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1.2 Preface 

In this thesis, different systems containing a - or -substituted cyclobutane scaffold 

have been synthesized and studied as foldamers, as cell penetrating peptides (CPP) or as 

contrast agents. Despite having different structures not directly related between them, the 

same synthetic strategies and techniques have been used to prepare the different 

compounds.  

 The thesis has been structured with a general introduction with some precedents 

from our research group, followed by the general objectives (Chapter 2). The results of 

the present thesis are presented in three different chapters (Chapters 3-5), which are 

divided in different sections. General conclusions are reported in Chapter 6 and the 

experimental methodologies can be found in Chapter 7.  

 Chapter 3. Six families of peptides with different stereochemistry built with a 

cyclobutane containing amino acid (CBAA) in combination with -amino-L-

proline were synthesized. The study of their folding ability was carried out by 

using high resolution NMR techniques in order to detect the formation of 

hydrogen bonds that could induce secondary structures. The information obtained 

in this chapter was very useful to design new cell penetrating peptides.  

 

 Chapter 4. Different new peptides were synthesized by solid phase synthesis 

techniques and studied as potential penetrating agents in two biological systems: 

HeLa cells and Leishmania parasites. The best cell penetrating peptides were 

conjugated with a drug to study their effect in Leishmania parasites. 

 

 Chapter 5. A new linear ligand containing a cyclobutane-based diamine was 

synthesized and complexed with different metal ions. The thermodynamic 

stability and the hydration number of these complexes were studied by means of 

different techniques. Their potential as new contrast agents for magnetic 

resonance imaging (MRI) was studied by different NMR methodologies.  
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2. General introduction and objectives 

2.1 Introduction 

In the last decade, our research group “Synthesis, Structure and Chemical 

Reactivity (SERQ)” has been interested in the use of cyclobutane scaffolds as chiral 

platforms and conformational restriction elements for the synthesis of several new chiral 

compounds and their use in a wide diversity of applications. The presence of this highly 

constricting four-membered ring in the molecules provides both rigidity and two chiral 

centers of known and tunable absolute configuration that can be modified at will. Diverse 

enantioselective synthetic routes and methodologies were developed to achieve these 

compounds in an enantioselective manner.  

 Essentially, two differently disubstituted cyclobutane moieties have been used to 

prepare the compounds in our research group: the 1,2- or -substituted cyclobutanes 

(Figure 1), and the 1,3- or -substituted ones (Figure 2). The -substituted cyclobutane-

combining compounds are prepared through a photochemical reaction between ethylene 

and maleic anhydride and the resulting meso adduct can be easily desymmetrized by a 

chemoenzymatic reaction. After that, several selective manipulations of the functional 

groups and epimerization of certain chiral centers allowed the synthesis of all possible 

stereoisomers.1,2  

 

Figure 1. Schematic representation of all possible 1,2-disubstituted cyclobutane-based 

stereoisomers and their synthetic precursors. 
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 The -substituted cyclobutane-based compounds are prepared using                             

(-)-verbenone (3) or (-)--pinene (4) as starting materials (Figure 2), which can be 

commercially obtained with a reasonable price in an enantiopure form. Both compounds 

can be oxidized and selectively functionalized leading to different target compounds.3 

Unlike 1,2-disubstituted compounds, only cis-1,3-disubstituted cyclobutane moieties can 

be easily obtained to build chiral compounds from the chiral pool.  

 

Figure 2. Schematic representation of 1,3-disubstituted cyclobutane-based compounds and their 

synthetic precursors.  

 

 The introduction of conformational restriction elements into molecules with 

inherent biological activity is essential to achieve interactions with the target receptors 

and to increase their metabolic stability and activity.4,5,6 One of the main research lines of 

our group is the synthesis of cyclobutane-based amino acids (CBAA) and their use as 

building blocks. The rigidity provided by the cyclobutane scaffold and its well-defined 

conformation have been key properties for their application in different Chemistry and 

Biology areas. Some examples of cyclobutane-based compounds related to the fields of 

this thesis are explained in the introduction of each chapter.  
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Figure 3 shows some examples containing compounds with the -substituted 

cyclobutane unit as building block, such as 5 which was studied as a 

metallocarboxypeptidase inhibitor (MCPs).7 Cyclobutane-based thiourea 6 was studied 

as chiral organocatalysts in the Michael reaction.8  Furthermore, applications of the 

cyclobutane scaffold focused in the field of materials can be found in organobridged 

silsesquioxanes 7 and 8,9 organogelator 9 10 or bolaamphiphile surfactant 10 and other 

amphiphile surfactants.11,12 

 

 

 

Figure 3. Structures of some examples of different -substituted cyclobutane-based compounds 

synthesized in our group.  
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Figure 4 shows some examples containing the -substituted cyclobutane as 

building block. Diamine 11 performed as ruthenium nanoparticles stabilizer,13 while 

amino acid 12 is a good example of a zwitterionic surfactant.14 Tripeptide 13 works fine 

as organocatalyst in several asymmetric aldol reactions.15 The final example is a C3-

symmetric peptide dendrimer 14 which could be applied in the field of chiral materials 

after further elongation and functionalization.16  

 

 

Figure 4. Structures of some examples of different -substituted cyclobutane-based compounds 

synthesized in our group. 
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2.2 Objectives 

In this thesis, the chiral cyclobutane scaffold studied in our research group is used 

to build various compounds with different applications. Peptides as foldamers are 

synthesized and studied to understand the required folding patterns to develop and design 

new penetrating agents like cell penetrating peptides (CPPs). Moreover, using the 

previously acquired synthetic skills and similar cyclobutane platforms, a new ligand to 

bind Gd3+ is studied as contrast agent for Magnetic Resonance Imaging.  

 

Taking into account this brief explanation, the main goals of this thesis are: 

 

I. Objective 1: The synthesis of short CBAA,-amino-L-proline peptides: folding 

studies by high resolution NMR. 

