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Abstract 
 

Inspired by the functions of proteins and metalloproteins, extensive efforts have been made 

over the years to mimic their structures and functions using non-natural amino acid building 

blocks. The folded structures derived from the oligomers of beta, gamma, and delta amino acids 

and their mixed sequences along with alpha-amino acids offer a wide range of structural 

diversity with potential applications in biology and materials. In our previous studies, we have 

shown the remarkable beta-double helical structures from the homo-oligomers of 4,4-dimethyl 

substituted (E)-vinylogous amino acids and stable helical structures from short sequences of 

alpha, gamma-hybrid peptides. However, understanding the requirement of amino acid 

residues and peptide sequences to form a double helical structure was an illusion. In the present 

study, we have revealed that the beta-double helical structures not confined to the oligomers 

4,4-dimethyl substituted (E)-vinylogous amino acids, even the mixed sequences composed of 

3,3-dimethyl substituted -amino acid (Adb) along with 4,4-dimethyl substituted (E)-

vinylogous amino acids and also form artificial beta double-helical structures. In sharp contrast, 

replacing 3,3-dimethyl gamma-amino acids with 4,4-dimethyl gamma-amino acids also leads 

to double helical structures. The structural analysis of the double helix shows achiral in nature. 

Furthermore, we have examined the transformation of the achiral nature of the beta-double 

helices into chiral double helices by attaching chiral amines at the C-terminal of the peptides. 

Both single crystal structure and solution state analysis reveal that even after attaching a chiral 

amine, the peptide maintained its double helical nature, and chirality is induced throughout the 

peptide sequences. In contrast to the double helical structures, the -hybrid tripeptides 

composed of saturated gamma-amino acids gave stable helical structures in single crystals and 

solution state. We have examined these stable helical structures in the construction of various 

types of metal-coordinated ordered supramolecular architectures. We have used Ag+, Cu2+, 

Zn2+, and Cd2+ ions to understand the helical structure organization in the presence of metal 

ions. The stable caged porous networks obtained in the presence of ZnCl2 have been further 

explored as hosts to encapsulate guest solvent molecules. On the other hand, the structural 

analysis of CdI2-coordinated peptide reveals entirely different, remarkable left-handed 

superhelical architectures. Instructively, the hybrid tripeptide with valine residues forms 

metallogels in the presence of Ag+ and Cu2+ ions. The X-ray analysis of single crystals obtained 

from the gel matrix reveals that the helical structure is maintained during the self-assembly 

process. Overall, the sterically constrained chiral and achiral gamma-amino acids can be used 
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to construct different types of peptide foldamers. These secondary structure mimetics can be 

used to construct remarkably ordered supramolecular assemblies. The work presented here 

opens a new window to further explore these short helices and beta-double helices as new tools 

for the design of peptide-based biomaterials. 
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Synopsis 

 

Chapter 1 

General Introduction of β- and  -peptide foldamers 

Proteins play a critical role in all biological events of living organisms. The functions of 

proteins mainly depend on their three-dimensional structures. The structure-function 

relationships of proteins have inspired chemists to construct protein structure mimetics using 

various types of unnatural building blocks.1 Extensive efforts have been made in the literature 

to design protein structure mimetics using sterically constrained ,-gem-dialkyl substituted 

α-amino acids. In addition to the sterically constrained α-amino acids, a variety of non-

ribosomal amino acids as well as organic templates have been explored to construct the protein 

structure mimetics.2 Among the different types of non-ribosomal amino acids and organic 

templates, β- and -amino acids have been extensively investigated to construct protein 

secondary structure mimetics (Foldamers).3  

 The β-amino acids are the backbone homologated analogs of α-amino acids. These -amino 

acids can be classified as β3-, 3,3and β2-, β2,2- and β2,3- amino acids based on the position of 

amino acid side-chains.4 In addition to the acyclic β3- and β2-amino acids, a variety of cyclic 

-amino acids have been synthesized and utilized to design protein structure mimetics.5 The -

peptides constructed from the -amino acids have been shown to adopt various types of helical 

structures. Based on their intramolecular H-bonds, the β-peptide helices can be classified as 

C14-, C12-, C10- and C8-helices.6 The numbers in the subscript indicate the total number of atoms 

involved in the one H-bond pseudo cycle.  In addition, the β-peptide helices have also displayed 

different polarities compared to -peptide helices. The C8- and C12-helices of -peptides have 

displayed the same hydrogen bonding directionality as -peptides (C ←N), whereas C10- and 

C14- helices showed opposite H-bond directionality (N←C).7 Another interesting feature of -

peptide foldamers is that, they also display mixed H-bonding consisting of opposite H-bond 

polarities within the same helix.8-10  

γ-Amino acids are homologated analogs of -amino acids. The γ-amino acids can be 

recognized as 4-, 3-, 2-, 4,4-,  3,3-, 2,2 and 2,3,4- amino acids based on the position of the 

side chain on the amino acid’s backbone.11 In comparison to -amino acids -amino acids have 
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not been much explored, however many diverse structures can be expected from -amino acid 

oligomers.  The groups Seebach and Hanessian showed the 14-helical conformations of the 

oligomers of γ4-amino acids as well as 2, 3, and 4 substituted -amino acids.12,13 In addition, 

Balaram and colleagues demonstrated C9 helical conformations from 3,3-amino acid 

oligomers.14 

   In contrast to the homo-oligomers of - and -peptides, the mixed sequences consisting 

of -, β-, and -amino acids have attracted considerable attention.  The advantage of the mixed 

sequences is that it provides an opportunity to design a variety of helices by varying the 

sequence patterns of different amino acids. Balaram and colleagues demonstrated a variety of 

hybrid helices in the combination of (αβ)n- and ()n-sequences.15,16  Gellman and colleagues 

reported C11- C14/15- C11/11/12-helix and C10/11/11 from α, β-hybrid peptides.17 In addition, the 

same group reported 13-helices from ,-hybrid peptides.18 The hybrid peptide foldamers have 

been explored to design antimicrobials,19 p53-HDM2 inhibitors,20 HIV inhibitors,21 human 

cytomegalovirus entry inhibitors,22 and in the field of supramolecular self-assembly.23 Using 

theoretical calculations, Hofmann and colleagues predicted a range of helical structures 

available to 1:1 alternating α- and γ- amino acids and also to the oligomers of (E)- and (Z)-α,β-

unsaturated γ-amino acids.24,25 We demonstrated the 12-helical structures from ,-hybrid 

peptides composed of - and 3-amino acids.26 Further, we showed the utilization of (E)-α,β-

unsaturated γ-amino acids in the design of β-hairpins, multi-stranded β-sheets and the 

accommodation of (Z)-vinylogous amino acids in hybrid 12-helical structure.27-30 In this thesis, 

we are demonstrating the utilization of geometrically constrained  (E)- α, β unsaturated γ-amino 

acids in the design of - double helices, chiral double helices, substitution effects in the design 

of double helices, exploration of short ,-hybrid peptides as templates to construct metal-

helix-frameworks, metal-coordinated helical polymers, and metallogels.    

Chapter 2A 

Effect of Substituents to Construct Achiral Double Helices: An Approach of 

Conformational Adaptation of Peptide Foldamer 
 

Double helices are the most important structural features of nucleic acids. The double helical 

structural motif plays a crucial role in the storage of genetic information in nucleic acids. The 

double helical structures are rarely observed in other natural biopolymers. In addition to DNA, 

naturally occurring gramicidin A and feglymycin adopt double helical conformations.31 In 
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addition, synthetic analogues of gramicidin A, alternating L- and D-peptides,32 oligomers of 

aromatic oligoamide,33 and metal-coordinated aromatic oligoamides have been shown to adopt 

double helical conformations.34 Recently, we demonstrated that oligomers composed of (E) 

,-unsaturated 4,4-dialkyl -amino acids adopted double helical conformations, whereas ,-

unsaturated -amino acid oligomers without dialkyl constraints at -position adopt -sheet type 

structures in single crystals.35 Encouraged by these fascinating double helical structures from 

,-unsaturated -amino acids, we sought to investigate the necessity of the double bonds in 

dialkyl -amino acids in adopting double helical conformations. In this Chapter, we are 

reporting the conformational properties of 1:1 alternating unsaturated and saturated 4,4-dialkyl 

-amino acids (Aic) and 3,3- dialkyl -amino acids (Adb). We designed pentapeptides, P1-P4 

(Scheme 1), synthesized in the solution phase method and studied their conformations in single 

crystals.  

 

 

 

 

 

 

 

 

 

 

Scheme 1: (a-c) The building block amino acid residues used. (d) Sequences of design peptides 

(P1-P4)  

The X-ray diffracted single crystal structures of P1-P4 are shown in Figure 1.  The structural 

analysis revealed that P1-P3 adopted double helical conformations. Peptide P4 consisting of 

3,3-dialkyl -amino acids at the N- and C- terminus of peptide adopted distorted double-helical 

conformation. The double helix structure is distorted at the terminals. In addition, all four 

peptides have displayed distinct H-bonding patterns in the double helical conformations. The 

torsion angles of ,-unsaturated 4,4-dialkyl -amino acid residue are consistent with the 

previously reported double helix structures.  

Overall, the single crystal analysis of the peptides P1-P4 revealed that the 4,4- dialkyl 

-amino acids (Aic) and 3,3-dialkyl -amino acids (Adb) can be accommodated into the -
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double helical conformation in combination with (E)-,-unsaturated 4,4-dialkyl -amino acid 

residues (dgAic). The (E)-,-unsaturated 4,4-dialkyl -amino acid residues are essential to 

induce double-helical conformation in -peptide foldamers.  

 

 

Figure 1: Single crystal structure of P1-P4 (for clarity, pictorially rods are created along the 

central axis) and intermolecular hydrogen bonding pattern between two strand A and strand 

B are shown. 

Chapter 2B 

Chirality Induction on Achiral Double Helices 

 
In the previous section 2A, we demonstrated the -double helix conformations from the -

peptides consisting of achiral (E)-,-unsaturated 4,4-dialkyl -amino acids. In addition, we 

have shown the accommodation of 4,4-dimethyl and 3,3-dimethyl -amino acids into the 

double helical conformations without deviating from the overall double helix fold.  So far, the 

double helical structures reported from the -peptide foldamers are achiral in nature. In this 

context, we sought to investigate the possibilities of designing the chiral -double helical 

structures. As the -peptide double helices consist of achiral amino acids, we hypothesized that 
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it may be possible to construct chiral double helices by coupling chiral amines at the C-terminus 

of the achiral peptides. To realize the hypothesis, peptides P5-P9 were designed and 

synthesized. The sequences of these peptides are shown in Scheme 2. Out of these, we got the 

single crystals for the peptides P5 and P8. The achiral P5 and chiral P8 adopted double helix 

conformations in single crystals, however with different H-bonding patterns.  The crystal 

structures and the H-bonding patterns of P5 and P8 are shown in Figure 2.  

 

Scheme 2: Sequences of design peptides P5-P9 for chirality induction on the achiral double 

helix. 

 

 

Figure 2: Single crystal structure of P5 and P8 (to get a better view of parallel β-double helices, 

pictorially rods are created along the central axis) and intermolecular hydrogen bonding pattern 

between two strand A and strand B are shown. 



xxii 
 

 

 

 

 

 

 

Figure 3: Circular Dichroism (CD) spectra of peptides P5-P9 showing chirality induction. 

Further, we subjected all peptides to circular dichroism spectroscopy to understand their 

solution conformations. The CD analysis revealed remarkable results on the chirality of the 

peptides. The peptides P6 and P8 coupled chiral (R) amine displayed CD maxima at around 

245 nm, whereas P7 and P9 coupled with the chiral (S) amine displayed exactly opposite 

spectra with CD minima at around 245 nm. The achiral P5 is CD inactive.  The CD signatures 

of chiral double helices are shown in Figure 3.  

The results reported here suggested that a single chiral atom can induce the chirality across the 

double helix. In addition, these results also advocated chiral double helices can be designed by 

introducing one chiral atom at the C-terminus of the achiral peptide.  

Chapter 3 

Metal-Ions Tuned Structural Modulation of Metal-Helical Peptide 

Coordination Assemblies: Architectures from Porous Framework to 

Hierarchical Superhelix 

Metal-coordinated supramolecular assembly of various organic and biomolecules represents a 

powerful approach for constructing discrete and well-defined three-dimensional 

architectures.36-38 Recently, metal-coordinated peptide architectures are gaining momentum 

due to their close resemblance to native biological systems.39-40 In this chapter, we investigated 

the formation of metal coordinated architectures from -hybrid tripeptide 12-helices 

containing terminal 4- or 3-pyridyl groups in combination with Zn2+ and Cd2+ metal ions. The 

sequences of -hybrid tripeptides and metal-coordinated single crystal structures are shown 

in Figure 4. 
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Figure 4: Metal-coordinated structural architectures of -hybrid tripeptides. 

 

The X-ray diffracted single-crystal structure analysis revealed that the peptide helix terminated 

with 4-pyridyl groups displayed a stable porous framework upon coordinating with ZnCl2. 

These porous frameworks have been further explored to encapsulate guest molecules. 

Interestingly, the positional isomeric ligand, the peptide helix terminated with 3-pyridyl groups 

upon coordination with ZnCl2 revealed a different coordination assembly with low porosity. 

On the other hand, the single-crystal structural analysis of CdI2-coordinated peptide helices 

displayed remarkable right-handed superhelical architectures. However, the superhelical 

architecture from the helix containing 3-pyridyl groups further assembled into new hierarchical 

superhelical -sheet type structural motifs stabilized by intermolecular H-bonds. The short 

helical peptide ligands displayed an intriguing variety of ordered structural architectures in 

combination with different metal ions. 
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Chapter 4 

Metal-Coordinated Supramolecular Polymers from the Minimalistic Hybrid 

Peptide Foldamers 

Availing the peptide folded architectures to design metal-coordinated frameworks and cages is 

restricted due to the scarcity of readily accessible short and stable secondary structures. The 

secondary structures, α-helix and β-sheets, play significant roles in stabilizing tertiary folds of 

proteins. Designing such helical structures from the short sequences of peptides without having 

any steric restrictions is exceptionally challenging. In this chapter, we reveal the short α,γ-

hybrid tripeptide sequences that manifest stable helical structures without having any sterically 

constrained amino acids. These short hybrid tripeptides fold into helices even in the presence 

of two typically β -sheet favoring Val residues. The sequences of peptides P1-P7 are given in 

Scheme 3.  

 

 

 

 

 

 

 

 

 

Scheme 3: The sequences of design peptides P1-P7 and torsion parameters of γ-amino acid 

are shown. 

The hybrid helix consisting of terminal pyridine units coordinates with the metal ions and 

drives the helical polymerization. Depending on the sequence and the position of N in pyridine 

moieties, these peptides form selective metallogels with Ag+ and Cu2+ ions. The X-ray 

diffracted analysis of the peptide single crystals obtained from the gel matrix reveals that the 

helical structure is maintained during the self-assembly process shown in Figure 5. Further, by 

varying the counter anion, a 3D helical crystalline coordination polymer with permanent 

porosity is generated. The findings reported here can be used to design new functional metal-

foldamer coordinated polymers. 
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Figure 5: Effect of the counter anion of Ag+ ion with P3 and coordination assembly. 

 

Overall, we explored the utilization of unnatural -amino acids to design protein secondary 

structures and examined their supramolecular architectures.  
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General Introduction of Peptide Foldamers 

Composed of Non-natural Amino Acids  

 

 

 

 

 



2 
 

1. Introduction:  
In all living organisms, several biological functions are exhibited by various biomolecules 

namely nucleic acids, lipids, carbohydrates, and proteins. Among them, proteins and 

metalloproteins are the utmost important biomolecules1. The three-dimensional structural 

architectures of proteins are mainly responsible to serve various biological functions. Naturally 

occurring 20 amino acids have been used to generate numerous proteins with definite three-

dimensional structures and functions. Misfolding or conformational changes in proteins lead 

to various diseases including Alzheimer's disease, cystic fibrosis, Parkinson's disease, diabetes, 

Parkinson's disease, and others2. Therefore, an understanding of protein and its structural 

property relationship is an essential requirement.  

1.1. Protein Structures: 

The Protein structures are classified at four levels, primary, secondary, tertiary, and quaternary 

structures. The four different types of levels of protein structures are represented in Figure 1. 

Figure 1: Schematic representation of protein in four different levels. 

Primary structure: The primary structure of protein signifies the number and sequence of 

amino acid residues in the polypeptide backbone. This polypeptide backbone motif can fold 

into more ordered definite secondary structures. 

Secondary structures: The stable folded conformational arrangement of protein secondary 

structures is classified into helices, β-sheets, and reverse turns. In 1951, Linus Pauling and 

colleagues designated the structures of -helix and β-sheet3. The secondary structures are 

stabilized by the hydrogen bonding between the NH and CO groups of the polypeptide chains. 

In proteins, the secondary structure units are connected by loosely structured peptides called 

loops. The loop region connects two adjacent anti-parallel β-strands called reverse turns. In 
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their pioneering work, G. N. Ramachandran and colleagues4 established a plot known as the 

Ramachandran plot, to find out the stable secondary structures using torsional parameters of 

amino acids in the peptide chains. The Ramachandran plot for various types of protein 

secondary structures has shown in Figure 2. 

 

 

Figure 2: (a) Torsional angles ϕ and ψ on peptide backbone of α-amino acids (a) Different 

protein secondary structural elements (PDB code: 10.2210/pdb1P1L/pdb) (c) Classical 

Ramachandran plot and the allowed region for the torsional angles of different secondary 

structures.  

Helices: Helices are the major part of protein secondary structures. The helical stabilization in 

proteins or peptides occurs by intermolecular hydrogen bonding between CO and NH groups 

of polypeptide backbone (CO…...HN). Depending on the number of atoms involved in the 

hydrogen-bonded pseudo-cycle and the number of residues per helical turn, different helical 

structures are classified into 2.27-helix (or -helix), 3.010, 3.613 (or -helix) and 4.416-helix (or 

-helix). In 1951, Linus Pauling suggested that the α-helical structure is stabilized by 13-

membered intramolecular hydrogen bonds and contains 3.6 amino acid residues per helical turn 

and noted by 3.613(-helix). These C13 H-bonds form between the CO group of i amino acid 

and the NH group of (i+4) amino acid like (i←i+4) of the polypeptide backbone. α-helical 

structures are classified into right-handedness(P) and left-handedness(M) respectively. 

Generally, α-helix is denoted as 3.613-(P)-helix with the average torsion parameters  = -60° 
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and  = -45° in the Ramachandran plot. Unlike α-helical structures, rarely involved 3.010-

helical structures (or 3.010-(P)-helix) are stabilized by 10-membered hydrogen bonding 

pseudo-cycles forms H-bond between the CO group of i amino acid and NH group of (i+3) 

amino acids like (i←i+3) of the polypeptide backbone. The average torsion parameters for 

3.010-helical structures are  = -49° and  = -26°. Similarly, π-helix is termed as 4.416-(P)-helix 

(ϕ = -55°, ψ = -70°) and -helix as 2.27-helix (ϕ = -70°, ψ = 70°). The schematic representation 

of the different types of H-bonding in different helical structures is shown in Scheme 1. 

 

Scheme 1: Representation of H-bonding pattern in different helices. 

β-Sheets: β-Sheets are the second most abundant structural elements in proteins. In 1930, 

William Astbury proposed a β-sheet structure. However, in 1951, Linus Pauling and Robert 

Corey5 came up with advanced structural information on β-sheet structures. The torsion 

parameters  and  values are found to be within the structurally allowed region in the upper 

left quadrant of the Ramachandran Map. Depending on the directionality of the β-strands in 

polypeptide backbone, -sheets are classified into (i) parallel β-sheets and (ii) anti-parallel β-

sheets as shown in Scheme 2.  

 

Scheme 2: Representation of H-bonding pattern and directionality of polypeptide chains in β-

sheet structures, (a) Parallel β-sheets (b) Anti-parallel β-sheets. 

Reverse Turns: Reverse turns are also considered a major class of secondary structures in 

proteins. They signify a change in the polypeptide chain's site orientation. Depending on the 
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number of residues involved in the reverse turn, they are classified into α-turn6a (5 amino acid 

residues), β-turn6b (4 amino acid residues), π-turn6c (6 amino acids), γ-turn (3 amino acids)6d. 

Out of these types, β-turns are largely found in the protein structures. Based on the dihedral 

angles ϕ and ψ of i+1 and i+2 residues, β-turns are divided into type I, II, and III as well as 

their mirror images type I’, II’ and III’ turns respectively.6e 

Tertiary structures: The tertiary structures are the 3D-dimensional folding patterns of the 

polypeptide chain. The secondary structure units of the polypeptide along with the loosely 

structured loops together form compact three-dimensional structures. Different electrostatic 

interactions such as π-π stacking, ionic interactions, and hydrophobic interactions help to fold 

the polypeptide into a tertiary structure.  

Quaternary structure: The combination or association of multiple subunits of a protein are 

closely arranged to form quaternary structures. Each part of the protein tertiary unit is held 

together with the help of electrostatic interaction to form a quaternary structure. 

1.2. Mimics of Protein Secondary Structures: 

 

The understanding of the structural and functional properties of proteins attracted chemists to 

design protein structure mimetics using non-natural amino acid building blocks. Over the past 

several decades, a considerable effort has been made to design folded architectures from α-

amino acid units.7 The de novo design and mimicking of protein secondary structures have been 

utilized to develop various functional biomaterials and biologically impactful peptide-based 

drug molecules. However, due to limitations (e.g. proteolysis, protein-protein interaction, 

activity) of naturally occurring amino acid-based peptides or proteins, a variety of non-natural 

amino acid building blocks and the organic template have been used to construct a variety of 

protein secondary structures and studied their functions.8 In addition to the non-natural amino 

acids and organic templates, oligomers of β- and -amino acids have been well-explored in 

design protein secondary structure mimetics and their structural properties have been studied8. 

These non-natural β- and -amino acid-based foldamers provide a unique opportunity to design 

and construct protein structure mimetics from the mixed sequences such as ,β-, ,- and β,-

sequences.  
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1.2.1. β-Amino Acid Based Peptide Foldamers: 
 

The term “Foldamers” was coined by Prof. Samuel H. Gellman and he states that ‘‘any 

oligomer which can adopt a rigid conformation in solution.’’8a In foldamers, molecules can 

adopt any structure or geometry to attain the most stable conformation and its minimum energy 

state. β-Amino acids are homologated versions of α-amino acid with an extra -CH2 group in 

between amine(-NH2) and carboxyl(-COOH) groups of α-amino acids. It is due to this 

additional -CH2 group, β-amino acids give an extra torsional angle θ, in addition to ϕ and ψ 

angles of α-amino acids. The local torsion angles and different types of β-amino acids reported 

in the literature are shown in Scheme 3. As the β-amino acids have additional -CH2, they can 

be functionalized further. Therefore, depending on the position of the side chain, β-amino acids 

can be classified as β3- and β2-amino acids. The development of protein-folded secondary 

structures in combination with β-amino acids leads not only to an increase in the repertoire of 

the folded secondary structures but also shows greater proteolytic stability in vivo conditions.9  

 

 

 

 

 

 

 

 

 

 

 

Scheme 3: Presentation of the torsional variables for (a) α and (b) β- amino acid. (c) list of β-

amino acids used in the peptide of foldamers. 

In their pioneering work, Seebach10 and Gellman11 reported using acyclic and cyclic chiral β- 

amino acids based on a variety of folded architectures. Gellman and co-workers used cyclic 
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trans-2-amino cyclopentanecarboxylic acid (ACPC) and trans-2-

aminocyclohexanecarboxylicacid (ACHA) to construct folded architectures. The oligomer of 

ACPC and ACHA has been shown to adopt 12- and 14-helical conformations, respectively. In 

continuation, Sharma and co-workers reported the 10/12 or 12/10 mixed helical structures from 

carbo--amino acid.12 In addition, the groups of Atkins13 and Fulop14 also designed and studied 

the conformations of the oligomers of various cyclic β -amino acids. The helical structures of 

β-peptides are shown in Figure 3.     

 

 

Figure 3: Helical structures of -peptides, (a) 14-helix derived from the trans-ACHA -amino 

acid11a (b) 12-helix formed derived from trans-ACPC -amino acid11b (c) 12-helix constructed 

from cyclobutane -amino acid13.  

The structural folded analysis of β-amino acid-based peptides shows a completely different H-

bonding pattern as compared to α amino acid-based peptides. -peptides form organized 

secondary structures like helices, sheets, and turns. Depending on the folding and H-bonding 

pattern of the β-residues in the polypeptide chain the -peptide helices can be categorized as 

C8-, C10-, C12-, and C14-helices.15-17 Extensive theoretical calculation by Hoffman and 

colleagues18 suggested the different types of helical structures available to the β-peptides. The 

different H-bonded helices are shown in Figure 4. 
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Figure 4: H-bonding patterns observed of β-peptide-based foldamer. 

In addition to the helical diversity observed in β-peptides, the directionality of H-bonding 

patterns is also different. The C8 and C12 helices showed N(i+3)C(i) H-bonding direction 

which is similar to the α-helix, whereas C10 and C14 helices showed N(i)C(i+2) in opposite 

H-bonding direction. Along with the helical structures, β-sheets (both parallel and antiparallel), 

β-hairpin structures from β-amino acids have also been reported.19-21 The distinct differences 

in β-sheets types of structures formed by α-amino-acid and β-amino-acid is the directionality 

of H-bonding between NH…O=C. In the case of the α-amino acid based peptides, H-bonds in 

β-sheets alternate in direction, whereas in the case of the β-peptides the H-bonds in β-sheets 

are in the same direction.  

1.2.2. γ -Amino Acid Based Peptide Foldamers: 
 

γ-Amino acids are homologated analogs of -amino acids and double homologated species of 

-amino acids. It is having two additional -CH2 groups between Cα and C=O carbon and 

provides extra backbone torsion angles 1 (C
β-Cα) and 2 (C

γ-Cβ) along with  and ψ. As - 

amino acids consist of two additional -CH2- groups in the backbone, it is expected they will 

produce higher structural diversity compared to - and -peptides. In comparison, the γ-amino 

acids based foldamers have not been much explored, probably, due to the challenges in 

synthesis and isolation of stereochemically pure γ-amino acids. The various types of -amino 

acids used as building units in the design of -peptide foldamers are shown in Scheme 4.  
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Scheme 4: Presentation of the torsional variables for (a) α and (b) - amino acid. (c) list of -

amino acids used in the peptide of foldamers. 

