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Introduction 
 
Peptides and protein are made by amino acids (AAs). Even if they are simple molecules, 
having at least one carboxylic and one amino group, they are at the molecular basis of the 
living world. These very simple molecules can be easily used to build structures with high 
complexity and variability, making them attractive tools for different applications, ranging 
from catalysis to electrochemistry, biology and nanomedicine.  

Nature has optimized their structures to absolve numerous functions in almost all the 
biological processes. In nature, 21 AAs are present and they are α-AA.  

 

b -Amino Acids  
 
b-AAs are analogues of a-AAs with a difference: an additional carbon atom between the 
carboxylic and amine groups (Figure 1). 
 

 
Figure 1 Difference between α/β amino acid 

Seebach1 and co-workers propose a nomenclature system to identify positional isomers for 
β-amino acids. In particular the superscript after β symbol (β2, β3, β2,3, β,2,2…) indicates the 
position of the side chain substituent/s respect to the carboxylic function (Figure 2). 

 

 
Figure 2 Representation of Seebach numeration of β-amino acid's side chain substituent 

b-AAs are commonly considered not natural amino acids, although there are some 
examples of this class in nature as secondary metabolites or as components of complex 
natural products. Moreover, b-AAs moiety is often recurrent in biological active 
compounds, such as b-lactam antibiotics, Taxol and bleomycin derivatives as anticancer 
agents (Figure 3). 

H2N

R

COOH

α-amino acid

H2N
COOH

R

R

β-aminoacid

H2N
R1

COOH
H2N

COOH

β2-aminoacid

R2

β3-aminoacid

H2N
R1

COOH
R2

β2,3-aminoacid

H2N
R1

COOH

R2

β2,2-aminoacid



 10 

 

Figure 3 Biologically active compounds containing a b-AA motif 

 

Being not natural AAs, when they are inserted in a peptide structure they can confer major 
proteolytic stability to the system compered to natural AAs.2 In fact, human peptidases do 
not recognize b-amino acids and are not able to hydrolyze peptide bond. Moreover β-
peptides and α/β hybrid peptides can induce a predictable and well-defined secondary 
structure, such as helices, strands and loops that may be residue-controlled and biologically 
active.  

Carbocyclic β-amino acids 

In the last decades cyclic β-amino acids received considerable interest especially in 
pharmaceutical chemistry. These moieties can be found in various bioactive natural 
products as gougerotin oxetin and cispentacin (Figure 4).3 Despite these simple cyclic β-
amino have a very simple structure, they show very marked biological activities.  

 

Figure 4 Bioactive molecules and peptides foldamers containing cyclic β-amino acids 
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Starting from the compounds described before, recently many pharmaceutical companies 
produce new drug candidate containing synthetic cyclic β-amino acid into their scaffold 
(BAY9379, Tilidin, and oryzoxymycin). The idea is to start from a structure known for its 
biological activity and try to modify the ring in order to increase power and effectiveness ( 
CEP-28122, VX-787, VLA-4 Antagonist, and 11 -methoxytabersonine(Figure 5).4 

 

 

Figure 5 Synthetic pharmaceutical drug containing cyclic β-amino acids 

 

Conformation of cyclic β-AA, compared to acyclic β-AA, present a higher constraint due to 
the presence of the ring. Moreover, the ring size influences the C2-C3 torsional angle which 
can potentially influence the β-peptide secondary structure. 

Due to their conformally restricted structure, cyclic β-AAs have been studied for decades to 
induce stable peptide secondary structures. Studies are mostly focused on β-AAs like trans-
2-aminocyclohexanecarboxylic acid (ACHC)5,6 trans-2,5-diaminocyclohexanecarboxylic 
acid (DCHC)7, Pentacyclic trans-2- aminocyclopentanecarboxylic acid (ACPC), trans-3-
amino-pyrrolidine-4- carboxylic acid (APC)8and cis-pentacine9(Figure 6). 
 
 

 
Figure 6 Conformally restricted cyclic β-amino acids 
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These cyclic β-amino acids are known to stabilize various secondary structure motifs in 
synthetic oligomers. Their ability to stabilize specific secondary structures when inserted 
into peptide sequences will be illustrated in the next chapter. 

 

Secondary structure mimics  

Protein-protein interactions (PPIs) are involved in many biological functions and play a key 
role in several pathological disorder.10 By the analysis of the full set of helical protein 
interfaces in the Protein Data Bank it has been seen that about 62% of the helical interfaces 
contribute to protein-protein interactions. However, as said before, peptides with high 
degrees of freedom lose their secondary structure in solution: for this reason, several 
strategies have been developed to obtain compounds able to mimic the natural peptides in 
their exact bioactive conformation.  

The most common peptide secondary structure is the helix, that is formed by repetitive 
sequences stabilized by intramolecular hydrogen-bonds between sequential residues 
(Figure 7). 

 

Figure 7 Helix conformation 

Helical secondary structures in α/β- and β-peptides depend on the length of the chain. α-
Peptides require at least 8-12 residues for a stable helix-conformation while β-peptides need 
only six residues (Figure 8).  
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Figure 8 Structure of the α-helix, 14-helix, 12-helix, and 10/12-helix11 

 

β-peptide helix conformations could be classified as follows (Figure 9):  
• 14-helix, forming series of 14-membered: it is stabilized by hydrogen bonds between 

the amide proton at position (i) and the carbonyl at position (i+2);  
• 12-helix, with repetitions every 2.5 residues: it is stabilized by hydrogen bonds 

between amide carbonyl groups at position (i) and amide protons at position (i+3);  
• 10/12-helix: there is a twist between networks of 10 and 12-member-helixes stabilized 

by hydrogens bonds. The amides, surrounded by methylene hydrogens, bond one to 
another (i, i+2), forming the 10-membered rings, while the 12-atom rings are formed 
between amides surrounded by side chains (i+1, i+3);  

• 8-helix (less recurring): it is formed by turns composed of eight-member pseudo-
rings.  
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Figure 9 Nomenclature for β-peptide helices based on hydrogen-bonding patterns 

 

The β-sheet is a common motif of regular secondary structure in proteins. β-Sheets have a 
crucial role in the formation of the three-dimensional structures in peptides, and this is the 
reason why they represent interesting structural elements for the development of 
peptidomimetics, especially in the field of CNS diseases.12 

There are two types of conformation of the b sheet for peptides containing β-AA: anti and 
gauche. Their structure depends on the torsion angle C2-C313, as shown in Figure 10. In the 
anti-type sheet b we can see the formation of a net dipole; in fact, each carbonyl group is 
oriented in the same direction. In the gauche type, on the other hand, the dipole described 
above does not exist, in fact the carbonyl groups are alternated. 

 

Figure 10 Type of β-sheet anti and gauche 
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of the next one. The antiparallel alignment allows the strongest bonding with planar 
interactions, meanwhile the parallel alignment introduces non-planarity in the inter strand 
hydrogen-bonding pattern, so that are less stable Figure 11. 

 

 

Figure 11 Parallel/Antiparallel β-sheets 

 

Two antiparallel β-strands connected through a turn lead to an antiparallel β-hairpin 
structure, which is stabilized by an extended pattern of inter strand hydrogen-bonds (Figure 
12). Turn- inducing amino acids, such as L-ornithine or the dipeptides D-Pro/L-Pro and D-
Pro/L-Gly, are privileged motifs used to stabilize a β-hairpin, by allowing the nucleation of 
peptides into the secondary structure.14  

 

Figure 12 b-harpin structure13 

 

Turn motifs, which are highly recurrent in loop regions, play a relevant role in PPIs.15 They 
consist of irregular secondary structures characterized by non-repetitive dihedral angles of 
their backbones, so the peptide chain fold back on itself. There are different types of turns, 
classified depending on the length and on the hydrogen-bonding pattern between the 
carbonyl group at position i and the amide proton at position i+n (Figure 13). Among the 
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different families, β-turn, composed by four amino acids (n = 3) and a hydrogen-bond 
forming a pseudo ten-membered ring, plays a significant role in many biological recognition 
systems, such as in several peptide-antibody interactions and in the binding interactions 
between peptide ligands and proteins.16 Besides β-turn, the other most common turn types 
are γ- and α-turns, while δ-turns are rare. In particular, γ-turns involve three amino acids 
and is characterized by a pseudo seven-membered ring formed by an H-bond between i and 
i+2 residue, whilst in the α- turns the H-bond is between i and i+4 residue with the 
involvement of four amino acids. δ- Turns are rarely authenticated and characterized by a 
cis-amide bond, which allow the formation of an eight-membered pseudo-cyclic structure, 
stabilized by an H-bond between i and i+1 residue.  

 

Figure 13 Structures of different turn types 

 

Pharmaceutical applications 

As previously mentioned, the major problem in using natural peptides in pharmaceutical 
field is their degradation caused by human peptidases. The presence of a not natural amino 
acids, such as b- AAs, confers proteolytic stability to the system because the peptidases can’t 
recognize them.17 For this reason, mimetics peptide like a/b hybrid-peptides are very 
appealing for pharmaceutical applications.  

Mulzer group reported the synthesis of a GnRH Mimetic. A cispentacin-derived bicyclic -
amino acid (Bic) (Figure 14) has been synthesized and incorporated into the 6-position of 
GnRH.18 
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Figure 14 Structures of different turn types 

The analogue is more rigid but keeping the structural requirements for biological activity at 
the receptor. Moreover, the incorporation of Bic results in enhanced stability against 
enzymatic cleavage.  

Another example of a molecule that mimics a non-natural amino acid is used in inhibition 
of PPI comes from my research group. In particular, the synthesis and conformational 
analysis of b-hairpin peptidomimetics, built on a piperidine-pyrrolidine semi-rigid b-turn 
inducer and bearing two small recognition peptide sequences, was performed designed on 
oligomeric and fibril structures of Ab1-42. According to these peptide sequences, a stable b-
hairpin or a dynamic equilibrium between two possible architectures was observed (Figure 
15). These original constructs are able to greatly delay the kinetics of Ab1-42 aggregation 
process, inhibiting the formation of toxic oligomers. Furthermore, compounds protect 
against toxic effects of Ab on neuroblastoma cells.19 

 

 

 

 
Figure 15 Structure of piperidine–pyrrolidine semi-rigid b-turn inducer(left); structure of the most populated clusters obtained of 

computational analyse of b-amyloid mimic (right).19 

 

Electrospinning Applications  

Electrospinning is a technique used for the fabrication of continue ultrafine fibers, having 
diameters from ten nanometers to a few microns, commonly known as nanofibers. So far, 
this technique is considered as the only one that can produce nanofibers on an industrial 
scale with a length up to several meters. This procedure uses an electrical field as the trigger 
to create nanofibers. In fact, a solid fiber is generated as the electrified jet composed by a 

OH

N
H

O LRPG-NH2

XHWSY

NH
H

TosHN
N

COOH



 18 

highly viscous polymer solution, that is continuously stretched due to the electrospinning 
repulsions between the surface charges and the evaporation of solvent (Figure16).  

 

Figure 16 Schematic illustration of the basic set up for electrospinning process 

 

The morphology, diameter and directions of the fiber can be controlled, depending on 
materials by instrument setup and process parameters. The principle way is based on 
applying a high voltage (kV range) to a high viscosity fluid, which forms a jet that can be 
collected in dry form on grounded substrate.  

The electrospinning process can be divided in two phases:  

• - in the first phase the solution droplet is charged above a critical high voltage, 
resulting in the formation of Taylor cone shape (Figure 17).  

• - the second phase concerns the ejecting of the jet that travels to a grounded collector. 
Further away from the cone, the solution jet is nonstable until it meets the electronic 
field. At this point, the jet rapidly elongates forming the long fiber on the collector.  
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Figure 17 Illustration show the cone Taylor and a typical SEM image of the nanofibers deposited on the collector 

 

The concentration of spinning solution is one of the most important parameters of 
electrospinning. In Hongyan’s group, to determine the optimal spinning concentration, PPV 
precursors/GO nanofibers exhibiting different GO contents (2.0, 3.0, 5.0 and 10.0 wt %) were 
electrospun under constant voltage (12 kV), spinneret diameter (0.51 mm), and receiving 
distance (18 cm). The morphology of synthetized nanofibers was characterized through the 
SEM images and diameter distribution histograms of PPV precursor/GO composite 
nanofibers at different concentrations. The concentration significantly impacted the 
diameter of electrospun fibers (Figure 18).20 

 

 

 

 
Figure 18 SEM images and the corresponding diameter histogram of PPV precursor/GO nanofibers with different GO content: (a) 

2.0 wt%, (b) 3.0 wt%, (c) 5.0 wt% and (d) 10.0 wt%20 
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The structures obtained with this technique are versatile and can be used in different 
application, such as the building of membranes, filters and biomaterials, important also in 
pharmaceutical industry thanks to their chemical and physical characteristics. In particular, 
they found applications in tissue engineering and drug delivery. Electrospinning affords 
also great flexibility in selecting materials for drug delivery applications. Either 
biodegradable or non-degradable materials can be used as drug delivery system, where the 
release can occur via diffusion with or without fiber degradation.  

Peptide nanofibers structures can be produced by using electrospinning (ESP). In material 
production, synthetic polymers offer several advantages such as ease of availability, 
processing without difficulty, reproducible results, excellent mechanical properties but they 
usually show lack of cell recognition sites and lack of cell affinity due to low hydrophilicity. 
For these reasons, peptides can be interesting tools to overcome some of these drawbacks, 
mostly in tissue engineering, where biodegradable scaffolds are required to direct tissue 
repair and regeneration, also providing structural support. Indeed, there is the possibility 
to tune AA sequences and produce a hydrophobic or hydrophilic surface with specificity 
for different biological targets. The fact that they do not suffer from denaturation issues is 
one of their advantages together with the compatibility with nonaqueous solvents and the 
easy large-scale preparation due to the limited length and complexity. Peptides can be used 
in ESP: 1) in combination with natural or synthetic polymers and 2) alone, as reported for 
poly- and oligopeptides.21 To obtain uniform electrospun fibers is important the presence of 
sufficient intermolecular interactions, while high molecular weight is not essential. Some 
small molecules able to self-assemble have been electrospun from solution into fibers and, 
among them, there are peptides containing both natural and non-natural amino acids. 
Nowadays, the use of peptides for this purpose is not that common, but it is gaining 
increasingly interest.22 

Nanomaterials applications 
 
In nature, complex and well-defined structures are constructed by the self- assembly of 
biomolecules. The self-assembly of peptide-based molecular systems is especially complex 
and difficult to control because of their intrinsic conformational flexibility and diverse side-
chain functionality.23 β-peptide foldamers (oligomers of β-amino acids) are excellent 
candidates for a model system that meets the minimum requirements of rigidity and 
predictability because, in solution, they adopt rigid and controllable secondary structures. 
It’s already known that cyclic β-peptide, β-peptide foldamers or hybrid a/b-peptides with 
different lengths can self- assemble into three dimensional molecular architectures thanks 
to their rigid and predictable secondary conformation.  
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In particular, peptides based on their design can assemble into different kinds of 
supramolecular architectures (Figure 19) such as nanotubes and monolayers with a 
nanoscale order and as vesicular structure. Nanostructures have been developed from 
different types of peptides including cyclic peptides, amphiphilic peptides, peptides 
containing β-sheeted motifs, helical structures, or β-turns. 
 

 
Figure 19 Self-assembly of peptides into different types of nanostructures 

 
 
Over the last several years, self-assembled peptides attracted considerable attention as new 
materials with potential application in research and industry. Natural and synthetic 
peptides with strong self-assembly propensity give the possibility to access a wide range of 
different nanostructures and the corresponding properties. Numerous applications have 
been studied including 3D cell culture and tissue regeneration, drug delivery, biosensing, 
bioimaging, and microbiology and in the elaboration of new materials (Figure 20).  
 

 
Figure 20 Schematic illustration of peptide nanostructures and possible applications by self-assembly24 
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Nowadays scientists are trying to discover new nanomaterials that can find application in 
different fields.24 

 

Organocatalysis applications 
 
The efficacy and versatility of organocatalysis lay the groundwork of the organic synthesis 
since the late 1990s. Organic chemists, impressed by the Nature with its biocatalytic 
processes, gave birth to organocatalysis, using very simple molecules bearing the minimal 
functionalities to mimic biocatalysts and effect asymmetric reactions.25,26 

Before List’s and Mcmillan’s publications as the pioneers of organocatalysis, Breslow and 
coworkers already in 1958 proposed a groundbreaking paper in which a Thiamine could act 
as organocatalyst forming an intermediate acyl carbanion R-CO-, inverting the polarity of a 
carbonyl group and thus obtaining a so called ‘active aldehyde’(Figure 21).  

Later on, Eder, Sauer and Wiecherst discovered the huge potential of Proline as effective 
asymmetric catalyst for the synthesis of 7a-alkyl-5,6,7,7a-tetrahydro- 1,5-indandiones and 
8a-alkyl-l,2,3,4,6,7,8,8 a-octahydro- 1,6-naphthalenediones, optically active intermediates 
for the total synthesis of steroids. They used Proline as chirality inducer in an aldol 
reaction27. Since then, the use of the Proline continued over the years. Actually, Proline is a 
chiral organic compound that can be used as a catalyst in many reactions such as aldol 
condensation, Mannich reactions, or Michael additions. Proline is nontoxic, inexpensive, 
and readily available in both enantiomeric forms. Reactions with Proline do not require inert 
conditions, as do so many organometal catalysts, and most reactions carried out with this 
compound can be at r.t. Proline is an example of a green alternative to classic 
organocatalysts.  

In 2000, List et al. for the first time focuses his attention on the use of the Proline analogues 
to promote aldol reaction to form new C-C bond. At that time, the most used method to 
perform this reaction was the formation of the enolate using a metal that entered in the 
catalytic cycle together with a chiral catalyst. Being inspired from the class I of aldolases, 
using enamine-based mechanism, they synthesized different Proline analogues as 
asymmetric catalyst for the direct aldol reactions (Scheme 1) 
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Scheme 1 Proline analogues in promote aldol reaction 

 

In the same year, MacMillan and coworker published the use of McMillan catalyst (VII, 
Scheme 2) as an analogue of Proline for reactions going through the formation of iminium 
ions from a,b-unsaturated aldehydes. To prove the efficacy of the catalyst, they firstly 
focused on Diels-Alder reaction between a,b-unsaturated aldehydes and various dienes 
obtaining high enantioselectivity. 
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Scheme 2 Diels-Alder reaction between α,β-unsaturated aldehydes and cyclopentadiene and mechanism. 

As outlined in Scheme 2, the condensation of aldehyde (I) with an enantiopure amine (i.e., 
V, VI, VII) lead to the formation of an iminium ion (II) that is sufficiently activated to 
engage a diene reaction partner. As a matter of fact, it was already known at that time that 
a,b-unsaturated iminium ions are significantly more reactive as dienophiles than the 
corresponding a,b -unsaturated aldehydes. Accordingly, Diels-Alder cycloaddition would 
lead to the intermediate (III), which upon hydrolysis would provide the enantioenriched 
cycloadduct (IV) regenerating the chiral amine catalyst.28 

These last two publications mark the beginning of the organocatalysis and thus the use of 
organocatalysts as appealing molecules as key reagents for enantioselective syntheses.  

From the early 2000, the research of the perfect organocatalyst represents a milestone for the 
synthesis of enantiopure intermediates, that otherwise would be prepared with a lot of 
synthetic steps and expensive chiral auxiliaries. 

Continuing our journey in the Organocatalysis field, the Hayashi-Jorgensen catalyst need 
to be underlined. In 2007, Hayashi and Jorgensen, independently, developed the same 
catalyst that then was called Hayashi-Jorgensen catalyst (Figure 21). This catalyst is more 
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active and more soluble in organic solvents than prototypical Proline catalyst. Compared 
with the MacMillan catalysts, that are used often in iminium-mediated reactions, the 
Hayashi-Jørgensen catalysts tends to be more effective in enamine-mediated reactions. 
Since the first publication, in which Jørgensen group presented this catalyst with the 
capability of forming five definite stereocenters in one reaction29, Hayashi-Jørgensen 
catalyst, as the McMillan’s one, are commercially available. 

Recently, different short peptide catalysts were designed. Among of all, in 2008 Wennemers 
group proposed conformationally stable tripeptides with Proline at N-terminus to be used 
in addition reactions of aldehydes to nitroolefins.  

 

Figure 21 Overview of the most important catalyst used for organanotalysis reaction 
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Aim of the Thesis 
 

During the PhD activity the synthesis of non-natural cyclic b-amino acids has been 
performed. Each of these has been used for different applications as shown in the Table 
below.  
 
Table 1 Different applications of non-natural cyclic b-amino acids   
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Chapter 5 
 
 

Synthesis of non-natural amino acid with 
isoxazoline core as b-turn inducer for the 
preparation of peptidomimetics  

 

 
 

Chapter 6 
 

 
 

Photochemistry cyclization peptide. This part 
of my thesis was performed during my 
visiting period at University of Manchester 
(UK) in Leonori Group.  
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Synthesis of non-natural 3-Arylmorpholino-β-amino Acid as a PPII 
Helix Inducer 

 
 
 

Aim of the work 
 
The polyproline II helix (PPII) is the less abundant among the ubiquitous secondary 
structures in folded proteins such as α-helices, 3,10-helices, and β-sheets.30 The PPII helix is 
characterized by ϕ and ψ torsional angles of about −75° and 150°, respectively, and, contrary 
to PPI, is left-handed with trans peptide bonds.31 It is involved in biological systems such as 
cell motility, bacterial and viral pathogenesis.32 Moreover, it is also at the basis of the 
collagen triple helix, formed by three PPIIs that coil into each other thanks to intermolecular 
hydrogen bonds. 
In general, non-natural amino acids (AAs)33 could be commonly used as inducers of a 
particular secondary structure. Despite the large number of protocols involving β-AAs for 
locking peptides into helixes and β-strand conformations, their use for generating mimics 
of PPII structures is absent in the literature.34 
Recently, my research group reported on the synthesis of a morpholino β-AA, named β-
Morph 1, that was inserted in peptide model (n = 1,2; R = H; Figure 22) containing Leu-Val 
dipeptide( prone to give an extended conformation) in order to evaluate the ability of 
compound 1 to induce a specific conformation.35 

 

 

 
Figure 22 Peptides containing β-MorpholinoAA 
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Due to the formation of a strong H-bond between the oxygen of the morpholino ring and 
NH of amino acid i+1, γ-turn/s stabilized by a H-bond between C=O and NH at positions i 
and i+2 can be formed. Interestingly, the hexapeptide 4 (Figure 23) showed an equilibrium 
between α- and PP-helixes as secondary structures. The shift between the two geometries, 
stabilized by the γ-turn (described in pink), is possible thanks to the rotation of the tertiary 
amide bond (underlined with green ring). 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
In order to block this rotation, we evaluated the possibility of introducing a bulky group in 
the α-position of the tertiary amide bond on the morpholino ring, thus stabilizing only the 
PPII helix as reported in Figure 24. In particular the p-OMe substituent on the aryl group 
has been chosen because it could be involved in PPI as hydrogen bond acceptor.   
 

 

 
 

 

 
 

Figure 24 Idea for the stabilization of PPII helix. 
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Computational studies 
 

H-REMD simulations were performed by Prof. Contini (Department of Pharmaceutical 
Science, University of Milano) in order to evaluate the role of the p-OMe-Ph group at C-3 
and the stereochemical configuration at the same carbon in the conformational preferences 
of N-Boc-[(S/R)-Ar-βMorph-Leu-Val]2-OBn hexapeptide 4. As expected, the insertion of the 
aryl group at C-3 induced a significant change in the conformational stability of peptides 
(3S)- or (3R)-Ar-βMorph containing hexapeptides, named (3S)-4 and (3R)-4, respectively, 
compared to 5 (Figure 25). 
 
A) 

 
 

B) 

 

C) 

 

Figure 25 Hexapeptides containing: A) (3S)-4 Ar-βMorph, B) (3R)-4 Ar-βMorph, C) βMorph 5 

 
A different stability was observed depending on the stereochemistry at C-3 of Ar-βMorph. 
The population of the main conformational cluster is different for (3S)-4 and (3R)-4 (67.3% 
and 29.2%, respectively; Tables 2) suggesting that the former is conformationally more 
stable.  
 
Table 2 Dihedral values taken from the most representative conformation of the main cluster c0 

 (3S)-4 (3R)-4 
j1 -54.8 ± 43.4 -111.0 ± 17.0 
y1 135.8 ± 28.0 -33.0 ± 9.7 
j2 -75.8 ± 27.7 -128.5 ± 8.9 
y2 152.4 ± 21.1 82.7 ± 11.1 
j3 -86.9 ± 25.6 -72.0 ± 11.0 
y3 147.0 ± 49.4 -6.9 ± 18.2 
j4 -75.4 ± 26.5 -80.8 ± 18.6 
y4 127.9 ± 29.1 122.8 ± 12.1 

c0 pop (%) 67.3 29.2 
 
Moreover, for (3S)-4, the average φ and ψ dihedrals of the cluster (c0) population match 
with the typical PPII-helices range (about−75° and 150°, respectively; Table 2 and Figure 26). 
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A disordered conformation was obtained for (3R)-4, where the average φ and ψ dihedrals 
of c0 do not match any well-defined secondary structure. 
 

 
Figure 26 Representative geometry of the most populated cluster for c0 for (3S)-4 

 
 
The different behavior of (3S)-4, (3R)-4, and 5 is also well described by the heatmaps (Figure 
27) obtained from the analysis of the last 500 ns of the H-REMD trajectory, representing the 
conformational free energy surfaces derived from the Boltzmann distributions of selected 
dihedral pairs. Indeed, a deep well at about φ1 = −80° and ψ1 = 150° can be observed for 
(3S)-4. Conversely, for (3R)-4, an additional and rather wide low energy region is observed 
at about φ1 = −100° and ψ1 = −50°. Furthermore, the region corresponding to the left-handed 
helix (30° ≤ φ ≤ 130° and −50° ≤ ψ ≤ 100°) also is energetically more accessible, compared to 
(3S)-4. In conclusion from computational studies, β-Morph 2 seems to favor both PP- and 
α-helix geometries, as well as the transition region between them represented by the inverse 
γ turn region (φ ≈ −80° and ψ ≈ 70°). Conversely, (3R)-Ar-β- Morph still induces α- and PP-
helixes, but with a less favored inverse γ-turn region.36 

 

 
Figure 27 Heatmaps describing the relative free energy (kcal/mol) associated with different values for the φ1/ψ1 dihedral pair for 

peptides (3S)-4, (3R)-4, and 5, 24 containing 3S-Ar-β-Morph, 3R-Ar-β-Morph, and βMorph, respectively. 
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Synthesis of the new scaffold 2 
 

According to the computational data (3S)-Ar-βMorph was then synthesized to verify its 
ability to stabilize the PPII helix starting from the enantiopure βMorph (+)-1 (Figure 22, R = 
H). It was prepared from the commercially available glucose according a known 
procedure.35 First, 1 was transformed into amide 7 by reaction with 8-aminoquinoline (6) 
because it is reported that a regio and diastereoselective Pd-catalyzed C(sp3)H-arylation 
could be mediated by the Pd-coordinating nitrogen of quinoline ring. Amide 7 (43%) was 
prepared by using a reported protocol.37 On the other hand, a strong improvement in the 
yield was achieved by activation of 1 with propylphosphonic anhydride [T3P, 2.5 equiv; 
50% DMF solution in CH2Cl2, DMAP (3.5 equiv), 0 °C, 1 h; then 24 h at 25 °C] followed by 
reaction with 6 (1.1 equiv, 25 °C, 24 h) giving (+)-7 in 81% yield (Scheme 3). 
 
 
 

 
Scheme 3 Synthesis of 3-Ar-β-Morph (−)AA 2 

 

The arylation at C-3 for a similar compound of 7 (10% yield) is reported in literature 
[Pd(OAc)2 (0.1 equiv), AcOAg (2 equiv), MeOPhI (3 equiv) toluene, reflux, 38 h)].38 The same 
protocol, starting from 7 and p-iodoanisole, gave analogous yields of 8. Several attempts 
were performed to optimize this procedure. While the use of toluene was found to be crucial 
(other solvents inhibit the reaction), incrementing the amount of Pd(OAc)2 from 0.2 to 0.4 
equiv. increased the yield up to 37% (63% recovery starting material). Unfortunately, no 
improvement was observed by changing the catalyst (Cu(OAc)2, Cu(TFA)2, Pd(TFA)2, 
PdCl2) or the oxidant (AgTFA instead of AcOAg). The reaction is regio- and 
diastereoselective, affording only compound (+)-8 having the aryl moiety in cis relationship 
with the carbonyl group. To synthesize the deprotected carboxylic acid 2, N-Boc amide (+)-
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9 was first prepared [(Boc)2O (20 equiv), DMAP (3 equiv), MeCN, 70 °C, 6 h; 83%]. Its 
hydrolysis [LiOH·H2O (2 equiv)/ H2O2 (35%, 5 equiv), THF/H2O (3:1), 25 °C, 18 h] gave (−)-
2 (98%). 
 
 

Foldamer synthesis 
 
 
Different coupling agents were used for the foldamer syntheses (Scheme 4). T3P 
(DMF/DMAP solution) was chosen as the most efficient coupling agent, giving tripeptide 
(−)-10 in 81% yield. It was selectively deprotected (TFA, CH2Cl2, 25 °C, 2 h), affording (-)-11 
(quantitative yield). Debenzylation reaction of (−)-3 (H2, Pd/C, THF, 1 atm., 25 °C, 2 h) 
provided (−)-12 (93%). For the final coupling of 11 with 12 we used first HOBt/EDC or HOBt 
[(1.1 equiv)/EtCN-oxime (1.1 equiv)/ DIPEA (2.1 equiv)] but low yield of hexapeptide 4 (17 
and 8%, respectively) were detected. In a third attempt, T3P was selected resulting the best 
coupling agent, improving the yield of (−)-4 (36%).  
 

 
Scheme 4 Synthesis of Tripeptide (−)-3 and Hexapeptide (−)-4 
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100%

NH2-(-)-Ar-β−Morph-L-Leu-L-Val-OBn
(-)-11 CF3CO2H

H2 Pd/C
THF, 1atm, 25 °C
2h, 93%

N-Boc-(-)-Ar-β−Morph-L-Leu-L-Val-OH
(-)-12

T3P (2.5 eq. in DMF),CH2Cl2 0°C
then (-)-11, DIPEA (3.5 eq.) 25°C 24 h
36%

N-Boc-[(-)-Ar-β−Morph-L-Leu-L-Val]2-OBn
(-)-4
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NMR characterization 
 
NOESY experiments were used for the stereochemistry assignment of (−)-2 at C-3. The trans 
disposition of H-2/ H-3 is excluded by the J value (5.1 Hz), and a distorted morpholino chair 
is suggested (J5ax,6 = 8.9 Hz, J5eq,6 = 5.4 Hz). NOEs were detected between H-2/Boc (w) and aryl 
group with H-2, H-3, and H-5ax, indicating the pseudo-axial disposition of the aryl moiety 
cis with respect to the carboxylic function (Figure 28).  
 