 

 

II. Objective 2: Synthesis of -CBAA,-amino-L-proline peptides as cell penetrating 

agents: studies in HeLa cells and Leishmania parasites. 

 

 

III. Objective 3: The synthesis and physicochemical studies of a new Gd3+ complex 

of open-chain ligand as potential new MRI contrast agent.  
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3. Synthesis of Short Hybrid Cyclobutane--amino-L-Proline 

Peptides: Folding Studies by High Resolution NMR 

3.1 Introduction 

 For several years, peptide chemistry has been studying the impact of the structural 

organization of peptides and proteins on their function. One of the most interesting areas 

is the use of peptides containing -amino acids as potential drugs for treating diseases.17 

However, the instability of peptides containing -amino acids towards enzymatic 

degradation has limited the synthesis and study of compounds with a potential 

pharmacology application. The need to find an alternative to overcome this problem while 

keeping in equilibrium some critical factors like stability, affinity, specificity and efficacy 

present in the natural peptides is one of the scientific hits.18,19,20 Moreover, the necessity 

to mimic well known secondary structures that are only present in -peptides is one of 

the most important research topic in the field. For this reason, the synthesis of peptides 

consisting of -amino acids combined with unnatural -amino acids ( is used for any 

other position that is not  such as , , …) and totally ,-peptides, could be a good 

solution. For example, the appearance of peptide-based foldamers,21,22 which are 

synthetic oligomers containing unnatural amino acids or equivalent building blocks, has 

allowed the preparation of folded structures that mimic natural occurring ones: helices, 

strands, turns and ribbons, amongst others (Figure 5).23,24,25 These structures are 

commonly generated by intra-molecular non-covalent interactions, mainly hydrogen 

bonds. Foldamers can be classified either by their secondary structure or by the backbone 

type.  

 

Figure 5. Representation of -helix and -sheets secondary structures. 
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-Peptides (Figure 6) are probably the most extensively studied foldamers due to 

three main factors: their resemblance to -peptides, the wide range of stabilized 

secondary structures that they can adopt and the different applications found.26,27,28 For 

example, Gellman and co-workers studied the interactions of -peptide 15 with 

phospholipids working as an antimicrobial agent.29 This peptide mimicked the structure 

of a natural peptide adopting a 12-helical conformation, which was defined by a network 

of 12-membered ring C=O (i)NH (i+3) hydrogen bonds. Ruetz and coworkers designed 

and synthesized a whole family of -peptides (16-19) able to cross the cytoplasmic 

membrane and act as Trojan carriers, which transport and release drugs to the desired 

zone of the body.30  

 

Figure 6. Examples of structures of -peptides foldamers found in the bibliography. Red-dashed 

lines represent hydrogen bonds.  

 

 -Peptides represent the next step for the generation of  new families of foldamers 

based on the amide backbone, but only few examples of them have been reported in the 

bibliography (Figure 7).31,32,33 Hanessian and co-workers demonstrated that -amino acids 

could be used to build -peptides that adopt helical (20) and reverse turn (21) structures.31  
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Years later, Royo and collaborators designed different families of foldamers based 

on cis--amino-L-proline (22).33
 The introduction of cyclic monomers as building blocks 

reduces the increased number of conformational freedom of -peptides, compared to - 

and -peptides. At the same time, the use of these monomers increases the stability of 

regular secondary structures.34,35 

 

Figure 7. Examples of structures of -peptides foldamers found in the bibliography. Red-dashed 

lines represent hydrogen bonds. 

 

Otherwise, if novel folding patterns are sought, other approaches may be entailed. 

Hybrid peptides can be obtained by alternate combination of the stereoisomer of the 

desired amino acid or with other - or -amino acids.36,37,38,39,40 Correspondence between 

,- and ,-sequences may be obtained if the number of backbone atoms are 

considered. This equivalence can be used to design and synthesize custom hybrid 

foldamers, since hydrogen-bonding patterns are directly associated to specific structural 

motifs (Figure 8).41 
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Figure 8. Schematic illustration of turns in all -residue segments (top) and their equivalence in 

-residues (bottom). In parenthesis are the number of bonds present in -residue segments a) -

turn (C8). b) -turn (C7). c) -turn (C10). d) -turn (C13). Red-dashed lines represent hydrogen 

bonds.  

 

Thus, n-membered hydrogen bonds could be constructed as suggested by the 

following hybrid dipeptide sequences as proposed by Balaram (Figure 9).42  

 

Figure 9. Hydrogen-bonded ring sizes that can be generated, in principle, from hybrid dipeptide 

sequences, the hydrogen-bond directionality being the same as in normal all -polypeptide 

structures. Turns encircled with rectangles have been characterized in single crystals by X-ray 

diffraction. Turns established only by NMR are indicated with circles.  
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Our group has previously worked with the cyclobutane scaffold as building block 

for generating foldamers with a wide range of applications. Homopeptides containing all 

cis--CBAA (from di- to octapeptides) were synthesized and studied, observing the 

formation of an intraresidue six-membered hydrogen-bonded ring (6-strand).43,44 On the 

other hand, a 12-helix arrangement was described by Aitken and co-workers for all-trans-

-CBAA hexa- and octapeptides.45 Moreover, Dr. Gorrea developed and studied short 

peptides made of various combinations of the cis and trans isomers of this amino acid. 

The presence of a trans amino acid at the N-terminus of the peptide revealed the 

predominance of an eight-member hydrogen-bonded ring while the existence of a cis 

amino acid at the N-terminus of the peptide resulted in the formation of a six-member 

hydrogen-bonded ring (Figure 10).46 Moreover, exhaustive NMR and computational 

studies of -CBAA-containing oligopeptides demonstrated that the established chirality 

of the monomeric residues, present at any position of the sequence, controls and 

determines the most stable folding conformation. 

