 92
o
H\/@ BocHN>EN>:0
b BocHN/'\AfN 85
o
\g[}o
OC| N
C BocHN P> n\/© BocHN 75
o
H\/@ Bocjl\lg['},:o
d BocHN = N 90
o
%0
e H BocHN 85
BocHN™ 7 NV\E@
o NH N
N
f BocHN\/(;\n/N BochN 90
: o
O~
g H BocHN N 77
BocHN Z N
o
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(2b) (2e) (2f)
Fig 7: X-ray structure of compounds 2b, 2e and 2f.
Based on the double bond migration in the peptides and y-lactam formation in the monomers, we

proposed the plausible mechanism for the formation of y-lactams as shown in Scheme 7. We
hypothesized that there is a possibility of two double bond migrations during the y-lactam
formation starting from E-vinylogous amides. We speculated that similar to the dehydratase,
base abstracts the y-proton from E-vinylogous amides which leads to the formation of B, y-
double bond migrated product A. Further, the double migrated product transformed to imide B in
the presence of a base. Finally, this imide undergoes conjugate addition type reaction with

deprotonated C-terminal amide, which leads to the formation of y-lactam (2).

o Y

o R y L \3
>LJL>§\/FO(\/©HOJ< >LJL (OK

(1)

(O /R
- Amwy@ - jfb

o< ° 1<
« >Lo < (A) °

Scheme 7: Plausible mechanism for the formation of y-lactams from a, B-unsaturated y-amides.

191



We further speculated that in the case of P or P3, the C-terminal is an imide bond rather
an amide bond and it is not possible to create negative charge on the imide, so the reaction stops
at one double bond migration that is a, B —f, y. In case of other C-terminal amides such as 2 (a-
g), it is possible to achieve two double bond migrations and eventually y-lactams. Presently, we
are investigating the biological activities of these lactams as well as the detailed mechanism of

the reaction.
4.5 Future Perspective

We foresee that these y-lactams may be utilized as small molecule peptidomimetics since
all amino acid side chains can be incorporated in a simple y-lactam (Figure 8). Due to their
structural integrity they can be explored as various PPI inhibitors. For example, three residues of
p53 enzyme (Phe, Typ, Leu) are known as epitopes which helps to bind hDM2. Through this
rearrangement, it is possible to introduce all these three side chains on simple y-lactam and may

be tested for its inhibitory activity against p53-hDM2 interactions.

Ex: p53-MDM2 Inhibitor

Phe
“’“‘-‘ pDI6W B
o R <0
\)—NH )t
L
Cf/:rp Phel9' o ::ell26'
R, R'and R"

Fig 8: Small molecule peptidomimetics.
4.6 Conclusions

In conclusion, we have demonstrated the o, B — B, y double bond migration in peptides
followed by a novel rearrangement in a,B-unsaturated y-amino acid amides. The a, B — B, v
double bond migration observed in peptide P was found to be very similar to corallopyronin A

polyketide biosynthesis. To the best of our knowledge this is the first report where the double
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bond migrated intermediate was trapped, isolated and characterized. Unlike in peptides, the E-
vinylogous amide monomer units showed remarkable y-lactams formation under identical
conditions. The novel rearrangement and the y-lactam may find potential applications in the drug
discovery. The major advantage of this rearrangement is that it is possible to introduce various
amino acids side chains on the y-lactam in a single step. We are currently exploring the y-lactams
in the design of protein-protein interaction inhibitors. In addition to this we are also investigating
the how to achieve stereo selectivity in the rearrangement and the detailed mechanism of the
rearrangement. Overall, naturally occurring E-vinylogous amino acids not only serving as
templates for the construction of various protein secondary and supersecondary structures but

also served as templates to synthesize y-lactams.
4.7 Experimental Section
Crystallographic Information

Crystal structure analysis of Boc-Pro-dyPhe-OEt (P1): Crystals of peptide were grown by
slow evaporation from a solution of EtOAc. A single crystal (0.45x 0.35 x 0.30 mm) was
mounted on loop with a small amount of the paraffin oil. The X-ray data were collected at 100K
temperature on a Bruker APEX DUO CCD diffractometer using Mo K, radiation (A = 0.71073
A), w-scans (20 = 58.56 ), for a total of 4937 independent reflections. Space group C2, a =
46.223(4), b = 6.3410(5), ¢ = 7.5718(6), a= 90.00, B= 97.948(2), y= 90.00, V=2198.0(3)A°,
Monoclinic C, Z=4 for chemical formula C23H3,N,Os, with one molecule in asymmetric unit;
pealed =1.259gcm™, 1= 0.088mm™, F(000)= 896, Riy= 0.0191. The structure was obtained by
direct methods using SHELXS-97. The final R value was 0.038 (wR2=0.1011) 4721 observed
reflections (Fo > 40( |Fo| )) and 275 variables, S = 1.056. The largest difference peak and hole
were 0.283 and -0.212eA°, respectively.