 
 
 
 
 
 
 
Tripeptides (−)-3 and hexapeptide (−)-4 were characterized by NMR (1H, 13C, COSY, TOCSY, 
HMBC, HMQC, NOESY; 600 MHz) in CD3CN solution, and δ values of morpholino and α-
AA protons were assigned. For the tripeptide 3 a γ-turn is present at C-terminus. As 
reported in Figure 29, weak NOEs are those between NHLeu with OMeMorph, H-6, and H-2, 
indicating its orientation toward the oxygen region of the ring. The formation of the γ-turn 
is supported by the spatial proximity of NHVal with the leucine moiety.  
 

 

 

 

 
 
 

Figure 29 NOEs NMR of morpholino ring protons (blue arrows) and between the different AAs (red arrows) and H-bonds (dotted 
lines) for tripeptide 
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Figure 28 NOEs NMR of morpholino ring protons (blue arrows)  
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Furthermore, low δΔ/ΔT values (273−323 K; Figure 30) for NHVal (−1.8 ppb K−1) and NHLeu 
(−2.2 ppb K−1) were detected. Accordingly, a H-bond between NHVal and C=OMorph is 
suggested, driven by a second strong H-bond between NHLeu and the oxygen of the ring.  
 

 
Figure 30 NMR data for tripeptide (−)-3: Δδ/ΔT NH values (273−333 K) 

 
Moreover, the NMR analysis of (−)-4 showed the presence of two conformers in 80:20 ratio. 
Very low δΔ/ΔT values (273−333 K) (Figure 31) for all NHs ranging from −2.8 to −2 ppbK−1 
were found for the main isomer, supporting a strong H-bond network, as indicated for 3.  
 

 
 

 
 
 
 

 
 
 
 
 

 

NOEs of compound (−)-4 are shown in Figure 32. Similar spatial proximities between NHLeu2 
and NHLeu5 with the acetal region of the corresponding morpholine ring at positions 1 and 
4 are present, supporting the formation of two γ-turns. Spatial proximities between CHVal3 
and protons of morpholine-4 are diagnostic for the prediction of the main conformer.  
 
 

Figure 31 NMR data for hexapeptide (−)-4.: Δδ/ΔT NH values (273−333 K). 
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Figure 32 NOEs NMR of compound 4 protons (blue arrows) and between the different AAs (red arrows) and H-bonds (dotted lines) 

 
 

NOEs were detected between CHVal3 and Heq-5Morph4 but not with H-3Morph4 (Figure 33), thus 
indicating the orientation of C=O toward the aryl region. As a result, the E-conformer is 
suggested for the tertiary amide bond. 
 

 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 

 
 
IR characterization  
 
FTIR studies were performed on a solid sample of (−)-4. The PPII helix conformation was 
confirmed thanks to the presence of a peak around 1640 cm−1, corresponding to the PPII 
characteristic C=O stretching frequency (Figure 34).39 
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Figure 34 FTIR spectra for peptide 4 

 

 
Simulation of (3S)-4 in a biological complex 
 
Considering these promising results, we investigated on the possibility for peptide (3S)-4 to 
mimic a PPII helix within a biological complex. As a reference, we chosen the structure of 
the complex between human platelet profilin (HPP) and a poly-L-proline decamer (L-
Pro10).40 The complex is formed by two molecules of HPP bound to L-Pro10, where this 
latter adopts a PPII helix. We performed MD simulations (100 ns) of both the HPP: L-Pro10 
and HPP:(3S)-4 complexes, the latter obtained by a protein-protein docking approach. The 
binding energy of both L-Pro10 and (3S)-4 was then computed using the Nwat-MMGBSA 
method41 are reported in the Table 3 
 
Table 3 Average Energiesa (kcal/mol) and Standard Deviations Computed by Analyzing the 90-100 ns Segment of the MD 
trajectory of HPP:(3S)-4 and HPP:L-Pro10 

 HPP:(3S)-4 
 

HPP:L-Pro10 
 

Nwat=0 Nwat=30 Nwat=0 Nwat=30 

Etot Complex 
 

-25505.1 ± 48.6 
 

-25790.9 ± 49.9 -25879.6 ± 50.8 -26150.8 ± 50.6 
 

Etot Receptor 
 

-25032.4 ± 48.0 
 

-25291.6 ± 49.2 -25089.3 ± 51.2 -25329.1 ± 52.4 
 

Etot Ligand 
 

-408.1 ± 6.6 
 

-408.1 ± 6.6 -741.4 ± 4.2 -741.4 ± 4.2 
 

ΔEbinding 
 

64.5 ± 4.9 
 

-91.2 ± 9.6 -48.9 ± 6.5 -80.3 ± 10.5 
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Results confirmed that peptide (3S)-4 can actually behave as a PPII mimic in a biological 
complex (Figure 35). 
 

 
Figure 35 Representative geometry of the most populated cluster c0 obtained from the analysis of the last 50 ns of the 100 ns MD 

trajectory of HPP:(3S)-4 (peptide (3S)-4 carbons are colored in magenta). HPP:L-Pro10 was subjected to the same protocol and the 
representative geometry of the most populated cluster was superposed to HPP:(3S)-4; but only LPro10 is shown (grey carbon atoms) 

 

In conclusion, starting from our previous work where scaffold 1 was able to generate a 
mixture of αand PPII-like helixes when it was inserted in a model peptide, we designed the 
new scaffold (−)-2 with the idea to stabilize only the PPII structure. We demonstrated by 
computational, IR and NMR data that the 3-Aryl b-Morph AA 2 represents the first β-AA 
able to induce a PPII helix when inserted in a model foldamer due to the presence of a 
hindered aryl-substituent at C-3 that blocks the rotation of the tertiary amide bond favoring 
the trans-conformation. 
 

The results of these researches were published on Organic Letters ACS42 
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Experimental part 
 
 
General information.  
 
Chemicals were purchased from Sigma Aldrich and were used without further purification. 
Mass spectra were recorded on an LCQESI MS and on a LCQ Advantage spectrometer from 
Thermo Finningan and a LCQ Fleet spectrometer from Thermo Scientific. The NMR 
spectroscopic experiments were carried out either on Varian MERCURY 300 MHz (300 and 
75 MHz for 1H and 13C, respectively), or Bruker Avance I 500 MHz spectrometers (500 and 
125 MHz for 1H and 13C, respectively). Optical rotations were measured on a Perkin-Elmer 
343 polarimeter at 20 °C (concentration in g/100 mL). Chemical shifts (δ) are given in ppm 
relative to the CHCl3 internal standard, and the coupling constants J are reported in Hertz 
(Hz). 
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Synthesis of (2S,6S)-4-Boc-6-methoxy-N-(quinolin-7-yl)-morpholine-2-carboxyamide (+)-7 
 

 
 

To a solution of compound 1 (277 mg, 1.06 mmol, 1 equiv.) in anhydrous CH2Cl2 (15 mL) at 
0 °C, a propylphosphonic anhydride (T3P) (2.65 mmol, 2.5 equiv. 1.7 mL of 50% DMF 
solution), 8-aminoquinoline (168.23 mg, 1.16 mmol, 1.1 equiv.) and DIPEA (647 µL, 3.71 
mmol, 3.5 equiv.) were added. The reaction mixture was stirred for 24 h at 25 °C. The organic 
layer was washed with a solution of KHSO4 (5%, 25 mL), a saturated solution of NaHCO3 
(25 mL) and brine (25 mL). After drying over Na2SO4, the solvent was removed under 
reduced pressure. Purification of the crude product by silica gel flash chromatography 
(nhexane/AcOEt 8:2) afforded the amide 7 oil in 81% (334 mg, 0.86 mmol).  
 
1H NMR (CDCl3, 300 MHz) δ 10.81 (s, 1H), 8.88 (dd, J = 4.2, 1.6 Hz, 1H), 8.84-8.80 (m, 1H), 
8.20 (dd, J = 8.3, 1.6 Hz, 1H), 7.57 (d, J = 4.5 Hz, 2H), 7.49 (dd, J = 8.3, 4.2 Hz, 1H), 5.01 (brs, 
1H), 4.66 (dd, J = 10.8, 3.3 Hz, 1H), 4.47 (brs, 1H), 4.08 (brs, 1H), 3.53 (s, 3H), 3.25-2.97 (m, 
2H), 1.51 (s, 9H);  
13C NMR (75 MHz, CDCl3) δ 167.8, 154.9, 148.4, 138.7, 136.0, 133.6, 128.1, 127.4, 122.3, 121.0, 
117.3, 96.8, 77.5, 69.3, 55.3, 46.0, 45.3, 28.4 (x3);  
 
HRMS (ESI-TOF) m/z: [M+Na]+ Calcd for C20H25N3O5Na 410.1692; Found 410.1697.  
 
Anal. Calcd for C20H25N3O5: C, 62.00; H, 6.50; N, 10.85. Found C, 61.88; H, 6.60; N, 10.79.  
 
[a]D20 = +43.6 (c 0.2 in CHCl3) 
 
  

N

O OMe

Boc

O

N
HN
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Synthesis of (2S,3S,6S)-4-Boc-6-methoxy-3-(4-methoxyphenyl)-N-(quinolin-7-yl)-
morpholine-2-carboxyamide (+)-8 

 

 
 

Operating in a sealed tube amide 7 (1.4 g, 3.4 mmol, 1.0 equiv.) was dissolved in toluene (65 
mL) and AgOAc (1.13 g, 6.8 mmol, 2.0 equiv.), 4-iodoanisole (2.4 g, 10.2 mmol, 3.0 equiv.), 
Pd(OAc)2 (305.3 mg, 1.36 mmol, 0.4 equiv.) were added. The tube was flushed with argon 
and sealed, then placed in a preheated oil bath to 110 ° C (oil bath) and stirred for 38 h. The 
reaction mixture was cooled at 25 °C and EtOAc (10 mL) was added. The resulting solution 
was filtered through a Celite pad, that was washed with EtOAc (10 mL). The solvent was 
removed in vacuo, and the crude material was purified by flash column chromatography 
(nhexane/AcOEt, 8:2) affording pure compound 8 as a yellow oil (606 mg, 0.86 mmol, 37%).  
 
1H NMR (300 MHz, CDCl3) δ 10.84 (s, 1H), 8.83-8.66 (m, 2H), 8.19 (dd, J = 8.3, 1.6 Hz, 1H), 
7.56-7.41 (m, 3H), 7.47, 6.88 (AA’XX’ system, J = 8.8 Hz, 4H), 5.59 (d, J = 6.3 Hz, 1H), 5.12 (dd, 
J = 8.5, 5.2 Hz, 1H), 4.90 (d, J = 6.3 Hz, 1H), 4.33 (dd, J = 14.4, 5.2 Hz, 1H), 3.82 (s, 3H), 3.72 (s, 
3H), 3.04 (dd, J = 14.4, 8.5 Hz, 1H), 1.43 (s, 9H);  
 
13C NMR (75 MHz, CDCl3) δ 167.7, 159.5, 155.2, 148.7, 139.1, 136.7, 134.3, 131.7, 129.3(x2), 
128.4, 127.7, 122.4, 122.1, 117.1, 114.2(x2), 98.5, 81.1, 74.2, 56.6, 55.8, 55.6, 42.2, 28.7(x3);  
 
HRMS (ESI-TOF): m/z [M+H]+ Calcd for C27H32N3O6 494.2291; Found 494.2294.  
 
Anal. Calcd for C27H31N3O: C, 65.71; H, 6.33; N, 8.51. Found C, 65.49; H, 6.49; N, 8.39.  
 
[a]D20 = +33.6 (c 0.3 in CHCl3). 
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Synthesis of (2S,3S,6S)-4-Boc-6-methoxy-3-(4-methoxyphenyl)-N-Boc-N’-(quinolin-7-yl)-
morpholine-2- carboxyamide (+)-9 

 
 

  
 

Compound 8 (606 mg, 1.22 mmol, 1.0 equiv.) was dissolved in MeCN (30 mL). DMAP (413.4 
mg, 3.68 mmol, 3.0 equiv.) and (Boc)2O (5.3 g, 24.5 mol 20.0 equiv.) were added at 25 °C. The 
reaction mixture was stirred at 70 °C (oil bath) for 6 h. After cooling at 25 °C, the reaction 
mixture was concentrated in vacuo. The crude mixture was purified by flash 
chromatography (nhexane/AcOEt, 6:4) affording pure compound 9 as an oil (604 mg, 1.01 
mmol, 83%) 
1H NMR (300 MHz, CDCl3) δ 8.90 (dd, J = 4.1, 1.6 Hz, 1H), 8.19 (dd, J = 8.5, 1.6 Hz, 1H), 7.87-
7.82 (m, 1H), 7.60-7.47 (m, 4H), 7.43 (dd, J = 8.4, 4.4 Hz, 1H), 6.92 (d, J = 8.9 Hz, 2H), 6.14 (brs, 
1H), 5.74 (brs, 1H), 5.39 (brs, 1H), 4.16-4.03 (m, 1H), 3.84 (s, 3H), 3.53 (s, 3H), 2.85 (dd, J = 
13.6, 9.4 Hz, 1H), 1.45 (s, 9H), 1.23 (s, 9H);  
 
13C NMR (75 MHz, CDCl3) δ 159.4, 155.1, 152.8, 150.8, 144.6, 137.1, 136.4, 131.3, 129.4(x2), 
129.3, 129.1, 128.7, 126.5, 121.9, 114.2(x2), 97.4, 83.8, 80.8, 75.9, 56.8, 55.7, 54.6, 42.4, 28.7(x3), 
27.9(x3);  
 
HRMS (ESI-TOF): m/z [M+Na]+ Calcd for C32H39N3O8Na 616.2635; Found 616.2639. 
 
Anal. Calcd for C32H39N3O8: C, 64.74; H, 6.62; N, 7.08. Found: C, 64.63; H, 6.70; N, 7.00.  
 
[a]D20 = +25.8 (c 0.2 in CHCl3). 
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Synthesis of (2S,3S,6S)-4-Boc-6-methoxy-3-(4-methoxyphenyl)-2-carboxylic acid (-)-2 

 
 

 
 
 

A solution of compound 9 (450 mg, 0.758 mmol, 1.0 equiv.) in THF/H2O (10 mL, 3:1) was 
cooled at 0 °C. LiOH H2O (63.6 mg, 1.51 mmol, 2 equiv.) and H2O2 (35%, 128.9 mg, 3.79 
mmol, 5 equiv.) were added and the reaction mixture was stirred for 20 min at 0 °C. After 
warming at 25 °C, the stirring was continued for 18 h. The reaction was extracted with Et2O 
to remove the organic impurities and then the aqueous layer was acidified with 1 M HCl to 
pH = 6 and extracted with EtOAc (3 x 10 mL). The combined organic layers were washed 
with brine (3 x 10 mL), dried over Na2SO4. The solvent was removed and the acid 2 was 
obtained as an oil and was used without further purification (271.6 mg 0.74 mmol, 98%). 
Detailed NMR data are reported in Table 4 and Figure 36.  
 
HRMS (ESI-TOF): m/z [M+Na]+ Calcd for C18H25NO7Na 390.1529; Found 390.1532.  
 
Anal. Calcd for C18H25NO7: C, 58.85; H, 6.86; N, 3.81. Found: C, 58.63; H, 6.90; N, 3.65.  
 
[a]D20 = -12.24 (c 1.24 in CHCl3) 
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Boc
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Table 4 1H, 13C NMR (CDCl3, 750µL, 0.036 mM, 300 MHz,) and NOEs (600 ms) data for (-)-Boc-3-Ar-b-Morph 2 

AA 
 

Atom 1H d Molteplicity 
J (Hz) 

13C d Noesy 
 

ArMorph 

COOH   173.9  
CH-2 5.42 

 
d J 5.1 

55.3 
Boc(w), Ar(7.38,m), H-3 (m) 

CH-3 4.79 d J 5.1 72.7 H-2 (m), Hax-5 (w), Ho(m), ArOMe(vvw) 

CH2-5 Heq 4.19 
 

Hax 2.90 

brd J 14.0, 5.4 
 

dd J 14.0, 8.9 
41.9 

Hax-5(s), H-6(m) 
--------- 

Heq-5(vs), H-3(w), H-6(vw), Ar(7.38,m) 
CH-6 5.05 dd , J 8.5, 5.4 97.5 OMe-6 (s), H-5(seq; vwax) 
OMe 3.56  56.3 H-2(w), H-6 (m) 

MeOAr MeO: 3.82 
Hm: 6.89 
Ho: 7.38 

s 
dd, J 8.8 

55.2 
113.9 
128.7 

Cq130.1, 159.2 

MeO: Hm (s) 
Hm: ArOMe(s) 

Ho: Boc (w), H-3(m), H-2(m), Hax-5(m) 

Boc 1.37  28.3, 81.0, 
154.7 

H-2 (w), Ho (w) 

 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

 
Figure 36 NOEs (CDCl3, 300 MHz, 600 ms) of Boc-3-Ar-morpholino acid 2. 
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Synthesis of N-Boc-(-)-3-(4-Methoxyphenyl)-b-Morph-(L)-Leu-(L)-Val-OBn(-)-3 
 

 
 
 

To a solution of acid 2 (50 mg, 0.13 mmol, 1 equiv.) in CH2Cl2 (2.5 mL) at 0 °C, 
propylphosphonic anhydride solution (T3P) (50% solution in DMF, 215 µL, 0.34 mmol, 2.5 
equiv.), dipeptide 10 (65 mg, 0.15 mmol, 1.1 equiv.) and DIPEA (71.1 µL, 0.40 mmol, 3.5 
equiv.) were added. The reaction mixture was stirred for 24 h at 25 °C. The organic layer 
was washed with a solution of KHSO4 (5%, 25 mL), a saturated solution of NaHCO3 (25 mL) 
and brine (25 mL). After drying over Na2SO4, the solvent was removed under reduced 
pressure. Purification of the crude product by silica gel flash chromatography 
(nhexane/AcOEt, 7:3) afforded tripeptide 3 as a colorless oil (67.5 mg, 0,1 mmol, 81%). 
Detailed NMR data are reported in Table 5 and Figure 37.  
 
HRMS (ESI-TOF): m/z [M+Na]+ Calcd for C36H51N3O9Na 692.3523; Found 692.3528. 
 
[a]D20 = -24.13 (c 0.7 in CHCl3) 
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Table 5 1H, 13C NMR (CD3CN, 750µL 0.020 mM, 600 MHz,) and NOEs (600 ms) data for N-Boc-(-)-Ar-β-Morph-L-Leu-L-Val-
OBn (3) 

AA 
 

Atom 1H d Molteplicity 
J (Hz) 

13C d Noesy 
 

ArMorf-1 

CO   168.5a  
CH-2 5.13 

 
d J 8.0  56.8 

 
Boc(vw), NHLeu (w),  
Ho(m), H-3(w) 

CH-3  
 

4.45 d J 8.0 72.1 H-2 (w), Hax-5(m), 
ArOMe (w), Ho(m) 

CH2-5  Heq 4.27 
 
Hax2.96 

dd J 14.6, 5.5 
 
d J 14.6, 8.2 
 

41.7 H-6(m), Hax-5(s) 
--------- 
Heq-5(s), H-3(m), H-
6(w), Ho(m) 

CH-6 4.94 dd, J 8.2, 5.5 97.8 OMe (m), NHLeu (w) 
H-5(meq, wax) 

OMe 3.45  55.0 NHLeu (w), H-6(m) 
MeOA
r 

MeO: 3.79  
Hm: 6.89  
Ho: 7.27 

s 
AA’BB’ system J 8.7 

54.7 
113.5 
128.5 
Cq131.3, 159.1  

Hm(s) 
Hm: ArOMe (s) 
Ho: Boc(m), H-3(m), Hax-

5(m), H-2(m) 
Boc 1.37  27.6, 80.0 

154.6 
H-2 (vw), Ho(m) 

Leu-2 

CO   171.2a  
CH 4.47-4.43 m 51.3 NHVal (s), Me2CHCH2 (m) 
CH 
 
CH2 

1.71-1.64 
 
1.60-1.59 

m 
 
m 

24.5 
 
40.8 

MeLeu(s), 
NH(w)CHLeuvw), 
 
NHCHLeu(m), MeLeu(m) 
NHVal(w) 

Me 0.93 
0.95 

d J 6.0 
d J 6.4 

21.0 NCH(s), CHCH2 (s) 

NH 7.12 d J 8.6  CH(s)CH2(w), NHVal 

(vw), H-6(w), H-2(w), 
OMe(w) 

Val-3 

CO   171.8a  
CH 4.32 m 57.6 Me2CH(s), NHVal(m) 
CH 2.16-2.10 m 30.5 CHVal(m), NHVal(vw) 
Me 0.90  

0.88 

d J 6.8 
d J 6.7 

18.3 
17.5 

NHVal(m)  
Me2CHCH (s) 

NH 6.84 d, J 7.8  CH2Leu2(vw), CHLeu(s), 
NHLeu(vw), 
Me2CHVal(w), 
CHVal(m), MeVal (m) 

OBn OCH2 5.17, 
5.12 
Ph 7.27, 7.89  

AB system J 12.2 
 

66.5 
136.0, 128.5, 
128.3, 128.2 

Ph(w) 
7.27: OCH2 (s), MeVal (m) 
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Figure 37 NOESY for tripeptide (-)-3 (CD3CN, 600 MHz, 600ms): A) NOEs of morpholino ring protons (blu arrows) and between 

the different amino acids (red arrows). H-bonds (dotted lines). B) CH/Ar and CH/NH region. c) Zoom of CH-NH region. D) CH/CH 
region. E) zoom NH/NH region. F) Hight field/all protons region. 
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Synthesis of CF3CO2H NH2(-)-3-(4-Methoxyphenyl)-b-Morph-L-Leu-L-Val-OBn (+)-11 
 

 
 

Operating in a round-bottom flask equipped with magnetic stirrer, compound 3 (26 mg, 
0.04 mmol) was dissolved in CH2Cl2 (2 mL). The solution was cooled to 0 °C and TFA (2 mL) 
was slowly dropped. The solution was stirred at 25 °C for 2 h. The solvent was removed 
under reducing pressure affording compound 11 as CF3CO2H salt, obtained in quantitative 
yield (23.3 mg), that was used without further purification. 
 
1H NMR (300 MHz, CDCl3) δ 7.33 (m, 7H), 6.91 (d, J = 7.4 Hz, 1H), 6.83 (s brs, 2H), 6.30 (d, J 
= 8.5 Hz, 1H), 5.13 (dd, J = 25.7, 12.2 Hz, 2H), 4.80 (m,  2H), 4.44 (dd, J = 8.5, 4.9 Hz, 1H), 4.29 
(s brs, 1H), 4.15 (s brs, 1H), 3.76 (s, 3H), 3.45 (s, 3H), 3.10 (s, brs 1H), 2.82 (s brs, 1H), 2.09 (m, 
1H), 1.66 – 1.39 (m, 3H), 0.96 – 0.61 (m, 12H).  
13C NMR (75 MHz, CDCl3) δ 171.56, 166.43, 161.02, 135.60, 130.59, 129.00, 128.90, 128.78, 
123.78, 114.64, 94.35, 77.83, 77.40, 76.98, 70.69, 67.48, 60.51, 57.59, 55.98, 55.55, 51.65, 45.85, 
41.04, 31.44, 25.03, 23.13, 22.36, 19.21, 17.88.  
 

 [a]D
20 = +22.5 (c 0.32 in CHCl3). 
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Synthesis of N-Boc-(-)-3-Ar-b-Morph-L-Leu-L-Val-OH (-)-12 
 
 

 
 

 Operating in a round-bottom flask equipped with a magnetic stirrer, compound 3 (52 mg, 
0.077 mmol) was dissolved in THF (5 mL) and Pd/C (50 mg, 10% loading) was added to the 
solution. The suspension was stirred under H2 (1 atm) at 25 °C for 2 h. The catalyst was 
filtered over a Celite pad. The solvent was removed under reduced pressure and the 
obtained clear oil was dissolved in CH2Cl2 (20 mL) and washed with a saturated solution of 
NaHCO3 (20 mL). The aqueous layer was then acidified with 37% HCl until pH 2. The 
product was extracted with CH2Cl2 (2 x 20 mL). The organic layer was concentrated under 
vacuum, affording compound 12 (41.4 mg, 0.071mmol, 93%) as colourless oil. 
 
 1H NMR (300 MHz, CDCl3) δ 7.29 – 7.26 (m, 2H), 6.99 (d, J = 8.9 Hz, 1H), 6.92 – 6.77 (m, 3H), 
5.13 (d, J = 8.1 Hz, 1H), 4.91 (dd, J = 7.8, 5.9 Hz, 1H), 4.60 (m, 1H), 4.50 (m,  2H), 4.30 (dd, J = 
14.1, 5.7 Hz, 1H), 3.78 (s, 3H), 3.44 (s, 3H), 2.96 (dd, J = 14.7, 8.1 Hz, 1H), 2.18 (m, 1H), 1.74 – 
1.54 (m, 3H), 1.37 (s, 9H), 1.02 – 0.77 (m, 12H).  
 
13C NMR (75 MHz, CDCl3) δ 174.56, 172.00, 169.72, 159.51, 155.24, 131.24, 128.92, 114.19, 
98.34, 81.20, 72.19, 57,99, 57.45, 56.16, 55.59, 51.75, 42.31, 41.16, 31.45, 28.64(x3), 25.20, 23.23, 
22.57, 19.26, 17.98. 
 

 [a]D
20 = -15.75 (c 0.36 in CHCl3). 
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Synthesis of N-Boc-(-)-3-Ar-b-Morph-(L)-Leu-(L)-Val-(-)-3-Ar-b-Morph-(L)-Leu-(L)-Val-
OBn (-)-4 

 
 

 
 
 

According to procedure reported for peptide 3, tripeptide 12 (1 equiv.) was made to react 
with 11 (1.1 equiv.). The purification of the crude product by silica gel flash chromatography 
(nhexane/ AcOEt 1:1) afforded 4 (36%) as colorless oil. Detailed NMR data are reported in 
Table 6 Figure 38.  
 
HRMS (ESI-TOF): m/z [M+Na]+ Calcd for C60H86N6O15Na 1153.6049; Found 1153.6052. 
 
[a]D20 = - 41.3 (c 0.36 in CHCl3) 
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Table 6 1H, 13C NMR (CD3CN, 750µL 0.021 mM, 500 MHz,) and NOEs (600 ms) data for N-Boc-(-)-Ar-β-Morph-L-Leu-L-Val-(-)-
Ar-β-Morph-L-Leu-L-Val-OBn (4) 

AA 
 

Atom 1H d Molteplicity 
J (Hz) 

13C d Noesy 
 

ArMorf-1 

CO   168.7  
CH-2 5.14 

 
d J 7.6 56.9 

 
Boc(w), NHLeu2 (w), Ar(7.28,s),  
H-3M1(w) 

CH-3  4.45 d J 7.6 72.3 H-2M1 (w), Hax-5M1 (m), Ho (s), OMe(w) 
CH2-5  Heq 4.27 

Hax2.95 
Overl. 
dd J 14.4, 8.0 

41.8 
 

------ 
Heq-5M1(vs), H-3M1(m), H-6M1 (w), Ar(7.28,m) 

CH-6 4.95 dd, J 8.0, 5.7 97.8 OMe (vs), NHLeu2 (w), H- 5M1 (4.27,s; 2.96,w) 
6-OMe 3.45 s a H-6M1 (s), H-3M1(w) 
MeOAr b 

 
b 
 

  OMe: Hm(s), H-3M1(s) 
Hm: OMe (s) 
Ho: Boc (w), H-3M1(m), Hax-5M1(m), H2M1(s), Hm(s) 

Boc 1.37  27.5, 
80.1 
154.7 

H-2M1 (w), Heq-5M1(vw), Aro(w) 

Leu-2 

CO   171.5  
CH 4.44 Overl. 51.5  
CH 
CH2 

1.69 
1.63 

m 
m 

24.6 
40.7 

CHLeu(m), MeLeu(s)  
MeLeu(s) 

Me 0.94 
0.98 

d J 6.2 
d J 6.7 

22.5 CHCH2(s)CHN (m) 
CH2Leu(s) 

NH 7.17 d J 8.5  CH(w)CH2(m)CHNLeu (s), NHVal3 (vw) 
OMe(vvw), H-6M1(vw), H-2M1(vvw)  

Val-3 

CO   170.7  
CH 4.70 dd J 8.5, 6.8 53.6 Heq-5M4(s), Me2CH(m), NHVal3(vw) 

CH 1.95 m 30.8 MeVal (m), H-5eqM4(vw), NHCHVal (s) 
Me 0.76  

0.68 

d J 7.0 
d J 6.5 

18.7 
16.6 

Aro(w), Me2CHCH(m), Me2CHCHNHVal(m) 

NH 6.94 d, J 8.5  CH2(vw)CH(m)NH(vw)Leu2, Heq-5M4(vw) 
CHCHNVal2(w), Me(0.69,m) 

ArMorf-4 

CO   168.3  
CH-2 5.46 d J 8.9 55.9 NHLeu5 (vw), Ho(s), H-3M4(m) 
CH-3  
 

4.56 
 

d J 8.9 71.8 H-2M4 (m), Hax-5M4(m), OMe (3.45, w) 
Ar(7.28,s)  

CH2-5  Heq 4.26 
Hax3.29 

Overl. 
dd J 14.6, 8.1 

44.0 
 

--------- 
Heq-5M4(s), H-3M4(m), Ho(w), H-6M4(w) 

CH-6 5.00 dd, J 8.1, 6.0 97.9 OMe (vs), H- 5M4 (4.27s; 3.29w), NHLeu (vvw) 
OMe 3.45 s a H-6M4 (s), H-3M4(w) 
MeOAr b b  b  OMe: Hm(s) 

Hm: OMe (s) 
Ho: H-3M4(s), Hax-5M4 (w), H-2M4(s), Hm(s) 
MeVal3(w) 

Leu-5 

CO   171.8  
CH 4.44 Overl. 51.5  
CH 
CH2 

1.66 
1.57 

m 
m 

24.6 
40.9 

CHLeu (m), MeLeu(s) 
MeLeu(s) 

Me 0.93 
0.91 

d J 6.5 
d J 6.7 

21.0 NCH(m), CHCH2 (s) 
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NH 7.08 d J 8.3  Me(0.93w)CHCH2(w),CH (m)Leu4, NHVal (vw) 
OMe(vw), H-6M4(m), H-2M4(m)  

Val-6 

CO   170.7  
CH 4.33 dd J 8.3, 5.9 

 
57.6 Me2CH(s), NHVal(w) 

CH 2.14 m 30.4 Me(s)CHNH (m)Val6 

Me 0.89  
0.87 

d J 6.9 
d J 6.9 

18.4 
17.6 

Me2CH(s)CH(w)NH(w)Val6 

NH 6.89 Overl.  Me2(s)CH(w)CHN(m) Leu5, NHLeu5(vw) 
OBn OCH2 5.19, 

5.12 
Ph 7.42-7.34  

AB system  
J 12.3 
 
m 

66.5 
Cq136.2,  
128.8-
128.3 

Ph(m) 
 
OCH2(m) 

adOMe: 55.2, 55.1; bdArOMe: 3.78 (OMe); AA’BB’ system, 6.86 (113.6), 7.28 (128.7), J 8.7; 3.79, AA’BB’ 
system, 6.90 (113.8), 7.28 (128.7), J 8.5; Cq(159.9, 131.4, 130.4).  
 
