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PREFACE 
 

The thesis entitled “Synthesis of cyclic hybrid peptoid and peptide based inhibitors for -

amyloid fibrillar aggregation” is divided into 3 chapters as follows  

           

Chapter 1: Introduction 

Brief overview of chemical structures and properties of peptides and peptidomimics, explains 

strategies used for their synthesis and their applications in medicinal chemistry. 

 

Chapter 2: N-Alkyl and N-acyl substituent enforced differential cyclization of hybrid 

peptoid monomers 

 

Describes an elegant methodology for the synthesis of six and twelve membered cyclic 

hybrid peptoids from N-(2-aminoethyl)glycine functionalized monomers. Differential 

cyclization based on N-substitution of N-(2-aminoethyl)glycine backbone and the 

asymmetric conformation adapted by the cyclic twelve membered hybrid peptoids due to 

intramolecular hydrogen bonding is discussed.  

 

Chapter 3: Synthesis of peptide based potential inhibitors for -amyloid fibrillar 

aggregation 

This Chapter explains the synthesis of hybrid peptide molecules with thymine and barbiturate 

functionalities using automated solid phase peptide synthesis. Synthesis of β-amyloid 

fragments to use as controls in the fibrillar aggregation studies is described. 
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Chapter 1 

Introduction 

1.1 Peptides                                                                               

Proteins form the very basis of life, the term protein is derived from the Greek word proteios, 

which means standing in front. Proteins regulate a variety of activities in all living organisms, 

from replication of DNA to transport of oxygen across the body. Proteins are responsible for 

regulating cellular machinery and consequently the phenotype of an organism. Proteins 

accomplish their task by three-dimensional tertiary and quaternary interactions with various 

substrates such as DNA, RNA and other proteins. By understanding the structure of the 

protein, we can probe for its function and potentially apply the new knowledge to various 

genome and proteome projects, such as mapping the functions of proteins in metabolic 

pathways and deducing evolutionary relationships and proteome network which is useful in 

system biology. Peptides
1
 are short fragments of proteins consists of amino acids linked by 

amide bonds.
2
 Peptides can be normally differentiated from proteins by the number of amino 

acids present in a given chain. Generally a peptide constitutes a minimum of two amino acid 

residues or a maximum of 50 amino acid residues per chain. Smallest known peptide is a 

dipeptide followed by tripeptide, tetrapeptide etc. 

1.1.1 Amino acids 

Amino acids are generally referred as aminoalkanoic acids
3
 owing to the presence of both 

amino and carboxyl groups in the same molecule. The history of amino acid discovery dates 

back to early 19
th

 century and the first amino acid discovered was asparagine by French 

chemists Nicolas Vauquelin and Pierre Jean Robiquet in 1806.
4
 Amino acids under 

physiological conditions exists as zwitter ions (both positive and negative charges) and can 
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be represented as H3N
+
- (CR1R2)n - COO

-
 (n = 1, are referred to α amino acids, R1 = H and 

varying R2, n = 2 are β amino acids and n = 2 with  αβ- unsaturation are known as dehydro 

amino acids). Nearly 500 different amino acids
2
 are available in nature, of which only few are 

utilized by the living systems. Analysis of a vast number of proteins has revealed that, they 

are mainly composed of 20 standard amino acids (Table 1.1). The 20 standard amino acids 

found in the living systems are termed as proteinogenic amino acids and the rest as non-

proteinogenic amino acids. All the proteinogenic amino acids are -amino acids (except 

proline, which is imino acid) and bear L-configuration (except glycine which is achiral). 

Table 1.1 Naturally occurring amino acids and their isoelectric point (pI) values. 

 

Classification 

 

Amino acid 

 

Three 

letter 

code 

 

One 

letter 

code 

 

Structure 

 

Molecular 

weight  

 

Isoelectric 

point (pI) 

 
 
 
 
 
 
 

Aliphatic side 

 

chain amino 

 

acids 

 

(Hydrophobic) 

Glycine Gly G 
H2N C C

H

H O

OH

 

75.07 5.97 

Alanine Ala A 
H2N C C

CH3

H O

OH

 

89.09 6.00 

Valine Val V 
H2N C C

CH

H O

OH

CH3

H3C

 

117.15 5.96 

Leucine Leu L 
H2N C C

CH2

H O

OH

CH

CH3

H3C

 

131.17 5.98 

Isoleucine Ile I 
H2N C C

CH

H O

OH

CH2

H3C

CH3  

131.17 6.02 

 
 

Acidic amino 

 

acids 

Aspartic 

acid 

Asp D 
H2N C C

CH2

H O

OH

CO

OH  

133.10 2.77 

 



11 
 

Table 1.1 Naturally occurring amino acids and their isoelectric point (pI) values (continued). 

 

Classification 

 

Amino acid 

 

Three 

letter 

code 

 

One 

letter 

code 

 

Structure 

 

Molecular 

weight  

 

Isoelectric 

Point (pI) 

Acidic amino 

 

Acids 

 

(Hydrophilic) 

 

Glutamic 

acid 

Glu E 
H2N C C

H O

OH

CH2

CH2

CO

OH  

147.13 3.22 

 
 
 

 

 

 

 

Basic amino 

 

acids 

 

(Hydrophilic) 

Lysine Lys K 
H2N C C

H O

OH

CH2

CH2

CH2

CH2

NH2  

146.19 9.74 

Histidine His H 
H2N C C

CH2

H O

OH

N

NH  

155.16 7.59 

 

Arginine 

 

Arg 

 

R 

H2N C C

H O

OH

CH2

CH2

CH2

NH

C

NH2

HN

 

174.20 10.76 

 

 

 

 

 

Amides of 

 

Acidic  amino 

 

acids 

 

 

Aspargine Asn N 
H2N C C

CH2

H O

OH

CO

NH2  

132.12 5.41 

Glutamine Gln Q 
H2N C C

H O

OH

CH2

CH2

CO

NH2  

146.15 5.65 
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Table 1.1 Naturally occurring amino acids and their isoelectric point (pI) values (Continued). 

 

Classification 

 

Amino 

acid 

 

Three 

letter 

code 

 

One 

letter 

code 

 

Structure 

 

Molecular 

weight  

 

Isoelectric 

Point (pI) 

 

 

 

 

 

 

 

Aromatic  

 

amino acids  

 

 

 

     

Phenyl 

alanine 

Phe F 
H2N C C

H O

OH

CH2

 

165.19 5.48 

Tyrosine Try Y 
H2N C C

H O

OH

CH2

OH  

181.19 5.66 

Tryptophan Trp W 
H2N C C

CH2

H O

OH

NH
 

204.23 5.89 

 

Hydroxy- 

containing 

amino acids 

 

Serine Ser S 
H2N C C

CH2

H O

OH

OH  

105.09 5.58 

Threonine Thr T 
H2N C C

CH2

H O

OH

CH

CH3

HO

 

119.12 5.60 

 

 

 

Sulphur- 

 

containing  

 

amino acids  

 

Cysteine Cys C 
H2N C C

CH2

H O

OH

SH  

121.15 5.07 

Methionine Met M 
H2N C C

H O

OH

CH2

CH2

S

CH3  

149.21 5.74 
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Table 1.1 Naturally occurring amino acids and their isoelectric point (pI) values (Continued). 

 

Classification 

 

Amino 

acid 

 

Three 

letter 

code 

 

One 

letter 

code 

 

Structure 

 

Molecular 

weight  

 

Isoelectric 

Point (pI) 

Imino acid Proline Pro P 
C

O

OH

HN

 

115.13 6.30 

 

 

Biosynthesis pathways for all the 20 amino acids is not found in humans, only 11 of 

the 20 amino acids are synthesized in the body and for the rest we depend on food 

supplements. Deficiency of amino acids can lead to disorders like depression,
5
 immune 

deficiency, indigestion and chronic fatigue. The net charge on the zwitter ionic amino acids is 

affected by pH of surrounding environment and can become more positively or negatively 

charged due to loss or gain of protons (H
+
). The pH value at which amino acid is electrically 

neutral and does not move to either positive electrode or negative electrode on gel 

electrophoresis is known as isoelectric point (pI). The isoelectric point of an amino acid is 

specific and depends on the nature of side chains present. The isoelectric points of all 

proteinogenic amino acids are enlisted in Table 1.1. 

 

1.1.2 Peptide bond 

A peptide bond (amide bond) is a covalent chemical bond formed between carboxyl group of 

one amino acid and an amino group of second amino acid of same or different type with the 

release of a water molecule. Peptide bond has a rigid planar structure and the nitrogen atom is 

largely sp
2

 

hybridized due to conjugation with carbonyl moiety. Any distortion from planarity 

results in an increase in energy due to a loss of the stabilizing effect of the resonance. The 

peptide bond can exist in cis and trans conformations to maintain the planarity and stability. 
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In a cis conformation, α-carbons are on the same side of the peptide bond. Where as in trans 

conformation, α-carbons of both amino acids are on opposite sides of the peptide bond, with 

no steric interactions. Due to steric constraint peptide bond prefers the trans conformation 

over cis conformation (Figure 1.1).  

 

Figure 1.1 Conformations of peptide bond and torsion angles. 

  The rigid plane formed by the trans conformation of peptide bond is known as amide 

plane and consequence of this rigidity is that, the rotation of polypeptide backbone is only 

possible about the α-carbon. The conformation of the peptide backbone can be described by 

torsion angles (or dihedral angles) Φ and Ψ. These two angles are defined by the degree of 

rotation about the αC-N bond (Φ) and the αC-C bond (Ψ) respectively (Figure 1.1). The 

dihedral angles Φ and Ψ define the conformation around the amide bond and are very helpful 

in structural analysis of proteins. 

1.1.3 Synthesis of peptides  

Peptides are oligomers of amino acids and the synthesis of a given polypeptide can involve 

tens to hundreds of synthetic steps. Polypeptides synthesis involves repeated amide bond 

formation by coupling reactions. The reaction efficiency of any coupling reaction is always 

less than 100% and hence there is a gradual decrease in yields in every successive peptide 

bond formation. With increase in chain length secondary interactions become prominent 
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leading to a folded structure, and multiple functional groups in amino acids interfere with the 

coupling reaction which further decreases the coupling efficiency. To combat this, protected 

amino acids are employed with solid-phase synthetic methodologies for effective peptide 

synthesis. Protecting groups are auxiliary functional groups that mask a specific functional 

group in order to make it inert to peptide coupling reaction conditions that might lead to 

undesirable transformations. General protecting groups and their deprotection procedures are 

shown in table 1.2.  

The process of peptide bond formation between two amino acids starts with activation 

of –COOH group using activating agents (Figure 1.3) like EDC (1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide), HBTU (O-Benzotriazole-N,N,N’,N’-tetramethyl-

uronium-hexafluoro-phosphate), HATU (O-(7-azabenzotriazol-1-yl)-N,N,N′,N′-

tetramethyluronium hexafluorophosphate), TATU (O-(7-Azabenzotriazole-1-yl)-N,N,N',N'-

tetramethyluronium tetrafluoroborate), PyBOP (benzotriazol-1-yl-

oxytripyrrolidinophosphonium hexafluorophosphate) to form active ester of tBoc- or Fmoc- 

protected amino acid. Then slow addition of non-nucleophilic base (DIPEA) followed by 

carboxyl protected amino acid leads to a peptide bond formation as shown in Figure 1.3.  

N N
N

N

O

N
N

N

O

N

N

BF4

TATU

N N
N

N

O N

N

PF6

HATU

N
N

N

O N

N

HBTU

PF6

P

N

N

N

PF6

PyBOP

N

N C N HCl

EDC.HCl
 

Figure 1.2 Molecular structures of coupling reagents. 
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Table 1.2 -Amino and -Carboxylic acid protecting groups. 
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Table 1.2 -Amino and -Carboxylic acid protecting groups (continued). 
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Table 1.2 -Amino and -Carboxylic acid protecting groups. 
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Table 1.2 -Amino and -Carboxylic acid protecting groups. 