In the year 1998, Seebach and Hanessian groups reported that the homo-oligomers of 

monosubstituted γ4 and disubstituted γ2,4-amino acids form a stable right-handed 14-helical 

conformation in the solution stabilized by H-bonds between CO and NH group in i to i+3 

residues.22 Subsequently, Seebach and colleagues showed a stable 14-helical conformation 

using trisubstituted homo-oligomer of 2,3,4-amino acids in the single crystal structure.23 Later, 

Hofmann and colleagues using ab initio MO theoretical calculations,  reported various types 

of helical structures available to the γ-peptides.24 The different H-bonding structures of -

peptides are shown in Figure 5. They have proposed that out of all possible helices, C14- and 

C9- helices are the most stable ones. The predicted C9-helices were realized by Sharma and 

colleagues using alternating C-linked carbo-4-amino acid and -aminobutyric acid (GABA).25 
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Gellman and colleagues reported the 14-helical conformation from homo-oligomers of cyclic 

-amino acids in a single crystal.26 The single crystal structures of 14- and 9-helices obtained 

from -peptide foldamers are shown in Figure 6.  

 

 

Figure 5: Types of H-bonding patterns observed of -peptide-based foldamer. 

 

Figure 6: (a) C14 helix of γ-peptide27a (b) C9 helix of γ-peptide composed with gabapentin 

oligomer27b (c) C14 helix of the γ2,3,4-oligomer peptide23. 

In continuation, Balaram and colleagues reported the formation of 14-helical structures by γ4-

amino acid homo-oligomers consisting of proteinogenic side chains (γ4Leu, γ4 Ile, and γ4 Val) 

and also reported C9 helical conformations from the oligomers gabapentin (3, 3-dialkyl--

amino acid) in single crystals. The C9 helical structure is stabilized by the H-bonds between i 

and i + 2 residues.
27 Smith and colleagues investigated the conformational properties of -
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peptides consisting of cyclopropane -amino acids.  These peptides have been shown to adopt 

a parallel sheet structure using a bifurcated H-bond between the CO and NH group and one CH 

of the cyclopropane ring.28 Further, the same group has utilized cyclopropane -peptides in the 

design of non-peptidic reverse turn of β-hairpins.29 Along with cyclic and acyclic -amino 

acids, backbone heteroatoms such as O (Oxygen) and N (Nitrogen) containing -amino acids 

are also reported. Yang and colleagues reported 8-helical conformations from -aminoxy 

peptides and 9-helices and turns in the case of β-aminoxy peptides.30 In addition, Guichard and 

colleagues reported the 14-helical conformations from -peptide oligoureas.31 Further, Millard 

and colleagues reported both single crystal and solution state 9-helices from the oligomers of 

thiazole backbone based -amino acids.32  

1.2.3. β- and γ-Amino Acids Containing Heterogeneous Foldamers: 
 

A variety of substituted - and -amino acids have been derived to construct diverse helical 

structures. Balaram and colleagues developed the hybrid peptide structures by inserting β-

amino acids and higher homologous amino acids into α-peptide helices and β-hairpin 

structures.33 In addition, hybrid peptides were further explored by other groups.34 Using 

quantum mechanical calculation, Hofmann and colleagues proposed that 9-, 11/9-, 9/11-, 11-, 

12/13-, 15/14-, 16/18- and 18/16- helical structures can be produced from α,-hybrid 

peptides.35 Gellman and colleagues reported peptide sequences of α, β-hybrid peptides 

containing constrained trans-ACPC amino acids and Aib residues having the ability to form 

both 11-helix and 14/15-helical structures.36 In addition, Gellman and co-workers reported the 

11/11/12 and 10/11/11-helical foldamer of 1:2 and 2:1 α,β-hybrid peptides.37a Fulop and 

colleagues reported the effect of stereochemical patternings in the design of α,β-hybrid 

peptides, which has the ability to adopt different helical structures.37b  However, similar results 

have also been reported by  Sharma and co-workers.37c-f  In addition to these secondary 

structural mimetics, Gellman and co-workers reported helix bundle quaternary structures in 

hybrid α/β-peptide foldamers.37g-h Different types of α,β-hybrid peptide foldamers are shown 

in Figure 7.  
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Figure 7: (a) C11 helix from α,β-hybrid peptide of Aib and ACPC residues.36b (b) 14/15-helical 

structure from α,β-hybrid peptide of Ala, ACPC, and Aib residues.36c (c) 10/11/11-helical 

structure of 2:1 α,β-hybrid peptide.37a (d) 12/11/11-helical structure of 1:2 α,β-hybrid 

peptide.37a 

 

Similar to the mixed α,β- hybrid peptide, ,-hybrid peptide foldamers have also been explored 

in the literature. Hofmann and co-workers projected a variety of helices available to 1:1 

alternating - and - amino acids.  Among the various helix types, they suggested that the 12-

helix is the most stable helix followed by 12/10- or 18/20- helices.24b In continuation, Balaram 

and co-workers reported stable 12-helix from the ,-hybrid peptide consisting of 1:1 Aib and 

gabapentin(Gpn) residues,38a  and also from 1:1 α-and 4-amino acids.38b In both cases, the 

helical structures formed intramolecular H-bond between i and i+3 residues. Further, Sharma 

and co-workers reported several α,-hybrid peptide 12/10-helices composed of L-Ala and -

Caa (C-linked carbo--amino acid) in the solution state.39a Further, Balaram and co-workers 

reported the single crystal structure of 12/10-helix.39b,c In continuation, Gellman and co-

workers group reported utilization of cyclic -amino acids to construct various α/-peptide 

foldamers.40 Further, Balaram and co-workers utilized the -amino acids to design β-turns as 

well in the β-hairpins.41 Different types of α,-hybrid peptide foldamers are shown in Figure 8.  
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Figure 8: (a) 12-helix of ,-hybrid peptide foldamer.38a (b) 12-helix of ,-hybrid peptide 

foldamer composed of DAla and EtACHA residues.40b (c) 12-helix of ,-hybrid peptide 

foldamer composed of leu and γ-Val residues.39c (d) 10/12-helix of αα with Leu, Gpn, and Aib 

residues.39  

 

Furthermore, there are very few reports on β,-hybrid peptide foldamers. However, Hofmann 

and co-workers performed systematic quantum calculations and proposed stable 11-, 13-, 

mixed 11/13-, or 20/22- helices in combination with β,-hybrid peptide and the H-bonding 

pattern.24b These structures are shown in Figure 9. 

 

 

 

Figure 9: Examples of β,  hybrid peptide helices. a) H-bonding pattern of 11 and 13 helix b) 

H-bonding pattern in mixed helices: 11/13 helix or in 20/22 helix.  
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Balaram and co-workers reported a short β, -hybrid tripeptide composed of Boc-βLeu-Gpn-

Val-OMe that adopted 13-helix in a single crystal structure.42 The β, -hybrid peptide showed 

similar helical parameters as that of -helix. Therefore, the β, -hybrid peptides have a unique 

opportunity to mimic -helical peptides. Aitken and co-workers reported the formation of 9/8 

ribbon from β,-hybrid peptides. They also showed the utility of the choice of amino acid 

residues peptide sequence and hence 9/8 ribbon structure transform into 13-helix by using 

unconstrained -amino acids with 4-amino acids in the β,-hybrid peptides.43 

1.2.4. ,β-Unsaturated -Amino Acids Based Peptide Foldamers: 
 

α,β-Unsaturated (vinylogous amino acids) are the analogs of 4-amino acids consisting of 

CH=CH- unit between CH and CO of -amino acids.  The (E)-,β-unsaturated -amino acids 

are frequently found in the peptide natural products. These non-ribosomal amino acids were 

found in peptides like Cyclotheonamides (A, B, C, D, E) which act as potent inhibitors for 

serine protease and bovine β-trypsin,44 Gallinamide A,45 and Miraziridine A.46 The natural 

peptide products containing (E)-,β-unsaturated -amino acids, and various synthetic 

vinylogous amino acid based peptide inhibitors for serine and cysteine proteases47 are shown 

in Scheme 5-6.  

 

 

Scheme 5: Chemical structures of naturally available cyclic and linear peptides containing 

α,β-unsaturated γ-amino acid.    
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Scheme 6: α,β-unsaturated γ-amino acids containing synthetic protease inhibitors. 

Schreiber and colleagues48 reported -sheet type of conformation from (E)-vinylogous 

dipeptide. In continuation, Chakraborty and colleagues reported the utility of (E)- vinylogous 

amino acids to induce -turn in β-hairpins structures.49 In continuation, Hofmann and 

colleagues studied ab initio MO theory calculations and predicted various helical structures 

from (E)- and (Z)-vinylogous homo-oligomers.50 A systematic computational analysis reveals 

that peptides composed of (E)- vinylogous amino acids adopt helices starting from 14- to 27-

membered H-bond pseudo cycles with sufficient pore diameter. These pores can be used to 

design helical nanotubes and peptide-based ion channels. Further, peptides composed of (Z)-

vinylogous amino acid oligomers favor helices with smaller H-bonded pseudo cycles such as 

9 and 12-helices. These structures are shown in Figure 10.  

 

Figure 10: (a) (E)- and (Z)-vinylogous γ-amino acids. (b-d) Theoretically, stable structures of 

C22-, C27-, C12- and C7-helices composed of homo-oligomers of (E)-vinylogous γ-amino acids 

and (Z)-vinylogous γ-amino acids.50 
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Previously, we have shown the utilization of (E)-vinylogous γ-amino acids in the design of 

stable β-hairpins structures,51miniature β-meanders,52  and multiple β-sheet structures.53 In 

addition,  our group has also designed and studied conformations of α,γ-hybrid peptide 

foldamers consisting of  (Z)-vinylogous γ-amino acids.54 Recently,  we have reported the 

transformation of an unstructured peptide containing (E)-vinylogous γ-amino acids to α,γ-short 

hybrid tripeptide 12-helical structure through base-mediated double bond migration. This study 

shows the transformation of (E)-vinylogous γ-amino acid unit into (Z)-vinylogous γ-amino acid 

and the incorporation of carbon-carbon cis double bonds into 12-helix.55 Some of these 

structures are shown in Figure 11.  
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Figure 11: Vinylogous γ-amino acids based peptide foldamer. (a) Extended sheet of (E)-

vinylogous γ-Phe dipeptide.48 (b) β-meanders type secondary structures of the ααγ-hybrid 

peptide of (E)-vinylogous γ-Phe, Aib and Leu.52 (c) Three stranded β-sheets comprising (E)-

vinylogous amino acids.53 (d) α,γ- hybrid peptides containing (Z)-vinylogous γ4-amino acids 

in C12-helical structure.54 (e) Conformational change (E)-vinylogous γ-amino acid unit into (Z)-

vinylogous γ-amino acid unit in 12-helical α,γ-short hybrid tripeptide.55 (f) β-double helical 

structure composed of homo-oligomer of (E)-vinylogous γ4,4-amino acid.56 (g) Extended sheet 

of (E)-vinylogous γ-Leu tripeptide.57 

Recently we have also reported the β-double-helical structures from the homo‐oligomers of 

4,4‐gem‐dimethyl α,β‐unsaturated γ‐amino acids.56,57 Replacement of dialkyl with monoalkyl 

groups leads to the parallel β-sheet structure. Crystal structures of various α,β‐unsaturated γ‐

amino acid foldamers are shown in Figure 11.  

In the present study, we have revealed that the beta-double helical structures not confined to 

the oligomers 4,4-dimethyl substituted (E)-vinylogous amino acids, even the mixed sequences 

composed of 3,3-dimethyl substituted -amino acids (Adb) along with 4,4-dimethyl substituted 

(E)-vinylogous amino acids can also form artificial beta double-helical structures. Furthermore, 

we have examined the transformation of the achiral nature of the beta-double helices into chiral 

double helices by attaching chiral amines at the C-terminus of the peptides.   

2. Interactions of Peptides and Applications:  
 

To carry out biological functions, molecular interaction58 between the biomolecules (DNA-

RNA interaction, protein-protein interaction, and protein-DNA or protein-RNA interaction) are 

the key factors. Among them, protein-protein interactions play the most significant role in 

various functions. Proteins/peptides/amino acids play a fundamental role in the origin of life 

and are also the central dogma of biology. Inspired by the functions of proteins, extensive 

efforts have been made over the years to mimic their structures and functions using natural and 

non-natural amino acid building blocks. The folded structures derived from the oligomers of 

, , and - amino acids and their mixed sequences along with -amino acids offer a wide range 

of structural diversity with potential applications in biology and materials e.g antimicrobials,59 

p53-HDM2 inhibitors,60 HIV inhibitors,61 human cytomegalovirus entry inhibitors62 and in the 

field of supramolecular self-assembly.63  The amino acid residues in the peptide backbone motif 
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show conformational adaptation to form a 3D structural architecture (helix or sheet) via the 

interaction between hydrogen-bond donors and acceptors.64 Indeed, the ability of peptides to 

adopt such well-ordered structures leads to properties known as peptide self-assembly. Peptide 

self-assembly has been observed even in dipeptide as well as longer sequences.65 The diverse 

nature of the assembly of peptides is controlled by kinetics and thermodynamics.66 Various 

supramolecular non-covalent interactions including H-bonding, electrostatic, - stacking 

hydrophobic, and van der Waals interactions are the key factors to control the self-assembly of 

peptides. However, some external entities like physical and chemical stimuli (e.g., temperature, 

pH, metal ions, and chemical accompaniments) can also influence the assembling properties of 

peptides. However, the functional amino acid residues in the peptide sequences themselves 

provide additional self-assembly properties. As peptides have the ability to form self-

assembled properties which display several interactions and functions with other molecular 

components (i. e., sugar, nucleic acids). This leads to a wide application of peptides. Some of 

these interactions and applications are shown in Figure 12. Out of these interactions, my 

research work focused on peptide-metal interactions. 

 

Figure 12: Diverse applications of peptides 
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2.1. Peptide-Metals Interaction:  

 

Metal ions play pivotal roles in biological systems, including catalytic, oxidative reactions, and 

electron transfer, transport proteins. In metalloenzymes and metalloproteins, the active site 

consists of the folded structural unit of peptides and metal ions.67 In their pioneering work, 

Szostak reported that peptides containing side arm acidic residue Asp and Glu, could have 

chelation ability with Mg2+ ion and thus protect against degradation of RNA molecules by Mg2+ 

ions.68 In the classic DNA binding Zn-finger motifs, Zn plays a crucial role in providing a 

specific folding of polypeptide motif into a compact domain by binding to Cys/His residues, 

and also zinc metal ion plays significant structural functions and catalytic properties within 

many zinc-containing metalloproteins and enzymes.69 The iron-sulfur (FeS) proteins are 

essential for basic processes in life. FeS proteins such as ferredoxin (Fd) allow CO2 fixation. A 

diversity of cysteine-containing tripeptides was shown to stabilize iron-sulfur clusters.70 The 

coordination of metal ions with peptides leads to a conformational change in peptides.  In 

addition, Ghadiri and colleagues have shown that the peptide with His residues can transform 

a random coil into an α-helical structure upon binding the imidazole side chains and a 

tetraammineruthenium (II) moiety.71 Synthetic peptides represent an alternative and attractive 

class of ligands that can encompass the properties of both small molecules and proteins. In 

addition to the attractive features of peptides such as diverse functional groups, lipophilicity, 

polarity, and charge, various metal coordinating sites have been introduced and studied the 

ordered self-assembling properties of peptides.72 Metal coordination is an important force to 

direct the ordered association of peptide molecules. The advantage of this strategy is that the 

functional properties of peptides and metal ions can be explored to design novel self-assembled 

peptide-based materials and also metalloprotein mimetics. Recently, Fujita and colleagues 

showed the metal-dictated knotted networks from the short peptides.73 In their pioneering work, 

the groups of Chmielewski74 and Conticello75 have studied the protein-like architectures from 

metal-mediated supramolecular assemblies of collagen and coiled-coil peptides. In the present 

study, we have explored the utilization of short hybrid αγα tripeptide folded units to construct 

various metal-coordinated structural architectures. 
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1. Introduction: 
 

Double-helices are the most important structural features of nucleic acids.1 The double-helical 

structural motif plays a crucial role in storing genetic information in nucleic acids. In DNA the 

two nucleic acid strands are intertwined through intermolecular H-bonds of base pairs of the 

opposite strands.2 The double helical structures are unique to nucleic acids. The double helical 

structures are rarely observed in other natural biopolymers. Nevertheless, the natural peptide 

antibiotic gramicidin A produced by the Bacillus Brevis adopts the double-helical 

conformation.3 The interesting feature of gramicidin A is that it consists of alternative L- and 

D-amino acids. In addition, this peptide consists of fully hydrophobic amino acids.  The 

structural studies revealed environment-dependent structural heterogeneity of gramicidin A.  

In organic solvents, the gramicidin A adopted a left-handed, antiparallel β-double helix and 

also a right-handed parallel -double helix conformation.4 However, in the presence of Cs+ 

ions in a methanol-chloroform solvent mixture, it converges into a right-handed anti-parallel 

double helix with ions bound.5 No definite structure was observed in 1:1 DMSO-acetone 

solvents.6 In ethanol, four different structures, parallel β5.6 double helices differing only 

in hydrogen bond registry, a right-handed parallel β5.6 double helix and a left-handed anti-

parallel β5.6 double helix were observed. Single anti-parallel double helical structures were 

observed in benzene-ethanol solvent combinations and also in X-ray diffracted single crystal 

structures.7,8 Along with the -double helical conformations, the peptide also adopts a single-

stranded beta-helix structure in the lipid bilayer.9 As the peptide consists of alternating L- and 

D-amino acids, it displays no net dipole. The single-strand -helix of gramicidin A is stabilized 

by the intramolecular H-bonds, two single -helices form head-to-head and tail-to-tail dimers 

in lipids.10 These dimer structures serve as membrane channels to transport the ions. These 

membrane channels are uncharged and highly cation-specific. In addition to the experimental 

observations, the theoretical studies also suggested that wide-bore helical structures of 

gramicidin A wound around a helical axis.11 In addition to the gramicidin A, another naturally 

occurring peptide antibiotic feglymycin, isolated from Streptomyces sp. consisting of unnatural 

amino acids with alternating L- and D-configurations adopted a -double-helical 

conformation.12 It also adopts the beta-double helical structure similar to the gramicidin A. The 

two strands are intertwined by intermolecular H-bonds. In comparison to gramicidin A, 

feglymycin functions as an ion transporter, not as a membrane channel.13 The peptide 

feglymycin showed weak antibacterial activity against Gram-positive bacteria, however, 
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showed strong inhibitory activity in HIV syncytia formation in vitro.14 The double helical 

structures of nucleic acids, gramicidin A, and feglymicin are shown in Figure 1. 

Figure 1: Different types of double helical structures of (a) Nucleic acids (PDB: 1BNA), (b) 

Gramicidin A(PDB: 1AV2), and (c) Feglymicin12.  

Based on the structural information of gramicidin A and feglymycin, efforts have been made 

in the literature to design double helical structures from peptide sequences composed of the 

alternating L and D-amino acids. Benedetti and colleagues reported the first crystal structure 

of the -double helix from the synthetic peptide composed of alternating L- and D-amino 

acids.15 In addition to the alternating L- and D-peptides,16 Lehn and Huc and colleagues 

reported the double helical structure from the oligomers consisting of aromatic oligoamide.17 

The double helical structure in aromatic oligomaides is stabilized by π-π staking and H-bonds 

between the β-strands. In addition, a variety of aromatic oligoamides have shown to adopt 

double helical conformations through metal coordination, H-bonding, ionic bonding and van 

der Waals interactions.18, 19 Further, double helical structures have also been reported from 1:1 

alternating electron-rich 1,5-dialkoxy-naphthalene (DAN) and electron-deficient 1,4,5,8-

naphthalene-tetracarboxylic diimides (NDI).20 Further, Yashima and colleagues reported the 

double helix structures derived from the meta-terphenyl derivatives and these structures are 

stabilized through amidinium–carboxylate salt bridges.21a-c The representative double helical 

structures observed in the L, D-peptides, aromatic oligoamides, organic templates and metal-

coordinated21d double helical structures are shown in Figure 2.  
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Figure 2: Representation of double helical structures observed in the (a) L, D-peptides15, (b) 

Aromatic oligoamides,17a (c) organic templates21a, and (d) Metal-coordinated aromatic 

ligand21d. 

2. Object of the Present Work: 

 

 

 

 

 

 

 

 

 

Figure 3: (a) The double-helical structure22a and (b) -structures of , -unsaturated -amino 

acids22b.  
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We have been interested in the conformational analysis of peptides composed of non-natural 

-amino acids. Recently, we demonstrated that oligomers composed of (E)-,-unsaturated 

4,4-dialkyl -amino acids adopted double helical conformations in single crystals.22 

Interestingly, these oligomers adopt -sheet type structures after removing the dialkyl 

constraints at -positions. The double helical structures and -structures of (E)-, -unsaturated 

-amino acids are shown in Figure 3. Encouraged by these fascinating double helical structures 

from (E)-,-unsaturated -amino acids, we sought to investigate the necessity of the double 

bonds in dialkyl -amino acids in adopting double helical conformations. In this Chapter, we 

are reporting the conformational properties of 1:1 alternating unsaturated and saturated 4,4-

dialkyl -amino acids (Aic) and 3,3- dialkyl -amino acids (Adb). We designed pentapeptides, 

P1-P4 (Scheme 1), synthesized in the solution phase method, and studied their conformations 

in single crystals.  

3. Results and Discussion: 

3.1. Design and Synthesis of Peptides (P1-P4): 

In order to understand the conformational properties of peptides composed of 1:1 alternating 

(E)-,-unsaturated 4,4-dialkyl -amino acids and 4,4-dialkyl -amino acids and 3,3-dialkyl -

amino acids, we designed pentapeptides, P1-P4. The sequences of these peptides are shown in 

Scheme 1.  

 

 

 

 

 

 

 

 

Scheme 1: (a-c) The building blocks amino acid residue used. (d) Sequences of design peptides 

(P1-P4)  
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Peptide P1 is an oligomer of (E)-,-unsaturated 4,4-dimethyl -amino acids. Peptide P2 

consists of alternating (E)-,-unsaturated 4,4-dimethyl -amino acids and 4,4-dimethyl -

amino acids. Peptide P3 consists of alternating (E)-,-unsaturated 4,4-dimethyl -amino acids 

and 3,3-dimethyl -amino acids. Peptide P4 consists of alternating 3,3-dimethyl -amino acids 

and ,-unsaturated 4,4-dimethyl -amino acids. The C-terminal of peptides P1, P3, and P4 

are coupled with 4-chlorobenzylamine. The peptide P2 is an ethyl ester. The N-terminus of all 

peptides were protected by the Boc group. The (E)-,-unsaturated 4,4-dimethyl -amino acid, 

and 3,3-dimethyl -amino acids were synthesized as reported earlier.23, 24 All four peptides were 

synthesized in the solution phase method. The combination of EDC.HCl and HOBt were used 

as coupling agents in the peptide synthesis. The Boc groups were deprotected using 50% TFA 

in DCM. The ethyl esters were hydrolyzed using 1N NaOH. Peptides, P1-P3, were synthesized 

using the (2+2+1) coupling strategy, whereas peptide P4 was synthesized using the (2+3) 

coupling strategy. Interestingly, we found that the extension of peptides from the C-terminus 

was relatively easier than the N-terminus. Several attempts were made to extend the 

tetrapeptide to pentapeptide from the N-terminus, however, always obtained relatively poor 

yields of the pentapeptide. The schematic representation of the synthesis of peptide P1 is shown 

in Scheme 2. 

 

Scheme 2: Synthesis of pentapeptide P1 

All other peptides were synthesized using the same strategy as shown in Scheme 2. All peptides 

were isolated in good yields and subjected to structural analysis.  
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3.2. Crystal Structure Analysis of Peptides (P1-P4):  

3.2.1. Crystal Structure Analysis of Peptide (P1):  

As X-ray diffracted single crystal structures give unambiguous structural information, we 

subjected all four peptides for crystallization in various solvent combinations. The single 

crystals of peptide P1 were obtained from the slow evaporation of peptide solution in the CHCl3 

and n-heptane solvents mixture. The X-ray diffracted single crystal structure of peptide P1 is 

shown in Figure 4a.  Similar to the tetrapeptides reported earlier,21 the peptide P1 adopted 

double-helical conformation in single crystals.  

 

Figure 4: (a) Single crystal structure of P1. To get a better view of parallel β-double helices, 

pictorially rods are created along the central axis. (b) Intermolecular hydrogen bonding patterns 

between two strand A and strand B and (c) Torsion angle parameters (strand A) are shown. 
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The two peptide strands in the double helix are held together by ten intermolecular H-bonds 

between strand A and strand B. The donor amide CO group in residue i of strand B is involved 

in the H-bond with the amide NH group of the residue i+1 in strand A (i i+1). Additionally, 

the amide CO group of the residue i in strand A is involved in the H-bond with the amide NH 

group of the residue i+3 in strand B. The structure has displayed a unique pattern of H-bonds. 

More importantly, no amide NH or CO groups along the strands are exposed for the H-bonds 

with other strands, except the N-terminal amide NH of strand B and the C-terminal amide CO 

of strand A. The intermolecular H-bonds between strand A and strand B are depicted in Figure 

4b.  The H-bond parameters of the P1 double-helix are tabulated in Table 1. The parameters 

of the observed H-bonds are within the limits of standard H-bonds parameters reported in the 

literature.25  

Table 1: The H-bond parameters of the P1 double helix are tabulated. 

Donor 

(D) 

Acceptor 

(A) 

D….A 

(Å) 

DH….A 

(Å) 

NH….O 

(deg) 

N1 O2 2.98 2.12 173 

N2 O3 2.79 1.94 173 

N3 O4 2.81 1.95 177 

N4 O5 2.79 1.95 166 

N5 O6 2.73 1.88 169 

N6 O7 2.80 1.97 167 

N9 O9 2.85 2.01 164 

N10 O10 2.89 2.03 173 

N11 O11 2.81 1.95 172 

 

The torsion angles of -residues can be analyzed using torsion parameters , 1, 2 and  as 

depicted in Figure 4c. As the 2 represents the trans-carbon-carbon double bond, the torsion 

value will be always  180 or closer to 180. The careful structure analysis of P1 revealed that 

 it has an average value of 6812. Further, the value of 1 is closer to 0.  Interestingly, both 

torsion angles 2 and  adopted the extended conformation with values closer to 180. Being 

achiral in nature, we observed two molecules in the asymmetric unit with opposite signs in the 
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torsion angles. The observed sign of torsion parameters is +, +, +, - or -, -, -, or +. The observed 

torsion parameters of P1 are consistent with the previously reported results from our 

laboratory.20 Overall, the structural analysis suggested that the P1 adopted a double helical 

conformation with similar H-bond and torsion angles as reported earlier. 