  



 55 

A) 

 
A) 

 

B) 

 

C) 
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Figure 38 NOESY for hexapeptide (-)-4 (CD3CN,0.021 mM, 600 MHz, 500 ms): A) NOEs of morpholino ring protons (blu arrows) 

and between the different amino acids (red arrows); H-bonds (dotted lines). B) CH/Ar and CH/NH region. c) Zoom of NH-NH 
region. D) CH/CH region. Hight field/medium field CH region. 
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Synthesis of electrospun fibers using model peptide containing 
morpholino-β-amino AA 

 
 

Introduction  
 
With recent developments in electrospinning, both synthetic and natural polymers can be 
produced as nanofibers with diameters ranging from tens to hundreds of nanometers. 
Synthetic polymers offer several advantages such as ease of availability, processing without 
difficulty and with reproducible results. Usually, synthetic polymers have excellent 
mechanical properties but, in some cases, they show lack of cell recognition sites and lack 
of cell affinity due to low hydrophilicity43 For these reasons’ peptides can be interesting tools 
to overcome some of these drawbacks, mostly in tissue engineering, where biodegradable 
scaffolds are required to direct tissue repair and regeneration, also providing structural 
support.44 
Currently, only few reports of the electrospinning of short peptide sequences have been 
published22. In particular, they are focused on short peptides containing aromatic amino 
acids, it being known that π–π interactions play a vital role in stabilizing the structures of 
the bulk crystal and of fibers. Diphenylalanine (Phe-Phe)45 is very well studied in materials 
science due to its capability to self-assemble into various architectures.  
More in general, it was found that peptides which naturally self-assemble into fibers or 
tubes are also prone to forming electrospun fibers. It is important emphasize that advances 
in peptide electrospun nanofibers have brought significant information on the forces 
involved in peptide assembly. Compared to “natural self-assembly”, electrospinning is 
based on a “forced” assembly, because the trigger for the formation of the material is the 
application of an electrical field.46,47 
 
 

Aim of the work 
 
Starting from these considerations, we decide to use the electrospinning technique to obtain 
nanomaterials on model peptides containing our Morph b-AA (Figure 39), indeed it’s well 
known that peptides and foldamers having Morph b-A scaffold are able to assume well-
defined conformation42 and self-assemble35 in supramolecular architectures.48 
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Figure 39 Model peptide containing β-Morpholino scaffold 

First of all, we wanted to evaluate the influence of C-terminus (ester and amide) of the 
peptide and of the substitution pattern of the ring to stabilize electrospun fibers. Last but 
not least, the stability and toxicity of the new materials was investigated. Preliminary results 
are presented in the thesis, but further studies are ongoing to synthesize and characterize 
different ordered architectures with this new technique. 

 

Foldamer synthesis 

The tripeptide 14 and hexapeptide 15 was synthesized according a known procedure 35 
using standard protocols (Scheme 5). The condensation reactions were performed by 
activation of the carboxylic acid (1 equiv.) with HOBT (1.1 equiv.) and EDC (1.1 equiv.) in 
CH2Cl2 (0 °C, 1 h). Free amine (1 equiv.) was then dissolved in CH2Cl2 and added to the 
reaction mixture together with DIPEA (2 equiv.; overnight stirring at 25 °C). By applying 
these conditions, compound (+)-1 was coupled with dipeptide NH2-L-Leu-L-Val-OBn (10) 
leading to tripeptide N-Boc-(+)-β-Morph-L-Leu-L-Val-OBn [(+)-14; 69%]. Hexapeptide N-
Boc-(+)-β-Morph-L-Leu-L-Val-(+)-β-Morph-L-Leu-L-Val-OBn [(+)-15, 50%] was obtained 
through Boc deprotection of compound (+)-16 (95%) and coupling with N-Boc-(+)-β-Morph-
L-Leu-L-Val-OH (+)-17. This last compound was obtained by carboxylic function of (+)-17 
deprotection under H2 atmosphere (10% Pd/C, THF, 25 °C, 2 h, 93%).  

N

OO

Boc

O

N
H O

H
N

O

R2

R1

n

3 : n = 1; R1  = pMeOPh; R2 = OBn
4 : n = 2; R1  = pMeOPh; R2 = OBn
5 : n = 2; R1  = H; R2 = NH2
13  : n = 1; R1  = H; R2 = NH2 
14  : n = 1; R1  = H; R2 = OBn
15  : n = 2; R1  = H; R2 = OBn
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Scheme 5 General reaction scheme for tripeptide 14 and hexapeptide 15 

 

 

The dipeptide NH2-Leu-Val-NH2 (18) was condensed with compound 1, to obtain tripeptide 

N- Boc-Morphb-L-Leu-L-Val-NH2 [(+)-13, 81%]. The condensation reaction was performed 
by activation of the carboxylic acid (1 equiv.) with HOBT (1.1 equiv.) and EDC (1.1 equiv.) 
in CH2Cl2 (0 °C, 1 h). After N-terminus deprotection, compound (+)-19 was isolated in 97%. 
The N-Boc-Morphb-Leu-Val-OH (+)-17 (93%) was synthesized by reduction of compound 
(+)-14 under H2 atmosphere, using Pd/C (10% loading, THF, 2h). The condensation between 

17 and 19 gave N-Boc- Morphb-Leu-Val-Morphb-Leu-Val-NH2 (-)-5 in 46 % yield. Each 
peptide was purified by flash chromatography (Scheme 6)  

 

HOBT (1.1 equiv.)/EDC (1.1 equiv.),CH2Cl2 0°C

then H-L-Leu-L-Val-OBn (10)
DIPEA (2 eq.) 25°C 24 h

69%(+)-1

N-Boc-β−Morph-L-Leu-L-Val-OBn
(+)-14

CH2Cl2/TFA, 0°C
then 25 0°C, 2h

100%

NH2-β−Morph-L-Leu-L-Val-OBn
(+)-16 CF3CO2H

H2 Pd/C
THF, 1atm, 25 °C
2h, 93%

N-Boc-β−Morph-L-Leu-L-Val-OH
(+)-17

N-Boc-β−Morph-L-Leu-L-Val]2-OBn
(+)-15

N

OMeO COOH

Boc

HOBT (1.1 equiv.)/EDC (1.1 equiv.),CH2Cl2 0°C
then DIPEA (2 eq.) 25°C 24 h

81%
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Scheme 6 General reaction scheme for tripeptide 13 and hexapeptide 5 

 

 
As described above T3P (in DMF solution) was chosen as the most efficient coupling agent 
for the tripeptide foldamer’s synthesis (−)-3 (81% yield) as reported in Scheme 7. It was 
selectively deprotected (TFA, CH2Cl2, 25 °C, 2 h), affording (+)-11 (quantitative yield). 
Debenzylation reaction of 3 (H2, Pd/C, THF, 1 atm., 25 °C, 2 h) provided (−)-12 (93%). For 
the final coupling of 11 with 12 we used, T3P was selected resulting the best coupling agent, 
(−)-4 (36%)42.  

HOBT (1.1 equiv.)/EDC (1.1 equiv.),CH2Cl2 0°C

then H-L-Leu-L-Val-NH2 18
DIPEA (2 eq.) 25°C 24 h

81%(+)-1

N-Boc-β−Morph-L-Leu-L-Val-NH2
(+)-13

CH2Cl2/TFA, 0°C
then 25 0°C, 2h

97%

NH2-β−Morph-L-Leu-L-Val-NH2
(+)-19 CF3CO2H

N-Boc-β−Morph-L-Leu-L-Val-OH
(+)-17

N-Boc-[β−Morph-L-Leu-L-Val]2-NH2
(-)-5

N

OMeO COOH

Boc

HOBT (1.1 equiv.)/EDC (1.1 equiv.),CH2Cl2 0°C
then DIPEA (2 eq.) 25°C 24 h

46%

HOBT (1.1 equiv.)/EDC (1.1 equiv.),CH2Cl2 0°C
then H-L-Leu-L-Val-OBn (10)

DIPEA (2 eq.) 25°C 24 h
81%

N-Boc-β−Morph-L-Leu-L-Val-OBn
(+)-14

H2 Pd/C
THF, 1atm, 25 °C

2h, 93%
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Scheme 7 General reaction scheme for tripeptide 3 and hexapeptide 4 

 

 

Electrospinning studies 
 
Electrospinnig studies were performed in collaboration with Prof.ssa Ida Genta 
(Department of Pharmaceutical Science, University of Pavia). For the manufacture of the 
nanofibers, samples of 3, 4, 5, 13, 14 and 15 were dissolved in HFIP to obtain the final 
concentration of 30% w/w. Solutions were loaded into 1mL B Braun Injekt syringes and each 
one was inserted in the appropriate housing connected to the pump. The solution is 
extruded through a 20 G needle (Nordson EFD, internal diameter of 0.61 mm) and the fibers 
were deposited on square glass plates (22 x 22 mm, 0,13-0,17 mm of thickness) placed on the 
flat collector (Figure 40).  
 
 

N

O

Boc
Ar

HO2C OMe

T3P (2.5 eq. in DMF),CH2Cl2 0°C

then H-L-Leu-L-Val-OBn (10)
DIPEA (3.5 eq.) 25°C 24 h

81%(-)-2
Ar = pMeOPh

N-Boc-(-)-Ar-β−Morph-L-Leu-L-Val-OBn
(-)-3

CH2Cl2/TFA, 0°C
then 25 0°C, 2h
100%

NH2-(-)-Ar-β−Morph-L-Leu-L-Val-OBn
(-)-11 CF3CO2H

H2 Pd/C
THF, 1atm, 25 °C
2h, 93%

N-Boc-(-)-Ar-β−Morph-L-Leu-L-Val-OH
(-)-12

T3P (2.5 eq. in DMF),CH2Cl2 0°C
then (-)-11, DIPEA (3.5 eq.) 25°C 24 h
36%

N-Boc-[(-)-Ar-β−Morph-L-Leu-L-Val]2-OBn
(-)-4
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Figure 40 Overview of electrospinning technique  

 
The electrospinning parameters were: 

• target distance collector (TDC) of 15 cm; 
• applied voltage of 25 kV for compound 13 and 28 kV for compound 5; 
• flow rate of the solution was set at 0.2 mL/h for compound 13 and at 0.8 ml/h for 

compound 5; 

The experiments were performed under controlled environmental conditions of 
temperature and humidity for a set time of 3 minutes.  
In Figure 41 we can clearly see the morphology of the fibers obtained from solution of 
compound 13 (Figure 41a) and 5 (Figure 41b) after 1 minute of electrospinning.  
 

A) B) 
 

 
 

 

 

Figure 41 Fibers of compound 13 and 5 after1 minute of electrospinning 

 
Electrospinning studies on compounds 3,4, 14 and 15 did not give rise to fibers. 
After obtaining the electrospun fibers of compound 5 and 13, they were analyzed in inverted 
optical microscopy Leica DM IL LED (Leica Microsystems, Milan, Italy) using 20X of 
magnification in order to evaluate the fibers morphology. Images were acquired for each 
sample and subsequently processed by ImageJ software to evaluate the diameters of the 
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fibers. Fibers obtained with 5 and 13 showed average diameters of 1,10 ± 1,203 µm and 0,73 
± 0,12 µm respectively and for both samples, a mixed morphology of fibers and beads is 
observed. 
 

SEM Analysis  
 
The first analyses of electrospun fibers are performed using Scanning Electron Microscopy 
(SEM). Fibers of compound 5 (Figure 42b) are much more fragmented and aren’t curved 
like those of compound 13 (Figure 42a). Moreover, fibers of compound 13 (Figure 42a) have 
higher density and are more frequently longer than fibers of compound 5 (Figure 42b).  
 

 
A) B) 
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Figure 42 A) SEM images, fibers of compound 13; B) SEM images, fibers of compound 5 
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Biological studies 
 
Biological tests for compound 5 and 13 were performed using fibroblasts of adult human 
dermis as a model, derived from primary culture (International PBI, Milan, Italy). Cells were 
cultivated in DMEM (Dulbecco's Modified Eagle Medium) containing 20% v/v of FBS (Fetal 
Bovine Serum) and 1% v/v of mixture of antibiotics (100 µg mL−1 of penicillin, 100 µg mL-1 
of streptomycin) at 37°C, 5% CO2. The cytotoxicity study was performed on the incubation 
medium at pH 7 and 7.2, collected every 1, 2, 4 and 6 hours. 1x104 cells were seeded on a 
96-well plate, diluted with 100 µL of complete culture medium and then incubated at 37°C 
and 5% of CO2. Cells exposed with 200 µL of fresh medium were used as positive control 
(ctrl) incubated at 37°C and 5% of CO2. After 1, 2, 4 and 6 hours, culture medium was 
aspirated and then MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] 
assay was performed. Results for compound 5 and 13 (Figure 43) indicate a slightest 
reduction of the cell vitality compared to control for degradation medium at pH 7 after 1 
and 2 hours of incubation; however, cell vitality remains above 62%. About degradation 
medium at pH 7.2, at every timing no significant effect was observed. 
 
 

A) B) 

 

 

 

 

Figure 43 A) MTT test for compounds 13 and B) MTT test for compounds 5 

 

Conclusions  
 
In conclusion, starting from our previous knowledge electrospinning studies were 
performed. We were able to obtain fibers using foldamers 5 and 13. These two peptides 
don’t have the aryl group in their structures, but they are the only ones able to spin. Even if 
generally this ability is characteristic of structures rich in aryl groups, we can say that in our 
case the structure stabilization is the most important goal to effectively obtain nanofibers 
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with electrospinning technique. The biological tests revealed that compounds 5 and 13 
aren’t toxic to the cell vitality. These data suggest a potential use of those nanofibers in the 
area of pharmaceutical from tissue and bio surface engineering to drug delivery systems, 
from components for biosensing to bioanalytical devices. 

Since one of the recent topics in our research group is the preparation of electrospun fibers 
using peptides and peptidomimetics, we wrote a review published in Acta Biomaterialia21. 
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Experimental part 
 

General informations 
 
Melting points were determined with a Stuart Scientific melting point apparatus in open 
capillary tubes and are uncorrected. Chemicals were purchased from Sigma Aldrich and 
were used without further purification. HPLC analysis were performed on Jasco PU-980 
pump equipped with a UV–vis detector Jasco UV-975 (wavelength: 220 nm) and on a 
Kromasil 5-AmyCoat column (4.6 mm i.d. × 250 mm, 5 µm, AkzoNobel). Mass spectra were 
recorded on an LCQESI MS were recorded on a LCQ Advantage spectrometer from Thermo 
Finningan and a LCQ Fleet spectrometer from Thermo Scientific. The NMR spectroscopic 
experiments were carried out either on a Varian MERCURY 200 MHz (200 and 50 MHz for 
1H and 13C, respectively), Varian MERCURY 200 MHz (300 and 75 MHz for 1H and 13C, 
respectively), or Bruker Avance I 500 MHz spectrometers (500 and 125 MHz for 1H and 13C, 
respectively). Optical rotations were measured on a Perkin-Elmer 343 polarimeter at 20°C 
(concentration in g/100 mL). Chemical shifts δ are given in ppm relative to the CHCl3 
internal standard, and the coupling constants J are reported in Hertz (Hz). The instrument 
Nanon-01A (MEEC Instruments, Ltd., Ogori-shi, Fukuoka, Japan) was used for the 
electrospinning.The synthesis of dipeptides NH2-Leu-Val-CONH2 (18), NH2-Leu-Val-OBn 
(10)49 are reported in literature. 

 



 68 

Synthesis of (2S,6S)-4-(tert-butoxycarbonyl)-6-methoxymorpholine-2-carboxylic acid (+)-1 
 
 

 
The synthesis of compound 1 is reported in literature.35 

 
 
 
 

Synthesis of (2S,3S,6S)-4-(tert-butoxycarbonyl)-6-methoxy-3-(4-
methoxyphenyl)morpholine-2-carboxylic acid (-)-2 

 
 
 
 

 
The synthesis of compound 2 is reported in literature42 
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Synthesis of N-Boc-(+)-b-Morph-(L)-Leu-(L)-Val-OBn-(+)-14 
 
 

 
The synthesis of compound 14 is reported in literature35 
 
 
 
 

Synthesis of N-Boc-(+)-β-Morph-(L)-Leu-(L)-Val-(+)-β-Morph-(L)-Leu-L-Val-OBn-(+)-15 
 
 

 
The synthesis of compound 15 is reported in literature35 
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Synthesis of N-Boc-(+)-b-Morph-(L)-Leu-(L)-Val-NH2-(+)-13 
 
 

 

 
The synthesis of compound 13 is reported in literature35 
 
 
 
 

Synthesis of N-Boc-(+)-β-Morph-(L)-Leu-(L)-Val-(+)-β-Morph-(L)-Leu-(L)-Val-NH2 -(–)-5 
 
 

 
 
The synthesis of compound 5 is reported in literature35 
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Synthesis of N-Boc-(-)-3-(4-Methoxyphenyl)-b-Morph-(L)-Leu-(L)-Val-OBn-(–)-3 
 
 

 
The synthesis of compound 3 is reported in literature42 
 
 
 

Synthesis of N-Boc-(-)-3-Ar-b-Morph-(L)-Leu-(L)-Val-(-)-3-Ar-b-Morph-(L)-Leu-(L)-Val-
OBn -(–)- 4 

 
 

 
 
The synthesis of compound 4 is reported in literature42 
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Nucleobase morpholino β amino acids as molecular chimeras for 
the preparation of photoluminescent materials from 

ribonucleosides 
 

 
 
 

Introduction  
 
In the last ten years, bioinspired smart materials represent a tremendously growing research 
field and the obtainment of new building blocks is at the molecular basis of this technology 
progress. Nanomaterials are thus expected having a strong impact on societal change owing 
to their wide applications ranging from clean energy to biomedicine.50,51,52 
Natural macromolecules (proteins and nucleic acids) result to be able to create a wide range 
of nanomaterials. Being amino acids and nucleotides at the molecular level of this high 
complexity, in the recent years many studies have been focused on the development of bio-
inspired building blocks that self-assemble into preferred architectures.53,54,55,56,57,58,59 
In literature it is well kwon that the dipeptide diphenylalanine can build up different 
morphologies depending on the environment conditions and functionalization (Figure 
44).60,61 The driving force of self-assembly is the π–π stacking interactions between the 
phenyl groups that are then enforced by hydrogen bonds stabilizing the final architectures. 
 

 
Figure 44 Phe-Phe different nanomaterials 

 
 
 

 

Moreover, amino acids (AAs) and peptides are normally able to form supramolecular 
structures thanks to H-bonding, van der Waals force and π–π interactions.62,63 On the other 
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hand, nucleotide-based architectures are formed due to Watson–Crick interactions allowing 
specific molecular recognition and base-pairing complementarity. 
Nucleopeptides64 containing both nucleobases and amino acids, are still underexploited in 
the development of functional materials. Indeed, only few examples are reported in the 
literature. In these cases, the environment polarity drives the self-assembly of helical Aib 
based nucleo-foldamers65 and diphenylalanine nucleopeptides hydrogels.66 In both 
examples, the nucleobases are linked to the C- and/or N-terminus of the peptides.  
 

Aim of the work 
 
Starting from the information’s written above, our idea was to combine peptides and nucleic 
acids for the design of novel self-organized materials with enhanced properties and 
features. 
Specifically, a new class of β amino acids 1 (Figure 45) containing a morpholino ring and a 
nucleobase were our new starting materials. Nucleo amino acids 1 were then used for the 
preparation of ultra-short peptides containing the dipeptide Phe-Phe in order to evaluate 
self-aggregation propensity. Last but not least, photoluminescence (PL) studies have been 
performed on the synthesized ultra-short peptide aggregates. 
 

 
Figure 45 b-Morph-nucleobase amino acid scaffold 

   

 
 

Scaffold synthesis  
 
Nucleo amino acids 1 were prepared in enantiopure form taking advantage of alcohol 
intermediates 3 which synthesis was reported in 1993 by Summerton in a patent. Starting 
from nucleosides 2a and 2b, a “one-pot” oxidative ring-opening of the ribose sugar followed 
by a reductive amination leads the morpholino ring (Scheme 8). Several modifications of 
this procedure have been reported in the last years.67,68,69,70 Here, we started from 
unprotected ribonucleosides 2a and 2b, using the Summerton’s procedure with different 
work up conditions. Briefly, the sugar ring is converted into the corresponding morpholino 

N

O
O

OH
Base

Fmoc

Base 1a = Thymine
         1b = Adenine
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through a “one-pot” oxidation/amination reaction using a mixture of NaIO4 and (NH4)2B4O7 
in MeOH. The intermediates were directly treated with NaCNBH3 in MeOH affording 
compounds 3. The reaction was quenched with HCl and the products 3a and 3b were 
isolated as hydrochloride salts by crystallization from polar solvents (3a: MeOH, 67%; 3b: 
ACN, 70%). 
 

Firstly, the protection of the endocyclic nitrogen was required to avoid side reactions on the 
free amine during the oxidation reaction. The Fmoc protecting group was selected for the 
synthesis of compound 1a,b and then for the preparation of nucleopeptide materials. Fmoc 
group is indeed known to favor self-assembly through π–π stacking.71 The reaction was 
carried out directly on the crude 3a,b obtained in the previous reaction (Scheme 8) simply 
adding Fmoc-OSu and DIEA in DMF affording 4a,b in good yields.  
  
 
 
 

 
Scheme 8 General scheme for synthesis of nucleobase 1a and 1b 

 
 

We investigated the oxidation reaction of the hydroxyl function to the corresponding 
carboxylic one. Several oxidants were then tested on the compounds 4a and 4b (Table 7). 
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Table 7 Overview of different oxidant reagents used to obtain acids 1 

Entry Compound Oxidants Yield 

1 4a 10% NaOCl, TEMPO, KBr, TBABr Traces 

2 4a BIAB, TEMPO 90% 

3 4a CrO3 Not reproducible 

4 4a RuO4 - 

5 4a KMnO4 20% 

6 4b BIAB, TEMPO 15%a 

7 4b KMnO4 - 

8 4b CrO3 70% 

 

For compound 4a the combination BIAB/TEMPO35 was found the most effective, obtaining 
compound 1a in 90% yield, while acid 1b was thus obtained by Jones oxidation with CrO3 
in 70%. 
 

Peptides synthesis  
 
Thymine and adenine nucleo amino acids 1a,b were used for the preparation of ultra-short 
nucelopeptides containing diphenylalanine dipeptide (Phe-Phe). HOBt/HBTU was chosen 
as best condensing agents for the reaction of 1 with the dipeptide H2N-Phe-Phe-OMe 
leading to compounds 6a,b (Scheme 9).  
 

 
Scheme 9 Tetrapeptides 6a and 6b 

 
 

N
H O

H
N

O

OMe
HOBt,HBTU
DIEA,DMF N

O
O

Base

Fmoc

6a = 60%
6b = 69%

N

O
O

OH
Base

Fmoc

Base 1a = Thymine
         1b = Adenine

NH2-Phe-Phe-OMe
5



 77 

 
 
 
Self-assembly studies  
 
The self-assembly behavior of both compounds 6a,b was studied using the solvent 
displacement method where a ‘non-solvent’ is added to the solution of peptide to form a 
colloidal suspension (Figure 46). A solution of compound 6a,b in hexafuoroisopropanol 
(HFIP, 100 mg/mL) was diluted with different solvents (distilled water, EtOH, 50% EtOH, 
MeOH, isopropanol, chloroform) to a final concentration of 2 mg/mL. The formation of sub-
micrometric aggregates was observed by drop-casting on silicon wafers for recording SEM 
after 30 min and after 24 h. 
 

 
Figure 46 Solvent displacement method analysis 

 
 
 
In water, both compounds 6a and 6b exhibited spherical aggregates (Figure 47) whose size 
ranged from a few tens of nanometers to less than a micron. In chloroform, isopropanol and 
HFIP no aggregates were observed. 
 

 
Figure 47 SEM micrographs of the self-assembled structures formed by 6a (a) and 6b (b) in pure water 

 
 
 
In EtOH and MeOH, 6a and 6b had a different behavior. Compound 6a exhibited indeed 
spherical macroaggregates in 50% EtOH, while 6b self-aggregates in ordered spherical 
structures both in EtOH and MeOH (Figure 48 and Figure 54 S.I.). 
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Figure 48 SEM micrographs of the self-assembled structures formed by 6b (a) in EtOH and (b) MeOH 

 
 

 
Considering the promising results obtained in HFIP/ H2O, we performed DLS analysis on 
6a and 6b at different HFIP/H2O ratios. Our results suggested that the quantity of water is 
fundamental for determining the formation of aggregates, their size and their distribution. 
At the lowest water content (HFIP/H2O, 70:30) the formation of nanocolloidal clusters of 5-
6 nm was observed together with larger agglomerates (Figure 49).  
 

 
Figure 49 DLs analysis of the self-assembled structures formed by 6a and 6b 

 
 
 
 

An enhancement in the size of the aggregates was obtained increasing the water amount, 
although the distribution was not optimal. When only 2% of HFIP was used, 6a and 6b 
suspensions showed only one sharp peak centered at 200 nm, indicating the formation of a 
monodispersed colloidal suspension (Figure 50).  
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Figure 50 DLS analysis of the self-assembled structures formed by 6a and 6b H20/HFIP 98:2 

 

 
In the case of 6a, an increase of the size of the agglomerates was observed by measurements 
repeated after 24 h and 48 h. A negative ζ-potential was detected for both 6a and 6b, 
suggesting a protonated state of the nucleobases with a consequent formation of a tight ion 
pair due to the presence of acidic HFIP (Table 8). 
 

 

 

 
The stability of 6a and 6b water aggregates was examined at different pH and upon heating 
at 120°C. Both aggregates were not stable at high temperature and at acidic pH. At basic pH 
(pH=10), a change of the morphology was observed (Figure 51). 
 

 
Figure 51 SEM micrographs of the self-assembled structures formed at basic pH by (a) 6a and (b) 6b 

 
 

 
To understand the molecular conformation of the self-assembled structure of 6a and 6b, FT-
IR experiments were performed (Figure 52). In both cases, the minima at 1688 cm−1 in the 

Table 8 Hydrodynamic diameter by DLS and ζ-potential of 6a and 6b aggregates 

H2O/HFIP 6a 6b 
98:2 t=0 190 ± 60  nm 190  ± 91 nm 

98:2 t=24h 342 ± 120  nm 220 ± 100 nm 
98:2 t=48h 342 ± 150   nm 220 ± 100 nm 

ζ-potential -47 mV -16 mV 
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amide-I region and 1540 cm−1 in the amide-II region suggested the presence of β-sheet 
conformations. We thus hypothesized that the closer of sheets along the two axes results in 
the formation of the spherical structure34. The other minima in the spectrum (1652 cm−1 for 
6a and 1660 cm−1 for 6b) are ascribable to adenine (A) and thymine (T) residues, respectively 
(Figure 55 S.I.). 
 

 
Figure 52 FT-IR spectra of the amide I and amide II regions of 6a (red) and 6b (black) 

 

 
 
 
 
Photophysical characterizations 
 
Photophysical characterizations were performed on diluted solutions (1–2×10–5 M) of the 
tripeptides 6a and 6b (self-assembled materials in water, obtained from HFIP/H2O (98:2 v/v) 
at the concentration of 5×10−5 M) (Figure 53). 
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Figure 53 Emission and excitation spectra of 6a (top panel) and 6b (bottom panel) as diluted solution in ACN and as self-assembled 

NP at both RT and 77 K glass matrix 

 

Both compound aggregates of 6a,b showed similar characteristics. In particular while the 
solutions showed only an emission peak around 300 nm, the colloidal suspension showed 
not only the classical band around 300 nm, but also a new emission band between 400-600 
nm with maximum at 440 nm. The peak could be attributed to the fluorescence emission 
linked to the restricted intramolecular rotation of the backbone as previously reported in 
the literature for the Phe-Phe system.		

Upon cooling the colloidal suspensions of compounds 6a,b at 77 K (pink curve in Figure 53) 
a new emission appeared in the visible range between 420 and 550 nm. The band is 
characterized by structurally resolved features. These emissions had a long radiative 
lifetime of 4.2 and 4.1s for 6a and 6b, respectively, thus indicating a process originated from 
a triplet state. To understand the origin of the phosphorescence emission, PL studies were 
performed on the isolated building blocks to generate compounds 6 (Figure 61and 62 S.I.) 
[i.e. H2N-Phe-Phe -OMe 5 (Figure 63 S.I.) and the Fmoc protected 1 (Figure 64-66 S.I.)]. As 
shown in Figure 53, a structured emission above 400 nm is only observed in nucleobases 
containing compounds 1, thus allowing the attribution of the phosphorescence observed in 
the tripeptide systems to the adenine or thymine unit (Table 10 S.I.)72. 

In conclusion, a new class of β amino acids containing a morpholino ring and a nucleobase 
has been developed starting from ribonucleosides. Their synthesis takes advantage from a 
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“one-pot” oxidative ribose ring-opening and reductive amination, followed by the 
oxidation of the primary alcohol of the sugar. The so obtained β amino acids was used for 
the functionalization of Phe-Phe dipeptide leading to sub-micrometric aggregates 
possessing photoluminescent features of both fluorescence and phosphorescence type. It 
was proved that the here presented tripeptides possess the photoluminescent properties 
given by the β-AA and the self-assembly behavior induced by the presence of Phe-Phe. They 
hence represent promising tools for the development of bioinspired functional materials 
with applications not only in the biotechnology field but also in non-biological 
optoelectronic ones.  

These results have been published in Scientific Report55 
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Experimental part 
 
 
General information 
 
Chemicals were purchased from Sigma Aldrich and were used without further purification. 
HPLC analysis were performed on Jasco PU-980 pump equipped with a UV–vis detector 
Jasco UV-975 (wavelength: 220 nm) and on a Kromasil 5-AmyCoat column (4.6 mm i.d. × 
250 mm, 5 µm, AkzoNobel). Mass spectra were recorded on an LCQESI MS were recorded 
on a LCQ Advantage spectrometer from Thermo Finningan and a LCQ Fleet spectrometer 
from Thermo Scientific. The NMR spectroscopic experiments were carried out either on 
Varian MERCURY 300 MHz (300 and 75 MHz for 1H and 13C, respectively), or Bruker 
Avance I 500 MHz spectrometers (500 and 125 MHz for 1H and 13C, respectively). Chemical 
shifts δ are given in ppm relative to the CHCl3 internal standard, and the coupling constants 
J are reported in Hertz (Hz). 
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Synthesis of (2S,6R)-2-(hydroxymethyl)-6-(5-methyl-2,4-dioxo-3,4 dihydropyrimidin-
1(2H)-yl)morpholin-4-ium chloride (3a) 

 
 

 
 
 
In a round bottom flask, thymidine (1 g, 4.1 mmol) was dissolved in MeOH (70 mL). NaIO4 
(0.9 g, 4.14 mmol) and (NH4)2B4O7 (0.9 g, 4.7 mmol) were added. After 2h the mixture was 
filtered, the white solid was washed abundantly with methanol (200 mL). The liquid phase 
was treated with NaCNBH3 (1.3 eq., 0.3 g, 5.3 mmol). After 20 min, others 0.4 eq. of 
NaCNBH3 (0.1g, 1.6 mmol) were added to the mixture that was left reacting for 15 min. 
Subsequently, a quenching with HCl was done, until the pH 3. Finally, the solution was 
concentrated under reduced pressure. Pure compound 3a (yield: 60%, 0.68 g, 2.46 mmol) 
was obtained after crystallization with MeOH. 
 