 

Figure 10. Folding patterns of previously studied -CBAA-containing oligopeptides. Red-dashed 

lines represent hydrogen bonds. 

 

The cis-CBAA promotes two conformers that produce zig-zag structures from six- 

and eight-membered hydrogen-bonded rings, Z6 and Z8, while the trans form act as a 

promoter to form a helical eight-membered hydrogen-bonded ring, H8 (Figure 11).47,48  
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Figure 11. Intra- and inter-residue hydrogen bonds in peptides that incorporate either cis--

CBAA or trans--CBAA. Red-dashed lines represent hydrogen bonds. 

 

 Hybrid oligomers containing -CBAA conjugated in alternation with glycine, -

alanine or -amino butyric acid (GABA) have also been prepared. Results showed a 

different effect on the final folding depending on the used spacer, being able to modulate 

the preferential conformation of these hybrid peptides, which could be tuned from a -

sheet-like folding for those containing a glycine or a GABA residue, to a helical folding 

for those with a -alanine between cyclobutane residues (Figure 12).49 Hybrid peptides 

containing glycine and GABA residues showed the intra-residue 6-membered hydrogen 

bond (Figure 12a and 12c). Some of these -CBAA and the peptides in which they have 

been used as skeleton have been found useful for diverse applications such as: functional 

organofibers,50 organogelators,10,51 neuropeptide Y inhibitors52 and surfactants.11,53  

 

Figure 12. Folding patterns of previously studied -CBAA-containing oligopeptides in 

alternation with glycine (a), -alanine (b) and GABA (c). Red-dashed lines represent hydrogen 

bonds. 
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Regarding peptides containing -CBAAs, oligomers were built in alternation with 

GABA, following the previous study with -CBAAs, and their folding patterns were 

studied.54 The study revealed no defined conformation in contrast with those observed for 

peptides containing -CBAAs, probably due to the rigidity and sterically demanding 

moiety used in these cases (Figure 13).  

 

Figure 13. Folding patterns of previously studied -CBAA-containing oligopeptides in alternation 

with 1 (30), 2 (31) or 3 (32) GABA residues. Red-dashed lines represent hydrogen bonds. 

 

 Some years ago, our group carried out a detailed structural study with hybrid 

peptides combining in alternation the cyclobutane moiety with N-Boc-protected cis--

amino-L-proline. 55 Proline is a naturally occurring amino acid which is conformationally 

constrained due to the pyrrolidine ring, inducing well defined secondary structures in 

peptides that contain it. -Amino-L-proline is a derivative of natural proline, which can 

be used in the synthesis of peptide foldamers acting either as -amino acid56 or as -amino 

acid. 33,57 The additional amino group not involved in the peptide bond formation may be 

functionalized with the introduction of side-chains. 

The high resolution NMR study revealed the presence of a hydrogen bond 

promoting the formation of a strong intra-residue 7-membered ring within the proline 

residues and an inter-residue hydrogen bond was observed between the carbonyl of the 

tert-butyl carbamate group and the NH of the subsequent -CBAA residue (Figure 14).57  
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Figure 14. Intra- and inter-residue hydrogen bonds described in hybrid peptides consisting of -

CBAAs and cis--amino-L-proline joined in alternation.  

 

Regarding their application, proline- and -aminoproline-based peptides have 

been reported to have excellent cell penetrating abilities. Further details will be discussed 

in Chapter 4 of this thesis.  
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3.2 Objectives 

In this part of the thesis, the synthesis of six families of hybrid peptides containing 

cis- or trans--amino-L-proline and - or -cyclobutane amino acids of various relative 

and absolute configurations was proposed (Figure 15). The relevance of the relative 

configuration of the - and -amino acids in the folding propensity of the resulting 

peptides would be studied and analyzed by means of high resolution NMR spectroscopy.   

 

Figure 15. Structures of the six proposed families of hybrid peptides to be studied as foldamers. 
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The objectives of this part were: 

 The synthesis of the required monomers with suitable protections to be used for 

the synthesis of the peptides.  

 The synthesis of the hybrid peptides shown in Figure 15. 

 The study of their behavior as foldamers and the kind of interactions that could 

promote their arrangement depending on the relative and absolute configuration 

of the monomers. 
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3.3 Results and discussion 

The results of this chapter of the thesis are presented in two different parts. First, 

the synthesis of the new hybrid CBAA,-amino-L-proline peptides to be studied as 

foldamers is detailed (section 3.3.1). Later, the studies of folding propensity explored 

through different high resolution 1H NMR spectroscopy are described (section 3.3.2).  

 

3.3.1 Synthesis of new hybrid peptides as foldamers 

 Taking into account the previously reported research in our group preparing 

enantiopure foldamers,44-54,57 the proposed structures were envisaged through the 

retrosynthetic pathways shown in Scheme 1 and Scheme 2, depending on the CBAA used 

as building block.    

 

Scheme 1. General retrosynthetic analysis of -CBAA-based hybrid peptides. 
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-cis- (43) and -trans- (44) cyclobutane-based amino acids were previously 

synthesized in our laboratory.58,59 They derive, after several transformations, from a [2+2] 

cycloaddition between ethylene (1) and maleic anhydride (2). -Amino-L-proline in its 

both enantiopure forms cis (45) and trans (46), were commercially available as 

hydrochloride salt.  

On the other hand, -cis-CBAA (48) was prepared in our group to be part of 

another series of -CBAA,-amino-cis-/trans-L-proline peptides. It was synthesized 

through several reactions starting with the oxidative cleavage of (-)-verbenone (3).  

The synthetic routes for all compounds and the corresponding intermediates are 

explained in the next pages.  

Scheme 2. General retrosynthetic analysis of -CBAA-based hybrid peptides. 
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3.3.1.1 Synthesis of partially protected -cis-cyclobutane amino acid 52 

Protected -cis-CBAA 52 can be afforded after a synthetic route of five steps in a 

42% overall yield. The synthetic pathway is described in Scheme 3.  