3.2.2. Crystal Structure Analysis of Peptide (P2):  

 

The single crystals of peptide P2 were obtained after the slow evaporation of the peptide 

solution in the CHCl3 and xylene solvents. The X-ray diffracted single crystal structure of 

peptide P2 is shown in Figure 5a. Fascinatingly, the hybrid peptide P2 consisting of both dgAic 

and Aic residues adopted the -double helix conformation in single crystals. The Aic residues 

are nicely accommodated into the -double helix conformation. The double-helix structure is 

stabilized by eight inter-strand H-bonds. The C-terminal residues are distorted away from the 

canonical -double helical structure due to the lack of terminal amide NH groups.    

 

Figure 5: (a) Single crystal structure of P2. To get a better view of parallel β-double helices, 

pictorially rods are created along the central axis. (b) Intermolecular hydrogen bonding patterns 

between two strand A and strand B and (c) Torsion angle parameters (strand A) are shown. 
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The donor amide CO group in residue i of strand B is involved in the H-bonding with the amide 

NH group of residue i+2 in strand A (i i+2). Similarly, the amide CO group of residue i in 

strand A is involved in the H-bonding with the amide NH group of residue i+2 in strand B (i 

i+2). The H-bonding pattern observed in the P2 is different from the H-bonding pattern 

observed in the crystal structure of P1. The N-terminal Boc-amide NH groups and C-terminal 

ester CO groups are not involved in the inter-strand H-bonding interactions, however, they are 

involved in the intermolecular H-bonds with other -double helices. The schematic 

representation of the inter-strand H-bonds observed in P2 is shown in Figure 5b.  The H-bond 

parameters of the P2 double helix are tabulated in Table 2. The parameters of the observed H-

bonds are within the limits of standard H-bonds parameters. 

Table 2: The H-bond parameters of the P2 double-helix are tabulated. 

Donor 

(D) 

Acceptor 

(A) 

D….A 

(Å) 

DH….A 

(Å) 

NH….O 

(deg) 

N17 O18 2.90 2.04 174 

N12 O26 2.90 2.05 171 

N18 O19 2.87 2.07 155 

N13 O27 2.88 2.06 155 

N19 O20 2.89 2.13 147 

N14 O28 2.91 2.17 144 

N20 O21 2.89 2.04 174 

N15 O29 2.90 2.04 174 

 

Careful structural analysis of P2 revealed a very interesting pattern of torsion angle parameters. 

The dgAic residues displayed similar torsion angle parameters as observed in the crystal 

structure of P1. The average torsion angle parameters are  = -703, 1= -017 2=-

1735, and  = +1625. In contrast to dgAic residues, the Aic residues displayed different 

torsion angle parameters.  The average torsion angle parameters are  = -658, 1= -502 
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2=-1605, and  = +1625. Interestingly, in dgAic the 1 generally takes the value close 

to 0, however, in Aic, 1 takes the value -502. The torsion angles of C-terminal residues 

were not included in the calculation of average torsion angles. The torsion angles of the peptide 

P2 are given in Figure 5c. Overall these results suggested that Aic residues can be 

accommodated into the -double helix conformation without much deviation from the overall 

double helix structure.   

3.2.3. Crystal Structure Analysis of Peptide (P3):  

 

The single crystals of peptide P3 were obtained after the slow evaporation of the peptide 

solution in the EtOAc and n-hexane solvent mixture. The X-ray diffracted single crystal 

structure of peptide P3 is shown in Figure 6a.  

 

Figure 6: (a) Single crystal structure of P3. To get a better view of parallel β-double helices, 

pictorially rods are created along the central axis. (b) Intermolecular hydrogen bonding patterns 

between two strand A and strand B and (c) Torsion angle parameters (strand A) are shown. 
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Interestingly, the hybrid pentapeptide P3 consisting of alternating dgAic and Adb residues 

adopted -double helix conformation in single crystals. The Adb residues are nicely 

accommodated into the double helix conformation. The peptide strands A and B are intertwined 

through inter-strand H-bonds and the -double helix structure is stabilized by ten inter-strand 

H-bonds. The donor amide CO group in residue i of strand B is involved in the H-bonding with 

the amide NH group of the residue i+2 in strand A (i i+2). Similarly, the amide CO group 

of the residue i in strand A is involved in the H-bonding with the amide NH group of the residue 

i+2 in strand B (i i+2). The H-bond pattern observed in P3 is different from the H-bond 

pattern observed in the crystal structure of P1. The schematic representation of the inter-strand 

H-bonds observed in P3 is shown in Figure 6b.  The H-bond parameters of the P3 double helix 

are tabulated in Table 3. The parameters of the observed H-bonds are within the limits of 

standard H-bonds parameters. 

Table 3: The H-bond parameters of the P3 double-helix are tabulated. 

Donor 

(D) 

Acceptor 

(A) 

D….A 

(Å) 

DH….A 

(Å) 

NH….O 

(deg) 

N2 O2 2.90 2.07 165 

N3 O3 3.00 2.14 173 

N4 O4 2.90 2.04 175 

N5 O5 2.99 2.17 159 

N6 O6 2.78 1.98 153 

 

The crystal structure analysis of P3 revealed an interesting pattern of torsion angles. The dgAic 

residues displayed similar torsion angle values as that of the residues observed in the structure 

of P1. The average torsion angles of the dgAic residues in the double helix P3 are  = -685, 

1= -020 2=-1745, and  = +1695. In contrast to dgAic residues, the 3,3-dimethyl 

-amino acid(Adb) residues displayed entirely different torsion angles. The average torsion 

angles are  = -1023, 1= 602 2=1725, and  = +1012. Instructively, the torsion 

angles  and  displayed are -101 and +102, respectively. The 1 generally takes the value 

close to 0, however in the case of Adb, 1 takes the value 602 and adopted the gauche 
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conformation along the N-C-C-C bond. The torsion angle 2 displayed a value close to 180. 

Interestingly, only  displayed the –ve sign and the other torsion angles displayed the + ve sign. 

The torsion angles of the peptide P3 are given in Figure 6c. Overall these results suggested that 

Adb residues can be accommodated into the double-helix structure without much deviation 

from the overall double-helix conformation.  

3.2.4. Crystal Structure Analysis of Peptide (P4):  

 

As peptide P3 nicely accommodated saturated Adb residues into the double-helix, we sought 

to investigate whether or not Adb can be accommodated at the N- and C- termini of the peptide 

instead of unsaturated residues. For that, we have designed peptide P4 which was synthesized. 

The single crystals of peptide P4 were obtained after the slow evaporation of the peptide 

solution in the EtOAc and n-hexane solvents.  

 

Figure 7: (a) Single crystal structure of P4. To get a better view of parallel β-double-helices, 

pictorially rods are created along the central axis. (b) Intermolecular hydrogen bonding patterns 

between two strand A and strand B and (c) Torsion angle parameters (strand A) are shown. 
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The X-ray diffracted single crystal structure of peptide P4 is shown in Figure 7. Interestingly, 

the hybrid pentapeptide P4 consisting of alternating Adb and dgAic residues adopted a kind of 

distorted -double helix conformation in single crystals. Both the N-terminal and C-terminal 

Adb residues did not take part in the double-helix conformation. Interestingly, the middle three 

residues dgAic-Adb-dgAic adopted double-helical conformation. One of the N-terminal Adb 

residues is involved in the intramolecular 7-membered H-bond. Again, the C-terminal Adb 

residues are also involved in the intramolecular 9-membered H-bonds. Both peptide strands A 

and B are intertwined in the middle and adopted double helix conformation. The double helix 

conformation is stabilized by six inter-strand H-bonds. The donor amide CO group in residue 

i of strand B is involved in the H-bonding with the amide NH group of the residue i+2 in strand 

A (i i+2). Similarly, the amide CO group of the residue i in strand A is involved in the H-

bonding with the amide NH group of the residue i+2 in strand B (i i+2). The H-bonding 

pattern observed in P4 is similar to the pattern observed in P3. The schematic representation 

of the intra and inter-strand H-bonds observed in P4 is shown in Figure 7b. The H-bond 

parameters of the P4 double helix are tabulated in Table 4. 

Table 4: The H-bond parameters of the P4 double-helix are tabulated. 

Donor 

(D) 

Acceptor 

(A) 

D….A 

(Å) 

DH….A 

(Å) 

NH….O 

(deg) 

N4 O10 2.77 1.91 173 

N5 O11 2.98 2.13 166 

N6 O12 2.85 1.99 173 

N7 O6 2.81 1.96 170 

N10 O3 2.85 1.99 176 

N11 O4 2.94 2.15 152 

N12 O5 2.82 1.96 172 

N13 O13 2.80 1.95 170 
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The crystal structure analysis of P4 revealed an interesting pattern of torsion angles. The 

residues involved in the double helix conformation displayed torsion angles similar to the 

torsion angles observed in the double helix conformation of P3. The average torsion angle 

parameters of the dgAic residues in the P4 double helix are  = 653, 1= 020 

2=1755, and  = -1719. The Adb residue involved in the double helix structure 

displayed the torsion angeles,  = 1054, 1= -591 2=-1703, and  = -1015. 

Instructively, the torsion angles  and  displayed values 105 and -101, respectively. 

Interestingly, the Adb residues which did not participate in the double helical conformation 

displayed different torsion angles without a definite pattern. The torsion angles of the peptide 

P4 are tabulated and given in Figure 7c. Overall these results suggested that Adb residues can 

be accommodated into the double helix flanked by the unsaturated dgAic residues. 

Incorporation of the Adb residues at both N- and C-terminals of the peptide may not involve in 

the double-helical conformation.    

4. Conclusion: 
The single crystal analysis of the peptides, P1-P4, revealed that the 4,4- dialkyl -amino acids 

(Aic) and 3,3-dialkyl -amino acids (Adb) can be accommodated into the -double helical 

conformation in the presence of (E)-,-unsaturated 4,4-dimethyl -amino acid residues. 

Further, the structural analysis suggested that Aic can be accommodated into the -double helix 

with different torsion angles. Similarly, Adb also displayed a different pattern of torsion angles 

in the double-helix conformation. More importantly, Adb residues and also Aic residues can 

be accommodated into the double helix only when the N- and C-terminus of these residues are 

coupled with the dgAic residues. The saturated -amino acid residues deviate away from the 

double helix conformation if they are incorporated at the C-and N- terminus of the peptide 

sequence. Overall, these results suggested that (E)-,-unsaturated 4,4-dialkyl -amino acid 

residues are essential to induce double-helical conformation in -peptide foldamers. Without 

these unsaturated amino acids, it may be difficult to design -double helix conformations in -

peptide foldamers.    

5. Experimental Section: 

5.1. General Method: 

All reagents were used without further purification. Column chromatography was performed 

on neutral alumina (100 -200 mesh). 1H-NMR (400 MHz), and 13C-NMR (101 MHz) were 



43 
 

measured on a Bruker Avance 400 MHz spectrometer. Mass samples were analyzed by High- 

resolution mass spectrometry using ESI TOF. The X-ray data were collected at 100K 

temperature on a Bruker APEX(III) DUO CCD diffractometer using Mo Kα radiation (λ = 

0.71073 Ǻ). 

5.2. Procedure for the Synthesis of Peptides: 

5.2.1. Synthesis of Building Unit 1c: 

 

Scheme 3: Synthesis of compound 1c. 

The ,β-unsaturated 4,4-amino acid (trans-,β-unsaturated 4-aminoisocaproic acid, 1b) was 

synthesized starting from the N-Boc-Aib acid and then after Wittig reaction, produced 1b 

which followed as the previous report.26 Then 1b (2.3 g, 10 mmol) was dissolved in 15 mL of 

DMF and was cooled down to 0 oC under an N2 atmosphere. To this HBTU (3.79 g, 10 mmol) 

and HOBt (1.08 g, 8 mmol) were added and the reaction mixture was stirred for 10 minutes. 

This was followed by the addition of 4-chloro benzylamine (1.8 ml, 15 mmol). The reaction 

mixture was stirred overnight and the progress was monitored by TLC. Upon completion, the 

reaction mixture was diluted with 200 mL EtOAc and was washed with 10% HCl (150 mL X 

2), 10% Na2CO3 solution (150 mL X 2), and finally brine solution (150 mL X 2). The organic 

layer was dried over anhydrous Na2SO4 and concentrated under reduced pressure to give a 

crude powder which was then purified by column chromatography to get a white crystalline 

product 1c (yield = 92%).  

5.2.2. Synthesis of Building Unit 2e: 

 

Scheme 4: Synthesis of compound 2e. 
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N-Boc-protected 3,3-dimethyl butanoic acid(2d) was synthesized following the previous 

report.24 First, ethyl 3,3-dimethyl acrylate (6.4 g, 50 mmol) was dissolved in nitromethane (13.5 

mL, 250 mmol) and DBU (11.2 mL, 75 mmol) was added. The mixture was heated at 65 oC 

for 12 h. After completion of the reaction 250 ml of EtOAc was added to the reaction mixture 

and washed with 1M HCl (150 mL X 2). The organic layer was dried over anhydrous Na2SO4 

and concentrated under reduced pressure to give a crude colorless oil(2a). After that, 2a was 

subjected to hydrogenation reaction with H2, Pd/C in MeOH (40 mL) and AcOH(5mL) and 

stirred for 24 h and the reaction was monitored by TLC which leads to the compound 2b. Then 

amide NH group of compound 2b was protected by the Boc group and then hydrolyzed using 

2N NaOH in MeOH to get the final product N-Bocprotected 3,3-dimethyl butanoic acid (2d 

78% yield). Then 2d (2.31 g, 10 mmol) was dissolved in 15 mL of DMF and was cooled down 

to 0 oC under an N2 atmosphere. To this HBTU (3.79 g, 10 mmol) and HOBt (1.08 g, 8 mmol) 

were added and the reaction mixture was stirred for 10 minutes. This was followed by the 

addition of 4-chlorobenzyl amine (1.8 ml, 15 mmol). The reaction mixture was stirred 

overnight and the progress was monitored by TLC. Upon completion, the reaction mixture was 

diluted with 200 mL EtOAc and was washed with 10% HCl (150 mL X 2), 10% Na2CO3 

solution (150 mL X 2), and finally brine solution (150 mL X 2). The organic layer was dried 

over anhydrous Na2SO4 and concentrated under reduced pressure to give a crude powder which 

was then purified by column chromatography to get a white crystalline product 2e (yield = 

88%).  

5.2.3. Synthesis of Peptide(P1): 

 

 

Scheme 5: Synthesis of peptide P1.  
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The compound 3a was synthesized following our previously reported method.22a In short, the 

ethyl ester of compound 1a was deprotected using TFA/DCM (1:1) and then was coupled with 

compound 1b using EDC.HCl/HOBt as a coupling agent to get compound 3a. Compound 3a 

was then hydrolyzed with 1N NaOH/EtOH to get the free acid of compound 3b. Then (1+1) 

coupling of 3a and 3b was carried out using EDC.HCl/HOBt as a coupling agent to get 

compound 3c. Next, 3c was hydrolyzed with 1N NaOH/EtOH to get free acid of compound 3d. 

Finally, (4+1) coupling was carried out with 3d and 1c by using HBTU/HOBt, and DIPEA in 

DMF, and the reaction mixture was stirred for 12 h and the progress was monitored by TLC. 

Upon completion, the reaction mixture was diluted with 250 mL EtOAc and was washed with 

10% HCl (200 mL X 2), 10% Na2CO3 solution (200 mL X 2), and finally brine solution (200mL 

X 2). The organic layer was dried over anhydrous Na2SO4 and concentrated under reduced 

pressure to give a crude powder which was then purified by column chromatography to get a 

white product as peptide P1 (yield = 71%). 

 

5.2.4. Synthesis of Peptide(P2): 

 

 

Scheme 6: Synthesis of peptide P2.  

The ethyl ester of ,-unsaturated 3,3-dimethyl -amino acid(1a) was synthesized as our 

previous method. Then 1a was subjected to double bond reduction through catalytic transfer 

hydrogenation to obtain N-Boc-ethyl ester of 3,3-dimethyl -amino acid(4a). Boc deprotection 
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of compound 4a (10 mmol, 1.6 g) was carried out by using 5 ml of each TFA and DCM (1:1) 

for 1 h. After that, TFA and solvent DCM were evaporated and 5-6 times DCM was added and 

evaporated to remove traces of TFA. The formed crude was TFA-salt of the amine of 

compound 4a and to this 3 ml of DMF and 4.5 ml, of DIPEA were added to make it free amine 

of compound 4a. Boc-dgAic-OH(1b)( 10 mmol, 2.3 g) was taken in 10 mL of DMF and the 

solution was cooled down to 0 oC and kept in an N2 atmosphere. EDC.HCl(10 mmol, 1.93 g) 

and HOBt (10 mmol, 1.36 g), and 5 ml DIPEA were added to the solution and the reaction 

mixture was stirred for 10 mins. After that, the free amine of compound 4a was added to the 

reaction mixture and stirred for 12 h. Upon completion of the reaction monitored by TLC, the 

reaction mixture was diluted with 200 ml of ethyl acetate. Then, the mixture was washed with 

10% HCl (100 mL X 2), 10% Na2CO3 solution (100 mL X 2), and then NaCl solution (100 mL 

X 2). The organic layer was collected and dried with anhydrous Na2SO4 and concentrated under 

reduced pressure. The crude product was purified by column chromatography to get dipeptide 

4b as a white solid. Then (2+2) coupling reaction of 4a and 4c was carried out by using 

EDC.HCl, HOBt, and DIPEA to get tetrapeptide 4d. The tetrapeptide 4d was hydrolyzed in 1N 

NaOH/EtOH to get free acid of compound 4e and which was then subjected to (4+1) coupling 

reaction with 1a using HBTU/HOBt, DIPEA in DMF to get pentapeptide P2. The pentapeptide 

was purified by column chromatography to get a white product as peptide P2 (yield = 76%). 

5.2.5. Synthesis of Peptide(P3): 

 

 

Scheme 7: Synthesis of peptide P3.  
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The N-Boc-protected 3,3-dimethyl butanoic acid(2d) was synthesized following as previous 

report24 and was then subjected to methylation using MeI/K2CO3 in DMF solvent. The reaction 

mixture was stirred at r.t for 6 h. After completion of the reaction, it was workup by EtOAc 

and wash with 10% HCl followed by brine. The organic layer was collected and dried over 

anhydrous Na2SO4 and concentrated under reduced pressure to give a crude semi-solid which 

was then purified by column chromatography to get product 5a. Boc deprotection of compound 

5a (10 mmol, 2.45 g) was carried out by using 5 ml of each TFA and DCM (1:1) for 1 h. After 

that, TFA and solvent DCM were evaporated and 5-6 times DCM was added and evaporated 

to remove traces of TFA. The formed crude was TFA-salt of the amine of compound 5a and to 

this 3 ml of DMF and 4.5 ml, of DIPEA were added to make it free amine of compound 5a. 

Boc-dgAic-OH(1b)( 10 mmol, 2.3 g) was taken in 10 mL of DMF and the solution was cooled 

down to 0 oC and kept in an N2 atmosphere. EDC.HCl(10 mmol, 1.93 g) and HOBt (10 mmol, 

1.36 g), and 5 ml DIPEA were added to the solution and the reaction mixture was stirred for 

10 mins. After that, the free amine of compound 5a was added to the reaction mixture and 

stirred for 12 h. Upon completion of the reaction monitored by TLC, the reaction mixture was 

diluted with 200 ml of ethyl acetate. Then, the mixture was washed with 10% HCl (100 mL X 

2), 10% Na2CO3 solution (100 mL X 2), and then NaCl solution (100 mL X 2). The organic 

layer was collected and dried with anhydrous Na2SO4 and concentrated under reduced pressure. 

The crude product was purified by column chromatography to get dipeptide 5b as a white solid. 

Then (2+2) coupling reaction of 5b and 5c was carried out by using EDC.HCl, HOBt, and 

DIPEA to get tetrapeptide 5d. The tetrapeptide 5d was hydrolyzed in 1N NaOH/EtOH to get 

free acid of compound 5e and which was then subjected to (4+1) coupling reaction with 1c 

using HBTU/HOBt, DIPEA in DMF to get pentapeptide P3. The pentapeptide was purified by 

column chromatography to get a white product as peptide P3 (yield = 68%). 
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5.2.6. Synthesis of Peptide(P4): 

 

 

Scheme 8: Synthesis of peptide P4.  

Ethyl ester of compound 1a(10 mmol, 2.57 g) was deprotected using TFA/DCM(1:1) and 3 ml 

DIPEA was added to get free amine of 1a. N-Boc-protected 3,3-dimethyl butanoic acid(2d) (10 

mmol, 2.3 g) was taken in 10 mL of DMF and the solution was cooled down to 0 oC and kept 

in an N2 atmosphere. EDC.HCl(10 mmol, 1.93 g) and HOBt (10 mmol, 1.36 g), and 5 ml 

DIPEA were added to the solution and the reaction mixture was stirred for 10 mins. After that, 

the free amine of compound 1a was added to the reaction mixture and stirred for 12 h. Upon 

completion of the reaction monitored by TLC, the reaction mixture was diluted with 200 ml of 

ethyl acetate. Then, the mixture was washed with 10% HCl (100 mL X 2), 10% Na2CO3 

solution (100 mL X 2), and then NaCl solution (100 mL X 2). The organic layer was collected 

and dried with anhydrous Na2SO4 and concentrated under reduced pressure. The crude product 

was purified by column chromatography to get dipeptide 6a as a white solid. The dipeptide 6a 

was hydrolyzed in 1N NaOH/EtOH to get free acid of dipeptide 6a and which was then 

subjected to (2+1) coupling reaction with 2e using EDC.HCl, HOBt, and DIPEA to get 

tripeptide  6c. The Boc-deprotection of tripeptide 6c was carried out by using 5 ml of each TFA 

and DCM (1:1) for 1 h. After that, TFA and solvent DCM were evaporated and 5-6 times DCM 

was added and evaporated to remove traces of TFA. The formed crude was TFA-salt of the 

amine of compound 6c and to this 3 ml of DMF and 3 ml, of DIPEA were added to make it 

free amine of compound 6c. Then (3+2) coupling reaction of 6c and 6b was carried out by 

using EDC.HCl, HOBt, and DIPEA to get pentapeptide P4. The pentapeptide was purified by 

column chromatography to get a white product as peptide P4 (yield = 73%). 
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5.3. Characterization of Building Units and Peptides(P1-P4):  

 

 

 

 

1H NMR (400 MHz, CDCl3) δ 7.28 (d, J = 8.5 Hz, 2H), 7.21 (d, J = 8.5 Hz, 2H), 6.86 (d, J = 

15.5 Hz, 1H), 6.02 (s, 1H), 5.83 (d, J = 15.5 Hz, 1H), 4.66 (s, 1H), 4.45 (d, J = 5.9 Hz, 2H), 

1.40 (s, 9H), 1.39 (s, 6H). 13C NMR (101 MHz, CDCl3) δ 165.97, 136.94, 133.39, 129.37, 

128.91, 120.65, 79.60, 52.92, 43.10, 28.52. 

 

 

 

1H NMR (400 MHz, CDCl3) δ 7.57 (s, 1H), 7.27 (d, J = 8.6 Hz, 2H), 7.24 (d, J = 8.8 Hz, 2H), 

5.07 (t, J = 7.0 Hz, 1H), 4.39 (d, J = 5.8 Hz, 2H), 3.00 (d, J = 7.0 Hz, 2H), 2.09 (s, 2H), 1.42 

(s, 9H), 0.94 (s, 6H). 13C NMR (101 MHz, CDCl3) δ 171.32, 157.33, 137.48, 133.05, 129.31, 

128.76, 79.87, 49.63, 45.51, 42.93, 34.98, 28.47, 26.27. 

 

 

 

1H NMR (400 MHz, CDCl3) δ 7.03 (d, J = 15.9 Hz, 1H), 6.77 (d, J = 15.5 Hz, 1H), 5.84 (d, J 

= 15.9 Hz, 1H), 5.77 (d, J = 15.5 Hz, 1H), 5.60 (d, J = 7.5 Hz, 1H), 4.64 (s, 1H), 4.17 (q, J = 

7.1 Hz, 2H), 1.48 (s, 6H), 1.41 (s, 9H), 1.39 (s, 6H), 1.27 (t, J = 7.1 Hz, 3H). 13C NMR (101 

MHz, CDCl3) δ 166.83, 165.08, 152.74, 121.25, 118.91, 77.59, 60.55, 53.90, 52.88, 28.54, 

27.51, 27.26, 14.36. MALDI/TOF-TOF m/z calculated for C19H32N2O5 [M+Na+] is 407.230  

and the observed peak is 407.408. 

compound 1c 

compound 2e 

compound 3a 
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1H NMR (400 MHz, CDCl3)δ 8.26 (s, 1H), 7.65 (s, 1H), 7.57 (s, 1H), 7.15 (d, J = 15.9 Hz, 

1H), 6.75 – 6.69 (m, 3H), 5.97 (d, J = 15.2 Hz, 1H), 5.84 (d, J = 15.9 Hz, 1H), 5.73 (d, J = 15.3 

Hz, 1H), 5.65 (d, J = 15.3 Hz, 1H), 4.75 (s, 1H), 4.15 (d, J = 7.1 Hz, 2H), 1.49 (s, 9H), 1.46 (t, 

J = 3.2 Hz, 18H), 1.39 (s, 6H), 1.26 (s, 4H). 13C NMR (101 MHz, CDCl3) δ 167.44, 165.40, 

165.13, 164.96, 155.08, 154.93, 148.54, 148.04, 147.34, 121.71, 121.60, 120.92, 117.91, 80.25, 

60.23, 54.51, 54.10, 53.97, 53.59, 28.79, 14.43. MALDI/TOF-TOF m/z calculated for 

C31H50N4O7 [M+Na+] is 613.367, and the observed peak is 613.740. 

 

 

1H NMR (400 MHz, CDCl3) δ 6.74 (d, J = 15.5 Hz, 1H), 5.71 (d, J = 15.4 Hz, 1H), 5.64 (s, 

1H), 4.62 (s, 1H), 4.10 (t, J = 7.1 Hz, 2H), 2.33 (dd, J = 8.3, 7.1 Hz, 2H), 2.05 (dd, J = 8.4, 7.0 

Hz, 2H), 1.41 (s, 9H), 1.38 (s, 6H), 1.35 (s, 6H), 1.24 (t, J = 7.1 Hz, 3H). 13C NMR (101 MHz, 

CDCl3) δ 174.24, 165.37, 121.87, 77.56, 60.73, 53.47, 52.89, 35.24, 29.69, 28.53, 26.87, 14.32. 

MALDI/TOF-TOF m/z calculated for C19H34N2O5 [M+H+] is 371.248, and the observed peak 

is 371.440. 

