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1. PURPOSE OF THIS WORK 

 

Peptides have been extensively exploited as efficient catalysts in a variety of reactions. 

Their structures and functionalities can be varied by changing amino acid components 

and by rationally designing their secondary structures, such as Ŭ-helix, ɓ-turn and ɓ-

sheet, in order to build suitable reaction environments around catalytic centers. 

Foldamers have emerged as synthetic, conformationally well-defined mimics of 

proteins and other biopolymers, in the way to allow chemists to expand the narrow 

range of structural components that build up natural proteins. Thus, foldamers have 

been designed to carry out protein-like functions of binding, catalysis and signal relay. 

Recently, Gellman and co-workers, exploiting a combination of Ŭ- and ɓ-amino acids, 

developed a set of foldamers carrying on their surface one primary amine and one 

secondary amine functions at varying sequence positions. A foldamer featuring the 

two functionalities spaced by one helical turn proved to be a potent catalyst for 

macrocycle formation from linear dialdehyde precursors through carbon-carbon bond 

formation. The high efficiency of the system is related to the rigid foldamer 

conformation, which allows spatial control of the relative positioning of the catalytic 

diad. We speculated that if one of the functionalities of the catalytic diad can be placed 

directly into the backbone of a helical foldamer rather than at a side-chain position, 

then the versatility of the system could be expanded, possibly opening the way to 

catalytic triads.  

 

To this aim, peptide-based foldamers containing a -CH2-NH- moiety as replacement 

of one peptide bond (Y[CH2NH] in the notation for peptide bond surrogates) represent 
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suitable candidates. Concerning the helical foldameric scaffold, we relied on the well 

documented ability of Ŭ-aminoisobutyric acid (Aib), to promote stable and highly 

populated h-/310-helical conformations when combined with protein amino acids in Ŭ-

peptides even of limited main-chain length. In this work, we report on the catalytic 

properties of foldamers designed on the basis of the considerations outlined above, 

which displayed high efficiency to template a C-C bond macrocyclization mediated by 

primary/secondary amine via imine-enamine chemistry, as well as examples of aldol 

condensation reactions.
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2. INTRODUCTION  

 

Enzymes are very interesting catalysts in the chemical field. They are proteins that 

selectively bind a substrate and lead to its chemical transformation by stabilizing the 

transition state. They are also non-toxic, environmentally friendly and capable to 

performing difficult chemical reactions with relative ease.1 For these reasons they are 

of great interest for chemical industries, even if they show some disadvantages due to 

their vulnerability caused by high production costs, low thermal stability, low 

tolerance to solvent conditions and poor adaptability to abiotic chemical 

transformations. Furthermore, enzymatic catalysis depends on the positioning of 

functional groups within the active site, making their design difficult and synthetically 

elaborate. In this scenario there has been a growing demand for the development of 

catalysts that can mimic these natural models while overcoming their limitations. In 

recent decades, one solution has been the construction of catalytic sites within short 

peptide sequences.2 In fact, peptides, as well as giving the possibility to create 

backbones with various reactive groups, allow to control the reactivity through the use 

of non-covalent interactions, such as hydrogen bonds, between catalyst and substrate. 

Many examples show that these oligomers are good catalysts for a variety of reactions 

such as SN1 substitutions,3 glycosylation4 and for other enantioselective reactions.5 To 

control the catalytic activity, it is not only necessary to have the right functional 

groups, but also particular substrate-catalyst interactions that allow the correct 

approach and orientation of the reactants, just like enzymes. To do this, a structural 

rigidity is required to bring the reaction sites into the correct distance and position. 

One solution for this need is foldamers.  

2.1 Foldamers 

 

The uniqueness of biopolymers, such as proteins or RNAs, is that they adopt specific 

and compact conformations, capable of performing catalysis or other molecular tasks. 

This has inspired and increased interest in synthetic foldamers. As proteins and RNAs 

have different structures, so by modifying and investigating possible backbone 

structures, different types of synthetic foldamers with different folding behaviors can 
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be obtained.6 After these considerations, it is possible to define foldamers as oligomers 

or polymers that are strongly disposed to adopt specific conformations in solution.7 It 

is clear at this point the potential behind the development of these molecules. 