1H NMR (300 MHz, D2O) δ 7.54 (s, 1H), 5.93 (dd, J = 4.34, 2.29 Hz, 1H), 4.15-4.10 (m, 1H), 
3.74-3.62 (m, 2H), 3.47-3.22 (m, 2H), 3.20-3.00 (m, 2H), 1.8 (s, 3H) ppm;  
 
13C NMR (75 MHz, D2O) δ 166.2, 150.9, 136.7, 112.1, 77.3, 74.4, 61.1, 43.7, 42.5, 11.5 ppm; 
 
MS (ESI): calcd for C10H15N3O4 241.11, found [M + H]+ 242.20. 
 
Elemental Analysis: calcd for C10H16ClN3O4 C, 43.25; H, 5.81; N, 15.13, found C, 43.15; H, 
5.93; N, 15.03 
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Synthesis of (2R,6S)-2-(6-amino-9H-purin-9-yl)-6-(hydroxymethyl)morpholin-4-ium 
chloride (3b) 

 
 

 
 
 

In a round bottom flask, adenosine (1 g, 3.7 mmol) was dissolved in MeOH (70 mL). NaIO4 
(0.8 g, 3.74 mmol) and (NH4)2B4O7 (1.3 g, 4.3 mmol) were added. After 2h the mixture was 
filtered, the white solid was washed abundantly with methanol (200 mL). The liquid phase 
was treated with NaCNBH3 (1.3 eq., 0.3 g, 4.7 mmol). After 20 min, others 0.4 eq. of 
NaCNBH3 (0.1g, 1.5 mmol) were added to the mixture, that was left reacting for 15 min. 
Subsequently, a quenching with HCl was done, until the pH nd 3. Finally, the solution was 
concentrated under reduced pressure. Pure 3b (yield: 70%, 0.74 g, 2.6 mmol) was obtained 
after crystallization with MeCN. 
 
1H NMR (300 MHz, D2O) δ 8.49 (s, 1H), 8.40 (s, 1H), 6.30-6.26 (m, 1H), 4.33-4.28 (m, 1H), 
3.81-3.65 (m, 4H), 3.51-3.46 (m, 2H) ppm; 
 
13C NMR (75 MHz, D2O) δ 150.1, 148.0, 144.9, 143.9, 118.7, 77.7, 74.5, 61.1, 44.0, 42.7 ppm; 
 
MS (ESI): calcd for C10H14N6O2 250.13, found [M + Na]+ 274.43. 
 
Elemental Analysis: calcd for C10H15ClN6O2 C, 41.89; H, 5.27; N, 29.31, found C, 41.71; H, 
5.39; N, 29.25 
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Synthesis of (9H-fluoren-9-yl)methyl (2S,6R)-2-(hydroxymethyl)-6-(5-methyl-2,4-dioxo-3,4-
dihydropyrimidin-1(2H)-yl)morpholine-4-carboxylate (4a) 

 
 

 
 
 

Compound 3a (0.5 g, 2 mmol) was dissolved in DMF (10 mL) and the solution was cooled 
to 0 ℃. Fmoc-Succinimide (0.7 g, 2 mmol) and DIEA (0.5 g, 4 mmol, 0.7 mL) were added and 
the solution was slowly wormed up to r.t. and kept under stirring for 3 h. The solvent was 
removed under reduced pressure and the crude product was purified by flash 
chromatography (DCM:MeOH = gradient 0-100%) affording 4a as white solid (yield: 85%, 
0.79 g, 1.7 mmol). 
 
1H NMR (300 MHz, CDCl3) δ 8.86 (brs, 1H), 7.77-7.74 (m, 2H), 7.55-7.53 (m, 2H), 7.42-7.30 
(m, 4H), 7.2 (brs, 1H), 5.65 (brs, 1H), 4.62-4.26 (m, 2H), 4.22-4.10 (m, 2H), 3.86-3.60 (m, 4H), 
2.85-2.79 (brs, 2H), 1.93 (s, 3H) ppm; 
 
13C NMR (75 MHz, CDCl3) δ 163.3, 154.8, 149.6, 143.7, 143.6, 141.3, 134.9, 127.8, 127.2, 125.0, 
120.0, 111.4, 79.0, 77.2, 72.2, 67.7, 67.1, 62.8, 47.2, 46.3, 43.9, 14.2, 12.5 ppm; 
 
MS (ESI): calcd for C25H25N3O6 463.17, found [M + Na]+ 486.94. 
 
Elemental Analysis: calcd for C25H25N3O6 C, 64.79; H, 5.44; N, 9.07; found C, 64.68; H, 5.57; 
N, 9.01. 

 
 
 

  

N

ON
OH

H
NO O

Fmoc



 87 

Synthesis of (9H-fluoren-9-yl)methyl (2R,6S)-2-(6-amino-9H-purin-9-yl)-6-
(hydroxymethyl)morpholine-4-carboxylate (4b) 

 
 

 
 
 

Compound 3b (0.5 g, 2 mmol) was dissolved in DMF (10 mL) and the solution was cooled 
to 0 ℃. Fmoc-Succinimide (0.7 g, 2 mmol) and DIEA (0.5 g, 4 mmol, 0.7 mL) were added and 
the solution was slowly wormed up to r.t. and kept stirring for 3 h. The solvent was removed 
under reduced pressure and the crude product was purified by flash chromatography 
(DCM:MeOH = 10:1 with 1% AcOH) affording 4b as white solid (yield: 55%, 0.52 g, 1.1 
mmol). 
 
1H NMR (300 MHz, DMSO) δ 8.35 (s, 1H), 8.22 (brs, 1H), 7.99-7.78 (m, 2H), 7.70-7.60 (m, 2H), 
7.49-7.26 (m, 6H), 5.72 (d, J = 10.3, 1H), 4.97-4.92 (m, 1H), 4.57-4.28 (m, 3H), 4.25-3.86 (m, 2H), 
3.80-3.57 (m, 2H), 3.55-3.42 (m, 2H) ppm; 
 
13C NMR (75 MHz, DMSO) δ 157.2, 156.6, 154.8, 153.3, 150.0, 144.2, 141.2, 139.9, 139.2, 129.1, 
127.6, 125.6, 120.5, 119.1, 110.2, 78.8, 76.9, 67.5, 61.9, 47.3, 46.4, 45.1 ppm; 
 
MS (ESI): calcd for C25H24N6O4 472.19, found [M + H]+ 473.42. 
 
Elemental Analysis: calcd for C25H24N6O4 C, 63.55; H, 5.12; N, 17.79; found C, 63.12; H, 5.25; 
N, 17.70 
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Synthesis of (2S,6R)-4-(((9H-fluoren-9-yl)methoxy)carbonyl)-6-(5-methyl-2,4-dioxo-3,4-
dihydropyrimidin-1(2H)-yl)morpholine-2-carboxylic acid (1a) 

 
 

 
 
 

Compound 4a (0.3 g, 0.6 mmol) was dissolved in a mixture of MeCN/H2O (1:1; 10 mL) and 
the solution was cooled to 0 ℃. TEMPO (0.03 g, 0.18 mmol) and (Diacetoxyiodo)benzene 
(0.43 g, 1.32 mmol) were added and the solution was slowly warmed up to r.t.. After 5h the 
solvent was removed under reduced pressure and the crude was purified by flash 
chromatography (DCM:MeOH = gradient 0-100%) affording the pure 1a as white solid 
(yield: 90%, 0.26 g, 0.54 mmol). 
 
1H NMR (300 MHz, CDCl3) δ 9.66 (brs, 1H), 7.74-7.71 (m, 2H), 7.53-7.51 (m, 2H), 7.39-7.25 
(m, 4H), 6.2 (brs, 1H), 5.80-5.60 (m, 1H), 4.46-4.31 (m, 2H), 4.23-4.11 (m, 4H), 3.00-2.86 (m, 
2H), 1.88 (s, 3H) ppm; 
 
13C NMR (75 MHz, CDCl3) δ 169.9, 164.1, 154.7, 149.8, 143.5, 143.4, 141.34, 141.3, 135.3, 127.8, 
127.2, 124.93, 124.92, 120.1, 111.7, 110.0, 78.9, 74.2, 68.2, 60.5, 47.1, 44.2, 29.6, 14.16, 12.4 ppm; 
 
MS (ESI): calcd for C25H23N3O7 477.15, found [M + Na]+ 499.94; [M - H]- 476.34. 
 
Elemental Analysis: calcd for C25H23N3O7 C, 62.89; H, 4.86; N, 8.80; found C, 62.95; H, 4.93; 
N, 8.72. 
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Synthesis of (2S,6R)-4-(((9H-fluoren-9-yl)methoxy)carbonyl)-6-(6-amino-9H-purin-9-
yl)morpholine-2-carboxylic acid (1b) 

 
 

 
 
 

Compound 4b (0.47g, 0.4 mmol) was placed in a round bottom flask with a stirrer bar. Under 
N2 flow, Acetone (5 mL) was added and the suspension was cooled to 0 ℃. Jones reagent 
(0.7 mL) was added and the reaction was warmed up to r.t. and kept stirring for 3h. The 
solvent was removed under reduced pressure and the crude product was purified by flash 
chromatography (DCM:MeOH = 10:1 with 1% AcOH) affording the product 1b as white 
solid (yield: 70%, 0.14 g, 0.28 mmol). 
 
1H NMR (300 MHz, DMSO) δ 13.20 (brs, 1H), 8.33 (s, 1H), 8.18 (brs, 1H), 7.88-7.80 (m, 2H), 
7.68-7.58 (m, 2H), 7.39-7.20 (m, 4H), 5.79-5.76 (m, 1H), 4.60-4.0 (m, 4H),3.72-3.60 (m, 1H), 
3.48-3.34 (m, 2H), 3.03-3.20 (m, 1H) ppm;  
 
13C NMR (75 MHz, CDCl3) δ 169.5, 157.0, 155.0, 153.8, 150.0, 144.6, 141.6, 139.7, 128.5, 128.4, 
128.0, 127.9, 125.9, 121.0, 119.4, 78.7, 76.7, 74.2, 68.1, 49.7, 47.5, 46.2, 45.0, 29.9, 29.5 ppm; 
 
MS (ESI): calcd for C25H22N6O5 486.17, found [M + Na]+ 511.12 
 
Elemental Analysis: calcd for C25H22N6O5 C, 61.72; H, 4.56; N, 17.28; found C, 61.62; H, 4.60; 
N, 17.21. 
 

  

N

O
OH

N

N

N
N

H2N

Fmoc

O



 90 

General condition for peptide coupling reaction 
 

The Morph-b AA 1a/1b (1 eq.) was dissolved in DMF (0.1 M) and the solution was cooled 
to 0 ℃. HOBT (1.1 eq) and HBTU (1.1 eq.) were added and the solution was kept stirring for 
1h. After that, NH2-PhePheCOOMe 5 (1 eq.) and DIEA (2.2 eq.) were added and the reaction 
was warmed up to r.t. and kept stirring overnight. 
The solvent was removed under reduced pressure and the obtained yellow solid was 
dissolved in EtOAc and washed three times with water. The organic layer was dried over 
NaSO4 and concentrated under reduced pressure. The crude mixture was purified by 
chromatography column with n-Hexane:AcOEt (gradient 0-100%) affording the tripeptides 
6 as white solids. 
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Synthesis of (9H-fluoren-9-yl)methyl (2S,6R)-2-(((S)-1-(((S)-1-methoxy-1-oxo-3-
phenylpropan-2-yl)amino)-1-oxo-3-phenylpropan-2-yl)carbamoyl)-6-(5-methyl-2,4-dioxo-
3,4-dihydropyrimidin-1(2H)-yl)morpholine-4-carboxylate (6a) 

 

 
 
 

yield: 82%; m.p.= 130 ℃. 
 
1H NMR (500 MHz, CD3CN) δ 9.19 (brs, 1H), 7.85 (d, J = 5.35, 2H), 7.64 (d, J = 6.91, 2H), 7.48-
7.12 (m, 14H), 7.04-6.60 (m, 2H), 5.77-5.72 (m, 1H), 4.75-4.55 (m, 2H), 4,55-4.40 (m, 2H), 4.36-
4.25 (m, 1H), 4.20-3.90 (m, 2H), 3.70 (s overlapped, 3H), 3.67-3.59 (m overlapped, 1H), 3.23-
3.08 (m, 3H), 3.07-2.25 (m, 3H), 2.64-2.46 (m, 1H), 1.96 (s, 3H) ppm; 
 
13C NMR (125 MHz, CD3CN) δ 171.9, 170.6, 167.1, 163.7, 154.9, 150.3, 144.4, 141.6, 137.4, 137.0, 
135.9, 129.9, 129.7, 128.8, 128.7, 128.1, 127.6, 127.2, 127.1, 125.5, 117.6, 111.0, 96.4, 78.9, 75.7, 
67.7, 66.0, 55.5, 53.9, 53.7, 52.2, 47.5, 45.6, 44.7, 43.4, 37.4, 12.3 ppm. 
 
MS (ESI): calcd for C44H43N5O9 785.31, found [M + H]+ 786.34. 
 
Elemental Analysis: calcd for C44H43N5O9 C, 67.25; H, 5.52; N, 8.91; found C, 67.15; H, 5.55; 
N, 8.83.  
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Synthesis of (9H-fluoren-9-yl)methyl (2R,6S)-2-(6-amino-9H-purin-9-yl)-6-(((S)-1-(((S)-1-
methoxy-1-oxo-3-phenylpropan-2-yl)amino)-1-oxo-3-phenylpropan-2-
yl)carbamoyl)morpholine-4-carboxylate (6b) 

 

 
 

yield: 75%; m.p.= 137 ℃. 
 
1H NMR (500 MHz, CD3CN) δ 8.34 (brs, 1H), 8.10 (brs, 1H), 7.94 (d, J = 8.42, 1H), 7.84-7.77 
(m, 1H), 7.72 (d, J = 8.42, 1H), 7.64 (d, J = 6.87, 1H), 7.56 (t, J = 6.87, 1H), 7.50-7.31 (m, 3H), 
7.31-7.07 (m, 10 H), 7.04 (d, J = 8.42, 1H), 6.91 (d, J = 7.73, 1H), 6.48 (brs, 2H), 5.75 (brs, 1H), 
4.71-4.48 (m, 3H), 4.36-4.25 (m, 1H), 4.19-3.97 (m, 1H), 3.70 (m, 1H), 3.67 (s, 3H), 3.55-3.42 
(m, 1H), 3.22-2.75 (m, 4H) 2.66-2.53 (m, 1H) ppm. 
 
13C NMR (125 MHz, CD3CN) δ 171.5, 170.1, 167.0, 155.1, 154,5, 151.60, 149.5, 146.4, 144.0, 
141.1, 139.4, 137.0, 136.6, 129.4, 129.3, 129.2, 128.4, 128.3, 128.2, 127.7, 127.2, 127.1, 126.7, 126.6, 
126.5, 125.0, 125.03, 124.4, 120.0, 119.1, 118.6, 109.7, 78.5, 74.8, 70.2, 67.3, 55.0, 53.56, 53.3, 51.8, 
47.2, 46.0, 44.5, 37.0. ppm. 
 
MS (ESI): calcd for C44H42N8O7 794.32, found [M + Na]+ 817.12. 
 
Elemental Analysis: calcd for C44H42N8O7 C, 66.49; H, 5.33; N, 14.10, found C, 66.41; H, 
5.40; N, 14.00. 
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Self-assembly studies  
 
6a or 6b were dissolved in 1,1,1,3,3,3-Hexafluoro-2-propanol (HFP) at a concentration of 100 
mg\mL. The peptide in HFP was diluted in different solvents (TDW, EtOH, 50% EtOH in 
TDW, MeOH, isopropanol, chloroform, TDW with NaOH pH = 10, TDW with HCl pH = 2) 
to a final concentration of 2 mg\mL: A drop from each sample was placed on a glass for 
SEM analysis at time = 0 (right after dilution) and at time = 24 (after overnight incubation). 
After overnight incubation of APP\TPP in TDW, the temperature stability of the assemblies 
(the dried assemblies on a glass were heated to 120◦C for 2 hours) and the PH stability (the 
right amount of base\acid was added to the solution of the assemblies until 1M 
concentration of NaOH and HCl and the samples were left for an additional day of 
incubation) were studied by SEM analysis. 
 

SEM images were taken using a Sirion high resolution scanning electron microscope or 
extra-high-resolution scanning electron microscope, MagellanTM400L, operating at 5kV.  
 

 
Figure 54 Spherical aggregates of 6a in 50% EtOH in water 
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Figure 55 FT-IR spectra of Adenine (black) and thymine (red). 
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DLS analysis 
 
The Dynamic Light Scattering (DLS) measurements were performed using a Malvern 
Zetasizer Nano ZS instrument at 25° C, equipped with a 633 nm solid state He-Ne laser at a 
scattering angle of 173°. Analyses were performed in water (viscosity: 0.8872 Cp, refractive 
index: 1.33). The size measurements were averaged from at least three repeated 
measurements.  
6b and 6a were separately dissolved in hexafluoropropanol/H2O in 30:70 (Figure 56), 20:80 
(Figure 57), 10:90 and 2:98 (Figure 58), ratios respectively, such that the final concentration 
of 6a or 6b was equal to 50 mM for all the samples. 
DLS showed some differences between 6a and 6b. In particular, at the lowest water content, 
the DLS size distribution by intensities for 6b showed one peak centred at ca 5-6 nm 
attributable at few molecules forming small clusters, while in the case of 6a, besides the peak 
at 5-6 nm, there was a second peak centred at 200-300 nm. Anyhow, this second population 
can be ascribed to a few aggregates already present, which accounts for a very minor part 
of the whole molecules present in the mixture, so that they can be neglected. 

 

  

Figure 56 DLS analysis using hexafluoropropanol/H2O in 30:70 

 

This condition was observed for 6b only increasing the water in the mixture up to the 80%, 
while at the ratio 20:80 the 6a already showed the bigger peak at ca 200 nm only, suggesting 
a more favourable aggregation capacity (Figure 57). 
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Figure 57 DLS analysis using hexafluoropropanol/H2O in 20:80 

 

 

Both the two samples showed a huge increase in the size of the aggregates further increasing 
the water content at 10:90 ratio. Nevertheless, in this condition, the fitting of the correlation 
function was poor, so that the distribution output should not be considered reliable. 

When the content of hexafluoropropanol was decreased to 2% (Figure 58) only the two 
suspensions showed one peak only centred at 200 nm for both 6a and 6b, suggesting that at 
time 0, the two nucleo-dipeptides behave at the same way. Moreover, compared to the peaks 
observed at 20:80 ratio, the peaks are sharper, indicating a more monodispersed situation. 

 

 
Figure 58 DLS analysis using H2O/hexafluoropropanol in 98:2 

 

The stability of the aggregates over time was investigated acquiring a measurement at 24 h 
and 48 h (Figure 59). In the table below, a summary of DLS analysis are reported. Moreover, 
in the graphic is describe the ζ-potential (Figure 60 and Table 9). 
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Figure 59 DLS analysis using H2O/hexafluoropropanol in 98:2 after 24h and 48h 

 
Table 9 Summary of DLS analysis 

 
 

 
 

H2O/hexafluoropropanol 6a 6b 
70:30 5.6 nm ± 2.0  (+ 260 ± 90 nm) 5.6 ± 2.5 nm 
80:20 200 ± 98  nm 3.6 ± 1.5 nm  (+ 200 ± 85 nm) 
90:10 --- --- 

98:2 t=0 190 ± 60  nm 190  ± 91 nm 
98:2 t=24h 342 ± 120  nm 220 ± 100 nm 
98:2 t=48h 342 ± 150   nm 220 ± 100 nm 

ζ-potential -47 mV -16 mV 

-5

0

5

10

15

20

0,1 1 10 100 1000 10000

In
te

ns
ity

Size (diameter, nm)

6b in H2O/hexafluoropropanol 98:2 at 24 h

-5
0
5
10
15
20
25
30

0,1 1 10 100 1000 10000

In
te

ns
ity

Size (diameter, nm)

6a in H2O/hexafluoropropanol 98:2 at 24 h

-5

0

5

10

15

20

0,1 1 10 100 1000 10000

In
te

ns
ity

Size (diameter, nm)

6b in H2O/hexafluoropropanol 98:2 at 48 h

-5

0

5

10

15

20

25

0,1 1 10 100 1000 10000

In
te

ns
ity

Size (diameter, nm)

6a in H2O/hexafluoropropanol 98:2 at 48 h



 98 

 
Figure 60 ζ-potential of tripeptide 6a and 6b 
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Photoluminescence (PL) studies  
  
 
 
UV/Vis absorption spectra were obtained on Shimadzu UV-Vis-NIR 3600 
Spectrophotometer in 1 cm path length quartz cell. Photoluminescence quantum yields 
were measured with a C11347 Quantaurus-QY Absolute Photoluminescence Quantum 
Yield Spectrometer (Hamamatsu Photonics U.K), equipped with a 150 W Xenon lamp, an 
integrating sphere and a multi-channel detector. Steady state emission and excitation 
spectra and photoluminescence lifetimes were obtained with a FLS 980 spectrofluorimeter 
(Edinburg Instrument Ltd.). Continuous excitation for the steady state measurements was 
provided by a 450 W Xenon arc lamp. Photoluminescence lifetime measurements were 
determined by TCSPC (time-correlated single-photon counting) method, were performed 
using an Edinburgh Pulsed Diode PLED-300 (Edinburg Instrument Ltd.), with central 
wavelength 300 nm and repetition rates 100ps or greater or for the long phosphorescence 
components by decay kinetics.  
Photoluminescence experiments at room temperature were carried out in various solvent 
solution at 1-2x10-5 mol L-1 including acetonitrile (ACN), dimethylsulphoxyde (DMSO), 
water, methanol-ethanol (MeOH-EtOH) mixture. Measurements at 77 K were performed in 
MeOH-EtOH 4/1 mixture frozen matrix or by cooling the colloidal suspension obtained 
from HFIP-water at the concentration of 5x10-5 mol L-1.  
 
 

 
Figure 61 Absorption spectra of compounds 6a and 6b in acetonitrile (ACN) solution 
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Figure 62 Emission, excitation and absorption spectrum of 6a (left) and 6b (right) in ACN solution at RT. 

 
. 

 

 
Figure 63 Emission spectra of building blocks 5 and the 1b, 77K glassy matrix in MeOH/EtOH solution 
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Figure 64 Emission spectra of 6a and 6b in diluted ACN solution excitation and emission of the aggregated NP at RT and in frozen 
matrix t 77K. 
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Figure 65 Absorption spectra of compounds 1a and 1b: left, molar absorptivity in acetonitrile (ACN) solutions; right, normalized 

ACN spectra (solid lines) compared to those obtained from a 98/2 v/v HFIP-water mixture at 50µM concentration (dashed lines with 
drawings). 

 

  
Figure 66 emission and excitation spectra of compounds 1a (left) and 1b (right): in both case are compared the curves collected from 

a diluted CAN solution and those obtained from a 98/2 v/v HFIP-water mixture at 50µM concentration 

 
 
Table 10 Photoluminescent emission properties in diluted ACN solutions and in 98/2 v/v HFIP-water mixture at 50µM 
concentration 

Compound (solvent) QY t (%) / ns 

1a, ACN solution 0.137 4.34 

1a, 98/2 v/v HFIP-water mixture at 50µM 
concentration  

 1.54(79%); 
3.94(21%) 

1b, ACN solution  0.08 0.32(12%); 
4.75(88%) 

1b, 98/2 v/v HFIP-water mixture at 50µM 
concentration 

 0.55(26%); 
5.73(74%) 
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Synthesis of non -natural amino acids with Morpholine core as 
organocatalysts for enantioselective reactions  

 

Introduction  

Organocatalysts are metal-free organic compounds able to promote a reaction in a sub-
stoichiometric amount.73 They have to be easy to prepare and easily accessible in 
enantiopure form and very often they come from a natural source. In general, 
organocatalysts play two functions: 1) activate the substrate in the reactions and 2) induce 
enantioselectivity. 

The success in using organocatalysis has been the invention or identification of generic 
modes in which the catalyst is involved. A generic activation model describes a reactive 
species that can participate in many reaction types inducing high enantioselectivity (as 
opposed to one or two unique transformations). Such reactive species arise from the 
interaction of a single chiral catalyst with a functional group (such as a ketone, aldehyde, 
alkene or imine) in a highly organized and predictable manner. Even if more than a hundred 
organocatalytic reactions have been reported since 1998, only six activation modes were 
identified.74 

The mode of action of the most used organocatalysts are reported in Table 11. The use of 
Proline in reactions via enamine mechanism is shown in entry 1. Basically, enamine catalysis 
could be better described as bifunctional catalysis because the amine-containing catalyst 
typically interacts with a ketone/aldehyde substrate to form an enamine intermediate but 
simultaneously engages with an electrophilic reaction partner through either hydrogen 
bonding or electrostatic attraction. This activation mode has been used in a wide range of 
enantioselective carbonyl α-functionalization processes.75 

Thiourea-based catalysts are described in entry 2 and entry 5. These molecules can interact 
with the substrate via H-bond or catalyze the reaction via counterion. Jacobsen76 and Corey77 
describe for the first time H-bonding mode of action. They independently reported an 
asymmetric variant of the Strecker reaction that used well-defined hydrogen-bonding 
organocatalysts that activate imine electrophiles. Four years later, Jacobsen showed as the 
thiourea catalysts could be used for other synthetic reactions, launching the generic use of 
enantioselective hydrogen-bonding catalysis. The thiourea catalysts, is able to form strong 
complexes with halide ions (entry 5). Thanks to the weak carbon–chlorine bonds of 
Chloroamides and Chloroacetals, they generate an electrophilic transient intermediate. The 
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resultant anionic catalyst–chloride complex functions as a chiral counterion, biasing the 
approach of nucleophiles to a single face of one enantiomer of the transient α-hetero atom-
stabilized cationic species.78 

MacMillan catalyst could be used as iminium catalyst or a SOMO one (entry 3 and 4). The 
idea of iminium catalyst is based on the capacity of chiral amines to function as 
enantioselective catalysts for several transformations (entry 3). The concept was founded on 
the mechanistic hypothesis that the reversible formation of iminium ions from α,β-
unsaturated aldehydes and chiral amines might emulate the equilibrium dynamics and π-
orbital electronics that are inherent to Lewis acid catalysis (lowest-unoccupied molecular 
orbital (LUMO)-lowering activation).  

More recently McMillan group introduced the concept of SOMO catalysis. It is based on the 
idea that one-electron oxidation of an electron-rich enamine selectively generates a reactive 
radical cation with three π-electrons. The electrophilicity of the singly occupied molecular 
orbital (SOMO) of this intermediate allows it to react readily with a variety of weakly 
nucleophilic carbon-based ‘SOMOphiles’ at the α-carbon of the parent enamine, resulting 
in formal alkylation products. 
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Table 11 Generic activation modes 

 

 

 

In reaction involving enamine catalysis transition state (Figure 67), the deprotonation of the 
iminium ion provides the enamine nucleophilic intermediate, with increased HOMO 
energy, able to attack an electrophile. 
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Figure 67 Enamine catalysis 

 

The asymmetric addition of ketones and aldehydes to Michael acceptors can be catalyzed 
by chiral amines thanks to the transformation of the carbonyl group into enamine 
intermediate, as it is explained in the catalytic cycle (Figure 68).  
 

 
Figure 68 Catalytic cycle of asymmetric conjugate addition of ketones and aldehydes to Michael acceptors 

 
The iminium ion is generated by the reaction of a chiral secondary amine catalyst with a 
carbonyl compound. Enamine intermediate reacts with the electron poor olefin to create the 
new C–C bond. The hydrolysis of the α-modified iminium ion give the Michael adduct and 
the amino catalyst, which is now ready for a new catalytic cycle. 
Intermolecular conjugate addition selectivity depends on electronic and/or steric 
interactions so, the catalyst structure would determinate the geometry of the enamine (E or 
Z).79  
 
Comparing different types of enamine and different electrophiles, the relative reactivities of 
enamines is related to the amino moiety and generally decrease in the order Pyrrolidine > 
Piperidine > Morpholine (Figure 69). 
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Figure 69 Relative reactivities of enamines 

 

The higher reactivity of pyrrolidine enamine compared to piperidine analogues could be 
explained by the higher p-character of the nitrogen lone-pair in a five-membered ring 
compared with a six-membered ring. As a result, a lower first vertical ionization potential 
(IP1) of pyrrolidine compared to piperidine compounds is observed (Figure 70), indicating 
a higher nucleophilicity of pyrrolidine derivatives. Replacement of the 4-CH2 group in 
piperidine by the more electro-negative oxygen further increases the ionization potential 
and consequently reduces nucleophilicity.80 
 

 
Figure 70 Correlation of the nucleophilic reactivities N with the first vertical ionization potentials IP1 for cyclic enamines 

 
Different enamine reactivity could be also attributed to a difference in degree of 
pyramidalization (θp: defined as the difference between 90° and the angle between the in-
plane and out-of-plane bonds in the trigonal configuration as shown in Figure 71.81  
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Figure 71 Definition of the pyramidalization angle θp 

 

The decrease in degree of pyramidalization at N is reflected in a little shortening of the 
enamine N-C distance. As reported in Figure 72 there is an increase of the angle for the first 
to third one that reduces the reactivity of enamine comparing pyrrolidine, morpholine and 
piperidine.  
 
 
 

 
 

 

 

 

 

 

 

 

Figure 72 Newman projections of enamines looking down the N-C(sp2) bond. The C=C bond is maintained in the vertical position  

 
Substituents at the β-carbon atom of enamine (site of electrophilic attack) can influence the 
reactivity of enamines. Electron-withdrawing substituents like ethoxy-carbonyl instead 
electron-donor substituents (methyl group) reduce the reactivity of β-C-substituted 
morpholino by a factor of about 700 (calculated for (pfa)2CH+, CH2Cl2, 20°C).  
Reporting the N-parameters versus the σp values of the β-substituents of these enamines, a 
linear correlation is shown (Figure 73).80 
 

NN N
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Figure 73 Correlation of N with σpfor βC-substituted (E)-morpholinoethenes 

 
Aim of the work 

As underlined above, because of its ionization potential and low enamine nucleophilicity, 
morpholine presents disadvantages in terms of reactivity as organocatalyst when compared 
to catalysts such as Hayashi-Jorgensen and MacMillan, with pyrrolidine core. With this 
background, it was extremely stimulating to develop new catalysts containing morpholine 
core for asymmetric reactions and challenging in term of yields and enantioselectivity to 
overcome the results obtained with proline, toward the same reaction.  