 

 

1H NMR (400 MHz, CDCl3) δ 6.90 (s, 1H), 6.74 – 6.73 (m, 1H), 6.70 – 6.69 (m, 1H), 6.48 (d, 

J = 3.2 Hz, 1H), 6.41 (s, 1H), 5.80 (d, J = 15.4 Hz, 1H), 5.68 (d, J = 15.4 Hz, 1H), 4.76 (s, 1H), 

2.35 – 2.31 (m, 2H), 2.14 (d, J = 7.9 Hz, 2H), 2.10 – 2.07 (m, 2H), 2.06 – 2.03 (m, 2H), 2.01 

(t, J = 5.3 Hz, 2H), 1.44 (s, 6H), 1.42 (s, 9H), 1.38 (s, 6H), 1.33 (d, J = 1.4 Hz, 12H), 1.25 – 

1.21 (m, 3H). 13C NMR (101 MHz, CDCl3) δ 174.33, 172.73, 165.52, 148.29, 147.43, 121.88, 

77.79, 60.55, 35.01, 31.89, 29.89, 28.62, 27.88, 27.61, 27.30, 26.86, 14.33. MALDI/TOF-TOF 

m/z calculated for C31H54N4O7 [M+H+] is 617.339, and the observed peak is 617.700. 

compound 3c 

compound 4b 

compound 4d 
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1H NMR (400 MHz, CDCl3) δ 6.83 (s, 1H), 6.19 (d, J = 6.6 Hz, 1H), 5.81 (d, J = 15.5 Hz, 1H), 

4.65 (s, 1H), 3.66 (s, 3H), 3.23 (d, J = 6.6 Hz, 2H), 2.25 (s, 2H), 1.41 (s, 9H), 1.40 (s, 6H), 1.00 

(s, 6H). 13C NMR (101 MHz, CDCl3) δ 173.11, 166.19, 121.03, 79.63, 52.96, 51.68, 48.86, 

44.41, 35.24, 28.50, 27.52, 25.96. MALDI/TOF-TOF m/z calculated for C18H32N2O5 [M+H+] 

is 357.231, and the observed peak is 357.402.  

 

 

1H NMR (400 MHz, CDCl3) δ 6.79 (d, J = 15.5 Hz, 1H), 6.72 (d, J = 15.4 Hz, 2H), 6.19 (s, 

1H), 5.82 (d, J = 15.5 Hz, 3H), 4.72 (s, 1H), 3.65 (s, 4H), 3.22 (d, J = 6.5 Hz, 3H), 2.26 (s, 3H), 

1.97 – 1.92 (m, 2H), 1.47 (s, 6H), 1.42 (s, 15H), 1.38 (s, 6H), 1.00 (s, 6H). 13C NMR (101 

MHz, CDCl3) δ 173.06, 166.37, 165.12, 147.79, 121.43, 121.34, 79.67, 54.14, 53.10, 51.54, 

49.18, 44.23, 35.21, 28.58, 27.73, 27.53, 25.65. 

 

 

 

 

1H NMR (400 MHz, CDCl3) δ 6.73 (dd, J = 15.5, 1.1 Hz, 1H), 5.71 (d, J = 15.5 Hz, 1H), 5.65 

(s, 1H), 4.62 (s, 1H), 4.10 (dd, J = 7.2, 1.3 Hz, 3H), 2.34 – 2.30 (m, 2H), 2.07 – 2.03 (m, 2H), 

1.41 (d, J = 1.4 Hz, 9H), 1.38 (d, J = 1.3 Hz, 6H), 1.35 (d, J = 1.4 Hz, 6H), 1.23 (dd, J = 7.1, 

1.3 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 174.22, 165.36, 121.85, 79.51, 60.71, 53.45, 

52.88, 35.22, 29.68, 28.52, 26.86, 14.31. MALDI/TOF-TOF m/z calculated for C19H34N2O5 

[M+H+] is 371.247, and the observed peak is 371.434.  

 

compound 5b 

compound 5d 

compound 6b 
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1H NMR (400 MHz, CDCl3) δ 8.07 – 8.02 (m, 1H), 7.26 (s, 4H), 7.15 (s, 1H), 6.85 (d, J = 15.6 

Hz, 1H), 6.72 (t, J = 6.7 Hz, 1H), 5.89 (d, J = 15.6 Hz, 1H), 4.99 (t, J = 6.8 Hz, 1H), 4.39 (d, J 

= 5.9 Hz, 2H), 3.16 (d, J = 6.7 Hz, 2H), 3.02 (d, J = 6.9 Hz, 2H), 2.10 (s, 2H), 1.98 (s, 2H), 

1.45 (s, 7H), 1.43 (s, 9H), 0.96 (s, 6H), 0.94 (s, 6H). 13C NMR (101 MHz, CDCl3) δ 171.61, 

170.72, 167.50, 157.25, 149.29, 137.73, 129.32, 128.74, 120.89, 79.91, 53.70, 49.50, 48.97, 

46.14, 45.73, 42.85, 35.04, 34.90, 28.50, 27.25, 26.60, 26.31. MALDI/TOF-TOF m/z 

calculated for C30H47ClN4O5 [M+H+] is 601.324, and the observed peak is 601.707.  

 

 

1H NMR (400 MHz, CDCl3) δ 8.56 (s, 2H), 8.50 (s, 1H), 8.29 (s, 1H), 7.86 (s, 1H), 7.30 (s, 

2H), 7.26 (s, 2H), 6.71 (dd, J = 20.9, 15.4 Hz, 6H), 5.99 (d, J = 15.2 Hz, 1H), 5.78 – 5.70 (m, 

4H), 4.71 (s, 1H), 4.48 (s, 1H), 4.33 (s, 1H), 1.73 – 1.62 (m, 6H), 1.59 (s, 6H), 1.50 (s, 9H), 

1.39 – 1.33 (m, 13H), 1.28 (s, 6H). MALDI/TOF-TOF m/z calculated for C42H61ClN6O7 

[M+Na+] is 819.429, and the observed peak is 819.995.  

  

 

 

1H NMR (400 MHz, CDCl3) δ 8.06 (s, 1H), 7.89 (s, 1H), 7.60 (s, 1H), 7.12 (d, J = 15.9 Hz, 

1H), 6.69 (d, J = 2.5 Hz, 1H), 6.65 (d, J = 2.6 Hz, 1H), 5.85 (d, J = 1.7 Hz, 1H), 5.81 (d, J = 

2.4 Hz, 1H), 5.59 (d, J = 15.2 Hz, 1H), 4.69 (s, 1H), 4.18 – 4.14 (m, 2H), 4.11 (q, J = 7.0 Hz, 

2H), 2.04 (s, 4H), 1.75 – 1.69 (m, 4H), 1.50 (s, 4H), 1.48 (s, 6H), 1.46 (s, 9H), 1.40 (s, 6H), 

1.33 (s, 8H), 1.29 – 1.25 (m, 5H), 1.26 – 1.23 (m, 3H). 

 

compound 6c 

Peptide(P1) 

Peptide(P2) 
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1H NMR (400 MHz, CDCl3) δ 8.21 (s, 1H), 8.13 (s, 1H), 7.52 (s, 1H), 7.28 (d, J = 8.4 Hz, 2H), 

7.25 (d, J = 8.4 Hz, 2H), 6.78 – 6.63 (m, 4H), 5.95 (d, J = 15.1 Hz, 1H), 5.70 (dd, J = 15.4, 

10.6 Hz, 2H), 4.76 (s, 1H), 4.39 (d, J = 5.6 Hz, 2H), 1.75 – 1.62 (m, 4H), 1.47 (s, 14H), 1.40 

(s, 8H), 1.38 (s, 9H), 1.35 (s, 9H), 1.27 (d, J = 15.1 Hz, 3H). 

 

 

 

 

1H NMR (400 MHz, CDCl3) δ 8.42 (d, J = 8.0 Hz, 1H), 8.00 (s, 1H), 7.80 (d, J = 32.1 Hz, 2H), 

7.54 (d, J = 14.4 Hz, 1H), 7.28 (dd, J = 8.5, 1.9 Hz, 2H), 7.26 – 7.22 (m, 2H), 6.76 (dd, J = 

15.7, 2.9 Hz, 1H), 6.62 (d, J = 15.2 Hz, 1H), 5.99 (d, J = 15.8 Hz, 1H), 5.72 (d, J = 15.4 Hz, 

1H), 4.97 (s, 1H), 4.37 (d, J = 5.7 Hz, 2H), 3.07 (d, J = 31.2 Hz, 5H), 2.06 (d, J = 10.7 Hz, 4H), 

1.83 (d, J = 51.8 Hz, 4H), 1.47 (s, 6H), 1.44 (d, J = 1.3 Hz, 9H), 1.38 (d, J = 3.1 Hz, 6H), 0.96 

(d, J = 5.7 Hz, 12H), 0.91 (d, J = 2.7 Hz, 6H). MALDI/TOF-TOF m/z calculated for 

C42H67ClN6O7 [M+Na+] is 825.476, and the observed peak is 8256.060.  

 

 

Peptide(P4) 

Peptide(P3) 
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6. Appendix: 

6.1. ORTEP Diagrams: 

A) ORTEP Diagram of Peptide(P1): 

 

 

 

 

Figure 8: ORTEP diagram of P1. H-bonds are shown in dotted lines. H-atoms are omitted for 

clarity. Ellipsoids are drawn at 50% probability.  
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B) ORTEP Diagram of Peptide(P2): 

 

 

 

Figure 9: ORTEP diagram of P2. H-bonds are shown in dotted lines. H-atoms are omitted for 

clarity. Ellipsoids are drawn at 50% probability.  
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C) ORTEP Diagram of Peptide(P3): 

 

 

Figure 10: ORTEP diagram of P3. H-bonds are shown in dotted lines. H-atoms are omitted 

for clarity. Ellipsoids are drawn at 50% probability.  
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D) ORTEP Diagram of Peptide(P4): 

 

 

 

Figure 11: ORTEP diagram of P4. H-bonds are shown in dotted lines. H-atoms are omitted 

for clarity. Ellipsoids are drawn at 50% probability.  
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6.2. Crystal Structure Information: 

 

Parameters Peptide(P1) Peptide(P2) Peptide(P3) Peptide(P4) 

Solvent for 

crystallization 

CHCl3/n-

heptane 

DCM/Xylene EtOAc/n-

hexane 

EtOAc/n-

hexane 

Chemical 

formula 

C85 H123 Cl2 

N11 O14 

C169 H252 N23 O34 C42 H65 Cl1 N6 

O7 

C84 H136 Cl2 N12 

O14 

Molecular weight 1593.84 3149.94 801.45 1608.95 

Crystal size (nm) (0.14 × 0.10 × 

0.12) mm 

(0.18 × 0.14 × 

0.14) mm 

(0.18 × 0.16 × 

0.18) mm 

(0.12 × 0.16 × 

0.10) mm 

Radiation source Mo Kα 

(λ = 0.71073Ǻ) 

Mo Kα 

(λ = 0.71073Ǻ) 

Mo Kα 

(λ = 0.71073Ǻ) 

Mo Kα 

(λ = 0.71073Ǻ) 

Space group P21/c 

(monoclinic) 

Cc 

(monoclinic) 

P21212 

(orthorhombic) 

P21/c 

(monoclinic) 

a (Å) 22.868(8) 20.21(1) 12.771(3) 17.991(5) 

b (Å) 19.843(7) 20.215(12) 14.245(2) 26.363(8) 

c (Å) 25.101(9) 46.72(3) 25.046(5) 22.005(6) 

α (°) 90 90 90 90 

β(°) 113.596(9) 91.845(13) 90 105.917(7) 

γ(°) 90 90 90 90 

hmax 30 24 18 24 

kmax 26 26 19 35 

lmax 33 62 33 25 

Volume (Å3) 10438(6) 19077(19) 4556.4(15) 10037(5) 

Z 4 4 4 4 
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Density 

(g/cm3)(cal) 

1.014 1.097 1.168 1.065 

Molecules in the 

asymmetric unit 

1 4 1 2 

F (000) 3424.0 6796.0 1728.0 3480.0 

2θ Max. (o) 57.128 59.26 64.502 56.886 

𝜇 mm-1 0.118 0.077 0.136 0.123 

Reflections (cal) 25300 43807 12392 24765 

Variables 475 2092 519 1037 

R (reflections) 6257 20989 7615 12774 

Rfactor 0.2780 0.1235 0.1547 0.1960 

wR2 

(Reflections) 

0.6043 0.3374 0.2611 0.5241 

Goodness-of- fit                                                

(S) 

2.279 1.038 1.181 1.802 

Software used Bruker 

APEX(III) 

Bruker 

APEX(III) 

Bruker 

APEX(III) 

Bruker 

APEX(III) 

Method used SHELXS-9731 SHELXS-9731 SHELXS-9731 SHELXS-9731 

 

6.3. Torsion Angle Parameters: 
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8. 1H, 13C NMR and Mass Spectra of Peptides P1-P4: 
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Chirality Induction on Achiral Double Helices 
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1. Introduction: 
In previous section 2A, we demonstrated the -double helix conformations from the -peptides 

consisting of achiral (E)-,-unsaturated 4,4-dialkyl -amino acids.1 In addition, we have 

shown accommodation of 4,4-dimethyl and 3,3-dimethyl -amino acids into the double helical 

structures without deviating from the overall double helix fold. So far, the double-helical 

structure reported from the -peptide foldamers are achiral in nature.1,2 For that matter, many 

synthetic -double helices are achiral.3-12 In this context, we sought to investigate the 

possibilities of designing the chiral -double helical structures. As the -peptide double helices 

consist of achiral amino acids, we hypothesized that it may be possible to construct chiral 

double-helices by coupling chiral amines at the C-terminal of the achiral peptides. 

 2. Results and Discussion: 

2.1 Design and Synthesis of Peptides (P5-P9): 

In order to understand the conformational properties of chiral double helices, we designed the 

tetrapeptides, P5-P9. The sequences of these peptides are shown in Scheme 1.  

 

Scheme 1: Sequences of design peptides P5-P9 for chirality induction on the achiral double- 

helix. 
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The peptide P5 is a control achiral peptide. Peptides P6 and P7 consist of chiral (R) and (S) 

methyl benzylamine at C-terminus, respectively. Peptides P8 and P9 consist of the same 

sequences of P6 and P7 respectively except the N-terminal Boc- group was replaced by the p-

bromo benzoyl group. The (E)-,-unsaturated 4,4-dialkyl -amino acid and all peptides were 

synthesized as reported earlier.13,14 The schematic representation of the synthesis of the 

peptides is shown in Scheme 2.  

 

 

Scheme 2: Synthesis of peptides P5-P9. 

All other peptides were synthesized using the deprotection and coupling methods. All peptides 

were isolated in good yield and subjected to crystallization for structural analysis.  

2.2 Crystal Structure Analysis of Peptide P5:  

 

In order to understand the unambiguous conformation of peptides, we subjected all peptides to 

crystallization in various solvent combinations. The single crystals of peptide P5 were obtained 

from the slow evaporation of the peptide solution in ethyl acetate/n-hexane. The single crystal 

structure of peptide P5 is shown in Figure 1. Similar to the tetrapeptides reported earlier1 and 

also in the previous section, the peptide P5 adopted double-helical conformation in single 

crystals. Being an achiral peptide, the asymmetric unit consists of two molecules with opposite 
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chirality. In the double helix structure, the two peptide strands are held together by eight 

intermolecular H-bonds between strand A and strand B. The donor amide CO group in residue 

i of strand B is involved in the H-bonding with the amide NH group of residue i+2 in strand A 

(i i+2).  

Figure 1: (a) Single crystal structure of P5. To get a better view of parallel β-double helices, 

pictorially rods are created along the central axis. (b) Intermolecular hydrogen bonding patterns 

between two strand A and strand B are shown. 

Additionally, the amide CO group of the residue i in strand A is involved in the H-bonding 

with the amide NH group of the residue i+2 in strand B. More importantly, no amide NH or 

CO groups along the strands are exposed for the H-bonds with other strands, except the N-

terminal amide NH of strand B and the C-terminal amide CO of strand A. The intermolecular 

H-bonds between strand A and strand B are depicted in Figure 1b.  The H-bond parameters of 

the P5 double-helix are tabulated in Table 1. The parameters of the observed H-bonds are 

within the limits of standard H-bonds parameters.15,16   
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Table 1: The H-bond parameters of the P5 double-helix are tabulated. 

Donor 

(D) 

Acceptor 

(A) 

D….A 

(Å) 

DH….A 

(Å) 

NH….O 

(deg) 

N2 O8 2.87 2.02 170 

N3 O9 2.76 1.92 167 

N4 O10 2.83 1.97 174 

N5 O11 2.90 2.06 169 

N7 O2 2.90 2.06 166 

N8 O3 2.90 2.06 168 

N9 O4 2.81 2.00 158 

N10 O5 2.80 1.96 167 

 

The torsion angles of peptide P5 are given in Table 2. The observed torsion angle parameters 

of P5 are similar to the torsion angles observed in the peptide P1. The peptide adopted an 

achiral -double-helical conformation in single crystals.  

Table 2: Torsion angle parameters for strand A and strand B of the P5 double-helix are 

tabulated. 

Peptide P5 

(Strand A) 

ϕ θ1 θ2 ψ 

dAic 1 -72 -18 -167 169 

dAic 2 -77 -11 -173 171 

dAic 3 -83 -12 -175 173 

dAic 4 -60 -27 -175 175 
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Peptide P5 

(Strand B) 

ϕ θ1 θ2 ψ 

dAic 1 -67 -10 -178 174 

dAic 2 -64 -26 -174 173 

dAic 3 -65 -40 -169 164 

dAic 4 -78 1 179 -175 

 

2.3 Solution State Conformational Analysis of Peptides P6 and P7:  

Even after extensive efforts, both P6 and P7 did not give single crystals in various solvent 

combinations. In order to understand their conformation solution, we subjected both peptides 

to the solution NMR analysis. The 1H-NMR analyses revealed that P6 and P7 in C2D2Cl4 gave 

well-resolved spectra conforming to one set of protons. To investigate the double helix 

structure in P6 and P7 in solution, temperature-dependent 1H-NMR and DMSO-d6 NMR 

titration experiments were carried out.  

 

 

 

 

 

 

 

 

 

Figure 2: Temperature-dependent 1H-NMR of P6 in C2D2Cl4. 
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Figure 3: Temperature-dependent 1H-NMR of P7 in C2D2Cl4. 

The temperature-dependent 1H NMR experiments of P6 and P7 in C2D2Cl4 displayed gradual 

up-field amide NH chemical shifts upon increasing temperature. The amide NH region of 1H-

NMR spectra depicting the up-field chemical shifts of the peptide P6 and P7 are shown in 

Figures 2 and 3, respectively. Results are suggesting that the possible breaking of H-bonds 

upon increasing temperature leads to the dissociation of double helix conformation into 

individual strands in the solution.   

Further, the DMSO-d6 titration experiments suggested that except the N-terminal Boc amide 

NH, all other amide NH protons in the peptides P6 and P7 showed a very small change in their 

chemical shift position upon increasing the concentration of DMSO-d6. The results of DMSO-

d6 titration are shown in Figures 4 and 5, respectively. These results suggested the involvement 

of backbone amide NH and CO groups in the intermolecular H-bonds between the peptide 

strands in the double helix.  In addition, Boc-NH protons revealed a downfield shift upon 

increasing the concentration of DMSO-d6, suggesting the exposure of N-terminal NH protons 

in both P6 and P7 to the solvent for H-bonding. These results indirectly suggest that both 

peptides adopted double helical conformations in solution.  
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Figure 4: DMSO-d6 
1H-NMR titration P6 in CHCl3 

 

Figure 5: DMSO-d6 
1H-NMR titration P6 in CHCl3. 
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2.4 Circular Dichroism (CD) Spectroscopy of Peptides P6 and P7: 

Further, we subjected both peptides P6 and P7 along with the achiral peptide P5 for the circular 

dichroism (CD) analysis in C2D2Cl4 solvent. The CD spectral analysis revealed remarkable 

results on the chirality of the peptides. The CD spectra of all three peptides are shown in Figure 

6. The peptide P6 displayed CD maxima at around 245 nm and P7 displayed exactly the 

opposite spectrum with CD minima at 245 nm. The achiral P5 displayed no characteristic CD 

signature.  

 

Figure 6: Circular dichroism (CD) spectra of peptides P5-P7 showing the effect of chirality 

induction on the achiral double-helix. 

 

Figure 7: Temperature-dependent circular dichroism (CD) spectra of peptides P6 and P7.  
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We further subjected both P6 and P7 to the temperature-dependent CD analysis. The CD 

maxima in P6 decrease upon increasing temperature. Similarly, the CD minima observed in P7 

decrease with increasing temperature. These results infer that even at the higher temperature, 

they partly retain the double-helical conformation.  These results are depicted in Figure 7. 

Fascinatingly, the single chiral atom can induce chirality across the double helix. These results 

suggested the chiral double helices can be designed by just introducing one chiral atom at the 

C-terminus of the achiral peptides.  

2.5. Crystal Structure Analysis of Chiral Double helix of Peptide P8:  

As we did not get the single crystals for the chiral peptides P6 and P7, we further designed two 

more peptides P8 and P9 with an N-terminal p-Br phenylacetyl group. Both peptides were 

synthesized and subjected to crystallization to understand the conformations of chiral -double 

helices in single crystals. Out of these two peptides, peptide P8 gave single crystals after the 

slow evaporation of the peptide solution in the CHCl3 and toluene solvent mixture. The X-ray 

diffracted single crystal structure of peptide P8 is shown in Figure 8. Remarkably, the hybrid 

pentapeptide P8 adopted a right-handed double helix conformation in single crystals.  

 

Figure 8: (a) Single crystal structure of P5. To get a better view of parallel β-double-helices, 

pictorially rods are created along the central axis. (b) Intermolecular hydrogen bonding patterns 

between two strand A and strand B are shown. 
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The H-bonding pattern observed in the P8 is different from that of other double-helices. The 

peptide strands A and B are intertwined along the helix axis and they are held together by eight 

inter-strand H-bonds. The donor amide CO group in residue i of strand A is involved in the H-

bonding with the amide NH group of residue i+1 in strand B (i i+1). Interestingly, the amide 

CO group of residue i in strand B is involved in the H-bonding with the amide NH group of 

residue i+3 in strand A (i i+3). The two N-terminal NH groups in strand A and the two C-

terminal amide CO groups in strand B are not involved in the inter-strand H-bonds. The inter-

strand H-bonds observed in the P8 are shown in Figure 8b.  The H-bond parameters of the P8 

double helix are tabulated in Table 3. The parameters of the observed H-bonds are within in 

the limits of standard H-bonds parameters.15,16  

Table 3: The H-bond parameters of the P8 double-helix are tabulated. 

Donor 

(D) 

Acceptor 

(A) 

D….A 

(Å) 

DH….A 

(Å) 

NH….O 

(deg) 

N6 O1 2.89 2.04 171 

N7 O2 2.83 1.98 168 

N8 O3 2.90 2.06 164 

N9 O4 2.85 2.00 172 

N10 O5 2.76 1.93 159 

N3 O6 2.83 2.07 148 

N4 O7 2.83 2.07 147 

N5 O8 2.76 1.93 164 

 

The crystal structure analysis of P8 revealed an interesting pattern of torsion angle parameters.  

The dgAic residues displayed similar torsion angle parameters as that of the residues observed 

in the structure of P5. The average torsion angle parameters of the dgAic residues in the double 

helix P8 are   = -708, 1= -2114 2= -1699, and  = +16910. The torsion angles 

of the peptide P8 are given in Table 4.  
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Table 4: Torsion angle parameters for strand A and strand B of the P8 double helix are 

tabulated. 

 

2.6. Circular Dichroism (CD) Spectroscopy of Peptides P8 and P9: 

Further, we subjected both peptides P8 and P9 to the circular dichroism (CD) analysis in 

C2D2Cl4 solvent. The CD spectral analysis revealed remarkable results on the chirality of the 

peptides. The CD spectra of peptides P8 and P9 are shown in Figure 9. The peptide P8 

displayed CD maxima at around 245 nm and P9 displayed exactly the opposite spectrum with 

CD minima at 245 nm similar to that of peptides P6 and P7. These results suggested chiral 

double-helices can be designed by introducing on chiral atom at the C-terminus of the achiral 

peptide. 

 

Figure 9: Circular dichroism (CD) spectra of peptides P8-P9 showing the effect of chirality 

induction on the achiral double-helix. 

3. Conclusion:  
In summary, the short -peptides constructed from the achiral (E)- ,β-unsaturated 4,4-gem-

dimethyl -amino acids containing chiral amine at the C-terminus fold into chiral β-double 
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helix structures. The chiral peptides consisting of R and S chiral amines displayed opposite CD 

signatures. So far, the synthetic double helices reported in the literature are mostly achiral in 

nature, however, these achiral amino acids can be converted into chiral double helices by 

coupling chiral amines at the C-terminus of the peptides. The results reported here suggest that 

a single chiral atom can induce chirality across the double helix. These results advocated that 

the chiral double-helices can be designed by just introducing one chiral atom at the C-terminus 

of the achiral peptides.  

4. Experimental Section: 

4.1. General Method: 

All reagents were used without further purification. Column chromatography was performed 

on neutral alumina (100-200 mesh). 1H-NMR (400 MHz), and 13C-NMR (101 MHz) were 

measured on a Bruker Avance 400 MHz spectrometer. Mass samples were analyzed by High- 

resolution mass spectrometry using ESI TOF. The X-ray data were collected at 100K 

temperature on a Bruker APEX(III) DUO CCD diffractometer using Mo Kα radiation (λ = 

0.71073 Ǻ). 

4.2. Procedure for the Synthesis of Peptides: 

4.2.1. Procedure for the Synthesis of Peptides (P5, P6, and P8): 

 

Scheme 3: Synthesis of peptides P5, P6, and P8. 
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The compound 3d was synthesized following previous chapter 2A and which was reported in 

our previous method.22a The tetrapeptide acid 3d (1.4 g. 2.5 mmol) was dissolved in 5 mL of 

DMF and was cooled down to 0 oC under an N2 atmosphere. To this HBTU (1.0 g, 2.5 mmol) 

and HOBt (0.34 g, 2.5 mmol) were added and the reaction mixture was stirred for 10 minutes. 

