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 Summary 

Summary  

Labeling and macrocyclization are among the most challenging and important methods 

in the field of peptide chemistry. Multicomponent macrocyclizations are synthetic 

protocols that enable the simultaneous ring-closure and the introduction of additional 

functionality in one single step. The main goal of this research project was to develop 

new multicomponent reactions-based strategies towards labeling and 

macrocyclization of either the peptide backbone or the side chain.  

In this sense, we report an Ugi reaction-based approach for the synthesis of analogues 

of the antibacterial cyclopeptide Gramicidin S. The method encompasses the 

cyclization together with an additional functionalization by the addition of dissimilar 

exo-cyclic fragments of cationic, anionic and lipidic nature. This multicomponent 

approach also focuses on mimicking the -hairpin structure of the natural product by 

installing N-alkylated dipeptide fragments capable of mimicking the conformation of 

the natural product.  

Peptide stapling have become a powerful strategy for introducing conformational 

constrains in peptides. In an attempt to further exploit multicomponent reactions 

(MCRs) in this field, we describe a multicomponent approach for the synthesis of 

macrocyclic peptides through the execution of two Ugi reactions between peptide 

diacids and diisocyanide-linkers. This method enables the introduction of high levels of 

diversity varying the amino component and the cross-linker moiety, offering promising 

alternatives for the modulation of peptide topology seeking for biological applications.  

In addition, we describe for the first time, a multicomponent method that allows the 

late-stage derivatization and stapling of peptides by the Petasis reaction. This report 

includes the incorporation of boronic acids bearing fluorescent and affinity labels, 

PEGs, steroids, and lipids at both the peptide N-terminus and Lys side-chains. 

Simultaneously, a variety of oxo-components are also introduced, such as 

dihydroxyacetone, glyceraldehyde, glyoxylic acid, and aldoses, thus encompassing a 

powerful complexity-generating approach without changing the charge of the 

peptides. Stapled peptides with rigid aromatic linkages in combination with small 
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sugars are also produced in a bidirectional Petasis-based macrocyclization, proving the 

versatility of this multicomponent reaction in most areas of peptide chemistry.  

In correspondence with the emergence of new methods for the peptide backbone 

cyclization, a new multicomponent backbone N-modification of peptides is also 

described. Here is demonstrated that by performing an Ugi reaction during solid-phase 

peptide synthesis, the incorporation of a variety of functionalized N-substituents 

suitable for backbone stapling can be achieved. Accordingly, using different ω-

functionalized isocyanides, several types of macrocyclizations can be implemented on 

the peptide backbone, including ring-closing metathesis, lactamization and bis-thiol 

alkylation. This backbone N-modification approach was also applied to the synthesis of 

α-helical peptides by linking N-substituents to the peptide N-terminus, thus featuring 

hydrogen-bond surrogate structures. 
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 Zusammenfassung 

Zusammenfassung 

Das Labeling und die Makrozyklisierung von Peptiden gehören zu den anspruchvollsten 

und vielversprechendsten kovalenten Modifizierungen in der Peptidchemie. Auf 

Multikomponentenreaktionen basierende Makrozyklisierungen sind außerordentlich 

attraktiv, da sie sowohl den Ringschluss als auch die Einführung zusätzlicher 

Funktionalitäten in einem einzigen Schritt ermöglichen. Das Ziel dieser Dissertation 

war die Entwicklung neuer Synthesestrategien unter Verwendung von 

Multikomponentenreaktionen für die Markierung („labeling“) sowie Makrozyklisierung 

von Peptiden sowohl am Peptidrückgrat als auch mit Seitenketten. 

Im Rahmen dieser Arbeit wurde eine auf der Ugi-Reaktion basierende 

Synthesestrategie für die Herstellung von Gramicidin-S-Analoga angewendet, die die 

Zyklisierung sowie die zusätzliche Funktionalisierung durch verschiedene exo-zyklische 

Einheiten (kationischer, anionischer und lipidischer Natur) ermöglicht. Dieses 

Multikomponentenkonzept zielt auch auf die Nachahmung der -Haarnadelstruktur 

des Naturstoffs durch den Einbau N-alkylierter Dipeptide ab, die die Konformation des 

Zielproduktes erfolgreich nachbildet. 

Das „peptide stapling“ hat sich zu einer effektiven Methode für die Einführung von 

Konformationseinschränkungen in Peptidstrukturen entwickelt. Um 

Multikomponentenreaktionen auf diesem Gebiet weiter zu etablieren, wurde ein 

bidirektionaler Ansatz für die Synthese von makrozyklischen Peptiden über die 

Durchführung von zwei Ugi-Reaktionen zwischen Peptid-Disäuren und Diisocyanat-

Linkern realisiert. Diese Methode ermöglicht die Einführung eines hohen Grades an 

Diversität durch die Variation der Aminokomponente und der Crosslinker-Einheit, 

wobei vielversprechende Alternativen in Bezug auf die Anpassung der Peptidtopologie 

für weitere biologische Anwendungen ermöglicht werden. 

Des Weiteren wurde erstmalig eine Multikomponentenmethode für die „late-stage“ 

Derivatisierung und das „peptide stapling“ mittels Petasis-Reaktion beschrieben. 

Dieser Ansatz beinhaltet den Einbau verschiedener Boronsäuren, die Fluoreszenz- oder 

Affinitätsmarker tragen, von Polyethylenglykolen (PEGs), Steroiden und Lipiden an 

beiden N-Termini sowie an Lysin-Seitenketten. Gleichzeitig wurden verschiedene Oxo-
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 Zusammenfassung 

Komponenten wie Dihydroxyaceton, Glycerinaldehyd, Glyoxalsäure und verschiedene 

Aldosen genutzt, um eine effektive und komplexität-generierende Methode 

bereitzustellen, ohne dabei eine Ladungsänderung des Peptids zu verursachen. 

„Stapled“ Peptide mit starren aromatischen Bindungen in Kombination mit kleinen 

Zuckern wurden ebenfalls mittels einer bidirektionalen Petasis-basierten 

Makrozyklisierung synthetisiert, wodurch die vielseitige Verwendbarkeit dieser 

Multikomponentenreaktion in vielen Bereiche der Peptidchemie nachgewiesen 

werden konnte. 

Im Rahmen dem Aufkommen neuer Methoden für die Peptidrückgrat-Zyklisierung wird 

eine neue Multikomponenten-Rückgrat-N-Modifizierung von Peptiden innerhalb dieser 

Arbeit vorgestellt. Dabei konnte gezeigt werden, dass bei der Durchführung der Ugi-

Reaktion während der Festphasenpeptidsynthese eine Vielzahl an funktionalisierten N-

Substituenten für die Peptidrückgratfixierung („backbone stapling“) geeignet sind. 

Dementsprechend können unter Verwendung verschiedener ω-funktionalisierter 

Isocyanate mehrere Sets von chemischen Makrozyklisierungstechniken am 

Peptidrückgrat implementiert werden, einschließlich Ringschlussmetathese, 

Lactamisierung und Biothiol-Alkylierung. Diese Rückgrat-N-Modifizierungsstrategie 

wurde auch auf die Synthese von α-helikalen Peptiden angewandt, indem N-

Substituenten am Peptid N-Terminus eingeführt wurden. Dieses führte zur Ausbildung 

von Wasserstoffbindungs-Surrogat-Strukturen. 
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Chapter 1 

Witnessing the Evolution of Peptide Cyclization by 

Multicomponent Reactions 

 
-Introductory chapter- 

 
 

 
 
Abstract 

Multicomponent reactions have become a prevailing strategy for peptide 

macrocyclization thereby enabling the creation of high diversity accompanied by low 

synthetic cost. This chapter provides an overview of the contribution of 

multicomponent reactions on the development of peptide macrocyclization in terms of 

chemical efficiency and synthetic scope. The utilization of multicomponent reactions in 

the classic head-to-tail cyclization of peptides overcomes most of the disadvantages of 

the established methods. Moreover, in peptide stapling, a multicomponent approach 

adds the possibility to explore the peptide topology, introducing additional endo and 

exo-functionalizations on the ring-forming moiety. Recently, MCRs have appeared as 

an alternative for the incorporation of peptide N-substituents bearing functional 

groups suitable for backbone cyclization without the need to alter any important side 

chains in the sequence. 
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Introduction 

The development of protein-protein interaction inhibitors by the introduction of 

conformational constrains in small peptides have become one of the main guidelines in 

medicinal chemistry.1,2 Protein interfaces are commonly complex with large surface 

areas that can make the selective interaction of small molecules very difficult.3 Natural 

peptides are frequently used as target structures to design new candidates with high 

affinity.2,4 However, the bioavailability of this molecules is pour, due to low solubility, 

rapid enzymatic degradation by proteolytic enzymes and poor intestinal permeability. 

Together with a high intrinsic flexibility showed by short sequences, this points are the 

main drawbacks of peptides as potential pharmaceuticals.5,6 Therefore, there is a 

substantial need to identify chemical approaches that may enhance bioavailability of 

peptides while maintaining their pharmacological activity. Covalent modifications of 

peptides by means of configurational and structural modification of amino acids, local 

backbone modifications and macrocyclization are the most common methods to 

overcome these barriers.7 Among these, macrocyclizations of either peptide side chain 

or backbone of short sequences are the most recurrent alternatives.2,8 By reduction of 

the intrinsic flexibility, cyclization can increase target selectivity by stabilizing the 

bioactive conformation of the linear parent peptide.9–11 Moreover, it has been 

reported that cyclic peptides show increased resistance against proteases,12 as well as 

an improved cell membrane permeability.13  Nowadays, introducing constrains in short 

sequences has been successfully applied in the design of protein ligands or mimetics of 

protein secondary structures (i.e., -hairpins,14 -strands15 and -helices16,17). 

Besides the great advances made in this field during the last decades, peptide 

cyclization is still recognized as a challenging synthetic process. Traditionally, the 

macrocyclization step is characterized by low yields due to the entropic demand of the 

conformational restriction.18 However, different protocols have been successfully 

applied to the cyclization of either the peptide backbone or the side chains.19,20 In this 

regard, multicomponent reactions  have emerged as highly promising methods also for 

peptide cyclization. The execution of a multicomponent approach is not prone to steric 

hindrance and permits the generation of additional molecular diversity during the ring-

closure of the peptide skeleton. The latter feature has proved advantageous in 
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comparison with the traditional strategies.21–23 This chapter focuses on how 

multicomponent reactions have been closely involved in the synthetic evolution of the 

most powerful strategies for peptide cyclization.  

1. Classical modes of cyclization found in naturally occurring and synthetic 

peptides 

Since the discovery in 1944 of Gramicidin S,24  the first cyclic peptide antibiotic isolated 

from a natural source, cyclic peptides have shown a wide range of biological 

applications.9,11 Accordingly, natural peptides with cyclic structures have served as 

inspiration and guide for the development of new synthetic methods.2,19 The mode of 

cyclization found in naturally occurring cyclic peptides include: (a) head-to-tail 

cyclization, (b) head-to-side chain cyclization, (c) tail-to-side chain cyclization and (d) 

side chain-to-side chain cyclization. As shown in the figure 1A, in Gramicidin S all 

peptide bonds are taking part in the cyclic structure, in an assembly formally known as 

head-to-tail cycle. Alternatively, examples of combining side chain with either N- or C-

terminus cyclizations are also common in nature. For example, head-to-side chain 

linkage are found in Nodularins or Microcystins (Figure 1B), families of cyanobacterial 

peptides produced in toxic blue-green algal blooms. Similarly, Polymyxin B – an 

antibiotic used against Gram-negative infections – is an example of a cyclic peptide 

having the C-terminus or tail compromised in the cycle through an amide bond with 

the side chain of the non-proteinogenic amino acid, L-2,4-diaminobutyric acid, Dab 

(Figure 1C). On the other hand, oxytocin – a peptide hormone involved in sexual 

reproduction and childbirth – is characterized by formation of the cyclic structure from 

the interaction of two Cys side chains in a disulfide bridge (Figure 1D). 

These methods mostly rely on ring-closure by either natural amide or disulfide bond, 

both with limited biological/pharmacological presentation as potential drugs.25,26 

Currently, there have been substantial efforts to reproduce the conformation provided 

by these linking approaches but instead using efficient and more physiological stable 

isosters. Replacement of the amide bond by a triazol27,28 and the disulfide bond by a 

hydrocarbon-based bridge26,29 are two of the most recurrent examples with proven 

applications in the synthesis of peptide drugs.  
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Figure 1. Ways of cyclization found in naturally occurring cyclic peptides. 

Interestingly, in the past the head-to-tail linkage inspired by natural products prevailed 

as the common method for peptide cyclization, although it offers only the formation of 

a single macrocycle. A different scenario is illustrated by the side chain-to-side chain 

cyclization, where higher levels of molecular diversity can be achieved depending on 

the amino acid positions, ring size and chemistry involved (Figure 2).30 A special class of 

side chain-to-side chain peptide cyclization – termed “peptide stapling” – has provided 

a variety of helical peptides with important biological and medicinal applications.31–33 

This strategy was initially reported by Verdini and co-workers – based on an original 

report of Grubbs  and co-workers34 – for the synthesis of all-hydrocarbon bridged -

helical peptides by means of ring-closing metathesis (RCM) using two alkene-amino 

acid residues separated at i, i + 4 and i,  i + 7 (Figure 2A).35 Recently, stapling 

chemistries have been extended to include macrolactamization (Figure 2B),17,36 “click” 

cycloaddition (Figure 2C),27,37 thio-ether formation,37,38 Pd-catalyzed C-H activation,39,40 

among others. 
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Stapling techniques are commonly derived from the utilization of two complementary 

functional groups that participate in a single and unidirectional cyclization reaction. A 

different approach consists on the utilization of a bidirectional macrocyclization 

strategy, in which a pair of amino acid side chains bearing the same functional groups 

reacts doubly with a bifunctionalized cross-linker.41 As depicted in the Figure 2, some 

of these examples include double thiol-ene coupling (Figure 2D),42 double bis-

alkylation (Figure 2E and 2G),38 bis-arylation of two Cys43 or Lys44 residues (Figure 2F) 

and a double-“click” approach41 (Figure H).  

 

Figure 2. Most common synthetic methods for peptide stapling. From A) to C) unidirectional 

and from D) to H) bidirectional.  

Besides the desired helicalendoi stabilization achieved by these strategies, they allow 

the introduction of an additional building block and therefore the modulation of the 

peptide properties. For example, Woolley and co-workers45 installed via a double bis-
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thiol alkylation of two Cys residues separated at i, i + 7 or i, i + 11, an azo cross-linker 

that photo-modulates the peptide helicity (Figure 2G). Moreover, Spring et al., have 

developed a double-click cyclization, in which two azido amino acids react with a 

specially functionalized dialkyne linker with notable influence in the cellular activity of 

a peptide inhibitor of p53/MDM2 interaction (Figure 2H).41 

2. Multicomponent approaches for peptide macrocyclization 

Despite the advances in peptide cyclization methodologies in the last years, the 

possibility of introducing high levels of structural diversity remains as an ongoing 

quest. In this sense, the employment of multicomponent reactions in peptide 

cyclization has offered a range of opportunities, as they comprise the rapid generation 

of molecular diversity in just one pot. These convergent approaches involve the 

incorporation of three or more components into a final product, leading to high levels 

of complexity with high atom economy.46,47  

Multicomponent reactions applied in peptide cyclizations normally involve carboxylic 

acids or amino groups as they are present in peptide termini and side chains. The Ugi 

four component reaction (Ugi-4CR),48 is the first MCR used in peptide cyclization49 and, 

in general, in macrocyclization chemistry.50 It comprises the condensation of an amine, 

a carbonyl component (i.e., aldehyde or ketone), a carboxylic acid and an isocyanide to 

produce a N-substituted dipeptide (Scheme 1A). Beyond the application of Ugi-4CR in 

peptide cyclization, its potential has been exploited for the one-pot synthesis of 

macrocycles, incorporating natural scaffolds like steroids,51 lipids,52 carbohydrates53 

and heterocycles51. In the last decades, there have been intensive efforts to extend the 

scope of this reaction to peptide cyclization. In this sense, the development of an 

aziridine-aldehyde version by Yudin and co-workers, has been broadly employed for 

the synthesis of cyclic peptides and their post-MCR derivatization (Scheme 1B).21 Some 

years later, Yudin also described the multicomponent synthesis of oxadiazole-

macrocyclic peptides, using an special isocyanide named (N-

isocyanimino)triphenylphosphorane (Pinc), an aldehyde and a linear peptide, affording 

the insertion of the heterocycle within the cyclopeptide backbone (Scheme 1C).54 The 

Passerini reaction55 – an isocyanide-based MCR like the Ugi-4CR – has also shown 
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some applications in the cyclization of oxo-peptides leading to depsipeptide skeletons 

(Scheme 1E).23 As shown in Scheme 1D, another interesting variation of Ugi reaction – 

denominated Ugi-Smiles56 – uses 2- or 4-nitrophenol instead of the carboxylic acid. It 

has made a notable contribution to the easy incorporation of interesting N-aryl 

moieties in peptides.57 

 

Scheme 1. Multicomponent reactions applied in peptide cyclization strategies. 