Developing new molecules that adopt ordered solutions not only allows us to gain a 

deeper understanding of biological macromolecules, but also to find new polymers 

that can perform functions not yet seen in nature. A protein is a high molecular weight 

molecule, composed of a set of secondary structures. A single foldamer cannot be a 

good mimic of these biopolymers; conversely, a set of foldamers could be. Thus, while 

foldamer is defined to a secondary structure, in the same way a tyligomer is associated 

with a tertiary or quaternary conformation.8 The chain conformation is defined by non-

covalent interactions between non-adjacent monomer units, i.e., between atoms not of 

the same unit. This is a characteristic of secondary structures. Currently, most of the 

known foldamers have an alpha-helix structure, which requires particular types of 

hydrogen bonding to associate.8 It is easier to find information on isolated helices than 

on isolated sheets, and this leads to greater access to knowledge to design systems that 

can fold into a helix conformation. Suitably engineered these helices could self-

assemble to give tertiary or quaternary structures.9 However, this field has not yet been 

much explored and current studies have focused on secondary structures, especially 

helices, of foldamers that can catalyze different types of reactions.  

At this point is of particular interest for a chemist the design of the foldamer, in fact it 

is necessary to choose the right sequence of amino acids that allows then to bring the 

functional groups designated to catalysis in the right position of the helix, for example 

near the helical fold.  As can be seen in one of the examples from the group of Gellman 

et al. for the aldol condensation reaction (Figure 2.1)10 
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Figure 2.1 Primary sequence of generic foldamer and representation of the helical secondary structure 

that results in the alignment of functional groups from a common helical face. 

While foldamers have the disadvantage compared to biomacromolecules of having 

side chains and substrates exposed to the solvent and limitations on the arrangement 

of side chains, they have a great advantage. These systems allow, in fact, to have 

predictable secondary structures that are very stable at short lengths. In this way it is 

possible to predetermine the spatial distance of the reactive groups by carefully 

selecting the design of the amino acid sequence. 

2.2 Ŭ- and 310 helices 

 

As has been mentioned, most of the currently known foldamers have an alpha-helix 

structure, which is the most common secondary structure among peptides. The other 

main structure present among helical peptides is helix 310. These two types of helices 

differ primarily in their intramolecular C=O···H-N hydrogen bonding pattern, which 

is type ὭO Ὥ σ in the 310 helix and type ὭO Ὥ τ in the alpha-helix. (Figure2.2) 
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Figure 2.2 C=O···HïN H-bonds: i Ŷ i+3 for the 310- helix and i Ŷ i+4 for the Ŭ-helix 
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Figure 2.3 The Ŭ-helix and its basic unit and the 310-helix and its basic. 

 

As a result, the latter is less tightly bound and less elongated than the first one. (Figure 

2.3 and Table 2.1) 

 

PARAMETER  ȷ-HELIX  310-HELIX  

RESIDUES PER 

TURN 
3.63 3.24 

C=O···HïN ὭO Ὥ τ ὭO Ὥ σ 

PSEUDO-CYCLE  Ŭ-turn or C13-structure ɓ-turn or C10-structure 

PITCH  5.67 Å 6.29 Å 

ʌ -42° -30° 

ʊ -63° -57° 

 

Table 2.1 Parameters for the Ŭ- and 310-helical conformations. 

 

Looking at the ̞  and ˒  dihedral angles in the Ramachandran map, you can see that 

they fall in the same region. (Figure 2.4) 
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 Figure 2.4 Ramachandran map 

About 15-20% of all protein helix structures are 310-helices,11 which are typically 

shorter (3-5 residues) than alpha-helices (10-12 residues).12 These helices have been 

investigated as intermediates in the folding/unfolding of alpha-helices, so if one of the 

two conformations should prove impossible (e.g. due to side chain interactions) the 

main chain can switch to the other conformation.13 In fact, for L amino acids, there is 

no unpermitted region between the alpha (angles) and 310 (corners) conformations, 

allowing free interconversion between the two. The increased presence of alpha helices 

is due to the fact that the entropic penalty for ring closure required for ὭO Ὥ

σ formation, compared to ὭO Ὥ τ, is lower. In addition, CŬ-tetrasubstituted Ŭ-amino 

acids have been shown to promote the occurrence of helices, specifically 310-helices. 