Boc-Pro-dyPhe-Pro-dyPhe-Pro-dyPhe-OEt (P3): Crystals of peptide were grown by slow
evaporation from a solution of aqueous methanol. A single crystal (0.15 x 0.1 x 0.05 mm) was
mounted on loop with a small amount of the paraffin oil. The X-ray data were collected at 100K
temperature on a Bruker APEX(II) DUO CCD diffractometer using Mo K, radiation (A =
0.71073 A), w-scans (20 = 50.00), for a total of 34755 independent reflections. Space group
P212121, a = 9.923(2), b = 16.088(4), ¢ = 32.891(8), £ = 90.00, V = 5251(2) A®, Orthorhombic,

193



Z = 4 for chemical formula C55 H68 N6 O9, with one molecule in asymmetric unit; pcalcd =
1.211gem™, 1 = 0.083 mm™, F(000) = 2044, Rix= 0.0719. The structure was obtained by
intrinsic methods using SHELXS-97.The final R value was 0.0526 (WR2 = 0.1274) 11452
observed reflections (Fo > 40(|Fo|)) and 635 variables, S = 0.883. The largest difference peak and
hole were 0.518 and -0.352¢A°, respectively.

General Experimental Details:

All amino acids, diphenyl phosphite, TFA, tert-butyl bromoacetate, LAH and DMF are
commercially available. DCM, DMF, ethyl acetate and pet ether (60-80 °C) have used after
distillation. THF was dried over sodium and distilled immediately prior to use. Column
chromatography was performed on silica gel (120-200 mesh). Final peptides were purified on
reverse phase HPLC (Cig column, MeOH/H,O 60:40-95:5 as gradient with flow rate 3.00
mL/min). *H spectra were recorded on 500 MHz (or **C on 125 MHz) and 400 MHz (or *C on
100 MHz) using residual solvents as internal standards (CDClz oy 7.26 ppm, Jc 77.3 ppm and
CD30D 6y 3.31 ppm, oc 49.0 ppm). Chemical shifts (o) reported in ppm and coupling constants
(J) reported in Hz.

Crystallographic Informations:

Crystal structure analysis of Boc-Pro-dyPhe-OEt (P1): Crystals of peptide were grown by
slow evaporation from a solution of EtOAc. A single crystal (0.45x 0.35 x 0.30 mm) was
mounted on loop with a small amount of the paraffin oil. The X-ray data were collected at 100K
temperature on a Bruker APEX DUO CCD diffractometer using Mo K, radiation (A = 0.71073
A), w-scans (20 = 58.56 ), for a total of 4937 independent reflections. Space group C2, a =
46.223(4), b = 6.3410(5), ¢ = 7.5718(6), o= 90.00, B= 97.948(2), y= 90.00, V= 2198.0(3)A’,
Monoclinic C, Z=4 for chemical formula C,3 H3z, N, Os, with one molecule in asymmetric unit; p
caled = 1.259gcm™, 4= 0.088mm™, F(000)= 896, Ri= 0.0191. The structure was obtained by
direct methods using SHELXS-97. The final R value was 0.038 (wR2= 0.1011) 4721 observed
reflections (Fo > 40 ( |Fo| )) and 275 variables, S = 1.056. The largest difference peak and hole
were 0.283 and -0.212eA%, respectively.

Boc-Pro-dyPhe-Pro-dyPhe-Pro-dyPhe-OEt (P): Crystals of peptide were grown by slow
evaporation from a solution of aqueous methanol. A single crystal (0.15 x 0.1 x 0.05 mm) was
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mounted on loop with a small amount of the paraffin oil. The X-ray data were collected at 100K
temperature on a Bruker APEX(II) DUO CCD diffractometer using Mo K, radiation (A =
0.71073 A), w-scans (20 = 50.00), for a total of 34755 independent reflections. Space group
P212121, a = 9.923(2), b = 16.088(4), ¢ = 32.891(8), A = 90.00, V = 5251(2) A%, Orthorhombic,
Z = 4 for chemical formula C55 H68 N6 O9, with one molecule in asymmetric unit; pcalcd =
1.211gcm™, 1 = 0.083 mm™, F (000) = 2044, Riy = 0.0719. The structure was obtained by
intrinsic methods using SHELXS-97. The final R value was 0.0526 (WR2 = 0.1274) 11452
observed reflections (Fo> 40 (|Fo[)) and 635 variables, S = 0.883. The largest difference peak and
hole were 0.518 and - 0.352 eA®, respectively.