Three component reactions (3CR) involving imines have also been employed in 

multicomponent macrocyclizations of peptides. Interestingly, the first MCR known, the 

Strecker-3CR58, has only recently been applied for head-to-tail cyclization of peptides 

(Scheme 2F).59 Additionally, two MCRs also based on imine formation have been 

recently incorporated to the repertoire of stapling processes. This represent the metal-

catalyzed coupling of an aldehyde, an alkyne and an amine (A3-coupling, Scheme 2G)60 

and the Petasis-3CR (Scheme 2H).61 
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2.1 Head-to-tail cyclization by multicomponent reactions 

As commonly observed for most of the established macrocyclization procedures in 

peptide science, the initial attempt has been the head-to-tail cyclization.62 Direct 

amide coupling between both termini constitutes the first method applied to peptide 

cyclization.7 However, it is well known that macrolactamization, in general, has some 

synthetic limitations such as cyclodimerization, C-terminal epimerization and 

frequently low yield.7 Traditionally, the development of highly specialized coupling 

reagents has become a solution to most of these limitations.63 Moreover, the use of 

MCRs has demonstrated clear evidence to overcome these drawbacks. In this sense, a 

key advantage of the head-to-tail cyclization of peptides by MCRs like the Ugi and 

Yudin variant reactions, is the lack of epimerization of the terminal carboxylic group.19 

Furthermore, the occurrence of any non-desired oligomerization in MCR-based 

macrocyclization is substantially reduced in comparison with the macrolactamization.19 

In MCRs, the entropic loss associated by bringing both reacting ends together is more 

favored due to the iminium-carboxylate ion pairing. However, in a classical 

macrolactamization, there is not such a thermodynamic contribution because the ion 

pairing between the two ends disappears upon activation of the C-terminal 

carboxylate. 

The first report of a macrocyclization using a MCR on head-to-tail macrocyclization of 

peptides by Ugi-4CR was described in 1979 by Failli et al.49 They found that tripeptides 

in the presence of isobutyraldehyde and cyclohexyl isocyanide were very difficult to 

cyclize, thus affording only dimerization products. However, it was shown that under 

the same conditions, hexapeptides were cyclized without any appreciable 

dimerization. In addition, a study was implemented in our group in order to analyze 

the influence of the sequence on the cyclization of tetrapeptides and pentapeptides by 

Ugi-4CR.64 It was concluded that while all-L-pentapeptides cyclize without appreciable 

dimerization, all-L-tetrapeptides lead to a mixture of the desired cyclic tetrapeptide, 

and that the cyclomonomer vs. ratio strongly depends on the residue’s flexibility and 

on the presence of D-amino acids.  
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Application of the Ugi reaction in the synthesis of analogues of natural cyclic peptides 

has been one of the main objectives in our group. Consequently, modulation of the 

biological properties by the incorporation of exo-cyclic functionalities during the ring-

closing stage was studied in our laboratory for synthesis of analogues of the 

antimicrobial cyclic lipopeptides, surfactin A and mycosubtilin.23 As shown in Scheme 

2A, by performing a macrocyclization based on Ugi reactions, it was possible to 

simultaneously incorporate an exo-cyclic lipid tail during the ring-closure of the linear 

octapeptide and to afford a novel MCR-based analogue of mycosubtilin in a good yield. 

Extension of this macrocyclization/lipidation strategy, allowed to doubly lipidate a 

linear analogue of surfactin A using both n-dodecyl amine and n-dodecyl isocyanide, 

proving the remarkable scope of the multicomponent process (Scheme 2B).       

 

Scheme 2. Synthesis of analogues of A) mycosubtilin and B) surfactin A by Ugi cyclization. 

Another example of head-to-tail cyclization was recently developed by our group for 

the multicomponent synthesis of Gramicidin S analogues, as detailed in the first 

chapter of the presented document. This work was designed to assess the influence on 

the inclusion of an Ugi reaction-derived N-alkylated dipeptide in the -hairpin 

structure of the natural product (Scheme 3). Our first attempt was to replace both Pro 

residues by the N-alkylated Ala residue generated by the multicomponent process 

since it was already reported that the replacement by N-methylated Ala does not have 

major consequences on the structure or biological profile of the natural product. As 

depicted in Scheme 3A, several doubly N-functionalized analogues of Gramicidin S 

containing lipids, benzyl, carboxyl and amino groups were obtained.  Moreover, 
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diverse combinations of amino acids (Aib, Ala and Gly) with dissimilar exo-cyclic 

fragments in different positions were carried out during the construction of a parallel 

library of analogues (Scheme 3B). It is worth mentioning that this strategy allows to 

modulate the polarity (introducing hydrophobic or charged groups) of a natural 

cyclopeptide skeleton without affecting the canonical amino acid side chains.    

 

Scheme 3. MCR-based synthesis of analogues of Gramicidin S with the introduction of two N-

alkylated dipeptide units as β-turn inducers. 

2.2 Multicomponent reactions in peptide stapling 

The growing need for developing new methodologies for peptide cyclization has also 

been extended to multicomponent reactions. Recently, MCRs have emerged as very 

suitable stapling methods for helix stabilization and the simultaneous structure-

oriented diversification of peptides. Hence, several multicomponent reactions have 

been applied for staging of peptide stapling strategies such as: the Ugi-4CR, the Ugi-

Smiles reaction and recently the Petasis-3CR.65 

The first application of a multicomponent process for the side chain-to-side chain 

cyclization was reported by our group and consisted as an unidirectional Ugi-4CR using 

Lys and Asp/Glu residues.66 Recently, this Ugi stapling approach was extended to the 

stabilization of helical secondary structures and the simultaneous installation of very 

diverse exocyclic N-functionalities (Scheme 4A).22 This work encompassed the first 

example of a multicomponent peptide stapling that combines the stabilization of -

helical secondary structure with the simultaneous incorporation of additional tags. 

As depicted in the Scheme 4B, placing a 3-nitrotyrosine instead of an Asp/Glu residue 

in the peptide sequence, allow a new stapling method via an Ugi-Smiles reaction 
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(Scheme 4B).57 Here, a lipid isocyanide was employed aimed at installing a biologically 

important moiety. Promisingly, this technique allows the integration of a cyclopeptide 

skeleton with a novel lipidated N-aryl-bridge, not accessible in one step by any other 

macrocyclization process. 

 

Scheme 4. Unidirectional isocyanide-based multicomponent reactions applied to peptide 

cyclization. 

As mentioned earlier, the implementation of a stapling cyclization in a two-component 

manner, generates new opportunities regarding ring sizes and structure-oriented 

diversifications of peptides. In our group, by using a multicomponent reaction in this 

bidirectional fashion, we are able to generate structural diversity at a higher level.67 

The second chapter of this manuscript describes the bidirectional macrocyclization of 

peptide side chains by Ugi reactions. As illustrated in the Scheme 5, a variety of stapled 

peptides featuring different bifunctional diacid peptides with diisocyanide cross-linkers 

were obtained. The linker length and flexibility introduced depends on the separation 

between the two reacting amino acid residues, whose position could differ from i, i + 

3; i, i + 4 to i, i + 5. This method allows the generation of diversity at the cross-linker 

fragment, not only through variation of the diisocyanide building block (e.g., aromatic, 

aliphatic and heterocyclic linkers) but also of the amine component, including 

proteinogenic amino acids.  
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Scheme 5. Bidirectional macrocyclization of peptides by double Ugi-4CR. 

A very recent addition to the collection of multicomponent macrocyclization methods 

is the peptide stapling by Petasis reaction, presented in third chapter of this thesis.61 

Primarily we envisioned the utilization of this extraordinary three-component process 

for late-stage diversification and labeling of peptides at the side chains and the N-

terminus. Since the discovery of this borono-Mannich reaction by Petasis et al., its 

application in peptide chemistry has been limited to the modification of amino acids.68 

Here we report the simultaneous incorporation of dissimilar aldoses and ketoses (as 

carbonyl component) and boronic acids endowed with fluorescent labels, steroid 

skeletons, PEG chains, etc. into peptides. Moreover, similarly to the double 

macrocyclization by the Ugi-reaction , it was possible to develop an efficient 

multicomponent stapling protocol based on the utilization of N-MeLys-containing 

peptides in combination with aldoses and ketoses of biological relevance. 

 

Scheme 6. Bidirectional macrocyclization of peptides by double Petasis-3CR. 
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3. Backbone cyclization as an alternative to peptide side chain cyclization 

As previously stated, the reduction of conformational space in peptides by cyclization 

has caught a continuous attention in the past years. Interestingly, most of the reported 

stapling-like methods rely on tethering the functional groups present on two side 

chains. Therefore, either the native functional groups are blocked or replaced by two 

residues for the ones that will be further involved in the cycle. These covalent 

modifications, when are applied to small peptides or on the active region of the 

sequence can be dramatically dangerous.69 Consequently, the potential risk of either 

blocking important functionalities on the side chain or obstructing the solvent-exposed 

recognition surfaces of the target peptide, represent important drawbacks of these 

strategies.69 An example of this difficulty was shown by Huang and co-workers70 on 

their attempt to target Bcl-xL protein by a helical Bak BH3 peptide stabilized by 

macrolactamization. Interestingly, they found that this lactam-based side chain 

cyclization was unable the efficiently favor the binding to Bcl-xL, due to steric clashes 

in the transition interaction with the peptide receptor. Bearing this in mind, the design 

of new cyclization methods that allow the reduction of the conformational space of 

peptides without using side chains is an envisioned challenge.  

In 1991, Gilon and coworkers suggested a new general concept of cyclization in 

addition to the known modes described above.71 According to this method, called 

"backbone cyclization", the process involves tethering N-atoms of the amide backbone 

(Figure 3). Thus, to introduce a N-backbone cyclization, hydrogens of the peptide bond 

are replaced by ω-functionalized branches that can then be: connected to each other 

(Figure 3A) or to ends (Figure 3B) or to the side chains (Figure 3C) to form the desired 

cyclic peptide. Using this suggesting method, side chain functionalities are not 

perturbed and a highly variable set of cyclization chemistries can be applied for any 

linear sequence. Thus, many ring-closing procedures have been applied to backbone 

cyclizations including RCM, disulfide bond formation and macrolactamization.20 

Interestingly, as depicted in the Scheme 1G, the use of an A3-coupling-based 

multicomponent protocol to cyclize N-aza modified peptide backbones can also be 

considered as a backbone cyclization, representing an example of MCRs applied to this 

cyclization concept.60  
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Figure 3. Methods of N-backbone cyclization: A) N-backbone-to-N-backbone, B) N-backbone-

to-head C) N-backbone-to-side chain and.  

In general, the capability to separate the effects of chemical changes from structural 

changes makes this sequence-independent strategy highly promising. Thus, by 

applying backbone cyclization on a biologically relevant peptides, it is possible to 

generate conformational libraries of the same sequence in dissimilar conformations, 

protocol that was named by Gilon and co-workers as “Cycloscan”72. This alternative 

depends on the possibility of introducing conformational alterations by discreet 

variations in the modes for backbone cyclization, position of backbone bridge and the 

type of chemistry used in the ring formation.  

This notable approach combines two of the more successful alternatives to modulate 

the pharmacological properties of peptides: N-alkylation and cyclization, and since it 

was developed, it has successfully been applied to many natural peptides and peptides 

derived from target proteins. Some examples include the derivatization of substance 

P,71 somatostatin,73 Human immunodeficiency virus (HIV)-1 integrase,74 bradykinin75 

and Bovine pancreatic trypsin inhibitor (BPTI)76. In several other examples, backbone-
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cyclized peptides have shown an increased pharmacological selectivity, higher stability 

and improved cellular permeability compared to their linear analogues.20  

Independent of the concept stablished by Gilon, another interesting strategy 

developed in 2003 by Arora and co-workers77 emerged as a suitable cyclization-based 

approach to stabilize helices. However, unlike peptide stapling, it was not based on 

side chains linkages. This strategy, so-called “hydrogen bond surrogate” (HBS), 

consisted of the stabilization of helical conformations by replacing the hydrogen bond 

between the C=O and NH, located at i + 4 position from the N-terminus, by an 

intramolecular covalent linkage derived from RCM cyclization. The HBS concept can be 

considered as a backbone cyclization where the cycle comprises an N-amide atom with 

the peptide head. Here the macrocycle formed works as a nucleator and, 

consequently, stabilizes the helix structure without compromising any side chain of the 

structure. This strategy has shown impressive results in the creation of stable Bak BH3 

helices that target the Bcl-xL receptor with high selectivity and affinity. 69 

Besides the great opportunities that N-backbone cyclization offers in general, there 

have been some important synthetic limitations.78 For example, incorporation of N-

substituted amino acids in standard solid-phase peptide synthesis (SPPS) is still a 

challenging aim.78 The first approach adopted, comprises the incorporation of N-

alkylated and N-protected amino acids building units to overcome this limitation, 

followed by deprotection and coupling of the next residue. In this sense, many efforts 

have been dedicated to the synthesis of these building units. The second approach 

encompasses the alkylation of the N-terminal residue followed by the subsequent 

amino acid coupling. Accordingly, both approaches require the difficult acylation of the 

N-substituted terminal residue in order to complete the process.78 To overcome such a 

challenging step, reported approaches either introduce N-substituted Gly79 – with the 

subsequent replacement of the native side chain – or use very strong activation 

methods in repeated couplings.80  
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3.1 Multicomponent-assisted backbone cyclization  

As described in the fourth chapter of this document, we developed a novel backbone 

cyclization approach relying on a general methodology for the incorporation of peptide 

N-substituents bearing functional groups suitable for cyclization processes. As depicted 

in the scheme 7, the proposed solid phase protocol relies on the utilization of the Ugi-

4CR for the simultaneous acylation and N-substitution of the peptide. Thus, this 

strategy allows in only one step the incorporation of both the Fmoc-amino acid and 

the functionalized N-substituent, avoiding the difficult N-alkylation/N-acylation 

sequence. Noticeably, the straightforward nature of this alternative, enabled the use 

of diverse macrocyclization chemistry on the backbone N-substituents, including ring-

closing metathesis, thiol bis-alkylation and macrolactamization.  

 

Scheme 7. Peptide backbone stapling strategy enabled by the incorporation of amide N-

substituents derived from on-resin Ugi reactions. A) Backbone-to-backbone and B) backbone-

to-head featuring HBS peptides. 

Another feature of this multicomponent strategy is proposed as an alternative for the 

HBS concept. Thus, incorporation of Ugi-derived backbone N-substituents in two 

amino acids ahead of the N-terminus enables the versatile and easy introduction of 

carboxyl and olefin functionalities. Accordingly, after the RCM or macrolactamization, 

the formed 13-membered macrocycle, replaces the intramolecular hydrogen bond and 

produces the entire HBS peptide on resin. These results proved that the on-resin 

multicomponent N-modification method provides a powerful strategy for peptide 

cyclization at their backbone substituents instead of their side chains.
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Outlook and Aims of this thesis* 

MCRs have played a crucial role in the evolution of the synthetic methods for peptide 

cyclizations. Together with the classical methods, they were initially developed for the 

head-to-tail cyclization of peptides achieving some important contributions in terms of 

chemical diversity, synthetic cost and avoiding epimerization and dimerization 

problems. Among all the multicomponent processes, the Ugi-4CR has been the pioneer 

and the lead approach, participating in peptide cyclizations either by termini or side 

chains. In this sense, development of an on-resin protocol for the head-to-tail 

cyclization of analogues of Gramicidin S by the Ugi reaction in order to analyse the 

conformational influence of the N-substituted dipeptide generated, constitutes the 

first aim of this work.  

Recently, with the significant importance of the side chain-to-side chain cyclization 

methods – coined as peptide stapling –, was the advent of many multicomponent 

alternatives have been published. Taking into account the synthetic scope of the two-

component stapling approaches, we aim in the second chapter to develop new 

multicomponent strategies for the double macrocyclization of peptides by Ugi 

reaction.  Interestingly, without considering the isocyanide-based multicomponent 

reactions like Passerini, Yudin or Ugi-Smiles, all other multicomponent processes have 

shown up in the peptide cyclization field only during the last two years. This very 

recent knowledge includes the classical and first multicomponent reaction known, the 

Strecker-3CR, the metal catalysed A3-coupling and the Petasis reaction. The Petasis 

reaction was used previously only for the synthesis of non proteinogenic amino acids 

and sugar-derived natural products. Accordingly, the introduction of this 

multicomponent process to the repertoire of not only peptide stapling, but also for 

peptide labelling and general diversification constitutes the third aim of the present 

research.  