This was followed by the addition of 4-chloro benzylamine (0.45 ml, 3.75 mmol). The reaction 

mixture was stirred overnight and the progress was monitored by TLC. Upon completion, the 

reaction mixture was diluted with 125 mL EtOAc and was washed with 10% HCl (75 mL X 

2), 10% Na2CO3 solution (75 mL X 2), and finally brine solution (75mL X 2). The organic 

layer was dried over anhydrous Na2SO4 and concentrated under reduced pressure to give a 

crude powder which was then purified by column chromatography to get a white crystalline 

product P5 (yield = 82%). Similarly, the tetrapeptide acid 3d (1.4 g. 2.5 mmol) was dissolved 

in 5 mL of DMF and was cooled down to 0 oC under an N2 atmosphere. To this HBTU (1.0 g, 

2.5 mmol) and HOBt (0.34 g, 2.5 mmol) were added and the reaction mixture was stirred for 

10 minutes. This was followed by the addition of (R)-1-phenylethan-1-amine (0.48 ml, 3.75 

mmol). The reaction mixture was stirred overnight and the progress was monitored by TLC. 

Upon completion, the reaction mixture was diluted with 125 mL EtOAc and was washed with 

10% HCl (75 mL X 2), 10% Na2CO3 solution (75 mL X 2), and finally brine solution (75mL 

X 2). The organic layer was dried over anhydrous Na2SO4 and concentrated under reduced 

pressure to give a crude powder which was then purified by column chromatography to get a 

white crystalline product P6 (yield = 78%). 

Boc-deprotection of peptide P6 (0.3 mmol 0.2 g) was carried out by using 1 ml of each TFA 

and DCM (1:1) for 1 h. After that, TFA and solvent DCM were evaporated and 5-6 times DCM 

was added and evaporated to remove traces of TFA. The formed crude was TFA-salt of the 

amine of peptide P6 and to this 0.5 ml of DMF and 0.5 ml, of DIPEA were added to make it 

free amine of compound P6. The 4-bromophenylacetic acid (0.39 mmol, 0.083 g) was dissolved 

in 1 mL of DMF and was cooled down to 0 oC under an N2 atmosphere. To this HBTU (0.39 

mmol, 0.15 g) and HOBt (0.39 mmol, 0.053 g) were added and the reaction mixture was stirred 

for 10 minutes. This was followed by the addition of free amine of tetrapeptide P6. The reaction 

mixture was stirred overnight and the progress was monitored by TLC. Upon completion, the 

reaction mixture was diluted with 50 mL EtOAc and was washed with 10% HCl (50 mL X 2), 

10% Na2CO3 solution (50 mL X 2) and finally brine solution (50 mL X 2). The organic layer 

was dried over anhydrous Na2SO4 and concentrated under reduced pressure to give a crude 
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powder which was then purified by column chromatography to get a white crystalline product 

P8 (yield = 65%). 

4.2.2. Procedure for the Synthesis of Peptides (P7, P9): 

 

Scheme 4: Synthesis of peptides P7, P9. 

The tetrapeptide acid 3d (1.4 g. 2.5 mmol) was dissolved in 5 mL of DMF and was cooled 

down to 0 oC under an N2 atmosphere. To this HBTU (1.0 g, 2.5 mmol) and HOBt (0.34 g, 2.5 

mmol) were added and the reaction mixture was stirred for 10 minutes. This was followed by 

the addition of (S)-1-phenylethan-1-amine (0.48 ml, 3.75 mmol). The reaction mixture was 

stirred overnight and the progress was monitored by TLC. Upon completion, the reaction 

mixture was diluted with 125 mL EtOAc and was washed with 10% HCl (75 mL X 2), 10% 

Na2CO3 solution (75 mL X 2), and finally brine solution (75mL X 2). The organic layer was 

dried over anhydrous Na2SO4 and concentrated under reduced pressure to give a crude powder 

which was then purified by column chromatography to get a white crystalline product P7 (yield 

= 75%). 

Boc-deprotection of peptide P7 (0.3 mmol 0.2 g) was carried out by using 1 ml of each TFA 

and DCM (1:1) for 1 h. After that, TFA and solvent DCM were evaporated and 5-6 times DCM 

was added and evaporated to remove traces of TFA. The formed crude was TFA-salt of the 

amine of peptide P7 and to this 0.5 ml of DMF and 0.5 ml, of DIPEA were added to make it 

free amine of peptide P7. The 4-bromophenyl acetic acid (0.39 mmol, 0.083 g) was dissolved 
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in 1 mL of DMF and was cooled down to 0 oC under an N2 atmosphere. To this HBTU (0.39 

mmol, 0.15 g) and HOBt (0.39 mmol, 0.053 g) were added and the reaction mixture was stirred 

for 10 minutes. This was followed by the addition of free amine of tetrapeptide P7. The reaction 

mixture was stirred overnight and the progress was monitored by TLC. Upon completion, the 

reaction mixture was diluted with 50 mL EtOAc and was washed with 10% HCl (50 mL X 2), 

10% Na2CO3 solution (50 mL X 2) and finally brine solution (50 mL X 2). The organic layer 

was dried over anhydrous Na2SO4 and concentrated under reduced pressure to give a crude 

powder which was then purified by column chromatography to get a white crystalline product 

P9 (yield = 61%). 

4.3. Characterization of Peptides(P5-P7):  

 

 

1H NMR (400 MHz, CDCl3) δ 8.43 (s, 1H), 8.29 (dd, J = 12.7, 6.9 Hz, 1H), 7.30 – 7.28 (m, 

2H), 7.24 (d, J = 7.9 Hz, 2H), 7.21 – 7.19 (m, 3H), 6.75 – 6.64 (m, 3H), 5.97 (d, J = 15.2 Hz, 

1H), 5.93 (s, 1H), 5.78 – 5.71 (m, 1H), 5.68 (d, J = 15.6 Hz, 1H), 4.44 (d, J = 6.1 Hz, 1H), 4.38 

(d, J = 5.9 Hz, 3H), 1.76 (s, 4H), 1.57 (s, 4H), 1.49 (s, 10H), 1.31 (d, J = 26.9 Hz, 14H). 

 

1H NMR (400 MHz, CDCl3) δ 8.49 (s, 2H), 8.24 (s, 1H), 7.81 (s, 1H), 7.48 (d, J = 7.5 Hz, 2H), 

7.29 (d, J = 8.2 Hz, 2H), 7.16 (d, J = 7.1 Hz, 2H), 6.78 – 6.66 (m, 4H), 5.99 (d, J = 15.2 Hz, 

1H), 5.78 (t, J = 3.6 Hz, 2H), 5.75 (t, J = 3.6 Hz, 2H), 5.13 (d, J = 8.1 Hz, 1H), 4.73 (s, 1H), 

1.68 (s, 4H), 1.61 (s, 4H), 1.52 (s, 3H), 1.51 (s, 9H), 1.41 – 1.33 (m, 11H), 1.28 (s, 4H) 

 

1H NMR (400 MHz, CDCl3) δ 8.50 (s, 2H), 8.24 (s, 1H), 7.81 (s, 1H), 7.48 (d, J = 7.5 Hz, 2H), 

7.33 – 7.27 (m, 2H), 7.20 – 7.11 (m, 2H), 6.79 – 6.67 (m, 5H), 5.99 (d, J = 15.2 Hz, 1H), 5.78 

(t, J = 3.4 Hz, 2H), 5.75 (q, J = 3.2, 2.7 Hz, 2H), 5.13 (dd, J = 10.7, 4.4 Hz, 1H), 4.73 (s, 1H), 
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1.66 (s, 4H), 1.61 (s, 4H), 1.52 (s, 3H), 1.50 (d, J = 1.1 Hz, 9H), 1.48 (s, 2H), 1.42 – 1.32 (m, 

13H), 1.28 (s, 4H). 

 

5. Appendix: 

5.1 ORTEP Diagrams: 

A) ORTEP Diagram of Peptide(P5): 

 

 

Figure 10: ORTEP diagram of P5. H-bonds are shown in dotted lines. H-atoms are omitted 

for clarity. Ellipsoids are drawn at 50% probability.  
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B) ORTEP Diagram of Peptide(P8): 

 

 

Figure 11: ORTEP diagram of P8. H-bonds are shown in dotted lines. H-atoms are omitted 

for clarity. Ellipsoids are drawn at 50% probability.  
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5.2. Crystal Structures Information:  

 

Parameters Peptide(P1) Peptide(P3) 

Solvent for 

crystallization 

EtOAc/n-

hexane 

CHCl3/ Toluene 

Chemical 

formula 

C74 H110 Cl2 

N11 O12 

C87 H112 Br2 N10 

O10 

Molecular weight 1416.63 1617.67 

Crystal size (nm) (0.18 × 0.12 × 

0.18) nm 

(0.12 × 0.10 × 

0.10) nm 

Radiation source Mo Kα 

(λ = 0.71073Ǻ) 

Mo Kα 

(λ = 0.71073Ǻ) 

Space group P212121 

(orthorhombic) 

P212121 

(orthorhombic) 

a (Å) 17.57(3) 12.772(2) 

b (Å) 18.14(3) 19.045(4) 

c (Å) 27.91(5) 36.205(7) 

α (°) 90 90 

β(°) 90 90 

γ(°) 90 90 

Volume (Å3) 8896(26) 8807(3) 

Z 4 4 

hmax 23 17 

kmax 24 23 

lmax 37 46 

Density 

(g/cm3)(cal) 

1.058 1.220 

Molecules in the 

asymmetric unit 

1 1 

F (000) 3044.0 3146.0 

2θ Max. (o) 56.678 56.78 

𝜇 mm-1 0.130 0.981 

Reflections (cal) 21982 21733 

Variables 917 1002 

R (reflections) 11155 10012 

Rfactor 0.1069 0.1687 

wR2 

(Reflections) 

0.3328 0.3144 

Goodness-of- fit                                            

(S) 

1.013 1.153 

Software used Bruker 

APEX(III) 

Bruker 

APEX(III) 

Method used SHELXS-9731 SHELXS-9731 
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7. 1H, and Mass Spectra of Peptides P5-P9: 
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Chapter 3 

 

Metal-Ions Tuned Structural Modulation of 

Metal-Helical Peptide Coordination Assemblies: 

Architectures from Porous Framework to 

Hierarchical Superhelix 
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1. Introduction: 
The combination of stable protein secondary structures and metal ions can provide a unique 

opportunity to construct advanced self-assembled structures. Recently, metal-coordinated 

peptide architectures are gaining momentum due to their close resemblance to native biological 

systems. Metal-coordinated supramolecular assembly of various organic and biomolecules 

represents a powerful approach for constructing discrete and well-defined three-dimensional 

architectures.1 Along with the non-covalent interactions, metal ions also play an important role 

in stimulating ordered supramolecular architectures from proteins. Besides their involvement 

in the structural organizations of various types of proteins, the redox properties of metal ions 

enabled proteins to perform a variety of biochemical functions.2 Synthetic peptides represent 

an alternative and attractive class of ligands that can encompass the properties of both small 

molecules and proteins. In addition to the attractive features of peptides such as diverse 

functional groups, lipophilicity, polarity, and charge, various metal coordinating sites have 

been introduced and studied the ordered self-assembling properties of peptides.3 Metal 

coordination is an important force to direct the ordered association of peptide molecules. The 

advantage of this strategy is that the functional properties of peptides and metal ions can be 

explored to design novel self-assembled peptide-based materials and also metalloprotein 

mimetics. Recently, Fujita and colleagues showed the metal-dictated knotted networks from 

the short peptides.4 In their pioneering work, the groups of Chmielewsk5 and Conticello6 have 

studied the protein-like architectures from metal-mediated supramolecular assemblies of 

collagen and coiled-coil peptides. In addition, Horne and colleagues have shown the metal-

mediated assembly of peptide coiled-coils into well-defined supramolecular nets and 

frameworks.7 Schneider and colleagues8 and others9 have demonstrated metal-triggered 

ordered -hairpin conformations. Further, Rosseinsky and colleagues have extensively studied 

the short peptide-based metal-peptide frameworks with the tunability of porosity of the 

framework and enantioselective chiral drug separation.10 Additionally, the groups of 

Shionoya11 and Miyake12 have reported metal-mediated macrocycles from the short peptides. 

In continuation, Lee and colleagues13 reported β-peptide foldamer-based frameworks. Further, 

a significant effort was done by Maayan and colleagues14 to understand the metal-peptoids 

coordination assembly for the application of electrocatalysis and biology. 
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The diverse nature of supramolecular interactions and assembly of proteins and peptides are 

modulated by physical and chemical stimuli (e.g., temperature,15 pH,16 metal ions,17 and 

chemical accompaniments18). The key aspects that should be considered when metal-

coordinated self-assembly is used to develop nanostructures include metal coordination 

chemistry, design rules of metal-binding ligands, selecting rational combinations of various 

functional components, and control of self-assembled structures. The advantage of peptide-

based ligands in self-assembly is that they can provide additional intermolecular H- bonds 

through amide –NH or –CO along with other non-covalent interactions. It is expected that the 

metal-peptide complex underlies more structural diversity as compared to non-peptide-based 

ligands. Therefore, the design of peptide sequences plays a key factor to construct metal-

peptide coordinated structural architectures.  

2. Object of the Present Work: 
The formation of structure-based supramolecular architectures mainly with biomolecules has 

drawn great attention. In particular peptides with the advantages of biocompatibility, functional 

diversity, flexibility, hydrophobicity, structural adaptability, and chirality are promising 

templates for such structural diversity.19 The peptide backbone motif shows conformational 

adaptation (helix or sheet) via H-bond formation and indeed, peptides can show self-assembly 

properties that open the window of various applications. Inspired by the role and functions of 

metal ions in the biological system, attempts are made to mimic many metalloproteins and 

metalloenzymes. Therefore, the combination of metal ions and peptide-building units as linkers 

has been extensively explored to construct various metal-peptide coordination assembles 

networks in particular porous architectures that have significant attention with a wide range of 

applications.20 Although metal-mediated supramolecular assembly of structured peptides 

provided an attractive opportunity to design a variety of assemblies and nano-architectures. 

However, structured peptides have scarcely been utilized to design porous metal-peptide 

frameworks. The major obstacle here is the requirement of longer α-peptide sequences to obtain 

stable secondary structures. We21 and others22 demonstrated the stable 12-helical secondary 

structures from α,-hybrid peptides even in short sequences. Recently, we reported the metal-

helix frameworks using short α,-tripeptide 12-helices consisting of terminal pyridines and 

helix-promoting Aib residues in the sequence.23a The previous report shows after coordinating 

with the metal Ag+ ion, it forms structural diversity of α,-tripeptide 12-helix from macrocycle 

and porous networks depending on the bonding site of peptides. Motivated by the previous 

result, we thought to examine the effect of α,-tripeptide 12-helices with higher coordinating 
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metal ions and their coordination assemblies. As metal coordinated architectures not only 

depend on the position of binding of the ligands but also the nature of metal ions.24 

3. Results and Discussion: 

3.1. Design and Synthesis of Peptides (P1-P7): 

As these ,-hybrid peptides fold into stable 12-helices even in short peptide sequences,21,22 

we hypothesized that these short helices with suitable metal coordinating ligands at the N- and 

C-termini can be explored to construct metal foldamer structural architectures. The sequences 

of the designed short ,-hybrid peptides P1 and P2 with terminal pyridyl moieties are shown 

in  Scheme 1. Both 3-pyridyl and 4-pyridyl metal binding ligands were used to understand the 

impact of coordinating sites on the metal-coordinated foldamer assemblies.  

 

Scheme 1: Sequences of short α,-hybrid tripeptides P1 and P2. Local torsion variables of -

residue are also shown. 

 

Scheme 2: Synthesis of short α,-hybrid tripeptide P1. 
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All tripeptides consist of  sequence patterns. All tripeptides were synthesized through a 

standard solution-phase strategy following the Boc- deprotection and coupling method and the 

synthetic procedure has shown in Scheme 2. All peptides P1 and P2 were synthesized by 

solution phase and purified by column chromatography following Scheme 2 with 68% to 71% 

yield.  

3.2. Crystal Structures Analysis of Peptide P1, and P2:  

As single crystal X-ray diffraction studies provide unambiguous structural information of 

peptides, we subjected these short hybrid peptides for crystallization in various solvent 

combinations. Both P1 and P2 gave X-ray diffraction quality single crystals from the solution 

of peptides in aqueous methanol and their structures are shown in Figure 1. The structural 

analysis revealed that both P1 and P2 adopted 12-helix structures in single crystals. The 12-

helix structures are stabilized by two successive intramolecular 12-membered hydrogen bonds 

between the residues i and i+3.  

 

 

 

 

 

 

 

 

 

Figure 1: X-ray structures of (a) P1 (b) P2. (c) The top views of P2 and (d) H-bonding 

pattern of P2 12-helix are also shown. 

The two amide NH protons at the N-terminus and two carbonyl groups at the C-terminus are 

involved in the head-to-tail intermolecular H-bonding with other helices in the crystal packing. 

The backbone conformation of -residues can be recognized through the torsion angles , 1, 

2, and  as shown in Scheme 1. The -residues adopted helix favoring gauche+ (g+), and 

gauche+ (g+) conformation along C-Cβ (θ1) and Cβ-C (θ2) bonds.  The top view of the P2 12-
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helix is shown in Figure 1c. The cartoon representation depicting the H-bonding in 12-helices 

is shown in Figure 1d.  Overall, both P1 and P2 peptides adopted the shortest 12-helix 

structures in single crystals. The torsion angles and H-bond parameters of P1 and P2 are given 

in Table S1-S2.  

                                 Table S1: Torsion angle parameters of P1, and P2.  

 

Peptide Residue ϕ θ 1 θ 2 Ψ 

P1 

Molecule 

1 

Aib -55 - - -43 

Leu -130 53 62 -116 

Leu -52 - - -50 

Molecule 

2 

Aib -57 - - -45 

Leu -134 48 65 -109 

Leu -71 - - -31 

Molecule 

3 

Aib -53 - - -48 

Leu -134 56 62 -110 

Leu -71 - - -34 

Molecule 

4 

Aib -56 - - -39 

Leu -133 55 60 -112 

Leu -61 - - -41 

P2 

Aib 

 
-57 - - -44 

Leu 

 
-122 48 69 -117 

 

Leu 
-88 - - -20 
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Table S2: H-bond Parameters of P1 and P2. 

Peptide 
Hydrogen Bond 

(intramolecular) 

C=O....H-N C=O....N-H O….H-N 

in angstroms in degrees 

P2 

Py CO  Leu NH 2.23 3.06 161 

Aib CO  NH Py 2.12 2.93 157 

P1 

Molecule 1 

Py CO  Leu NH 2.04 2.90 175 

Aib CO  NH Py 2.15 2.99 166 

Molecule 2 

Py CO  Leu NH 2.00 2.84 166 

Aib CO  NH Py 2.07 2.88 156 

Molecule 3 

Py CO  Leu NH 2.01 2.85 168 

Aib CO   NH Py 2.11 2.92 157 

Molecule 4 

Py CO  Leu NH 2.06 2.91 168 

Aib CO  NH Py 2.01 2.84 160 

 

Peptide 
Hydrogen bond 

(intermolecular) 

C=O....H-N C=O....N-H 
O….H-

N 

in Angstroms 
in 

Degrees 

P2 Leu CO  NH Leu 2.10 2.90 154 

P1 

Leu CO  NH Aib (1) 2.19 3.04 169 

Leu CO  NH Aib (2) 2.08 2.94 173 
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3.3. Metal-Peptide Coordinated Supramolecular Assembly of Peptide P1: 

Two positional isomeric short peptide ligands P1 and P2 with 4- or 3-pyridyl groups are 

systematically investigated as building linker units toward metal coordination. As pyridyl 

groups have a high affinity for Zn2+ and Cd2+ similar to Ag+, we subjected these peptides to the 

coordination with ZnCl2 and CdI2 to comprehend their metal-coordination properties. The 

peptide P1 gave single crystals at the interface of methanol/water upon treatment of ZnCl2 and 

CdI2 separately at ambient temperature. We observed polyhedral crystals in the case P1-ZnCl2 

complex and square-shaped crystals in the case of the P1-CdI2 complex and their X-ray 

diffracted single-crystal structural analysis is shown in Figure 2.   

 

Figure 2: Metal-peptide complexation of P1 with different metal salts. The change in the 

torsion angle parameters (ϕ and Ψ) of Aib residue before and after complexation has been 

shown. 

The X-ray diffracted single-crystal structural analysis revealed that ZnCl2 coordinated both C- 

and N-terminal 4-pyridyl groups of the peptide P1 in a “head-to-tail” fashion with an angle of 

∠pyN-Zn-Npy =100.7, ∠pyN-Zn-Cl =109.6 and ∠pyN-Zn-Cl =106.3 of two helices, 



112 
 

respectively (Figure 3a). The peptide P1 adopted 12-helix conformation. The helical structure 

is stabilized by the two consecutive intramolecular 12-membered H-bonds between the CO (i) 

NH (i+3). We observed a remarkable framework of helical polymerization through various 

non-covalent interactions of the [(ZnCl2)nP1n] unit.   

 

Figure 3: The X-ray diffracted single-crystal structure of the P1-ZnCl2 complex. (a) Zn2+ ion 

coordination between the two helices in a “Head-to-Tail” fashion. (b) Cl---HN H-bonds 

between the exposed amide NH groups in the helix and ZnCl2 along the a-axis and (c) The 

interactions of aromatic C-H and C-terminal exposed carbonyl groups of the helix along the c-

axis. (d) The metal-helix 3D supramolecular framework along the c-axis. 
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The -Leu residue in P1 adopted gauche+, gauche+ (1, 2  60) conformation and nicely 

accommodated into the helix. The  and  values of -residues were found to be -132 and -

109, respectively. Both -residues displayed average torsion angles  (-591) and  (-428) 

similar to  peptide helices.25 In helical structures, the N-terminal exposed amide NH groups 

are generally involved in the intermolecular H-bonding with the C-terminal exposed carbonyl 

groups of the other helices. However, in this structure, the Cl atoms from ZnCl2 are involved 

in the intermolecular H-bonds with the N-terminal amide NH groups through Cl---H-N 

interactions with bond distances 2.50 Å and 2.57 Å, respectively, and the C-terminal exposed 

carbonyl groups of -Leu2 and Leu3 are stabilized by the 4-pyridyl C-H groups of another helix 

through CO---H-C-bond distances 2.48 Å and 2.36 Å, respectively. In addition, we observed 

the - stacking interactions between two 4-pyridyl groups of two helices with a mean distance 

of 4.03 Å between the centroids (Figures 3b and 3c). The H-bonds and - stacking interactions 

of [(ZnCl2)nP1n] complex dictate the supramolecular polymerization to form a metal-

coordinated helix porous framework. We observed the porous architectures along the c-axis 

with a wider pore window of 10-12 Å(Figure 3d and Figure 4). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: Peptide-zinc supramolecular assembled polymerization. 
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 The porous framework observed in the ZnCl2 coordinated peptide is different from that of the 

framework observed in the Ag+ coordinated helical assembly of the same peptide P1.23a  

As porous metal-organic frameworks have been explored in the separation, storage, and 

catalysis of various gases and organic solvents,26 extensive synthetic efforts have been made 

over the years to design metal-mediated self-assembled frameworks with permanent porosity. 

Inspired by the porous framework displayed by the Zn2+ ion coordinated P1, we sought to 

examine whether or not this porous framework can act as a host to encapsulate small organic 

molecules. To understand the bulk phase purity and porous framework stability of the P1-

ZnCl2 complex, we have carried out PXRD and TGA analysis. The PXRD studies confirm that 

there is no change in the metal-helix framework bulk phase and also thermogravimetric 

analysis revealed that crystals of the P1-ZnCl2 complex are stable up to 250 oC as shown in 

Figure 5.  

 

 

 

 

 

 

Figure 5: (a) PXRD and (b) TGA profile of P1-ZnCl2 complex. 

 

Further, these crystals were screened against various organic guest small molecules by soaking 

them in various solvents and a mixture of solvents. After incubating the crystals in various 

solvents and solvent combinations, we examined all crystal structures using SC-XRD. Out of 

many crystals tested, we were able to get the solvent-encapsulated structures from the crystal 

soaked in the solvents nitromethane and 1,2-dichloroethane. The solvents encapsulated in Zn2+ 

ion coordinated helical framework structures are shown in Figure 6. The guest molecules 

encapsulated in the Zn2+ ion coordinated peptide framework retained their original framework 

in both cases. In the case of crystals soaked in nitromethane, the pores are filled with 

nitromethane guest molecules. The structure elucidation suggested that there is no change in 
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the structure of the peptide, conformation of the amino acid residues, H-bonding pattern, and 

the crystallographic symmetry of the assembled architecture after the  

 

Figure 6: The X-ray diffracted single-crystal structures of (a) Nitromethane (along the c-axis) 

and (b) 1,2-Dichloroethane (along b-axis) encapsulated in the metal-helix framework (P1-

ZnCl2). 

accommodation of nitromethane guest molecules. Similarly, in the case of crystals obtained 

after soaking in the solvent 1,2-dichloroethane, the cavity is filled with 1,2-dichloroethane. To 

accommodate into the cavity, one of the 1,2-dichloroethane molecules adopted gauche 

conformation, and the other adopted staggered conformation. No interaction of the porous 

surface with staggered 1,2-dichloroethane is observed. In contrast, two Cl atoms interacted 

with the aromatic C-H groups in the gauche 1,2-dichloroethane. The analysis revealed that 

except for the crystallographic symmetry, no change in the structure, assembly, and H-bonding 

pattern has been observed. These preliminary studies demonstrate the permanent porosity of 

the Zn2+ ion coordinated short helix framework, which can be used to selectively house the 

nitromethane and 1,2-dichloroethane guest molecules. 
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On the other hand, the X-ray diffracted single-crystal structure of CdI2-coordinated helix P1 is 

shown in Figure 7. The peptide adopted a 12-helix conformation stabilized by two independent 

intramolecular H-bonds (space group P41212). The X-ray diffracted single-crystal structure 

analysis showed that CdI2 coordinated both C- and N-terminal pyridine moieties of two helices 

in a “head-to-tail” fashion with an angle of ∠pyN-Cd-Npy = 91.4, ∠pyN-Cd-I = 120.6 and 

∠pyN-Cd-I = 99.1 of two helices, respectively (Figure 7a).  

Figure 7: The X-ray diffracted single-crystal structure of the P1-Cdl2 complex. (a) 

Coordination of CdI2 with P1 in a “Head-to-Tail” fashion. (b) Cd2+ ion coordinated the right-

handed superhelix of P1 along the c-axis. (c) A cartoon representation of CdI2 coordinated 

superhelix. (d) The top view of the superhelix along the b-axis (side arm of amino acid residues 

are removed for clarity). (e) CD spectra of P1, CdI2, and P1-CdI2 complex in solution. 