 

Scheme 3. Synthetic route for amino acid 52. 

  

The first step was the formation of the cyclobutane ring in quantitative yield by a 

[2+2] photochemical cycloaddition reaction from ethylene (1) and maleic anhydride (2).60 

This reaction occurred at -30 ºC in a Pyrex reactor in the presence of acetone acting both 

as solvent and as photosensitizer. The system was saturated with ethylene and irradiated 

during 4 hours using a medium pressure 400 W mercury lamp. Then, meso diester 51 was 

synthesized through Fischer esterification of the photoadduct 50 in 80% yield. Finally, 

optically active hemiester 47 was obtained through pig liver esterase-induced 

enantioselective hydrolysis of 51, in >97% ee and 95% chemical yield.61 The fully 

orthogonally protected amino acid 43 was prepared stepwise by treatment of 47 with ethyl 

chloroformate and triethylamine, followed by reaction with sodium azide. The resultant 

acyl azide was heated to reflux in the presence of benzyl alcohol.  
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The in situ formation of an isocyanide through a Curtius rearrangement and 

subsequent reaction with the alcohol, led to the desired carbamate 43 in 62% yield. 

Finally, a saponification reaction followed by an acidification afforded protected amino 

acid 52 in 89% yield. 

 

3.3.1.2 Synthesis of protected -trans-cyclobutane amino acid 59 

Protected -trans-CBAA 59 could be prepared after 5 or 9 steps, depending on 

the chosen synthetic route in a 12-18% overall yield from hemi ester 47. The synthetic 

pathway is described in Schemes 4 and 5.  

 

Scheme 4. Synthetic route for intermediate amino acid 53. 

 

 Orthogonally diprotected amino acid 53 could be obtained using two different 

strategies. The first one was accomplished by a catalytic hydrogenation of amino acid 43 

in the presence of di-tert-butyl dicarbonate with an overall yield of 51%. The second one 

was performed through a Curtius rearrangement in neat tert-butanol, but a lower yield of 

43% was obtained due to the poor nucleophilic character of the alcohol.  
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Scheme 5. Synthetic route for amino acid 59. 

 

 The preparation of the protected trans-amino acid 57 could be easily achieved 

by the transformation of the methyl ester 53 into the unprotected amide 55 and subsequent 

epimerization of the carbonyl -position. Afterwards, the basic hydrolysis of the amide 

allowed the formation of the trans-carboxylic acid 56 in 64% yield.62 The protected amino 

acid 57 was achieved by methylation of 56 using methyl iodide and Cs2CO3 as a base in 

71% yield. The overall yield for this synthetic route was 38%. Furthermore, another 

methodology to carry out the direct epimerization of the carbonyl -position of ester 53 

generating sodium methoxide in situ was described by Aitken and co-workers.59 In this 

case, amino acid 57 was obtained directly in 66% yield.  
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 After that, an acidolysis of the N-Boc protecting group followed immediately by 

a protection of the amine as benzyl carbamate led to orthogonally diprotected amino acid 

44. This protection was achieved by reacting 58 with benzyl chloroformate in the 

presence of NaHCO3 and Na2CO3 in a water-acetone mixture. Finally, the saponification 

of methyl ester followed by acidification afforded -trans-amino acid 59.    

 

3.3.1.3 Synthesis of dipeptides 33, 35, 37 and 39 

Hybrid -CBAA,-amino-L-proline dipeptides were synthesized by means of a 

coupling reaction between the corresponding -CBAA cis-(52) or trans-(59) and the 

chosen commercially available -amino-L-proline cis-(45) or trans-(46). The synthetic 

route for all the families of peptides is shown in Scheme 6. 

 

Scheme 6. Synthetic route to obtain -CBAA-based dipeptides 33, 35, 37, and 39.  

  

The coupling reaction was performed using PyBOP as coupling agent and DIPEA 

as base, obtaining -cis,-cis 33 in 85%, -cis,-trans 35 in 84%, -trans,-cis 37 in 77% 

and -trans,-trans 39 in 66% yield, respectively.  
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3.3.1.4 Synthesis of tetrapeptides 34, 36, 38 and 40 

Hybrid -CBAA,-amino-L-proline tetrapeptides were synthesized by means of a 

coupling reaction between the corresponding acid 60-63 with its equivalent amine64-67. 

 

Scheme 7. Synthetic route to obtain -CBAA-based tetrapeptides 34, 36, 38, and 40.  

 

 The unprotected carboxylic acid peptide series 60-63 were synthesized by 

performing a saponification of the methyl ester present in the -amino-L-proline residue 

of dipeptides 33, 35, 37 and 39 in 90-94% yield, respectively. On the other hand, an amine 

deprotection by catalytic hydrogenation of the benzyl carbamate present in 33, 35, 37 and 

39 gave the unprotected amine series 64-67 in quantitative yield. Finally, a coupling 

reaction between each desired pair of acid 60-63 and amine 64-67 using PyBOP as 

coupling agent and DIPEA as base afforded -cis,-cis 34 in 42%, -cis,-trans 36 in 

53%, -trans,-cis 38 in 65% and -trans,-trans 40 in 69% yield, respectively.  
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3.3.1.5 Synthesis of protected -cis-cyclobutane amino acid 70 

 Protected -cis-CBAA 70 could be achieved in 62% overall yield in 5 steps from 

enantiopure and commercially available (-)-verbenone 3. The synthetic route is described 

in Scheme 8.  

 

Scheme 8. Synthetic route for amino acid 70.  