In comparison with traditional protocols, all multicomponent approaches have been 

shown as important features associated with the rapid generation of complexity by 

                                                           

* To approach the overall research objective, four aims are detailed in the frame of the 
following text 
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allowing the introduction of important diversity during the ring-closure. Since it was 

demonstrated that the participation of side-chains on the cyclization can negatively 

affect the biological activity because of blocking the binding-peptides surface, the 

development of methods for peptide backbone cyclization has acquired a growing 

relevance. Because of the noticeably limitations of the standard methods for backbone 

N-alkylation, the Ugi-4CR appears as a suitable alternative for the introduction of N-

modifications bearing functional groups that enable the desired cyclizations without 

using side chains. Developing the according methods is the fourth aim of the present 

thesis.  
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Abstract 

A solid-phase approach including on-resin Ugi reactions was developed for the 

construction of -hairpins. Various N-alkylated dipeptide fragments proved capable of 

aligning antiparallel -sheets in a macrocyclic scaffold, thus serving as -hairpin 

templates. Gramicidin S was used as model -hairpin to compare the Ugi-derived -

turns with the type II' -turn. The results show that the multicomponent incorporation 

of such N-alkylated residues allows for the simultaneous stabilization and exo-cyclic 

functionalization of cyclic -hairpins. 
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Introduction 

Macrocyclization approaches based on multicomponent reactions (MCRs) have 

recently emerged as excellent tools for the incorporation of conformational constrains 

in peptide sequences.1,2 Especially Ugi-type macrocyclizations3,4,5,6 have proven great 

success in accessing constrained cyclic peptides. At the same time, they allow for 

tunable exo and endo-functionalization of the macrocyclic scaffold. Thus, the Ugi 

macrocyclization has been employed for stapling peptides in α-helical3 and turn4 

conformations, but so far, the Ugi moieties have not been responsible for imposing 

specific conformation to the peptide backbone. A different scenario shows up in 

various MCR macrocyclizations developed by Yudin and co-workers,5,6 in which either 

endo-cyclic heterocycles7 or exo-cyclic amides,8 formed during the MCR ring closure, 

do have a determinant role in the peptide conformation by participating in 

intramolecular hydrogen bonds.  

 

Figure 1. A) Gramicidin S and some -turn mimics used in its analogs. B) Ugi reaction-derived 

N-alkylated peptide fragments as novel -hairpin-stabilizing templates. 

In an endeavor to demonstrate that the N-alkylated peptide fragment resulting from 

the Ugi macrocyclization is capable to enforce a conformational bias leading to a stable 

secondary structure, herein we describe a strategy for the construction of Ugi-derived 

cyclic -hairpins. A -hairpin is a class of secondary structure in which a reverse turn or 

loop is flanked by two anti-parallel -sheets.9 This class of peptide motif – indeed 

comprising diverse conformations – is recognized as one of the most important protein 

regular structures and functional epitopes.9 There are several hairpin-stabilizing 

templates known in the literature, such as the dipeptide D-Pro-L-Pro and combinations 
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of Pro with other amino acids (AA), e.g., D-AA-L-Pro and Gly-L-Pro.9 However, we are 

not aware of approaches based on Ugi or any other type of MCR macrocyclization 

targeting peptide mimics of -hairpins. 

We chose the antibacterial cyclic decapeptide Gramicidin S (GS, cyclo(Pro-Val-Orn-Leu-

D-Phe)2) as model compound for β-sheet conformational mimicry.10 Whereas our goal 

is not to develop novel antibacterials, GS is considered as a prototypical β-hairpin 

compound and its structure has been previously used to design novel 

peptidomimetics10,11,12 and sugar-amino acid13 turn inducers (Fig. 1A). GS is a C2-

symmetric β-hairpin in which two antiparallel β-strands are connected by two type II' 

β-turns induced by the dipeptide D-Phe-Pro. As depicted in Fig. 1B, we envisioned that 

an N-alkylated peptide fragment created by the Ugi reaction could serve as β-hairpin 

stabilizing template due to the conformational bias imposed by the turn inducing 

effect of the tertiary amide, in a similar way as Pro and N-Me-AAs do in reverse turns.9 

Scheme 1. A) Synthesis of cyclic peptide -hairpins by on-resin Ugi macrocyclization.a B) 

Circular dichroism spectra of Ugi-derived -hairpins compared with Gramicidin S. C) Average 

NMR-derived structures of cyclic peptides 1 and 2.b   

 

aIn parenthesis the yields of crude products; an analytical sample was purified to >95% purity. 

bMost side chains are omitted for clarity. 

Our group has gathered previous evidence on the ability of Ugi-derived N-alkylated 

residues to fold oligopeptide chains14 and facilitate macrocyclization15 by engaging the 

two termini. In addition, a recent study proved that the replacement of Pro by N-Me-

Ala does not affect the activity of the GS analogs.16 As a result, we initially focused on 
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substituting one of the Pro residues in GS by an N-alkylated AA generated by the Ugi 

reaction, which simultaneously allows installing an exo-cyclic functional group, 

something that cannot be achieved with the use of Pro or N-Me-AAs.       

An orthogonal solid-phase peptide synthesis (SPPS) strategy was envisioned seeking to 

conduct most steps on resin, including the key Ugi multicomponent macrocyclization. 

For this, it was important to achieve the previous attachment of the Orn-side chain to 

a resin, thus leaving the two peptide-termini free for macrocyclization. Albericio and 

co-workers were the first to develop a SPPS approach toward cyclic peptides 

comprising the attachment of an amine-containing side chain to a resin.17 In addition, 

the same group reported the synthesis of GS analogs by cyclization of the peptide at 

the Orn residue, whose side chain was anchored to a resin through a carbamate 

functionality.18 However, nowadays it is known that the intrinsic folding of acyclic GS 

favors cyclization by residues opposed to one of the -turns.19 As a result, we designed 

the SPPS approach considering two dissimilar sites for incorporating the N-alkylation at 

one -turn motif. 

As depicted in scheme 1, tripeptide Fmoc-Orn-Leu-D-Phe-OAll was produced in solution 

and next anchored to the 2-clorotrityl (2CT) resin by the Orn side chain. Subsequent 

growth of the peptide sequence included the incorporation of either Ala or 2-

aminoisobutyric acid (Aib) the N-terminus, followed by deprotection of the two 

termini.  Thus, the on-resin Ugi macrocyclization of the main-chain amino and 

carboxylic acid groups, was conducted following a procedure recently developed for 

cyclizing peptide side chains.3 The protocol comprises an initial transimination step 

using 4 equiv of paraformaldehyde and pyrrolidine, followed by washing the resin-

linked iminopeptide and subsequent reaction with 4 equiv. of the isocyanide in 

trifluoroethanol (TFE)/CH2Cl2 1:1 (v/v). Mini-cleavages and HPLC analysis were carried 

out after 12 h of reaction, usually showing complete consumption of the linear 

peptide. In cases of incomplete macrocyclization after 12 h, a second cycle of imine 

formation and reaction with isocyanide is required (see the Supporting Information, SI). 

It is worth-mentioning that cleavage of the peptide from the 2CT resin was not 

detected during the course of the entire SPPS protocol, not even during the 

macrocyclization conducted in TFE/CH2Cl2. 
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Cyclic peptides 1 and 2 were produced by conducting the Ugi reaction ring closure with 

Ala and Aib, respectively, as amino component and D-Phe as carboxylic acid, thus 

forming an N-alkylated β-turn inducer opposed to the natural D-Phe-Pro sequence. The 

fact that even a peptide bearing a bulky Aib residue at the N-terminus undergoes, with 

two cycles, the Ugi macrocyclization in excellent yield corroborates the strength of the 

method. In parallel, cyclic peptides 3, 4 and 5 were prepared by choosing the other site 

recommended for cyclization, i.e., between Leu and D-Phe. Once more, high crude 

purities were obtained for the three peptides, in which not only Pro (5) but also Gly (4) 

and Aib (3) were installed as preceding residue. GS was produced in a similar way in 

67% crude purity using a final macrolactamization instead of the Ugi reaction ring 

closure. 

An isocyanide bearing a protected amine was employed to introduce an additional exo-

cyclic amino (cationic) group at the GS scaffold. In principle, any functionalization can 

be installed here in such a cyclo-ligation process. To address the effect of such 

structural variations on the stability of the -hairpin, circular dichroism (CD) spectra 

were recorded and compared with that of GS. As shown in scheme 1B, cyclic peptides 

3, 4 and 5 exhibit CD spectra almost identical to GS, suggesting that the N-

functionalization of D-Phe does not modify the type II' β-turn motif and keeps the 

stability of the -hairpin. This result is reasonable for compounds 4 and 5, in which the 

N-alkylated D-Phe-Gly and D-Phe-L-Pro fragments can be seen as mimetic of another 

type II' β-turns such as D-Pro-L-Pro and D-Pro-Gly. However, the fact that the N-

alkylated D-Phe-Aib motif in 3 also induces this type of β-turn reproducing the β-

hairpin conformation of GS is noteworthy. 

However, in the case of cyclic peptides 1 and 2, there is a small increase in the 

minimum at 205 nm as compared with the CD spectrum of GS, proving a slight 

deviation from the model GS -hairpin structure. To better understand this 

conformational change, the solution-phase structures of 1 and 2 were determined by 

means of NMR and Molecular Dynamics (MD) simulation (see the SI). The NMR spectra 

of peptide 1 demonstrate an extended conformation for Val, Orn and Leu residues (i.e., 

coupling constants higher than 8 Hz and strong αiNi+1 NOEs) and two -turns 

comprising the Leu-D-Phe-Pro-Val and Leu-D-Phe-N-(Alk)Ala-Val fragments, as 
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confirmed by the NiNi+3 NOEs between the amide protons of residues Val and Leu. In 

addition, cross-peaks indicative of spatial proximity between the Hα of both Orn 

residues were observed. 

As depicted in the NMR structure of 1 (Scheme 1c), this cyclic backbone definitely 

occurs in a β-hairpin conformation, in which the exo-cyclic aminopeptidic moiety 

inserted as amide N-substitution points to the opposite face of the Orn side chains. In 

this regard, Wishart and co-workers have shown that for type II’ β-turns,20 the residues 

i+1 and i+2 within the turn have equatorial and axial orientations, respectively; i.e., D-

Phe (i+1) and Pro (i+2) in GS. However, in cyclic peptide 1, both the D-Phe (i+1) and N-

(Alkyl)Ala (i+2) side chains have equatorial disposition with respect to peptide 

backbone (see side view in the SI), while it is actually the exo-cyclic N-substituent which 

is axially oriented. This analysis suggests that the Ugi derived -turn centered at D-Phe-

N-(Alkyl)Ala is not of type II’. Nonetheless, this fact does not have a detrimental 

influence in the stability of the β-hairpin conformation, and therefore, the combination 

of D-Phe with Ugi-derived N-alkylated L-AA could be considered as a new type of -

hairpin stabilizing template. 

On the other hand, NMR evidence proves that the installation of an N-alkylated Aib 

does have a negative influence of the β-hairpin stability, since the typical -sheet 

characteristic are missing in cyclic peptide 2. In this case, only the two Leu and one Val 

residues show coupling constants higher than 8 Hz. Furthermore, the NOEs between 

Leu and Val amide protons are only observed for the residues enclosing the -turn 

centered at D-Phe-Pro, while the dipeptide fragment D-Phe-N-(Alkyl)Aib does not 

induce a typical -turn motif. As shown in scheme 1C, the NMR structure of cyclic 

peptide 2 shows a distorted reverse turn at the D-Phe-N-(Alkyl)Aib corner, which 

certainly destabilizes the β-hairpin conformation. 

We next wondered if the double substitution of the D-Phe-Pro fragments by the Ugi-

derived D-Phe-N-(Alkyl)Ala would result in a stable β-hairpin conformation. As depicted 

in scheme 2, an SPPS approach was employed in which an initial on-resin Ugi reaction 

enabled the introduction of the first N-alkylated Ala residue using Fmoc-D-Phe-OH as 

the carboxylic acid component and a variety of isocyanides. After consecutive 

incorporation of the following AAs, a final Ugi macrocyclization was employed as 
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described before, again coupling the terminal D-Phe and Ala with the introduction of a 

second amide N-substitution. The overall yields and purities of the crude peptides were 

acceptable considering the complexity of this SPPS sequence, which involved several 

coupling steps and two on-resin Ugi reactions, one of them for the ring closure. Thus, 

cyclic peptides bearing long exo-cyclic aliphatic chains, phenyl rings, as well as anionic 

or cationic groups were readily produced.  

Scheme 2. A) Synthesis of cyclic -hairpins by a SPPS approach comprising two Ugi reactions.a 

B) Circular dichroism spectra of double Ugi-derived -hairpins compared with Gramicidin S. C) 

Average NMR-derived structure of cyclic peptide 9.b 

 

aIn parenthesis the yields of crude products; an analytical sample was purified to >95% purity. 

bMost side chains are omitted for clarity. 

The CD spectra of cyclic peptides 6-9 show a much more intense minimum around 205 

nm for all compounds as compared with GS. This suggests a deviation from the native 

GS conformation, likely due to the presence of -turn conformations different from 

that of GS. To get a deeper insight into this finding, we chose cyclic peptide 9 to 

determine the solution-phase structure based on NMR and MD simulation. Hence, all 

NMR evidence confirms that this type of cyclic peptide occurs in a -hairpin 

conformation, albeit featuring -turns different from the native type II’. The 1H-NMR 

spectrum of 9 proves the conformational symmetry expected for a cyclic C2-symmetric 

-hairpin, in which only five amide protons (see the SI). Moreover, as expected for 

extended conformations, coupling constants higher than 8 Hz and strong αiNi+1 NOEs 

were detected for Val, Orn and Leu residues (i.e., the -sheet region), and NiNi+3 NOEs 

between the amide protons of Val and Leu again confirmed the -turn conformation at 
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the two corners of the -hairpin. The temperature coefficients of the amide protons 

were also determined (see the SI), showing low values for Leu and Val residues that 

further confirm the occurrence of closed -turns.20 Scheme 2C depicts the NMR 

structure of peptide 9 featuring a β-hairpin conformation with the two amide N-

substituents pointing toward the opposite face of Orn side chains. 

In conclusion, we have developed a new type of cyclic β-hairpin peptide by proving 

that the incorporation of N-alkylated AA residues by Ugi reactions may induce β-turn 

conformations and, thereby, stabilize the -hairpin architecture. Our results suggest 

that the combination of N-alkylated D-Phe at i+1 with Pro, Gly and even Aib at i+2 

enables to mimic type II' β-turn motifs as found in GS. Thus, the incorporation of these 

fragments opposite to the native D-Phe-Pro keeps the overall β-hairpin conformation 

of GS. The substitution of Pro (i+2) by N-alkylated Ala (but not Aib) also leads to a β-

hairpin conformation, in which the D-Phe-N-(Alkyl)Ala sequence induces a β-turn, but 

not of type II'. Nonetheless, the Ugi-derived β-turn equally imposes the anti-parallel 

alignment of the two β-strands in a β-sheet structure, thus forming a cyclic β-hairpin. 

In this sense, the Ugi reaction-based approach allows for the stabilization of the β-

hairpin and the simultaneous functionalization of the β-turn motifs. This exo-cyclic 

modification can be used to modulate the bioactivity by adding additional cationic or 

hydrophobic tails, but also to install bioconjugation handles, fluorescent and affinity 

tags, etc. 
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Abstract 

Increasing the diversity of peptide cyclization methods is an effective way of accessing 

new types of macrocyclic chemotypes featuring a wide variety of ring sizes and 

topologies. Multicomponent reactions (MCRs) are processes capable of generating 

great levels of molecular diversity and complexity at low synthetic cost. In an attempt 

to further exploit MCRs in the field of cyclopeptides, we describe a bidirectional 

multicomponent approach for the synthesis of N-alkylated macrocyclic peptides of 

varied sequences and cross-linking positions. The process relies on the execution of 

two Ugi reactions between peptide diacids and diisocyanides. Varying the amino 

component enabled the installation of exocyclic elements of diversity, while skeletal 

diversity was created through different side chain and backbone cyclizations. This 

procedure shows prospects for the rapid scanning of the chemical space of macrocyclic 

peptides for applications in chemical biology and drug discovery.  
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Introduction 

The introduction of conformational constraints in peptides by means of cyclization is a 

common strategy in the design of peptide ligands1 and the mimetics of protein 

epitopes.2 Upon creating conformationally constrained peptide mimics, cyclization is 

among the most synthetically feasible ways of reducing the intrinsic flexibility of both 

the peptide backbone and the side chains.3 This usually leads to an increased ligand 

binding affinity to the biological target while improving the pharmacological properties 

compared to the acyclic parent.4 The backbone preorganization derived from 

cyclization has also been extensively used to access peptidic templates for the 

appropriate arrangement of recognition elements5 and to induce peptide secondary 

structures (α-helices, β-hairpins etc.) in sequences not likely to have them.6,7 As a 

result, cyclized peptides have been designed for a variety of applications ranging from 

the investigation of protein folding to the development of peptide-based therapeutic 

agents and materials. 