 

O

O

R

Coupling
reagent

N
H

OH

O

R1

O

O

N
H

O

O

R1

H2N
O

O

R2

R

O

O

N
H

H
N

O

R1 O

O

R2

Non nuclephilic 
base

Dipeptide

R

 

Figure 1.3 General procedure for peptide coupling.
6
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Solid-phase peptide synthesis (SPPS) was developed by R.B. Merrifield in 1962 for 

the facile synthesis of polypeptides.
6
 In SPPS the first amino acid is attached to a solid 

support by a readily cleavable covalent bond, so that the desired peptide after the completion 

of synthesis can be cleaved from the solid support. The solid support used in SPPS must be 

stable and inert under reaction conditions. The commonly used solid phases are polystyrene 

or polyethylene glycol acrylamide (PEGA) resin beads. The first amino acid residue is 

immobilized on the solid support, leaving only one of the termini (generally –NH2) free for 

coupling reactions with the next amino acid (suitably protected) and the coupling is carried 

out using standard peptide synthesis conditions. Protecting group of the coupled second 

amino acid is cleaved followed by capping and coupling cycles are repeated until the desired 

peptide sequence is obtained. If each of these reactions had to be carried out in solution 

phase, this would be an inefficient process both in terms of material (i.e. reagents and 

solvents) and labour. In SPPS, excess reagents are mixed with the solid beads then washed to 

remove excess reagents, leaving the newly elongated peptide still bound to the solid bead. 

SPPS follows the steps of deprotection of loaded first amino acid – coupling – deprotection – 

coupling, finally cleavage of the desired peptide from the solid beads, the reactions are highly 

repetitive, and can thus be performed in automated fashion.   

 

1.1.4 Characterization of peptides 

The peptides obtained through SPPS are purified using high performance liquid 

chromatography (HPLC) and analysed using matrix-assisted laser desorption/ionisation-time 

of flight mass spectrometry (MALDI-TOF MS) or electron spray ionization mass 

spectrometry (ESI-MS) or  high resolution mass spectrometry (HRMS). Peptides in solution 

generally undergo folding to form secondary structures, they can exist either in a random 

conformation (highly disordered) or in stereoregular conformations
 
such as α-helix (either 
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right-handed or left-handed), β-sheet secondary structures.
3
 The stereoregular conformations 

are stabilised by strong intra and intermolecular hydrogen bonding and have different 

dihedral angles due to the distorted trans amide bonds. Determination of conformation of the 

peptides is of great interest as the conformation of peptides influence their biological activity 

in living systems. 

Various spectroscopic techniques like Infrared (IR) spectroscopy, X- ray crystallography, 

nuclear magnetic resonance (NMR) spectroscopy, circular dichroism (CD) etc. are 

extensively used for characterization of peptides. 

 IR spectroscopy: It is one of the most important and useful tool for determining the   

Table 1.3 IR features for α helix, β-sheet and random coil conformation. 

   *s = strong, w = weak 

functional groups in organic molecules. The characteristic amide bond stretching 

frequencies of the peptide bond depend on the conformation, therefore IR data 

provide important information on secondary interactions. IR spectra can be 

interpreted to detect conformational changes that occur when solution parameters 

such as solvent polarity and ionic strength are changed, leading to a disruption or 

enhancement of hydrogen bond interactions reflecting in amide bond stretching 

frequencies (Table 1.2). 

Conformations 
v (cm

-1
) 

N—H stretching frequency of the amide group v = 3360–3260 

trans-amides v = 1250, 1550 

cis-amides v = 1350, 1500 

α helix conformation v = 620, 1650 

β sheet conformation v = 700, 1630(s), 1690(w) 

 

 

 

 

 

 

 

 

 

(strong) and 1690 

(weak) 

Random (disordered) conformations v = 650, 1660 
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 X- ray crystallography: Peptides are crystallized in solution phase and their 

structural conformation and molecular packing can be determined by X- ray 

diffraction. It provides complete information about the orientation of the side chains 

and intra and intermolecular interactions among peptide molecules. The major 

drawback is that not all peptides or proteins form crystals and more over there is no 

proof to say that the obtained structure is the active conformation of peptide showing 

desired activity in solution. Solving the crystal structure of peptides is also not an easy 

process. 

 NMR spectroscopy: NMR spectroscopy is a basic tool in the hands of organic 

chemists for determining the purity and integrity of synthesised compound. To 

determine conformation of peptides, 2D NMR techniques like NOESY, ROESY, 

COSY, TOCSY, HMBC etc are used, where NOESY is the most important technique 

providing precise information about the spatial correlation between the protons. 

Spatial interaction of protons for respective amino acids provides information of 

folding behaviour of peptides. NMR spectroscopy is extensively used to solve 

complex protein structures in solution which give actual conformation of active 

peptide/protein, structure of  bovine serum albumin was completely solved by NMR 

spectroscopy.
8
 

 Circular dichroism (CD): CD spectrometer is an instrument that measures the 

intensity of differential absorption of left circularly polarised light relative to that of 

right-circularly polarised light over a range of wavelengths. The intensity of the CD 

absorption depends upon the spatial relationship between the chromophore and 

groupings at the chiral centre of a molecule. The CD spectrum can be interpreted in 

terms of absolute configuration. The sign of a particular CD feature corresponds to a 

specific absolute configuration of the molecule, for the chiral centre nearest to the 
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chromophore responsible for that CD feature. Information on conformation can be 

obtained for amino acids and secondary structures of peptides and proteins which are 

in brief listed in Table 1.3.  

Table 1.4 CD features for α-helix, β-sheet and random coil conformation. 

Peptide conformations  Random coil α-Helix β-Sheet 

Positive CD 

maximum 

218 nm (weak) 191 nm (very 

weak) 

195 nm (strong) 

Zero CD 211, 234, 250 nm 202, 250 nm 207, 250 nm 

Negative CD 

maximum 

 197 nm (strong) 

240 nm (very weak) 

208, 222 nm 

(strong) 

217 nm (Medium) 

 

1.1.5 Applications of peptides 

Peptides are omnipresent in every living cell and play a crucial role in fundamental 

physiological and biochemical functions of life. Peptides are being used as therapeutic agents 

in diverse areas such as neurology, endocrinology and haematology. Peptide based drugs for 

cancer,
9
 HIV,

10 
tuberculosis,

11
 and diabetes are available in market. Peptides as antimicrobial 

agents is an area of interest and several natural antimicrobial peptides are isolated includes 

dermcidin,
12

 cathelicidin, defensin
13

 from humans, cecropin, moricin, melitlin from insects, 

indolicidin (cattle), drosomycin (fruit fly). Synthetic modification of available antimicrobial 

peptides and development of new peptides for better stability and activity is an active area of 

research. Cyclic peptides compared to their linear counter parts show better bioactivity. They 

have reduced number of conformations in solutions due to structural constrainment in 

backbone induced by cyclization, antimicrobial cyclic peptides have better binding and cell 
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penetration efficiency. Development of peptide based materials has been an active area of 

research for the past one decade. Peptide based self-assembly plays an important role in the 

discovery of new biomaterials with a wide range of applications in nanotechnology and 

biotechnology.
14,15

 Peptide self-assembly in nature is very common as seen in α-helix and β–

sheet and other higher order structures of peptides, inspired by nature self-assembling peptides 

have been designed to form different modular self assembled structures such as nanofibers,
16

 

nanovesicles,
17

 nanobelts,
18

 and nanotubes.
19

 Peptide amphiphiles
20

 are one such examples 

where the β-sheet forming peptide is modified with long alkyl chains to self assemble into 

nanosheets, nanotubes, micelles and vesicles by tuning either the concentration of the peptide 

or solvent composition. Peptide nanostructures have mostly been used for applications in 

drug delivery,
21

 gene delivery
22

 and antimicrobial agent
23

 development. Formation of 

amyloid fibrils
24

 is a fundamental example of polypeptide self-assembly into ordered 

nanoscale fibrillar structures.                                                                                                                                   

  Peptide molecules unfortunately, show high conformational flexibility and a low in 

vivo stability which hampers their application as tool in medicinal and molecular biology. 

Peptides conformation depends on the surrounding environment which often leads to a 

conformational equilibrium. High flexibility of natural peptides is due to the multiple 

conformations that are energetically possible for each residue of amino acids. This leads to 

the fact that short polypeptides can hardly form any stable 3D structures in solution. In 

addition, it is doubtful whether the solid state conformations determined by X-ray analysis 

are identical to those occurring in solution. Despite their high bioactivity as drugs, their usage 

as commercial drugs is limited because they are rapidly degraded by proteases in vivo (poor 

bioavailability), and are frequently immunogenic. This drawback of natural peptides has lead 

to the development of peptide mimics for biomedical applications.
2 
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1.2 Peptidomimitics 

Peptidomimitics are molecules, which mimic natural peptides and thus produce the same 

biological effects as their natural analogues.  They typically arise either from modification of 

an existing peptide, or by designing similar systems that mimic them. Irrespective of the 

approach, the altered chemical structure is designed to adjust the molecular properties such 

as, stability and biological activity. They are conformationally restricted and metabolically 

more stable compared to their natural counterparts.  

Numerous approaches have been reported in literature to prepare peptidomimics, 

among them amino acid modification and backbone modifications are the two important 

methodologies employed in large.
1
   

 

 Amino acid modifications - The β-substitution
25

 of the naturally occurring amino 

acids gives a new class of peptidomimics. β-Subistution of proteinogenic amino acids 

hinders the free rotation around the Cβ – Cγ bond resulting in the conformational 

constrainment and enhanced biological activity. For example, short peptides binding 

to δ-opioid receptor was successfully altered by exchanging phenylalanine by its β-

methylated analogue leading to enhanced binding.
26

 

 

 Backbone Modification - Various structural modifications performed on peptide 

backbone can be grouped into three main categories. First is the exchange of 

individual groups, like replacement of α-CH group by nitrogen to form azapeptides,
27

 

the change from amide to ester bond to get depsipeptides
28

 and exchange of the 

carbonyl function by a -CH2 group. The second category of backbone modification 

involves the extension of the backbone by one or two -CH2 groups resulting in 

polypeptides built from β, γ-amino acids respectively.
1 

The third and most widely  
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Figure 1.4 Some of the common modifications to the peptide backbone.
1 

used modification is the amide bond inversion, yielding a retro-inverso peptidomimetic.
29 

Amide bonds are replaced by alkene
30 

and other functional groups to develop different types 

of peptidomimecs. Figure 1.4 summarizes different strategies used in literature to modify the 

peptide backbone. 

 

1.2.1 Types of peptidomimics 

In literature large number of peptidomimics are reported, out of which few important 

mimics are discussed below.  

1.2.1.1 Peptoids
31

  

Peptoids are mimics of natural α-peptides in which the side chain is attached to the backbone 

amide nitrogen instead of the α-carbon (Figure 1.5). These oligomers of N-substituted glycine 

are an attractive scaffold for biological applications as they can be generated using a 

straightforward, modular synthesis that allows the incorporation of a wide variety of 
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functionalities. Peptoids were first developed by Reyna Simon, Paul Bartlett and Daniel 

Santi.
31

 Ronald N. Zuckermann has extensively worked in developing peptoids for different 

applications. Peptoids have been evaluated as tools for studying biomolecular interactions, 

also hold significant promise for therapeutic applications owing to their enhanced stability 

towards the protelysis and increased cellular permeability.  

1.2.1.2 D-Peptides 

D-Peptides are peptides made of D-amino acids and rarely occur in living organisms. D-

Peptides have similar but mirrored properties to the L-peptides. D-Peptides are less 

susceptible to degradation by proteolysis owing to the fact that the enzymes are less active 

towards the D-peptides.
32

 D-Peptide based drugs can therefore be taken orally and are 

effective for a longer period of time. D-peptides are easy to synthesize, when compared to 

many other drugs and in some cases D-peptides also have a low immunogenic response. 

 

 

Figure 1.5 Different classes of peptidomimics. 
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1.2.1.3 β-Peptides
33

 

β-Peptides consist of β-amino acids, which have their amino group (-NH2) bonded to the β 

carbon unlike the α carbon as in the natural amino acids. β-Peptides in general do not appear 

in nature and the only naturally occurring β amino acid is β-alanine. Human peptidases are 

inefficient to recognize and cleave peptides containing β-amino acids. Substitution of α-

amino acids with β-amino acids in peptide of interest, show good stability, affinity and 

activity. These results hold promising for development of new peptide-based therapeutics. 

Similarly -peptides consist of -amino acids and are inactive against proteolysis.
34

 

1.2.1.4 γ-AApeptides        

They are derived from γ-chiral peptide nucleic acid (PNA) backbone (N-(2-

aminoethyl)glycine).
35

 They are termed γ-AApeptides because they are comprised of γ-

substituted-N-acylated-N-amino-ethyl amino acids (Figure 1.5). In this unit, one side chain is 

connected to the γ-C in relation to carbonyl group, and the other side chain is linked to the 

central N through acylation. γ-AApeptides are able to project an identical number of side 

chains as natural peptides of the same length; as such, they have   great   potential   to   be   

developed   for   peptide   mimics. Compared   to   conventional peptides, -AApeptides are 

much superior in both their limitless potential for modification and their inherent resistance to 

biodegradation.  