General procedure for the Synthesis of Boc-N- a, B-unsaturated y-amino esters:

Boc-a, B-unsaturated y-amino esters: N-Boc-Amino aldehyde (10 mmol) was dissolved in 30
mL of dry THF followed by Wittig ylide (11 mmol) was added at RT. Reaction mixture was
stirred for about 5 h at RT. Completion of the reaction was monitored by TLC. After completion,
solvent was evaporated and the crude product was purified by column chromatography using
EtOAc/pet ether to get (88%) of pure product.

Ph3P=CH-COOEt
Boc. g o
Boc\N H oc ” ~
H o o)

THF, 12 h, RT
88%

(S, E)-ethyl 4-((tert-butoxycarbonyl)amino)-5-phenylpent-2-enoate: White powder solid;
Yield 88%; *H NMR (400 MHz, CDCls) 6 7.30-7.14 (m, 5H), 6.89 (dd, J = 16 Hz, J = 4 Hz,
1H), 5.84 (dd, J = 16 Hz, J = 2 Hz, 1H), 4.59 (b, 1H), 4.16 (q, J = 7 Hz, 2H), 2.88 (m, 2H), 1.37
(s, 9H), 1.25 (t, J = 7.1 Hz, 3H); **C NMR (100 MHz, CDCls) § 166.3, 155.2, 147.6, 136.4,
129.4, 128.6, 126.9, 121.1, 79.9, 60.5, 52.3, 40.9, 28.3, 14.2; MALDI TOF/TOF m/z calculated
value for C1gH2sNO4 [M+Na'] 342.1676 and observed 342.1657.
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General procedure for the Synthesis of Peptide P1 and P2:

Dipeptide and hexapeptide were prepared by conventional solution-phase fragment condensation
strategy. Deprotections were performed with trifloroacetic acid and saponification for N- and C-
termini respectively. Couplings were carried out using N, N’-dicyclohexylcarbodiimide (DCC)
and 1-hydroxybenzotriazole (HOBt) in DMF. Dipeptide was synthesized using Boc-Pro-OH and
NH.-dyPhe-OEt. Tetrapeptide was synthesized by 2+2 condensation strategy involving Boc-Pro-
dyPhe-COOH and NHy-Pro-dyPhe-OEt. All peptides were purified by RP-HPLC using
MeOH/H,0 system.

DCC, HOBt q/
O\( \/\)j\ DMF M
Boc 12h
IR
P1

DCC, HOBt H o) o
DMF |
- OEt
\/\)LOH + HN MOEt - > Boc/N ‘NNLN H

O 12h o ~ o

P2

Boc-Pro-dyPhe-COOEt (P2): White colour solid; yield 90%; *H NMR (500 MHz, CDCls) ¢
7.16 (m, 5H, aromatic), 6.93 (d br, J=14.6 Hz, 1H, p-vinyl -CH), 5.89 (dd, J=15.6 Hz, J=1.5 Hz,
1H, a-vinyl -CH), 4.94 (m br, 1H, -y dgF-CH), 4.12-4.23 (m, 3H, pro-CH & -OCH, of dgF), 2.7-
3.35 (m, 4H, CH, of pro & @ CH, of dgF), 1.63-2.20 (m, 4H, -CH,-CH,- of pro), 1.42 (s, 9H,
'Bu), 1.23 (t, J=7 Hz, 3H, CHs of dgF); *C NMR (100 MHz, CDCL3) & 171.99, 166.07, 147.05,
136.43,129.10, 128.66, 127.03, 121.17, 81.25, 80.73, 61.42, 60.49, 60.07, 50.39, 47.10, 40.25,
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34.02, 30.97, 28.39, 25.02, 25.02, 23.15, 14.25. MALDI TOF/TOF m/z value for - Cz3 Hz, N2Os
[M + Na]*439.22 (cacld) & 439.17 (observed).