 

The detailed no change in the conformations of the other two residues in the P1 helix has been 

on ( = 52 and  = -143).27 However, there is no change in the conformations of the other two 



117 
 

residues in the P1 helix has been observed. In P1-CdI2 complex involves a “head-to-tail” 

coordination between two helices as observed in Zn2+ ion-coordinated helix polyhedral-shaped 

crystals. In comparison to the P1-ZnCl2 framework, the “head-to-tail” CdI2-coordination of 

helices leads to a remarkable right-handed superhelix structure as shown in (Figure 7b-7d). To 

understand the superhelical signature of the P1-CdI2 in solution, we subjected the P1-CdI2 

complex to circular dichroism (CD) spectroscopy along with P1 and CdI2. The CD spectra are 

shown in Figure 7e. The analysis revealed that the P1-CdI2 complex displayed CD maximum 

at 230 nm. In contrast, no characteristic CD signature was observed for P1 and CdI2. These 

results indicate the chiral nature of the P1-CdI2 coordinated complex and support the chiral 

superhelical signature of the P1-CdI2 complex in solution. The superhelical structures are 

commonly observed in proteins and supramolecular assembled polymers.28 These structures 

are primarily stabilized by the various non-covalent interactions. In addition, metal-mediated 

double and triple helices and helical bundles have been reported.29 In contrast, the formation 

of the superhelix through “head-to-tail” metal coordination of helical structures is rarely 

observed. These findings reveal a notable metal-coordinated right-handed superhelix from a 

short 12-helix. 

3.4. Metal-Peptide Coordinated Supramolecular Assembly of Peptide P2: 

  

 

 

 

 

 

 

 

 

Figure 8: Metal-peptide complexation of P2 with different metal salts. The change in the 

torsion angle parameters (ϕ and Ψ) of Aib residue before and after complexation has been 

shown. 
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As the extended coordination, the assembled network with desired structural architectures not 

only depends on the nature of metal ions but also the position of binding of the ligands.24 In 

this context, we have designed isomorphic peptide P2 containing terminal 3-pyridyl groups. 

We subjected the helical tripeptide P2 for metal coordination with ZnCl2 and CdI2 to gain 

further insight into the metal-coordinated self-assembled architectures. Upon treatment of 

ZnCl2 with P2 at ambient temperature, we observed rod-shaped crystals at the methanol-

benzene/water interface. Whereas, on treatment with CdI2 with P2, forms plate-shaped crystals 

in the methanol solvent. The X-ray diffracted single-crystal structural analysis of P2-metal 

complexes is shown in Figure 8. Similar to P1, the X-ray diffraction single-crystal analysis 

suggested that ZnCl2-coordinated with both C- and N-terminal 3-pyridyl groups of two helices 

in a “head-to-tail” fashion with an angle of ∠pyN-Zn-Npy = 108.5, ∠pyN-Zn-Cl = 103.6 and 

∠pyN-Zn-Cl = 105.2 shown in Figure 9a.  

 

Figure 9: The X-ray diffracted single-crystal structure of the P2-ZnCl2 complex. (a) Zn2+ ion 

coordination between the two helices in a “Head-to-Tail” fashion was observed in the crystal 

packing. (b) The non-covalent interactions and supramolecular assembly along the b-axis 

(solvent benzene has been removed for clarity). (c) The metal-helix supramolecular network 

along the c-axis (a side arm of residue has been removed for clarity). 
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The two helical units are perpendicular to each other along the coordination polymers. The 

helical structure is stabilized by two consecutive intramolecular 12-membered H-bonds 

between the CO (i) NH (i+3). Similar to P1, the -Leu adopted gauche+, gauche+ (1, 2  

60) conformation and accommodated into the helix. The  and  values of -residues were 

found to be -121 and -122, respectively. Both -residues displayed average torsion angles  

(-659) and  (-388). Similar to the P1-ZnCl2 complex, H-bonds have driven helical 

polymerization of [(ZnCl2)nP2n] is observed. The structural analysis suggested water bridges 

the helical peptides through an intermolecular H-bond between the CO groups of -Leu 

residues of two helices. A compact 3D porous network of P2-ZnCl2 coordination polymer has 

been observed along the C-axis and the associated supramolecular interaction have shown in 

Figure 9c and Figure 10. 

 

Figure 10: The X-ray diffracted structure of the P2-ZnCl2 complex. (a) Zn2+ ion coordination 

between the two helices (b,c) formation of supramolecular assembly and porosity with benzene 

and water molecules. (d) Coordination assembles a network with porosity along the b-axis 

(benzene and sidearm of amino acid residue has been removed for clarity). 
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However, the porous network observed in the ZnCl2 coordinated peptide P2 is different from 

that of the network observed in the P1-ZnCl2. In P2-ZnCl2 supramolecular assembly solely 

involves the intermolecular H-bonds between two helices and through water molecules. In 

addition, solvent benzene is also involved in Zn-Cl---H-C interaction. 

Further, we have studied the X-ray diffracted single-crystal structure of CdI2-coordinated helix 

P2. Like P1, CdI2-coordinate both C- and N-terminal 3-pyridyl groups of two helices in a 

“head-to-tail” of P2 with an angle of ∠pyN-Cd-Npy = 94.4, ∠pyN-Cd-I = 109.1 and ∠pyN-

Cd-I = 109.5 of two helices respectively (Figure 11a). The structural analysis suggested that 

the peptide adopted a regular 12-helix conformation. The Aib residue in the P2-CdI2 complex 

adopted regular right-handed conformation ( = -51 and  = -50) which is in sharp contrast 

with the torsion angles of the Aib residue observed in the P1-CdI2 complex. The polymeric 

CdI2-coordination of helices leads to a remarkable right-handed superhelix structure as shown 

in Figure 11b. In addition, both iodine atoms of CdI2 are in close proximity with the H atoms 

of the aromatic pyridine moieties with a distance of 3.10 Å. Instructively, each P2-CdI2 

coordinated superhelix is interconnected with intermolecular “head-to-tail” H-bonds of the P2 

helices that indulge hierarchical superhelical -sheet structure (Figure 11c, 11d). This type of 

remarkably ordered self-assembled superhelices is rarely observed in the proteins and synthetic 

peptides or their self-assembled structures30. To understand the hierarchical superhelical 

signature in solution, we subjected the P2, CdI2, and P2-CdI2 coordination complex in 

methanol for circular dichroism (CD) analysis. The CD spectra are shown in Figure 11e. The 

analysis revealed that the P2-CdI2 complex gave two intense peaks, one maximum at 234 nm 

and another minimum at 207 nm respectively. Similar to P1, P2 is also CD inactive.  These 

results indicate the chiral nature of the P2-CdI2 coordinated superhelix in solution. In addition, 

the CD signature of the P2-CdI2 complex is different from the P1-CdI2 complex. This is 

probably because of the H-bond-mediated hierarchical assembly of superhelices in the P2-CdI2 

complex, which is missing in the P1-CdI2 complex.   
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Figure 11: The X-ray diffracted single-crystal structure of the P2-Cdl2 complex. (a,b) Cd2+ ion 

coordination between the two helices in a “Head-to-Tail” fashion observed in the crystal 

packing and the metal-peptide coordinated right-handed superhelical polymer along the b-axis 

(side arm of amino acid residues is removed for clarity). (c) Supramolecular assembly of the 

superhelical polymer by intermolecular H-bonds. (d) A cartoon representation of a hierarchical 

assembly of superhelices. (e) CD spectra of chiral superhelical signature of the P2-CdI2 

complex, P2 and CdI2 in solution. 
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3.5. Crystal Structures Analysis of Metal-Peptide Complexes: 

The short helix P1 and P2 displayed remarkable self-assembling properties depending on the 

coordination capability of the metal ions. Both the peptides P1 and P2 maintained the overall 

12-helix conformation in all crystal structures, demonstrating the power of helical structure. 

These results suggested the structural plasticity of the hybrid peptide helix P1.  

Table S3: Torsion angle parameters of peptides and metal-peptide complexes 

Complex Residue ϕ θ 1 θ 2 Ψ 

Ligand 

Peptide  

P1 

Aib -56 - - -46 

Leu -134 49 64 -110 

Leu -70 - - -31 

P1-ZnCl2 

 complex 

Aib -58 - - -34 

Leu -132 54 62 -109 

Leu -60 - - -50 

P1-CdI2 

 complex 

Aib 52 - - -143 

Leu -123 61 64 -115 

Leu -76 - - -38 

Ligand 

Peptide  

P2 

Aib -57 - - -44 

Leu -142 48 69 -116 

Leu -88 - - -20 

P2-ZnCl2 

 complex 

Aib -56 - - -46 

Leu -121 58 57 -122 

Leu -74 - - -30 

P2-CdI2 

 complex 

Aib -52 - - -49 

Leu -129 60 63 -114 

Leu -79 - - -37 
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Table S4: H-bond Parameters of peptides and metal-peptide complexes. 

 

Peptide 

 

 

Hydrogen Bond 

C=O…H-N C=O…N-H O…H-N 

in angstroms in degrees 

 

 

P1-ZnCl2  

complex 

 

 

Py CO↔Leu NH 

 

 

2.23 

 

3.05 

 

158 

 

Aib CO↔ NH Py 

 

 

2.00 

 

2.84 

 

163 

 

 

 

P1-CdI2  

complex 

 

Py CO↔Leu NH 

 

 

2.17 

 

3.03 

 

170 

 

Aib CO↔ NH Py 

 

 

2.03 

 

2.86 

 

160 

 

 

P2-ZnCl2  

complex 

 

 

Py CO↔Leu NH 

 

 

2.06 

 

2.91 

 

169 

 

Aib CO↔ NH Py 

 

 

1.92 

 

2.75 

 

161 

 

 

 

P2-CdI2  

complex 

 

Py CO↔Leu NH 

 

 

2.0 

 

2.02 

 

167 

 

Aib CO↔ NH Py 

 

 

2.84 

 

2.83 

 

157 

 

 

Besides the unusual conformation at the N-terminal Aib residue, we also observed a slight 

difference in the ∠pyN-M-Npy bond angles of all the structures. The analysis suggests the 

relative steric-free interactions of P1 with the ZnCl2 lead to the formation of ordered porous 

structures as compared to the P2-ZnCl2 complex. The dimethyl residues of Aib have projected 

away from the metal coordination site in the P1-ZnCl2 complex, but in the case of the P2-

ZnCl2 complex, Aib residues are in very close proximity with the coordination site. The Aib 

residue in the P1-CdI2 complex adopted an unusual polyproline-type conformation at the N-

terminus without deviating from the overall helical fold. Interestingly, the Cl atoms in ZnCl2 

are involved in unique NH---Cl H-bonds in the P1-ZnCl2 complex, however, the type of NH--

-Cl H-bonds is missing in the P2-ZnCl2 complex. Further, the N-terminal amide bond in P1-

CdI2 is almost perpendicular to the rest of the amide bonds in the helical structure. In sharp 

contrast, all amide bonds are unidirectional in the P2-CdI2 complex. The distinction between 
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the P1-CdI2 and P2-CdI2 structures is that in the case of the P2-CdI2 complex, the terminal 

exposed amide NH groups and C-terminal carbonyl groups with ∠C=O---H-N = 152 are 

participating in the regular “head-to-tail” intermolecular H-bonds, whereas in the case P1-CdI2 

exposed NH and carbonyl groups with ∠C=O---H-N = 122 are not involved regular “head-to-

tail” H-bonds. The continuous helix “head-to-tail”  intermolecular H-bonds lead to the ordered 

arrangement of superhelical structures in P2-CdI2-like -sheet structures in proteins. Overall, 

these studies show a subtle change in the coordination site of the same ligands leads to a large 

change in the self-assembled structures are shown in Figures 12-14. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 12: Metal Ion Tuned Structural Modulation of Metal-Peptide (P1) Coordinated 

Assembly.  
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Figure 13: Metal Ion Tuned Structural Modulation of Metal-Peptide (P2) Coordinated 

Assembly.  
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Figure 14: Effect of Aib Residue and Comparison of Superhelix and Superhelical Sheet. 

 

In all complexes, the hybrid tripeptides are nicely accommodated into metal-coordinated 

structures without much deviation in their overall helical signature. 
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4. Conclusion: 

In conclusion, we have shown the multifaceted supramolecular assembly from the metal 

coordinated short isomorphic ,-hybrid peptide foldamers coupled with the terminal metal-

binding sites. The short helical peptide ligands can serve as rigid linkers to design ordered 

metal-coordinated self-assembled architectures. The porosity of the metal-peptide complex is 

depending on the coordination site. The coordination of P1 with ZnCl2 leads to a porous 

framework, which can uptake guest molecules. The size of the porosity decreases in the P2-

ZnCl2 complex. Along with the steric factors and NH---Cl interactions are responsible for the 

creation porous framework in the P1-ZnCl2 complex. The same helical peptide P1 displayed 

right-handed superhelical structures upon coordination with CdI2. The “head-to-tail” 

intermolecular H-bond interactions of helical peptides in the superhelical structures in the P2-

CdI2 complex lead to a distinctive assembly of superhelices like -sheets in protein structures. 

Irrespective of the molecular assembly, the short hybrid peptides adopted an overall 12-helix 

fold. It is evident from these studies that the short peptide foldamers can be used as stable 

ligands to derive new metal-coordinated assemblies with different functions. The functional 

and structural group diversity of hybrid peptide foldamers is yet to be explored in the design 

of metal-coordinated assemblies. The metal-folded peptide assemblies may provide an 

opportunity to build artificial enzymes, catalysts, delivery agents, and storage materials. 

 

5.  Experimental Section: 

5.1. General Method: 

All reagents were used without further purification. Column chromatography was performed 

on neutral alumina (100 -200 mesh). 1H NMR (400 MHz), and 13C NMR (100 MHz) were 

measured on a Bruker Avance 400 MHz spectrometer. Mass samples were analyzed by High- 

resolution mass spectrometry using ESI TOF. The X-ray data were collected at 100K 

temperature on a Bruker APEX(III) DUO CCD diffractometer using Mo Kα radiation (λ = 

0.71073 Ǻ) and Cu Kα radiation (λ = 1.5406 Å ). 
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5.2. Procedure for the Synthesis of Peptides: 

5.2.1. Synthesis of Peptide(P1): 

 

Scheme 2: Synthesis of short α,-hybrid tripeptide P1. 

Boc-Leucine-OH (10 mmol, 2.31 g) was taken in 20 mL of DMF and the solution was cooled 

down to 0 oC and kept in an N2 atmosphere. Then HBTU (10 mmol, 3.8 g) and HOBt (10 mmol, 

1.36 g) were added to the solution and left stirring for 5 mins. After that 4-aminopyridine (12 

mmol, 1.13 g) was added to the reaction mixture and it was stirred for 12 h. Upon completion 

of the reaction monitored by TLC, the reaction mixture was diluted with 250 ml of ethyl acetate. 

Then, it was washed with (100 mL X 2), 10% Na2CO3 solution (100 mL X 2), and then NaCl 

solution (100 mL X 2). The organic layer was collected and dried with anhydrous Na2SO4 and 

concentrated under reduced pressure. The crude product was purified by column 

chromatography to get 1 as a white solid (Yield- 2.5 g, 82%).  

Boc deprotection of compound 1(5.2 mmol, 1.6 g) was carried out by using 5 ml of each TFA 

and DCM (1:1) for 1 h. After that, TFA and solvent DCM were evaporated and 5-6 times DCM 

was added and evaporated to remove traces of TFA. The formed crude was TFA-salt of the 

amine of compound C1 and to this 3 ml of DMF and 4.5 ml, of DIPEA were added to make it 

free amine of compound 1. 
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Boc-γleucine -OH (5 mmol, 1.3 g) was taken in 10 mL of DMF and the solution was cooled 

down to 0 oC and kept in an N2 atmosphere. HBTU (5 mmol, 1.96 g) and HOBt (5 mmol, 0.68 

g), and 2.5 ml DIPEA were added to the solution and the reaction mixture was stirred for 10 

mins. After that, the free amine of compound 1 was added to the reaction mixture and stirred 

for 12 h. Upon completion of the reaction monitored by TLC, the reaction mixture was diluted 

with 200 ml of ethyl acetate. Then, the mixture was washed with (100 mL X 2), 10% Na2CO3 

solution (100 mL X 2), and then NaCl solution (100 mL X 2). The organic layer was collected 

and dried with anhydrous Na2SO4 and concentrated under reduced pressure. The crude product 

was purified by column chromatography to get dipeptide 2 as a white solid (Yield- 1.7 g, 73%).  

Boc deprotection of dipeptide 2 (3.8 mmol, 1.7 g) was carried out by using 4 ml of each TFA 

and DCM (1:1) for 1 h. After that, TFA and solvent DCM were evaporated and 5-6 times DCM 

was added and evaporated to remove traces of TFA. The formed crude was TFA-salt of the 

amine of compound 2 and to this 2 ml of DMF and 3 ml, of DIPEA were added to make it free 

amine of dipeptide 2. 

Boc-Aib-OH (3.7 mmol, 0.75 g) was taken in 6 mL of DMF and the solution was cooled down 

to 0 oC and kept in an N2 atmosphere. HBTU (3.7 mmol, 1.41 g) and HOAt (3.7 mmol, 1.41 g) 

were added to the solution and the reaction mixture was stirred for 10 mins. After that, the free 

amine of dipeptide 2 was added to the reaction mixture and stirred for 12 h. Upon completion 

of the reaction monitored by TLC, the reaction mixture was diluted with 120 ml of ethyl acetate. 

Then, the mixture was washed with (100 mL X 2), 10% Na2CO3 solution (100 mL X 2), and 

then NaCl solution (100 mL X 2). The organic layer was collected and dried with anhydrous 

Na2SO4 and concentrated under reduced pressure. The crude product was purified by column 

chromatography to get tripeptide 3 as a white solid (Yield- 1.3 g, 66%).  

Boc deprotection of tripeptide 3 (2.4 mmol, 1.3 g) was carried out by using 3 ml of each TFA 

and DCM (1:1) for 1 h. After that, TFA and solvent DCM were evaporated and 5-6 times DCM 

was added and evaporated to remove traces of TFA. The formed crude was TFA-salt of the 

amine of tripeptide C3 and to this 4 ml of DMF and 4 ml, of DIPEA were added to make it free 

amine of tripeptide 3. 

Finally, isonicotinic acid (2.3 mmol, 0.283 g) dissolved in a mixture of 5 mL of DMF and 2 ml 

of DIPEA was added and the solution was cooled down to 0 oC and kept in an N2 atmosphere. 

HBTU (2.3 mmol, 0.87 g) and HOAt (2.3 mmol, 0.32 g) were added to the solution and the 

reaction mixture was stirred for 10 mins. After that, the free amine of tripeptide 3 was added 
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to the reaction mixture and stirred for 12 h. Upon completion of the reaction monitored by 

TLC, the reaction mixture was diluted with 100 ml of ethyl acetate. Then, the mixture was 

washed with (100 mL X 2), 10% Na2CO3 solution (100 mL X 2), and then NaCl solution (100 

mL X 2). The organic layer was collected and dried with anhydrous Na2SO4 and concentrated 

under reduced pressure. The crude product was purified by column chromatography to get 

peptide P1 as a white solid (Yield- 0.88 g, 71%).  

 

5.2.2. Synthesis of Peptide(P2): 

 

 

Scheme 3: Synthesis of short α,-hybrid tripeptide P2. 

The synthesis of P2 was carried out as described in the above scheme, following similar 

protocols as of P1 (Yield- 0.62 g, 68%). 
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5.3. Characterization of Peptides(P1-P2): 

 

 

Peptide P1: White solid; yield 71%; 1H NMR (400 MHz, DMSO-d6) δ 10.32 (s, 1H), 8.54 (d, 

J = 5.4 Hz, 2H), 8.30 (s, 2H), 8.25 (s, 1H), 7.89 – 7.83 (m, 1H), 7.69 (d, J = 5.8 Hz, 2H), 7.63 

– 7.53 (m, 2H), 7.18 (d, J = 12 Hz, 1H), 4.19 (m, 1H), 4.02 (m, 1H), 2.56 (t, J = 12.7 Hz, 1H), 

2.30 – 2.12 (m, 2H), 1.94 – 1.88 (m, 1H), 1.84 (s, 3H), 1.72 (s, 3H), 1.69 (s, 3H), 1.58 (s, 3H), 

0.89 (m, 6H), 0.85 – 0.79 (m, 6H). 13C NMR (100 MHz, CDCl3) δ 174.97, 174.26, 173.86, 

166.06, 150.21, 140.27, 121.20, 57.85, 46.03, 40.86, 27.03, 25.27, 24.74, 23.68, 23.16, 23.01, 

22.66, 21.61. MALDI/TOF-TOF m/z calculated for C29H42N6O4 [M+K+] is 577.29 and the 

observed peak is 577.44. 

 

Peptide P1: White solid; yield 68%; 1H NMR (400 MHz, CDCl3) δ 10.36 (s, 1H), 9.12 (d, J = 

2.2 Hz, 1H), 8.80 (d, J = 2.4 Hz, 1H), 8.49 (s, 1H), 8.43 (dd, J = 4.7, 1.6 Hz, 1H), 8.20 (dd, J 

= 4.7, 1.5 Hz, 1H), 8.16 (dt, J = 8.1, 2.0 Hz, 1H), 8.05 (s, 1H), 7.93 (dt, J = 8.3, 2.0 Hz, 1H), 

7.44 (d, J = 9.7 Hz, 1H), 7.07 (dd, J = 8.0, 4.7 Hz, 1H), 7.00 (dd, J = 8.4, 4.7 Hz, 1H), 4.23 (dt, 

J = 10.0, 4.7 Hz, 1H), 4.07 (d, J = 13.1 Hz, 1H), 2.61 (t, J = 12.2 Hz, 1H), 2.32 – 2.17 (m, 2H), 

1.94 (dd, J = 13.4, 6.8 Hz, 1H), 1.84 (s, 3H), 1.71 (s, 3H), 1.66 – 1.56 (m, 3H), 1.52 – 1.35 (m, 

3H), 0.90 (dd, J = 13.4, 6.4 Hz, 6H), 0.80 (dd, J = 8.9, 6.5 Hz, 6H). 13C NMR (101 MHz, 

CDCl3) δ 175.22, 174.55, 173.46, 166.21, 152.40, 149.12, 144.51, 142.10, 135.77, 135.18, 

129.02, 127.02, 122.99, 57.87, 56.36, 46.40, 41.19, 32.33, 32.03, 27.22, 25.37, 24.91, 23.97, 

23.44, 23.21, 22.67, 21.73. MALDI/TOF-TOF m/z calculated value for C29H42N6O4 [M+K+] 

is 577.29 and the observed peak is 577.43.  
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6. Appendix: 

6.1. Crystallographic Information:  

Parameters Peptide(P1) Peptide(P2) 

P1-ZnCl2 

complex 

Nitromethane 

in P1-ZnCl2 

complex 

Solvent for 

crystallization 

aqueous 

methanol 

aqueous 

methanol 

H20/MeOH 

(layering 

method) 

CH3NO2 

addition in 

P1-ZnCl2 

complex 

Chemical 

formula 

C29H42N6O4 C29H42N6O4 C29 H42 Cl2 N6 

O4 Zn1 

C30 H45 Cl2 N7 

O6 Zn1 

Molecular 

weight 

577.29 577.29 713.576 774.616 

Crystal size (nm) (0.18 × 0.11 × 

0.16) mm 

(0.14 × 0.12 × 

0.18 mm) 

(0.18 × 0.12 × 

0.14) mm 

(0.16 × 0.11 × 

0.12) mm 

Radiation source Cu Kα 

(λ =1.54178Ǻ) 

Mo Kα 

(λ = 0.71073Ǻ) 

Cu Kα 

(λ =1.54178Ǻ) 

Mo Kα 

(λ = 0.71073Ǻ) 

Space group P 21 

(monoclinic) 

P41212 

(tetragonal) 

C2221 

(orthorhombic) 

C2221 

(orthorhombic) 

a (Å) 19.2036(5) 12.0364(19) 17.6578(5) 18.078(11) 

b (Å) 17.0535(5) 12.0364(19) 23.1005(7) 23.500(14) 

c (Å) 20.3429(5) 40.500(9) 20.6680(6) 20.411(12) 

α (°) 90 90 90 90 

β(°) 106.52 90 90 90 

γ(°) 90 90 90 90 

hmax 22 16 21 25 

kmax 20 16 26 32 

lmax 24 54 24 23 
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Volume (Å3) 6387(3) 5867(2) 8430.6(4) 8671(9) 

Z 2 8 8 8 

Density 

(g/cm3)(cal) 

1.170 1.220 1.064 1.128 

Molecules in the 

asymmetric unit 

4 1 1 2 

F (000) 2414 2574 2832 3088 

2θ Max. (o) 133.944 57.20 137.394 60.348 

𝜇 mm-1 0.669 0.083 2.245 0.731 

Reflections (cal) 22763 7471 7798 12841 

Variables 1484 358 387 423 

R (reflections) 19873 4245 7151 9017 

Rfactor 0.0795 0.0743 0.0261 0.0983 

wR2 

(Reflections) 

0.2134 0.1900 0.0623 0.2158 

Goodness-of- fit                                            

(S) 

0.895 1.014 1.022 1.093 

Software used Bruker 

APEX(III) 

Bruker 

APEX(III) 

Bruker 

APEX(III) 

Bruker 

APEX(III) 

Method used SHELXS-9731 SHELXS-9731 SHELXS-9731 SHELXS-9731 

Special method 

used 

SQUEEZE of 

program 

PLATON32 

- SQUEEZE of 

program 

PLATON32 

SQUEEZE of 

program 

PLATON32 

 

 

 

 



134 
 

 

Parameters 

1,2-

Dichloroethane 

in   P1-ZnCl2 

complex 

P1-CdI2 

Complex 

P2-ZnCl2 

complex 

 

 

P2-CdI2 

Complex 

Solvent for 

crystallization 

1,2-

Dichloroethane 

in P1-ZnCl2 

complex 

H20/MeOH 

(layering 

method) 

 

H20/MeOH/C6H6 

(layering 

method) 

 

MeOH 

(complexation) 

Chemical 

formula 

C64 H90 Cl10 N12 

O8 Zn2 

C29 H42 Cd1 I2 

N6 O4 

C70 H96 Cl4 N12 

O9 Zn2 

C29 H41 I2 N6 

O4 Cd1 

Molecular 

weight 

812.536 943.51 713.576 943.51 

Crystal size 

(nm) 

 

(0.14 × 0.10 × 

0.12) mm 

(0.20 × 0.14 × 

0.16) mm 

(0.16 × 0.10 × 

0.12) mm 

(0.12 × 0.10 × 

0.10) mm 

Radiation source 

 

Mo Kα 

(λ = 0.71073Ǻ) 

Mo Kα 

(λ = 0.71073Ǻ) 