1.2.1.5 Cyclic peptidomimics 

In linear peptidomimics the desired active conformation is not obtained due to flexible 

backbone and lack of secondary interactions as seen in natural peptides.
36

 Therefore 

cyclization of linear peptidomimics is carried out to obtain conformationally stable and active 

molecules.
37

 Cyclic peptidomimics compared to their linear counterparts have enhanced cell 
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permeability, improved resistance to enzymatic degradation and are presumed to bind more 

tightly to their protein targets because of their more restricted conformational flexibility. 

Therefore development of cyclic peptidomimics based therapeutics is an active area of 

research in pharmaceutical companies. Cyclic analogies like cyclic peptoids,
38

 cyclic β-

peptides
39

  and cyclic γ-AApeptides are derived from their corresponding linear peptide 

mimics and show improved bioactivity, greater resistance to enzymatic degradation 

compared to their linear counterparts. 

 

1.2.2 Synthesis of peptidomimitics 

Peptidomimitics are mostly synthesised by SPPS (Section 1.1.3), each monomer with 

respective protecting group is subjected to subsequent steps of deprotection- coupling- 

deprotection - coupling to obtain the desired oligomer. General synthetic procedure for 

peptoids was developed by Ronald N Zuckermann (scheme 1.1).
40

 In this synthetic process 

free amine on the resin is coupled to bromoacetic acid using coupling reagent DIC (N,N'-

diisopropylcarbodiimide) in DMF. Followed by N-alkylation of alkyl amine to the resin bond 

bromoacetic acid, both these steps are repeated till we get the desired linear peptoid. The 

linear peptoid can be cyclized to obtain cyclic peptoids (Scheme 1.1). Synthesis of cyclic 

analogues is a difficult process, cyclization suffers from poor yields and reaction has to be 

performed under dilute conditions (0.1 - 1 mM). Polymerization of oligomers is major side 

reaction during cyclization, number of combinations obtained is huge. To overcome the 

problem of polymerization and other side reactions cyclization of peptidomimics are 

performed under dilute conditions. The cyclization can be head to tail (N terminal and C 

terminal), head to side chain, side chain to tail or side chain to side chain. Head to tail 

cyclization is performed using different coupling reagents like HBTU, HATU, TATU and 

pyBOP to obtain the product in good yields. Other reactive moieties like alkenes, alkynes,   
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Scheme 1.1 Synthesis of linear and cyclic peptoids. 

Boronic acid, thiols, alkyl halides etc are introduced into the oligomers as side chains and are 

cyclised to obtain desired cyclic molecules. 

1.2.3 Applications of peptidomimitics 

Peptide based molecules are very important class of drugs in pharmaceutical industry and 

many peptide based drugs are available in market. These drugs are very selective and specific 

towards their targets and hence show better activity. Peptide based drugs suffer from low in 

vivo stability and bioavailability. Therefore peptide based mimics are developed as their 

substitutes. Michael S. Kay et al.
41

 reported D-peptides for inhibition of HIV entry into the 

cells, Wuyuan Lua et al.
42

 developed D-peptide inhibitors of the p53–MDM2 for therapy of 

malignant tumours. Molecular recognition is another area where peptidomimics are used as 
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chemical tools to study complex biomolecular interactions. Peptoid–protein interactions were 

first demonstrated by Zuckermann et al., where the authors examined the high-affinity 

binding of peptoid dimers and trimers to G-protein coupled receptors.
43 

There are many 

different interactions between peptide mimics and protein, and these interactions can induce 

enhancement, inhibition, cellular uptake or delivery. From a library of peptoid hexamers, 

Kodadek et al.
44

 identified three peptoids with high binding affinities for the coactivator 

CREB-binding protein (CBP) in vitro which is involved in the transcription. Many examples 

for binding of peptide mimics to metal ions and forming conformationally ordered structures 

can be seen in literature, which is a characteristic property of proteins. PNA (peptide nucleic 

acids) are hybrid peptide backbone acylated to nucleobases. They are extensively studied for 

their interactions with DNA and RNA molecules,
45

 for development of drugs for cancer. The 

most important characteristic property of cyclic peptidomimics is their antimicrobial activity. 

 

1.2.3.1 Antimicrobial properties of cyclic Peptidomimics 

Antimicrobial peptides
46

 (AMPs) are found in living organisms and are potent, broad 

spectrum antibiotics which demonstrate their potential as novel therapeutic agents. The 

mechanism of action for most AMPs is breaking down the bacterial cytoplasmic membrane. 

Antimicrobial peptides have been demonstrated to kill gram-negative and gram-positive 

bacteria, mycobacteria, enveloped viruses, fungi and even transformed cancerous cells. Low 

in vivo stability of peptides has lead to development of antimicrobial peptidomimics. 

 De Riccardis et al.
47

 have investigated the antimicrobial activities of five new cyclic 

cationic hexameric α-peptoids, comparing their efficacy with the linear cationic and the 

cyclic neutral counterparts. The synthesized peptoids have been assayed against clinically 

relevant bacteria and fungi, these studies concluded that cyclic peptoids showed better 

activity when compared to their linear and natural analogies. Jianfeng Cai et al.
33

 reported the 
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design and synthesis of cyclic γ-AApeptides which showed broad-spectrum activity against 

fungus and multi-drug resistant gram-positive and gram-negative bacteria pathogens. 

1.3 Present work 

In the current project we have designed a strategy of using N-(2-aminoethyl) glycine as the 

basic peptoid backbone and functionalizing it by N-acyl and N-alkyl linkers. These N-alkyl 

and N-acyl hybrid peptoid monomers were expected to cyclize to form macrocyclic rings. 

Serendipitously we found that N-acyl monomer lead to 12-membered cyclic hybrid peptoid 

and N-alkyl monomer to 6-member cyclic hybrid peptoid after cyclization. We confirmed our 

observation by synthesising a series of similar molecules and tried to understand the 

conformation arrangement using NMR spectroscopy and energy minimization model. In 

another related project we are working towards developing peptide based inhibitors for 

amyloid fibrils and subsequently to find potential drugs for Alzheimer’s disease.  
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Chapter 2 

N-Alkyl and N-acyl substituent enforced differential cyclization of hybrid 

peptoid monomers 

2.1 Introduction 

Peptides are important class of biomolecules, made of L-amino acids linked by amide bonds. 

They present in every living cell and play a crucial role in fundamental physiological and 

biochemical functions of life. Their characteristic properties, specificity and selectivity are 

often dependent on the well-defined three-dimensional structure. Peptides in solution undergo 

three-dimensional folding, stabilized by non covalent interactions to give a stable and active 

conformation. The two and three-dimensional active conformation of peptides is strongly 

influenced by its surrounding environments (pH, temperature etc.) which often lead to a 

conformational equilibrium.
1 

This high degree of conformational flexibility is due to multiple 

conformations that are energetically possible for each residue of amino acid. Linear peptides 

fail to attain ordered conformation or stable tertiary structures, this ambiguous behaviour of 

peptides has been addressed through cyclization and crosslinking, which is known to provide 

proper conformational stability. Cyclization constrains the peptide backbone, inducing 

ordered, stable and active conformation.
2
 Cyclic peptides are found in nature as antimicrobial 

peptides,
3
 lasso peptides,

4 
knottins

5
 and certain classes of antibiotics. Different synthetic 

approaches have been pursued to achieve cyclization of peptide chain like head to tail (C-

terminus to N-terminus), head to side chain, side chain to tail and side chain to side chain 

cyclization (Chapter 1). Cyclic peptide constrained structure provides higher stability and cell 

penetration efficiency. However, they suffer from low in vivo stability (proteolysis). The 

development of linear and cyclic peptide mimics with stable and ordered conformation 

showing bioactivity is an area of immense interest.  

A new class peptidomimics
6 

with modified peptide backbone were derived, capable of 

withstanding hydrolytic peptidases and proteases.
7 

Linear peptidomimics like peptoids have 
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shown high stability in vivo compared to their natural counterparts, as the N-substituted 

glycine backbone is less immunogenic and more stable.
8
 However the desired active 

conformation is not obtained in linear peptidomimics due to flexible backbone and lack of 

secondary interactions as seen in natural peptides. To overcome this issue cyclic 

peptidomimics were developed; they are known to have enhanced cell permeability, 

improved resistance to enzymatic degradation and are presumed to bind more tightly to their 

protein targets because of restricted conformational flexibility. Cyclic peptoid,
10 

cyclic β-

peptoid,
11 
γ-AApeptides

12
 are few important examples of cyclic peptidomimics reported in 

literature. Development of cyclic peptidomimics based therapeutic is an area of interest for 

pharmaceutical companies.  

Despite of having a huge potential application in the field of medicine and biology, 

cyclic peptidomimics use is limited by their difficult synthetic procedures.  The conventional 

synthesis of cyclic peptidomimics involves complicated synthetic routes with low yields, 

posing a great synthetic challenge. Numerous procedures for the synthesis of small and 

medium sized rings are found in the literature,
13

 the most challenging aspect of cyclic 

peptidomimic synthesis is the final ring-closure step. Well established solid phase synthesis 

protocols are employed for synthesis of linear peptidomimics, followed by cyclization. 

Generally head-to-tail (C-terminus to N-terminus) cyclization is performed, using coupling 

reagents like HBTU, HATU,
11 

pyBOP
10 

etc. to obtain the product in moderate yields. There 

also exist few other synthetic strategies reported in literature for cyclization, Yong Uk Kwon 

et al.
14

 synthesised cyclic peptoids by ring closure metathesis (RCM) of modified linear 

peptoid chain, using ruthenium based catalyst. Kevin J. Luebke et al.
15

 used the concept of 

boronic acids forming esters with diols in aqueous media, to synthesis cyclic peptidomimics. 

The yields obtained in cyclization of longer oligomers (5-20 monomer units) are generally 

moderate and cyclization of short oligomers (2-4 monomer units) suffers from poor yields. 
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Increase in ring size of cyclic peptidomimics enhances the flexibility, leading to increased 

number of conformations and thus reducing its bioactivity. Therefore the synthesis of 

relatively small or medium size cyclic peptidomimitics is preferred.  

2.2 Objective of the work 

 To develop facile and efficient synthesis of small and medium sized cyclic peptoids to use 

them as antimicrobial agents. Small rings have better conformational stability compared to 

larger ring with huge number of changing conformations. High conformational stability of 

small or medium sized rings enhances the target binding affinity and cell permeability. We 

used achiral N-(2-aminoethyl)glycine (aeg) backbone as basic unit and performed α-N 

substitution. These monomers were subjected to oligomerization and subsequent cyclization 

to obtain small and medium sized rings in efficient way.  

2.3 Design strategy 

Application of linear and cyclic peptidomimics as antimicrobial agents is an area of immense 

interest, mimics like peptoids, azapeptides,
16 

depsipeptides,
17

 D-peptides,
18 
-peptides

19 
etc. in 

both linear and cyclic form are used as antimicrobial agents. γ-AApeptides are recent addition 

to peptidomimics, they are composed of γ-substituted N-(2-aminoethyl)glycine monomeric 

units, showing enhanced antibacterial activity. In literature, N-(2-aminoethyl)glycine has 

been extensively used as a basic backbone unit for synthesis of peptide nucleic acids 

(PNA).
20

 Here we have used similar N-(2-aminoethyl)glycine
21

 as basic backbone unit to 

prepare N-acyl-N-(2-aminoethyl)glycine and N-alkyl-N-(2-aminoethyl)glycine hybrid peptoid 

monomers. The oligomerization of these hybrid peptoid monomer units gave rise to new class 

of linear peptidomimics. Serendipitously we observed that these monomer units undergo 

differential cyclization (either six or twelve membered rings) under similar reaction 

conditions. Universality of the reaction was confirmed by synthesizing a series of analogous 

N-alkyl and N-acyl substituted N-(2-aminoethyl)glycine monomer units, followed by 
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cyclization. Synthesised cyclic hybrid peptoids have asymmetric and stable conformation in 

solution. 

2.4 Synthesis of cyclic hybrid peptoids 

The N-(2-aminoethyl)glycine (aeg) backbone was synthesised from ethylene diamine. The 

selective mono-Boc–protection of ethylene diamine was achieved by dropwise addition of di-

tert-butyldicarbonate in chloroform under ice cold conditions to obtain N-tert-

butyloxycarbonyl-1,2-ethylenediamine (1) (Scheme 1). N-Alkylation of 1 was performed 

with bromomethyl acetate using KF celite
22

 as non nucleophilic base to obtain N-methyl-N-

(2-Boc-aminoethyl)glycinate (2).  