Tetrasubstituted amino acids have an alkyl or aryl group at the Ŭ-carbon atom, creating 

a steric obstruction that restricts ű and ɣ dihedral angles. The simplest CŬ-

tetrasubstituted amino acid is Ŭ-aminoisobutyric acid (Aib) (Figure 2.5), which has 

two methyl groups in alpha that limit its conformational freedom.  

OOH

C HNH2

CH3

OOH

C CH3NH2

CH3

Alanine Ŭ-aminoisobutyric acid  

Figure 2.5 Chemical structures of Alanine (tri-substituted amino acids) and Ŭ-aminoisobutyric acid 

(tetra-substituted amino acids). 

Crystallographic studies have shown peptides containing Aib and trisubstituted amino 

acids (such as Alanine) exhibit 310-helices, Ŭ-helices and mixed helices structures. This 
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behavior is due to the amount of Aib present (the higher the Aib the more 310-helix is 

formed), but also to the length (the longer the Ŭ-helix is formed).14 

It is clear from these considerations, how important is the design of the amino acid 

sequence. Knowing the possible structure that the foldamer can have, it will be 

possible to insert the functional groups dedicated to catalysis in the right position of 

the helix. Moreover, knowing the geometry of the helices, it will be possible to put the 

reactive groups at the right distance. In this way you will have stable and well-

organized structures capable of being selective for certain reactions and type of 

substrate. 

2.3 Carbon-carbon bond chemistry 

 

In synthetic organic chemistry, the cleavage and formation of carbon-carbon bonds is 

of considerable interest. For this reason, these types of reactions have also been 

explored in foldamer catalysis. The foldamers that have been used are of various types, 

showing once again the potential of the design strategies for these oligomers depending 

on the conditions and purpose for which they are intended.  It will be seen that ̡-amino 

acids are often used instead of -hamino acids. These residues give a well-known 

secondary structure that is the 14-helix (Figure 2.6). 

 

Figure 2.6 The Ŭ-helix and its basic unit and the 14-helix and its basic. 
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 It is a ̡ -peptide, characterized by 14-membered ring hydrogen bonds between C=O(i) 

···H-N(i+2).15 By using ̡ 3 residues, which possess a side chain on the backbone carbon 

atom adjacent to the nitrogen atom, in parallel to having a narrow angular alignment, 

which allows the side chains to be brought closer together, it allows modifications that 

can improve some of its structural parameters. In fact, it has been seen that by 

incorporating subunit derived from trans-2-aminocyclohexanecarboxylic acid 

(ACHC) its stability is improved, allowing it to be entirely helical in aqueous 

solution.16 

Taking example from a previous work using small helical h-peptides,17 one of the first 

examples of foldamer catalysis using ̡ -peptide, is on the retro-aldol reaction of 4-

phenyl-4-hydroxy-2-oxobutyrate in aqueous buffer18. (Figure 2.7 (a)). The most 

efficient ɓ-peptide features the ACHC-ACHC-ɓ3-hLys sequence repeat. The ACHC 

residues allow the formation of a stable, hydrophobic 14-helix (which aids self-

assembly in aqueous solution), while the ɓ3-hLys residues generate a strip of 

amine/ammonium side chains (Figure 2.7(b)). The latter are crucial for the catalytic 

mechanism that seems to involve these residues that with the keto group of the 

substrate lead to the formation of imine. In addition, the proximity of the positive 

charges allows the lowering of the pKa values of at least one ammonium group 

facilitating the catalysis in this reaction. 

 

Figure 2.7 (a) retro-aldol reaction (b) Representation of foldamer with ACHC and ɓ3-hLys residues 

clustered on the helical face. 

Studies on enzymes have clarified that hydrogen bonds in the active sites are crucial 

for catalysis, for example in the stabilization of the transition states. In this regard, the 

use of hydrogen bonds for catalysis has also been explored in foldamers. In the last 
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decade Guichard er al. characterized urea-based foldamers, seeing their propensity to 

fold into a helix with 2.5 residues per turn. This is realized by a series of C=OiẗẗẗHNǋi+2  

and C=OiẗẗẗHNi+3 hydrogen bonds, which stabilize the structure19 (Figure 2.8).  

 

Figure 2.8 Schematic representation of the hydrogen-bonding pattern as found in the 2.5 helix of 

oligourea. 