Boc-Pro-dyPhe-Pro-dyPhe-OEt (P2): *H NMR (400 MHz, CDCls) § 7.63 (d, 1H), 7.32-7.16
(m, 8H), 7.05 (m, 2H), 6.95 (dd, J = 16 Hz, J = 4 Hz, 1H), 6.70 (s, 1H), 6.19 (dd, J =16 Hz, J =
2 Hz, 1H), 5.95 (dd, J = 16 Hz, J = 4 Hz, 1H), 5.01 (s, 1H), 4.91 (m, 1H), 4.62 (d, J = 4 Hz, 1H),
4.29 (bs, 1H), 4.18 (g, J = 4 Hz, 2H), 3.40-3.21 (m, 4H), 3.02-2.64 (m, 3H), 2.39 (m, 1H), 2.20
(bs, 1H), 1.96 (bs, 3H), 1.80 (m, 2H), 1.64-1.55 (m, 3H), 1.40 (s, 9H), 1.28 (t, J = 8 Hz, 3H);
HRMS m/z calculated value for CsgHsoN4O7 [M+Na'] is 709.3572 and observed 709.3590.

Synthesis of Hexapeptide Boc-Pro-dyPhe-Pro-dyPhe-Pro-dyPhe-OEt (P3):

Hexapeptide (P3) was synthesized b 4+2 condensation strategy involving Boc-Pro-dyPhe- Pro-
dyPhe-COOH and NH;-Pro-dyPhe-OEt.

Saponification of the ethyl ester of peptide P2: The Boc-Pro-dyPhe-Pro-dyPhe-COOEt (P2)
(1.4 g, 2 mmol) was dissolved in 10 mL ethanol followed by 1N NaOH (0.16 mg, 4 mmol) was
added slowly to the solution. The reaction mixture was stirred for about 4 h. The progress of the
reaction was monitored by TLC. After completion of the reaction, ethanol was evaporated under
reduced pressure. Then the residue was diluted with water (60 mL), acidified (pH~ 4) with 0.5N
HCI and extracted the compound with EtOAc (3 x 60 mL). The combined organic layer was
washed with 50 mL brine solution, dried over anhydrous Na,SO, and concentrated under
reduced pressure to get free carboxylic (P2-A) acid (1.18 g, 90%). The carboxylic acids were

directly used for the peptide synthesis without further purification.

Deprotection of Boc-group from N-Boc- g-nitromethyly- amino valine ethyl ester: The
solution of Boc-Pro-dyPhe-COOEt (P1) (1.04 g, 2.5 mmol) in 3 mL of DCM was cooled to 0 °C
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in ice bath followed by addition of neat 5 mL of TFA. After completion of the reaction (~ 30
min), solvent was evaporated under reduced pressure. The residue was diluted with water and
solid Na,CO3 was added at 0 °C until pH of the solution turned to ~10. The aqueous layer was
extracted with EtOAc (3 x 50 mL). The combined organic layer was washed with 50 mL of brine
solution, dried over anhydrous Na,SO,4 and concentrated under reduced pressure to ca. 2 mL of

dipeptide amine P1-N.

30 min

(o) (o)
H DCM/TFA H
BOC/O\WNNOH i O G 1 W

P1 P1-B

Coupling Strategy: The solution of NH-Pro-dyPhe-COOEt (P1-N) in EtOAc (2 mL) was added
to the solution of Boc-Pro-dyPhe-Pro-dyPhe-COOH (P2-A) (1.18 g, 1.8 mmol) in 3 mL of DMF.
Then the mixture was treated with DCC (0.37 g, 1.8 mmol) and HOBt (0.24 g, 1.8 mmol) at ice
cold condition. The reaction mixture was stirred for about 24 h at room temperature and the
completion of the reaction was monitored by TLC. After completion of the reaction, the reaction
mixture was diluted with EtOAc (150 mL) and DCU was filtered through celite packed sintered
funnel. Then the filtrate was washed with brine (3 x 50 mL) followed by 0.5N HCI (3 x 50 mL),
10% Na,CO3 (1 x 50 mL) and brine solution (1 x 80 mL). The organic layer was dried over
anhydrous Na,SO,4 and concentrated under reduced pressure. The crude product was purified by
RP-HPLC using MeOH/H,0 system to get pure product P (0.52 g, 30%).
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Procedure for the synthesis of tetrapeptide P4:

To the 1 mL dry DMF solution of peptide P2-A (0.65 g, 1 mmol), K,CO3 (0.14 g, 1 mmol) and
Mel (63 pL, 1 mmol) were added at RT and stirred the reaction for 6 h. After completion of the
reaction, mixture was diluted with EtOAc (150 mL) and washed with 0.5N HCI (3 x 50 mL),
10% Na,CO3 (1 x 50 mL) and brine solution (1 x 50 mL). The organic layer was dried over
anhydrous Na,SO,4 and concentrated under reduced pressure. The crude product was purified by

column chromatography to get pure product P3 (0.47 g, 70%).