H2N
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H
N O
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H
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O
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Scheme 2.1 Synthesis of N-(2-aminoethyl)glycine (aeg) hybrid peptoid monomers. 
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Then the backbone (2) was coupled to acetic acid derivatives through standard peptide 

coupling protocols using HBTU to obtain respective N-acyl-N-(2-aminoethyl)glycine 

monomers. N-Alkylation of backbone (2) was performed with bromomethyl derivatives using 

triethylamine as base to obtain N-alkyl-N-(2-aminoethyl)glycine monomers. Both N-alkyl and 

N-acyl monomers were independently subjected to tBoc-deprotection using 50% TFA in 

DCM followed by cyclization at 110 
°
C in sec-butanol containing 1% acetic acid.

23 
 

N-Alkyl-N-(2-aminoethyl)glycine showed intramolecular cyclization to form six 

membered ring (Figure 2.1) whereas, N-acyl-N-(2-aminoethyl)glycine hybrid peptoid 

monomer underwent intermolecular coupling followed by cyclization leading to the 

formation of twelve membered ring (Figure 2.2). To understand the generality of differential 

cyclization of monomers with varying functionalities we have synthesised a library of six and 

twelve member cyclic hybrid peptoids starting with various aromatic functionalities attached 

to N-(2-aminoethyl)glycine through acyl and methyl groups. Initially simple benzyl unit (3a, 

3g) were used and then α and β naphthalene units (3b, 3h and 3c, 3i respectively) were used 

to demonstrate that ring cyclization is independent of type of aromatic moiety and position of 

attachment. Monomers having electron withdrawing group (4-nitrophenyl, 3k and 3e) and 

donating group (4-methoxyphenyl, 3e and 3j) were synthesised to study the influence of 

electronic effects on cyclization of monomers. Interestingly, no changes were observed in the 

differential six or twelve member ring formation from N-alkyl and N-acyl substituted peptide 

monomers respectively. This observation emphasized the generality of the effect of N-alkyl 

and N-acyl substituent on the cyclization of the hybrid peptoid monomers. Further, we have 

synthesized monomer 3f with ethyl linker and cyclized under the similar reaction conditions. 

Cyclization of monomer 3f gave six membered ring and this further confirmed our 

assumption that, the absence of carbonyl moiety (flexibility and free rotation of N-alkyl 
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Figure 2.1 Cyclization of N-alkyl-N-(2-aminoethyl)glycine monomer units. 
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Figure 2.2 Cyclization of N-acyl-N-(2-aminoethyl)glycine monomer units. 
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substituent) favours the formation of six member rings and the presence of carbonyl group 

(free rotation of N-acyl substituent is restricted) favours the formation of twelve member 

rings. Similar trend was observed for the cyclization of adenine (3l) and thymine (3m) acetic 

acid substituted N-(2-aminoethyl)glycine monomers (Scheme 2.2).
24

 These molecules were 

synthesised to study their interactions with single strand DNA as functional molecules.  
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Scheme 2.2 Adenine (3l) and thymine (3m) acetic acid substituted N-(2-aminoethyl)glycine 

monomers cyclization to form twelve membered cyclic aeg-hybrid peptoids 4l and 4m 

respectively.  

 

2.5 Results and discussion 

Cyclic aeg-hybrid peptoids were characterized by nuclear magnetic resonance spectroscopy 

(
1
H NMR, 

13
C NMR, DEPT, HSQC and HMBC), IR spectroscopy and energy minimized 

model to determine the structure. 
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2.5.1 
1
H NMR and 

13
C NMR for cyclic hybrid peptoids 

NMR studies conformed the N-alkyl and N-acyl enforced cyclization of N-alkyl-N-(2-

aminoethyl)glycine and N-acyl-N-(2-aminoethyl)glycine hybrid peptoid monomers to six and 

twelve membered cyclic aeg-hybrid peptoids. It is well known in case of natural cyclic 

peptides and cyclic peptidomimics that they are conformationally
25 

constrained and rarely 

exists in symmetric cyclic forms. The protons which are seen in the NMR spectrum of an 

uncyclized form of peptide are hard to correlate with the protons observed in the cyclized 

form of the same peptide. Symmetric cyclic dipeptides (CDP) like Gly-Gly shows two 

different peaks corresponding to two amide protons in 
1
H NMR spectrum, owing to its 

asymmetric conformation. Similar spectral features can be expected in larger cyclic 

peptides
26

 or their mimics. Our cyclic hybrid peptoids were differentiated as six and twelve 

membered rings based on NMR and mass analysis. 
1
H-NMR spectra of monomer units (eg., 

3d and 3k) clearly showed a singlet peak at 1.5 ppm (nine protons) which corresponds to tert-

butyl group and a singlet peak at 3.7 ppm (three protons) for -OMe of methyl ester. We have 

recorded the 
1
H-NMR spectra of 3d and 3k after Boc–deprotection followed by cyclization. 

Surprisingly, we did not find peaks of amino and -OMe group indicating the possible 

cyclization of respective monomers. In Figure 2.4, the 
1
H NMR of 4d in CDCl3, showed four 

peaks (2, 3, 5 and 7) in region from 2.4 ppm to 4 ppm corresponding to protons of four -CH2 

groups, one broad peak at 6.83ppm corresponding to amide proton (H1) and a doublet for 

four aromatic protons (HRMS mass - 236.1055, [M+H]
+
) confirming  six membered cyclic 

structure of 4d.  

In case of 
1
H NMR of molecule 4k in DMSO d6, the splitting pattern was completely 

different, presence of two amide protons (H12 and H18) indicates the existence of either trimer 

or a cyclic dimer. Presence of trimer was ruled out by mass analysis (HRMS mass =  
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Figure 2.3 Comparison of 
1
H NMR and 

13
C NMR spectra of molecules 4d and 4k.  
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549.1664, [M+Na]
+
), confirming cyclic dimer (twelve membered ring) structure of 4k. Seven 

peaks in region from 3 ppm to 4.3 ppm (13, 14, 16, 20, 22, 25 and 31) correspond to protons 

of eight -CH2 groups, indicating that molecule 4k exist as conformationally constrained 

asymmetric cyclic dimer (12-member ring). The asymmetric twelve membered cyclic 

structure of 4k was further confirmed by 
13

C NMR and DEPT-135 

(distortionless enhancement by polarization transfer) spectral data. In molecule 4d four peak 

(2, 3, 5 and 7) for -CH2 groups and one peak for carbonyl (6) was observed. In case of 4k, 

eight peaks (13, 14, 16, 20, 22, 25 and 31) for corresponding -CH2 groups, four peaks (17, 23, 

24 and 30) for four carbonyls and two peaks for amide protons was observed. 4-nitrophenyl 

moiety have four set of equivalent aromatic carbons (two –CH and two quaternary carbons) 

and 4d showed all the four peaks (8, 9, 10 and 11) in 
13

C NMR and corresponding two peaks 

(-CH) in DEPT-135. Whereas 4k showed six set of aromatic peaks (26, 27, 28, 29, 32 and 33) 

in 
13

C NMR, of which two are from quaternary carbon (26 and 29) and other peaks from four 

–CH carbons. The four –CH carbon signals were also observed in DEPT-135 spectrum. This 

implies that the two 4-nitrophenyl aromatic rings in 4k experience differential chemical 

environment due to asymmetric conformation of twelve membered ring of 4k. 

2.5.2 Temperature and concentration dependent NMR spectroscopy  

We have investigated the hydrogen bonding patterns of amide bonds in 4k with the help of 

temperature dependent 
1
H-NMR studies.

27
 Temperature dependent NMR  spectra showed an 

upfield shift (0.6 ppm) of amide protons by increasing the temperature from 25°C to 95°C 

indicating the presence of hydrogen bonding. The hydrogen bonding in 4k can be either inter 

or intramolecular and intermolecular hydrogen bonding is more common in macrocyclic 

peptides and peptoids.
10

 The nature of hydrogen bonding (intra or inter molecular) was 

validated through a series of concentration dependent NMR and IR studies. 
1
H NMR of 4k 

was recorded at various concentrations (3.8 mM, 1.9 mM, 0.95 mM, 0.47 mM and 0.23 mM) 
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in DMSO d6. The concentration dependent 
1
H NMR spectra did not show any change in the 

 

Figure 2.4 Temperature dependent
1
H NMR spectra of molecule 4k (in DMSO d6). 

position of amide proton signals with the varying concentration (dilution) of 4k from 3.8 mM 

to 0.23 mM, which revealed existence of intramolecular hydrogen bonding interactions, 
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which is generally not expected in cyclic peptides. The strength of intramolecular hydrogen 

bonding for amide protons can be estimated by using temperature coefficient (∆/∆T) 

data.
28

 Temperature coefficient is the slope of a plot of amide proton chemical shift observed 

against temperature in 
1
H NMR. The temperature coefficient values obtained for amide 

protons H12 and H18 are -4.46 ppb and -5.7 ppb. The obtained temperature coefficient values 

indicate that the strength of hydrogen bonding is moderate and amide protons are less 

shielded from the solvent.
29

 Proton H12 exhibited relatively lower hydrogen bond strength 

compared to proton H18. The amide protons H12 and H18 at higher temperature merge to form 

a single broad peak with a net upfield shift of 0.33 ppm and 0.39 ppm respectively (Figure 

2.4). Similarly protons 13 and 20 that appear as two broad multiplets (at 25 C) merge to 

form a broad singlet with a marginal downfield shift (0.02 ppm) as the temperature increase 

from 25 C to 65 C which ultimately transformed into broad multiplet at 95 C. Similar 

spectral changes were observed in case of protons of all other -CH2 groups (14 & 19, 31 & 

25, and 22 & 16). At 45 °C, the singlet corresponding to four -CH2 protons at 3.95 ppm split 

into two peaks indicating that all these protons are not equivalent and may correspond to 

protons from two different sets of -CH2 groups (16 and 31).  

Recently, F. De Riccardis et al.
 
have shown that eighteen membered cyclic peptoid 

change its conformation form an asymmetric cyclic form to a symmetric form with the 

addition of sodium picrate.
30

 Na
+
 acts as guest and induces S6 symmetry into the molecule, 

this phenomena was studied and confirmed by concentration depended NMR spectroscopy. 

In our case molecule 4k with increase in temperature showed merging of related peaks, 

indicating that 4k is changing conformation from an asymmetric, constrained form to highly 

symmetric form (C2 symmetry). 
1
H NMR spectrum of 4k at 95 °C showed proper splitting 

pattern and proton count corresponding to symmetric twelve member ring. 
13

C NMR and 

DEPT data at 75 °C have further strengthened the observation. 
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2.5.3 IR spectroscopy 

The presence of intramolecular hydrogen bonding in molecule 4k was confirmed through IR 

measurements at different concentrations by monitoring the change in the peak position 

corresponding to amide stretching (3300 cm
-1

). A broad peak at 3280 cm
-1 

was observed 

corresponding to the hydrogen bonded amide and showed no change with decrease of 

concentration from 2 mM to 0.5 mM confirming the presence of intramolecular hydrogen 

bonding in the molecule (Figure 2.5). 

 

 

 

 

 

 

Figure 2.5 IR spectra showing intramolecular hydrogen bonding in molecule 4k. 

 

2.5.4 2D NMR spectroscopy and energy minimized model 

The 
1
H -

13
C HSQC and HMBC spectra for molecule 4k was recorded in DMSO d6. HSQC 

spectra obtained were remarkably well dispersed, indicative of a non repetitive folded 

conformation. Other important information was the presence of only a single set of peaks for 

two protons bonded to a single carbon atom, implying exceptional conformational purity.
32

 

We assigned the correlation peaks and determined  the protons bonded to different carbons in 

a sequence-specific manner. 
1
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13
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for carbonyl of primary amide and triplet protons (14 and17) are indicating the existence of 

amide bond.  

Energy minimized structure for molecule 4k showed intramolecular hydrogen 

bonding between primary amide proton and secondary amide carbonyl (H12 & 
24

C=O and H18 

& 
30

C=O). The two intramolecular hydrogen bonds present in single molecule exhibit 

different bond lengths (Figure 2.6), supporting the inference deduced through temperature 

coefficient values obtained from temperature dependent 
1
H NMR spectroscopy. The 

minimized structure showed trans conformation for both the amide bonds, concluding that 

the molecule exist in low energy stable state. 

 

Figure 2.6 Energy minimized structure of molecule 4k showing intramolecular hydrogen 

bonding and trans amide bonds. 