Studied in the context of enantioselective C-C bond formation reactions these 

oligomers have been shown to be efficient for the addition of malonates to nitro-

olefins20 (Figure 2.9 (a)), a synthetically interesting reaction due to the rich chemistry 

of nitro groups21. Working with a Brønsted base, this foldamer is particularly efficient, 

leading to high enantioselectivity at very low catalyst concentrations. In addition, the 

first two urea in the chain, not being employed in intramolecular hydrogen bonds, may 

act as hydrogen bond acceptors, probably becoming responsible for substrate 

activation and recognition (Figure 2.9 (b)). 

 

Figure 2.9 (a) Foldamer-catalyzed, enantioselective conjugate addition (b) N,Nô-oligourea catalyst 
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This work is inspired by One of the earliest works uses poly-L-leucine for the 

epoxidation of Julia-Colonna, an epoxidation on unsaturated two- or three-phase 

ketones. In the mechanism all substrates bind to the catalyst generating a tertiary 

complex. In the helix, the 4 hydrogens not engaged in intramolecular H-bonds are 

available to accept H-bonds with the substrates22. 

Work by Price, Michaelis et al. involves the use of the amino acid Aib within the chain, 

here a bifunctional catalyst is developed for enantioselective Dies-Alder reactions and 

indole alkylation reactions23. The catalyst under consideration is an 11-residue alpha-

peptide, in which the helical structure is promoted by Aib residues, while the catalytic 

sites are represented by an imidazolidinone and a thiourea, incorporated at position 2 

and 6, which protrude from the side chains (Figure 2.10 (a)). The Dies-Alder reaction 

was tested between 2-butenal and a carbamate-functionalized diene, leading to good 

results (Figure 2.10 (b)).  

 

Figure 2.10 (a)Peptide-catalyzed Diels-Alder reaction (b) foldamer catalyst 

By placing the two non-proteinogenic residues at the correct distance within the helical 

structure, the thiourea will be able to recruit the diene by aligning it with the 

imidazolidinone, while the latter will provide electrophilic activation for 2-butenal, 

through the formation of the iminium ion24. The results show excellent yield and 

enantioselectivity confirming the correct design of the foldamer. Control studies have 

been carried out to confirm the efficiency of this catalyst. One of these emphasized the 

selectivity of the catalyst, in fact it involved the competition between a diene with 

carbamate (able to bind to thiourea) and one without. Using the functionalized 

foldamer, a strong selectivity towards the diene with carbamate was found, which was 

not the case with a simple imidazolidinone catalyst (Figure 1.11 (a)). A second control 
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experiment instead highlighted the importance of the helical structure of the peptide, 

in fact, using a peptide in which proline residues were incorporated (Figure 2.11 (b)), 

interrupting the helical folding, catalysis was drastically decreased.  

 

Figure 2.11 Control experiments (a) comparison between bifunctional peptide catalyst and imidazolidinone (2) (b) 

Peptide catalyst with proline. 

 

Most enzymatic transformations have a synthetic counterpart. Often though, the 

mechanisms by which natural and synthetic catalysts operate differ markedly. The 

catalytic asymmetric aldol reaction as a fundamental CīC bond forming reaction in 

chemistry and biology is an interesting case in this respect. In this reaction an enolate 

is combined with an aldehyde or ketone to result in the formation of a beta-hydroxy 

carbolic compound.  

Chemically, this enzyme-mediated reaction is dominated by approaches that utilize 

preformed enolate equivalents in combination with a chiral catalyst. Typically, a metal 

is involved in the reaction mechanism. Most enzymes, however, use a fundamentally 

different strategy and catalyze the direct aldolization of two unmodified carbonyl 

compounds. Class I aldolases utilize an enamine-based mechanism, while Class II 

aldolases mediate this process by using a zinc cofactor25,26. (Figure 2.12).  
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Figure 2.12 Mechanisms of Type I and Type II aldolases. 

In 1998 it was discovered the first small-molecule asymmetric class II aldolase mimics 

have been described in the form of zinc, lanthanum, and barium complexes27,28.  

However, amine-based asymmetric class I aldolase mimics have not been described in 

the literature. Importantly, in 2000 it was proposed that the amino acid proline is an 

effective asymmetric catalyst for the direct aldol reaction between unmodified acetone 

and a variety of aldehydes29. 