 

 In the first step of the synthesis of 70, a catalytic oxidation of (-)-verbenone 3 led 

to (-)-cis-pinononic acid 68 in 95% yield without epimerization. Then, the carboxylic acid 

was protected as a tert-butyl ester in 96% yield using di-tert-butyl dicarbonate and a 

catalytic amount of DMAP. In the following step, the methyl ketone 69 was submitted to 

a Lieben degradation to afford carboxylic acid 49 in 97% yield. Subsequently, 49 was 

transformed into benzyl carbamate 48 through a 3-step procedure including a Curtius 

rearrangement in 70% yield. Finally, an acidolysis reaction of 48 in the presence of 

triethylsilane provided amino acid 70 in quantitative yield.3   
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3.3.1.6 Synthesis of dipeptides 41 and 42 

Hybrid -CBAA,-amino-L-proline dipeptides were synthesized by means of a 

coupling reaction between the -cis-CBAA 70 and the chosen commercially available -

amino-L-proline cis-(45) or trans-(46). The synthetic route for all families of peptides is 

shown in Scheme 9. 

 

Scheme 9. Synthetic route to obtain -CBAA-based dipeptides 41 and 42.  

 

The coupling reaction was performed using PyBOP as coupling agent and DIPEA 

as base, obtaining -cis-cis-41 in 86% and -cis-trans-42 in 84% yield, respectively. 

 

3.3.2 High-resolution NMR study of hybrid - or -CBAA,-amino-L-

proline peptides 

As stated before, with the aim to understand the folding pattern of the synthesized 

hybrid peptides, high resolution NMR studies were carried out. To perform this study, the 

first step was to assign each of the protons that the molecule contains and, secondly, to 

determine the disposition of the molecule to define secondary structures generated by the 

formation of hydrogen bonds.  
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For this reason, in collaboration with Dr. Pau Nolis from the NMR Service at the 

Universitat Autònoma de Barcelona, the following experiments were carried out for each 

of the compounds synthesized:  

1. 1H-NMR spectrum 

2. 13C-NMR spectrum 

3. Multiplicity edited HSQC-NMR spectrum 

4. NOESY-NMR spectrum 

5. 1D selective NOESY experiments 

6. ROESY-NMR spectrum 

7. 1D selective ROESY experiments 

8. TOCSY-NMR spectrum 

9. 1D selective TOCSY experiments 

As it is commonly done for any small molecule, 1H-, 13C- and HSQC-NMR 

experiments were used to identify most of the C and H atoms present in the compounds. 

On the other hand, NOESY-NMR, ROESY-NMR and TOCSY-NMR experiments were 

used to establish intra- and inter-residue connectivities.    

 

3.3.2.1 Structural study in solution of -dipeptides  

 The NMR characterization of the four diastereomic -dipeptides 33, 35, 37 and 

39 was performed using a 600 MHz spectrometer, in two different solvents, CDCl3 and 

DMSO-d6, respectively, at 298 K and at a 35 mM concentration. The existence of 

rotamers was expected to be observed when using protected peptides with                                 

tert-butyloxycarbonyl groups due to the rotation of these moieties.57 It is worth 

mentioning that the conformation studies with the peptides bearing deprotected -amino-

L-proline residues could not be performed due to their insolubility. 

Regarding the -dipeptides, the NMR spectra showed the splitting of most of 

the signals for all the dipeptides, implying the presence of two conformers in solution. 

The exact conformer ratio varied depending on which was the studied isomer and on the 

solvent used but in all cases the conformational ratio was close to 3:2. This ratio was 

assigned to the rotation of the tert-butyloxycarbonyl groups. 
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Particularly, 1H- and 13C-NMR signals belonging to the -amino-L-proline residue 

showed a larger splitting (appeared at more different chemical shifts) compared to those 

corresponding to the cyclobutane residue signals, which were only slightly or not affected 

at all depending on the diastereomer and solvent considered. For instance, focusing on 

the spectra recorded in DMSO-d6, the most remarkable splitting was seen for protons 

corresponding to the tert-butyl group on the carbamate, the methyl of the ester group and 

the NH15 of the amide bond (Figure 16). The 1H-NMR spectra in CDCl3 are shown in 

Annex 9.1 

 

Figure 16. 1H-NMR spectra of dipeptides 33, 35, 37 and 39 in DMSO-d6 at 298 K. Protons of the 

-amino-L-proline residue are indicated, in italics those corresponding to the trans residues. The 

dots indicate the minor conformer observed for certain signals.  

 

 Concerning the spatial distribution of -dipeptides, it was of crucial importance 

to study sequential NOEs from residue i to residue i-1. For these studies, CDCl3 was used 

as solvent to obtain more interesting information on their folding, as it is well known to 

be less hydrogen-bond disrupting than DMSO-d6.  
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Figure 17 shows the 1D NOESY experiments when inverting the amide proton 

NH15, observing a different NOE pattern depending on whether the cyclobutane residue 

was substituted with a cis or a trans relative configuration. A strong sequential NH15-H13 

NOE was detected when a -cis-CBAA moiety 33 and 35 was present, while a strong 

sequential NOE between NH15-H10 was observed for -trans-CBAA containing peptides 

37 and 39, with the NH15-H13 NOE becoming weaker.  

 

Figure 17. 1D selective NOESY experiments (600 MHz) when inverting the NH15 of the -amino-

L-proline residue of dipeptides 33, 35, 37 and 39, respectively, in CDCl3. 

 

 These characteristic patterns imply a prevalence of a six-membered intra-residue 

hydrogen-bonded ring for the -cis-CBAA and an eight-membered inter-residue 

hydrogen-bonded ring for the -trans-CBAA.  

 

-trans-trans-26 

-trans-cis-24 

-cis-trans-22 

-cis-cis-20 
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Following with the previous paragraph, trans-cyclobutane containing dipeptides 

37 and 39 presented a very characteristic highly deshielded position for NH15 (between 

8.0-8.5 ppm) compared to cis-cyclobutane containing dipeptides 33 and 35 (<7.0 ppm). 