Different synthetic procedures based on peptide coupling protocols3,8 and 

chemoenzymatic9 approaches are available for the head-to-tail cyclization of peptides. 

Nevertheless, these methods mostly focus on the formation of the natural amide 

bond, which has limited the biological/pharmacological evaluation of other types of 

chemical linkages. A different scenario shows up in the side chain-to-side chain 

cyclization, for which a variety of strategies leading to the incorporation of structurally 

varied linkages have been reported.3,7,10 Thus, the formation of amide bonds between 

the side chains of Lys and Asp/Glu residues,7,11 the CuI-catalyzed alkyne–azide 1,3-

dipolar cycloaddition,12 the olefin metathesis with Grubbs catalysts13 and the 

nucleophilic (aromatic) substitution10,14 are among the most powerful approaches 

utilized by chemists to reduce the conformational space of peptides through side 

chain-to-side chain cyclization. In some cases, the covalent bridges derived from those 

processes have been introduced as surrogates of the natural disulfide linkage in the 

pursuit of more stable, but conformationally identical, analogues of bioactive peptide 

sequences.7,12,15 These non-natural linkages are also frequently introduced with the 

aim of achieving by covalent means what nature does through non-covalent 
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interactions, as it is the case for the stabilization of helical structures by linking the side 

chains of residues located at the 

i, i + 4 and i, i + 7 positions of the peptide sequence.7,11,16 

 

Figure 1. Schematic representation of (A) unidirectional, (B) bidirectional and (C) bidirectional 

multicomponent macrocyclizations of peptide side chains (C is exemplified with a four-

component reaction). 

As shown in Fig. 1A, a common characteristic of these conventional methods is their 

unidirectionality, which derives from the utilization of two complementary functional 

groups that participate in a single reaction. A different approach is the utilization of a 

bidirectional macrocyclization strategy, in which a pair of amino acid side chains 

bearing the same functional groups (i.e., Cys, Lys and Asp/Glu) reacts doubly with a 

cross-linker bifunctionalized with reactive groups matching in reactivity with those of 

the peptide. This second strategy, exemplified in Fig. 1B, has been much less exploited 

than the unidirectional one, albeit it has rendered outstanding contributions to the 

field of folded peptides.7,17 In terms of molecular design, the bidirectional strategy is 

perhaps more versatile, as it allows for the tunable variation of the structure and 

properties of the cross-linking moiety. Thus, excellent reports have described the 

utilization of flexible,18 linear rigid,19 photoisomerizable17,20 and near-infrared 

fluorescent21 cross-linkers either to stabilize or derivatize folded peptides. 
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Despite the advances in peptide cyclization methods, a key factor limiting the broader 

exploration of macrocyclic peptide scaffolds is their low structural diversity. During the 

construction of cyclic peptide libraries, the diversity elements are usually incorporated 

either prior to or after the cyclization step. In this sense, the utilization of 

multicomponent reactions (MCRs) in peptide cyclization may offer a range of 

opportunities, as they allow for the rapid generation of molecular diversity during the 

ring closing step.22 Herein we describe a bidirectional multicomponent 

macrocyclization approach for the synthesis of structurally diverse N-alkylated 

macrocyclic peptides. Fig. 1C illustrates the concept of a bidirectional macrocyclization 

based on two MCRs, which enable tethering a pair of side chains with a bifunctional 

cross-linker. We implement this idea not only for side chain-to-side chain but also for 

side chain-to-backbone and backbone-to-backbone macrocyclizations. In this work, the 

bidirectional macrocyclization relies on two Ugi four-component reactions (Ugi-4CRs) 

between peptide diacids and aromatic cross-linkers, eventually including exocyclic 

amino acid appendages as N-substituents, altogether in one pot. 

The Ugi-4CR is the condensation of a primary amine, an oxo compound (i.e., ketone or 

aldehyde), a carboxylic acid and an isocyanide. Despite the fact that two of the reactive 

components are functional groups present in peptide termini and side chains, this 

reaction has been rarely utilized for peptide cyclization.23 The reason for this may be 

the inherent slow kinetics of the Ugi-4CR at the high dilution typically used for 

macrocyclization and the frequent mismatch between the intrinsic folding of the 

peptide and the one required for the Mumm rearrangement to take place. Attempts to 

expand the substrate scope of the Ugi-4CR to the cyclization of peptoids (i.e., N-

alkylated peptides) have demonstrated that even short peptoids can be effectively 

cyclized with this MCR,24 possibly owing to the fact that the easier access to s-cis amide 

bonds facilitates the two termini to come closer. Alternatively, a modification of the 

original Ugi-4CR using amphoteric aziridine aldehydes has enabled the highly efficient 

and stereoselective head-to-tail cyclization of peptides of variable sizes.25 

The potential of MCRs for the rapid generation of molecular complexity and diversity 

has been previously exploited in bidirectional macrocyclizations22 based on double Ugi-

4CRs26 as well as Passerini,27 Staudinger27 and Zhu28 three component reactions. This 
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strategy has been utilized for the one-pot synthesis of macrocycles incorporating 

natural scaffolds like steroids,26 lipids,29 carbohydrates30 and nitrogen 

heterocycles.26a,30 However, to our knowledge neither the Ugi-4CR nor related MCRs 

have been utilized for the macrocyclization of peptide side chains. Based on our 

experience with a variety of substrates,26–30 we anticipated that using flexible side 

chains like those of Glu and Lys would allow for the Ugi-4CR-based macrocyclization to 

proceed more efficiently than with the terminal amino and carboxylic groups. 

Results and discussion 

Table 1 illustrates the results of the bidirectional macrocyclization of peptide side 

chains by means of a double Ugi-4CR procedure, which leads to the formation of two 

parallel N-substituted dipeptide backbones as tethers of the crosslinker. The partial N-

methylation,31 and N-alkylation in general,24 is known to be a successful way of 

improving the pharmacological properties of peptides. Important characteristics such 

as metabolic stability, membrane permeability and pharmacokinetics are increased in 

N-alkylated peptides when compared to conventional ones.31 Despite the possible 

incorporation of two different elements of exocyclic diversity using a four component 

reaction (see Fig. 1C), we initially focused on the combination of methylamine and 

paraformaldehyde to seek the best experimental conditions. Peptides including two 

glutamic acids were produced either by standard solution or solid-phase protocols32 

(see ESI†), and then subjected to macrocyclization based on the diacid/diisocyanide 

combination. Aromatic cross-linkers were chosen as diisocyanide components because 

of their recognized capability to rigidify peptides upon macrocyclization.10,19 Among 

them, we focused on the utilization of the biaryl ether cross-linker, as this moiety 

frequently occurs in natural macrocyclic peptides like vancomycin, K-13, bouvardin, 

OF4949-III, and biphenomycin-A.33  
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Table 1. Side Chain-to-side chain bidirectional macrocyclization of peptides by double Ugi-4CRa 

 
Peptide diacid Diisocyanide Macrocyclic peptide

b
 

 
 

 

 
 

 

 
 

 

 
 

 
 

a 
Macrocyclizations carried out for 96 h under pseudo-dilution conditions comprising the slow addition 

of the two bifunctional components. 
b 

Yield of the isolated pure product. 

 

Peptides are commonly cyclized under high dilution conditions (0.01–0.1 mM), unless 

their intrinsic folding favors the ring closure as it is the case for peptides including 

reverse turns. Thus, a large volume of solvents and long reaction times are required if a 

sufficient amount of the cyclic peptide is wanted. A solution to this is the 

implementation of pseudo-dilution conditions in which a solution of the linear peptide 

is slowly added (usually by means of a syringe pump) to the reaction mixture. 
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Nevertheless, in bidirectional macrocyclizations the synthetic design is even more 

elaborate, as the two different building blocks need to be under dilution to avoid 

formation of complex mixtures of (a)cyclic oligomers. In this sense, a proper 

understanding of the intrinsic reaction kinetics and the substrate characteristics (e.g., 

rigidity, folding, etc.) are crucial for the selection of the addition flow rate. For 

example, whereas cyclizations based on peptide coupling are usually complete within 

24 h, those based on the Ugi-4CR require from 72 h to 96 h for ensuring a yield of 

isolated pure product higher than 50%.26,30 Nevertheless, it must be noticed that eight 

new bonds are formed in a bidirectional Ugi-4CR-based macrocyclization, whilst either 

bidirectional peptide couplings18 or nucleophilic substitutions19 render only two new 

bonds.  

Based on these considerations, different macrocyclization conditions – all based on the 

pseudo-dilution protocol – were tested aiming to reach a compromise between 

chemical efficiency and reaction time. The best results were obtained by the slow 

addition with syringe pumps of both the peptide diacid and the diisocyanide to a 

reaction mixture containing the preformed imine. Typically, two solutions, one of the 

peptide diacid and another of the diisocyanide (0.15 mmol in 10 mL of MeOH each), 

are simultaneously added (flow rate 0.2 mL h−1) to a methanolic solution of the imine 

(0.5 mmol in 50 mL). Under these conditions, the addition was complete within 50 h, 

albeit the stirring was continued for an additional two days to ensure a conversion of 

at least 70%, as indicated by analytical HPLC analysis. As an example, Fig. 2 shows the 

HPLC traces of the multicomponent macrocyclizations of peptides 6 and 9 with 

diisocyanides 7 and 2, respectively, after 96 hours of reaction. This HPLC monitoring 

proved high conversion onto macrocycles 8 and 10, while only a minor amount of the 

acyclic peptides 6 and 9 remained unreacted after this time. Thus, the general reaction 

time was fixed at 96 h to enable comparison of the macrocyclization outcomes varying 

the different components.  

As depicted in Table 1, a variety of macrocyclic peptides featuring different sequences 

and cross-linking positions were obtained in good yields of isolated pure products. 

Although the goal of this article is not to study the peptide folding characteristics 

derived from macrocyclization, the synthetic design focused on locating the Glu 
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residues at i, i + 3, i, i + 4 and i, i + 5 positions and thus addressing the influence of this 

variation on the macrocyclization efficiency. Interestingly, macrocycle 3 was obtained 

in the lowest yield among the four side chain-to-side chain macrocyclizations, while 

there were no great differences in the macrocyclization outcomes of peptides having 

the Glu at i, i + 4 and i, i + 5 positions (i.e., 4, 6 and 9). A reason for this may be that the 

intrinsic folding of peptide 1 does not favor the proximity of the Ugi-reactive groups 

during the multicomponent ring closure. This is supported by the fact that the acyclic 

intermediate of compound 3 (i.e., the one derived from only one Ugi-4CR) was isolated 

in 13% yield, which suggests a slow final ring closure. In contrast, the intermediates of 

macrocycles 5, 8 and 10 were detected only in minor amounts by HPLC and ESI-MS 

analyses.  

 

Figure 2. HPLC monitoring of the crude bidirectional macrocyclizations giving rise to 

macrocycles 8 and 10. Gradient: 5% → 60% of acetonitrile in 0.1% (v/v) TFA in water over 35 

min at a flow rate of 0.8 mL min−1. 

Besides the variation of the amino acid sequence and the position for the side chain 

cross-linking, we were interested in exploiting the potential of MCRs for the generation 

of exocyclic diversity during the bidirectional macrocyclization. We also turned to 

address the scope of the side chain-to-backbone and backbone-to-backbone 

cyclizations, once again relying on the efficient diacid/diisocyanide combination of 

building blocks. As shown in Table 2, a variety of peptide diacids bearing the side chain 

and terminal carboxylic groups were subjected to bidirectional macrocyclization with 

biaryl ether diisocyanide 2 and either methylamine or C-protected amino acids as 

amino components. Peptides were produced through typical solution phase 

protocols,32 relying on two different strategies: (i) the incorporation of an Asp residue 
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at the N-terminus (i.e., 11 and 13) to enable the macrocyclization using the Asp side 

chain and the C-terminal carboxylic acids and (ii) a bidirectional growing approach 

based on a double coupling of either an amino acid to N-protected Glu (i.e., 15) or a 

peptide to N-protected Asp (i.e., 17). The latter strategy enabled the assembly of 

bifunctional peptides bearing two C-terminal carboxylic acids to be used for the 

bidirectional multicomponent macrocyclization. In all cases, peptides were produced 

according to the Boc/Bzl solution-phase protocol, then deprotected at both termini 

and capped by acetylation at the N-terminus (see ESI†).  

These side chain-to-backbone and backbone-to-backbone macrocyclizations were 

carried out under the same reaction conditions as those of the side chain-to-side chain 

ones, and nonetheless their chemical efficiency was lower. The rationale of this might 

be found in the mechanism of the Ugi-4CRbased ring closure, which proceeds via a 

macrocyclic intermediate (i.e., the α-adduct) that evolves through an intramolecular 

acylation (the Mumm rearrangement) to the final macrocycle. Thus, several factors 

may disfavor the final ring closing step, including: (i) a high conformational constraint, 

(ii) a poor proximity of the Ugi-reactive groups provoked either by a mismatch in size 

between the two building blocks or unfavorable peptide folding, and (iii) a high steric 

hindrance at the migrating group in the macrocyclic α-adduct. 

However, all macrocycles in Table 2 were produced in about 40% yield, and in all cases 

the acyclic intermediates derived from one Ugi-4CR were isolated in 15–20% yield, 

regardless of the different lengths of the peptide diacids. Accordingly, we believe that 

it is the low conformational flexibility of the peptide backbones – perhaps combined 

with an unfavorable folding – that makes the final ring closing step difficult. This may 

also explain why the side chain-to-side chain multicomponent macrocyclization (Table 

1) is considerably more efficient, as the higher conformational freedom of the Glu side 

chains may enable the ring closure without a costly conformational change of the 

peptide backbone. To assess whether this is solely a kinetic problem or a deviation of 

the reaction course to different by-products, we carried out a parallel experiment with 

the synthesis of macrocycle 14 for 144 h. To our delight, the yield of isolated pure 

product 14 increased up to 67%, which proves that the macrocyclization efficiency can 

be improved with longer reaction times. On the other hand, the use of a higher 



 

44 
 

Chapter 3 Bidirectional Macrocyclization of Peptides by Double Multicomponent Reaction  

concentration – derived from a faster flow rate addition of building blocks – is not 

recommended, as this leads to formation of complex mixtures of larger (a)cyclic 

oligomers. 

Table 2. Side Chain-to-backbone and backbone-to-backbone bidirectional macrocyclization of 

peptides by double Ugi-4CRa 

 
Peptide diacid Amine Macrocyclic peptide

b
 

  

 

  

 

  

 

  

 
 

a 
Macrocyclizations carried out for 96 h under pseudo-dilution conditions comprising the slow 

addition of the two bifunctional components. 
b 

Yield of the isolated pure product. 

 



 

45 
 

Chapter 3 Bidirectional Macrocyclization of Peptides by Double Multicomponent Reaction  

Different from any other class of peptide macrocyclization methods, this approach 

enables the double installation of exocyclic appendages as further elements of 

diversity during each of the Ugi-4CRs. As noticed in the structures of macrocycles 14, 

16 and 18, two new amino acid residues were incorporated into the peptide sequence 

during the bidirectional macrocyclization. Thus, the approach allows not only for the 

introduction of conformational constraints but also for the enlargement of the peptide 

sequence in a one-pot procedure. In cases where the bidirectional macrocyclization is 

rather challenging, longer reaction times can be utilized to produce crude products of 

higher purity, thus enabling the rapid construction of macrocyclic peptide 

combinatorial libraries.  