 

2.6 Proposed mechanism  

The phenomenon of differential cyclization can be understood from structural aspects of N-

alkyl and N-acyl N-(2-aminoethyl)glycine monomers, the tertiary nitrogen is in pyramidal 

form substituted with flexible alkyl chains in case of N-alkyl-N-(2-aminoethyl)glycine 

monomers. Under reaction conditions the free amine attacks the ester without any hindrance 

from the tertiary nitrogen substituent in the backbone of linear N-(2-aminoethyl)glycine 
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chain, hence follow conventional Bladwin rules
35 

of intramolecular cyclization and form six 

membered cyclic product. Whereas in case of N-acyl-N-(2-aminoethyl) glycine monomers, 

tertiary nitrogen involved in amide linkage is in conjugation with carbonyl (flexibility and 

free rotation restricted), forms amide plane which prevent bending of the linear N-(2-

aminoethyl)glycine  chain, and hence conformationally hinder the attacking of nucleophilic 

amine on to the electrophilic ester functionality, thus preventing intramolecular cyclization to 

form six membered cyclic product (4a-4f). Instead the free amine of one monomer attacks 

ester carbonyl on the other monomeric unit (intermolecular reaction) as the unhindered face 

energetically favoured which lead to the formation of dimer which is now flexible enough to 

undergo intramolecular cyclization to form twelve-membered cyclic products (4g-4m). 

 

2.7 Conclusion 

We have developed an elegant methodology for the synthesis of six and twelve membered 

cyclic hybrid peptoids from N-(2-aminoethyl)glycine functionalized monomers. The reaction 

yields are high compared to other cyclization procedures reported in literature for twelve-

member cyclic products. The N-(2-aminoethyl)glycine backbone undergo differential 

cyclization based on N- substitution. For biological activity such as antimicrobial activity 

cyclic peptide or peptidomimics should posses conformationally constrained structure, which 

is found in case of smaller rings compared to larger ring structures, hence these six and 

twelve membered cyclic hybrid peptoids can be studied for antimicrobial activity. 

Functionalization with extra charged groups can enhance their bioactivity. Further we are 

trying to make oligomers using solid phase synthesis for various biological applications from 

antimicrobial activity to inhibitors of amyloid aggregation. 
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2.8 Experimental section 

General experimental procedure  

All chemicals, solvents and analytical grade reagents were obtained from Sigma-Aldrich or 

Spectrochem and used as purchased without any further purification. Elemental analysis was 

carried out on Thermo scientific FLASH 2000 organic element analyzer. 
1
H, 

13
C NMR, DEPT, 

HMBC, HSQC were performed using Bruker AV–400 spectrometer with chemical shifts 

reported as parts per million (in CDCl3 or DMSO d6, with tetramethylsilane as internal standard). 

Mass spectra were obtained from Agilent 6538 UHD HRMS/Q-TOF spectrometer and LCMS-

2020 Shimadzu spectrometer. 

Synthesis of N-tert-butyloxycarbonyl-1,2-ethylenediamine (1): To a solution of 

ethylenediamine (50 mL, 750 mmol) in chloroform (300 mL),   di-tert-butyldicarbonate (8.6 mL, 

37.5 mmol) dissolved in chloroform (250 mL) was added dropwise using pressure equaliser at 0 

°C. Reaction was monitored by thin layer chromatography and on completion of the reaction, 

reaction mixture was filtered. The filtrate was concentrated, extracted to organic layer, dried over 

anhydrous sodium sulfate and concentrated under vacuo to obtain colorless viscous liquid 1 in 

good yield (90 %). 
1
H NMR (CDCl3, 400 MHz) δ 4.86 (s, 1H), 3.16-3.17 (m, 2H), 2.77-2.80 (m, 

2H), 1.44 (s, 9H), 1.39 (s, 2H); 
13

C NMR (CDCl3, 100 MHz) δ 155.2, 78.25, 42.4, 40.8, 27.4.   

Synthesis of N-(2-(N-tert-butyloxycarbonyl)aminoethyl)glycine methyl ester (2): To a 

solution of tert-butyl N-(2-aminoethyl)carbamate (1) (3 g, 18.72 mmol) in acetonitrile (25 mL), 

KF-celite (10 g, 131.04 mmols) was added and allowed to be stirred for 15 min. Bromomethyl 

acetate (1.42 mL, 14.97 mmol) dissolved in acetonitrile (20 mL) was added dropwise for 15 min. 

using pressure equaliser and then the reaction mixture was allowed to be stirred for 7 h. Reaction 

was monitored by thin layer chromatography and on completion the reaction mixture was 

filtered, filtrate was concentrated. The crude product was purified by column chromatography on 
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silica gel using 0.3% methanol in chloroform as an eluent to afford brown liquid product 2 in 

good yield (83 %); 
1
H NMR (CDCl3, 400 MHz) δ 4.98 (s, 1H), 3.72 (s, 3H), 3.41(s, 2H), 3.189-

3.230 (m, 2H), 2.72-2.75 (t, 2H, J = 5.6 Hz), 1.60 (s, 1H), 1.44 (s, 9H); 
13

C NMR (CDCl3, 100 

MHz) δ 172.9, 156.0, 51.8, 50.3, 48.7, 40.1, 28.4. 

General synthetic procedure for N-alkyl-N-(2-aminoethyl)glycine monomers                              

To a solution of 2 (1.1 mmol) in acetonitrile (15 mL) was added TEA (2 mmol) at room 

temperature under argon atmosphere and stirred for 15 min. Then bromomethyl derivative 

was added and the reaction mixture was refluxed (81 C) for 6 – 8 h. Reaction was monitored 

by thin layer chromatography, on completion of reaction solvent is dried and the crude 

product was purified on silica gel column chromatography.  

N-(2-Boc-aminoethyl)-N-(benz-1-ylmethyl)glycine (3a): Eluted with 5% ethyl acetate in 

hexane and obtained as colourless liquid; yield (68 %); 
1
H NMR (CDCl3, 400 MHz) δ  7.31 

(s, 5H), 5.15 (s, 1H), 3.78 (s, 2H), 3.69 (s, 3H), 3.32 (s, 2H), 3.19 (d, J = 4.4 Hz, 2H), 2.76-

2.81 (t, J = 6 Hz, 2H), 1.45 (s, 9H); 
13

C NMR (CDCl3, 400 MHz) δ 169.6, 160.8, 156.0, 

135.7, 129.7, 129.3, 127.7, 79.5, 51.6, 47.6, 38.2, 37.3, 28.5; LCMS mass calcd: 322.1 

[M+H]
+
 found: 322.4. 

N-(2-Boc-aminoethyl)-N-(naphth-1-ylmethyl)glycine (3b): Eluted with 0.1% methanol in 

chloroform and obtained as liquid; yield (60 %); 
1
H NMR (CDCl3, 400 MHz) δ  7.74-7.81 

(m, 3H), 7.43-7.50 (m, 3H), 7.40 (s, 1H), 5.02 (s, 1H), 3.81 (s, 2H), 3.27 (s, 2H), 3.12 (s, 2H), 

2.71-2.76 (t, J = 6.2, 2H), 1.43 (s, 1H); 
13

C NMR (CDCl3, 400 MHz) δ 169.5, 162.4, 160.0, 

140.1, 137.3 135.7, 129.1, 129.3, 129.7, 127.7,126.8, 79.9, 52.6, 44.6, 36.2, 35.3, 28.5; 

LCMS mass calcd: 372.2 [M+H]
+
 found: 372.4. 

N-(2-Boc-aminoethyl)-N-(naphth-1-ylmethyl)glycine (3c): Eluted with 6% ethyl acetate in 

hexane and obtained as light brown semi solid; yield (61 %); 
1
H NMR (CDCl3, 400 MHz) δ  
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7.71-7.83 (m, 3H), 7.50 (s, 1H), 7.43-7.50 (m, 3H), 5.17 (s, 1H), 3.93 (s, 2H), 3.37 (s, 2H), 

3.32 (s, 2H), 2.80-2.82 (t, J = 5.3, 2H), 1.43 (s, 1H); 
13

C NMR (CDCl3, 400 MHz) δ 169.5, 

162.4, 160.0, 140.1, 137.3 135.7, 129.1, 129.3, 129.7, 127.7,126.8, 79.9, 52.6, 44.6, 36.2, 

35.3, 28.5; LCMS mass calcd: 372.2 [M+H]
+
 found: 372.4. 

N-(2-Boc-aminoethyl)-N-((4-nitrobenz)-1-ylmethyl)glycine (3d): Eluted with 0.1% 

methanol in chloroform and obtained as brownish liquid; yield (78 %); 
1
H NMR (CDCl3, 400 

MHz) δ  7.21-7.24 (m, 2H), 6.84-6.69 (m, 2H),5.26 (s, 1H), 4.32 (s, 2H), 3.66 (s, 2H), 3.45 

(s, 3H), 3.34-3.36 (t, 2H, J = 3.6 Hz), 3.21 (s, 2H), 1.45 (s, 9H); 
13

C NMR (CDCl3, 100 MHz) 

δ 168.4, 161.4, 132.5, 128.9, 126.6, 124.8, 79.8, 53.1, 44.5, 36.4, 36.5, 28.8   CMS mass 

calcd: 368.1 [M+H]
+
 found: 368.5. 

N-(2-Boc-aminoethyl)-N-((4-methoxybenz)-1-ylmethyl)glycine (3e): Eluted with 0.07% 

methanol in chloroform and obtained as a white solid; yield (76 %); 
1
HNMR (CDCl3, 400 

MHz) δ  7.23-7.27 (m, 2H), 6.67-6.70 (m, 2H),6.02 (s, 1H), 4.31 (s, 2H), 3.66 (s, 2H), 3.45 

(s, 3H), 3.34-3.39 (t, 2H, J = 4.3 Hz), 3.33 (s, 3H), 3.21 (s, 2H), 1.45 (s, 9H); 
13

C NMR 

(CDCl3, 100 MHz) 169.6, 161.4, 136.3, 128.8, 126.3, 123.2, 79.8, 53.1, 44.3, 38.3, 36.4, 

36.5, 28.2; LCMS mass calcd: 353.2 [M+H]
+ 

found: 353.3. 

N-(2-Boc-aminoethyl)-N-(benz-1-ylethyl)glycine (3f): Eluted in chloroform and obtained as 

colourless liquid; yield 43%; 
1
H NMR (CDCl3, 400 MHz) δ  7.34-7.40 (m, 5H), 5.13 (s, 1H), 

3.76 (s, 2H), 3.69 (s, 3H), 3.32 (s, 2H), 3.24-3.28 (t, 2H, J = 6.3 Hz ) 3.19 (d, J = 4.4 Hz, 2H), 

2.76-2.81 (t, 2H, J = 6 Hz), 1.45 (s, 9H); 
13

C NMR (CDCl3, 400 MHz) δ 169.6, 160.8, 156.0, 

135.7, 129.7, 129.3, 127.7, 79.5, 51.6, 47.6, 38.2, 37.3, 28.5; LCMS mass calcd: 337.2 

[M+H]
+ 

found: 337.8. 

General synthetic procedure for N-acyl-N-(2-aminoethyl)glycine monomers                             

To a solution of acetic acid derivative (1 mmol) in DMF was added HBTU (1.2 mmol) 
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followed by HOBT (1.2 mmols) at 0 C under argon atmosphere. Reaction mixture was 

stirred till a clear solution was obtained and then added 2 (1.1 mmol). Using a syringe DIPEA 

(3 mmol) was slowly added in portions to the reaction mixture and the reaction was stirred 

for 5–6 h at room temperature. Reaction was monitored by thin layer chromatography, on 

completion of reaction the reaction mixture was poured into water. The organic layer was 

separated, dried (Na2SO4) and evacuated. The crude product was purified by silica gel 

column chromatography. 

N-(2-Boc-aminoethyl)-N-(benz-1-ylacyl)glycine (3g): Eluted with 15% ethyl acetate in 

hexane and obtained as a white solid; yield (89 %); 
1
H NMR (CDCl3, 400 MHz) δ  7.20-7.33 

(m, 5H), 5.38 (s, 1H), 4.00 (s, 2H), 3.76 (s, 2H), 3.75 (s, 3H), 3.49 (t, J = 5.6 Hz, 2H), 3.21 

(q, J = 5.6 Hz, 2H), 1.45 (s, 9H); 
13

C NMR (CDCl3, 100 MHz) δ 169.6, 161.4, 156.0, 133.5, 

128.6, 126.5, 125.8, 79.5, 51.1, 47.3, 37.4, 36.3, 27.2; LCMS mass calcd: 351.3 [M+H]
+
 

found: 351.4. 