Mo Kα 

(λ = 0.71073Ǻ) 

Mo Kα 

(λ = 0.71073Ǻ) 

Space group P212121 

(orthorhombic) 

P41212 

(tetragonal) 

P41212 

(tetragonal) 

Pca21 

(tetragonal) 

a (Å) 18.1717(15) 13.8103(8) 12.1626(4) 17.103(2) 

b (Å) 20.3789(17) 13.8103(8) 12.1626(4) 8.5730(1) 

c (Å) 22.8754(18) 37.582(3) 52.103(3) 24.367(3) 

α (°) 90 90 90 90 

β(°) 90 90 90 90 

γ(°) 90 90 90 90 

hmax 24 18 16 22 

kmax 27 18 16 11 

lmax 30 50 69 32 

Volume (Å3) 8471.2(12) 7167.8(10) 7707.5(7) 3572.8(6) 

Z 4 8 4 4 

Density 

(g/cm3)(cal) 

1.286 1.677 1.312 1.680 

Molecules in 

asymmetric unit 

1 1 1 1 
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F (000) 3408 3552 3200 1772 

2θ Max. (o) 56.816 56.816 56.782 56.816 

𝜇 mm-1 0.934 2.371 0.821 2.379 

Reflections (cal) 21298 9028 9675 8997 

Variables 860 386 444 385 

R (reflections) 14797 8883 7958 7269 

Rfactor 0.1210 0.0237 0.1266 0.0488 

wR2 

(Reflections) 

0.2609 0.0544 1.074 0.1069 

Goodness-of- fit                                            

(S) 

1.119 0.485 1.074 1.029 

Software used Bruker 

APEX(III) 

Bruker 

APEX(III) 

Bruker 

APEX(III) 

Bruker 

APEX(III) 

Method used SHELXS-9731 SHELXS-9731 SHELXS-9731 SHELXS-9731 

Special method 

used 

SQUEEZE of 

program 

PLATON32 

- - - 
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8. 1H, 13C NMR and Mass Spectra of Peptides (P1-P2): 
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Chapter 4 

Metal Coordinated Supramolecular Polymers 

from the Minimalistic Hybrid Peptide Foldamers 
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1. Introduction: 
Supramolecular polymers in the form of Gels are cross-linked polymeric materials having 

properties ranging from soft and weak to hard. In 1926, Jordan-Lloyd stated that “the colloidal 

condition, the gel, is easier to recognize than to define”1. Based on the nature of the interaction 

of the components present in the gel matrix, can be classified as (1) chemical gel which is 

covalent bond interaction at crosslink junction and (2) supramolecular gel which is 

supramolecular interaction at crosslink junction. Supramolecular metallogels are the mixed 

combination of metal ion and gelator as a ligand which forms a coordinate bonding interaction 

between metal-ligand. Along with this, various non-covalent types interactions like H-bonding, 

hydrophobic interactions, and stacking can drive gelator molecules to produce an effective 

three-dimensional coordination network.2 Supramolecular metallogels have been widely used 

for physical/chemical stimuli response, phosphorescent behavior, catalysis, redox responsive 

properties, and much more versatile applications3. Recently, extensive studies have been 

carried out to develop various multifunctional types of supramolecular metallogel depending 

on the metal ions and low-molecular-weight gelators (LMWGs) being used.4 Irrespective of 

metal ions being used in metallogel, the choice of gelators can control overall the formation of 

metallogel and their coordination network. A large number of organic ligands, amino acids, 

and peptides are developed as good candidates for the gelators,5 however helical peptide-based 

gelators are rarely examined in the literature. This is because availing the peptide folded 

architectures to design metal-coordinated supramolecular networks is restricted due to the 

scarcity of readily accessible short and stable secondary structures. The secondary structures, 

-helix, and -sheets, play significant roles in stabilizing tertiary folds of proteins. Designing 

such helical structures from the short sequences of peptides without having any steric 

restrictions is exceptionally challenging. The structural complexity associated with a wide 

range of specific functional activities of proteins is always an inspiration to create synthetic 

mimics using natural and unnatural building blocks.6 Metal ions also play a crucial role in 

controlling the structure and biological activity of many proteins.7 Along with the design of 

metalloproteins, considerable efforts have also been made in the literature over the last few 

decades to understand the metal-coordinated supramolecular assembly of proteins8 and 

peptides.9 Metal-triggered supramolecular assembly of peptides and proteins offers a 

promising platform for the creation of multifunctional materials. Along with the metal binding, 

natural amino acids such as His, Cys, Glu, Asp, etc, a variety of artificial ligands have been 
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explored to design ordered supramolecular assemblies from short peptides.9a,9b,9d In addition, 

peptide coiled-coils10 and collagen triple helices11 incorporated with metal binding ligands have 

been designed and studied. However, the short and structured peptides have not been well 

explored in the literature to construct metal-mediated supramolecular architectures. The main 

reason for not using structured peptides in the construction of metal-mediated supramolecular 

assembly is that it is difficult to design protein secondary structures from the short peptide 

sequences without using any steric constraints. Nevertheless, various short peptides without 

regular secondary structures have been shown to adopt a variety of porous as well as knotted 

networks in the presence of metal ions.12 These short peptides are entangled to form cage-like 

structures. 

2. Object of the Present Work: 
The metal ions which play a pivotal role in many proteins directly form metal-ligand 

coordination in the active site of the protein. Over the periods, attempts are made to mimic 

many metalloproteins and metalloenzymes. The key aspect is the design principle of protein 

by the choice of amino acid resides and metal-ligand coordination. In addition to naturally 

occurring amino acid residues, there are several artificial metal binding ligands have been 

explored to design ordered supramolecular assemblies in combination with amino acids and 

peptides.9a The synthetic oligomers derived from non-natural β- and -amino acid building 

blocks are known to form well-defined structures, similar to those found in the protein 

structures, and offer new openings to create self-assembled architectures.6 Along with the 

homo-oligomers, hybrid peptides derived from mixed sequences ()n,
13 ()n,

14 and ()n
15 

have expanded the structural and functional catalog of foldamer architectures. We16 and 

others14 demonstrated the stable 12-helical secondary structures from α,-hybrid peptides even 

in short sequences. Recently, we reported the metal-helix frameworks using short α,-tripeptide 

12-helices consisting of terminal pyridines and helix-promoting Aib residues in the sequence.17 

We hypothesized that the greater helical propensity of -amino acids can be explored to design 

,-hybrid peptide 12-helices with as short as three residues without having steric constraints, 

and these short helices with suitable metal coordinating ligands can be explored to construct 

supramolecular materials. To examine the possibilities of creating new metal-coordinated 
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polymers of short and structured peptides, we have designed seven hybrid tripeptides with the 

choice of amino acid residues, and the peptide sequences are shown in Scheme 1. 

3. Results and Discussion: 

3.1. Design and Synthesis of Peptides P1-P7: 

To understand the effect of amino acid residues in the short tripeptides sequence and also to 

examine the possibilities of creating new metal-coordinated polymers, we have designed seven 

hybrid tripeptides and the sequences of these peptides are shown in Scheme 1.  

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 1: Sequences of short α,-hybrid tripeptides P1-P7. Local torsion variables of -

residues are also shown. 
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Scheme 2: Synthesis of short α,-hybrid tripeptide P1. 

All tripeptides consist of  sequence patterns. The C- and N-termini of all tripeptides are 

terminated by the metal coordinating 3-pyridyl or 4-pyridyl ligands. All tripeptides were 

synthesized through a standard solution phase strategy following the Boc- deprotection and 

coupling method and synthetic procedure as shown in Scheme 2. All peptides P2 to P7 were 

synthesized and purified by column chromatography following above Scheme 2 with 74% to 

84% yield.  

3.2. Crystal Structures Analysis of Peptides P1, P2, P5, P6, and P7:  

As single crystal X-ray diffraction studies provide unambiguous structural information of 

peptides, we subjected these short hybrid peptides for crystallization in various solvent 

combinations. Peptides P1, P2, P5, P6, and P7 gave single crystals upon slow evaporation of 

peptide solutions in various solvent combinations e.g., MeOH/H2O, CHCl3/n-heptane, and 

their crystal structures are shown in Figure 1. The analysis of x-ray structures reveals that all 

five peptides adopted right-handed 12-helix conformation in single crystals. It is worth 

mentioning that these tripeptides adopted helical conformations without having any sterically 

constrained, helix-favoring residues. Even though the β-branched Val residues are known to 

have a high propensity for β-sheet formation in proteins,18 tripeptides P1 and P2 consisting of 

two valine residues adopted helical conformations. 
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Figure 1: Crystal structures of (a) P1 (b) P2 (c) P5 (d) P6 and (e) P7. (f) H-bonding patterns 

of the P2 12-helix are also shown. 

It is worth noting that the insertion of a -residue with a flexible -CH2-CH2- backbone at the 

center of a tripeptide dictates the sequence to adopt a helical conformation even in the presence 

of two β-sheet promoting residues. Similarly, other peptides P5, P6, and P7 adopted 12-helix 

conformations in single crystals. The helical structures are stabilized by two consecutive 12-

membered intramolecular H-bonds between CO (i) and NH (i+3) residues (Figure 1f). Two N-

terminal amides NH groups and two C-terminal amide CO groups are exposed to 

intermolecular H-bonds with other helices and solvent molecules. The structural analysis 

reveals that the -residues adopted local gauche+, gauche+ (g+, g+) conformations along C-Cβ 

and Cα-C՛(O) bonds in all helical structures. The H-bond parameters and torsion angles of all 

residues of the helical peptides are tabulated in Tables S1-S2. 
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Table S1: Torsion angle parameters of P1, P2, P5, P6, and P7. 

Peptide Residue ϕ θ 1 θ 2 Ψ 

P1 

Val -69 - - -40 

Leu -122 44 69 -119 

Val -64 - - -38 

P2 

Molecule 1 

Val -68 - - -41 

Leu -120 48 68 -121 

Val -74 - - -35 

Molecule 2 

Val -81 - - -26 

Leu -117 45 63 -131 

Val -62 - - -41 

P5 Molecule 1 

Leu -63 - - -43 

Leu -115 48 66 -126 

Leu -76 - - -31 

P5 Molecule 2 

leu -66 - - -36 

Leu -119 48 61 -129 

Leu -64 - - -39 

P6 

Molecule 1 

Leu -66 - - -41 

Leu -114 49 63 -129 

Leu -79 - - -27 

Molecule 2 

Leu -71 - - -30 

Leu -115 47 63 -128 

Leu -65 - - -41 
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        P7 

Leu -83 - - -15 

Phe -131 46 61 -108 

Leu -66 - - -43 

 

Table S2: H-bond parameters of P1, P2, P5, P6, and P7. 

 

Peptide 

 

 

Hydrogen 

Bond 

C=O…H-N C=O…N-H O…H-N 

in Å in degrees 

 

 

P1 

 

 

Py CO↔Val NH 

 

 

2.08 

 

2.93 

 

167 

 

Val CO↔ NH Py 

 

 

2.09 

 

2.92 

 

161 

 

P2 

Molecule 1 

Py CO  Val NH 2.05 2.90 167 

 

 

Val CO  NH Py 

 

 

2.08 

 

2.91 

 

162 

 

 

P2 

Molecule 2 

 

Py CO  Val NH 

 

 

2.04 

 

2.89 

 

169 

 

Val CO  NH Py 

 

 

2.12 

 

2.94 

 

161 

 

P5 

Molecule 1 

 

Py CO↔Leu NH 

 

 

2.02 

 

2.89 

 

173 

 

Leu CO↔ NH Py 

 

 

1.97 

 

2.82 

 

162 

 

P5 

Molecule 2 

 

Py CO↔Leu NH 

 

 

2.01 

 

2.89 

 

175 

 

Leu CO↔ NH Py 

 

 

2.00 

 

2.86 

 

162 

 

P6 

Molecule 1 

 

Py CO↔Leu NH 

 

 

2.02 

 

2.93 

 

172 

 

Leu CO↔ NH Py 

 

 

1.95 

 

2.79 

 

159 

   

2.07 

 

2.93 

 

171 
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P6 

Molecule 2 
Py CO↔Leu NH 

 

Leu CO↔ NH Py 

 

 

2.00 

 

2.85 

 

162 

 
P7 

 

 

Py CO↔Leu NH 

 

2.199 

 

2.99 

 

151 

 

Leu CO↔ NH Py 

 

2.01  

2.83 
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3.3. Solution State Conformational Analysis of Peptide P3: 

Peptides P3 and P4 did not give single crystals under similar conditions, however, the solution 

conformation of P3 was determined through the 2D-NMR technique. The analysis of the 

ROESY spectrum (CD3OH at 298 K) of P3 revealed the existence of strong NH1↔NH2 and 

NH3NH (C terminal pyridine) (dNN) NOEs.  

3.3.1. TOCSY Spectrum of Peptide P3:  

 

Figure 2: TOCSY spectra of peptide P3 (concentration = 5 mM) in CD3OH. 
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3.3.2. NH↔NH NOEs of Peptide P3: 
 

 

 

 

 

 

 

 

 

Figure 3:  Partial ROESY spectra of P3 (concentration = 5 mM) in CD3OH represent 

NH↔NHNOEs. 

No NHNH NOEs were observed between -Leu2NH and Val3NH. Apart from the strong 

NH(i)↔NH(i+1), the long-range NOEs between CHPhe2↔C terminal amide NH and 

CHPhe↔C terminal pyridine proton Ha were also observed and shown in Figures 2-5. 

 3.3.3. CH↔ NH NOEs of Peptide P3: 

 

 

 

 

 

 

 

 

Figure 4: Partial ROESY spectra of P3 (concentration = 5 mM) in CD3OH represent CH↔ 

NH NOEs. 
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3.3.4. NOEs Observed of Peptide (P3): 

 

 

Residue 

 

Observed NOEs 

Interaction 

1,2 NH-NH Medium 

3,4 NH-NH Medium 

CαHVal(1)-2nd NH Strong 

CγHPhe(2)-3rd NH Strong 

CαHVal(3)-C terminal amide NH Strong 

CγHPhe(2)-4th NH Weak 

CγHPhe(2)-C terminal Pyridine Ha proton Weak 

 

Figure 5: Observed NOEs of Peptide P3 in CD3OH. 

 

The observed NOEs are consistent with our previous results16c and support the helical 

conformation of peptide P3 in solution. As the sequences of P3 and P4 are the same except for 

the terminal pyridine moieties, we anticipate a similar helical conformation in the peptide P4.  
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3.4. Metal-Peptide Gelation Studies of Peptides P1- P7:  

Inspired by the diverse supramolecular architectures of metal-mediated self-assembly of 

proteins 8 peptides,9 and our recent work on metal-helix frameworks,17 we subjected all these 

short helical peptides for metal coordination using different metal salts to understand their 

metal-coordination properties. Upon treatment of Ag+( AgBF4) in ethanol with the solution P1 

in ethanol followed by a few minutes of sonication leads to the transformation of a clear 

solution of peptide P1 in ethanol into a transparent peptide silver metallogel.19 Surprisingly, 

the gelation property of this peptide is selective for Ag+, no metallogels were observed with 

other transition metal ions such as Cu2+, Zn2+, Fe2+, and Ni2+. The 1:1 concentration of AgBF4 

and peptide P1 was found to be the ideal stoichiometry as shown in Figure 6  for the gelation. 

Further, upon treatment of peptide P2 with various metal ions, such as Ag+, Cu2+, Ni2+, Zn2+, 

and Fe2+ peptide forms gels only with copper ions.20 No gels were observed with other metal 

ions. To understand the stoichiometry of gelation, various concentrations of CuCl2, 2H2O were 

examined as shown in Figure 7. Though we obtained stable gels at 1:1 equivalent of peptide 

and metal ions, we observed the gelation behavior even at 0.25 equivalent of metal ion 

concentration in both peptides. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6: Inverted sample vial experiment to confirm the metallogel formation of the 

peptide P1 at various concentrations of AgBF4. 
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Figure 7: Inverted sample vial experiment to confirm the metallogel formation of the 

peptide P2 at different concentrations of CuCl2, 2H2O. 

In comparison to P1 and P2, peptide P3 forms metallogels with both Ag+ (AgBF4) and Cu2+ 

(CuCl2, 2H2O), however, we did not observe gels with other metal ions such as Ni2+, Zn2+, and 

Fe2+. Similar to P3, peptide P4 also forms metallogels with Ag+ and Cu2+ ions as shown in 

Figure 8.  

Figure 8: Inverted sample vial experiment to confirm the metallogel formation of the (a) 

peptide P3 and (b) P4 at different concentrations of both AgBF4 and CuCl2, 2H2O. 
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In contrast to P1-P4, peptides P5-P7 did not give metallogels with any of the above-mentioned 

metal ions Figure 8-9. The strong gelation property of P3 and P4 compared to P1 and P2 could 

be attributed to the aromatic side-chain of -Phe residue, which is known for promoting self-

aggregation in peptides.21 Though P7 consists of -Phe residue, however, it doesn’t have Val 

residues in the sequence to form metallogels. Based on the experimental observation, it appears 

that both Val and -Phe are required for better metallogelation with silver and copper ions. 

Further, upon exposing the silver gels of P1, P3, and P4 to visible light, we observed the 

transformation of colorless transparent gels into a brown color, indicating the formation of 

silver nanoparticles22 from silver ions.  

 

                                                     

 

 

 

 

 

 

 

Figure 9: Sample vial experiment showing no metallogel formation of the (a) peptide P5, (b) 

P6 , and (c) P7 with both AgBF4 and CuCl2,2H2O (concentration of the mixture is 15mM ). 
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3.5. Investigation of Supramolecular Self-Assembly Properties of Metal-

Peptide Gel:  

The metal-peptide gel formation is due to the coordination network by various non-covalent 

interactions such as CH-, H-bonds, and - interactions inspired us to look into their 

supramolecular self-assemblies using SEM analysis. The SEM samples were prepared by 

diluting the metallogel with the methanol to make little disperse of the coordination network 

and drop-casted onto a Si-substrate and samples were dried at room temperature. The FE-SEM 

analysis revealed the entangled networks of metal-coordinated peptide nanofibers for all 

metallogel irrespective of metal ions shown in Figure 10. 

 

Figure 10: FE-SEM analysis of peptides metallogels. 

 

Further, to gain more information on the morphology of peptide metallogels, HR-TEM 

measurements were performed. The HR-TEM samples were prepared by drop casting on a 

copper grid and then slowly evaporated at room temperature. HR-TEM analysis showed the 

different morphology of peptide metallogels. The silver gels of P1 revealed the fibrillar 

networks of silver-coordinated peptide fibrils (Figure 11a) in HR-TEM. In comparison, P2 
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copper gels showed twisted helical morphology (Figure 11b), however, P3 copper gels showed 

an entangled fibrillar network. More intriguingly, the TEM analysis of the silver gel of P3 after 

12 days of incubation showed the formation of silver nanoparticles along the fibrillar network 

(Figure 11c inset).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11: HR-TEM images of the fibrils of (a) silver metallogel P1 and (b) copper metallogel 

of P2 (observed helical twist of the fibril in the inset). HR-TEM images of the fibrils of (c) 

silver metallogel and (d) copper metallogel (helical arrangement of silver nanoparticles in the 

inset) of peptide P3. 

Further, AFM analysis was carried out to gain more of the supramolecular self-assembly 

properties of peptide and peptide metallogel. The AFM studies reveal that the images of copper 

gels of P3 displayed the twisted ribbons with regular periodicity, whereas silver gels of P3 

showed the elongated morphology of the fibrils in Figure 12.  Both SEM and TEM analysis 

show similar morphology of peptide metallogel.    
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(c) 

 

 

 

 

 

 

Figure 12: AFM images of peptide P3 (a) alone showed the helical ribbon with regular 

periodicity. (b) with copper, gel displayed twisted ribbons with regular periodicity. (c) with 

silver gels, showed the fibrils. 

3.6. Circular Dichroism (CD) Analysis: 

In order to understand the chirality of the metallogels, we subjected CD analysis for P2, and 

P3 shown in Figure 13. As peptides were highly robust to form metallogel. Therefore, peptide 

and metal salt with 25mM were added in a CD cuvette and shaken well to form metallogel. 

Which was further recorded for CD analysis. Both pre-metal coordinated hybrid helices and 

their metallogels gave the same pattern of CD signals. However, the CD signature displayed 

by the hybrid peptides and metallogels is different from that of -helix CD signature.23 
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Figure 13: Circular Dichroism comparison study of peptide and peptide-metallogel (a) P2 and 

P2-copper gel (b) P3 and P3-silver gel. 

3.7. Viscoelastic Property of Peptide-Metallogel: 

To understand the strengths of metallogel, we carried out rheological measurements. This study 

provides more insight into the viscoelasticity and self-healing properties of  

Figure 14: Strain sweep rheological analysis of peptides metallogels (a) P1 with Ag+ (CGC= 

12 mM) (b) P2 with Cu2+ (CGC= 15mM) (c) P3 with Ag+ (CGC=10 mM) and (d) P3 with Cu2+ 

(CGC=10 mM) at a fixed angular frequency of 1 rad/s. 

metallogel. Therefore, the viscoelastic properties of the helical peptide metallogels were 

examined using strain-sweep and frequency-sweep experiments. In all strain-sweep 

experiments of metallogels, G′ was found to be larger than the G, suggesting the viscoelastic 

nature of the gels shown in Figure 14. In comparison, silver gels gave a substantially larger 

difference between G and G. No crossover of G′ and G was observed in the frequency sweep 

experiments. The constant separation of G′ and G′′ suggests the good stability of gels. These 

studies indicate the strong intermolecular interactions between the peptide ligands and metal 

ions in the gel structure. 

3.8. FT-IR Supports Extended Structures in Gel Matrix: 

To understand the role of amino acid residues in peptide sequences for the formation of 

metallogel, we have carried out FT-IR analysis. The peptides having valine residues can form 
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peptide-metallogel(P1, P2, P3, and P4) whereas peptides containing leucine residues(P5, P6, 

and P7) fail to form peptide-metallogel instead forming metal-complex as shown in Figure 6-

9. It is known that valine-containing peptides are prone to adopt beta-sheet structures and 

leucine-containing peptides are very prone to form helical structures.18 To gain we carried out 

an FT-IR study to understand the particular signature of NH---O=C of P3 before and after 

gelation shown in Figure 15. 

  

Figure 15: FT-IR of peptide P3 in native form, gel state, and xerogel state. (a) P3 with silver 

gel and (b) P3 with copper gel.   

The IR data analysis suggests that the P3 in native form shows amide-I(NH---O=C) at 1645 

cm-1 and amide-II at 1528 cm-1 which corresponds to the helical structure of P3. However, P3 

in silver metallogel and xerogel state both amide-I shifted to 1635 cm-1 and 1635 cm-1 and 

amide-II shifted to 1520 cm-1 and 1523 cm-1. A similar trend of P3 i.e. shifting of both amide-

I and amide-II was observed in the case of copper gel i.e. amide-I shifted to 1634 cm-1 and 1634 

cm-1 whereas amide-II shifted to 1517 cm-1 and 1515 cm-1. Therefore, it was speculated that in 

all valine-containing ligands in their native helical form and the metallogel state, there were 

changes in conformation24 and it is due to such structural transition peptides P1-P4 are formed 

metallogel with silver and copper salt.  

3.8. Metal-Peptide Coordinated Supramolecular Assembly: 

The formation of metal-coordinated helical polymers of these peptides motivated us to 

investigate the mechanism of the self-assembly process and the secondary structure of these 

hybrid peptides after metal coordination. Even though various metal-coordinated 

supramolecular polymers have been reported in the literature, 9,10,19,20,22 however the atomic-

level understanding of metal-coordinated polymers remains elusive. In this context, we selected 
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peptide P3 to understand the mechanism of metal-coordinated polymerization. Peptide P3 

gives silver gels upon treatment with AgBF4, AgPF6, and AgNO3. The formation of silver 

metallogel by the peptide P3 is independent of the counter ions shown in Figure 15.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 15: Effect of counter anions: metallogel formation of peptide P3 with different silver 

salts. 

However, upon incubating for a few weeks in the gel state at room temperature in the absence 

of visible light, silver gels derived from AgBF4 in CD3OH yield shiny single crystals in the gel 

matrix (Figure 16a). These single crystals were subjected to X-ray diffraction to understand 

the secondary structure of metal-coordinated P3 in its gel matrix.  The structure of silver ion 

coordinated peptide P3 is shown in Figure 16a.  
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Figure 16: (a) Single crystals of P3 in the silver gel matrix and the X-ray diffracted structure 

of silver coordinated P3. (b) “Head-to-Tail” silver ion coordination between the two helices 

was observed in the crystal packing along the b-axis. (c) Supramolecular assembly of P3-

AgBF4 complex along the a-axis.  
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Similar to the pre-metal coordinated structures of hybrid peptides shown in Figure 1, P3 also 

adopted 12-helix conformation after the metal coordination.  The structure is stabilized by two 

consecutive intramolecular 12-membered H-bonds between CO(i)→ NH (i+3) moieties. The 

terminal pyridyl moieties are now engaged in silver ion coordination. The silver ion connected 

the two helical peptides by coordinating both C- and N-terminal pyridine of two helices in a 

“head-to-tail” fashion (Figure 16b and 16c) and further propagated along the c axis to form a 

supramolecular network. Instructively, the silver gel of peptide P3 obtained upon treatment 

with AgPF6 at 1:1 peptide and metal concentration in ethanol transformed into sol upon 

standing at room temperature for about 6 h. We speculate that the transformation from gel to 

sol is due to the difficulty in accommodating bulkier anion counterpart in the gel matrix.25 

Upon standing in the absence of visible light, the sol produced single crystals shown in Figure 

17, and their X-ray diffraction analysis revealed that peptide P3 again adopted 12-helix 

conformation. 

 

Figure 17: Crystal structure of P3-AgPF6 complex. 

 



167 
 

Irrespective of the counter anion, peptide P3 adopted 12-helix conformation. In comparison 

with AgBF4-mediated helical polymerization, the AgPF6-mediated coordination leads to 

“head-to-head” and “tail-to-tail” metal coordination as shown in Figure 18b. Interestingly, 

higher-order packing along the c-axis produces a porous 3D dimensional supramolecular 

coordination polymer26 shown in Figure 18c.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 18: (a) The X-ray structure of silver coordinated peptide P3. (b) “Head-to-Head” silver 

ion coordination between the two helices was observed in the crystal packing along the a-axis. 