Starting from commercially available amino acids (AAs), our research group synthesized a 
series of new non-natural β-Morph-AAs as catalysts able to promote asymmetric reaction 
(Figure 74). 

 

 

Figure 74 New β-Morph AAs catalyst 

 

In particular, we tested the Michael reaction using (Figure 75):  
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• first our β-Morph AAs as the N-terminus of different ultra-short tripeptides, taking 
inspiration from Wennemers’ catalysts.82 

• subsequently, we turned our attention on a series of β-Morph AAs as organocatalysts 
with simpler structure, investigating the best reaction conditions and the performance 
in function of the substitution pattern and stereochemistries. 

 

 

 

Figure 75 New catalysts containing Morph core for asymmetric Michael reaction. 
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Scaffold synthesis  

 

 

5-Metoxyl-β-Morph AA synthesis 
 
5-Metoxyl-β-Morph AA (12) was synthesized according a known procedure 35 from the 
commercially available α-D-glucopyranose (Scheme 10). The first two synthetic steps to 
obtain compound 10 consist in an oxidative step, using an excess of NaIO4, and after work-
up a reductive amination reaction of di-aldehyde 9 with NaBH3CN and benzylamine, pH 
was adjusted to pH 7 with dropwise of AcOH. Another bunch of benzylamine was added 
after 12 h, affording product 10 in a good overall yield (78% from 9). A one-pot nitrogen 
deprotection/Boc-protection reaction of amine intermediate 10 was performed with Pd/C 
and Boc2O in THF under H2 atmosphere (1 atm) at 25°C affording compound 11 in good 
yields (87%). With a phase-transfer oxidation procedure (TEMPO, NaClO, TBABr, KBr) 
operating in 1 M solution of NaHCO3 and DCM at r.t., the oxidation of the alcohol function 
was performed, giving the N-Boc-β-AA 12 in a very good yield (83%).  

 

 

Scheme 10 General scheme for the synthesis of β-Morph AA 12 

 
3-Aryl-β-Morph AA synthesis 
 
As described before in Chapter 1, we converted the β-Morph 12 into 3-Aryl-β-Morph AA 
14 thanks to a regio and diastereoselective Pd-catalyzed C(sp3) H-arylation reaction.42 The 
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key step is the transformation mediated by the Pd-coordinating nitrogen of quinoline ring 
as described in Scheme 11.37 
 

 
 

Scheme 11 General scheme for the synthesis of β-Morph AA 14 

 

 
5-Substituted β-Morphs were synthetized from commercially available α-AAs (Scheme 4). 
Treatment of several amino acids (15a-c) with sodium borohydride (2,5 eqiv.), Iodine (1 
equiv.) in THF afforded the corresponding amino alcohols (16) in 80% yields after 
recrystallization. Subsequent reaction between amine group of 16 and benzaldehyde (1,3 
equiv.) generate the enamine that is reduced to secondary amine 17 with NaBH4 (3 equiv.).  
The one-pot synthesis of enantiomerically pure hydroxymethyl-morpholines 18 from amino 
alcohol was reported in literature (Scheme 12).83 The addition of the amino alcohol 17 to 
enantiomerically pure (R)-epichlorohydrin (1,3 equiv.) in presence of Lewis acid (LiClO4, 
1,3 equiv.) in toluene gave the chloro alcohol 17’. A base-induced cyclization (MeONa, 2,5 
equiv.) provides the intermediate epoxide 17’’ and its final ring closure delivered the 
desired morpholine 18 in good yields (70%). 

 
Scheme 12 Key intermediate for the synthesis of β-Morph AA 18 

12

N

OO
O

Boc

OH
N

OO
O

Boc

OH

OMe

14
13

N

OO
O

Boc

N
H N

OMe

BnHN OH

R

O Cl LiOCl41)

2) NaOMe
 MeOH

N

O

Bn
R

OH

(R)-(-)Epichlorydin
LiOCl4

BnN

Cl

OH

OHR

NaOMe/MeOH BnN

OHR

O

Base

1817

17' 17''

one-pot

stepwise



 114 

 

Starting from 18, a one-pot nitrogen deprotection/Boc-protection reaction of amine 
intermediate 18 was performed with Pd/C (10% loading) and Boc2O (1.05 eq.) in THF, under 
H2 atmosphere (1 atm), at 25°C for 2h affording compound 19 in good yields (85%). 
Oxidation of alcohol function in 2 to carboxylic acid with TEMPO and BIAB in CH2Cl2/H2O 
2:1 provide the desired β-Morph AAs 8a-d. 
 
 

 
Scheme 13 General scheme for the synthesis of β-Morph AA 7a-d 

 
 

Peptide Synthesis  

The b-Morph AA scaffold (obtained as described above) has been used for the synthesis of 
the corresponding peptides derivative (Table 12).  

 

Table 12 new peptide catalysts containing b-Morph AA scaffold 
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All peptides were prepared on solid phase synthesis (SPPS) using Rink Amide resin. The 
protocol for Fmoc/tBu peptide synthesis was followed according to the general procedures 
reported below (Scheme 14). The procedure is focused on the linkage of amino acid chains 
to a solid support, usually named resin or bead. 
The first coupling starts from a N-protected amino acid linked to the resin from its 
carboxylic function and the synthesis proceed C -> N terminus. Solid phase synthesis shows 
a lot of advantages compare to liquid synthesis: 1) reaction time are reduced, 2) it is easier 
to separate the main product from any remaining reagent, 3) yields are usually increase.  
Coupling reaction are realized using DMF as solvent. In order to achieve the formation of 
the peptide bond, the carboxylic group needs to be activated. To promote the coupling 
reaction is activated into the corresponding activated ester. In our case 1-Ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC) and 1-Hydroxybenzotriazole (HOBT) resulted 
to be the best coupling reagents. The free amine from the elongating peptide chain can then 
attack the carbonyl and, displacing the activator group, form the peptide bond. 
By-product generated during the reaction are soluble both in water and organic solvent and 
can therefore be easily eliminated. 
Lastly, cleavage from the resin is carried out using a cleavage solution containing TFA and 
various scavenger as tri-isopropyl silane, thioanisole and phenol (to prevent cleaved 
protecting group can reacts with the peptide side chain). 
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Scheme 14 Solid-Phase Peptide Synthesis (SPPS) general scheme 

 

 

Organocatalyst Screening 
 
Peptide organocatalysts 
 
In a recent work published by Wennemers group, it was analyzed the catalytic effect of 
tripeptide sequences in a classical Michael reaction (Scheme 15). Theoretically two 
diastereomers can be obtained (syn and anti products), each of which is present as a pair of 
enantiomers.  

 
Scheme 15 General Micheal addiction reaction scheme 

 

Several tripeptides catalysts were used containing aAAs (Pro and Glu) and/or bAAs (b 
Pro/b Glu) exchanging the position of these AAs. This study showed that the replacement 
of the α- by a β-amino acid in the peptide catalyst is tolerated at the middle and C- terminus 
position but when located at N-terminus a severe negative effect on the stereoselectivity 
occurs. In particular, only when a-Pro is at the N-terminus a very good control of the 
enantioselection is achieved and excellent control was found by using H-DPro-Pro-Glu-NH2 
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(1-ααα) (Entry 1 Table 13).82 On the other hand, the presence of the b-Pro at N-terminus 
decrease dramatically the stereo control. 

 
Table 13 Influence of substitution of α-/β-amino acids in the peptidic catalyst for the reaction depicted in Scheme 15 

 

 
 

 

 
 

 

 

 

 
 

 

 
 

 

 

 

 

 

 

 

Entry Peptide Conversion (%) d.r (%) e.e. (%) 
1 1-aaa Quant. 98 97 
2 1-baa 81 85 -13 
3 1-aba 81 94 87 
4 1-aab 94 96 90 
5 1-bba 96 85 -12 
6 1-bab 85 5 4 
6 1-abb 90 95 86 
8 1-bbb 89 85 -14 

 

 

Through computational analysis they understood how the inclusion of β-AAs in the 
structure of the catalyst 1-ααα at N-termini can drive the stereo selection of the proposed 
peptides (Figure 76a). As a matter of fact, the most flexible peptide conformation, due to the 
presence of more degree of β-AAs freedom, leads the generated enamine to be much further 
from the coordinating C-terminus. This loss of coordination negatively affects the selectivity 
of the catalyst (Figure 76b) 
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Figure 76 Lowest energy structures of the enamines from peptides 1-ααα and 1-βαα 

 
To demonstrate that our β-Morph AAs could act as Pro-analogue in organo catalysis, 
analogues of tripeptide catalyst H-DPro-Pro-Glu-NH2, bearing instead of the α-Pro or b-Pro 
at N-terminus our β-Morph AAs, were prepared and their reactivity and stereoselectivity 
was investigated in conjugate addition reactions of aldehydes to nitroolefins as reported in 
Scheme 15. 
 
 

Using morpholine catalyst 1 the reaction was performed at the same conditions of the 
reference peptide catalyst 1-βαα (Table 13, entry 2) to compare the reactivity of our 
catalysts. 
The results obtained with our catalysts 1 showed a 70% conversion and a reversed 
selectivity [32% of enantiomeric excess in favor of (2S,3R)-enantiomer; Table 14; Entry 1]. 
Encouraged by this result, we performed the reaction changing solvents and temperature 
and by using 1% of the catalyst (Entries 2-5). Results showed quantitative conversion with 
enantiomeric excess (e.e.) between 28% and 42% and diastereomeric excess (d.e.) of 65%. The 
reaction was than tested at 15°C in CHCl3/TFE 1:1 providing 50% of conversion but despite 
this, we found an increase of the enantiomeric and diastereomeric excess (Entry 6). 
 
 
Table 14 Peptide 1 catalyzed conjugate addition reaction of butanal to (E)-nitrostyrene 

 
Entry % Catalyst Solvent Time (h) Temperature Conversion(a) de [%](b) ee [%](b)  

1 1% CHCl3/iPrOH 9:1 24h 25°C 70% 45% 32%  
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2 1% CHCl3/TFE 9:1 24h 40°C Quant. 65% 42%  
3 1% CHCl3/TFE 1:1 24h 40°C Quant. 65% 41%  
4 1% ACN/TFE 9:1 24h 40°C Quant. 65% 28%  
5 1% ACN/TFE 1:1 24h 40°C Quant. 65% 33%  
6 1% CHCl3/TFE 1:1 24h 15°C 50% 90% 47%  

(a) Determinated by 1H-NMR spectroscopy analysis of the crude reactions. (b) determinated by chiral stationary phase HPLC 
analysis.  

Proline in position 2 was replaced with a Gly AA in order to provide a more conformational 
freedom of peptide (2) as shown in Table 15. A quantitative conversion was detected with 
catalyst 2 operating in different solvents and maintaining the temperature at 40 °C for 24 h 
(Entry 2). Moreover, the enantiomeric excess was a little bit improved in comparison with 
catalyst 1. More in general temperature and polar solvents are able to improve the yields, 
d.e and e.e. excess. 

 
Table 15 Peptide 2 catalyzed conjugate addition reaction of butanal to (E)-nitrostyrene 

 
Entry % Catalyst Solvent Time (h) Temperature Conversion(a) de [%](b) ee [%](b)  

1 1% CHCl3/iPrOH 9:1 24 h 40°C Quant. 72% 30%  
2 1% CHCl3/TFE 9:1 24 h 40°C 92% 87% 45%  
3 1% CHCl3TFE 1:1 24 h 40°C Quant. 79% 51%  
4 1% ACN/TFE 9:1 24 h 40°C 97% 85% 24%  
5 1% ACN/TFE 1:1 24 h 40°C Quant. 80% 45%  
6 1% ACN/HFIP 9:1 24 h 40°C Quant. 80% 40%  
7 1% ACN/HFIP 1:1 24 h 40°C Quant. 80% 50%  
8 1% HFIP 24 h 40°C Quant. 80% 40%  
9 1% TFE 24 h 40°C Quant. 80% 53%  

(a) Determinated by 1H-NMR spectroscopy analysis of the crude reactions. (b) determinated by chiral stationary phase HPLC 
analysis. 

The synthesis of the dipeptide 3 was performed based on the theory that a shorter peptide 
would make the carboxylic function closer to the enamine intermediate, improving the 
coordination of nitrostyrene. As reported in Table 16, the results demonstrate that despite 
conversion remains high, there was a loss of enantioselectivity. 
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Table 16 peptide 3 catalyzed conjugate addition reaction of butanal to (E)-nitrostyrene 

 
Entry % Catalyst Solvent Time (h) Temperature Conversion(a) de [%](b) ee [%](b)  

1 1% CHCl3/TFE 9:1 24 h 40°C 83% 83% 30%  
2 1% CHCl3/TFE 1:1 24 h 40°C Quant. 73% 40%  
3 1% ACN/TFE 9:1 24 h 40°C 83% 83% 16%  
4 1% ACN/TFE 1:1 24 h 40°C Quant. 73% 34%  
5 1% ACN/HFIP 1:1 24 h 40°C Quant. 80% 41%  
6 1% TFE 24 h 40°C 92% 73% 40%  

(a) Determinated by 1H-NMR spectroscopy analysis of the crude reactions. (b) determinated by chiral stationary phase HPLC 
analysis 

 

In order to improve the e.e, different bulky substituents were inserted on b-Morph AA ring. 
Tripeptides 4, 5 and 6 were synthetized and in all of them the morpholino ring was 
functionalized with a bulky group in position 3 or 5 (Table 17) 

The reactions performed with catalyst 4 showed a significant reduction in term of selectivity 
(Table 17, Entries 1-5). The reduction of e.e. could be ascribed to the hindrance between the 
bulky substituent in position 3 and the carboxylic acid group of glutamic acid that probably 
prevent the coordination of the nitro group to the acidic function. 

A bulky group in position 5 of morpholino ring in peptides 5 and 6 could avoid the 
coordination problem due to the aryl in position 3 of tripeptide 4. 
Results showed that catalyst 5 (Entries 6-7) gave the addiction product with opposite 
stereochemistry. 2R,3S-enantiomer was obtained but with low enantioselectivity.  
 
The catalyst 6 (containing the benzyl group), was synthetized with the purpose of having a 
more freedom with respect to the phenyl one at C-5. For this catalyst we have the opposite 
stereochemistry at C-5 respect to catalyst 5 (Table 17). The results confirmed our theory 
(Entries 10-12) indeed, we obtain in general an enhancement of enantiomeric excess respect 
to catalyst 5. 
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Table 17 Peptide 4,5 and 6 catalyzed conjugate addition reaction of butanal to (E)-nitrostyrene 

   
 

Entry Catalyst (%) Solvent Time (h) Temperature Conversion(a) de [%](b) ee [%](b)  
1 4 (1%) ACN 24h 40°C 80% 78% 6%  
2 4 (1%) CHCl3/TFE 9:1 24h 40°C 89% 59% rac.  
3 4 (1%) CHCl3/TFE 1:1 24h 40°C 71% 36% 12%  
4 4 (1%) ACN/TFE 9:1 24h 40°C 77% 31% 2%  
5 4 (1%) ACN/HFIP 1:1 24h 40°C 85% 45% 5%  
6 5 (1%) THF/H20 1:1 24h 40°C 66% 76% -20%  
7 5 (1%) CHCl3/TFE 1:1 24h 40°C 73% 89% -30%  
8 6 (1%) CHCl3/iPrOH 9:1 24h 40°C 95% 81% 30%  
9 6 (1%) CHCl3/TFE 1:1 24h 40°C Quant. 54% 44%  
10 6 (1%) TFE 24h 40°C Quant. 46% 27%  
11 6 (1%) ACN/HFIP 1:1 24h 40°C Quant. 51% 58%  
12 6 (1%) HFIP 24h 40°C 80% 42% 44%  

 (a) Determinated by 1H-NMR spectroscopy analysis of the crude reactions. (b) determinated by chiral stationary phase HPLC analysis. 
A minus sign indicates that the (2R,3S) enantiomer was predominantly formed 

 

In conclusion, the analysis of this small library of tripeptides 1-7, containing different 
morpholino scaffolds at N-terminus, confirms that the majority of them gives a quantitative 
conversion of reagents into the condensation product as mixture of 2R,3S and 2S,3S 
enantiomers. It is to point out that the presence of acidic protons of the solvent is 
fundamental for achieve good yields. In general, except for catalyst 4, a satisfactory 
diastereoselection was obtained ranging from 80 to 90% in favor of syn product. Last but 
not least, it is possible to obtain the syn condensation products with opposite 
stereochemistry by playing with the stereochemistry of the bulky group in position 5 of the 
morpholino ring (see catalysts 5 and 6). More in general, using our β-Morph AAs we are 
able to obtain better e.e in comparison with 1-baa Wennemers catalyst (Entry 2, Table 13). 
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 Amino acids organocatalysts 
 
At this point we decide to simplify further the catalyst in order to remove the variability of 
the peptide side chain. Different catalysts containing only the β-Morph scaffold were 
prepared, characterized by different bulky groups at C-5 and different stereochemistries at 
both stereocenters.  
The catalyst 7c, bearing benzyl group in 5 and free carboxylic acid in 2 with opposite 
stereochemistry (Table 18), was tested in the above model reaction and showed surprising 
results.  

 
 

Table 18 Catalyzed conjugate addition reaction of butanal to (E)-nitrostyrene 

 
Entry % Catalyst Solvent Time (h) Temperature Conversion(a) de [%](b) ee [%](b)  

1 1% CHCl3/TFE 1:1 24h 40°C Quant. 62% 58%  
2 1% ACN/HFIP 1:1 24h 40°C Quant. 70% 59%  
3 1% ACN 24h 40°C 72% 56% 48%  
 
As reported in Table 18, the desiderate addiction product was obtained even if peptide side 
chain is absent. From these results it seems that the peptidic side chain it is not necessary in 
the catalytic cycle influencing the formation of 2S,3R-enantiomer as the major one. 
 

 

 

The catalyst 7b (Table 19) was synthesized with opposite stereochemistry at C-5 to 
demonstrate that the difference in enamine’s face hinderance provides a different 
enantiomer. Our hypothesis was confirmed and enantiomer 2R,3S was obtained 
 

At the beginning the reaction was conducted with solvents previously investigated and 1% 
of catalyst (Table 19). Quantitative yields and high selectivity were obtained (Entries 2-3). 
Then, the reaction was conducted in iPrOH, giving a quantitative conversion as other 
solvents and 55% of e.e. (Entry 5). Trying to improve the selectivity, the reactions was tested 
at 0°C (Entries 6-7). Results showed that, despite a reduction in conversion, an improvement 
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in enantioselectivity was achieved especially with iPrOH. As reported in Entry 8 an increase 
of enantioselectivity was obtained. Motivated by these results, we investigated the reaction 
at lower temperature to confirm that it could favour an improvement of diastereo- and 
enantioselectivity. Only iPrOH showed a further increase in selectivity reaching 96% of d.e 
and 92% of e.e.. (Entry 11). iPrOH has been chosen as best solvent at -10°C giving the 
desiderate product with higer diastereo and enantioselectivity (Entry 11).  
 
 
 
Table 19 Catalyst 7b catalyzed conjugate addition reaction of butanal to (E)-nitrostyrene 
 
 

 
 

 
 
 
 
 

Entry % Catalyst Solvent Time (h) Temperature Conversion(a) de [%](b) ee [%](b)  
1 1% ACN 12 h 40 °C Quant. 49% 31%  
2 1% CHCl3/TFE 1:1 12 h 40 °C Quant 66% 52%  
3 1% ACN/HIFP 12 h 40 °C Quant. 65% 67%  
4 1% Toluene 12 h 40 °C Quant. 69% 32%  
5 1% iPrOH 12 h 40 °C Quant. 74% 55%  
6 1% CHCl3/TFE 1:1 12 h 0°C 86% 86% 65%  
7 1% ACN/HIFP 12 h 0°C 91% 92% 72%  
8 1% iPrOH 12 h 0°C Quant 87% 80%  
9 1% CHCl3/TFE 1:1 24 h -10°C 88% 89% 60%  
10 1% ACN/HIFP 24 h -10°C 93% 93%% 75%  
11 1% iPrOH 24 h -10°C 96% 96% 92%  

 (a) Determinated by 1H-NMR spectroscopy analysis of the crude reactions. (b) determinated by chiral stationary phase HPLC analysis. 
A minus sign indicates that the (2R,3S) enantiomer was predominantly formed 

 

Inspired by the very good results achieved with catalyst 7c, we wanted to evaluate the role 
of the bulky group in position 5. The benzyl substituent was replaced by a phenyl group 
(catalyst 7a) in order to decrease the freedom of the substituent C-5 (Table 20). Results show 
small reduction in conversion and diastereo selection (Entry 4) but lost of enantio selection.  
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Table 20 Addition reaction of butanal to (E)-nitrostyrene using catalyst 7a 

 
Entry % Catalyst Solvent Time (h) Temperature Conversion(a) de [%](b) ee [%](b)  

1 1% CHCl3/TFE 12h 40°C 84% 72% 21%  
2 1% ACN/HFIP 1:1 12h 40°C 83% 70% 24%  
3 1% ACN 12h 40°C 81% 70% 10%  
4 1% iPrOH 24h -10°C 10% 99% 39%  

(a) Determinated by 1H-NMR spectroscopy analysis of the crude reactions. (b) determinated by chiral stationary phase  

 

In a third step we test the catalyst 7d characterized by freedom as catalysts 7b but with an 
extended aromatic system (Table 21). 

The reaction was carried out in iPrOH, that turned out to be an excellent solvent. The time 
was prolonged from 12h to 24-48h to increase the conversation. At first, we performed the 
reaction at 0°C with 1% of catalyst giving a 55% of yield (that is a substantial reduction from 
conversion with respect catalyst 7b) and 73% of enantioselectivity with 99% of diastereo 
selectivity (Entry 1). Then the reaction was performed increasing the amount of the catalyst 
(5%) at -10°C for 48h that provided a quantitative conversion and 80% of enantioselectivity 
and 90% of diastereo selectivity (Entry 2). 
 
Table 21 Conjugate addition reaction of butanal to (E)-nitrostyrene using catalyst 7d 

 
Entry % Catalyst Solvent Time (h) Temperature Conversion(a) de [%](b) ee [%](b)  

1 1% iPrOH 24h 0° C 55% 99% 73%  
2 5% iPrOH 48h -10 °C Quant. 90% 80%  

(a) Determinated by 1H-NMR spectroscopy analysis of the crude reactions. (b) determinated by chiral stationary phase HPLC 
analysis.  
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In conclusion, compound 7b is the best candidate as organocatalyst for the studied reaction 
between aldehydes and nitrostyrenes. iPrOH was found to be the perfect solvent and 
different temperatures were tried. In particular, when the reactions were carried out at 40 
°C, the conversion was found to be quantitative in almost all the cases, however worse e.e. 
were observed. On the other hand, the enantioselectivity increased when the reactions were 
set up in a range of temperature between 0 and -10 °C. 
 
At this point using our best catalyst 7b we oriented our work expanding the scope of 
aldehyde and nitroolefin. The influence of the steric effect of aldehyde was investigated. 
The reaction was then performed using propanal (Table 22). The reaction was performed at 
-10°C, 1% of catalyst providing a quantitative conversation, 73% e.e., and 90% d.e. (Entry 1). 
Considering the excellent conversion, we investigated if less amount of catalyst would 
provide good yield and selectivity. The reaction performed with 0.5% of catalyst 
demonstrates that this amount wasn’t enough to provide good selectivity (Entry 2). 
 
Table 22 Conjugate addition reactions between aldehydes 21a-g and nitroolefins 22a-c 

 
Entry  21 a-g 22 a-c  Product 23 a-l Catalyst  Time  d.e.  e.e. 
     Coversion (%)  %  (h)  (%)[b] (%)[c] 
           

1 b= R’:Me  a = R’’:Ph 

 

1% 24 h 90 72 23 b 

Quant% 

2 b= R’:Me a = R’’:Ph 

  

0.5% 24h 94 73 23 b 

Quant% 

3 a = R’:Et a = R’’:Ph 
  

1% 24h 99 92 23 a 
Quant% 

4 c = R’:nPr a = R’’:Ph 
  

 
1%  

48h 99 99 23 c 
90% 

5 d = R’:iPr a = R’’:Ph 
   

 1% 
48h 99 99 

23 d 

21a-g 22a-c (2R-3S) 23a-l
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68%   

6 d = R’:iPr a = R’’:Ph 
  

5% 48h 94 93 23 d 
91% 

7 e = R’:nBu a = R’’:Ph 
  

1% 24h 98 78 23 e 
52% 

8 e = R’:nBu a = R’’:Ph 
  

1% 48h 99 87 23 e 
60% 

9 f = 
R’:CH2Ph 

a = R’’:Ph 
  

1% 48h 99 88 23 f 
40% 

10 f = 
R’:CH2Ph 

a = R’’:Ph 
  

5% 48h 89 82 23 f 
76% 

11 g = R’: 
cyclopentyl 

a = R’’:Ph 
  

* 5% 48h* - 30 23 g 
53% 

12 b = R’:Me 

b = R’’:   

1% 48h 91 80 pOMe-Ph 23 h 

  Quant% 

13 c = R’:nPr 
b = R’’:   

1% 48h 99 66 pOMe-Ph 23 i 
  74% 

14 c = R’:nPr 
b = R’’:   

5% 48h 98 70 pOMe-Ph 23 i 
  74% 

15 b = R’:Me 
c =R’’: 

tiophenyl 

  
1% 48h 89 67 23 l 

Quant. 
Reaction condition: Aldehyde (1.0 eq.)/Nitrostyrene (1.5 eq.)/NMM (2% mol) [a] Conversion was determined by 1H NMR of crude 
mixture. [b] d.e. was determined by 1H NMR of crude mixture. [c] Enantioselectivities were determined by chiral HPLC analysis in 
comparison with authentic racemic material. * Entry 11 The reaction was performed at 40 °C 

 
 

Then pentanal was used in order to test the reactivity of an aldehyde with a longer aliphatic 
chain. With 1% of catalyst we were able to obtain conversion of 90%, 99% of d.e. and 99% of 
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e.e. (Entry 4, Table 22). This result showed an increase of the enantioselectivity respect to 
previously listed aldehydes. 

Other branched aldehydes were tested, i.e. isovaleraldehyde (Entries 5-6), a structural 
isomer of pentanal. With 1% of catalyst 7b the reaction was performed with a temperature 
of -10°C for 48h, and results showed a 68% of conversion with an excellent 99% of 
enantiomeric and diastereomeric excess (Entry 5). To confirm the excellent results and 
trying to improve yields of the reaction we used 5% of catalyst of at -10°C for 48h but this 
setting of reaction didn’t show an increase of yield and affected a little the selectivity (Entry 
6). 

The reaction with Hexanal as aldehyde was performed in order to investigate the effect of a 
higher hindered aldehyde (Entries 7-8 Table 22). At the beginning, the reaction with 1% of 
catalyst was conducted at 0°C for 24h and provided a low conversion (52%) with respect to 
results presented above, a discrete enantiomeric excess (78%) and excellent diastereomeric 
excess (98%) (Entry 7). The reaction was performed at -10°C for 48h and the results shows 
an increasing of enantiomeric excess (87%), a constant diastereomeric excess of 99% but a 
small increase in yield (Entry 8). 

Aldehyde bearing an aromatic chain was tested in order to investigate the influence of an 
aromatic substituent (Entries 9-10). The reaction was performed at -10°C for 48h giving a 
40% of conversion and high selectivity (Entry 9). Increasing the amount of catalyst to 5% 
(Entry 10) gave similar results. 

To expand the scope of the reaction, we tested cyclopentanecarbaldehyde. We introduced a 
ramification in α position to study the effect of an increased steric hinderance near to the 
site of generation of enamine. The reaction carried out at -10°C at 0°C in 24 h showed 
absence of reactivity with catalyst 7b. Only when temperature was increased to 40°C for 48h 
with 5% of catalyst, a 53% of yield was achieved (Entry 11). The low yield could be attributed 
to the high stability of the enamine intermediate80that react very slowly with nitrostyrene to 
provide the desiderated product. 

At this point we moved to study how different nitroolefins could influence the reaction 
(Table 12 Entry 12). First, we tested propanal with an electro donating group a nitrostyrene, 
i.e. a methoxy group in para-position. 
 
The same olefin was investigated with pentanal (Entry 13-14) to confirm the above positive 
results. The reaction with 1% of catalyst at -10°C provide a conversion of 52%, excellent d.e. 
and 66% e.e. (Entry 13). Again, the increase of the catalyst (5%) does not benefit the reaction 
(Entry 14) both for conversion and selectivity. 
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Finally, the electrophile was then subject to a radical modification with the introduction of 
the strongly electron-rich thiophen instead of an aryl and its reactivity was studied with 
Propionaldehyde (Entry 15). The reaction performed with 1% of catalyst for 24h at -10°C 
showed reduction in yield and selectivity with respect the reaction with the classical 
nitrostyrene. 
 
In conclusion, we confirmed the possibility of using β-Morph as proline analogue in 
catalytic applications despite all the disadvantages previously reported. were able to obtain 
a series of catalysts with a simple synthetic pathway and achievable from commercially 
available α-AA. Through the study of different functionalization/stereochemistry of the 
catalyst, we understood how to obtain the highest performing catalyst and the desired 
product. Their use in the above-mentioned Michael reaction provided high yields of the 
adduct with a strong control of diastereo- and enantioselectivity. In addition, we 
investigated a broad spectrum of expanding the scope of the studied reaction.  
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Experimental part 
 
General information 
 
Chemicals were purchased from Sigma Aldrich and were used without further purification. 
Mass spectra were recorded on an LCQESI MS and on an LCQ Advantage spectrometer 
from Thermo Finningan and a LCQ Fleet spectrometer from Thermo Scientific. The NMR 
spectroscopic experiments were carried out either on Varian MERCURY 300 MHz (300 and 
75 MHz for 1H and 13C, respectively), or Bruker Avance I 500 MHz spectrometers (500 and 
125 MHz for 1H and 13C, respectively). Optical rotations were measured on a Perkin-Elmer 
343 polarimeter at 20 °C (concentration in g/100 mL). Chemical shifts (δ) are given in ppm 
relative to the CHCl3 internal standard, and the coupling constants J are reported in Hertz 
(Hz). The synthesis of compound 1235 and 1442 are reported in the literature. 
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General procedure for amino alcohol synthesis 
 

A1-L three-neck round-bottom flask was fitted with a magnetic stirring bar, a reflux 
condenser, and an addition funnel. The flask was charged with (2.5 equiv.) sodium 
borohydride in THF. Amino acid (2.5 equiv.) was added in one portion. The remaining neck 
was sealed with a septum and nitrogen line attached, and the flask was cooled to 0 °C in an 
ice bath. A solution of iodine (1 equiv.) dissolved in THF was poured into the addition 
funnel and added slowly and dropwise over 30 min resulting in vigorous evolution of 
hydrogen. After addition of the iodine was complete and gas evolution had ceased, the flask 
was heated to reflux for 18 h and then cooled to room temperature. MeOH was added 
cautiously until the mixture became clear. After stirring 30 min, the solvent was removed 
by rotary evaporation leaving a white paste which was dissolved by addition of 20% 
aqueous KOH. The solution was stirred for 4 h and extracted three time with CH2Cl2. The 
organic extracts were dried over sodium sulfate and concentrated in vacuo, affording a 
white semisolid. The crude material was recrystallized from toluene to afford the final 
amino alcohol as colorless crystals. 
 