N-(2-Boc-aminoethyl)-N-(naphth-1-ylacyl)glycine (3h): Eluted with 0.4 % methanol in 

chloroform and obtained as colourless liquid; yield (83%); 
1
H NMR (DMSO d6, 400 MHz) δ 

7.81-7.90 (m, 4H) 7.75 (s, 1H), 7.45-7.52 (m, 2H), 7.38 (dd, J = 1.48 Hz, J = 8.4 Hz, 1H), 

7.00 (t, J = 5.7 Hz, 1H), 4.06 (s, 2H), 3.91 (s, 2H), 3.63 (s, 3H), 3.44 (t, J = 6 Hz), 3.14 (q, J 

= 6 Hz, 2H), 1.39 (s, 9H); 
13

C NMR (DMSO d6, 100 MHz) δ 168.4, 161.9, 156.2, 132.1, 

135.6, 128.9, 127.9, 126.5, 125.8, 124.2, 78.5, 52.1, 43.3, 37.2, 36.9, 28.8; LCMS mass 

calcd: 401.2 [M+H]
+
 found: 401.6. 

N-(2-Boc-aminoethyl)-N-(naphth-2-ylacyl)glycine (3i): Eluted with 15 % ethyl acetate in 

hexane and obtained as white semi-solid; yield (75 %); 
1
H NMR (DMSO d6, 400 MHz) δ 

7.85-7.93 (m, 4H) 7.73 (s, 1H), 7.46-7.51 (m, 2H), 7.36-7.39 (d, 1H, J = 1.53), 6.89-7.11 (t, J 

= 5.3 Hz, 1H), 4.06 (s, 2H), 3.91 (s, 2H), 3.63 (s, 3H), 3.42-3.56 (t, J = 6.1 Hz), 3.23-3.33 (q, 
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J = 6 Hz, 2H), 1.39 (s, 9H); 
13

C NMR (DMSO d6, 100 MHz) δ 169.6, 161.4, 156.0, 133.5, 

132.6, 128.6, 126.9, 126.5, 125.8, 125.0, 79.5, 51.1, 47.3, 38.2, 36.3, 28.3; LCMS mass 

calcd: 401.2 [M+H]
+
 found: 401.3. 

N-(2-Boc-aminoethyl)-N-((4-nitrobenz)-1-yl acyl)glycine (3j): Eluted with 0.2% methanol 

in chloroform and obtained as a brown solid; yield (68 %); 
1
H NMR (CDCl3, 400 MHz) δ  

7.20-7.23 (m, 2H), 6.89-6.49 (m, 2H),5.26 (s, 1H), 4.32 (s, 2H), 3.66 (s, 2H), 3.45 (s, 3H), 

3.34-3.39 (t, 2H, J = 4.3 Hz), 3.21 (s, 2H), 1.43 (s, 9H); 
13

C NMR (CDCl3, 100 MHz) δ 

168.6, 160.4, 156.2, 132.5, 128.9, 126.6, 124.8, 79.8, 53.1, 44.3, 36.4, 36.5, 28.2; LCMS 

mass calcd: 395.1 [M+H]
+
 found: 396.4. 

N-(2-Boc-aminoethyl)-N-((4-methoxybenz)-1-yl acyl)glycine (3k): Eluted with 0.05% 

methanol in chloroform and obtained as a white solid; yield (70 %); 
1
H NMR (CDCl3, 400 

MHz) δ  7.23-7.27 (m, 2H), 6.67-6.70 (m, 2H), 6.02 (s, 1H), 4.31 (s, 2H), 3.66 (s, 2H), 3.45 

(s, 3H), 3.34-3.39 (t, 2H, J = 4.3 Hz), 3.33 (s, 3H), 3.21 (s, 2H), 1.45 (s, 9H); 
13

C NMR 

(CDCl3, 100 MHz) δ 169.6, 161.4, 154.2, 136.3, 128.8, 126.3, 123.2, 79.8, 53.1, 44.3, 38.3, 

36.4, 36.5, 28.2; LCMS mass calcd: 381.2 [M+H]
+ 

found: 381.3. 

2-(N-(2-(tert-butoxycarbonyl) ethyl)-2-chloroacetamido) acetate (3k-1): To a solution of 

2 (3 g, 12.9 mmol) in acetonitrile (100 ml), KF-celite (7.224 g, 90 mmol) was added and 

stirred for 10 min. Chloroacyl chloride (1.43 mL, 18.1 mmol) was added slowly using syringe 

for 10 minutes, reaction was allowed to stirr for 7 hours. Reaction was monitored by thin 

layer chromatography and on completion reaction mixture was filtered, filtrate was 

concentrated. The crude product was purified using column chromatography on silica gel 

using CHCl3 as an eluent to afford a colourless liquid product in good yield (85 %); 
1
H NMR 

(400 MHz, CDCl3) δ 5.40 (s, 1H), 4.14 (s, 2H), 4.04 (s, 2H), 3.76 (s, 3H), 3.52-3.55 (t, J = 

5.9 Hz, 2H), 3.26-3.30 (q, J = 6 Hz, 2H), 1.44 (s, 9H); 
13

C NMR (CDCl3, 100 MHz) 169.4, 
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161.4, 156.0, 79.5, 51.1, 47.3, 37.4, 36.3, 27.3; LCMS mass  calcd: 309.7 [M+H]
+ 

found: 

309.4. 

N-(2-Boc-aminoethyl)-N-(adenin-9-ylacyl)glycine (3l): To a solution of Adenine (3g, 

8.11mmol) in DMF (25 ml), NaH (0.2 g, 8.11 mmol) was added and allowed to stirr the 

reaction mixture for 1 h. Then 3f-1 (3.02 g, 9.73 mmol) in DMF (5ml) was added to the 

above reaction mixture slowly. The reaction mixture was allowed to stirr overnight. Reaction 

mixture was filtered and was extracted with water and chloroform. Dried over Na2SO4 and 

evacuated. The crude product was purified using column chromatography on silica gel using 

CHCl3: MeOH (97.3:2.7) as an eluent to afford a white solid product in good yield (72 %); 

1
H NMR (400 MHz, CDCl3) δ 8.34 (s, 1H), 7.91 (s, 1H), 5.71 (s, 1H), 5.58 (s, 2H), 5.10 (s, 

2H), 4.07 (s, 2H), 3.75 (s, 3H), 3.65 (t, J = 5.8 Hz, 2H), 3.40 (q, J = 5.8 Hz, 2H), 1.41 (s, 9H); 

13
C NMR (CDCl3, 100 MHz) 169.1, 160.0, 156.2, 154.4, 149.5, 143.7, 132.5, 128.9, 126.6, 

124.8, 123.1, 79.8, 53.1, 44.8, 44.3, 36.4, 36.5, 28.2; LCMS mass found: 408.6 [M+H]
+ 

calcd: 408.2. 

N-(2-Boc-aminoethyl)-N-(thymin-1-ylacyl)glycine (3m): Eluted with 1.4% methanol in 

chloroform and obtained as a white powder; yield (73 %); 
1
H NMR (CDCl3, 400 MHz) δ 

8.16 (s, 1H), 6.96 (s, 1H), 5.49 (s, 1H), 4.57 (s, 2H), 4.05 (s, 2H), 3.76 (s, 3H), 3.53 (t, J = 5.8 

Hz, 2H), 3.34 (q, J = 5.92 Hz, 2H), 1.92 (d, J = 1.04 Hz, 3H), 1.45 (s, 9H); 
13

C NMR (CDCl3, 

100 MHz) δ 170.8, 170.4, 167.6, 167.2, 164.4, 155.8, 151.0, 142.0, 108.2, 78.1,78.0, 49.2; 

LCMS mass calcd: 399.4 [M+H]
+ 

found: 399.2. 

General synthetic procedure for cyclization To a solution of N-alkyl-N-(2-

aminoethyl)glycine or N-acyl-N-(2-aminoethyl)glycine monomers (200 mg) was added TFA, 

DCM (v/v 1:1) (5 mL) and a few drops of triisopropylsilane (TIPS) at 0
°
C. Reaction mixture 

was stirred for 1 h, solvent is dried and the product obtained is dissolved in sec-butanol (10 



63 
 

mL), reflux the reaction mixture at 110 
°
C, under argon atmosphere for 10–12 h. Reaction 

was monitored by thin layer chromatography, on completion of reaction solvent is dried and 

the crude product was purified by silica gel column chromatography.  

4-benzylpiperazin-2-one (4a): Eluted with 0.3% methanol in chloroform and obtained as 

white powder; yield 73%; M.P 163°C- 165°C; 
1
H NMR (CDCl3, 400 MHz) δ 7.24-7.32 (m, 

5H), 6.67 (s, 1H) 3.57 (s, 2H), 3.32-3.35 (m, 2H), 3.15(s, 1H), 2.62-3.64 (t, 2H, J = 5.6 Hz); 

13
C NMR (CDCl3, 100 MHz) δ 169.7, 136.9, 129.0, 128.4, 127.5, 61.8, 56.9, 48.5, 41.4; 

DEPT-135 (CDCl3, 100 MHz) δ 129.0, 128.4, 127.5, 61.8, 56.9, 48.5, 41.4; HRMS mass 

calculated for C11H14N2O1, 191.1179 [M+H]
+
. found: 191.1167; Elemental analysis. found: 

C, 68.92; H, 7.32; N, 15.65.calcd: C, 69.45; H, 7.42; N, 14.73.  

 4-(naphthalen-1-ylmethyl)piperazin-2-one (4b): Eluted with 0.1% methanol in chloroform 

and obtained as white powder; yield 69%; M.P 172°C- 175°C; C
1
H NMR (CDCl3, 400 MHz) 

δ 7.87-7.90 (m, 3H), 7.81 (s, 1H), 7.73 (s, 1H), 7.46-7.52 (m, 3H), 3.16 (m, 2H), 2.95 (s, 2H), 

2.57-2.60 (t, 2H, J = 5.68); 
13

C NMR (CDCl3, 100 MHz) δ 167.6, 135.1, 132.8, 132.3, 127.7, 

127.5, 127.4, 127.1, 127.12, 126.0, 125.7, 60.8, 56.7, 48.4, 40.35; DEPT-135 (CDCl3, 100 

MHz) δ 127.7, 127.5, 127.4, 127.1, 127.12, 126.0, 125.7, 60.8, 56.7, 48.4, 40.35; HRMS 

mass calculated for C15H16N2O1, 241.1335 [M+H]
+
. found: 241.1319; Elemental analysis. 

found: C, 74.81; H, 6.11; N, 11.32. calcd: C, 74.97; H, 6.71; N, 11.66.  

 4-(naphthalen-2-ylmethyl)piperazin-2-one (4c): Eluted with 0.12% methanol in 

chloroform and obtained as white crystalline powder; yield (69%); M.P 171°C- 173°C; 
1
H 

NMR (CDCl3, 400 MHz) δ 7.82-7.88 (m, 3H), 7.76 (m, 2H), 7.46-7.52 (m, 3H), 3.23 (m, 

2H), 2.91 (s, 2H), 2.57-2.60 (t, 2H, J = 5.68); 
13

C NMR (CDCl3, 100 MHz) δ 167.6, 133.2, 

132.4, 131.3, 127.7, 127.5, 127.4, 127.1, 127.12, 126.0, 125.7, 60.8, 56.7, 48.4, 40.35; 

DEPT-135 (CDCl3, 100 MHz) δ 127.7, 127.5, 127.4, 127.1, 127.12, 126.0, 125.7, 60.8, 56.7, 
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48.4, 40.35; HRMS mass calculated for C15H16N2O1, 241.1335 [M+H]
+
. Found: 241.1326; 

Elemental analysis. Found: C, 72.97; H, 6.22; N, 11.18.Calcd: C, 74.97; H, 6.71; N, 11.66.  

 4-(4-nitrobenzyl)piperazin-2-one (4d): Precipitated by diethyl ether and isolated as light 

brown powder; yield 71%; M.P 178°C- 180°C; 
1
H NMR (CDCl3, 400 MHz) δ 8.16-8.19 (d, 

2H, J = 8.4 Hz), 7.50-7.52 (d, 2H, J = 8.8 Hz), 6.83 (s, 1H), 3.66 (s, 2H), 3.34-3.37 (m, 2H), 

3.15 (s, 1h), 2.64-2.66 (t, 2H, J = 5.6 Hz); 
13

C NMR (CDCl3, 100 MHz) δ 169.2, 147.4, 

144.9, 129.4, 123.7, 60.9, 56.9, 48.7, 41.2; DEPT-135 (CDCl3, 100 MHz) δ 129.4, 123.7, 

60.9, 56.9, 48.7, 41.2; HRMS calculated for C11H13N3O3, 236.1035 (M+H)
+
. found: 

236.1055; Elemental analysis. found: C, 56.11; H, 5.32; N, 17.68. Calcd: C, 56.16; H, 5.57; 

N, 17.86.  