Dry DMF
K,CO3
Mel
BocN & BocN &
73%
P2-A

General procedure for the synthesis of a,-unsaturated y-amino amides:

Saponification of the ethyl ester of o, f-unsaturated y-amino acids (1): The Boc-dyXaa-OEt (1)
(5 mmol) was dissolved in 10 mL ethanol followed by 1N NaOH (10 mmol) was added slowly to
the solution. The reaction mixture was stirred for about 4 h. The progress of the reaction was

monitored by TLC. After completion of the reaction, ethanol was evaporated under reduced
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pressure. Then the residue was diluted with water (60 mL), acidified (pH~ 4) with 0.5N HCI and
extracted the compound with EtOAc (3 x 60 mL). The combined organic layer was washed with
50 mL brine solution, dried over anhydrous Na,SO4 and concentrated under reduced pressure to
get free carboxylic acid.

EtOH
R 1N NaOH R
Boc\N/'\%\H/O\/ —_— BOC\N/'\/\H/OH
H o 4h H o
85-95%

Coupling Strategy: To the 3 mL DMF solution of Boc-dyXaa-COOH (2) (3 mmol)
diisopropylethylamine (3 mmol), benzylamine (3 mmol) were added. Then the mixture was
treated with HBTU (3 mmol) at ice cold condition. The reaction mixture was stirred for about 12
h at room temperature. After completion of the reaction, the reaction mixture was diluted with
EtOAc (150 mL) and washed with 0.5N HCI (3 x 50 mL), 10% Na,CO3 (1 x 50 mL) and brine
solution (1 x 80 mL) respectively. The organic layer was dried over anhydrous Na,SO, and
concentrated under reduced pressure. The crude product was purified by column chromatography
using DCM/EtOAC system to get pure products 3.

“0
Boc\u/'\%\ﬂ/OH R oc. )\/\ﬂ/

o
° DMF, DIPEA

HBTU 1
RT,12h

80-95%

Iz

General procedure for the synthesis of y-lactams from o,p-unsaturated y-amino amides:

To the dry THF solution of a, B-unsaturated y-amino amide (3, 2 mmol), t-BuOK (6 mmol, 3 eq)
was carefully added under N, atmosphere and stirred the reaction for overnight at RT or refluxed
for 4-5 h. After the completion of reaction, (monitored by TLC) water (30 mL) was added and
the reaction mixture was extracted with EtOAc (30 mL x 3) and the combined organic layers

were washed with brine (30 mL x 2), dried with Na,SO, and concentrated under reduced
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pressure. The product was purified by column chromatography to get pure desired product in 75-
92% yields.

KO'Bu
R Dry THF R&O
H Boc- N
Boc. /'\?\H/N - = N

RT, H
overnight
75% -92%

(1) (2)

Characterization of compounds 1 and 2:

1. (S, E)-tert-butyl (5-(benzylamino)-5-oxo-1-phenylpent-3-en-2-yl)carbamate (1a):

1 )
BocHN =

o

White solid, Yield 95%; *H NMR (400 MHz, DMSO-dg) & 8.56 (t, J = 8 Hz, 1H), 7.33-7.17 (m,
10H), 7.12 (d, J = 12 Hz, 1H), 6.62 (dd, J = 16 Hz, J = 4 Hz, 1H), 5.97 (d, J = 16 Hz, 1H), 4.30
(m, 3H), 2.83-2.70 (m, 2H), 1.31 (s, 9H); *C NMR (100 MHz, DMSO-ds) 6 164.6, 155.0, 143.1,
139.5, 138.4, 129.2, 128.7, 128.3, 128.1, 127.3, 126.8, 126.2, 123.3, 77.8, 52.7, 42.1, 28.2; HR-
MS m/z value calculated for Co3H2gN>O3 is 380.2100, observed 380.2122.