 

 
Synthesis of (R)-2-amino-2-phenylethan-1-ol (16a) 

 
 

 
 
 

Yield:  60% 
 
 1H NMR (400 MHz, CDCl3) δ 7.59 – 7.12 (m, 5H), 4.07 (dd, J = 8.3, 4.4 Hz, 1H), 3.76 (dd, J = 
10.8, 4.4 Hz, 1H), 3.58 (dd, J = 10.8, 8.3 Hz, 1H).  

 

13C NMR (101 MHz, CDCl3) δ 142.7, 128.6, 127.5, 126.4, 68.0, 57.3. 
 

m/z [M]+ Calcd for C14H14O 198.10; Found 198.15 
  

(R)(R)

NH2

OH
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Synthesis of (R)-2-amino-3-phenylpropan-1-ol (16b) 
 
 

 

 

 

Yield: 91% 

1H NMR (400 MHz, CDCl3) δ 7.92 – 6.40 (m, 5H), 3.66 (dd, J = 10.7, 3.9 Hz, 1H), 3.41 (dd, J = 
10.7, 7.2 Hz, 1H), 3.21 – 3.07 (m, 1H), 2.82 (dd, J = 13.5, 5.2 Hz, 1H), 2.55 (dd, J = 13.5, 8.6 Hz, 
1H), 2.03 (s, 1H).  

13C NMR (101 MHz, CDCl3) δ 138.7, 129.2, 128.6, 126.4, 66.3, 54.2, 40.8. 

m/z [M+Na+]+ Calcd for C9H13NO 174.10; Found 174.13 
  

(R)(R)

NH2

OH
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Synthesis of (R)-2-amino-3-phenylpropan-1-ol (16c) 
 
 

 
 

 

Yield: 58% 

1H NMR (400 MHz, CDCl3) δ 7.62 – 6.77 (m, 5H), 3.66 (dd, J = 10.7, 3.8 Hz, 1H), 3.42 (dd, J = 
10.7, 7.2 Hz, 1H), 3.24 – 3.00 (m, 1H), 2.82 (dd, J = 13.5, 5.2 Hz, 1H), 2.55 (dd, J = 13.5, 8.6 Hz, 
1H), 2.16 (s, 3H). 

13C NMR (101 MHz, CDCl3) δ 138.6, 129.2, 128.6, 126.4, 66.1, 54.2, 40.7. 

m/z [M+Na+]+ Calcd for C9H13NO 174.10; Found 174.11 

  

(S)(S)

NH2

OH
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Synthesis of (R)-2-amino-3-(naphthalen-2-yl)propan-1-ol (16d) 
 

 

	
	

	

 Yield:55% 

1H NMR (300 MHz, CDCl3) δ 7.89 – 7.71 (m, 3H), 7.64 (m, 1H), 7.54 – 7.39 (m, 2H), 7.33 (dd, 
J = 8.3, 1.8 Hz, 1H), 3.67 (dd, J = 10.6, 3.9 Hz, 1H), 3.44 (dd, J = 10.6, 7.1 Hz, 1H), 3.33 – 3.13 
(m, 1H), 2.96 (dd, J = 13.2, 5.1 Hz, 1H), 2.68 (dd, J = 13.2, 8.7 Hz, 1H), 2.04 (s, 2H).  

13C NMR (75 MHz, CDCl3) δ 136.2, 133.5, 132.2, 128.2, 127.6, 127.6, 127.5, 127.4, 126.1, 125.4, 
66.4, 54.0, 41.0. 

m/z [M+]+ Calcd for C13H15NO 201.12; Found 201.13 

 

  

(R)(R)

NH2

OH
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General procedure for Benzyl-amino alcohol synthesis (17a-d) 

A solution of amino alcohol (mmol 1 equiv.) and benzaldehyde (1.3 equiv.) in absolute 
MeOH was stirred at 20 °C for 2 h. NaBH4 (3 equiv.) was added at 0 °C, and stirring was 
continued for 1 h. CH2Cl2 and saturated aq. NH4Cl were added, and the layers were 
separated. After extraction of the aqueous layer with CH2Cl2, the combined organic layers 
were washed with brine, dried with Na2SO4, and the solvent was removed in vacuo. The 
solvent was removed in vacuo, and the crude material was purified by flash column 
chromatography (nhexane/AcOEt,0-100%) affording pure compound as a white solid.  

 

 

Synthesis of (R)-2-(benzylamino)-2-phenylethan-1-ol (17a) 
 

 

 

 

 

Yield: 85% 

1H NMR (300 MHz, CDCl3) δ 7.89 – 7.71 (m, 3H), 7.64 (m, 1H), 7.54 – 7.39 (m, 2H), 7.33 (dd, 
J = 8.3, 1.8 Hz, 1H), 3.67 (dd, J = 10.6, 3.9 Hz, 1H), 3.44 (dd, J = 10.6, 7.1 Hz, 1H), 3.33 – 3.13 
(m, 1H), 2.96 (dd, J = 13.2, 5.1 Hz, 1H), 2.68 (dd, J = 13.2, 8.7 Hz, 1H), 2.04 (s, 2H).  

13C NMR (75 MHz, CDCl3) δ 136.2, 133.5, 132.2, 128.2, 127.6, 127.6, 127.5, 127.4, 126.1, 125.4, 
66.4, 54.0, 41.0. 

m/z [M+]+ Calcd for C15H17NO 227.13; Found 227.16 

  

(R)(R)

NHBn

OH
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Synthesis of (R)-2-(benzylamino)-3-phenylpropan-1-ol (17b) 
 

 

 
 

 

Yield: 56% 

1H NMR (400 MHz, CDCl3) δ 7.62 – 6.81 (m, 10H), 3.81 (s, 2H), 3.68 (dd, J = 10.8, 3.9 Hz, 1H), 

3.38 (dd, J = 10.8, 5.3 Hz, 1H), 3.00 (m, 1H), 2.82 (qd, J = 13.6, 7.0 Hz, 2H), 2.20 (s, 1H). 

 

13C NMR (101 MHz, CDCl3) δ 139.9, 138.4, 129.2, 128.6, 128.5, 128.0, 127.1, 126.4, 62.4, 59.3, 

51.1, 38.1 

m/z [M+Na]+ Calcd for C16H19NO 264.15; Found 264.16 

  

(R)(R)

OH

NHBn
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Synthesis of (S)-2-(benzylamino)-3-phenylpropan-1-ol (17c) 
 

 

 
 

 

Yield: 64% 

1H NMR (400 MHz, CDCl3) δ 7.62 – 6.95 (m, 5H), 3.81 (s, 2H), 3.68 (dd, J = 10.8, 3.9 Hz, 1H), 
3.38 (dd, J = 10.8, 5.3 Hz, 1H), 3.05 – 2.94 (m, 1H), 2.91 – 2.73 (m, 2H), 2.17 (s, 2H). 

13C NMR (101 MHz, CDCl3) δ 140.0, 138.4, 129.2, 128.6, 128.5, 128.0, 127.1, 126.4, 62.5, 59.3, 
51.1, 38.1. 

m/z [M+Na]+ Calcd for C16H19NO 264.15; Found 264.16 
  

(S)(S)

OH

NHBn
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Synthesis of (R)-2-(benzylamino)-3-(naphthalen-2-yl)propan-1-ol (17d) 
 

 

 

 

 

Yield: 80% 

1H NMR (400 MHz, CDCl3) δ 7.90 – 7.77 (m, 3H), 7.64 (s, 1H), 7.55 – 7.45 (m, 2H), 7.36 – 7.20 
(m, 6H), 3.83 (s, 2H), 3.72 (dd, J = 10.8, 3.8 Hz, 1H), 3.44 (dd, J = 10.8, 5.1 Hz, 1H), 3.11 (m, 
1H), 3.00 (m, 2H), 2.28 (s, 2H).  

13C NMR (101 MHz, CDCl3) δ 139.8, 135.9, 133.5, 132.2, 128.5, 128.2, 128.0, 127.6, 127.6, 127.53, 
127.5, 127.1, 126.1, 125.5, 62.4, 59.2, 51.1, 38.2. 

 
m/z [M+]+ Calcd for C20H21NO 291.16 Found 291.15 
  

(R)(R)

NHBn

OH
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General procedure for benzyl-morpholino amino alcohol synthesis (18a-d) 

 

A solution of the amino alcohol (1 equiv.) in absolute toluene was treated with (R)-epi- 
chlorohydrin, (1.3 equiv.) and LiClO4 (1.3 equiv.). After 24h at 60°C, NaOMe (25%v/v in 
MeOH) (2.5 equiv.) were added and stirring was continued for 24h. The reaction mixture 
was quenched with saturated aq. NH4Cl, and the aqueous layer was extracted with EtOAc. 
The combined organic layers were extracted with brine, dried with Na2SO4, and the solvent 
was removed in vacuo. Chromatographic purification (silica gel; Et2O/hexanes, 50:50) 
delivered the desired as transparent oil.  

 

Synthesis of ((2S,5R)-4-benzyl-5-phenylmorpholin-2-yl)methanol (18a) 
 

 

 

 

 

Yield 66% 

1H NMR (400 MHz, CDCl3) δ 7.48 (m, 2H), 7.43 – 7.36 (m, 2H), 7.33 (m, 3H), 7.29 – 7.22 (m, 
3H), 4.23 (dd, J = 11.7, 7.3 Hz, 1H), 4.05 (dd, J = 11.8, 9.3 Hz, 1H), 3.90 (m, 1H), 3.83 – 3.69 (m, 
3H), 3.53 (dd, J = 9.3, 3.8 Hz, 1H), 3.06 (s, 1H), 2.93 (d, J = 13.4 Hz, 1H), 2.85 (dd, J = 12.1, 2.6 
Hz, 1H), 2.52 (dd, J = 12.1, 4.1 Hz, 1H), 1.61 (s, 1H).  

13C NMR (101 MHz, CDCl3) δ 138.8, 137.9, 128.7, 128.6, 128.4, 128.0, 127.1, 73.2, 68.2, 66.7, 
63.7, 59.1, 51.6. 

 

m/z [M+Na]+ Calcd for C18H21NO2Na 306.20 Found 307.19 
  

(R)(R)

N

O
(S)(S)

Bn

OH
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Synthesis of ((2S,5R)-4,5-dibenzylmorpholin-2-yl)methanol (18b) 
 

 

 

 

 

Yield 75% 

1H NMR (400 MHz, CDCl3) δ 7.44 – 7.08 (m, 10H), 3.82 (dd, J = 31.4, 13.3 Hz, 2H), 3.76 – 3.69 
(m, 2H), 3.68 – 3.65 (m, 2H), 3.61 (ddd, J = 11.2, 2.7, 1.2 Hz, 1H), 3.03 – 2.89 (m, 2H), 2.85 – 
2.77 (m, 1H), 2.65 (dd, J = 11.6, 10.2 Hz, 1H), 2.50 (dd, J = 11.7, 2.9 Hz, 1H) 2.1(s, 1H). 

 13C NMR (101 MHz, CDCl3) δ 140.0, 138.4, 129.4, 128.8, 128.4, 128.4, 127.2, 125.9, 76.1, 67.6, 
64.2, 59.1, 59.0, 47.9, 28.0. 

m/z [M+]+ Calcd for C19H23NO2 297.17 Found 297.16 
 
  

(R)(R)

N

O
(S)(S)

Bn

OH
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Synthesis of ((2S,SR)-4,5-dibenzylmorpholin-2-yl)methanol (18c) 
 

 

 
 

 

Yield 67% 

1H NMR (400 MHz, CDCl3) δ 7.45 – 7.16 (m, 10H), 4.37 (d, J = 13.4 Hz, 1H), 3.73 (dd, J = 11.4, 
3.3 Hz, 1H), 3.65-3.60 (m, 1H), 3.57-3.40 (m, 3H), 3.27 (dd, J = 13.9, 4.0 Hz, 1H), 3.20 (d, J = 
13.4 Hz, 1H), 2.15 (s, 1H), 2.06 (dd, J = 11.6, 10.3 Hz, 1H).  

13C NMR (101 MHz, CDCl3) δ 138.4, 138.3, 129.1, 129.0, 128.5, 128.4, 127.1, 126.3, 76.1, 70.8, 
64.0, 61.2, 58.4, 53.4, 36.1. 

m/z [M+]+ Calcd for C19H23NO2 297.17 Found 297.16 
  

(S)(S)

N

(S)(S)
O

OH

Bn
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Synthesis of ((2S,5R)-4-benzyl-5-(naphthalen-2-ylmethyl)morpholin-2-yl)methanol (18d) 

 

 

 

Yield 68% 

1H NMR (400 MHz, CDCl3) δ 7.85 – 7.72 (m, 3H), 7.60 (s, 1H), 7.52 – 7.30 (m, 7H), 7.22 (dd, J 
= 8.4, 1.6 Hz, 1H), 3.88 (dd, J = 34.7, 13.3 Hz, 2H), 3.80 – 3.67 (m, 3H), 3.65 – 3.59 (m, 2H), 3.13 
(m, 2H), 2.92 (d, J = 10.6 Hz, 1H), 2.70 (m, 1H) 2.54 (dd, J = 11.7, 2.8 Hz, 1H), 2.08 (s, 1H).  

13C NMR (101 MHz, CDCl3) δ 138.4, 137.5, 133.5, 131.9, 128.8, 128.4, 128.0, 127.8, 127.8, 127.6, 
127.3, 127.3, 126.0, 125.2, 76.2, 67.6, 64.3, 59.1, 59.0, 47.9, 28.1. 

m/z [M+]+ Calcd for C23H25NO2 347.19 Found 347.19 
 
  

(R)(R)

N

O
(S)(S)

Bn

OH
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General procedure for Boc-morpholino amino alcohol synthesis (19a-d) 

 

Operating in a round-bottom flask equipped with magnetic stirrer, compound (1 equiv.) 
was dissolved in THF. Boc2O (1.05 equiv.) and Pd/C (10% loading) were added to the 
solution. The suspension was stirred under H2 (1 atmosphere) at 25 °C. After 24 h, the 
mixture was filtered on Celite pad. The solvent was evaporated, and the yellow oil was 
dissolved in CH2Cl2 washed with a 5% solution of KHSO4 and a saturated solution of NaCl. 
The organic layer was dried over Na2SO4, filtered and concentrated in vacuum. The 
purification of the crude by flash chromatography (nhexane / AcOEt, 1:1) afforded product 
as colorless oil. 

 

Synthesis of tert-butyl (2S,5R)-2-(hydroxymethyl)-5-phenylmorpholine-4-carboxylate (19a) 
 

 

 

 

 

Yield 87% 

1H NMR (400 MHz, CDCl3) δ 7.45 (d, J = 7.3 Hz, 2H), 7.41 – 7.34 (m, 2H), 7.33 – 7.21 (m, 1H), 
5.14 (d, J = 55.9 Hz, 1H), 4.47 (d, J = 10.4 Hz, 1H), 3.98 (dd, J = 12.0, 3.7 Hz, 1H), 3.93 – 3.46 
(m, 4H), 3.49– 3.11 (m, 1H), 2.88 (dd, J = 15.1, 8.5 Hz, 1H), 1.95 (s, 1H), 1.66 (s, 1H), 1.50 (s, 
9H). 
 
13C NMR (101 MHz, CDCl3) δ 154.8, 139.1, 128.8, 128.5, 128.4, 127.5, 127.3, 127.2, 126.5, 126.4, 
80.5, 78.6, 76.4, 73.7, 70.5, 68.9, 65.4, 63.7, 62.0, 61.1, 56.2, 40.0, 36.6, 29.7, 28.4, 28.3, 28.2. 
 
m/z [M+]+ Calcd for C16H23NO4 293.16 Found 293.22 
  

(R)(R)

N

O
(S)(S)

Boc

OH
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Synthesis of tert-butyl (2S,5R)-5-benzyl-2-(hydroxymethyl)morpholine-4-carboxylate (19b) 
 
 

 

 

 

Yield 81% 

1H NMR (400 MHz, CDCl3) δ 7.40-7.20 (m, 5H), 4.21 (s, 1H), 4.06 (dd, J = 7.2, 4.8 Hz, 1H), 
3.93 (dd, J = 13.4, 2.4 Hz, 1H), 3.80-3.74 (m, 3H), 3.64 – 3.47 (m, 2H), 3.24 – 2.69 (m, 3H), 2.29 
– 1.95 (m, 1H), 1.69 (s, 1H), 1.41 (s, 9H). 
 
 13C NMR (101 MHz, CDCl3) δ 154.6, 138.4, 138.2, 129.5, 129.4, 129.2, 128.5, 128.4, 126.4, 126.3, 
80.0, 76.3, 75.8, 67.8, 67.3, 63.7, 53.1, 51.4, 41.3, 39.7, 35.3, 34.6, 28.3, 28.2. 
 
m/z [M+]+ Calcd for C17H25NO4 307.18 Found 307.14 

  

(R)(R)

N

O
(S)(S)

Boc

OH
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Synthesis of tert-butyl (2S,5S)-5-benzyl-2-(hydroxymethyl)morpholine-4-carboxylate) (19c) 
 
 

 
 

 

Yield 88% 

1H NMR (400 MHz, CDCl3) δ 7.64 – 6.85 (m, 5H), 4.20-4.10 (m, 1H), 4.02 – 3.93 (m, 1H), 3.92-
3.84 (m, 1H), 3.80-3.74(m, 2H), 3.65-3.55 (m, 1H), 3.51 (dd, J = 12.0, 2.8 Hz, 1H), 3.42 (dd, J = 
14.2, 4.8 Hz, 1H), 3.08 – 2.91 (m, 1H), 2.17 (s, 1H), 1.42 (s, 2H).  
 
13C NMR (101 MHz, CDCl3) δ 155.2, 138.0, 129.3, 128.5, 126.5, 80.7, 72.3, 61.4, 60.3, 53.2, 38.4, 
35.7, 28.2. 
 
m/z [M+]+ Calcd for C17H25NO4 307.18 Found 307.14 
  

(S)(S)

N

(S)(S)
O

OH

Boc
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Synthesis of tert-butyl (2S,5R)-2-(hydroxymethyl)-5-(naphthalen-2-ylmethyl)morpholine-
4-carboxylate (19d) 

 
 

 
 

 
Yield 76% 

1H NMR (400 MHz, CDCl3) δ 7.86-7.78 (m, 3H), 7.73 (s, 1H), 7.66 (s, 1H), 7.52-7.42 (m, 2H), 
7.36 (d, J = 8.1 Hz, 1H), 4.31 (s, 1H), 4.16 (t, J = 5.9 Hz, 1H), 3.96 (dd, J = 13.3, 2.3 Hz, 1H), 3.91 
– 3.66 (m, 3H), 3.59 (m, 2H), 3.28 – 2.94 (m, 3H), 2.07 (s, 2H), 1.68 (s, 2H), 1.38 (s, 9H). 
 
 13C NMR (101 MHz, CDCl3) δ 154.6, 135.9, 135.8, 133.5, 132.2, 128.2, 128.1, 128.0, 127.9, 127.6, 
127.6, 127.4, 126.1, 125.9, 125.5, 125.4, 80.1, 76.3, 75.8, 67.7, 67.2, 63.8, 53.1, 51.4, 41.4, 39.8, 
35.4, 34.8, 28.3, 28.1. 
 
m/z [M+Na]+ Calcd for C21H27NO4 Na 380.18 Found 381.14 
  

(R)(R)

N

O
(S)(S)

Boc

OH
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General procedure for Boc-morpholino amino acid synthesis (20a-d)  
 
To a vigorously stirred solution of Boc-morpholine amino alcohol (1.7 mmol) in DCM/H2O 
(2:1) were added TEMPO (0.2 equiv) and BAIB (2 equiv) at 0 °C. After 6 h, the reaction was 
quenched with MeOH and the mixture was evaporated to dryness. Silica gel column 
chromatography (CH2Cl2/MeOH, 20:1) provided Boc-morpholino amino acid as a clear oil. 
 

Synthesis of (2S,5R)-4-(tert-butoxycarbonyl)-5-phenylmorpholine-2-carboxylic acid (20a) 
 
 

 

 

 

Yield 65% 

1H NMR (400 MHz, MeOD) δ 7.45 (d, J = 7.6 Hz, 2H), 7.37 (t, J = 7.4 Hz, 2H), 7.29 (d, J = 7.0 
Hz, 1H), 5.11 (s, 1H), 4.48 (d, J = 11.6 Hz, 1H), 4.25 (d, J = 13.3 Hz, 1H), 4.13 (d, J = 11.1 Hz, 
1H), 3.98 (d, J = 11.0 Hz, 1H), 3.00 (t, J = 12.2 Hz, 1H), 1.49 (s, 9H).  
 
13C NMR (101 MHz, MeOD) δ 172.1, 155.0, 138.8, 128.5, 128.1, 127.0, 126.9, 125.8, 80.6, 75.0, 
68.5, 52.8, 41.5, 29.5, 27.2. 
 
m/z [M+Na]+ Calcd for C16H21NO5 Na 330.14 Found 331.15 
  

(R)(R)

N

O
(S)(S)

Boc

OH

O



 147 

Synthesis of (2S,5R)-5-benzyl-4-(tert-butoxycarbonyl)morpholine-2-carboxylic acid (20b) 
 
 

 

 

 

Yield 71% 

1H NMR (400 MHz, CDCl3) δ 7.36 – 7.19 (m, 5H), 5.90 (s, 1H), 4.26 (d, J = 45.6 Hz, 2H), 4.12 
(dd, J = 11.4, 3.4 Hz, 1H), 3.93 (dd, J = 11.7, 1.0 Hz, 1H), 3.64 (dd, J = 11.7, 3.4 Hz, 1H), 3.19 
(dd, J = 13.7, 11.4 Hz, 1H), 3.05 – 2.89 (m, 2H), 1.42 (s, 9H).  
 
13C NMR (101 MHz, CDCl3) δ 171.6, 154.3, 137.9, 129.4, 128.6, 126.6, 80.8, 77.3, 77.0, 76.2, 74.1, 
73.9, 68.1, 68.0, 52.8, 51.1, 41.4, 40.0, 35.0, 34., 29.71, 28.2. 
 

m/z [M]+ Calcd for C17H23NO5  321.16 Found 321.15 
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Synthesis of (2S,5R)-5-benzyl-4-(tert-butoxycarbonyl)morpholine-2-carboxylic acid (20c) 
 
 

 

 

 

Yield 66% 

1H NMR (400 MHz, CDCl3) δ 7.43 – 7.11 (m, 5H), 5.03 (s, 1H), 4.62 – 4.31 (m, 2H), 4.16 (s, 
1H), 3.99 (dd, J = 12.1, 3.7 Hz, 1H), 3.64 (dd, J = 12.1, 1.6 Hz, 1H), 3.52 (dd, J = 14.2, 5.3 Hz, 
1H), 3.00 (t, J = 7.4 Hz, 2H), 1.39 (s, 9H).  
 
13C NMR (101 MHz, CDCl3) δ 173.9, 154.6, 137.9, 129.3, 128.6, 126.5, 80.7, 71.3, 63.7, 52.4, 39.1, 
34.8, 29.7, 28.1. 
 
m/z [M]+ Calcd for C17H23NO5  321.16 Found 321.15 
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Synthesis of (2S,5R)-4-(tert-butoxycarbonyl)-5-(naphthalen-2-ylmethyl)morpholine-2-
carboxylic acid (20d) 

 
 

 

 

 

Yield 71% 

1H NMR (400 MHz, MeOD) δ 7.88 – 7.76 (m, 2H), 7.70 (s, 1H), 7.53 – 7.34 (m, 2H), 4.34- 4.24 
(m, 1H), 4.10 (d, J = 10.9 Hz, 1H), 3.95 (d, J = 11.7 Hz, 1H), 3.75-3.6 (m, 1H), 3.32 – 2.96 (m, 
3H), 1.32 (s, 9H).  

13C NMR (101 MHz, MeOD) δ 171.0, 154.5, 133.7, 132.4, 127.6, 127.5, 127.2, 127.1, 125.6, 125.1, 
80.1, 74.3, 68.5, 53.0, 39.9, 34.6, 29.3, 26.9, 26.7. 

m/z [M]+ Calcd for C21H25NO5  371.17 Found 371.17 
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General procedure deprotection of morpholino amino acid (7a-d) 

 

To a round bottom flask equipped with magnetic stirring bar was added Boc-Morph-AA (1 
equiv) and dissolved in DCM. The solution was cooled to 0°C and was added TFA (1 mL 
TFA: 25 mg reagent) slowly and dropwise, then the mixture was stirred for 3h. The crude 
mixture was concentrated in vacuo affording 30 in quantitative yield. 

 

Synthesis of (2S,5R)-5-phenylmorpholine-2-carboxylic acid TFA salt (7a) 
 

 

 

 

 

Yield: quantitative 

1H NMR (400 MHz, MeOD) δ 7.58 – 7.38 (m, 5H), 4.60 (t, J = 4.0 Hz, 1H), 4.55 (dd, J = 9.0, 3.6 
Hz, 1H), 4.39 (dd, J = 13.0, 8.9 Hz, 1H), 4.08 (dd, J = 13.0, 3.6 Hz, 1H), 3.64 (ddd, J = 17.5, 12.8, 
3.9 Hz, 2H) 
 
13C NMR (101 MHz, MeOD) δ 171.2, 161.5, 132.6, 129.6, 129.0, 127.9, 69.9, 64.8, 56.9, 42.9, 
36.4. 
 
m/z [M]+ Calcd for C11H13NO3  209.09 Found 210.11 
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Synthesis of (2S,5R)-5-BenzylMorpholine 2-carboxilic acid TFA salt (7b) 
 

 

 
 

 

Yield: quantitative 

1H NMR (400 MHz, MeOD) δ 7.81 – 6.99 (m, 5H), 4.51 (t, J = 4.8 Hz, 1H), 3.95 – 3.76 (m, 2H), 
3.73 – 3.57 (m, 2H), 3.56 – 3.40 (m, 1H), 3.02 (ddd, J = 20.0, 13.8, 7.5 Hz, 2H). 

 13C NMR (101 MHz, MeOD) δ 170.4, 134.7, 128.9, 128.9, 128.7, 127.2, 70.6, 65.5, 64.1, 54.4, 
42.0, 33.7, 29.5. 

m/z [M]+ Calcd for C11H13NO3  209.09 Found 210.13 
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Synthesis of (2S,5S)-5-BenzylMorpholine 2-carboxilic acid TFA salt (7c) 
 

 

 

 

 

Yield: quantitative 

1H NMR (400 MHz, MeOD) δ 7.58 – 7.14 (m, 5H), 4.35 (d, J = 10.6 Hz, 1H), 4.08 (d, J = 11.2 
Hz, 1H), 3.83 – 3.48 (m, 3H), 3.17 (t, J = 12.0 Hz, 1H), 3.05 – 2.79 (m, 2H). 
 
13C NMR (101 MHz, MeOD) δ 169.6, 134.2, 128.9, 128.8, 127.3, 72.0, 71.5, 67.6, 67.5, 55.1, 
44.8, 34.6, 29.3. 
	
m/z [M]+ Calcd for C11H13NO3  209.09 Found 210.11 
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Synthesis of (2S,5R)-5-(naphthalen-2-ylmethyl)Morpholine 2-carboxilic acid TFA(7d) 
 

 

 

 

 

Yield: quantitative 

1H NMR (400 MHz, MeOD) δ 7.96 – 7.73 (m, 4H), 7.62 – 7.40 (m, 3H), 4.47 (s, 1H), 4.04 – 

3.81 (m, 2H), 3.81 – 3.61 (m, 2H), 3.57 – 3.39 (m, 1H), 3.19 (ddd, J = 20.1, 13.7, 7.4 Hz, 2H).  

13C NMR (101 MHz, MeOD) δ 170.8, 133.6, 132.8, 132.1, 128.5, 128.0, 127.3, 127.2, 126.5, 126.1, 
125.8, 71.0, 71.0, 64.3, 54.3, 42.2, 33.9, 29.3. 

m/z [M]+ Calcd for C16H18NO3  272.12 Found 272.13 
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General solid phase synthesis (SPPS) for peptides containing morpholino amino 
acid scaffold (Peptide 1-6) 

 

1. Swelling of RINK-amide-N-Fmoc resin:  

To a reactor was added 220 mg of RINK-amide-N-Fmoc (0.7 mmol/g; 0.154 mmol) and 
DCM (⁓6mL), then suspension was shacked for 20 min and filtrated under vacuum. 

2. Fmoc-deprotection of RINK-amide-N-Fmoc resin. Synthesis of RINK-amide-NH2:  

To a reactor with swelled resin was added a solution of Piperidine 20% in DMF (⁓7mL) 
and shacked for 5 min and then filtered under vacuum. To the resin was added again 
the same quantity of Piperidine and shacked for 15 min. At the end of shaking was 
washed with DMF (x6) and DCM (x6). 

3. Activation and coupling of N-Fmoc-AA-OH.  

To a round bottom flask was added the N-Fmoc-AA-OH; (2.2 equiv.), 3 mL of DMF 
and the solution was cooled to 0°C than EtCN-oxime (3.3 equiv.) and DIC (3.33 
equiv.). were added. The solution was stirred for 20 min and added to reactor. The 
reaction was shacked for 3h at r.t. Kaiser test is performed to investigate whether the 
coupling needs to be repeated. When the reaction is completed, the solvent was then 
filtrated under vacuum and the resin was washed with DMF (x6) and DCM (x6). 

4. For tripeptide sequences, the steps 2–3 are repeated one time again. 

 

5. Cleavage from the resin.  

To the resin was added 3 mL of cleavage cocktail (2.85 mL TFA; 75 µL TIS; 75 µL H2O) 
and shacked for 4h. The mixture was precipitated using Hexane/Methyl-tertButyl 
Ether (2:1) and centrifuged (3000rpm x5min) 3-4 times in order to obtain the final 
product as white solid without purification. 
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Synthesis of (2S,6S)-6-Methoxy-2-Morph-(L)-Pro-(L)-Glu-NH2 (1) 
 

 

 

 

Yield: 38% 

m/z [M]+ Calcd for C16H27N4O7 387.19; Found 388.20 
 
 
 

Synthesis of (2S,6S)-6-Methoxy-2-Morph-Gly-(L)-Glu-NH2 (2) 
 

 

 
 

Yield: 33% 

m/z [M+Na]+ Calcd for C13H23N4O7Na 370.16; Found 371.20 
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Synthesis of (2S,6S)-6-Methoxy-2-Morph-(L)-Glu-NH2 (3) 
 

 

 

 

Yield: 43% 

m/z [M]+ Calcd for C11H20N3O6 290.13; Found 291.13. 
 