Both facts were perfectly in agreement with the disposition necessary for an eight-

membered hydrogen-bonded ring, as previously stated for peptides built only with -

CBAA.46,47 

 Interestingly, some noticeable differences in chemical shifts of various protons 

were detected when comparing the diastereomer containing a cis--amino-L-proline 

residue with its analog containing a trans--amino-L-proline residue (See Figure 17 for 

chemical shifts). These differences in chemical shifts implied different hydrogen bonding 

in the studied peptides. For example, the higher chemical shift displacement of the NH15 

in 33 (6.7 ppm) with respect to NH15 in 35 (5.7 ppm), suggested the formation of an intra-

residue seven-membered hydrogen-bonded ring in the cis--amino-L-proline residue 

between NH15 and CO21, which is geometrically not possible when having the trans--

amino-L-proline residue (See Figure 14 for a representation of the hydrogen bonds). 

Similarly, a 0.5 ppm chemical shift displacement of the NH15 proton between 37 (7.8 

ppm) and 39 (8.3 ppm) was attributed to the presence of a seven-membered intra-residue 

hydrogen-bonded ring (NH15-CO21) when the cis--amino-L-proline residue was present 

and which competes with the previously described an inter-residue eight-membered 

hydrogen-bonded ring (NH15-CO8). Thereby, the existence of a bifurcated hydrogen bond 

promoted by the NH15 of 37, which was demonstrated in the 1D NOESY experiment, was 

assured (Figure 17). The important exchange peak chemical shift (6.6 ppm) for                         

-trans, -cis 37 matched with that of NH15 in 33, where the seven-membered ring arose. 

These intra-residue interactions were previously observed and described in the study of 

the hybrid peptides based on this isomer of -amino-L-proline and -CBAA residues.57 

 On the other hand, experiments using a highly polar solvent like DMSO-d6, which 

is able to compete with intramolecular hydrogen bond formation, showed that NOE 

patterns change when dealing with trans-CBAA containing dipeptides 37 and 39 (Figure 

18). By the time NH15-H10 NOE became weaker, NH15-H13 became stronger. This could 

be interpreted as the rigidity of the structure was somehow softened and extended by the 

interaction of DMSO-d6 with the intra-residue hydrogen bond (NH15-CO8). 
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Figure 18. Solvent-dependence comparison of NOE signals (600 MHz) of dipeptides 37 and 39 

in CDCl3 and DMSO-d6.  

 

3.3.2.2 Structural study in solution of -tetrapeptides 

 The NMR study of tetrapeptides 34, 36, 38 and 40 presented several difficulties. 

Firstly, they were poorly soluble in CDCl3, therefore the NMR study was performed in 

DMSO-d6 which, as stated for dipeptides 33, 35, 37 and 39, competed with the 

intramolecular hydrogen bonding. For this reason, the tendency to fold decreased and the 

determination of the conformational bias became difficult.   

Secondly, the presence of one Boc protecting group for each -amino-L-proline 

residue present in the -tetrapeptides gave up to at least four conformers due to its slow 

rotation, generating a very similar spectrum for each tetrapeptide, nearly superimposable 

with one another. Therefore, the assignment of each signal for every single residue and 

conformer is not straightforward. Furthermore, the conformational exchange was found 

to be in the NMR time scale, making the NOE/ROE analysis even more difficult.  

-trans,-trans 39 

-trans,-cis 37 

-trans,-cis 37 

-trans,-trans 39 
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To overcome these problems, the NMR characterization of tetrapeptides 34, 36, 

38 and 40 was performed heating the samples up to 358 K which, to some extent, 

averaged the Boc group rotations and facilitated their characterization and signal 

assignment. Nevertheless, analyzing the NH signals for each tetrapeptide, it became 

evident that their profiles showed higher dispersion for -trans,-cis 38 and                            

-trans,-trans 40 than for -cis,-cis 34; -cis,-trans 36 in DMSO-d6 (Figure 19).  

 

Figure 19. Expansion of the NH region of the 1H NMR spectra (600 MHz) of tetrapeptides 34, 

36, 38 and 40 in DMSO-d6 at 298 K and 358 K.  

 

-trans,-trans 40 

-trans,-cis 38 

-cis,-trans 36 

 -cis,-cis 34 

a) NH expanded region, 298 K, 600 MHz, DMSO-d6 b) NH expanded region, 358 K, 600 MHz, DMSO-d6 
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This fact suggested the presence of a folded structure when having a -trans-

CBAA containing tetrapeptides 38 and 40 and an extended strand conformation when 

dealing with -cis-CBAA containing tetrapeptides 34 and 36. This reinforces the results 

obtained for their analogous dipeptides 33, 35, 37 and 39. Moreover, focusing in the 

similar NH signal dispersion for tetrapeptides 38 and 40, it could be concluded that the 

ordering to generate the secondary structure was driven by the presence of -trans-CBAA 

residues rather than either cis- or trans--amino-L-proline. At the same time, comparing 

tetrapeptides 34 and 36, it was seen that the presence of a trans--amino-L-proline, 

compared to its cis isomer, generates a slightly larger NH signal dispersion which is 

attributable to a slight disruption of the strand conformation suggested for the                        

-cis,-cis 34 tetrapeptide. 

 

3.3.2.3 Structural study in solution of -dipeptides 

The NMR characterization of the two diastereomeric -dipeptides 41 and 42 was 

performed using a 600 MHz spectrometer, in CDCl3 at a 35 mM concentration. The 

existence of rotamers was expected to be observed by using protected peptides with tert-

butoxycarbonyl groups due to the rotation of these moieties.57 Again, the conformation 

studies with the peptides bearing deprotected -amino-L-proline residues could not be 

performed due to their insolubility. 

The 1H NMR spectra of both -peptides showed the splitting of most of the 

signals, implying the presence of, at least, two conformers in solution (Figure 20). 