Conclusions 

We have described a bidirectional multicomponent approach for the macrocyclization 

of peptides using the carboxylic groups either of the Glu and Asp side chains or of the 

C-terminus. The process comprises the execution of two Ugi-4CRs under pseudo-

dilution conditions, which enabled the assembly of a variety of N-alkylated macrocyclic 

peptides featuring dissimilar sequences and cross-linking positions. The 

implementation of different side chain and backbone cyclizations enabled a rapid 

scanning of the topological space of hybrid biaryl ether–peptide macrocycles, while 

providing useful information regarding the substrate scope and the optimized reaction 

conditions. In general, the side chain-to-side chain macrocyclizations took place with 

higher efficiency than the side chain-to-backbone and backbone-to-backbone 

macrocyclizations, whereas it was proven that yields can be improved with longer 

reaction times. An important difference between this method and other bidirectional 

approaches is the capability of installing elements of exocyclic diversity during the ring 

closing step. We believe that this is a promising approach for the combinatorial 

production and screening of new chemotypes of peptidic macrocycles, as both the 

generation of structural diversity and macrocyclization are accomplished 

simultaneously, altogether in a single synthetic operation. 
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Experimental section 

General 

Fmoc-protected amino acids, MBHA resin, TBTU, EDC, and HOBt were obtained from 

Bachem (Switzerland). DIC was obtained from Merck (Germany). Peptide synthesis 

grade DMF, dichloromethane, DIEA, TFA, and HPLC-grade acetonitrile were from 

Caledon (Canada). Synthesis of peptides 4, 6 and 9 was carried out manually on MBHA 

resin by a stepwise solid-phase Fmoc strategy, while peptides 1, 11, 13, 15, and 17 

were synthesized by a stepwise solution-phase Boc/Bzl strategy, as described in the 

ESI. Diisocyanides 229 and 730 were prepared as described previously. HPLC analysis 

was performed with an ÄKTA 100 system (GE Healthcare, USA) in a reverse-phase (RP) 

C18 column (Vydac, 4.6 × 150 mm, 5 μm). A linear gradient from 5% to 60% of solvent 

B in solvent A over 35 min at a flow rate of 0.8 mL min−1 was used. The preparative 

purification was performed on the LaChrom HPLC system (Merck Hitachi, Germany). 

Separation was achieved using an RP C18 column (Vydac, 25 × 250 mm, 25 μm). A 

linear gradient from 15% to 45% of solvent B in solvent A over 50 min at a flow rate of 

5 mL min−1 was used. Detection was accomplished at 226 nm. Solvent A: 0.1% (v/v) 

TFA in water. Solvent B: 0.05% (v/v) TFA in acetonitrile. Flash column chromatography 

was performed on silica gel 60 (Merck, >230 mesh). Peptidic macrocycles were purified 

to >95% either by column chromatography or by RP-HPLC and characterized by 

electrospray ionization mass spectrometry (ESI-MS) in a hybrid quadrupole-time-of-

flight instrument (QTOF1, Waters, USA) fitted with a nanospray ion source. The high 

resolution ESI mass spectra were obtained from a Bruker Apex 70e Fourier transform 

ion cyclotron resonance (FT-ICR) mass spectrometer equipped with an Infinity™ cell, a 

7.0 Tesla superconducting magnet. 1H NMR and 13C NMR spectra were recorded on a 

Varian Mercury 400 spectrometer at 399.94 MHz and 100.57 MHz, respectively. 

Chemical shifts (δ) are reported in ppm relative to the TMS (1H NMR) and to the 

solvent signal (13C NMR). 

General bidirectional macrocyclization by double Ugi-4CRs. A solution of 

paraformaldehyde (0.5 mmol) and the amine (0.5 mmol) in MeOH (20 mL) was stirred 

for 2 h at room temperature (when an amino acid methyl ester hydrochloride was 

used, 0.5 mmol of Et3N was added to enable the formation of the corresponding 
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imine). The reaction mixture was diluted up to 50 mL by addition of methanol (30 mL). 

Two solutions, one of the peptide diacid (0.15 mmol) and another of the diisocyanide 

(0.15 mmol) in 10 mL of MeOH each, were simultaneously slowly added to the reaction 

mixture using Syringe pumps (flow rate 0.2 mL h−1). After the addition was complete, 

the reaction mixture was stirred for an additional 48 h and then concentrated under 

reduced pressure. A mixture of water–acetonitrile (1 : 1, 10 mL) was added and the 

suspension was sonicated and centrifuged. After removal of the supernatant, the 

crude product was washed with diethyl ether (10 mL) and centrifuged twice, then 

suspended in water–acetonitrile (1 : 1, 5 mL) and lyophilized. The resulting product 

was further purified either by flash column chromatography (CH2Cl2/MeOH) or by 

preparative RP-HPLC to furnish the pure macrocyclic peptide. 

Peptidic macrocycle 3. Peptide 1 (98 mg, 0.15 mmol), diisocyanide 2 (33 mg, 0.15 

mmol), paraformaldehyde (15 mg, 0.5 mmol) and MeNH2·HCl (34 mg, 0.5 mmol) were 

reacted according to the general macrocyclization procedure. Flash column 

chromatography purification on silica (CH2Cl2–MeOH 10 : 1) afforded the pure 

macrocycle 3 (78 mg, 54%) as a white amorphous solid. 1H NMR (400 MHz, CDCl3): δ = 

9.14 (s, 1H), 9.00 (s, 1H), 7.49 (d, J = 8.6 Hz, 2H), 7.41 (d, J = 8.7 Hz, 2H), 7.33–7.18 (m, 

5H), 6.89 (m, 4H), 6.75–6.69 (m, 2H), 6.52 (d, J = 6.2 Hz, 1H), 6.41 (m, 1H), 4.56–4.50 

(m, 2H), 4.37 (m, 1H), 4.19 (m, 1H), 4.14 (m, 1H), 3.93 (d, J = 13.5 Hz, 1H), 3.91 (d, J = 

13.6 Hz, 1H), 3.83 (d, J = 13.5 Hz, 1H), 3.79 (d, J = 13.6 Hz, 1H), 3.67 (s, 3H), 3.25 (dd, J = 

13.1, 4.5 Hz, 1H), 3.03 (dd, J = 13.1, 5.9 Hz, 1H), 2.89 (s, 3H), 2.86 (s, 3H), 2.31–2.24 (m, 

4H), 2.00 (m, 2H), 1.97 (s, 3H), 1.92 (m, 2H), 1.63 (m, 1H), 1.60 (m, 1H), 1.53 (m, 1H), 

1.29 (d, J = 6.7 Hz, 3H), 0.91–0.58 (m, 6H). 13C NMR (100 MHz, CDCl3): δ = 175.0, 173.4, 

172.3, 171.8, 171.7, 170.9, 170.6, 169.7, 167.9 (CO), 156.9, 137.6, 133.5 (C), 129.4, 

129.1, 127.3, 121.3, 120.9, 119.5, 119.0, 57.7, 55.8, 55.1, 54.0 (CH), 52.6 (CH3), 50.1 

(CH), 45.8, 44.8, 41.9, 39.6 (CH2), 38.2, 37.8 (CH3), 34.1, 33.2, 30.3, 30.1 (CH2), 26.0 

(CH), 23.9, 23.7, 18.6 (CH3). Rf = 0.45 (CH2Cl2–MeOH 15:1). HRMS (ESIFT-ICR) m/z: 

992.4497 [M+Na]+; calcd for C49H63O12N9Na: 992.4494. 

Peptidic macrocycle 5. Peptide 4 (144 mg, 0.15 mmol), diisocyanide 2 (33 mg, 0.15 

mmol), paraformaldehyde (15 mg, 0.5 mmol) and MeNH2·HCl (34 mg, 0.5 mmol) were 

reacted according to the general macrocyclization procedure. Purification by 
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preparative RP-HPLC afforded the pure macrocycle 5 (125 mg, 66%) as a white 

amorphous solid. Rt = 20.5 min. 1H NMR (600 MHz, DMSO-d6): δ = 10.02 (s, 1H), 9.67 

(s, 1H), 8.12 (d, J = 7.7 Hz, 1H), 8.00 (d, J = 7.0 Hz, 1H), 7.93 (m, 1H), 7.83 (m, 2H), 7.53–

7.44 (m, 4H), 7.40 (d, J = 6.7 Hz, 1H), 7.19–7.14 (m, 5H), 7.09 (d, J = 6.7 Hz, 1H), 6.95 (d, 

J = 7.0 Hz, 1H), 6.87 (m, 4H), 6.80 (d, J = 8.7 Hz, 1H), 4.54–4.44 (m, 2H), 4.38 (m, 1H), 

4.27–4.19 (m, 2H), 4.05 (m, 1H), 3.91 (m, 1H), 3.58 (m, 1H), 3.06–2.95 (m, 2H), 2.86 (m, 

3H), 2.76 (m, 3H), 2.70–2.56 (m, 2H), 2.32 (m, 1H), 2.20 (m, 1H), 1.88 (m, 1H), 1.79 (m, 

1H), 1.74 (s, 3H), 1.39 (m, 1H), 1.19 (d, J = 7.1 Hz, 3H), 1.10 (t, J = 7.3 Hz, 2H), 0.84–0.59 

(m, 12H). 13C NMR (150 MHz, DMSO-d6): δ = 174.3, 174.2, 173.9, 172.8, 172.6, 172.4, 

171.7, 171.3, 170.8, 170.7, 169.2, 169.1 (CO), 158.3, 158.2, 153.1, 152.9, 138.0, 134.3, 

134.2 (C), 129.1, 127.9, 126.1, 121.4, 121.0, 120.9, 119.2, 118.7, 118.5, 118.4, 54.5, 

53.8, 52.9, 52.6, 52.3, 51.8, 51.7, 50.4, 49.5, 49.5, 48.4 (CH), 47.1, 45.7 (CH2), 40.9, 

40.6, 40.1 (CH2), 37.2, 37.1 (CH3), 36.8 (CH), 34.5, 31.3 (CH2), 30.6 (CH), 29.7, 29.1, 

28.9, 28.7, 27.5, 24.4, 24.1 (CH2), 22.4 (CH3), 22.1 (CH2), 19.1, 18.1, 17.4, 14.9, 13.9, 

10.7, 10.6, 8.6 (CH3). ESI-MS m/z: 1287.40 [M+Na]+; calcd for C62H84O15N14Na: 1287.38. 

Peptidic macrocycle 8. Peptide 6 (134 mg, 0.15 mmol), diisocyanide 7 (24 mg, 0.15 

mmol), paraformaldehyde (15 mg, 0.5 mmol) and MeNH2·HCl (34 mg, 0.5 mmol) were 

reacted according to the general macrocyclization procedure. Purification by 

reparative RP-HPLC afforded the pure macrocycle 8 (121 mg, 71%) as a white 

amorphous solid. Rt = 15.5 min. 1H NMR (600 MHz, DMSO-d6): δ = 8.41 (m, 1H), 8.26 

(m, 1H), 8.09 (d, J = 6.8 Hz, 1H), 8.00 (m, 1H), 7.97–7.91 (m, 2H), 7.90 (d, J = 6.8 Hz, 

1H), 7.88 (d, J = 6.1 Hz, 1H), 7.78 (d, J = 7.8 Hz, 1H), 7.34 (d, J = 6.4 Hz, 1H), 7.22–7.09 

(m, 9H), 7.03 (d, J = 5.5 Hz, 1H), 6.92 (s, 1H), 6.85 (m, 1H), 4.49–4.40 (m, 2H), 4.27–4.24 

(m, 2H), 4.22–4.17 (m, 3H), 4.16 (m, 1H), 4.11 (m, 1H), 3.93 (dd, J = 13.2, 5.3 Hz, 1H), 

3.90–3.83 (m, 2H), 3.67 (m, 1H), 3.52 (m, 1H), 3.00 (m, 1H), 2.90 (m, 3H), 2.76 (m, 3H), 

2.50 (m, 1H), 2.42 (dd, J = 15.5, 6.4 Hz, 1H), 2.32 (m, 1H), 2.23 (m, 2H), 2.14 (m, 1H), 

1.84 (m, 1H), 1.79 (s, 3H), 1.76 (m, 1H), 1.69 (m, 1H), 1.55 (m, 1H), 1.37 (m, 2H), 1.17 

(m, 6H), 0.82 (m, 3H), 0.78 (m, 3H). 13C NMR (150 MHz, DMSO-d6): δ = 174.0, 172.5, 

172.4, 172.4, 172.2, 172.1, 171.8, 171.8, 171.7, 171.4, 171.3, 171.2, 171.1, 170.5, 

169.4, 168.8, 168.7, 168.4, 168.2, 168.1 (CO), 158.1, 157.8, 138.0, 137.9, 137.7, 137.4 

(C), 129.2, 128.1, 127.3, 127.1, 126.9, 126.3, 53.9, 52.3, 51.8, 51.2, 51.1 (CH), 50.7, 50.6 
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(CH2), 49.8, 48.3, 48.2 (CH), 42.5, 42.1, 41.7, 40.7, 37.1 (CH2), 36.8, 36.4 (CH3), 34.3, 

28.7, 28.4 (CH2), 27.6 (CH), 24.2, 22.9, 22.5, 21.6, 18.2, 18.1, 17.5 (CH3). ESI-MS m/z: 

1133.53 [M+H]+, 567.25 [M+2H]2+; calcd for C53H77O14N14: 1133.57. 

Peptidic macrocycle 10. Peptide 9 (140 mg, 0.15 mmol), diisocyanide 2 (33 mg, 0.15 

mmol), paraformaldehyde (15 mg, 0.5 mmol) and MeNH2·HCl (34 mg, 0.5 mmol) were 

reacted according to the general macrocyclization procedure. Purification by 

preparative RP-HPLC afforded the pure macrocycle 10 (126 mg, 68%) as a white 

amorphous solid. Rt = 21.6 min. 1H NMR (600 MHz, DMSO-d6): δ = 10.00 (s, 1H), 9.89 

(s, 1H), 8.26 (d, J = 6.5 Hz, 1H), 7.99 (m, 1H), 7.91 (dd, J = 10.4, 6.5 Hz, 1H), 7.77 (m, 

1H), 7.55 (m, 4H), 7.38 (d, J = 6.8 Hz, 1H), 7.26–7.13 (m, 5H), 6.90 (m, 4H), 4.53 (m, 1H), 

4.25 (m, 1H), 4.19–4.14 (m, 2H), 4.09 (m, 1H), 4.01 (m, 1H), 3.78 (m, 1H), 3.03 (m, 3H), 

2.84 (m, 3H), 2.41 (m, 1H), 2.32 (m, 1H), 1.88 (m, 1H), 1.81 (s, 1H), 1.57 (m, 2H), 1.46 

(m, 1H), 1.37 (m, 2H), 1.19 (m, 3H), 0.90–0.76 (m, 12H). 13C NMR (150 MHz, DMSO-d6): 

δ = 174.1, 173.2, 172.7, 172.3, 172.0, 171.9, 171.1, 170.7, 169.3, 168.8, 167.3, 166.8 

(CO), 157.8, 157.6, 153.2, 152.9, 137.5, 134.3, 134.1 (C), 129.2, 127.9, 126.2, 121.3, 

121.0, 119.2, 119.0, 118.8, 118.7, 52.5, 51.9, 51.7, 51.1, 50.8, 50.2, 49.7, 48.0 (CH), 

42.1, 40.8, 37.5, 37.3 (CH2), 36.9, 36.8 (CH3), 34.45, 28.8, 28.1, 27.5 (CH2), 24.2 (CH), 

23.0, 22.4, 21.5, 18.1 (CH3). ESI-MS m/z: 1239.61 [M + H]+, 620.28 [M+2H]2+; calcd for 

C60H83O15N14: 1239.60.  

Peptidic macrocycle 12. Peptide 11 (60 mg, 0.15 mmol), diisocyanide 2 (33 mg, 0.15 

mmol), paraformaldehyde (15 mg, 0.5 mmol) and MeNH2·HCl (34 mg, 0.5 mmol) were 

reacted according to the general macrocyclization procedure. Flash column 

chromatography purification on silica (CH2Cl2–MeOH 12 : 1) afforded the pure 

macrocycle 12 (43 mg, 40%) as a white amorphous solid. 1H NMR (400 MHz, CDCl3): δ = 

9.12 (s, 1H), 8.99 (s, 1H), 7.65 (d, J = 7.4 Hz, 1H), 7.56 (d, J = 6.1 Hz, 1H), 7.48 (d, J = 8.5 

Hz, 2H), 7.42 (d, J = 8.5 Hz, 2H), 6.88 (m, 4H), 6.73 (d, J = 6.1 Hz, 1H), 4.57 (m, 1H), 4.54 

(m, 1H), 4.27 (m, 1H), 3.90 (d, J = 13.5 Hz, 2H), 3.81 (d, J = 13.5 Hz, 1H), 3.76 (d, J = 13.5 

Hz, 1H), 2.93 (s, 3H), 2.88 (s, 3H), 2.73 (dd, J = 14.2, 6.3 Hz, 1H), 2.66 (dd, J = 14.2, 3.3 

Hz, 1H), 1.99 (s, 3H), 1.86 (m, 1H), 1.59 (m, 1H), 1.53–1.41 (m, 2H), 1.32 (m, 1H), 1.20 

(m, 1H), 0.94–0.76 (m, 12H). 13C NMR (40 MHz, CDCl3): δ = 174.4, 173.1, 172.8, 172.1, 

170.8, 169.5, 168.9 (CO), 157.5, 133.2 (C), 121.9, 121.6, 120.0, 119.2, 61.2, 56.1, 53.8 
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(CH), 46.8, 46.5, 41.2, 40.8 (CH2), 38.2, 37.5 (CH3), 36.7 (CH3), 26.4 (CH2), 25.7 (CH), 

24.2, 22.7, 16.1, 12.6 (CH3). Rf = 0.48 (CH2Cl2–MeOH 15 : 1). HRMS (ESI-FT-ICR) m/z: 

730.3543 [M+Na]+; calcd for C36H49O8N7Na: 730.3540. 