 

 
Synthesis of 3(S)-Aryl (2S,6S)-6-Methoxy-2-Morph-Gly-(L)-Glu-NH2 (4) 

 
 

 

 

Yield: 21% 

m/z [M+Na]+ Calcd for C20H29N4O8Na  476.31; Found 477.32 
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Synthesis of (2S, 5R) 5-Phenyl 2-Morph-Gly-(L)-Glu-NH2 (5) 
 
 

 
 

Yield: 45% 

m/z [M+Na]+ Calcd for C19H27N4O7  446.19; Found 446.22 
 
 
 

Synthesis of (2S, 5S) 5-Benzyl 2-Morph-Gly-L-Glu-NH2 (6) 
 
 

 
 

Yield: 38% 

m/z [M]+ Calcd for C19H27N4O6  407.19; Found 407.32 
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Synthesis and Analytical Data of γ-Nitroaldehydes  
 

The catalyst TFA salt (1-10 mol%) was added to a solution of N-methylmorpholine (1-5 
mol%), nitroolefin (1.5 equiv.) and aldehyde (1 equiv.) in the respective solvent (0.380 ml). 
The reaction mixture was stirred at –10 °C for 24/48 h. The solvent was removed under 
reduced pressure and the crude mixture was subjected to flash chromatography (5% → 20% 
EtOAc in hexane, silica) to yield γ-nitroaldehyde. The diastereomeric ratio was determined 
by 1H NMR spectroscopic analysis of the isolated product by comparison of the aldehyde 
R-CHO signals. The enantiomeric excess was determined by chiral stationary phase HPLC. 
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 Synthesis of (2R,3S)-2-methyl-4-nitro-3-phenylbutanal (23b) 

 

 

 

 

 

 

Conversion = quantitative, 94% d.r., 83% ee. The enantiomeric excess was determined by 
chiral stationary phase HPLC: Chiralcel OD-H, hexane/iPrOH 9:1, 1.0 ml/min, 25 °C, 254 
nm, 27.2 min (syn, minor), 40.8 min (syn, major).  
 
1H NMR (300 MHz, CDCl3) δ 9.72 (d, J = 1.7 Hz, 1H), 7.47 – 7.05 (m, 5H), 4.99 – 4.53 (m, 2H), 
3.81 (td, J = 9.2, 5.6 Hz, 1H), 2.81 – 2.74 (m, 1H), 1.00 (d, J = 7.3 Hz, 3H).  

 

13C NMR (75 MHz, CDCl3) δ 202.2, 136.5, 129.1, 129.0, 128.1, 128.0, 127.9, 78.0, 48.4, 44.0, 12.1.  
 
(ESI): m/z calcd. for [M ]+ C11H13NO3: 207.09; found: 207.09. 
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 Synthesis of (2R,3S)-2-ethyl-4-nitro-3-phenylbutanal (23a) 

 

 

 

 

  

 

Conversion = 96%, 96% d.r., 92% ee. The enantiomeric excess was determined by chiral 
stationary phase HPLC: Chiralcel AD, hexane/EtOH 110:5, 0.8 ml/min, 25 °C, 220 nm, 19.9 
min (syn, major), 30.4 min (syn, mimor).  
 
1H NMR (300 MHz, CDCl3) δ 9.71 (d, J = 2.6 Hz, 1H), 7.39 – 7.25 (m, 3H), 7.21 – 7.14 (m, 2H), 
4.67 (dd, J = 16.8, 7.4 Hz, 2H), 3.79 (td, J = 9.8, 5.1 Hz, 1H), 2.68 (dddd, J = 10.0, 7.6, 5.1, 2.6 
Hz, 1H), 1.82 – 1.33 (m, 2H), 0.83 (t, J = 7.5 Hz, 3H).  
 
13C NMR (75 MHz, CDCl3) δ 203.1, 136.7, 129.1, 128.2, 128.1, 127.9, 78.5, 54.9, 42.6, 20.3, 10.6. 
 
(ESI): m/z calcd. for [M + Na]+ C12H15NO3 244.09; found: 244.09. 
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 Synthesis of (R)-2-((S)-2-nitro-1-phenylethyl)pentanal (23c) 
 
 

 
 

 

 

Conversion = 90%, 98% d.r., 99% ee. The enantiomeric excess was determined by chiral 
stationary phase HPLC: Chiralcel OD-H, hexane/iPrOH 9:1, 1.0 ml/min, 25 °C, 254 nm, 19.7. 
min (syn, major), 24.6 min (syn, minor). 
 
 1H NMR (400 MHz, CDCl3) δ 9.73 (d, J = 2.8 Hz, 1H), 7.40 – 7.29 (m, 3H), 7.20 (d, J = 6.9 Hz, 
2H), 4.70 (dd, J = 11.0, 7.4 Hz, 2H), 3.80 (td, J = 9.5, 5.4 Hz, 1H), 2.73 (tt, J = 9.5, 3.2 Hz, 1H), 
1.71 – 1.14 (m, 5H), 0.83 (t, J = 7.1 Hz, 3H).  
 
13C NMR (101 MHz, CDCl3) δ 203.2, 136.8, 129.1, 129.1, 128.2, 128.1, 128.0, 78.4, 53.8, 43.2, 
29.5, 19.7, 13.9.  
 
(ESI): m/z calcd. for [M ]+ C13H17NO3 235.12; found: 236.13	
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Synthesis of (2R,3S)-2-isopropyl-4-nitro-3-phenylbutanal (23d) 

 

 

 

 

 

 

 

 

 

 

 

 

Conversion = 68%, 99% d.r., 95% ee. The enantiomeric excess was determined by chiral 
stationary phase HPLC Chiralcel AD, hexane/iPrOH 9:1, 0.8 ml/min, 25 °C, 254 nm, 16.5 min 
(syn, major), 27.5 min (syn, minor). 

 1H NMR (400 MHz, CDCl3) δ 9.95 (d, J = 2.4 Hz, 1H), 7.42 – 7.28 (m, 3H), 7.24 – 7.16 (m, 2H), 
4.69 (dd, J = 12.5, 4.4 Hz, 1H), 4.60 (dd, J = 12.5, 9.9 Hz, 1H), 3.92 (td, J = 10.3, 4.4 Hz, 1H), 
2.79 (ddd, J = 10.7, 4.1, 2.5 Hz, 1H), 1.75 (m, 1H), 1.12 (d, J = 7.2 Hz, 3H), 0.91 (d, J = 7.0 Hz, 
3H). 

 13C NMR (101 MHz, CDCl3) δ 204.3, 137.1, 129.1, 128.1, 127.9, 78.9, 58.8, 41.9, 27.9, 21.6, 17.0.  

(ESI): m/z calcd. for [M ]+ C13H17NO3 235.12; found: 236.13  
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Synthesis of (R)-2-((S)-2-nitro-1-phenylethyl)hexanal (23e) 
 

 
 

 
 
 
Conversion =60%, 98% d.r., 87% ee. The enantiomeric excess was determined by chiral 
stationary phase HPLC: Chiralcel OD-H, hexane/iPrOH 9:1, 1.0 ml/min, 25 °C, 216 nm, 11.7 
min (syn, minor), 14.9 min (syn, major).  
 
1H NMR (300 MHz, cdcl3) δ 9.70 (d, J = 2.8 Hz, 1H), 7.41 – 7.25 (m, 3H), 7.17 (dd, J = 7.9, 1.6 
Hz, 2H), 4.67 (dd, J = 9.7, 7.4 Hz, 2H), 3.77 (td, J = 9.6, 5.4 Hz, 1H), 2.86 – 2.53 (m, 1H), 1.61 – 
1.04 (m, 6H), 0.77 (t, J = 6.9 Hz, 3H).  

 

13C NMR (75 MHz, cdcl3) δ 203.2, 136.7, 129.0, 128.2, 128.1, 127.9, 78.4, 53.8, 43.1, 28.4, 27.0, 
22.4, 13.6.  
 
(ESI): [M + Na]+ C14H19NO3Na: 272.12; found: 273.13 
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 Synthesis of (2S,3S)-4-nitro-2,3-diphenylbutanal (23f) 
 

 
 
 

 

 

 
 
 
 
 
 

 
 
Conversion =80%, 89% d.r., 80% ee. The enantiomeric excess was determined by chiral 
stationary phase HPLC: Chiralcel OD-H, hexane/iPrOH 93:7, 1.0 ml/min, 25 °C, 220 nm, 30.8 
min (syn, minor), 34.1 min (syn, major).  
 
1H NMR (400 MHz, CDCl3) 1H NMR (300 MHz, CDCl3) δ 9.72 (d, J = 2.3 Hz, 1H), , 7.56 – 
7.11 (m, 8H), 7.05 (dd, J = 15.4, 13.7 Hz, 2H), 5.05 – 4.53 (m, 2H), 3.83 (td, J = 8.6, 6.4 Hz, 1H), 
3.19 – 2.99 (m, 1H), 2.81 – 2.73 (m, 2H).  
 
13C NMR (75 MHz, CDCl3) δ 202.9, 137.1, 136.6, 129.2, 128.8, 128.7, 128.3, 128.0, 126.9, 78.0, 
55.3, 43.4, 34.2. 
 
 (ESI): [M ]+ C16H15NO3: 269.11; found: 270.13 
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 Synthesis of (R)-1-(2-nitro-1-phenylethyl)cyclopentane-1-carbaldehyde (23g) 

 

 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
Conversion= 53%, 35% ee. The enantiomeric excess was determined by chiral stationary 
phase HPLC: Chiralcel AD, hexane/iPrOH 95:5, 0.8 ml/min, 25 °C, 254 nm, 19.4 min (syn, 
minor), 26.1 min (syn, major).  
 
1H NMR (300 MHz, CDCl3) δ 9.49 (s, 1H), 7.36 – 7.24 (m, 4H), 7.19 (dd, J = 7.6, 1.9 Hz, 1H), 
4.96 (dd, J = 13.1, 11.3 Hz, 1H), 4.69 (dd, J = 13.2, 3.9 Hz, 1H), 3.69 (dd, J = 11.3, 3.8 Hz, 1H), 
2.15– 2.05 (m, 1H), 1.95– 1.87 (m, 1H), 1.77 – 1.43 (m, 6H).  

 

13C NMR (75 MHz, CDCl3) δ 204.5, 136.4, 128.8, 128.7, 128.1, 77.3, 60.2, 49.3, 32.6, 31.5, 24.8, 
24.6.  
 
HRMS (ESI): m/z calcd. for [M + Na C14H17NO3Na: 270.09; found: 271.10 
  

O NO2
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Synthesis of (2R,3S)-3-(4-methoxyphenyl)-2-methyl-4-nitrobutanal (23h) 
 
 

 
 
 

 
 
 
 
 
 
 
 
 
 
 

 
 
 
Conversion= quant%, 91% d.r., 80 ee%. The enantiomeric excess was determined by chiral 
stationary phase HPLC: Chiralcel OD-H, hexane/iPrOH 90:1, 1 ml/min, 25 °C, 210 nm, 33.4 
min (syn, minor), 35.9 min (syn, major).  
 
1H NMR (300 MHz, CDCl3) δ 9.70 (d, J = 1.8 Hz, 1H), 7.08 (d, J = 8.8 Hz, 2H), 6.86 (d, J = 8.8 
Hz, 2H), 4.76 (dd, J = 12.5, 5.6 Hz, 1H), 4.63 (dd, J = 12.5, 9.4 Hz, 1H), 3.78 (s, 3H), 3.82 – 3.71 
(m, 1H), 2.87 – 2.47 (m, 1H), 1.00 (d, J = 7.3 Hz, 3H).  
 
13C NMR (75 MHz, CDCl3) δ 202.3, 159.2, 129.0, 128.2, 114.4, 78.3, 55.2, 48.5, 43.3, 12.0. 
 
HRMS (ESI): m/z calcd. for [M + ]+ C12H15NO4: 237.10; found: 238.10 
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Synthesis of (R)-2-((S)-1-(4-methoxyphenyl)-2-nitroethyl)pentanal (23i) 
 

 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

 
Conversion =74%, 98% d.r., 70%, ee%.. The enantiomeric excess was determined by chiral 
stationary phase HPLC: Chiralcel OD-H, hexane/iPrOH 9:1, 1.0 ml/min, 25 °C, 254 nm, 22.4 
min (syn, minor), 25.3 min (syn, major). 
 
 1H NMR (300 MHz, CDCl3) δ 9.69 (d, J = 2.9 Hz, 1H), 7.08 (d, J = 8.7 Hz, 2H), 6.87 (d, J = 8.7 
Hz, 2H), 4.63 (qd, J = 12.6, 7.4 Hz, 2H), 3.79 (s, 3H), 3.72 (td, J = 9.6, 5.4 Hz, 1H), 2.65 (tt, J = 
9.5, 3.2 Hz, 1H), 1.61 – 1.03 (m, 4H), 0.81 (t, J = 7.1 Hz, 3H). 
 
 13C NMR (75 MHz, CDCl3) δ 203.3, 159.2, 129.0, 128.4, 114.4, 78.6, 55.2, 53.9, 42.4, 29.4, 19.7, 
13.9. 
 
HRMS (ESI): m/z calcd. for [M ]+ C14H19NO4 265.13; found: 266.13. 
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Synthesis of (2R,3R)-2-methyl-4-nitro-3-(thiophen-2-yl)butanal (23l) 
 

 

 
 
 

 
 
 
 
 
 
 
 
 
 
 

 
 

 
 
Conversion =91%, 89% d.r., 67% ee. The enantiomeric excess was determined by chiral 
stationary phase HPLC: Chiralcel OD-H, hexane/iPrOH 95:5, 1.0 ml/min, 25 °C, 254 nm, 44.7 
min (syn, minor), 51.0 min (syn, major). 
 
 1H NMR (300 MHz, CDCl3) δ 9.69 (d, J = 1.0 Hz, 6H), 7.45 – 7.14 (m, 1H), 7.01– 6.93 (m, 2H), 
5.00 – 4.53 (m, 2H), 4.21 (ddd, J = 20.0, 14.5, 7.2 Hz, 1H), 3.12 – 2.54 (m, 1H), 1.13 (d, J = 7.3 
Hz, 3H). 
 
 13C NMR (75 MHz, CDCl3) δ 201.6, 138.8, 127.0, 125.1, 78.6, 49.1, 39.8, 11.8. 
 
HRMS (ESI): m/z calcd. for [M + Na]+ C9H11NO3S: 236.05; found: 237.05 
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Synthesis of non-natural amino acid with isoxazoline core for the 
preparation of peptidomimetics  

 
 
Introduction 

The insertion of b-amino acids into peptides makes them more proteolytically stable to 
peptidase thanks to the stabilization of particularly secondary structures84,85,86,87,88,89. 
Although the incorporation of various b-amino acids (symbole.g., b2, b3, b2,3, b3,3, and b2,2) in 
peptide foldamers is reported in literature9, only few cases are reported where b2,2-amino 
acids have been inserted into an a-peptide sequence to obtain hybrid or mixed peptides90,91. 
The majority of them were synthesized by using achiral b2,2-amino acids92,93, which limit the 
control of the conformational space of the resulting peptides.94  

Seebach and coworkers determined that a d turn motif (8 members turn-forming) is adopted 

by a b2,2 heptapeptide containing 1-(aminomethyl)cyclopropanecarboxylic acid residues 
(Figure 77A)95. The repetitive eight-membered turn motif generates an 8-helix as 
predominant secondary structure (Figure 77B).  

A) B) 

 

  

 

 

Moreover, the effect of 1-aminomethylcycloalkane carboxylic acids on the stabilization of 
secondary structure has been studied (Figure 78A). b-Turn conformations and helical 
structures in short peptides have been stabilized using this particular gem-dialkyl b2,2AA 
(Figure 78B).96 

 

Figure 77 8-Helix generated by eight-membered turn motif containing1-(aminomethyl)cyclopropanecarboxylic acid 
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A) B) 

 

 
 
 
 
 
Recently new chiral b2,2-amino acids have been synthetized to study the effect of their 
chirality on the peptide conformation 97,98,99,100 for potentially biological applications101. In 
particular, Fernando Rodriguez’s group used α-methylisoserine, a chiral acyclic quaternary 
β-amino acid, to mimic secondary structures. They observed that this AA is a β-turn inducer 
when it is incorporated in a peptide model (Figure 79)102.  
 

 
Figure 79 α-Methylisoserine as β-turn inducer 

 
Aim of the work 

As anticipated in the introduction, our research team is mainly involved in the synthesis of 
non-natural amino acids able to induce a particular secondary structure when inserted in 
model peptides103, with the ultimate aim of preparing peptidomimetics for different 
applications. Here I report on the synthesis of the β2,2-amino acid with isoxazoline core, 
shown in Figure 80. 
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Figure 80 β-Amino acid with isoxazoline core 

This new scaffold shows interesting features in its structure. First of all, the possibility of 
the N and O atoms in the isoxazoline core to accept H-bonds, which could potentially induct 
and/or stabilize the secondary structure of the peptide in which it is inserted. Moreover, the 
aryl moiety represents an important hydrophobic portion in the molecule for the non-
covalent interactions. Last but not least, the structure represents a combination between 
flexible and constrained parts: the constrained portion could be able to induce a specific 
secondary structure, while the flexible part could confer adaptability to the molecule for 
example at the target binding site level.  

Starting from the above information, our idea is to elaborate a synthetic strategy to achieve 
the above-described scaffold and then to evaluate the secondary structures that the two 
enantiomeric amino acids with opposite stereochemistry at position 5 of the isoxazoline ring 
can induce when inserted in model peptides.  

 

 

Scaffold synthesis  

The regioselective 1,3-dipolar cycloaddition between methacrylate 2 and benzonitrile oxide, 
is the key step for the synthesis of the non-natural amino acid with isoxazoline core (Scheme 
16). Thanks to this reaction, we were able to obtain azido compound 5. Moreover, the 
cycloaddition was regioselective104 being the carboxylic function of isoxazoline ring linked 
in position 5.  

  

N O COOMe
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Scheme 16 Regioselective mechanism of 1,3-dipolar cycloaddition retrosynthetic scheme for the preparation of amino acid 6 

The methacrylate 2 was obtained thanks to a nucleophile substitution reaction starting from 
bromo derivate 1, in presence of sodium azide (acetone and water, 3:1; Scheme 17). The 
procedure reported in literature 105 suggests that the reaction leads to the desired compound 
in 10 minutes; however, it was observed that with higher reaction time until 4 hours, the 
yield became quantitative.  

 

 

Scheme 17 Preparation of intermediate 2 

 

Following the Werner and Buss synthesis (Scheme 18), chloroxime 4 was obtained. In 
particular, we decided to use NCS instead of Cl2 and TEA instead of Na2CO3, at room 
temperature106. Commercially available benzaldoxime 3 was chlorinated using N-
chlorosuccinimide at room temperature, under stirring for 4 hours. Firstly, we performed 
the reaction in dry THF, with the intention to use the same solvent planned for the 
cycloaddition, but better results were achieved in dry DMF (quantitative yield).  

 

 

Scheme 18 Preparation of chloroxime 4 from benzaldoxime 3 
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1,3-Dipolar cycloaddition between 2 and benzonitrile oxide 4a was performed in dry THF 
under nitrogen atmosphere. Intermediate 4a was generated in situ starting from compound 
4 by adding TEA to the reaction mixture (Scheme 19). Different reaction times were screened 
to find the right compromise between yield and quality of the reaction avoiding the 
formation of by-products. It was observed that leaving the reaction overnight allow the 
obtainment of compound 5 as single regioisomer with an overall yield of 73% after flash 
chromatography. 

 

Scheme 19 Cycloaddition reaction between nitrile oxide 4a and acrylate 2 affording a cyclic compound 5 with isoxazoline core 

The new b-amino acid 6 was obtained using Staudinger reaction protocol to reduce the 
azido group to amino one. Furthermore, since compound 6 was obtained as a racemic 
mixture, it was necessary its transformation into a diastereoisomeric mixture in order to 
separate the enantiomers (Scheme 20).  
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Scheme 20 General strategies for the synthesis of dipeptide 7 

 

Two different strategies were investigated, the first one consisting in the “one pot” 
transformation of azido compound 5, in presence of N-Boc-(L)-Leucine, into diastereomers 
7, avoiding the isolation of amino intermediate 6 (Scheme 20). We tested different phosphine 
reagents, additives and reaction conditions in order to obtain directly 7 (Table 23, entries 1-
3). Two different procedures were found in literature for this purpose. In the first one (entry 
1, Table 23), an excess of PMe3 was used in combination of PySSPy as additive to promo 
amidation.107 The second one involves the use of catalytic amounts of PPh3 in the presence 
of a reducing agent such as PhSiH3 (entry 2) and Ph2SiH2 (entry 3).  PIII/PV-redox-driven cycle 
exploiting the reactivity of silanes toward the chemo selective reduction of phosphine 
oxides to phosphine.108 

Unfortunately, all these approaches lead to the recovery of the starting materials.  

 

Table 23 Summary of the Staudinger investigations 

Entry Reagent/s Phosphine Additive Solvent T (°C) Compound ( 
Yield ) 

1 5 + 8 PMe3 (2.4 eq) PySSPy (0.2 
eq) 

Toluenea  25 7 (-) 

2 5 + 8 PPh3 (0.1 eq) PhSiH3 (1 eq) Toluenea  reflux 7 (-) 
3 5 + 8 PPh3 (0.1 eq) Ph2SiH2 (1 eq) Toluenea reflux 7 (-) 
4 5 P(OEt)3 (1.1 eq) - THF 25 6 (-) 
5 5 PPh3 (1.1 eq) - THF 25 6 (48%) 

PX3

additive
solvent

ON COOMe

NH2
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NH

7
unseparable mixture
of diastereoisomers

O NHBoc6
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6 5 PMe3 (1.1 eq) - THF 25 6 (65%) 

aDry toluene;  

 

Abandoned the idea of the one-pot ligation giving 7, different phosphines were tested for 
the classic Staudinger reaction to obtain amine 6, in particular P(OEt)3 (entry 4), PPh3 (entry 
5), and PMe3 (entry 6). Only triphenyl and trimethyl phosphines gave compound 6. 
However, a significant difference in yield was observed by using the two reactants.  

The reason behind this diversity could be ascribed to the different hydrolysis rate to convert 
the imino phosphorane intermediate to the amine. In fact, electronic and steric effects play 
multiple roles in determining the rate and yield of Staudinger reduction.109 The resulting 
complex from the addiction of PPh3 is more sterically hindered than the complex from PMe3 
(Figure 81). Moreover, π-interactions between the aromatic group of the isoxazoline scaffold 
with the aryl moiety of the phosphine could make the complex very stable. 

 

Figure 81 Iminophosphoranes obtained from triphenyl (a) and trimethyl (b) phosphines 

 

We hypothesized that the complex resulting from the addiction of PPh3 is too stable for 
being release, or that water meets more difficulties reaching the N=P bond for the steric 
features, which explained the lower yield achieved of compound 6 when using this reagent. 
Our hypothesis was supported by the MS (ESI) analysis of the crude reaction mixture 
obtained with triphenyl phosphine: a significant peak representing the mass of the imino 
phosphorane (m/z: 495.09) is present, letting suppose that water could not perform the 
entirely release of the corresponding amine from the complex.  

Based on the above-reported evidence, the best results for the Staudinger reaction consisted 
in use of THF and water (7 equiv.) with elected trimethyl phosphine, operating under 
stirring from a minimum of 24 hour to a maximum of 72 hours, which improved the yield 
of 6 to 65% (Table 23, entry 6).  
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Peptides synthesis  

As underlined before, the resulting scaffold from the cycloaddition reaction was obtained 
as racemic mixture. Thus, a coupling reaction with N-Boc-(L)-Leu-OH was performed, 
combining the need to obtain two separable diastereomers and carry forward the intention 
to insert the scaffold into a model peptide to verify the ability of the new amino acid to 
generate a specific conformation according to its stereochemistry.  

T3P was chosen as best coupling reagent for the activation of the carboxylic function of N-
Boc-(L)-Leu110 in DCM. The peptide coupling reaction was performed for 24 hours and the 
crude product was purified through flash chromatography, affording compound 7 with 
65% yield as a mixture of two diastereomers (Scheme 21). However, the dipeptide formation 
still did not allow the separation of the two isomers 7.  

Thus, starting from 7, the N-terminus was deprotected affording compound 8. Having the 
free N-terminus, it has been finally possible the separation of the two isomers (Scheme 21).  

 

 

Scheme 21 Isomers 8a and 8b separation after the N-terminus deprotection 

Optimal results were obtained conducting a separation with a gradient elution mixture, 
starting from 100% DCM to 10:1 DCM/MeOH adding 0.1% of TEA to the eluent mixture. 
This strategy turned out to be successful and the two isomers were efficient separated with 
high yields. 

X-Ray analysis on a sample crystal of 8a were performed in collaboration with Prof. Lo 
Presti (Chemistry Department of Milan University), with the aim of defining the absolute 
configuration at α,α-amino acid stereocenter. As described in Figure 82, the compound is 
chiral and crystallizes in the acentric polar space group, with one molecule for asymmetric 
unit. Figures 4a and 4b show the absolute configuration of the chiral centers, confirming the 
S-configuration for the Leucine and R that of isooxazoline moiety. 
The crystal packing of this substance is likely dominated by permanent electrostatic 
interactions, which cause the alignment of neighboring molecules into a polar arrangement 
of iso-oriented dipoles. This aspect is worth of further studies, aimed at investigating 
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whether crystals of 8a could display pyroelectric, piezoelectric or non-linear optical 
properties.  
Puckering analysis111, shows that the partially saturated isoxazole ring adopts a slightly 
distorted envelope configuration, with puckering amplitude and phase reading Q2 = 0.12, 
ϕ2 = 140.21 deg, respectively. 
 
 

A) 

 

 

B) 

 

 
Figure 82Asymmetric unit of 8a at RT, with the atom-numbering scheme. The usual colour code was employed for atoms (grey: C; 

white: H; blue: N; red: O). 

 

Starting from diastereomers 8a and 8b, a second coupling reaction was performed to 
elongate the peptide chain from N-terminus. N-Boc-(L)-Valine was chosen because it’s well 
known that the Boc-N-Val-Leu-OH dipeptide assume an extended conformation in solution. 
For these reasons it would be possible to study the effect of β2,2-isox-AA on the secondary 
structure of the peptide. The coupling reaction was conducted on both 8a and 8b 
compounds in the same conditions previous reported in Scheme 5. On the other hand, we 
observed that setting up the reaction with different activators allowed the obtainment of the 
desired product in higher yields, with no purification requirements. Thus, EDC was used 
as activation agent (Scheme 22) instead of T3P, with EtONOxime as additive and again 
DIPEA as basic reagent. EtONOxime acts as a neutralizing reagent for the EDC by-product, 
preventing unwanted side reactions, i.e. racemization.  
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Scheme 22 Isomers 8a and 8b separation after coupling reaction 

 

Afterwards, we worked to deprotect the C-terminus of the β2,2-isox-AA to elongate the 
peptide chain. Staring from both 9a and 9b, the deprotection of the C-terminus was 
performed using a 0.1 M solution of LiOH. After acidification, the acid intermediates 10a 
and 10b were obtained in quantitative yield (Scheme 23). 
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Scheme 23 Hydrolysis of tripeptide 9a and 9b 

Tripeptide 10a and 10b coupled with methionine methyl ester using EDC/EtONOxime 
activation, as reported above, affording tetrapeptides 11a (72%) and 11b (16%). This second 
coupling reaction leaded to significantly different yields of the two isomers after 
purification. We think that this problem could be ascribe to the low solubility issue of 11b 
in the eluent mixture (Scheme 24).  
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Scheme 24 Tetrapeptides 11a and 11b 

 

NMR characterization 

Tripeptides 9a and 9b, which differ for the configuration at isoxazoline stereocenter in 
position 5, showed different conformational behavior as it was observed from NMR 
analyses performed in the same condition (CDCl3, 150 mg in 750 µL). The chemical shift of 
the amide (5-7 ppm) and CHα (3.5-4.2 ppm) protons are well dispersed, indicating that the 
secondary structures of the two compounds resulted to be far away to the “lack of 
conformations”. 

It is worth to underline the differences of the two diastereomers in terms of Δδ/ΔT. With 
NMR at variable temperature, it is possible to observe if the amidic protons are blocked in 
H-bonds or in steric situations not allowing the shift of the corresponding signal. This 
analysis is very useful to have a preliminary idea if the peptide can fold. According with 
these experiments (T: 273-323 K; Figure 83), compound 9a showed low variation of Δδ/ΔT 
for NHLeu and NHVal (NHLeu -3.6 ppb/K; NHVal -2.1 ppb/K), meaning that they are probably 
involved in strong H-bonds, while NHIsox is not solvent shielded. On the other hand, all the 
NHs of 9b are not involved in any H-bonds (NH > -5 ppb/K).  
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Figure 83 NH Δδ/ΔT NMR analyses of the two diastereomers 9 

 

 

NOESY experiment of peptide 9a (Figure 84) presents strong CHi/NHi+1 and week 
NHi/NHi+1 spatial proximity, suggesting the formation of turn. Furthermore, NHIsox 

showed a week NOE with MeLeu suggesting that these two moieties point toward the same 
direction.  

Considering that the C=N bond of isooxazoline ring is an isostere of a carbonyl function, 
our amino acid can be also considered a g-AA. Our hypothesis is that a possible electrostatic 
or H-bond interaction between NHVal and the nitrogen occurs forming a a-turn (Figure 84). 
This behavior is documented by some reported short peptides using heterocyclic.112 

Considering the low Δδ/ΔT for NHLeu, the hypothesis is that it can interact with the oxygen 
of isooxazoline ring or this low value could be ascribed to an unfavorable steric situation 
preventing interaction with the solvent. 

 

Figure 84 Structures of the tripeptides 9a and 9b and NOEs. Electrostatic/H-bonds interactions are described using arrows.  

ON COOMe

HN O

HN

O
BocHN

s

s

s

s

9a
9b

3.53

3.93
ON

CO2Me

HN

N

O

BocN
O

H

H H

H
H

H

Electrostatic/H-bonds 
interactions

R

vss

vw vw
vw



 182 

Even if the NH shifts of amide signals at different temperatures for the diastereomers 9b 
show the absence of hydrogen bonds, this does not mean that it has not a preferred 
conformation: it is highly probable that 9b assumed an extended conformation, as 
confirmed by JHNα, higher than 8 Hz for valine and leucine, and by strong CHi/NHi+1 
NOEs.  

 

NMR analyses on tetrapeptides 11a and 11b are performed. With respect to 9a, the 
experiments at variable temperature show a less strong H-bond for valine (-4.1 ppb/K), 
higher values for NHLeu and NHIsox (more then -7 ppb/K) and a medium value for 
methionine (-4.9 ppb/K) (Figure 85).  

 

Figure 85 NH Δδ/ΔT NMR analyses of the two diastereomers 11 

Focusing on the N-terminus chain of 11a, a very good NHs dispersion was observed but 
with a significant lowering chemical shifts (mostly for isoxazoline moiety) respect to the 
corresponding tripeptide 9a. NOESY experiment presents again, as for 9a (Table 24), strong 
CHi/NHi+1 and week NHi/NHi+1 spatial proximity. On the other hand, some weak 
intrastrain NOEs were detected between NHMet and both NHIsox and MeLeu (d, 0.93), this last 
showing also proximity with NHIsox (w9). Furthermore, MeLeu resonating at d 0.90, showed 
proximity with Ph. These NOEs are not compatible with 9a conformation, suggesting that 
the presence of methionine can induce a different conformation. Considering that Δδ/ΔT 
values of both methionine and valine are consistent with an equilibrium between an H- and 
a non H-bond, it is suggested that two conformers could be present, the first one similar to 
9a, the second, supported by intrastrain NOE and by a possible NH-bond of methionine, in 
which the C- and N-terminus can face each other. The equilibrium between 11a and 11a’ is 
made possible by the different dihedral angles of CH2NH isoxazoline group which confers 
freedom to C-N bond (Figure 86). 
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Figure 86 Conformational equilibrium between 11a and 11a’ described using arrows and dotted line 

Computational investigations are in progress to clarify this issue and to define the 
orientation of H-bonds, mostly for tripeptide 9a. 