Regarding -cis,-cis 41, four different conformers could be observed at 298 K with a 

similar conformational ratio. Interestingly, performing the experiment at 273 K showed 

the presence of eight different conformers, four of them being minor. The -cis,-trans 42 

only showed two different conformers at 298 K with a conformational ratio close to 3:2. 

Lowering the temperature to 273 K promoted the observation of four major conformers 

and four minor conformers, making very difficult the assignment of a conformational 

ratio. Apart from the splitting seen for NH17, the most remarkable splitting was observed 

for protons corresponding to the tert-butyl group on the carbamate, the methyl on the 

ester group and the methyl groups on the cyclobutane moiety. 
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Figure 20. 1H-NMR spectra of dipeptides a) 41 and b) 42 in CDCl3 at 298 K (600 MHz). Numbers 

show the protons with larger chemical shift difference between dipeptides. Dots correspond to 

protons that show the different conformers.  

 

 To understand the different conformations of -dipeptides, sequential TOCs 

were recorded to see the presence of rotations by only focusing on the proline ring signals. 

Regarding 41, the spectrum showed the presence of four major conformations at 273 K 

where the most different signal was for NH17 (Figure 21). If examined in detail, H19, 

corresponding to one of the CH2 of the pyrrolidine ring, turned out to be more 

anisochronous in conformers 2 and 4 than in conformers 1 and 3. Moreover, H21, 

corresponding to the CH2  of the carbonyl group in the pyrrolidine ring, showed a less 

shielded signal for conformers 2 and 4 than for conformers 1 and 3. Finally, focusing on 

H18, which corresponds to the CH  of the amide group in the pyrrolidine ring, a more 

shielded signal for conformers 3 and 4 than for conformers 1 and 2 could be observed.   
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Figure 21. TOC spectra of the different conformers of the -cis,-cis 41 performed at 273 K in 

DMSO-d6 (600 MHz).  

 

Regarding 42, the spectrum showed the presence of 4 major conformations at 273 

K where the most different signal was for NH17 dividing the conformers in two groups: 

conformer 1 and conformer 2; conformer 3 and conformer 4 (Figure 22). The 

conformational analysis was very difficult to be performed, with several overlapping 

signals, probably due to the existence of not very fixed conformations. For example, the 

most remarkable signal to be observed was H18, corresponding to the CH  of the amide 

group in the pyrrolidine ring, observing a more deshielded signal for conformers 3 and 4 

than for conformers 1 and 2. 
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Figure 22. TOC spectra of the different conformers of the 42 performed at 273 K in DMSO-d6 

(600 MHz). 

 

For a more detailed analysis, sequential NOEs were studied in the same conditions 

as performed for -dipeptides in section 3.3.2.1. Figure 23 shows 2D NOESY 

experiments, observing a different NOE pattern depending on whether the proline residue 

was substituted with a cis or trans relative configuration.  

 

 

 

 

 

 

 

conformer 4 

conformer 3 

conformer 2 

conformer 1 
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Figure 23. 2D NOESY experiments in DMSO-d6 at 273 K (600 MHz) focused on H17 and H18 

region. a) 41 and b) 42.   

 

 When having the cis--amino-L-proline residue in peptide 41 (Figure 23a), a 

strong sequential NH17-CH14 NOE with a weak NH17-CH15 NOE was observed for 

conformer 1 and conformer 3. On the other hand, conformer 2 and conformer 4 presented 

a strong NH17-CH15 NOE while having a weak NH17-CH14 NOE. These results, in 

combination with TOCs experiments previously described, indicated that an equilibrium 

of the conformers couples 1/3 and 2/4 is due to a rotation in CH12-NH17 dihedral angle, 

giving different interactions between the methyl groups of the -cyclobutane ring and 

NH17.  
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Additionally, a strong sequential CH18-
 tBu25 was observed for conformer 3 and 

conformer 4, while it was not observed at all for conformer 2 and conformer 1. This 

observation suggested the rotation of the tert-butyl group as expected, previously 

observed for the -peptides. Furthermore, the presence of a hydrogen bond NH17-CO26 

was confirmed (Figure 24a) by observing the chemical shift of NH17 (see Figure 20).  

On the other hand, when the trans--amino-L-proline residue was present in 

peptide 42 (Figure 23b), a strong sequential NOE CH18-
tBu25 and CH18-NH17 signals were 

observed for conformer 1 and conformer 2. However, the first NOE signal was not seen 

for conformer 3 and conformer 4 and the last one was weaker for these conformers. These 

NOEs demonstrated the presence of different conformers due to the rotation of the tert-

butyl group. Secondly, conformer 1 and conformer 2 showed a medium NH17-CH14 NOE 

interaction and a strong sequential NH17-CH15 NOE. Moreover, conformer 3 and 

conformer 4 had a weak NH17-CH14 NOE interaction and a strong sequential NH17-CH15 

NOE. These results made it impossible to distinguish the spatial distribution between the 

couples of conformer 1- conformer 2 and conformer 3- conformer 4, which are mainly 

formed by the CH12-NH17 dihedral angle rotation. Contrary to what was seen for the cis-

-amino-L-proline peptides, no hydrogen bond formation was observed by NMR 

experiments (Figure 24b) by observing the chemical shift of NH17 (see Figure 20). 

Figure 24. Described secondary interactions and the different conformers seen using high 

resolution NMR spectrometry. Red arrows represent the observed NOE patterns and red lines 

represent hydrogen bonds. a) 41 and b) 42.    
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3.4 Summary and conclusions 

In this part of the thesis, eight -CBAA,-amino-L-proline hybrid peptides and 

two -CBAA,-amino-L-proline hybrid peptides were synthesized (Figure 25) in good to 

moderate yields and their folding patterns were evaluated by means of high resolution 

NMR spectroscopy.  

 

Figure 25. Synthesized and studied hybrid peptides.  