 

Scheme 2.1 Proposed enamine mechanism of the Proline-catalyzed asymmetric aldol reaction. 

A

B
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Currently, it is still assumed that this aldol reaction occurs via an enamine mechanism 

(Scheme 2.1). Proline, functions as a ñmicro-aldolaseò that provides both the 

nucleophilic amino group and an acid/base cocatalyst in the form of the carboxylate. 

This co-catalyst may facilitate each individual step of the mechanism, including the 

nucleophilic attack of the amino group (a), the dehydration of the carbinol amine 

intermediate (b), the deprotonation of the iminium species (c), the carbonīcarbon bond 

forming step (d), and both steps of the hydrolysis of the iminium-aldol intermediate (e 

and f). The tricyclic hydrogen bonded framework provides for enantiofacial 

selectivity.  

 

2.4 Macrocyclic compounds  

 

It is well known that many molecules of pharmacological interest are derived from 

natural products. Among these, macrocyclic complexes have developed a certain 

interest because of their great efficacy. Moreover, they are a good starting point to 

understand how to design molecules with properties necessary to produce new 

therapies. For these reasons the synthesis of macrocyclic complexes attracts synthetic 

chemists.30  Cyclic compounds containing a ring with 12 or more atoms have already 

been synthesized for therapeutic strategies, such as the treatment of hepatitis C31, but 

also for the development of new technologies in the application as optoelectronic, 

liquid-crystalline, and sensing materials32. The need to search for efficient synthesis 

strategies for this category of compounds is due to the competition of the ring closure 

reaction, which has an entropic penalty to pay, with collateral intermolecular reactions, 

which reduce the yield leading to undesirable products33,34. 

In this regard, strategies to facilitate the synthesis of macrocyclic compounds have 

been devised. 

One such strategy involves the preorganization of linear precursors. Widely used in 

supramolecular chemistry, since by appropriately organizing the substrate, it is 

possible to "pay" for the conformational rearrangement cost earlier in terms of ȹG. 

This technique for cyclization involves multipoint coordination between a cation, 

anion, or neutral partner to thus facilitate macrocycle synthesis33 (Figure 2.13). 
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Figure 2.13 Guest-mediated cyclization. Prior approaches to macrocyclization. 

Obviously, this technique depends on the pre-existing non-covalent interactions in the 

linear precursor. It is widely used for the preparation of crown ethers or azacrown 

ethers by placing a heteroatom such as oxygen or sulfur, which acting as a nucleophile 

allows the ring closure step35.  

Another quite effective approach for the synthesis of macrocycles is the catalytic 

method called ring closed metathesis (RCM)36 (Figure 2.14). 

 

Figure 2.14 Ring Closed Metathesis (RCM) cyclization 

The products of this reaction are unsaturated rings resulting from the intramolecular 

metathesis of two terminal alkynes. In addition, this process involves the use of metal 

catalysts. Obviously, it is necessary for the metal center to coordinate between the 

internal functionalities (Figure 2.15)37,38.  

 

Figure 2.15 Ring Closed Metathesis (RCM) cyclization.  

 

Finally, one method to mention for the purposes of this paper is one that takes 

inspiration from biological systems39. These biosynthetic systems donôt have the 

problem of entropic cost because they place the linear precursors in the right 
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conformation and position for ring closure. In this way, in addition to catalyzing the 

reaction, they avoid the occurrence of competing intermolecular reactions40.  

An example of the use of this approach is from Gellman et al. in which, inspired by 

biological systems, the authors developed a foldamer-catalyst, which thanks to the 

active sites arranged in the right position activates the ends of a linear precursor and 

by orienting them in the right way ensures ring closure through the formation of C-C 

bonds10 (Figures 2.16). 

 

 

Figure 2.16 Foldamer-catalyst designed by Gellman et al.  
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3. RESULT AND DISUSSION 

 

3.1 Foldamers synthesis strategy 

 

We speculated that if one of the functionalities of the catalytic diad can be placed 

directly into the backbone of a helical foldamer rather than at a side-chain position, 

then the versatility of the system could be expanded, possibly opening the way to 

catalytic triads. (Figure 3.1) 

 

Figure 3.1 Scheme and sketch of a hypothetical catalytic triad inside the foldamer 

 

To this aim, peptide-based foldamers containing a -CH2-NH- moiety as replacement 

of one peptide bond (Y[CH2NH] in the notation for peptide bond surrogates) represent 

suitable candidates. Concerning the helical foldameric scaffold, we relied on the well 

documented ability of Ŭ-aminoisobutyric acid (Aib), to promote stable and highly 

populated Ŭ-/310-helical conformations when combined with protein amino acids in Ŭ-

peptides even of limited main-chain length.14 

As a preliminary step, we explored the conformational effects of the Y[CH2NH] 

backbone modification in selected model compounds.  