 4-(4-methoxybenzyl)piperazin-2-one (4e): Eluted with 0.08 % methanol in chloroform and 

obtained as white crystalline powder; yield (69%); M.P 156°C- 159°C; 
1
H NMR (CDCl3, 400 

MHz) δ 8.14-8.19 (d, 2H, J = 7.4 Hz), 7.50-7.52 (d, 2H, J = 8.8 Hz), 6.83 (s, 1H), 3.23 (m, 

2H), 2.91 (s, 2H), 2.57-2.60 (t, 2H, J = 5.68); 
13

C NMR (CDCl3, 100 MHz) δ 167.2, 145.5, 

144.3, 129.4, 123.7, 60.8, 56.7, 48.4, 40.35; DEPT-135 (CDCl3, 100 MHz) δ 129.4, 123.7, 

60.8, 56.7, 48.4, 40.35; HRMS mass calculated for C12H16N2O2, 221.1285 [M+H]
+
. Found: 

221.1251; Elemental analysis. found: C, 65.59; H, 7.63; N, 11.11. calcd: C, 65.43; H, 7.32; 

N, 12.72.  

 4-phenethylpiperazin-2-one (4f): Eluted in chloroform and obtained as brown powder; 

yield 43%; M.P 155°C- 159°C; 
1
H NMR (CDCl3, 400 MHz) δ 7.27-7.31 (m, 2H), 7.18-7.22 

(m, 3H), 6.59 (s, 1H), 3.36-3.39 (m, 2H), 3.22 (s, 2H), 2.79-2.83 (m, 2H), 2.67-2.73 (m, 2H); 

13
C NMR (CDCl3, 100 MHz) δ 169.5, 139.58, 128.6, 128.4, 126.2, 56.8, 49.1, 41.2, 33.4, 

29.6; DEPT-135 (CDCl3, 100 MHz) δ 128.6, 128.4, 126.2, 56.8, 49.1, 41.2, 33.4, 29.6; 
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HRMS mass calculated for C12H16N2O1, 205.1335 [M+H]
+
. found: 205.1336; Elemental 

analysis found: C, 71.56; H, 8.01; N, 13.56. calcd: C, 70.56; H, 7.90; N, 13.71.  

 4,10-(N,N’)-bis(benz-1-ylacyl) cyclo(aeg-aeg) (4g): Eluted with 0.8% methanol in 

chloroform and obtained as white powder; yield 72%; M.P 189°C- 196°C; 
1
H NMR (DMSO 

d6, 400 MHz) δ 7.44-7.56 (m, 10H), 7.25 (s, 1H), 4.46 (s, 2H), 4.31 (s, 2H), 4.01-4.04 (t, 2H, 

J = 5.2 Hz), 3.98 (s, 2H), 3.94 (s, 2H), 3.81-3.84 (t, 2H, J = 5.2), 3.50 (b, 2H), 3.35 (b, 2H); 

13
C NMR (DMSO d6, 100 MHz) δ 169.7, 168.1, 166.8, 134.2, 133.8, 128.9, 128.7, 128.5, 

127.15, 49.15, 46.0, 42.7, 41.2, 40.8, 40.6, 38.5, 29.6; DEPT-135 (DMSO d6, 100 MHz) δ 

128.9, 128.7, 128.5, 127.15, 49.15, 46.0, 42.7, 41.2, 40.8, 40.6, 38.5, 29.6; HRMS mass 

calculated for C20H24N8O8, 459.2003 [M+Na]
+
. found: 459.1945; Elemental analysis. found: 

C, 66.23; H, 6.45; N, 12.17. calcd: C, 66.19; H, 6.25; N, 12.87.   

 4,10-(N,N’)-bis(naphth-1-ylacyl) cyclo(aeg-aeg) (4h): Precipitated using diethyl ether to 

obtain white crystalline powder; M.P 180°C- 184°C; 
1
H NMR (DMSO d6, 400 MHz) δ 8.14 

(s, 1H), 8.07 (s, 1H), 7.91-7.96 (m, 4H), 7.81-7.83 (d, J = , 2H), 7.49-7.52 (m, 3H), 7.42-7.46 

(m, 2H), 7.30-7.35 (m, 2H), 4.18-4.22 (m, 6H), 3.97 (s, 2H), 3.75-3.77(t , 2H, J =4.3 Hz), 

3.64-3.62 (t, J = , 2H), 3.25 (b, 2H), 3.20 (b, 2H); (DMSO d6, 100 MHz) δ 169.7, 169.4, 

166.6, , 133.5, 132.4, 131.7, 131.3, 128.7, 128.6, 127.6, 127.5, 127.4, 127.0, 126.7, 126.5, 

126.4,126.3, 126.0, 125.9, 49.2, 46.1, 42.7, 41.4, 41.6, 41.0, 40.69, 38.6; DEPT-135 (DMSO 

d6, 100 MHz) δ 128.7, 128.6, 127.6, 127.5, 127.4, 127.0, 126.7, 126.5, 126.4,126.3, 126.0, 

125.9, 49.2, 46.1, 42.7, 41.4, 41.6, 41.0, 40.69, 38.6; HRMS mass calculated for C32H32N4O4, 

559.2316 [M+Na]
+
. found: 559.2277; Elemental analysis. found: C, 71.83; H, 5.91; N, 10.68. 

calcd: C, 71.62; H, 6.01; N, 10.44. 

 4,10-(N,N’)-bis(naphth-2-ylacyl) cyclo(aeg-aeg) (4i): Eluted with 0.5% methanol in 

chloroform and obtained as white crystalline powder; yield 68%; M.P 183°C- 187°C; 
1
H 
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NMR (DMSO d6, 400 MHz) δ 7.77-7.48 (m, 3H), 7.68 (s, 1H), 7.45-7.48(m, 2H), 7.36-7.38 

(d, 1H, J = 8.32 Hz), 6.74 (s, 1H), 6.63 (s, 1H) 4.28 (s, 2H), 4.14 (s, 2H), 3.93 (s, 2h), 3.88 (s, 

2H), 3.81-3.84 (t, 2H, J = 4.92), 3.62-3.65 (t, 2H, J = 5.36), 3.35 (b, 2H), 3.11 (b, 2H); 
13

C 

NMR (DMSO d6, 100 MHz) δ 169.7, 169.4, 166.6, , 133.5, 132.4, 131.7, 131.3, 128.7, 128.6, 

127.6, 127.5, 127.4, 127.0, 126.7, 126.5, 126.4,126.3, 126.0, 125.9, 49.2, 46.1, 42.7, 41.4, 

41.6, 41.0, 40.69, 38.6; DEPT-135 (DMSO d6, 100 MHz) δ 128.7, 128.6, 127.6, 127.5, 127.4, 

127.0, 126.7, 126.5, 126.4,126.3, 126.0, 125.9, 49.2, 46.1, 42.7, 41.4, 41.6, 41.0, 40.69, 38.6; 

HRMS mass calculated for C32H32N4O4, 559.2316 [M+Na]
+
. found: 559.2307; Elemental 

analysis. found: C, 71.94; H, 6.02; N, 10.34.calcd: C, 71.62; H, 6.01; N, 10.44.  

 4,10-(N,N’)-bis((4-methoxybenz)-1-yl acyl) cyclo(aeg-aeg) (4j): Eluted with 1.2 % 

methanol in chloroform and obtained as white crystalline powder; yield 68%; M.P 184°C- 

179°C; 
1
H NMR (DMSO d6, 100 MHz) δ 7.14-7.16 (s, 4H, J = 8.4 Hz), 6.84-6.87 (s, 4H, J = 

8.8 Hz), 6.63 (s, 1H), 6.50 (s, 1H), 4.25 (s, 2H), 4.10 (s, 2H), 3.70 (s, 4H), 3.66 (s, 2H), 3.61-

3.63 (t, 2H, J = 4.8 Hz), 3.36 (b, 2H), 3.16 (b, 2H); 
13

C NMR (DMSO d6, 100 MHz) δ 169.0, 

157.7, 128.7, 128.5, 124.7, 54.2, 48.1, 45.1, 41.6, 40.1, 39.7, 39.3, 39, 37.5; HRMS mass 

calculated for C26H32N4O6, 519.2214 [M+Na]
+
. found: 519.2167; Elemental analysis. found: 

C, 62.34; H, 6.50; N, 10.96. calcd: C, 62.89; H, 6.50; N, 11.28.  

 4,10-(N,N’)-bis((4-nitrobenz)-1-yl acyl) cyclo(aeg-aeg) (4k): Precipitated by diethyl ether 

and isolated as light brown powder; yield 82%; M.P 195°C- 200°C; 
1
H NMR (DMSO d6, 400 

MHz) δ 8.184-8.186 (d, 4H, J = 0.8 Hz), 8.16 (s, 1H), 8.07 (s, 1H), 7.47-7.52 (m, 4H), 4.11 

(s, 2H), 3.95 (s, 4H), 3.92 (s, 2H), 3.68-3.71 (t, 2H, J = 5.6 Hz), 3.6-3.62 (t, 2H, J = 5.6 Hz), 

3.21 (b, 2H), 3.18 (b, 2H); 
13

C NMR (DMSO d6, 100 MHz) δ 168.2, 168.1, 166.4, 165.7, 

146.2, 143.9, 130.9, 130.8, 123.16, 123.12, 48.3, 45.7, 42.1, 40.1, 40.0, 38.8, 38.3; DEPT-

135 (DMSO d6, 100 MHz) δ 130.9, 130.8, 123.16, 123.12, 48.3, 45.7, 42.1, 40.0, 39.47, 38.8, 
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38.3; HRMS mass calculated for C24H26N6O8, 549.1710 [M+Na]
+
. found: 549.1664; 

Elemental analysis. found: C, 54.35; H, 4.68; N, 15.83. calcd: C, 54.75; H, 4.98; N, 15.96.  

 4,10-(N,N’)-bis(adenin-9-ylacyl) cyclo(aeg-aeg) (4l): Isolated as white powder; yield 78%; 

1
H NMR (DMSO d6, 400 MHz) δ 8.81 (b, 4H), 8.34 (s, 2H), 8.32 (s, 2H), 8.27 (s, 2H), 8.22 

(s, 2H), 5.34-5.38 (d, J = , 4H), 4.27 (s, 2H), 4.01 (s, 2H), 3.81-3.84 (t, J = , 2H), 3.66-3.68 (t, 

J = , 2H), 3.42 (b, 2H), 3.26 (b, 2H); 
13

C NMR (DMSO d6, 100 MHz) δ 166.0, 165.3, 164.6, 

164.5, 158.8, 158.5, 151.6, 149.1, 146.8, 144.1, 117.7, 114.7, 47.3, 45.8, 44.7, 44.6, 41.2, 

40.1; DEPT-135 (DMSO d6, 100 MHz) δ 146.7, 146.6, 144.1, 47.2, 45.8, 44.7, 44.6, 41.2, 

39.8, 39.7, 39.3; HRMS mass calculated for C22H26N14O4, 573.2159 [M+Na]
+
. found: 

573.2110; Elemental analysis. found: C, 47.07; H, 4.73; N, 34.52. calcd: C, 48.00; H, 4.76; 

N, 35.62.  