2. (S, E)-tert-butyl (5-(benzylamino)-5-oxopent-3-en-2-yl)carbamate (1b):

H\Q
N
BocHNJ\/W

(o)

White solid, Yield 83%; '*H NMR (400 MHz, DMSO-dg) 6 7.34-7.25 (m, 5H), 6.74 (dd, J = 15.4
Hz, J = 5.2 Hz, 1H), 6.10 (bs, 1H), 5.88 (d, 1H, J = 12 Hz), 4.63 (bs, 1H), 4.48 (d, 2H, J = 8 Hz),
4.34 (m, 1H), 1.43 (s, 9H), 1.24 (d, 3H, J = 8 Hz); *C NMR (100 MHz, DMSO-ds) 6 165.6,
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155.1, 145.5, 138.2, 128.8, 128.0, 127.6, 122.6, 79.8, 47.2, 43.8, 28.5, 20.7; HRMS m/z value
calculated for C17H24N»05 is 304.1787, found 304.1790.

3. (S, E)-tert-butyl (1-(benzylamino)-6-methyl-1-oxohept-2-en-4-yl)carbamate (1c):

H\V/I:::]
BocHN =

(o]

White solid, Yield 83%; 'H NMR (400 MHz, DMSO-ds) ¢ 8.55 (t, J = 8 Hz, 1H), 7.33-7.23 (m,
5H), 7.00 (d, J = 8 Hz, 1H), 6.52 (dd, J = 12 Hz, J = 4 Hz, 1H), 5.97 (d, J = 16 Hz, 1H), 4.31 (m,
2H), 4.11 (m, 1H), 1.57 (m, 1H), 1.38 (s, 9H), 1.26 (m, 1H), 0.87 (d, J = 4 Hz, 6H); *C NMR
(100 MHz, DMSO-dg) d 164.7, 155.1, 143.9, 139.5, 128.7, 128.3, 127.7, 127.4, 126.8, 122.9,
77.7, 49.3, 42.9, 42.1, 28.3, 24.3, 22.7, 21.9; HRMS m/z value calculated for CyoH3N,O3 is
346.2256, observed 346.2262.

4. (S, E)-tert-butyl (6-(benzylamino)-2-methyl-6-oxohex-4-en-3-yl)carbamate (1d):

1 )
BocHN =
(0

White solid, Yield 88%; *"H NMR (400 MHz, DMSO-dg) d 8.54 (t, J = 8 Hz, 1H), 7.33-7.21 (m,
5H), 7.01 (d, J = 12 Hz, 1H), 6.55 (dd, J = 16 Hz, J = 4 Hz, 1H), 5.98 (d, J = 16 Hz, 1H), 4.31
(m, 2H), 3.85 (m, 1H), 1.72 (m, 1H), 1.38 (s, 9H), 0.83 (m, 6H); *C NMR (100 MHz, DMSO-
de) 0 164.7, 155.3, 142.0, 139.5, 128.3, 127.4, 126.8, 124.3, 77.7, 57.0, 40.1, 38.3, 31.9, 28.3,
19.1, 18.7; HR-MS m/z value calculated for C19H2sN,O3 is 332.2100, observed 332.2130.

5. (S,E)-tert-butyl(5-((2-(1H-indol-3-yl)ethyl)amino)-5-o0xo-1-phenylpent-3-en-2-yl)
carbamate (1e):
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N
BocHN = \
o NH

Brown color solid, Yield 80%; *H NMR (400 MHz, DMSO-dg) 6 10.81 (s, 1H), 8.16 (t, J = 8 Hz,
1H), 7.52 (d, J = 8 Hz, 1H), 7.34-6.95 (m, 12 H), 6.58 (dd, J = 16 Hz, J =4 Hz, 1H),5.90 (d, J =
16 Hz, 1H), 4.29 (m, 1H), 3.38 (m, 2H), 2.78 (m, 4H), 1.31 (s, 9H); *C NMR (100 MHz,
DMSO-ds) 0 164.6, 154.9, 142.4, 138.4, 136.2, 129.2, 128.1, 127.2, 126.1, 123.6, 122.6, 120.9,
118.2, 111.8, 111.4, 77.7, 52.7, 28.2, 25.2; HRMS m/z value calculated for C,ysH31N3O3 is
433.2365, observed 433.23609.

6. tert-butyl ((4S, 5S, E)-1-(benzylamino)-5-methyl-1-oxohept-2-en-4-yl)carbamate (1f):

White solid, Yield 89%; *H NMR (400 MHz, DMSO-dg) & 8.55 (t, J = 8 Hz, 1H), 7.33-7.04 (m,
5H), 7.05 (d, J = 8 Hz, 1H), 6.53 (dd, J = 16 Hz, J = 8 Hz, 1H), 5.97 (d, J = 16 Hz, 1H), 4.32 (m,
2H), 3.93 (m, 1H), 1.49 (m, 1H), 1.38 (s, 9H), 1.08 (m, 1H), 0.82 (m, 6H); *C NMR (100 MHz,
DMSO-ds) 6 164.6, 155.2, 141.7, 139.5, 128.3, 127.4, 126.8, 124.4, 77.7, 55.6, 42.2, 38.3, 28.3,
25.2,15.4, 11.2; HRMS m/z value calculated for CyoH3oN2O3 is 346.2256, observed 346.2257.