Concerning peptide 11b, it is to point out that no intrastrand NOEs were detected 
(Figure87). 

 

Figure 87 Conformational structure of tetrapeptide 11b. Isoxazole ring. protons and amino acid side chain are described using 
arrows. 

 

Table 24 Overview of NH and J NHCN chemical shift 

Amino 
Acid 

9a 9b 11a 11b 
NH (d) JNHCH  NH (d) JNHCH NH (d) JNHCH  NH (d) JNHCH 

Val 4.94 7.9 5.10 8.5 5.14 8.5 5.12 brs 
Leu 6.37 7.5 6.44 8.1 6.58 7.4 6.47 brs 
Isox 6.75 6.5 (t) 6.73 5.9 (t) 7.37 8.9/7.4 7.82 7.6/5.1 
Met - - - - 7.77 7.7 7.48 8.4 
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Conclusion 

In conclusion, we succeed in the synthesis of a new β2,2-amino acid with isoxazoline core 
with the aim of preparing peptidomimetics. We observed that the two isomers with 
opposite stereochemistry in position 5 are able to induce different stable secondary 
structures in tripeptide models 9a and 9b, being the first one is a turn mimic, while the 
second one an extended secondary structure mimic.  

Preliminary conformational studies of tetrapeptides 11a and 11b describe a possible 
electrostatic interaction between NHVal and/or NHLeu with the conjugated p-system of 
isooxazoline ring suggesting the formation of a turn. Furthermore, to confirm our 
hypothesis, computational calculations are in our plan for the future. 
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 Experimental part 

 

General information  

ESI mass spectra were recorded on an LCQESI MS on a LCQ Advantage spectrometer from 
Thermo Finningan and a LCQ Fleet spectrometer from Thermo Scientific. The NMR 
spectroscopic experiments were carried out either on a Varian MERCURY 200 MHz (200 
and 50 MHz for 1H and 13C, respectively), Varian OXFORD 300 MHz (300 and 75 MHz for 
1H and 13C, respectively), or Bruker Avance 300 MHz spectrometers (300 and 75 MHz for 
1H and 13C, respectively). Optical rotations were measured on a Perkin–Elmer 343 
polarimeter at 20°C (concentration in g/100 mL). Chemical shifts δ are given in ppm relative 
to the CHCl3 internal standard, and the coupling constants J are reported in Hertz (Hz).  

 

Synthesis of methyl 2-(azidomethyl)acrylate (2) 

 

 

In a round bottom flask equipped with magnetic stirrer, 1 (74 mg, 4.13 mmol) was 
suspended in a mixture of (CH3)2CO and H2O 3:1 (16 mL). NaN3 (537 mg, 8.26, 2 eq) was 
added to the solution. The reaction was stirred for 4 hours at room temperature. The reaction 
color turned slowly from colorless to pale orange. At the end of the reaction, the mixture 
was diluted with CH2Cl2 (15 mL) and the organic layer was extracted and washed with H2O 
(5 mL), brine (5 mL) and then dried over Na2SO4. Solvent was removed under reduced 
pressure, affording 2 as a pale-yellow oil with 98% yield.  

Rf (hexane/AcOEt 6:4): 0.44  

The NMR analysis are already reported in literature105 
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Synthesis of N-hydroxybenzimidoyl chloride (4) 

 

 

In a two-necked round-bottom flask, equipped with magnetic stirrer and nitrogen inlet, 
corresponding oxime 3 (500 mg, 4.13 mmol) was suspended in dry DMF (6 mL). Afterwards, 
NCS (551 mg, 4.13 mmol, 1 eq) was added to the solution. The mixture turned quickly from 
colorless to bright yellow, and finally pale yellow. The reaction was stirred for 4 hours at 
room temperature under nitrogen atmosphere. Then, the reaction mixture was diluted with 
CH2Cl2 (15 mL) and the organic layer was extracted and wash with H2O (10 mL), then dried 
over Na2SO4. The solvent was removed under reduced pressure, affording 4 as a pale-yellow 
oil with quantitative yield.  

The NMR analysis are already reported in literature106 
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Synthesis of methyl 5-(azidomethyl)-3-phenyl-4,5- dihydroisoxazole-5-carboxylate (5) 

 

 

 

In a two-necked round-bottom flask, equipped with magnetic stirrer and nitrogen inlet, 2 
(640 mg, 4.13 mmol) was suspended in dry THF (5 mL). Afterwards, 4 (580 mg, 4.13 mmol) 
was diluted in dry THF (7 mL) and added dropwise to the solution. TEA (1,15 mL, 8.26 
mmol, 2 eq) was added dropwise to the mixture and the formation of a white solid 
precipitate was noticed. The reaction was stirred overnight at room temperature under 
nitrogen atmosphere. The reaction mixture was concentrated under reduced pressure, then 
the organic layer was extracted with AcOEt (10 mL) and washed with H2O (15 mL), finally 
dried over Na2SO4. The solvent was removed under reduced pressure, affording a dark-
yellow oil. Purification of the crude product by flash chromatography (gradient from 100% 
hexane to mixture hexane/AcOEt 8:2) affording compound 5 as a white solid (overall yield 
73%).  

Rf (hexane/AcOEt 8:2): 0.40  

1H NMR: (300 MHz, CD3Cl) δ 7.70-7.65 (m, 2H); 7.54-7.35 (m, 3H); 3.87 (s, 3H); 3.82-3.35 (AB 
system J=17 Hz); 3.75-3.69 (AB system J=17 Hz) ppm.  

13C NMR: (75 MHz, CD3Cl) δ 170.1, 156.4, 130.8, 128.9, 128.4, 127.0, 87.6, 54.2, 53.4, 41.5 ppm.  

MS (ESI): m/z: 283.1 [M+Na]+  
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Synthesis of methyl 5-(aminomethyl)-3-phenyl-4,5- dihydroisoxazole-5-carboxylate (6) 

 

 

 

In a round bottom flask equipped with magnetic stirrer, 5 (771 mg, 2.96 mmol) was 
suspended in THF (29.6 mL) to obtain a 0.1M solution. Afterwards, H2O (0.37 mL, 20.72 
mmol, 7 eq) and PMe3 0,1M in PhMe (3.26 mL, 3.26 mmol, 1.1 eq) were added to the solution. 
The reaction mixture turned from colorless to bright yellow. The reaction was stirred for 72 
hours at room temperature under nitrogen atmosphere. At the end of the reaction, the 
mixture was filtered over cotton to remove trimethyl phosphine oxide as a white solid, then 
solvent was removed under reduced pressure and the obtained amine 6 was immediately 
used for the following coupling reaction.  

Rf (DCM/MeOH 30:1): 0.24  

  

ON COOMe

NH2
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Synthesis of methyl 5-(((S)-2-((tert-butoxycarbonyl)amino)-4- 
methylpentanamido)methyl)-3-phenyl-4,5-dihydroisoxazole-5- carboxylate (7) 

 

 

 

In a round bottom flask equipped with magnetic stirrer, 6 (693 mg, 2.96 mmol) was 
suspended in dry DCM (20 mL), then the solution was cooled to 0 °C. Afterwards, N-Boc-
(L)-Leucine (1.369 g, 5.92 mmol, 2 eq) and T3P (3.2 mL 8.88 mmol, 3 eq) were added. Finally, 
DIPEA was added until pH = 8 (1.5 mL, 8.88 mmol, 3 eq). The reaction was stirred overnight 
at room temperature. After 12 hours at room temperature, the reaction mixture was washed 
with KHSO4 5% (20 mL), NaHCO3 (20 mL), brine (25 mL), then the organic layer was dried 
over Na2SO4. The solvent was removed under reduced pressure, affording a pale-yellow oil. 
Purification of the crude product by flash chromatography (gradient from 100% hexane to 
mixture hexane/AcOEt 6:4) afforded the compound 7 as a white solid foam (overall yield 
65%).  

Rf (hexane/AcOEt 6:4): 0.44  

1H NMR: (300 MHz, CD3Cl) δ 7.70-7.57 (m, 2H); 7.46-7.35 (m, 3H); 6.71-6.62 (m, 0.5 H); 6.58-
6.47 (m,0.5 H); 4.8 (d, J=7.5 Hz, 0.5 H); 4.7 (d, J=7.0, 0.5 H); 4.13-4.05 (m, 2H); 3.83 (s, 3H); 
3.78-3.66 (m, 2H); 3.58-3.46 (m, 1H); 1.68-1.28 (13 H); 0.96-0.6 (m, 6H) ppm.  

13C NMR: (75 MHz, CD3Cl) δ 173.7; 170.6; 157.0; 156.8; 155.5; 130.6; 128.7 (x2); 126.97; 126.92; 
87.8; 80.1; 53.2; 53.2; 42.7; 41.4; 41.2; 41.1; 28.2; 24.7; 22.9; 22.6; 21.7 ppm.  

  

O
N

COOMe

HN
O

BocHN
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Synthesis of methyl 5-(((S)-2-amino-4-methylpentanamido)methyl) -3-phenyl-4,5-
dihydroisoxazole-5-carboxylate (8a) 

 

 

 

In a round bottom flask equipped with magnetic stirrer, 7 (850 mg, 1.91 mmol) was 
suspended in DCM (10 mL). Afterwards, the solution was cooled at 0 °C and TFA (10 mL) 
was added dropwise. The reaction was stirred for 2 hours at room temperature. Then, the 
reaction mixture was neutralized with NaHCO3 and the organic layer was extracted with 
DCM and dried over Na2SO4. The solvent was removed under reduced pressure, affording 
the compound 8 as a pale- yellow foam (591 mg). The two diastereoisomers were separated 
through flash chromatography (DCM/MeOH 10:1 + 0.1% TEA) afforded 8a (266 mg) and 8b 
(251 mg) as white solids.  

Rf 8a (DCM/MeOH 10:1): 0.33  

1H NMR 8a: (300 MHz, CD3OD) δ 7.78-7.59 (m, 2H); 7.54-7.31 (m, 3H); 3.83 (s, 3H); 3.84- 3.57 
(AB System, 17 Hz); 3.36-3.29 (m, 2H); 1.7-1.55 (m, 1H); 1.5-1.32 (m, 1H); 1.31-1.18 (m, 1H); 
0.88-0.78 (m, 6H) ppm.  

13C NMR 8a: (75 MHz, CH3OD) δ 177.66, 170.70, 156.85, 130.31, 128.60, 128.55, 126.53, 87.95, 
53.19, 52.17, 44.18, 42.61, 40.74, 24.33, 21.89, 20.90.  

[α]20D 8a: +36° (22,2 ⋅ 10-3 g/mL in MeOH)  

  

O
N

COOMe

HN O

H2N
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Synthesis of methyl 5-(((S)-2-amino-4-methylpentanamido)methyl) -3-phenyl-4,5-
dihydroisoxazole-5-carboxylate (8b) 

 

 

 

In a round bottom flask equipped with magnetic stirrer, 7 (850 mg, 1.91 mmol) was 
suspended in DCM (10 mL). Afterwards, the solution was cooled at 0 °C and TFA (10 mL) 
was added dropwise. The reaction was stirred for 2 hours at room temperature. Then, the 
reaction mixture was neutralized with NaHCO3 and the organic layer was extracted with 
DCM and dried over Na2SO4. The solvent was removed under reduced pressure, affording 
the compound 8 as a pale- yellow foam (591 mg). The two diastereoisomers were separated 
through flash chromatography (DCM/MeOH 10:1 + 0.1% TEA) afforded 8a (266 mg) and 8b 
(251 mg) as white solids.  

 

Rf 8b (DCM/MeOH 10:1): 0.30  

1H NMR 8b: (75 MHz, CH3OD) δ 7.69-7.63; 7.49-7.40; 4.17-3.85 (AB System, 17 Hz); 3.83 (s, 
3H); 3.58-3.44 (m, 2H); 1.48-1.34 (m, 3H); 0.64-0.74 (m, 6H) ppm.  

13C NMR 8b: (75 MHz, CD3OD) δ 170.41, 156.57, 129.99, 129.04, 127.55, 127.00, 87.64, 52.23, 
51.12, 42.82, 40.79, 40.51, 30.00, 24.56, 21.19, 20.38.  

[α]20D 8b: -91° (21,2 ⋅ 10-3 g/mL in MeOH)  

  

O
N

COOMe

HN
O

H2N



 192 

Synthesis of N-Boc-(L)-Val-(L)-Leu-b-(R)-Isox-MetOMe (9a) 

 

  

 

In a round bottom flask equipped with magnetic stirrer, N-Boc-(L)-Valine (176 mg, 0.811 
mmol) was suspended in dry DCM (6 mL). Afterwards, the solution was cooled at 0 °C and 
EtONOxime (115 mg, 0.811 mmol) and EDC (160 mg, 0.811 mmol) were added. The reaction 
was stirred for 1 hour at 0 °C, then 8a (256 mg, 0.737 mmol) was added. DIPEA was added 
until pH = 8 (0.14 mL, 0.811 mmol, 1.1 eq). The reaction was stirred overnight at room 
temperature. Then, the reaction mixture was washed with KHSO4 5% (20 mL), NaHCO3 (20 
mL), brine (25 mL), then the organic layer was dried over Na2SO4. The solvent was removed 
under reduced pressure, affording 9a as white solid with 72% yield (292 mg). Detailed NMR 
data are reported in Table 25 

Rf (hexane/AcOEt 1:1): 0.42 

[α]20D: -5°C (20.4 ⋅ 10-3 g/mL in MeOH)  

  

(R)(R)

ON COOMe

HN

(S)(S)

O

HN

O
(S)(S)BocHN
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Table 25 1H, 13C NMR (CD3CN, 750mL 0.033 mM) and NOEs (200 ms) data for 9a 

AA atom 1H δ Molteplicity 
J (Hz) 

13C δ Noesy 
(200 ms) 

 
Val-1 

 
 

CO   171.8  

CH 3.81 overl. 53.2 NHLeu (s) 
 

Me2CH 2.12.-1.95 m 30.3  

Me 
0.90, 
0.88 

d, 8.5 
d, 7.9 

19.3 
17.7 NHBoc (vs) 

NH 4.94 d, 7.9 - MeVal (0.89, vs) 
NHLeu (vvw) 

COBoc   156.1  
tBu 1.45 s 28.3, 80.3  

Leu-2 

CO   172.9  
CH2  
CH 

1.58, 1.46 
1.57 

m 
m 

40.8 
24.6 

NHLeu (m) 
CHLeu (s) 

Me 0.86 
0.87 overl. 21.5, 22.9 

0.86: NHIsox (vw), 
CHLeu (s) 

0.87: NHLeu (w), 

CHα 4.39 m 52.1 Me2CHCH2(s) 

NHIsox (vs) 

NH 6.37 d, 7.5  
NHBoc (w) 

Me2CHCH2CH (m) 
NHIsox (w) 

Isox 

CO   170.6  
OMe 3.82 s 60.1  
C-5 -  87.7  

CH2-4 
 
 
 
 

3.73, 3.53 AB system 
12.6 41.3 

Ph (7.6, m) 
3.53: CH2N (3.93, m) 

 

CH2N 3.93 
3.78 

dd, 14.5, 6.1 
overl. 42.9 

NHIsox (m) 
3.93: CH2-4Isox (3.53, 

m) 

NH 6.75 t, 6.5 - 

CH2N (3.79 s, 3.93 (m)  
CHLeu (vs) 

Me2CHCH2 (vvw)  
NHLeu (w) 

C-3   157.0  

 Ph 7.7-7.6 
7.4-7.3 

m 
m 

130.6 
128.8 
128.4 
126.9 

CH2-4Isox (m) 
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Synthesis of N-Boc-(L)-Val-(L)-Leu-b-(S)-Isox-MetOMe (9b) 

 

 

 

In a round bottom flask equipped with magnetic stirrer, N-Boc-(L)-Valine (166 mg, 0.763 
mmol) was suspended in dry DCM (6 mL). Afterwards, the solution was cooled at 0 °C and 
EtONOxime (108 mg, 0.763 mmol) and EDC (151 mg, 0.763 mmol) were added. The reaction 
was stirred for 1 hour at 0 °C, then 8b (256 mg, 0.737 mmol) was added. DIPEA was added 
till pH = 8 (0.13 mL, 0.763 mmol, 1.1 eq). The reaction was stirred overnight at room 
temperature. Next, the reaction mixture was washed with KHSO4 5% (20 mL), NaHCO3 (20 
mL), brine (25 mL), then the organic layer was dried over Na2SO4. Solvent was removed 
under reduced pressure, affording 9b as white solid with 76% yield (289 mg). Detailed NMR 
data are reported in Table 26 

 

Rf (hexane/AcOEt 1:1): 0.42 

[α]20D: -94°C (26.4 ⋅ 10-3 g/mL in MeOH)  

  

(S)(S)

ON COOMe

HN

(S)(S)

O

HN

O
(S)(S)BocHN
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Table 26 1H, 13C NMR (CD3CN, 750mL 0.019 mM) and NOEs (200 ms) data for 9b 

AA atom 1H δ 
Molteplicity 

J (Hz) 
13C δ 

Noesy 

(200 ms) 

 

Val-1 

 

 

CO   171.8  

CHa 3.87 m 60.1 
Me (0.90, s) 

NHLeu (s) 

Me2CH 2.18-2.03 m 30.5 
NHLeu (vw) 

NHVal (vw) 

Me 
0.94  

0.90 

d, 6.8 

d, 6.9 

19.3 

17.9 

NHVal (m) 

NHLeu (w) 

NH d, 5.10 8.5  
tBu (vw) 

MeVal (0.90, m) 

COBoc   155.9  

tBu 1.44 s 28.4, 80.1  

Leu-2 

CO   172.9  

CH 4.42 m 51.7 

Me2CHCH2 (s) 

NHIsox (s) 

 

CHCH2 1.43,1.41 overl. 
41.3, 24.7 

 

CHLeu (s) 

NHLeu (m) 

Me 
0.71 

0.67 

5.3 

5.1 

21.7 

22.4 

CH�Leu (s) 

 

NH 6.44 8.1 - 
CHVal (s) 

CHCH2Leu (m) 

Isox 

CO   170.4  

OMe 3.83 s 53.3  

C-3   156.7  

CH2-4 3.77, 3.48 AB system, 17.5 41.1 Ph (7.63, w) 

C5   87.7  

 Ph 
7.68-7.61 
7.45-7.36  

130.6 128.8 

128.4 126.9 

CH2-4 (w) 

 

 

CH2NH 

 

 

 

 

4.13  

3.61 

dd, 14.4, 6.8 

dd, 14.4, 6.8 
42.9 

NHIsox (m/w) 

CHLeu (s)  

 

 

 NH 6.73 t, 5.9  
CHLeu (s)  

CH2N (3.61 m, 4.13 (w)  
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Synthesis of N-Boc-(L)-Val-(L)-Leu-b-(R)-Isox-MetOH (10a) 

 

 

 

In a round bottom flask equipped with magnetic stirrer, 9a (277 mg, 0.507 mmol) was 
suspended in dry THF (10 mL). Afterwards, LiOH 0,1 M (10.13 mL, 1.013 mmol, 2 eq) was 
added and the reaction was stirred for 2 hours at room temperature. At the end of the 
reaction, the mixture was washed with KHSO4 5% (20 mL) and the organic layer was 
extracted with DCM, then dried over Na2SO4. Solvent was removed under reduced 
pressure, affording 10a as white solid with quantitative yield.  

  

(R)(R)

ON COOH

HN

(S)(S)

O

HN

O
(S)(S)BocHN
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Synthesis of N-Boc-(L)-Val-(L)-Leu-b-(S)-Isox-MetOH (10b) 

 

 

 

 

In a round bottom flask equipped with magnetic stirrer, 9b (274 mg, 0.501 mmol) was 
suspended in dry THF (10 mL). Afterwards, LiOH 0,1 M (10 mL, 1 mmol, 2 eq) was added 
and the reaction was stirred for 2 hours at room temperature. At the end of the reaction, the 
mixture was washed with KHSO4 5% (20 mL) and the organic layer was extracted with 
DCM, then dried over Na2SO4. Solvent was removed under reduced pressure, affording a 
white solid with quantitative yield.  

  

(S)(S)

ON COOH

HN

(S)(S)

O

HN

O
(S)(S)BocHN
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Synthesis of N-Boc-(L)-Val-(L)-Leu-b-(R)-Isox-MetOMe (11a) 

 

 

 

In a round bottom flask equipped with magnetic stirrer, 10a (50 mg, 0.094 mmol) was 
suspended in dry DCM (3 mL). Afterwards, the solution was cooled at 0 °C and EtONOxime 
(13 mg, 0.094 mmol) and EDC (19 mg, 0.094 mmol) were added. The reaction was stirred for 
1 hour at 0 °C, then (L)-Methionine-OMe (14 mg, 0.085 mmol) was added. DIPEA was 
added till pH = 8 (16 µL, 0.094 mmol, 1.1 eq). The reaction was stirred overnight at room 
temperature. Next, the reaction mixture was washed with KHSO4 5% (10 mL), NaHCO3 (10 
mL), brine (15 mL), then the organic layer was dried over Na2SO4. Solvent was removed 
under reduced pressure, affording a white solid. Purification of the crude product by flash 
chromatography (gradient from 100% DCM to mixture DCM/AcOEt 6:4) afforded the 
compound 11a as a white solid with 72% yield (46 mg). Detailed NMR data are reported in 
Table 27 and Figure 88. 

 

Rf (DCM/MeOH 30:1): 0.47  
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Table 27 1H, 13C NMR (CD3CN, 750mL 0.016 mM ) and NOEs (900 ms) data for 11a 

AA atom 1H δ Molteplicity 
J (Hz) 

13C δ Noesy 
(900 ms) 

 
Val-1 

 
 

CO   171.9  

CHa 3.92 m 59.9 MeVal (vs) 
NHLeu (vs) 

Me2CH 2.09-2.01 m, overl. 31.1 NHLeu (m) 
NHVal (m) 

Me 0.94, 
0.92 

d, 6.7 
d, 6.8  

22.7 
19.2 0.94: CHa (vs), NHBoc (vs) 

NH 5.14 d, 8.5 - 
Me2CHVal (vs) 
Boc (m) 
NHLeu (vw) 

COBoc   155.8  
tBu 1.45 s 28.3, 79.7  

Leu-2 

CO   172.5  
CH2  
CH 

1.66, 1.53 
1.57-1.50 

m (overl.), m 
m, overl. 

40.9 
24.7 

NHLeu (m/s) 
CHLeu (s) 

Me 0.925 
0.90 

d, 6.2 
d, 6.7 

 
 

22.1,  
22.7 

CHLeu (s) 
0.925: NHIsox (w), NHMet 
(w)  
0.90: Ph (7.6 vw) 

CHα 4.42 m 52.4 Me2CHCH2(s/m) 
NHIsox (vs) 

NH 6.58 d, 7.4  

NHBoc (w) 
Me2CHCH2CH (s) 
Me2CHCHVal (s) 
NHIsox (vvw) 

Isox 

CO   172.3  
C-5 -  88.9  

CH2-4 
 
 
 
 

3.78,  
3.33 

AB system 
17.6 41.6 

3.78: Ph (7.6, m),  
3.33: (Ph, m), CH2-4Isox 
(4.21, m) 

CH2N 4.21 
3.52 

dd, 14.2, 8.9 
dd, 14.2, 3.4 43.8 

4.21: NHIsox (vw); CH2-
4Isox (3.33, m) 
3.52: NH-Isox (m) 

NH 7.35 br - 

CH2N (3.52 m, 4.21 vvw), 
CHLeu (vs) 
Me2CHCH2 (vvw)  
NHLeu (vvw) 
NHMet (w) 

C-3   157.6  

Ph 7.64-7.61 
7.44-7.37 

m 
m 

130.6 
128.8 
128.6 
126.9 

7.63: MeLeu (vw), CH2-4Isox 
(m) 
 

Met 

CO   172.9  
OMe 3.80 s 52.8  

CH 4.68 m 52.0 
CH2-b CH2-g(m/s) 
NHMet (s) 
 

CH2-b 
 
 
 
 

2.19 m 30.3 NHMet (m) 

CH2-g 2.57 
2.48 

m 
m 30.4 CHMet (w) 

NHMet (w) 
MeS 2.04 s 15.4  

NH 7.77 d, 7.7  - 
CH2b-CH2-g (s) 
NHIsox (w) 
MeLeu (w) 
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A) 

 

B) 

 
C) 

 

D) 

 

Figure 88 A) Zoom NH/NH region B) CH/Ar and CH/NH region. c) Zoom of CH-NH region. D) Zoom of MeLue/Val-NH region 
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Synthesis of N-Boc-(L)-Val-(L)-Leu-b-(S)-Isox-MetOMe (11b) 

 

 

 

In a round bottom flask equipped with magnetic stirrer, 10b (50 mg, 0.094 mmol) was 
suspended in dry DCM (3 mL). Afterwards, the solution was cooled at 0 °C and EtONOxime 
(13 mg, 0.094 mmol) and EDC (19 mg, 0.094 mmol) were added. The reaction was stirred for 
1 hour at 0 °C, then (L)-Methionine-OMe (14 mg, 0.085 mmol) was added. DIPEA was 
added till pH = 8 (16 µL, 1.1 eq). The reaction was stirred overnight at room temperature. 
Next, the reaction mixture was washed with KHSO4 5% (10 mL), NaHCO3 (10 mL), brine 
(15 mL), then the organic layer was dried over Na2SO4. Solvent was removed under reduced 
pressure, affording a white solid. Purification of the crude product by flash chromatography 
(gradient from 100% DCM to mixture DCM/AcOEt 6:4) afforded the compound 11b as a 
white solid with 16% yield (8.6 mg). Detailed NMR data are reported in Table 28 and Figure 
89. 

 

Rf (DCM/MeOH 30:1): 0.47  
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Table 28 1H, 13C NMR (CD3CN, 750mL 0.043 mM) and NOEs (700 ms) data for 11b 

AA atom 1H δ 
Molteplicity 

J (Hz) 
13C δ 

Noesy 
(700 ms) 

 
Val-1 

 
 

CO   171.9  

CHa 3.87 m 60.1 
MeVal(s) 

NHLeu (m) 
Me2CH 2.07 overl. 30.7  

Me 
0.90, 
0.88 

d, 6.8 
d, 6.0  

19.4 
19.2 

CHVal (vs), NHBoc (s), 
NHLeu (m) 

NH 5.12 brs - Me2Val (s) 
NHLeu (w) 

COBoc   155.9  
tBu 1.42 s 28.4, 79.9  

Leu-2 

CO   172.6  
CH2  
CH 

1.49, 1.39 
2.04 

m, m 
m 

41.3 
24.7 

NHLeu (m), NHLeu (w), 
CHLeu (m) 

Me 0.70 d,  
6.4 

21.9 CHLeu (s), NHLeu (w) 

CHα 4.40 m 51.9 
Me2CHCH2(s) 

NHIsox (vs) 

NH 6.47 brs  NHBoc (w), Me2Val(vw),  
CHVal (s) 

Isox 

CO   171.5  
C-5 -  88.5  

CH2-4 
 
 
 
 

3.66,  
3.54 

AB system 
17.6 

42.1 
3.66: Ph (7.6, m),  

3.54: CH2N (4.19, m), Ph 
(7.6, m), NHIsox (vw) 

CH2N 4.19 
3.47 

dd, 14.3, 7.6 
dd, 14.3, 5.1 43.6 

4.19: NHIsox (m), CH2-
4Isox (3.54, m) 

3.47: NH-Isox (m) 

NH 6.82 brs - CH2N (3.47 m, 4.19 m) 
CHLeu (vs) 

C-3   157.7  

Ph 7.65-7.62 
7.44-7.36 

m 
m 

130.8 
128.8 
128.3 
126.9 

7.63: CH2-4Isox (m) 
 

Met 

CO   171.5  
OMe 3.70 s 52.6  

CH 4.66 m 51.6 
CH2-bCH2-g(s) 

NHMet (s) 
 

CH2-b 
 
 
 
 

2.23 
2.09 

m 
m 31.1 

2.23: CHMet (m) 
2.09: CHMet (m), NHMet 

(w) 
 
 

CH2-g 2.55 m 30.1 CHMet (m) 
NHMet (m) 

MeS 2.10 s 30.6  
NH 7.48 d, 8.4  - CH-CH2-b (s) 
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Figure 89 Zoom of CH-NH region 
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Photochemistry cyclization peptide 
 

Introduction  
 
In the last ten years the interest on cyclic peptide has extremely increased due to their huge 
advantages; cyclic peptides are characterized by an improved biological activity and 
conformational rigidity if compared to the linear peptide. So far, ring closing metathesis 
(RCM) and 1,3 dipolar cycloaddition reactions are frequently reported as cyclization 
strategies, but in 2017 MacMillan’s group was pioneer in peptide cyclization based on 
photochemical reactions (Scheme 25)113.It is important to point out that all the before 
mentioned strategies require the presence of at least one  of not-natural amino acid to be 
successful. 

 

 

 

  

Scheme 25 MacMillan photochemical peptide cyclization 

 
Starting from these premises during my visiting Ph.D. at University of Manchester, under 
the supervision of Prof. D. Leonori, I attempted the synthesis of cyclic peptides containing 
only natural amino acids through photoredox reactions. For this purpose, a new type of 
photochemistry reaction, just published in Nature Chemistry114 consisting N-C amination 
of aromatic group by general secondary amine, was exploited (Scheme 26). 
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Aim of the work  
 
 As depicted in Scheme 27, the cyclization reaction would occur between the Phe and Lys 
AAs through C-H activation. Preliminary investigations were carried out using peptides 
with different lenghts and functional groups in order to evaluate the chemical space 
(represented by the ring size and the functional group tolerance) in which this protocol 
could be applied. 
 

 

 
Scheme 27 our proposal peptide cyclization 
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Scheme 26 general reaction for N-C amination 
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First of all, our idea was to evaluate the number of necessary AA to form a stable cycle then 
to try the functional group compatibility using different AA inserted in the peptide 
sequence. After that, the plan was used this new photochemical approach to cyclize linear 
peptide sequences already knew for their biological potency (Alzheimer's disease, 
Anticancer and Antimicrobial activity) in order to evaluate a possible improvement of the 
activity (Figure 90).  
 
 
 

 
 

Alzheimer's disease 

 

 
 

Anticancer activity 

 

 
 

Antimicrobial activity 

 
Figure 90 Example of linear peptide with biological activity 

 
 

The preliminary results were very promising, in fact we obtained cyclic peptides from three 
to six AA residues. The project was unfortunately stopped due to external causes (Covid 
19).  
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