 4,10-(N,N’)-bis(thymin-1-ylacyl) cyclo(aeg-aeg) (4m): Isolated as white powder; yield 

72%; 
1
H NMR (DMSO d6, 400 MHz) δ 11.27 (s, 1H), 11.26 (s, 1H), 8.15 (s, 1H), 8.09 (s, 

1H), 7.36 (s, 1H), 7.32 (s, 1H), 4.61 (s, 2H), 4.58 (s, 2H), 4.07 (s, 2H), 3.93 (s, 2H), 3.63-3.66 

(t, 2H, J = 5.2), 3.58-3.60 (t, 2H, J = 4.8), 3.29 (b, 2H), 3.18 (b, 2H), 1.74 (s, 6H); 
13

C NMR 

(DMSO d6, 100 MHz) δ 166.1, 165.5, 165.4, 164.3, 151.0, 142.1, 142.0, 108.0, 48.1, 47.9, 

47.1, 45.7, 41.0, 11.8; DEPT (DMSO d6, 100 MHz) δ 142.1, 142.0, 48.1, 47.9, 47.1, 45.7, 

41.0, 39.8, 39.7, 39.5, 11.8; HRMS mass calculated for C20H24N8O8, 555.1878 [M+Na]
+
. 

found: 555.1891; Elemental analysis. found: C, 66.23; H, 5.15; N, 13.02. calcd: C, 66.19; H, 

6.25; N, 12.87.  
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2.9 Appendix 

1
H and 

13
C NMR and Mass (HRMS) spectra. 
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Chapter-3 

Synthesis of peptide based potential inhibitors for -amyloid fibrillar 

aggregation 

3.1 Introduction 

Misfolding of proteins and transformation from their soluble form into highly insoluble 

amyloid deposits can lead to neurodegenerative disorders or systemic amyloidosis. Amyloid 

refers to extracellular proteinaceous deposits consisting of fibrils. Fibrils are oligomers of 

misfolded proteins or peptide fragments which are characterized by a cross β-sheet structure.
1
 

Until now, over 25 diseases are identified and thought to be related to the (extracellular) 

deposition of amyloid. Well known examples of amyloidosis are Alzheimer’s disease (Aβ-

peptide), Parkinson’s disease (α-synuclein), Huntington’s disease (poly-Gln) and type 2 

diabetes mellitus (amylin).2 Extensive studies have been performed to elucidate the 

mechanism of these diseases and to reveal the secondary and supramolecular structure of 

amyloid peptides, which are self-assembled into fibrils. These fibrillar intermediates are 

thought to be the cytotoxic species.
3
  

-Amyloid peptide (A 1-42) is derived from the amyloid precursor protein (APP) by 

proteolysis.
4
 The assembly and aggregation behaviour of the proteolytic products have been 

regarded as crucial parts to understand the pathogenesis of Alzheimer’s disease. Non-

crystalline nature of the amyloidal peptide fibril makes it experimentally challenging for 

structural analysis. The structural evidence at the molecular level is vital to obtain the insight 

into the mechanisms underlying the assembly structures, such as amyloid peptide 

conformations, configurations, and environmental effects. For A 1–42, a structural model 

was proposed as shown in Figure 3.1. Residues 1–10 could be attributed to the structurally 

disordered feature, 12–24 and 30–40 fragments adopt parallel -sheets through hydrogen 

bonds between peptide backbones. Fragment 25–29 acts as a bend of the peptide main chain 
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that connect two -sheets by side-chain interactions.
5
 The A 1–42 molecules features are 

parallel to each other, forming lamella structures. The arrangement of peptides is nearly 

perpendicular to the stripe axis. The separations between two neighbouring peptide chains 

were measured and were comparable with normal -sheet spacing.
6
 

 

Figure 3.1 Structures of -Amyloid peptide, (a) high resolution scanning tunnelling microscopy 

(STM) image of A 1–42 assembly structure (b) proposed hairpin model for A 1–42 (c) scanning 

electron microscopy (SEM) image of A 1–42 fibrils and (d) atomic force microscopy (AFM) image 

of A 1–42 fibrils.
6
 

 

Several strategies have been used to develop potential inhibitors of peptide or protein 

aggregates by stabilizing the peptide or proteins in their native soluble conformations or 

destabilizing the altered amyloidogenic conformers.
7
 Several inhibitors based on peptide and 

small organic molecules are reported in the literature.
8
 Of which peptide based inhibitors are 

better candidates owing to their specificity towards the A protein, where as non-peptidic 

inhibitors lacks A specificity and their inhibiting activity is not well understood. The history 

of peptide based inhibitors for β-amyloid aggregation began with the pioneering work of 

Tjernberg, which led to the identification of β-amyloid self-recognition motif. They have 

synthesized 31 sequential pentapeptides and measured the affinity of radio labelled β-amyloid 
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(1-42) peptides towards these pentapeptides. They identified 2 distinct regions of β-amyloid 

that recognized complementary pentapeptides. They identified KLVFF pentapeptides as the 

smallest fragment with reasonable binding affinity to the self-recognition region of β-

amyloid.
9
 An immobilized artificial receptor, was used to measure the binding affinity of a 

large number of ligands including LVFFAE and KLVFFAE.
10

 Initial studies suggested that 

ligand receptor complex prefer an anti-parallel arrangement over favoured parallel 

arrangement. Since then, the structure with KLVFFAE region has been explored with various 

experimental and computational techniques.
11

 K VFFAE is also the shortest region of β-

amyloid that can form oligomers and fibrils by itself. Soto et al. showed that pentapeptide, 

LPFFD could interfere β-amyloid fibrillar aggregation in a sub-acute animal model of AD.12 

Gordon et al. synthesised KLVFFAE and KLVFF and performed secondary 

modification of amino acids in the peptide sequence. N-methylation of alternate amino acids 

in KLVFFAE and KLVFF lead to enhanced β-amyloid inhibiting activity.
13

 KLVFFAE has 

better binding affinity than KLVFF, but it is not used as inhibitor because of its self 

aggregating nature. The N-methylated analogue of KLVFFAE, were more potent and do not 

undergo self aggregation. They also found that N-methylated versions of KLVFF and 

KLVFFAE had better aqueous solubility and cell membrane permiablity.
14

 In another 

approach, Findeis et al. used dextrorotary amino acids for synthesising KLVFF and this short 

peptide was more potent at inhibiting β amyloid (1-40) aggregation and cytotoxicity than 

KLVFF.
15

 They also showed that fragments 15-20 and 16-22 of β-amyloid peptide have an 

anti-aggregation activity. These short peptide sequences crossed the blood-brain barrier 

showed therapeutic effect in animal models with Alzheimer disease (AD).  

3.2 Objective of the work  

The objective of this project is to synthesise peptide-hybrid molecules and use them as 

inhibitors of amyloid peptide aggregation. β-Amyloid (1-40) peptide fragments involved in 
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fibrils formation have been synthesised.
16

 These peptides act as model system for A 1–42 

fibrils and can be used to study inhibitory activity of small peptide and organic molecules.  

3.3 Design strategy 

 Peptide based β-amyloid inhibitors are efficient and specific compared to other classes of 

inhibitors. Peptide inhibitors mainly target the hydrophobic region (-sheet) or the hydrogen 

bonding present in the amyloid peptides.
17

 KLVFF is a well known example in literature as 

an inhibitor, it interferes with β-amyloid peptides -sheet formation and prevent the 

fibrillization. Modifications at C or N termini with unnatural amino acids or organic moieties 

are explored to increase inhibition efficiency. Here we have synthesised peptide-organic 

hybrid systems, as β-amyloid inhibitors. We have synthesised four peptide-organic hybrid 

sequences with KLVFF and QKLVFFA as core peptide sequences which can act as efficient 

inhibitors (Figure 3.2). These core peptides are known as inhibitors, but the extent of 

inhibition is not effective enough to use them for practical applications. We modified the N-

terminal of the peptide sequences with small organic molecules like thymine acetic acid and 

barbiturate acetic acid to obtain Pep-1 (Bar-KLVFF), Pep-2 (Thy-KLVFF), Pep-3 (Bar-

QKLVFFA) and Pep-4 (Thy-QKLVFFA) (Figure 3.2). The peptide appended small organic 

have multiple hydrogen donor and acceptor sites, which can interfere with amyloid 

aggregation. Both the site specificity of peptide and hydrogen bond interfering ability of 

organic molecule can add up to show better efficiency compared to conventional peptide 

inhibitors.  

We have also synthesised β-amyloid peptide core fragments involved in amyloid aggregation. 

These fragments can be incubated at 37 
°
C to obtain fibrils similar to β-amyloid (1-40) 

aggregates and can be used as a model of β-amyloid system to study small organic molecules 

based inhibitors. The two core -peptides synthesised are HHQKLVFFAED (Ab-1) and 

EVHHQKLVFFAEDVG (Ab-2) (Figure 3.3). 
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Figure 3.2 Structures of hybrid peptide with thymine and barbiturate. 
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Figure 3.3 Structures of β-amyloid peptide core fragments. 

 

3.4 Results and discussion 

3.4.1 Synthesis of peptides: Peptides were synthesised using solid phase chemistry protocols 

(Chapter 1). An automated peptide synthesizer (Syro II, MultisynTech) has been used to 

synthesis desired peptide sequences. First amino acid is immobilized on a solid support by a 

readily cleavable linkage, the desired peptide at the end is cleaved from the solid support. 

Here we have used Fmoc chemistry on Rink amide resin as a solid support for synthesis of 

peptides. Protected amino acids are used to prevent oligomerization and undesired product 

formation during the course of peptide synthesis, the side chain functional groups present in 

amino acids was protected by different orthogonal protection groups.   

The resin is taken in reaction vessel and soaked in DCM for swelling (2 h) with 

optimal vortexing. Once the swelling is completed, resin is washed with DMF, followed by 

addition of 40% piperidine in DMF to deprotect Fmoc-group to obtain reactive free –NH2 

group on the resin. The first amino acid (4 equivalents) is coupled to the resin using coupling 
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reagent HBTU and non-nucleophilic base, DIPEA for 1 h with periodic vortexing. Unreacted 

reagents are washed off by multiple washing cycles. Then the next amino acid is deprotected 

(Fmoc-deprotection) with 40% piperidine in DMF, for 15 min. Cycles of coupling and 

deprotection were continued till the desired peptide sequence is obtained (Figure 3.4).

 

Figure 3.4 General scheme for the solid phase peptide synthesis (SPPS).  

In case of hybrid peptide molecules (Pep-1, Pep-2, Pep-3 and Pep-4), after the Fmoc 

deprotection of the final amino acid thymine acetic acid or barbiturate acetic acid is added 

with coupling reagent (HBTU) and base (DIPEA). Once the peptides are synthesised, they 

are cleaved from the resin using a cocktail made up of 95% TFA, 2% TIPS in DCM. 

Cleaving cocktail cleaves the peptide from resin and also deprotect all side chain protecting 

groups of amino acids to obtain the desired free hybrid peptide sequence. The resin is 
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separated from cocktail solution through filtration and cold diethyl ether was added followed 

by incubation at 0
 
C for 1 h. The peptides suspensions were centrifuged, the supernatant was 

decanted and the crude product was collected.  

3.4.2 Purification of peptides: The hybrid peptides were purified by reverse phase high 

performance liquid chromatography (HPLC) using a binary gradient of water and acetonitrile 

as eluent. The peptides were dissolved in minimum amount of acetonitrile, water or mixture 

of both solvents and in cases where peptide was insoluble a small amount of methanol was 

used. The solution was filtered through millipore filters (0.45 m) to remove undissolved 

particulate matter. Preparative HPLC traces for before (left) and after (right) purification of 

Pep-1, Pep-2, Pep-3, Pep-4, Ab-1 and Ab-2 are given below. The purified peptide fractions 

were further analyzed by LCMS, the pure peptide fraction was freeze dried and stored at 0°C.  
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3.4.3 Characterization of peptides: The integrity of peptides obtained were further 

characterized using high resolution mass spectroscopy (HRMS). HRMS data for Pep-1, Pep-

2, Pep-3, Pep-4, Ab-1 and Ab-2 are given below. 

Exact mass of Pep-1 [M+H]
+1

=
 
820.4373 obtained mass = 820.4371  

 

Exact mass of Pep-2 [M+H]
+1

=
 
818.4559 obtained mass = 818.4581  

 

Exact mass of Pep-3 [M+H]
+1

= 1019.5309 obtained mass = 1019.5367  
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Exact mass of Pep-4 [M+H]
+1

= 1016.5564 obtained mass = 1016.5529  

 

Exact mass of Ab-1 [(M+2H)/2]
+2

= 685.3466 obtained mass = 685.3479  

 

Exact mass of Ab-2 [(M+2H)/2]
+2

= 877.4445 obtained mass = 877.4465  
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3.5 Conclusion 

We have synthesised hybrid peptide molecules with thymine and barbiturate using automated 

solid phase peptide synthesiser. These molecules are to be studied as inhibitors for β amyloid 

(1-42) fibrillar aggregation. The β-amyloid fragments were synthesised to use as controls in 

the fibrillar aggregation studies. These peptides can be used as model systems for studying 

small peptide and organic molecule based inhibitors. 

 

3.6 Experimental section 

Amino acids and coupling reagents were obtained from Novabiochem, other chemicals, solvents 

and analytical grade reagents were obtained from Sigma-Aldrich and used as purchased without 

any further purification. Peptides were synthesized by automated peptide synthesizer Syro II 

from Multisyntech. Purification of peptides was performed with LC-8A Shimadzu preparative 

HPLC. Mass spectra were obtained from Agilent 6538 UHD HRMS/Q-TOF spectrometer and 

LCMS-2020 Shimadzu spectrometer. 
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