7. tert-butyl ((S, E)-5-oxo-1-phenyl-5-(((R)-1-phenylethyl)amino)pent-3-en-2-yl)carbamate

(19):
H
BocHN = N
(o]
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White solid, Yield 81%; *H NMR (400 MHz, DMSO-dg) d 7.34-7.52 (m, 10H), 6.78 (d, 1H, J =
16 Hz), 5.78 (d, 2H, J = 16 Hz), 5.20-5.11 (m, 1H), 4.55 (s, 2H), 2.91-2.83 (m, 2H), 1.49 (d, 3H,
J = 8 Hz), 1.38 (s, 9H); *C NMR (100 MHz, DMSO-ds) & 164.4, 155.2, 143.6, 143.1, 136.7,
129.6, 128.8, 128.6, 127.5, 126.9, 126.4, 123.7, 79.9, 52.5, 49.0, 41.2, 38.7, 28.4, 23.6, 21.8.;
HRMS m/z value calculated for C,4H3oN,Os3 is 394.2256, found 394.2264.

8. tert-butyl (1,2-dibenzyl-5-oxopyrrolidin-2-yl)carbamate (2a):

BocHN N

O

Colorless solid, Yield 92%: *H NMR (400 MHz, CDCls) d 7.41 (d, 2H, J = 8 Hz), 7.33-7.24 (m,
6H), 7.09 (d, 2H, J = 4 Hz), 4.92 (s, 1H), 4.61 (s, 2H), 3.06-2.95 (m, 2H), 2.51-2.48 (m, 1H),
2.33-2.27 (m, 2H), 1.92-1.86 (m, 1H), 1.32 (s, 9H); *C NMR (100 MHz, CDCls) § 175.5, 153.5,
138.4, 134.4, 130.3, 128.9, 128.7, 128.4, 127.6, 127.4, 77.8, 44.4, 43.4, 30.0, 29.6, 28.3; HRMS
m/z value calculated for Co3H2sN>O5 is 380.2100, found 380.2144.

9. tert-butyl (1-benzyl-2-methyl-5-oxopyrrolidin-2-yl)carbamate (2b):

(o)
BocHN N

4

Colorless solid, Yield 85%; *H NMR (400 MHz, CDCls) & 7.29-7.20 (m, 5H), 4.89 (bs, 1H), 4.60
(d, 1H, J = 12 Hz), 4.27 (d, 1H, J = 12 Hz), 2.81 (bs, 1H), 2.55-2.40 (m, 2H), 2.08-2.01 (m, 1H),
1.37 (s, 9H), 1.33 (s, 3H); **C NMR (100 MHz, CDCls) 6 175.5, 153.4, 138.6, 128.6, 127.9,
127.2, 80.1, 74.8, 42.5, 32.6, 29.8, 28.6, 28.4; HRMS m/z value calculated for C17H24N>03 is
305.1860, found 305.1897.
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10. tert-butyl (1-benzyl-2-isobutyl-5-oxopyrrolidin-2-yl)carbamate (2c):

Boc:NE(l
N~ o

o

Pale yellow thick liquid, Yield 75%; *H NMR (400 MHz, CDCls) § 7.29-7.12 (m, 5H), 4.79 (bs,
1H), 4.33 (bs, 2H), 2.75 (m, 1H), 2.45-2.08 (m, 3H), 1.61 (m, 1H), 1.36 (m, 2H), 1.25 (s, 9H),
0.89-0.73 (m, 6H); **C NMR (100 MHz, CDCls) ¢ ; 175.8, 156.6, 137.2, 136.4, 128.5, 127.3,
110.1, 79.8, 43.7, 29.1, 28.4, 26.8, 23.6, 21.3; HRMS m/z value calculated for CysH31N3O3 is
346.2256, observed 346.2260.