Peptidic macrocycle 14. Peptide 13 (75 mg, 0.15 mmol), diisocyanide 2 (33 mg, 0.15 

mmol), paraformaldehyde (15 mg, 0.5 mmol), HCl·Ala-OMe (70 mg, 0.5 mmol) and 

Et3N (70 μL, 0.5 mmol) were reacted according to the general macrocyclization 

procedure. Flash column chromatography purification on silica (CH2Cl2–MeOH 12 : 1) 

afforded the pure macrocycle 14 (56 mg, 39%) as a white amorphous solid. In a parallel 

experiment comprising 144 h of reaction, macrocycle 14 was obtained in 67% yield (96 

mg). 1H NMR (400 MHz, CDCl3): δ = 9.19 (s, 1H), 9.11 (s, 1H), 7.72 (d, J = 6.1 Hz, 1H), 

7.53 (d, J = 8.6 Hz, 2H), 7.48 (d, J = 8.5 Hz, 2H), 7.45–7.31 (m, 2H), 6.91 (m, 4H), 6.50 (d, 

J = 5.3 Hz, 1H), 4.63 (m, 1H), 4.54 (m, 1H), 4.44 (q, J = 5.3 Hz, 1H), 4.37–4.29 (m, 2H), 

4.18 (m, 1H), 3.94 (d, J = 14.0 Hz, 1H), 3.89 (d, J = 13.6 Hz, 1H), 3.82 (d, J = 14.0 Hz, 1H), 

3.78 (d, J = 13.6 Hz, 1H), 3.69 (s, 3H), 3.67 (s, 3H), 2.72 (dd, J = 13.4, 6.8 Hz, 1H), 2.64 

(dd, J = 13.4, 6.1 Hz, 1H), 2.03 (m, 1H), 1.98 (s, 3H), 1.82 (m, 1H), 1.59 (m, 1H), 1.48–

1.40 (m, 3H), 1.39 (d, J = 7.0 Hz, 3H), 1.37 (d, J = 7.0 Hz, 3H), 1.28 (m, 1H), 1.15 (m, 1H), 

0.98–0.89 (m, 9H), 0.82–0.73 (m, 9H). 13C NMR (40 MHz, CDCl3): δ = 174.0, 172.7, 

172.5, 172.1, 171.6, 170.7, 170.5, 170.1, 169.4, 168.8 (CO), 156.6, 133.4 (C), 121.3, 

120.9, 119.4, 119.2, 59.8, 57.1, 54.7, 54.4 (CH), 52.6, 52.4 (CH3), 51.3, 49.8 (CH), 44.8, 

44.4, 41.6, 40.9 (CH2), 37.7, 31.5 (CH), 27.1 (CH2), 25.8 (CH), 24.1, 22.6, 19.9, 17.1, 16.8, 

15.7, 11.7 (CH3). Rf = 0.50 (CH2Cl2–MeOH 15 : 1). HRMS (ESI-FT-ICR) m/z: 973.4645 

[M+Na]+; calcd for C47H66O13N8Na: 973.4647. 

Peptidic macrocycle 16. Peptide 15 (58 mg, 0.15 mmol), diisocyanide 2 (33 mg, 0.15 

mmol), paraformaldehyde (15 mg, 0.5 mmol), HCl·Ala-OMe (70 mg, 0.5 mmol) and 

Et3N (70 μL, 0.5 mmol) were reacted according to the general macrocyclization 

procedure. Flash column chromatography purification on silica (CH2Cl2–MeOH 15 : 1) 

afforded the pure macrocycle 16 (55 mg, 44%) as a white amorphous solid. 1H NMR 

(400 MHz, CDCl3): δ = 9.35 (s, 1H), 9.13 (s, 1H), 7.55 (d, J = 8.6 Hz, 1H), 7.49 (d, J = 8.6 

Hz, 2H), 7.43 (d, J = 8.6 Hz, 2H), 6.85 (m, 4H), 6.70 (d, J = 7.1 Hz, 1H), 6.49 (d, J = 6.5 Hz, 

1H), 4.37 (q, J = 6.0 Hz, 2H), 4.30–4.24 (m, 2H), 4.13 (m, 1H), 4.01 (m, 1H), 3.98 (d, J = 

14.0 Hz, 1H), 3.96 (d, J = 13.5 Hz, 1H), 3.83 (d, J = 13.5 Hz, 1H), 3.80 (d, J = 14.0 Hz, 1H), 
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3.69 (s, 6H), 2.33 (m, 2H), 2.12 (m, 2H), 1.97 (s, 3H), 1.94 (m, 2H), 1.48 (d, J = 6.9 Hz, 

3H), 1.40 (d, J = 6.8 Hz, 3H), 0.96–0.88 (m, 12H). 13C NMR (100 MHz, CDCl3): δ = 175.1, 

173.1, 172.4, 171.3, 171.1, 169.1, 168.1 (CO), 156.7, 133.8 (C), 121.3, 120.7, 119.3, 

119.2, 60.1, 58.6, 54.6, 52.6 (CH), 52.5 (CH3), 51.1 (CH), 45.8, 42.9, 34.2 (CH2), 31.6, 

31.2 (CH), 30.6 (CH2), 23.4, 19.7, 19.2, 17.3, 16.9 (CH3). Rf = 0.51 (CH2Cl2–MeOH 15 : 1). 

HRMS (ESI-FTICR) m/z: 860.3809 [M+Na]+; calcd for C41H55O12N7Na: 860.3806. 

Peptidic macrocycle 18. Peptide 17 (92 mg, 0.15 mmol), diisocyanide 2 (33 mg, 0.15 

mmol), paraformaldehyde (15 mg, 0.5 mmol), HCl·Leu-OMe (91 mg, 0.5 mmol) and 

Et3N (70 μL, 0.5 mmol) were reacted according to the general macrocyclization 

procedure. Flash column chromatography purification on silica (CH2Cl2–MeOH 10 : 1) 

afforded the pure macrocycle 18 (71 mg, 41%) as a white amorphous solid. 1H NMR 

(400 MHz, CDCl3): δ = 9.23 (s, 1H), 9.16 (s, 1H), 7.95 (d, J = 5.8 Hz, 1H), 7.69 (d, J = 6.3 

Hz, 1H), 7.49 (d, J = 8.6 Hz, 2H), 7.41 (d, J = 8.4 Hz, 2H), 7.34 (d, J = 7.10 Hz, 1H), 7.22–

7.15 (m, 10H), 6.95 (m, 4H), 6.87 (d, J = 7.8 Hz, 1H), 6.42 (d, J = 6.5 Hz, 1H), 4.58 (m, 

1H), 4.50 (m, 2H), 4.43 (m, 1H), 4.39 (m, 1H), 4.29–4.23 (m, 2H), 3.97 (d, J = 13.2 Hz, 

1H), 3.95 (d, J = 13.5 Hz, 1H), 3.84 (d, J = 13.2 Hz, 1H), 3.80 (d, J = 13.5 Hz, 1H), 3.70 (s, 

3H), 3.68 (s, 3H), 3.11 (m, 2H), 2.82 (m, 2H), 2.63 (m, 2H), 2.00 (s, 3H), 1.65 (m, 2H), 

1.60–1.51 (m, 2H), 1.33 (d, J = 7.1 Hz, 3H), 1.30 (d, J = 6.4 Hz, 3H), 0.95–0.89 (m, 12H). 

13C NMR (100 MHz, CDCl3): δ = 174.0, 173.3, 173.2, 172.8, 170.6, 170.4, 168.7 (CO), 

157.3, 136.4, 133.9 (C), 129.5, 128.6, 127.1, 121.9, 120.9, 120.2, 119.2, 58.1, 56.0, 

55.4, 54.8, 53.7 (CH), 52.5 (CH3), 51.2, 49.6 (CH), 45.7, 45.2, 42.9, 40.5, 39.6, 39.5 (CH2), 

24.8 (CH), 22.7, 22.2, 18.0, 17.2 (CH3). Rf = 0.47 (CH2Cl2–MeOH 15 : 1). HRMS (ESI-FT-

ICR) m/z: 1168.5335 [M+Na]+; calcd for C60H75O14N9Na: 1168.5331. 
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Abstract 

For the first time, the Petasis (borono-Mannich) reaction is employed for the 

multicomponent labeling and stapling of peptides. The report includes the solid-phase 

derivatization of peptides at the N-terminus, Lys and N-MeLys side chains by on-resin 

Petasis reaction with variation of the carbonyl and boronic acid components. Peptides 

were simultaneously functionalized with aryl/vinyl substituents bearing 

fluorescent/affinity tags and oxo components such as dihydroxyacetone, 

glyceraldehyde, glyoxylic acid and aldoses, thus encompassing a powerful complexi-ty-

generating approach without changing the peptides charge. The multicomponent 

stapling was conducted in solution by linking N-MeLys or Orn side chains – positioned 

at i, i+7 and i, i+4 – with aryl tethers, while hydroxyl-carbonyl moieties were 

introduced as exocyclic fragments. The good efficiency and diversity oriented character 

of these methods show prospects for peptide drug discovery and chemical biology. 
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Introduction 

Lately multicomponent reactions (MCRs) have evolved from versatile methods for the 

synthesis of small molecules1 to powerful tools for the post-synthetic derivatization of 

peptides2 and proteins.3 Among the relevant multicomponent transformations 

recently conducted with peptides are cyclization,4,5 lipidation5 and labeling.5b,6 Thus 

far, there are several isocyanide-MCRs available for the multicomponent cyclization of 

peptide,4-6 while the Strecker reaction7 and the metal-catalyzed A3-coupling8 have 

been recently added to this repertoire. On the other hand, the multicomponent 

labeling of resin-linked peptides5c and the side chain cyclization with linkers9 (i.e., a 

type of peptide stapling) has been conducted only using the Ugi four-component 

reaction.  

Both the on-resin derivatization of peptides (e.g., labeling, glycosylation, lipidation, 

etc.) and the peptide stapling are processes of remarkable biological impact. The 

possibility of implementing those in a multicomponent manner provides a key asset to 

peptide chemists. For example, multiple reactive handles, affinity or fluorescent tags, 

and even a combination of the latter with additional biomolecular fragments can be 

incorporated at once in a multicomponent late-stage transformation. Similarly, the 

endo or exo-cyclic diversification of the side-chain cross-linkage can be readily 

accomplished in a multicomponent stapling approach. Herein we introduce the Petasis 

reaction as a powerful method for the multicomponent labeling and stapling of 

peptides, without changing the overall charge of the peptide.  

The Petasis reaction,10 also known as the borono-Mannich reaction, is a three-

component process comprising the condensation of an aldehyde or ketone, an amine 

and an aryl/vinyl boronic acid or ester. Remarkable applications of this reaction can be 

found in the synthesis of non-proteinogenic amino acids and natural products.11 In 

solid-phase synthesis (SPS), the Petasis reaction has been only employed to modified 

resin-bound amino acids,12 but to our knowledge, the method has never been 

translated to the on-resin derivatization of peptides or their macrocyclization.  

Our multicomponent peptide labeling strategy aimed at conducting the Petasis 

reaction on resin, as this shows promise for the combinatorial parallel production and 

screening of MCR-modified peptides. For this purpose, a SPS methodology based on 



 

56 
 

Chapter 4 
Introducing the Petasis Reaction for the Late-Stage Multicomponent Diversification, 

Labeling and Stapling of Peptides   

three degrees of orthogonality was implemented for the preparation of model peptide 

1 (see the Supporting Information). Scheme 1 depicts the initial Petasis labeling study 

focused on assessing the scope of the on-resin method with a peptide having a free Lys 

-NH2. It must be noticed that this reaction is traditionally conducted with carbonyl 

compounds possessing coordinating groups (e.g., hydroxyl aldehydes and ketones, 

glyoxylic acid, etc.) capable of forming the boronate complex upon the imine 

formation. In addition, we also sought to use formaldehyde as the simplest carbonyl 

component. Eventually, this may offer the possibility of double arylation of the Lys 

side-chain as a result of the carbonylation of the resulting secondary amine to an 

equally reactive iminium intermediate.11 

Since the on-resin imine formation is rather difficult with paraformaldehyde, we relied 

on an aminocatalysis-mediated transimination protocol5c with the pyrrolidinium ion 

derived from a preceding reaction of paraformaldehyde and pyrrolidine. Thus, the on-

resin Petasis approach with paraformaldehyde consisted of imine formation at the Lys 

-NH2 by transimination for 30 minutes in tetrahydrofuran (THF)/MeOH 1:1 (v/v), 

followed by resin washing to remove the excess of pyrrolidinium ion and subsequent 

reaction with the boronic acid. Analytical HPLC and ESI-MS analyses were conducted 

after mini-cleavage at 24 hours (one reaction cycle). If desired, a second Petasis cycle 

can be conducted with a second iminium formation and reaction with boronic acid for 

another 24h. However, this second reaction can already occur in the first round, if the 

components are prone to overreaction. After screening of reaction conditions, the 

mixture dichloromethane (DCM)/trifluoroethanol (TFE) 1:1 (v/v) proved the best 

solvent for the on-resin Petasis reaction. 

As shown in scheme 1, the outcome of the on-resin MCR of peptide 1 with 

paraformaldehyde and boronic acid very much depends on the reactivity of the latter 

one. Thus, phenyl boronic acid led to 52% of conversion of 1 into benzylated product 

2a and 26% conversion into the double Petasis product 3a after one Petasis cycle. 

Alternatively, the more reactive p-methoxy-phenyl boronic acid rendered a about 1:1 

mixture of the single Petasis-modified product 2b and the double one 3b. A second 

cycle of imine formation and reaction with these boronic acids for an additional 24 

hours led the quantitative conversion of 1 into 3a and 3b. Moreover, the Petasis 
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reaction with the very reactive (E)-styrylboronic acid provided almost full conversion to 

the bis-styrene modified peptide 3c even after the first Petasis cycle, though a second 

cycle may be used to finish the task. 

 

Scheme 1. Scope of the multicomponent late-stage derivatization of peptides at the Lys side 

chain by on-resin Petasis reaction. Percent conversion determined by HPLC after one (24 h) and 

two Petasis cycles (2 × 24 h). When paraformaldehyde is used as carbonyl component, imine 

formation is initially carried out in THF/MeOH by transimination with the formaldehyde-

derived pyrrolidinium ion. TFA = trifluoroacetic acid, TFE = trifluroethanol, TIS = 

triisopropylsilane.     

A key goal of our work was to prove the diversity-oriented and complexity-generating 

characters of the on-resin Petasis modification method. For this goal, the carbonyl 

component, aiming at the simultaneous incorporation of aryl/vinyl and aldose/ketose 

(sugar-like) moieties at the Lys side chain, something that has never been achieved by 

any other labeling protocol. Thus, D-erythrose and dihydroxyacetone were chosen as 

simple, representative components of this class, and the on-resin Petasis derivatization 

was undertaken with peptide 1 and phenyl boronic acid. As the risk of double Petasis 

reaction was also latent with these oxo components, once more we relied on the 

preformation of the imine, followed by resin washing and addition of the boronic acid 

rather than using the carbonyl compounds in excess.  

Accordingly, the protocol consisted in treating resin-bound 1 for 2 hours with either the 

hydroxyl aldehyde or ketone in THF/MeOH 1:1 (v/v) to enable the imine formation, 

followed by washing to remove excess of this component, addition of the boronic acid 

and shaking for 24 hours in DCM/TFE 1:1 (v/v). As shown in scheme 1, this procedure 
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led to good conversion into the peptides 2d and 2e after 24h, yet about 10-20% of 1 

remained unreacted (see HPLC traces in the Supporting Information). A second Petasis 

cycle of 24 hours improved the conversion to 2d to 98%, remarkably, with no formation 

of the double Petasis product. In the case of D-erythrose, the second Petasis cycle 

furnished about 15% of the double Petasis product 3e. The lack of overreaction of 

dihydroxyacetone with secondary amine 2d seems to be due to the sterically crowed 

character of this product, which limits the formation of the subsequent iminium. An 

analytical sample of the main products was purified by HPLC for NMR and ESI-MS 

characterization.     

Today, it is well-known that the utilization of an enantiomerically pure α-hydroxy-

aldehyde comprises the exclusive formation of the anti-1,2-amino alcohol isomer,10c 

because of the complete diastereoselection of the Petasis reaction with these 

substrates. Based on the configuration of D-erythrose, we propose the S configuration 

for the newly formed stereocenter of peptide 2e, which was obtained as a single 

diastereomer (see the Supporting Information). 