(c) The porous 3D supramolecular coordination polymer was observed after packing along the 

c-axis (the side arms of the amino acid residues are removed for clarity). 
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A careful crystal structure analysis of P3-AgBF4 and P3-AgPF6 complexes reveals that the 

involvement of counter anion plays a significant role to drive the helical peptide P3 and its 

metal coordination direction shown in Figure 19. In the presence of AgBF4, the peptide P3 

involves in a “Head-to-Tail” silver ion coordination between the two helices, and in the crystal 

packing the counter anion BF4
- forms a noncovalent interaction as like F…H-N = 2.01 Å, 

F…Ag = 2.76 Å, and 2[F…H-C] = 2.01 Å of aromatic pyridine units. However in the case of 

AgPF6, the peptide P3 involves in a “Head-to-Head” silver ion coordination between the two 

helices, and in the crystal packing the counter anion PF6
- forms a noncovalent interaction as 

like 4[F…H-N] = 2.01 Å, 4[F…Ag] = 2.76 Å, and 4[F…H-C] = 2.01 Å of aromatic pyridine 

units. It is due to more additional interaction of PF6
- units with the helical peptide P3 units, 

which could drive the peptide units to coordinate in a “Head-to-Head” fashion leading to a 

porous framework.  

 

 

Figure 19: Effect of counter anion and crystal structure of P3-Ag-salt complexes. 

The H-bond parameters and torsion angles of all residues of the helical metallo-peptides 

complexes are tabulated in Tables S3-S4. 
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Table S3: Torsion angle parameters of P3-AgBF4 and P3-AgPF6 complexes. 

Peptide 

Complex 

Amino-acid 

Residue 
ϕ θ 1 θ 2 Ψ 

P3-AgBF4 

Val -61 - - -54 

Phe -123 63 61 -123 

Val -73 - - -30 

P3-AgPF6 

Val -58 - - -51 

Phe -123 56 61 -115 

Val -80 - - -22 

 

 

Table S4: H-bond parameters of P3-AgBF4 and P3-AgPF6 complexes. 

 

In contrast to silver gels, we have not observed gel phase crystals of P3 in the copper gels. As 

peptides P5, P6, and P7 did not give metallogels or metal-coordinated single crystals, we did 

not pursue further.  

Complex 

 

Hydrogen Bond 

C=O....H-N C=O....N-H O….H-N 

                        in Å in Degrees 

P3-AgBF4 

 

Py CO  NH Val 2.06 2.92 173 

Val CO  NH Py 2.03 2.85 158 

P3-AgPF6 

Py CO  NH Val 2.09 2.94 166 

Val CO  NH Py 2.10 2.87 150 
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4. Conclusion: 

In conclusion, we have successfully demonstrated the metal-coordinated polymerization of 

short hybrid helical peptides. These αα-hybrid tripeptides adopted the 12-helical structures 

without and with metal ion coordination. Even though these short sequences contain the sheet 

promoting β-branched α-residues, they preferred to adopt a helical conformation in the 

presence of -residues. The sequences of the peptides and the position of N in the pyridyl 

groups play a crucial role in metallogel formation. As metallogels have had a significant 

attraction in recent years due to their potential applications in various fields including, 

conductivity, catalysis, color, and redox activities,27 these peptide metallogels may serve as 

ideal candidates to design new materials.  Crystallization and gel formation are closely related 

to non-equilibrium self-assembly processes. The gels are generally metastable structures. The 

peptide structures in the gels may be different from the single crystal structures. Given an 

opportunity, these kinetically trapped metastable gel state structures slowly transformed into 

stable and defined structures. Further, the results reported here also demonstrate the influence 

of counter anions in the helical coordination polymerization and their 3-dimensional porous 

networks. The head-to-tail assembly of helix P3 leads to a 2-dimensional metal-coordinated 

polymer while head-to-head assembly leads to a 3-dimensional porous framework. Readily 

accessible stable helical structures of α,- hybrid peptides, their metal-driven supramolecular 

gelation, and 3D porous metal-helix networks reported here may serve as starting points for 

the construction of novel functional metal-helix frameworks with different side-chains and 

peptide lengths. 

 

5. Experimental Section: 

5.1. General Method: 

All reagents were used without further purification. Column chromatography was performed 

on neutral alumina (100 -200 mesh). 1H-NMR (400 MHz), and 13C-NMR (100 MHz) were 

measured on a Bruker Avance 400 MHz spectrometer. Mass samples were analyzed 

MALDI/TOF-TOF. The X-ray data were collected at 100K temperature on a Bruker APEX(III) 

DUO CCD diffractometer using Mo Kα radiation (λ = 0.71073 Ǻ) and Cu Kα radiation (λ = 

1.5418Ǻ). 
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5.2. Procedure for the Synthesis of Peptides: 

5.2.1. Synthesis of Peptide(P1): 

 

Scheme 2: Synthesis of short α,-hybrid tripeptide P1. 

Boc-Valine-OH (10 mmol, 2.17 g) was taken in 20 mL of DMF and the solution was cooled 

down to 0 oC and kept in an N2 atmosphere. Then DCC (10 mmol, 2.07g) and HOBt (10 mmol, 

1.36 g) were added to the solution and left stirring for 5 mins. After that 3-amino pyridine (12 

mmol, 1.13 g) was added to the reaction mixture and it was stirred for 12 h. Upon completion 

of the reaction checked by TLC, the reaction mixture was diluted with 250 ml of ethylacetate 

and it was filtered through a celite bed. Then, the filtrate was washed with (100 mL X 2), 10% 

Na2CO3 solution (100 mL X 2), and then NaCl solution (100 mL X 2). The organic layer was 

collected and dried with anhydrous Na2SO4 and concentrated under reduced pressure. The 

crude product was purified by column chromatography to get C1 as a white solid (Yield- 2.54 

g, 87%).  

Boc deprotection of the compound C1(5.0 mmol, 1.47 g) was carried out by using 5 ml of each 

TFA and DCM (1:1) for 1 h. After that, TFA and solvent DCM were evaporated and 5-6 times 

DCM was added and evaporated to remove traces of TFA. The formed crude was TFA-salt of 

the amine of compound C1 and to this 3 ml of DMF and 4.5 ml, of DIPEA were added to make 

it free amine of compound C1. 
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Boc-γleucine-OH (5 mmol, 1.3 g) was taken in 10 mL of DMF and the solution was cooled 

down to 0 oC and kept in an N2 atmosphere. EDC.HCl (5 mmol, 0.96 g) and HOBt (5 mmol, 

0.68 g), 2ml of DIPEA were added to the solution and the reaction mixture was stirred for 10 

mins. After that, the free amine of compound C1 was added to the reaction mixture and stirred 

for 12 h. Upon completion of the reaction checked by TLC, the reaction mixture was diluted 

with 150 ml of ethyl acetate. Then, the mixture was washed with (100 mL X 2), 10% Na2CO3 

solution (100 mL X 2), and then NaCl solution (100 mL X 2). The organic layer was collected 

and dried with anhydrous Na2SO4 and concentrated under reduced pressure. The crude product 

was purified by column chromatography to get dipeptide C2 as a white solid (Yield- 1.85 g, 

85%).  

Boc deprotection of dipeptide C2 (4.22 mmol, 1.85 g) was carried out by using 5 ml of each 

TFA and DCM (1:1) for 1 h. After that, TFA and solvent DCM were evaporated and 5-6 times 

DCM was added and evaporated to remove traces of TFA. The formed crude was TFA-salt of 

the amine of compound C2 and to this 2 ml of DMF and 3 ml, of DIPEA were added to make 

it free amine of dipeptide C2. 

Boc-Valine-OH (5 mmol, 1.1 g) was taken in 10 mL of DMF and the solution was cooled down 

to 0 oC and kept in an N2 atmosphere. EDC.HCl (5 mmol, 0.96 g) and HOBt (5 mmol, 0.68 g), 

2 ml of DIPEA were added to the solution and the reaction mixture was stirred for 10 mins. 

After that, the free amine of dipeptide C2 was added to the reaction mixture and stirred for 12 

h. Upon completion of the reaction monitored by TLC, the reaction mixture was diluted with 

150 ml of ethyl acetate. Then, the mixture was washed with (100 mL X 2), 10% Na2CO3 

solution (100 mL X 2), and then NaCl solution (100 mL X 2). The organic layer was collected 

and dried with anhydrous Na2SO4 and concentrated under reduced pressure. The crude product 

was purified by column chromatography to get tripeptide C3 as a white solid (Yield- 2.3 g, 

85%).  

Boc deprotection of tripeptide C3 (4.3 mmol, 2.3 g) was carried out by using 5 ml of each TFA 

and DCM (1:1) for 1 h. After that, TFA and solvent DCM were evaporated and 5-6 times DCM 

was added and evaporated to remove traces of TFA. The formed crude was TFA-salt of the 

amine of tripeptide C3 and to this 4 ml of DMF and 4 ml, of DIPEA were added to make it free 

amine of tripeptide C3. 

Finally, nicotinic acid (5.2 mmol, 0.64 g) dissolved in a mixture of 5 mL of DMF and 2 ml of 

DIPEA was added and the solution was cooled down to 0 oC and kept in an N2 atmosphere. 
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EDC.HCl (5.2 mmol, 1.0 g) and HOBt (5.2 mmol, 0.707 g), 2 ml of DIPEA were added to the 

solution and the reaction mixture was stirred for 10 mins. After that, the free amine of tripeptide 

C3 was added to the reaction mixture and stirred for 12 h. Upon completion of the reaction 

monitored by TLC, the reaction mixture was diluted with 200 ml of ethyl acetate. Then, the 

mixture was washed with (100 mL X 2), 10% Na2CO3 solution (100 mL X 2), and then NaCl 

solution (100 mL X 2). The organic layer was collected and dried with anhydrous Na2SO4 and 

concentrated under reduced pressure. The crude product was purified by column 

chromatography to get peptide P1 as a white solid (Yield- 2.2 g, 80%).  

 

5.2.2. Synthesis of Peptide(P2): 

 

 

Scheme 2: Synthesis of short α,-hybrid tripeptide P2. 

The synthesis of P2 was carried out as described in the above scheme, following similar 

protocols as of P1 (Yield- 1.5 g, 80%). 
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5.2.3. Synthesis of Peptide(P3): 

 

 

Scheme 3: Synthesis of short α,-hybrid tripeptide P3. 

The synthesis of P3 was carried out as described in the above scheme, following similar 

protocols as of P1 (Yield- 1.8 g, 82%). 

5.2.4. Synthesis of Peptide(P4): 

 

 

Scheme 4: Synthesis of short α,-hybrid tripeptide P4. 

The synthesis of P4 was carried out as described in the above scheme, following similar 

protocols as of P1 (Yield- 1.4 g, 74%). 
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5.2.5. Synthesis of Peptide(P5): 

 

Scheme 5: Synthesis of short α,-hybrid tripeptide P5. 

The synthesis of P5 was carried out as described in the above scheme, following similar 

protocols as of P1 (Yield- 1.2 g, 84%). 

5.2.6. Synthesis of Peptide(P6): 

 

Scheme 6: Synthesis of short α,-hybrid tripeptide P6. 

The synthesis of P6 was carried out as described in the above scheme, following similar 

protocols as of P1 (Yield- 1.1 g, 82%). 
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5.2.7. Synthesis of Peptide(P7): 

 

Scheme 7: Synthesis of short α,-hybrid tripeptide P7. 

The synthesis of P7 was carried out as described in the above scheme, following similar 

protocols as of P1 (Yield- 1.0 g, 76%). 

5.3. Characterization of Peptides(P1-P7): 

 

 

 Peptide P1: White solid; yield 80%; 1H-NMR (400 MHz, DMSO-d6) δ 10.22 (d, J = 10.7 Hz, 

1H), 8.98 (dd, J = 6.5, 5.3 Hz, 1H), 8.76 – 8.70 (m, 1H), 8.66 (ddd, J = 4.7, 2.9, 1.7 Hz, 1H), 

8.48 (dd, J = 13.7, 8.2Hz, 1H), 8.21 (d, J = 4.6 Hz, 1H), 8.16 (dt, J = 8.0, 1.9 Hz, 1H), 8.05 – 

7.95 (m, 2H), 7.89 – 7.71 (m, 1H), 7.50 – 7.41 (m, 1H), 7.33 – 7.24 (m, 1H), 4.24 – 4.14 (m, 

2H), 3.77 (d, J = 4.3 Hz, 1H), 2.17 – 1.86 (m, 4H), 1.62 – 1.43 (m, 3H), 1.23 – 1.13 (m, 2H), 

0.92 – 0.73 (m, 18H). 13C-NMR (100 MHz, DMSO-d6)  δ 173.01, 171.48 , 171.45, 170.74, 

165.97, 165.70, 152.29, 149.13, 144.74, 141.45, 136.29, 135.54, 130.36, 126.70, 124.02, 

123.73, 60.11, 59.34, 44.03, 43.86, 43.54, 32.32, 31.80, 30.73, 30.33, 29.45, 24.80, 23.61, 
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22.16, 20.04, 19.32, 19.17, 18.77. MALDI/TOF-TOF m/z calculated value for C29H42N6O4 

[M+Na+]  is 561.32  and the observed peak is 561.44.  

 

Peptide P2: White solid; yield 80%; 1H-NMR  (400 MHz, DMSO-d6) δ 10.46 – 10.36 (m, 1H), 

8.67 (t, J = 5.1 Hz, 2H), 8.61 – 8.48 (m, 1H), 8.36 (t, J = 5.6 Hz, 2H), 8.05 – 7.88 (m, 1H), 7.84 

– 7.68 (m, 3H), 7.58 – 7.50 (m, 2H), 4.21 (tt, J = 8.4, 6.8 Hz, 2H), 3.77 (s, 1H), 2.21 – 2.05 (m, 

3H), 1.94 (qd, J = 13.5, 6.7 Hz, 1H), 1.63 – 1.45 (m, 3H), 1.29 (dt, J = 14.4, 6.0 Hz, 1H), 1.18 

– 1.10 (m, 1H), 0.91 – 0.73 (m,18H). 13C-NMR  (100 MHz, DMSO-d6)  δ 172.96, 172.20, 

170.73, 165.58, 150.80, 150.52, 145.80, 141.78, 122.03, 113.73, 60.11, 59.54, 59.20, 46.81, 

44.29, 44.19, 44.00, 32.46, 32.19, 31.80, 30.77, 30.44, 30.21, 24.78, 23.65, 22.17, 20.24, 19.46, 

19.26 , 18.76 . MALDI/TOF-TOF m/z calculated value for C29H42N6O4 [M+Na+]  is 561.32  

and the observed peak is 561.47. 

 

Peptide P3: White solid; yield 82%; 1H NMR (400 MHz, DMSO-d6 ) δ 10.44 (s, 1H), 8.81 – 

8.62 (m, 2H), 8.52 (d, J = 8.6 Hz, 1H), 8.44 – 8.36 (m, 2H), 8.03 (d, J = 8.1 Hz, 1H), 7.95 (d, J 

= 8.4 Hz, 1H), 7.82 – 7.73 (m, 2H), 7.68 – 7.53 (m, 2H), 7.22 – 6.96 (m, 5H), 4.22 (q, J = 8.8, 

8.2 Hz, 2H), 3.93 (s, 1H), 2.69 (qd, J = 13.6, 6.7 Hz, 2H), 2.21 (ddd, J = 19.2, 9.0, 5.7 Hz, 2H), 

2.02 (dq, J = 17.3, 6.7 Hz, 2H), 1.78 – 1.49 (m, 2H), 0.92 – 0.81 (m, 12H). 13C NMR  (100 

MHz, DMSO-d6) δ 172.92, 172.28, 170.80, 165.46, 150.90, 150.61, 145.84, 141.77, 139.21, 

129.73, 128.46, 126.40, 122.12, 113.81, 60.26, 59.58, 50.37, 32.39, 31.23, 30.79, 30.49, 30.31, 

19.88, 19.66, 19.43, 18.88. MALDI/TOF-TOF m/z calculated value for C32H40N6O4 [M+Na]+  

is 595.30 and the observed peak is 595.42.  
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Peptide P4: White solid; yield 74%; 1H-NMR (400 MHz, DMSO-d6) δ 10.27 (s, 1H), 9.01 (dd, 

J = 2.4, 0.9 Hz, 1H), 8.79 – 8.65 (m, 2H), 8.45 (d, J = 8.5 Hz, 1H), 8.29 – 8.16 (m, 2H), 8.07 – 

7.96 (m, 2H), 7.92 (d, J = 8.6 Hz, 1H), 7.50 (ddd, J = 8.0, 4.8, 0.9 Hz, 1H), 7.37 – 7.28 (m, 

1H), 7.20 – 7.02 (m, 5H), 4.28 – 4.17 (m, 2H), 3.93 (q, J = 8.7 Hz, 1H), 2.69 (qd, J = 13.6, 6.8 

Hz, 2H), 2.31 – 2.10 (m, 2H), 2.11 – 1.94 (m, 2H), 1.62 (dddd, J = 37.9, 19.1, 8.4, 5.2 Hz, 2H), 

0.92 – 0.81 (m, 12H). 13C-NMR (101 MHz, DMSO-d6) δ 172.86, 171.54, 170.98, 165.60, 

152.36, 149.23, 144.84, 141.46, 139.24, 135.98, 135.83, 130.36, 129.73, 128.46, 126.73, 

126.36, 124.14, 123.82, 60.23, 59.38, 50.33, 32.42, 30.90, 30.52, 30.33, 19.89, 19.70, 19.45, 

18.91. MALDI/TOF-TOF m/z calculated value for C32H40N6O4 [M+Na+]  is 595.30 and the 

observed peak is 595.45. 

 

Peptide P5: White solid; yield 84%; 1H NMR (400 MHz, CDCl3) δ 10.26 (s, 1H), 9.15 (d, J = 

2.2 Hz, 1H), 8.78 (d, J = 2.7 Hz, 1H), 8.59 – 8.50 (m, 2H), 8.24 – 8.18 (m, 3H), 7.99 (d, J = 7.2 

Hz, 1H), 7.91 (s, 1H), 7.77 (d, J = 9.0 Hz, 2H), 7.15 (d, J = 4.9 Hz, 1H), 7.07 – 7.04 (m, 1H), 

4.51 (d, J = 6.2 Hz, 1H), 4.37 (s, 1H), 3.91 (s, 1H), 2.35 (d, J = 27.8 Hz, 2H), 2.15 (s, 2H), 2.01 

– 1.90 (m, 10H), 1.74 (d, J = 8.2 Hz, 2H), 1.66 – 1.52 (m, 2H), 1.37 (s, 1H), 1.08 – 1.00 (m, 

12H), 0.83 – 0.79 (m, 4H). 13C NMR (101 MHz, CDCl3) δ  174.39, 173.93, 173.31, 167.15, 

152.32, 149.03, 144.53, 141.76, 135.61, 135.24, 131.51, 128.71, 126.99, 123.12, 55.76, 55.66, 

46.57, 44.83, 40.85, 40.61, 25.26, 25.13, 25.04, 23.31, 23.23, 22.88, 22.23, 22.12, 21.62, 21.12. 

MALDI/TOF-TOF m/z calculated value for C32H40N6O4 [M+Na+]  is 589.35 and the observed 

peak is 589.52. 
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Peptide P6: White solid; yield 82%; 1H-NMR (400 MHz, Chloroform-d) δ 10.46 (d, J = 48.5 

Hz, 1H), 9.10 – 8.77 (m, 2H), 8.51 (dd, J = 11.0, 5.1 Hz, 2H), 8.25 (t, J = 5.5 Hz, 2H), 7.56 

(dd, J = 11.8, 5.2 Hz, 2H), 7.26 (s, 2H), 4.57 (d, J = 45.6 Hz, 2H), 4.30 (s, 1H), 2.42 (s, 2H), 

2.22 (s, 1H), 1.91 (s, 4H), 1.53 (d, J = 12.8 Hz, 3H), 1.35 (d, J = 9.1 Hz, 1H), 1.09 – 0.82 (m, 

20H). 13C-NMR (101 MHz, DMSO-d6) δ 172.87, 172.81, 172.58, 172.49, 171.58, 164.96, 

150.40, 150.32, 150.19, 145.64, 141.19, 141.17, 121.62, 121.60, 113.48, 113.39, 52.39, 52.11, 

46.31, 43.87, 43.57, 40.60, 40.43, 32.08, 31.86, 31.49, 24.55, 24.49, 24.42, 24.34, 23.29, 23.23, 

23.11, 23.07, 23.00, 21.83, 21.79, 21.55, 21.51. MALDI/TOF-TOF m/z calculated value for 

C32H40N6O4 [M+Na+]  is 589.35 and the observed peak is 588.25. 

 

Peptide P7: White solid; yield 76%; 1H NMR (400 MHz, DMSO-d6) δ 10.38 (s, 1H), 8.75 – 

8.71 (m, 2H), 8.68 (d, J = 8.1 Hz, 1H), 8.40 (d, J = 6.3 Hz, 2H), 8.09 (d, J = 7.4 Hz, 1H), 7.90 

(d, J = 8.6 Hz, 1H), 7.80 (d, J = 6.1 Hz, 2H), 7.57 (d, J = 6.4 Hz, 2H), 7.18 – 7.12 (m, 5H), 

4.52 – 4.43 (m, 1H), 4.44 – 4.34 (m, 1H), 3.89 (d, J = 4.9 Hz, 1H), 2.71 (d, J = 6.8 Hz, 2H), 

2.19 – 2.08 (m, 2H), 1.67 – 1.45 (m, 8H), 0.90 – 0.83 (m, 12H). 13C NMR (101 MHz, DMSO-

d6) δ 172.32, 171.88, 171.00, 164.35, 149.90, 149.70, 145.12, 140.65, 138.32, 128.78, 127.56, 

125.49, 121.15, 112.94, 51.85, 49.27, 31.39, 29.47, 23.96, 23.92, 22.50, 22.45, 21.17, 21.05. 

MALDI/TOF-TOF m/z calculated value for C32H40N6O4 [M+Na+]  is 623.33 and the observed 

peak is 622.72. 
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6. Appendix: 

6.1. Crystallographic Information:  

 

Parameters Peptide(P1) Peptide(P2) Peptide(P5) 

Solvent for 

crystallization 

CDCl3 CDCl3 ACN/MeOH 

Chemical formula C29 H42 N6 O4 C29 H42 N6 O4 C31 H46 N6 O4 

Molecular weight 561.32 561.32 589.35 

Crystal size (nm) 

 

(0.20  × 0.12 × 0.18) 

nm 

(0.18 × 0.11 × 0.16) 

nm 

(0.18 × 0.16 × 0.16) 

nm 

Radiation source 

 

Cu Kα 

(λ = 1.5418Ǻ) 

Mo Kα 

(λ = 0.71073Ǻ) 

Mo Kα 

(λ = 0.71073Ǻ) 

Space group 

 

P212121 

(orthorhombic) 

P21 

(monoclinic) 

C2 

(monoclinic) 

a (Å) 15.7231(7) 9.712(5) 18.7510(8) 

b (Å) 15.9965(8) 21.782(12) 16.6741(6) 

c (Å) 16.980(7) 16.280(9) 21.2227(9) 

α (°) 90 90 90 

β(°) 90 92.771(8) 97.885(2) 

γ(°) 90 90 90 

hmax 12 13 22 

kmax 19 29 19 

lmax 20 22 25 

Volume (Å3) 4270.8(3) 3440(3) 6572.7(5) 

Z 4 4 4 

Density (g/cm3)(cal) 1.395 1.271 1.144 

Molecules in 

asymmetric unit 

1 2 2 

F (000) 15130 8556 2440 

2θ Max. (o) 137.08 57.66 50.14 

𝜇 mm-1 5.743 0.309 0.077 
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Reflections (cal) 7558 17516 11591 

Variables 466 787 752 

R (reflections) 6929 6948 10239 

Rfactor 0.0597 0.0905 0.0860 

wR2 (Reflections) 0.1623 0.2551 0.2388 

Goodness-of- fit (S) 1.028 1.017 1.071 

Software used Bruker APEX(III) Bruker APEX(III) Bruker APEX(III) 

Method used SHELXS-9728 SHELXS-9728 SHELXS-9728 

 

Parameters Peptide(P6) Peptide(P7) 

P3-AgBF4 

complex 

P3-AgPF6  

complex 

Solvent for 

crystallization 

ACN CHCl3/MeOH/ 

Toluene 

CD3OH EtOH 

Chemical 

formula 

C31 H46 N6 O4 C34 H44 N6 O4 C32 H40 Ag N6 

O4BF4, 

C64 H80 Ag2 N12 

O8PF6 

Molecular weight 589.35 623.33 789.97 848.13 

Crystal size (nm) 

 

(0.20 × 0.20 × 

0.16) mm 

(0.18 × 0.20 × 

0.18)mm 

(0.16 × 0.12 × 

0.14) mm 

(0.16 × 0.14 × 

0.18) mm 

Radiation source 

 

Mo Kα 

(λ = 0.71073Ǻ) 

Mo Kα 

(λ = 0.71073Ǻ) 

Mo Kα 

(λ = 0.71073Ǻ) 

Mo Kα 

(λ = 0.71073Ǻ) 

Space group C2 P212121 

(orthorhombic) 

P21 

(monoclinic) 

C2 

(monoclinic) 

a (Å) 19.083(3) 12.3590(9) 10.066(4) 21.196(8) 

b (Å) 16.745(2) 15.9096(11) 13.261(5) 17.267(7) 

c (Å) 20.733(3) 23.0887(18) 14.594(5) 13.227(5) 

α (°) 90 90 90 90 

β(°) 95.929(4) 90 92.663(10) 121.505(10) 
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γ(°) 90 90 90 90 

hmax 22 14 13 26 

kmax 19 16 17 23 

lmax 22 27 16 17 

Volume (Å3) 6590.0(19) 4539.9(6) 1946(13) 4127(3) 

Z 8 4 2 2 

Density 

(g/cm3)(cal) 

1.142 1.403 1.310 1.212 

Molecules in 

asymmetric unit 

2 1 1 2 

F (000) 2448 1984 788 1550 

2θ Max. (o) 50.05 50.05 57.66 56.742 

𝜇 mm-1 0.077 0.600 0.577 0.558 

Reflections (cal) 11531 7953 9384 10263 

Variables 752 509 438 426 

R (reflections) 8026 4826 5573 6099 

Rfactor 0.0646 0.0697 0.1228 0.0507 

wR2 

(Reflections) 

0.2388 0.1505 0.3366 0.1226 

Goodness-of- fit                                            

(S) 

1.049 1.012 1.060 1.013 

Software used Bruker 

APEX(III) 

Bruker 

APEX(III) 

Bruker 

APEX(III) 

Bruker 

APEX(III) 

Method used SHELXS-9728 SHELXS-9728 SHELXS-9728 SHELXS-9728 

Special method 

used 

- -  SQUEEZE of 

program 

PLATON29 
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8. 1H, 13C NMR and Mass Spectra of Peptides (P1-P7): 
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