11. tert-butyl (1-benzyl-2-isopropyl-5-oxopyrrolidin-2-yl)carbamate (2d):

Boc:l\IP(t\l\
®//N o

Colorless solid, Yield 90%; *H NMR (400 MHz, CDCls) ¢ 7.34-7.20 (m, 5H), 4.85 (s, 1H), 4.43-
4.23 (m, 2H), 2.87-2.84 (m,1H), 2.35-1.98 (m, 4H), 1.31 (s, 9H), 0.96 (d, 3H, J = 8 Hz), 0.61 (bs,
3H).; *C NMR (100 MHz, CDCl3) ¢ 176.2, 153.4, 138.2, 128.7, 128.5, 127.8, 127.2, 80.6, 79.7,
43.7,42.7, 40.9, 35.6, 34.5, 30.0, 29.8, 28.3, 24.1, 18.3, 16.7, 15.8.; HRMS m/z value calculated
for C19H2sN,0O3 is 332.2100, observed 332.2121.

12. tert-butyl (1-(2-(1H-indol-3-yl)ethyl)-2-benzyl-5-oxopyrrolidin-2-yl)carbamate (2e):
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BocHN N

HN

Brown color solid, Yield 85%; ‘H NMR (400 MHz, CDCl3) 6 7.41 (d, J = 8 Hz, 2H), 7.33-7.24
(m, 8H), 7.08 (m, 2H), 4.92 (s, 1H), 4.61 (s, 2H), 3.01 (m, 2H), 2.48 (m, 1H), 2.31 (m, 2H), 1.90
(m, 1H), 1.32 (s, 9H); *C NMR (100 MHz, CDCls) 6 175.5, 138.4, 134.4, 130.3, 128.9, 128.7,
128.4, 127.6, 127.4, 77.8, 44.4, 43.4, 30.0, 29.6, 28.3; HRMS m/z value calculated for
C26H31N303 is 433.2365, observed 433.2361.

13. tert-butyl (1-benzyl-2-((S)-sec-butyl)-5-oxopyrrolidin-2-yl)carbamate (2f):

BocHN
T

o

Pale yellow solid, Yield 90%; *H NMR (400 MHz, CDCls) § 7.38-7.16 (m, 10H), 4.85 (bs, 1H)
(major), 4.73 (bs, 1H) (minor), 4.52-4.41 (m, 2H) (major), 4.16 (m, 2H) (minor), 2.36-2.17 (m,
4H) (major), 2.06 (m, 2H) (minor), 1.85 (m, 2H) (minor), 1.59 (m, 2H), 1.35 (bs, 9H) (major),
1.28 (bs, 9H) (minor), 1.10 (m, 2H) (minor), 0.93 (m, 6H) (major), 0.65 (bs, 2H) (minor), 0.46
(bs, 2H) (minor); HRMS m/z value calculated for C,oH3oN2O3 is 346.2256, observed 346.2261.

14. Compound (29):
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BocHN N

Pale yellow solid, Yield 77%; *H NMR (400 MHz, CDCls) § 7.62-6.98 (m, 10H), 5.11 (s, 1H,
Boc-NH, major), 4.93 (Boc-NH, minor) 4.64 (g, J = 8 Hz, 1H), 3.04-2.59 (m, 3H), 2.37-2.19 (m,
4H), 1.88 (d, J = 8 Hz, CHg3, minor), 1.84 (d, J = 8 Hz, 3H, CH3 major), 1.46 (s, 9H, Boc minor),
1.26 (s, 9H, Boc major); *C NMR (100 MHz, CDCl3) & 175.8 (major), 175.1 (minor), 143.4
(major), 142,4 (minor), 134.4, 130.3 (major), 130.2 (minor), 128.9 (minor), 128.8 (major), 128.6,
128.3, 127.8, 127.4, 127.2, 126.3 (major), 126.2 (minor), 78.5 (minor), 78.4 (major), 53.0, 45.8,
30.3 (major), 30.2 (minor), 29.8, 28.4 (major), 28.2 (minor), 20.0 (minor), 19.7 (major); HRMS
m/z value calculated for C,4H39N>O5 is 394.2256, found 394.2250.
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4.9 Appendix I: Characterization Data for Synthesized Compounds and
Peptides

Designation Description Page
Boc-Pro-dyPhe-OEt (P1) 'H NMR 209
Boc-Pro-dyPhe-Pro-dyPhe-OEt (P2) 'H NMR 209
Boc-Pro-dyPhe-Pro-dyPhe-Pro-dyPhe-OEt (P2) ~ MALDI-TOF/TOF 210
Compounds 1(a-g) & 'H & C NMR 210-222

Compounds 2(a-g)
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