Because of the permanent risk of double Petasis with the aldehyde/primary amine 

combination, we sought to use a peptide bearing a secondary amine as a side-chain, 

for example, N-MeLys. Thus, methylation of the Lys -amino group was achieved with 

the Fukuyama-Mitsunobu procedure.13 In short, 1 reacted with 2-nitrobenzenesulfonyl 

(o-NBS) chloride to form the o-NBS sulfonamide, followed by treatment with MeOH 

under Mitsunobu conditions (DIAD, PPh3) to render the N-methylsulfonamide in only 2 

hours. Final o-NBS removal led to the resin-bound peptide 4 bearing the N-MeLys. 

Scheme 2 illustrates the success of the Petasis derivatization of the N-MeLys in peptide 

4. The on-resin protocol comprised the reaction of 4 with four equivalents of the oxo-

component and the boronic acid in DCM/TFE 1:1 (v/v) for 24h, without any risk of 

double Petasis reaction. For the use of paraformaldehyde as the carbonyl component, 

the previous transimination step was required as the direct imine formation again was 

not viable. Results shown in scheme 2 provide a clear picture of the influence of the 

carbonyl and boronic acid components on the efficiency of the on-resin Petasis 

labeling. For example, when paraformaldehyde is used, the reactivity of the boronic 

acid is crucial for the reaction conversion. Thus, phenyl boronic acid led to 57% 
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conversion of 4 into 5a after 24 hours, while the more reactive p-methoxy-phenyl 

boronate rendered 95% conversion into 5b. However, when D-erythrose and 

dihydroxyacetone were employed along with phenyl boronic acid, the conversion to 5e 

and 5f was improved to 94 and 93%, respectively. Alternatively, the combination of 

dihydroxyacetone with (E)-styrylboronic acid led to 5c with 100% conversion, while 

90% conversion into 5d was achieved with p-methoxy-phenyl boronic acid and glyoxylic 

acid. The peptide 4 could be also labeled with aldopentoses and hexoses with similar 

success, as exemplified in the synthesis of glycopeptides 5g and 5h by Petasis with (E)-

styrylboronic acid and D-ribose and D-glucose, respectively.  

Similar to the carbonyl component, boronic acids allows high levels of diversification 

because of their commercial availability or easy preparation. Hence, our endeavor was 

to test the on-resin Petasis reaction for the possibility of installing biologically relevant 

molecules and tags at the peptide side chain. Thus, peptide 4 was efficiently labeled 

with the affinity tag biotin and with the fluorescent dansyl group attached to 3-

aminophenyl boronic acid to render the peptides 5i and 5j, respectively (Scheme 2). 

Similarly, the PEGylation of 4 at the N-MeLys was effectively conducted with a 

polyethylene glycol (PEG)-derived phenyl boronic acid to furnish 5k. Also an estrone-

derived boronic acid was employed for the multicomponent synthesis of the steroidal 

peptide 5l. 
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Scheme 2. On-resin Petasis diversification and labeling of N-MeLys-Containing Peptides. 

Percent conversion determined by HPLC after cleavage at 24 hours.   

Aiming at providing a novel approach for the late-stage modification of peptides at the 

N terminus, we sought to translate the Petasis labeling procedure from the side-chain 

to the backbone. Thus, the peptide 6 was produced on solid-phase with the final 

incorporation of N-methyl Ala at the N-terminus. As depicted in Scheme 3, in contrast 

to the Petasis modification at the Lys side chain, this type of multicomponent 

modification proved inefficient at room temperature. As a result, we turned to carry 

out the multicomponent reaction under microwave (MW) irradiation, which provided 

good conversion of 6 after 90 minutes at 70 °C. Again, we focused on proving the 

versatility of this method for the incorporation of affinity or fluorescent tags, along 

with the use of dihydroxyacetone as carbonyl component. This MW-assisted on-resin 

protocol enabled tagging the N-terminal residue with the chemically relevant dansyl 

group (7a), with the bulky steroidal skeleton of estrone (7b), with the styryl moiety (7c) 

and with a lipidic fragment (7d). Indeed, the lower reactivity of the N-terminal amino 

group compared to that of the side-chain is inherent of peptides and is not a specific 

case of the Petasis multicomponent reaction. Nevertheless, the use MW to enhance 

the yield of some challenging N-terminal modification methods is widely spread 

nowadays, as it does not require a very complicated synthetic setup. 
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Scheme 3. On-resin Petasis modification and labeling of peptides at the N-terminus. Percent of 

conversion determined by HPLC. MW: microwave.          

Owing to its multicomponent nature, this novel type of late-stage peptide modification 

protocol offers a variety of advantages over more classic approaches also targeting the 

amino group of the Lys side chains and the N-terminus. Indeed, the most obvious ones 

is the easy installation of either two equal or dissimilar functionalities in only one step. 

Such a one-pot double functionalization may be useful, for example, for the creation of 

multivalency in peptides, or for the simultaneous labeling and ligation to another 

biomolecule.  

As the combination of N-MeLys-containing peptides with hydroxyl aldehydes or 

ketones provided the best results, we sought to employ this variant for the 

development of a novel multicomponent peptide stapling protocol. The peptide 

stapling technique with ring-closing metathesis, originally designed to produce all-

hydrocarbon stapled peptides, 14 has provided a variety of bioactive peptides acting 

even at intracellular tar-gets.15 Since then, very diverse chemistries have been 

employed for locking active peptide conformations by stapling techniques, 16 including 

some MCRs.8,9  

In this sense, we envisioned that the use of the Petasis-MCR for introducing the aryl 

tether would significantly increase the diversity-generating character of such a stapling 

concept, since further exocyclic moieties could be incorporated at the same time. Also, 

no special amino acids with unnatural side-chains need to be introduced into the 

peptide. Accordingly, our endeavor was to prove both the efficacy of the Petasis 

reaction as a novel peptide stapling approach and the possibility of varying the 

exocyclic moieties derived from the carbonyl component. As an example, model 

peptide 8 was produced on solid-phase with incorporation   of two N-MeLys 

positioned at residues i, i+7 and next released from the resin for solution-phase 

macrocyclization (Scheme 4).  As shown, this peptide was subjected to solution-phase 

stapling protocol through double Petasis reaction-based macrocyclization of the 

methylated Lys side-chains using dihydroxyacetone as an oxo component and p- and 

m-phenylene and biphenylene diboronic acids.  
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Scheme 4. A) Multicomponent Stapling of Peptides by Solution-Phase Petasis Macrocyclization. 

Yields isolated pure products. B) CD spectra of the stapled peptides.   

Based in our experience on double MCR-based macrocyclizations,9,17 we chose to apply 

pseudo-dilution conditions to avoid large solvent volumes. This conditions were 

implemented by the simultaneous slow addition, with syringe pumps (flow rate 0.2 mL 

h-1),  of the diboronic acid and the peptide (0.05 mmol in 5 mL of THF/MeOH and TFE, 

respectively) to a solution of the oxo-component (0.2 mmol) in 40 mL of DCM/TFE 1:1 

(v/v). The stapling protocol required stirring the reaction for 48 hours after completion 

of the slow addition, followed by HPLC purification.  

Good yields of isolated stapled peptides 9-12 were obtained under these reaction 

conditions, proving that 8 is long enough to accommodate the even longer biphenyl 

tether (Scheme 4). We also undertook the stapling of a peptide with two methylated 

ornithine side-chains, positioned at residues i, i+4, by reaction with p-phenylene 

diboronic acid and glyceraldehyde, resulting in the isolation of stapled peptide 12 in 

very good yield for such a complex multicomponent macrocyclization. These results 

prove that multicomponent stapling procedures can be as efficient as the two-

component variants.16a Although the goal of this investigation was not to obtain α-

helices, we recorded the circular dichroism (CD) spectra of the Petasis stapled peptides 

in phosphate buffer (scheme 4B), and they show a characteristic α-helical character, 

with is further increased upon addition of TFE (see the Supporting Information). 

In conclusion, we have developed a diversity-oriented approach for the solid-phase 

derivatization and solution-phase stapling of peptides using the versatile Petasis 

reaction. The late-stage on-resin Petasis labeling protocol could be conducted at room 

temperature at Lys and N-MeLys side-chains, but double Petasis-reaction may take 
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place to some degree in the former with sterically unhindered aldehydes. In contrast, 

this class of multicomponent labeling was also implemented at the N-terminal residue, 

but MW irradiation was required to obtain a good percent of conversion. These 

multicomponent methods enabled, for the first time, the simultaneous incorporation 

of diverse aryl moieties and sugars at the peptide side chain without altering the 

overall charge of the peptide. The boronic acid component allowed the ready 

introduction, at both the backbone and side chain, of affinity and fluorescent labels, 

PEGs, lipidic and steroidal fragments. In addition, the multicomponent stapling proved 

highly efficient, enabling the installation of rigid aryl tethers and additional elements of 

diversity arising from the carbonyl component. This aspect is an interesting example of 

a stapling method enabling the simultaneous incorporation of exocyclic fragments with 

the potential to modulate the interaction with the target and simultaneously influence 

other parameters such as solubility. This successful application of the Petasis reaction 

in peptide chemistry shows promise for the future development of peptide 

pharmaceuticals or for protein modification 

Keywords: peptide modification, multicomponent reactions, stapled peptides, labeling, 

macrocycles 
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Abstract 

The multicomponent backbone N-modification of peptides on solid-phase is presented 

as a powerful and general method to enable peptide stapling at the backbone instead 

of the side chains. This work show that a variety of functionalized N-substituents 

suitable for backbone stapling can be readily introduced by means of on-resin Ugi 

multicomponent reactions conducted during solid-phase peptide synthesis. Diverse 

macrocyclization chemistries were implemented with such backbone N-substituents, 

including the ring-closing metathesis, lactamization and thiol alkylation. The backbone 

N-modification method was also applied to the synthesis of -helical peptides by 

linking N-substituents to the peptide N-terminus, thus featuring hydrogen-bond 

surrogate structures. Overall, the strategy proves useful for peptide backbone 

macrocyclization approaches that show promise in peptide drug discovery. 
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Introduction 

Peptide head-to-tail cyclization and stapling – i.e., side chain-to-side chain tethering – 

are powerful techniques aiming at introducing conformational constraints in peptides 

designed for functional analysis and drug discovery.[1] Cyclization may also help to 

improve membrane permeability[2] and increase the metabolic resistance of 

peptides,[3] while it can enhance the binding affinity to biological targets, compared to 

their acyclic counterparts.[4] Such techniques have been especially useful for the 

development of protein ligands, mimetics of protein epitopes, and cell-penetrating 

peptides. [1,5]  

A major advance in this field constitutes the methodology developed by Gilon and co-

workers coined as peptide backbone cyclization.[6]  This technique focuses on 

connecting two backbone amide nitrogens by dissimilar macrocyclization 

chemistries,[7] and  remarkably, without altering the amino acid side chains. Backbone 

cyclization combines the advantages of peptide cyclization with those of amide N-

alkylation, thus leading to improved proteolytic stability and intestinal permeability[8] 

of backbone cyclized peptides compared to their non-N-modified linear analogues. The 

amide N-substitution may also provide functionalities relevant for the interactions with 

biological targets[9] and gives a better E/Z conformational freedom,[10] which can be 

beneficial or detrimental depending on the actual application of the cyclized peptide. 

Conceptually, backbone cyclization shares the same vision with the peptide stapling 

approach.[11] In both the reactive groups can be incorporated at will at any desired 

amide bond much in the same way as non-proteinogenic amino acids (AAs) – with for 

example, alkene, alkyne and azide groups – are introduced into the peptide sequence 

to be stapled.[11] However, the fact of not modifying the native amino acid sequence 

might make the backbone cyclization approach even more advantageous for screening 

combinatorial conformational libraries based on a defined peptide sequence.[12] As 

peptide stapling, backbone cyclization has also proven effective in producing cyclic 

peptides mimicking -helical secondary structures.[13] 

Unfortunately, so far there is no general method for the incorporation of N-substituted 

amino acids (other than N-methyl ones) using standard solid-phase peptide synthesis 

(SPPS). Two strategies have been traditionally employed for introducing backbone N-



 
 

68 
 

Chapter 5 
A Peptide Backbone Stapling Strategy Enabled by the Multicomponent Incorporation of 

Amide N-Substituents   

substituents in SPPS,[14] but both lack the universal character required to be routinely 

used for any peptide sequence. The first strategy comprises the incorporation of the N-

alkylated/N-protected AAs followed by deprotection and coupling of the next AA.[14] 

The second one encompasses the N-alkylation of the N-terminal residue, also followed 

by the subsequent AA coupling.[14] Noticeably, both approaches require the difficult N-

acylation of the N-substituted terminal residue in order to complete the process, which 

is the limiting factor for the generalization of such backbone N-modification techniques 

in the realm of peptide chemistry. To overcome such a challenging N-acylation step, 

these approaches either introduce N-substituted Gly or use very strong activation 

methods – including microwave irradiation – which are far from ideal as all require 

prolonged and repeating coupling steps. [14] 

 

Scheme 1. Peptide stapling strategy based on the use of backbone N-substituents derived from 

Ugi multicomponent reactions.       

Herein we describe a novel backbone cyclization approach relying on a truly general 

methodology for the incorporation of peptide N-substituents bearing functional 

groups suitable for stapling processes such as: ring-closing metathesis, 

macrolactamization and thiol-alkylation (Scheme 1). The innovation of this backbone 

N-modification strategy lies at the utilization of the on-resin Ugi four-component 

reaction for the simultaneous acylation and N-substitution of the resin-linked peptide. 

Thus, with the incorporation in only one multicomponent step of both the Fmoc-amino 

acid and the functionalized N-substituent, this strategy bypasses the difficult N-
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alkylation/N-acylation sequence currently employed in most backbone N-modification 

methodologies.[14] 

Our initial endeavor aimed at achieving a successful translation of the stapling 

approach based on the ring-closing metathesis (RCM) of alkene-functionalized side 

chains[11] to a similar backbone stapling protocol of alkene-containing peptide N-

substituents. As shown in scheme 2, the goal was to implement the whole route on 

solid-phase, including the incorporation of the olefin-containing N-substitutions and 

the final macrocyclization step. For this, the key step is the efficient implementation of 

the on-resin Ugi multicomponent reaction that simultaneously incorporates an Fmoc-

AA and an olefin-functionalized isocyanide, along with the oxo-component.[15] 

Although the Ugi reaction can be undertaken with many different carbonyls,[16] its poor 

stereoselectivity favors the use of formaldehyde – or symmetric ketones like acetone 

leading to Aib – to avoid formation of complex diastereomeric mixtures. In this regard, 

we have recently developed a versatile aminocatalysis-mediated on-resin Ugi reaction 

procedure[17] that ensures full conversion in the multicompoment incorporation of the 

Fmoc-AA-OH (carboxylic acid) and the isocyanide component. To achieve this, the 

crucial step is the aminocatalytic transimination by treatment of the resin-linked 

peptide with paraformaldehyde and a secondary amine (i.e., piperidine or pyrrolidine) 

prior to addition of the carboxyclic acid and the isocyanide. This on-resin 

multicomponent protocol has proven success in the incorporation of all amino acids (in 

protected form) and very complex isocyanides,[17] so it can be considered as a powerful 

and general backbone N-modification procedure.  

During optimization experiments of the on-resin Ugi reaction with dissimilar 

sequences, N-terminal residues and Fmoc-amino acids, RP-HPLC and ESI-MS analyses 

were conducted after mini-cleavage to determine the reaction times, which are very 

much dependent on the bulky character of the components and vary from 24 h to 72 h. 

In parallel (unpublished results), we have proven that this variant of on-resin Ugi 

reaction can be also conducted under microwave irradiation with reaction times 

ranging from 30 minutes to 1 h. However, all solid-phase protocols herein reported 

were carried out at room temperature and the Ugi reactions were run until full 

consumption of the peptide precursor, as determined by HPLC. In some cases, analysis 
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of the crude peptides by RP-HPLC and ESI-MS before the stapling process showed the 

formation of about 5-10% of the non-alkylated peptide. This is due to the minor 

occurrence of a coupling step at the N-terminus that incorporates the Fmoc-amino acid 

but not the N-substitution, which has been previously documented by our group. [17c] 

 

Scheme 2. Peptide backbone stapling strategy. A) Solid-phase synthesis of i, i+7 backbone 

stapled peptides using Ugi multicomponent reactions for introducing the olefinic backbone N-

substituents and ring-closing metathesis for the macrocyclization. B) HPLC traces of crude 

peptide 2b as released from the resin after the multi-step on-resin sequence. DCE: 1,2-

dichloroethane, TFA: trifluoroacetic acid, TIS: triisopropylsilane, DIPEA: diisopropylethylamine, 

DKP: diketopiperazine. 