First, Boc-Aib-OH was converted in its Weinreb amide derivative [Boc-Aib-

N(OMe)Me], and then chemically transformed in Boc-Aib-H (1) by a selective 

reduction, which is run by the addition of 1 eq of LiAlH4 in THF. (Figure 3.2) 
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Figure 3.2 Synthesis strategy for obtaining Boc-Aib-H 

In the Weinreb amide, the oxygen atom adjacent to the nitrogen atom decreases the 

electron density on nitrogen, so that the attack from the nitrogen atom becomes 

unfavorable. The reaction intermediate enclosed in the grey highlighted box in Figure 

3.3 is stable due to the oxygen atom of the methoxy-amide coordinating to the 

aluminum atom. After hydrolysis, the methoxy-amide anion becomes a much better 

leaving group, due to the oxygen atom stabilizing the negative charge, affording the 

aldehyde functional group rather than an amine functional group as described by the 

red mechanism depicted in Figure 3.3.  

 

Figure 3.3 (A) Weinreb amide synthesis mechanism (B) Aldehyde synthesis mechanism 

 

Importantly, Boc-Aib-H was obtained as a single crystal suitable for X-ray diffraction 

analyses. X-Ray diffraction data collection, structure solution and refinement were 

performed by Dr. Marco Crisma (ICB-CNR, Padova). (Figure 3.4) 

Boc-Aib-OH Weinerebamide Boc-Aib-H (1)

EDC
HOAt
DIPEA

N(OCH3)CH3

CH2Cl2

LiAlH4

THF
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Figure 3.4.  X-ray diffraction structure of Boc-Aib-H. 

The molecular structure of Boc-Aib-H at the solid state displayed is cis conformation 

of the urethane amide bond.   

The reaction between Boc-Aib-H (1) and H-L-Val-CO-NH-pClBn (2) (Boc, tert-

butyloxycarbonyl; NH-pClBn, para-chlorobenzylamino) resulted in the formation of 

the corresponding stable Shiff-base product Boc-AibY[CH=N]-L-Val-NH-pClBn (3). 

Moreover, the subsequent reduction with NaBH4 afforded the Y[CH2NH] bond 

modification as highlighted in compound (4). (Figure 3.4) 

 

Figure 3.5 Synthesis of Boc-AibY[CH2N]-L-Val-NH-pClBn (4) via Shiff-base 

 

The NMR analysis shown in Figure 3.6 confirms the occurrence of the two reactions. 

Following the formation of imine, we see the characteristic peak at about 7.5 ppm of 

imine (3), which disappears upon reduction giving way to the aliphatic peaks at about 

2.5 and 2.9 ppm.   

1 2 3 4

Y[CH2NH] 
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Figure 3.6 NMR comparison of Boc-AibY[CH=N] -L-Val-NH-pClBn (3) and Boc-AibY[CH2N]-L-Val-

NH-pClBn (4) 

 

Crystals of Boc-AibY[CH=N]-L-Val-NH-pClBn were grown from ethyl acetate / n-

hexane through the vapor diffusion technique. Relevant crystal data and structure 

refinement parameters are listed in Table 4.1 in Experimental Section. 

The molecular structure of Boc-AibY[CH=N]-L-Val-NH-pClBn, determined by 

single-crystal X-ray diffraction analysis, is illustrated in Figure 3.7, while its packing 

mode is illustrated in Figure 3.8.  

X-Ray diffraction data collection, structure solution and refinement were performed 

by Dr. Marco Crisma (ICB-CNR, Padova). 

 

Figure 3.7 X-Ray diffraction structure of Boc-AibɊ[CH=N]-L-Val-NH-pClBn with atom numbering. 

Most of the H-atoms are omitted for clarity. The intramolecular hydrogen bond is indicated by dashed 

line. 
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