Scheme 2 depicts the solid-phase construction of octapeptide skeletons bearing two 

olefin-functionalized N-substituents positioned at i and i+7 amide residues. As noticed, 

variation of the amide N-tethers – arising from the isocyanide component – enable an 

easy tuning of the macrocycle ring size, an important feature for a successful screening 

of stapled peptide conformational space. Due to their volatile and pungent 

characteristics, olefin-containing isocyanides – prepared by Appel’s method[18] – were 

added to the resin-linked peptide without previous purification. 

To achieve an efficient implementation of the on-resin RCM, an extensive optimization was 

required using several parallel experiments and combined HPLC/ESI-MS analyses. Thus, best 

conditions were found with the use of the first-generation Grubbs catalysts in 1,2-

dichloroethane (DCE) at 40 C using a sealed glass tube to avoid solvent evaporation. Thus, the 

crude stapled peptides 2a and 2b were obtained in good purity when considering the complex 

solid-phase sequence employed, including several coupling steps, two multicomponent 

reactions and especially a macrocyclization. An analytical sample (5-10 mg) of each peptide 

was purified by HPLC for NMR and HR-MS characterization. The HPLC traces of the crude 
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stapled peptides show that only an insignificant amount of the bis-olefin precursors 1a and 1b 

remain unreacted after two cycles of the on-resin RCM. Minor peaks corresponding to 

diastereomers of 2a and 2b were also detected, presumably corresponding to the olefin 

isomers with the opposite geometry (see scheme 2B). 

 

Scheme 3. Solid-phase synthesis of i, i+4 and i, i+7 backbone stapled peptides by means of 

macrolactamization of Ugi reaction derived amide N-substituents. 

A distinctive characteristic of N-alkylated peptides is the occurrence of both the s-cis 

and s-trans rotamers in solution, which results in complex NMR spectra with multiple 

duplicated and overlapping signals. This makes it impossible assessing whether the 

main products 2a and 2b have E or Z olefin configuration (see the SI). Based on 

literature reports[11] and considering the large macrocyclic rings of stapled peptides 2a 

and 2b, we may assume the E configuration for the main stereoisomer obtained for 

both compounds. The low energetic barrier between the cis and trans configurations of 

the two N-substituted amides of 2a,b also leads to a high conformational 

heterogeneity and less rigidity than side-chain stapled peptides. In this sense, analysis 

of the circular dichroism (CD) spectra of 2a and 2b suggests the lack of a defined 

secondary structure (see the Supporting Information), although it should be noticed 

that these peptide sequences were not designed for such purpose.  
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Considering that very diverse chemistries have been recently applied for locking active 

peptide conformations by stapling techniques,[19,20] we sought to expand the scope of 

our backbone stapling methodology to other macrocyclization approaches. For this, we 

took advantage of the easy introduction of almost any reactive functionality at the N-

substitution using this kind of multicomponent approach, as functionalized isocyanides 

are readily available and easy to prepare. As depicted in scheme 3, the backbone 

stapling strategy was implemented using lactamization for the macrocyclic ring closure, 

and once again, conducting the whole process on solid phase. Thus, a variety of N-

substituted peptides were produced on resin utilizing isocyanides functionalized with 

amino and carboxylic groups protected as allyloxycarbonyl (Alloc) and allyl ester, 

respectively. The small peptide library (3) was thus subjected to orthogonal 

deprotection, macrolactamization and resin cleavage to produce a new type of i, i+4 

stapled peptide having three secondary amides at the backbone N-tether. A similar 

approach was conducted for the synthesis of the i, i+7 stapled peptide 5, in all cases 

with good overall yield and HPLC purity of crude products. 

 

Scheme 4. A) Synthesis of i, i+4 backbone stapled peptides by bis-alkylation of thiol-containing 

backbone N-substituents derived from on-resin Ugi reactions. B) HPLC traces of linear peptide 

6b and of crude stapled peptide 7b after macrocyclization. TCEP: Tris(2-

carboxyethyl)phosphine. 

As before, the 1H NMR spectra of pure stapled peptides 4a-d and 5 reveal the presence 

of various conformers in solution. Interestingly, there is a marked change in the CD 

spectrum of peptide 4a compared to those of 4b to 4d (see the Supporting 

Information), proving the difference in the three-dimensional solution structure of the 

former compared to their analogues having longer backbone N-tethers. 
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Besides of RCM and lactamization, the alkylation and arylation of Cys thiol groups have 

proven success as stapling technique as well as for rendering bioactive stapled 

peptides.[20] Hence, we turned to implement a backbone stapling method in which two 

thiol-functionalized N-substituents could be tethered by a bis-alkylation 

macrocyclization reaction. As shown in Scheme 4, peptides 6a and 6b were produced 

by solid-phase peptide synthesis, released from the resin and next cyclized in solution 

with 1,3-bis(bromoethyl)benzene to furnish stapled peptides 7a and 7b. The solid-

phase methodology comprised the utilization of two Ugi multicomponent reactions 

using alkyl isocyanides functionalized with trityl-protected thiol groups.[21] Once more, 

the on-resin N-modification protocol proved highly efficient, as corroborated in the 

HPLC traces of crude peptide 6b shown in scheme 4B. Similarly, the stapling S-

alkylation approaches of the fully deprotected peptides 6a and 6b proceeded with high 

conversion, thus enabling the isolation of peptides 7a and 7b in high yield after 

preparative HPLC purification. Again, despite the cyclic structures of these stapled 

peptides, analysis of their 1H NMR spectra revealed a high conformational 

heterogeneity (see the Supporting Information), owing to the presence of two N-

substituted amides in the peptide backbone.     

After proving both the great scope and efficiency of the multicomponent backbone N-

modification approach for the incorporation of diverse stapling functionalities, we 

turned to demonstrate the application of this method in the generation of helical 

peptides featuring backbone hydrogen-bond surrogate (HBS) structures. The HBS 

approach – developed by Arora and co-workers[13b-d] – has proven to be one of the 

most effective methods for producing stable -helices, including mimetics of protein 

epitopes. The concept behind this notable achievement is the replacement of the 

hydrogen bond between the C=O and NH –located at i and i+4 positions – by an 

intramolecular hydrocarbon tether derived from a RCM. To achieve this, an olefin N-

substitution is introduced three residues ahead of the N-terminus using standard N-

alkylation/N-acylation chemistry, and next macrocyclized by RCM with an N-terminal 

olefin linker. Thus, the goal is to produce a 13-membered macrocycle that covalently 

replaces the intramolecular hydrogen bond of an -helical turn, thus nucleating the -

helix formation alongside the peptide chain. 
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As depicted in scheme 5, the incorporation of Ugi-derived backbone N-substituents 

two amino acids ahead of the N-terminus allows for the versatile and easy introduction 

of carboxyl and olefin functionalities at the N-substituent. These are subsequently used 

for macrolactamization and RCM with the properly functionalized N-terminus. Again, 

an advantage of the multicomponent strategy is that it provides a branched peptide 

incorporating an AA at the main chain and another (i.e., functionalized Gly) at the N-

substitution, all at a lower synthetic cost to afford the whole HBS peptide on resin. 

Accordingly, cyclic peptides 8a and 8b were produced on resin using PyAOP/HOAt for 

the macrocyclization, as their 12 and 13-membered rings are difficult to obtain 

classically. Alternatively, the 15-membered macrocyclic peptide 9 was prepared by the 

RCM approach described above, which also rendered a minor amount of the geometric 

isomer (not isolated).  

 

Scheme 5. A) Solid-phase synthesis of N-terminus-to-backbone cyclized peptides by RCM and 

macrolactamization. B) Synthesis and schematic representation of the α-helical structure of 

peptide 11. C) CD spectra of cyclic peptides 8, 9 and 11 (compared with the deprotected acyclic 

precursor 10). PB: phosphate buffer, RCM: ring-closing metathesis, TFE: trifluoroethanol. 
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Scheme 5C shows the CD spectra of the three peptides 8a,b and 9 in 40% 

trifluoroethanol/phosphate buffer (PB), because the hydrophobic sequence of such 

peptides makes them insoluble in pure water or PB at 0.1 mM. Importantly, HBS 

peptides 8a and 8b show typical CD spectra of -helices (i.e., maximum at 192 nm and 

double minimum at 207 and 221 nm). As one might argue that TFE strongly favors -

helix formation, we also chose to prepare an analogous peptide 11 (Scheme 5B) having 

a water soluble sequence, but keeping the 13-membered macrocyclic lactam ring that 

proved -helix formation in peptide 8b. As shown in scheme 5C, cyclic peptide 11 

displays a classic -helical CD spectrum even in PB alone, proving the success of this 

method also in producing helical peptides. Addition of TFE up to 40% does cause a 

further increase in the intensity of the bands at 190, 206 and 220 nm, which is 

characteristic of short peptides upon addition of this -helix inducing solvent. In this 

regard, we also sought to calculate the relative percent helicity of peptide 11, which 

can be estimated by the mean residue ellipticity at 222 nm, value commonly 

downshifted for short peptides to 215-220 nm.[22] 

To this end, we employed the equation described by Baldwin[23] and followed the 

considerations of Fairlie[22c] and Baldwin[24] for carboxyamidated peptides (see the 

Supporting Information). Thus, it was found that the percent of helicity of peptide 11 is 

63% in PB, which was next increased to 72, 84 and 88% when the percentage of TFE 

increases to 20, 30 and 40%, respectively. To confirm that the backbone-to-N-terminus 

cyclization is the responsible for the helical character of peptide 11, the CD spectrum 

of deprotected peptide 10 – acyclic precursor of 11 – was also measured.  Thus, the 

marked decrease in the intensity of the maximum and the two minima in the CD 

spectrum of deprotected 10 – even in 40% TFE/PB – confirms that this peptide is 

unstructured and that the cyclization certainly favors the -helicity in this type of 

backbone-modified peptide skeleton. 

In conclusion, we have proven that the on-resin multicomponent N-modification 

method provides a powerful strategy for stapling peptides at their backbone 

substituents instead of their side chains. Diverse functionalities, such as olefin, amine, 

carboxylic acid and thiol, could be efficiently installed as N-substituents of peptide 

amides in one shot, thus enabling the implementation of very effective backbone 
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stapling protocols with different tethers. Other relevant functionalities, such as alkynes 

and azides, surely are equally easy to introduce as handles of the isocyanide 

component. In general, the incorporation of two amide N-substituents leads to the 

occurrence of various conformers for this type of backbone stapled peptides in 

solution. The backbone N-modification method was also applied to the synthesis of 

peptides with self-inducing -helix featuring HBS structures. For this, the covalent 

connectivity was established between the N-substituent of an internal amide and the 

N-terminus, thus mimicking the intramolecular hydrogen bond occurring in - helices. 

The versatility and efficacy of this backbone stapling approach makes it suitable for 

application in the parallel synthesis and screening of cyclic peptides based on bioactive 

sequences. 

Keywords: peptide cyclization, multicomponent reactions, stapled peptides, -helix, 

macrocycles 
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General discussions 

As demonstrated before, the repertoire of macrocyclization strategies for the 

introduction of conformational constrains in peptides has been increased enormously. 

Inspired by cyclic natural products in the past and recently by the repercussion on the 

creation of new therapeutic candidates, many interesting methodologies are today 

available. Among the large variety of methods, some intrinsic features differentiate 

them, including: a) chemistry required for the ring-closure, b) way of cyclization 

regarding peptide side chain or backbone, c) number of functional groups or buildings 

blocks compromised (e.g., one-component, two-component, multicomponent, etc.), d) 

size of the ring or separation of amino acids, e) synthetic issues, e. g., if it is performed 

in solution or on polymer-supported.  Here we developed several methods for peptide 

cyclizations that can be differentiated in all this aspects, having in common that all 

involve multicomponent reactions. 

 

Scheme 1. Multicomponent strategy for the synthesis of analogues of Gramicidin S, based on 

an on-resin head-to-tail cyclization by Ugi-4CR.  

In the first chapter, a new method for the synthesis of Gramicidin S analogues was 

developed. We found that the replacement of the turn inducer dipeptide L-Pro-D-Phe 

by an Ugi reaction-derived N-alkylated dipeptide was able to mimic the β-hairpin 

structure of the natural product. As depicted in the Scheme 1, we designed a solid-

phase protocol, based on the head-to-tail cyclization of a linear precursor anchored to 

the solid support via one Orn-side chain. The final cyclization step, in all examples, was 

performed by an unidirectional Ugi reaction, in order to make use of the established 

advantages of the multicomponent process over the classic macrolactamization. As a 



 

80 
 

 General discussions   

result, a library of analogues of Gramicidin S containing exo-cyclic cationic, anionic and 

lipid functionalities was synthesized. However, substitution of both turns reduced the 

active conformation. 

In the second chapter (scheme 2A), I studied the execution of two Ugi reactions, 

together comprising the ring-closure. This variant allows for more diversity 

introduction into the formed ring due to the inclusion of most of the components. This 

bidirectional approach was conducted on bifunctional diacid peptides with 

diisocyanide cross-linkers in combination that includes side chain-to-side chain and 

side chain-to-tail cyclizations. In this case, the multicomponent macrocyclization was 

performed in solution because according to our experience, on-resin protocols using 

bifunctionalized linkers can afford a complex mixture of linked and cross-linked 

products. The sequences studied were chosen randomly, containing two Glu/Asp 

residues separated by several positions like i, i + 3; i, i + 4 and i, i + 5, or a combination 

of one Glu/Asp with the C-terminus. It is worth to highlight the high level of chemical 

diversity that this method allows based on the variation of not only the diisocyanide 

cross-linker, but also of the amino component. 

Scheme 2. Bidirectional macrocyclization based on double Ugi reactions (A) and on double 

Petasis reaction (B) of peptide side chains. 

The most recent contribution of our group to the field of peptide macrocyclization or 

covalent modification in general, is described in the third chapter of the present 

document. There in, we report the utilization of the Petasis-3CR for the late-stage 

diversification and stapling of peptides. First we described a multicomponent labeling 
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protocol that enables, for the first time, the simultaneous incorporation on the solid 

support of diverse small sugars together with other bio-important moieties at the Lys 

side chain or the peptide N-terminus. In addition, it was possible to design a 

multicomponent stapling protocol based on the Petasis reaction (scheme 2B). It is 

based on the combination of side chain-bifunctionalized peptides containing two units 

of N-MeLys or N-MeOrn (instead of Glu/ Asp in the Ugi protocol) separated at i, i + 4 

or i, i + 7 with a diboronic acid cross-linker and a dihydroxyacetone or glyceraldehyde. 

In comparison with the Ugi-based protocol, this one is perhaps less prominent in terms 

of atom economy and only four new covalent bonds are formed during the ring-

closuring whereas in the former eight are formed and included in the cyclic structure. 

However, with using Petasis reaction in solution, the overall charge of the peptide is 

not affected, since the amino groups are not compromised in an amide bond like in the 

Ugi reaction. In addition, this multicomponent stapling also enables rigid aryl tethers in 

combination with additional elements of diversity arising from the carbonyl 

component, like small sugars, that could influence important parameters such as 

solubility or immunogenicity.  

 

Scheme 3. Multicomponent N-modification based on the Ugi-4CR, for further backbone-to-

backbone cyclization.  

Like in the previous three chapters, in the fourth one (without including the 

multicomponent HBS alternative) also two multicomponent reactions are involved in 

the designed macrocyclization strategy. However, now the final cyclization step did not 

consist on a multicomponent reaction (scheme 3). Aiming to not compromise any side 

chain for the cyclization, two Ugi reactions were employed to introduce amide N-
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substituents, at different positions of the peptide backbone bearing functional groups 

suitable for the final ring-closure. As a result, diverse uni- and bidirectional 

macrocyclization chemistries were implemented with such backbone N-substituents, 

including the ring-closu metathesis, macrolactamization and thiol bis-alkylation. 

Noticeably, the execution of all synthetic steps, including the two Ugi reactions and the 

final cyclization, can be conducted on the solid support and the N-substitutions were 

introduced in an amide separated at i, i + 4 or i, i + 7, or in combination with the N-

terminus separated by two or three residues. In analogy with the first chapter, this 

cyclization method comprises attachments only at the backbone. But instead of using a 

head-to-tail combination, here it comprises the utilization of functionalities located at 

inner amide-N-substituents.   However, in contrast to the synthesis of analogues of 

gramicidin S, where most of the bonds and substituents generated in the 

multicomponent process are exo-cyclic, and in similitude with both Ugi and Petasis 

bidirectional protocols, most of the bonds generated and building blocks used were 

finally incorporated into the cycle.  

In general, we have demonstrated the versatility of multicomponent reactions for 

peptide cyclization either from the side chains or the backbone. The most important 

features of all developed protocols offer the chance to rapidly generate high levels of 

complexity and enable multiple exo- and endo-cyclic functionalizations. This render 

them as very suitable protocols for library synthesis as required for screening new 

chemotypes of biologically relevant peptides. 
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