 

 Dipeptides containing -CBAA (Figure 26) showed the formation of defined 

hydrogen bonds, promoting the formation of a six-membered intra-residue ring for those 

peptides containing a cis--CBAA (33 and 35) and an eight-membered inter-residue ring 

for the ones containing a trans--CBAA (37 and 39). This hydrogen bond formation 

promoted an extended strand-type folding for those peptides containing a cis--CBAA 

residue and a more compact twisted folding for the peptides bearing a trans--CBAA. 
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Figure 26. Folding patterns observed for dipeptides 33, 35, 37 and 39 by NMR spectroscopy. 

Red-dashed lines represent hydrogen bonds. Red arrows represent NOE interactions.  

 

 The folding patterns in Figure 26 of dipeptides 33, 35, 37 and 39 could be 

extrapolated to their corresponding tetrapeptides 34, 36, 38 and 40, concluding that the 

ordering to generate the secondary structure was driven by the presence of                               

-trans- or cis-CBAA residues rather than either cis- or trans--amino-L-proline, whose 

effect is less important than the given by CBAA.  

Peptides containing -CBAA (Figure 27) showed less defined hydrogen bonds, 

only present when having a cis--amino-L-proline residue with a seven-membered inter-

residue hydrogen-bonded ring (41). For this reason, more conformers were observed 

when NOEs and TOCs experiments were performed at low temperature, with four major 

conformation and four minor ones. On the other hand, the absence of hydrogen bonds 

when having a trans--amino-L-proline residue (42) only promoted the formation of four 

conformers when NOEs and TOCs experiments were performed at low temperature. The 

different conformers of both ,-dipeptides were assigned to the combination of the 

“slow” rotation in the CH12-NH17 dihedral angle and the “quick” rotation of the tert-butyl 

carbamate.   
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Figure 27. Folding pattern observed for dipeptides 41 and 42 by NMR spectroscopy. Red-dashed 

lines represent hydrogen bonds. Red arrows represent NOE interactions. 

 

 As a main conclusion, the revealed importance of the relative configuration of the 

parent amino acids on the folding patterns of the resulting hybrid peptides should allow 

the rational design of new peptides with interesting biological application. Further studies 

in this field are explained and discussed in Chapter 4 of this thesis.  
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4. Synthesis of Hybrid CBAA,-amino-L-proline Peptides as 

Cell Penetrating Agents: Studies in HeLa Cells and Leishmania 

Parasites 

4.1 Introduction 

Membranes of live cells behave as a selective permeable barrier, which regulates 

essential biological processes related to the interaction between subcellular 

compartments, the cell itself and its environment. They are generally formed by a lipid 

bilayer containing lipids from a chemically diverse set, which are present in various 

amounts and proportions.63 The study of molecule transport in living cells through this 

membrane in order to understand both the entry of external substances, like nutrients or 

drugs, and the elimination of toxic compounds generated by subcellular organelles is a 

rising field.64 The cell membrane is only permeable to low molecular weight hydrophobic 

compounds, while charged, hydrophilic and low solubility compounds require some help 

to be translocated inside cells.65  

 The transport control of any compound through the cell membrane is essential due 

to the necessity to promote or prevent the entrance of bioactive molecules that interact 

with a high number of therapeutic targets inside the cell. The main issue with biologically 

active compounds is the low permeability through membranes, which is very difficult for 

molecules with high molecular weight, high number of hydrogen bond donors and 

acceptors or with high lipophilicity. The study of the parameters that rule the permeability 

of biologically active compounds opens a new potential research topic for medical 

treatment.66 To overcome the problem, several techniques have been developed to release 

therapeutic agents in subcellular compartments like microinjection,67 electroporation68 

and the use of liposomes.69 However, these methods have some disadvantages such as 

low efficiency, high toxicity, low bioavailability and low specificity. Thus, 

methodologies involving the synthesis of cell penetrating peptides (CPPs) have been 

developed for several years.70 

 In the last decades, a very huge number of synthetic CPPs have been designed 

using natural peptides and proteins. Peptides have profoundly impacted the development 

of the modern pharmaceutical industry and have contributed significantly to the 

advancement of biological and chemical sciences.71,72  
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CPPs have a great internalization capacity and can be easily modified during their 

building, making them very interesting compounds to be studied in pharmacological 

applications.70 Moreover, the great potential of CPPs relies on their ability to carry and 

release, through the cell membrane, a very wide range of cargo compounds like other 

peptides, proteins, ribonucleic acids, oligonucleotides, drugs, liposomes, plasmids, 

quantum dots or another nanoparticles (Figure 28).73,74  

 

Figure 28. Cargoes that can be attached to CPPs and carried inside cells.  

 

4.1.1 Cell Penetrating Peptides (CPPs) 

Generally, CPPs are short (no more than forty residues) positively charged 

peptides built with basic amino acids, for example, lysine or arginine.75 These peptides 

are able to cross the cell membrane and represent one of the most used non-invasive 

intracellular delivery vectors for cargoes, which can be covalently or non-covalently 

attached to them,76 with a high internalization efficiency and low cytotoxicity, both in 

vitro and in vivo.77,78,79 Since the cell membrane penetration activity of trans-acting 

activator of transcription (TAT) protein from human immunodeficiency virus-1 (HIV-1) 

was reported,80,81 different CPPs have been identified from natural sources such as VP22 

derived from viral capsid protein in Herpes simplex virus Type 1 (HSV-1);82 penetratin 

derived from residues 43-58 of the third helix Drosophila Antennapedia homeobox 

protein;83,84 and transportan, derived from a neuropeptide galanin and mastoparan.85  
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Moreover, CPPs from synthetic sources have been reported such as poly-

arginine,86 model amphipathic peptides (MAP)87 and TP2.88 There are different ways to 

classify cell penetrating peptides based on origin, sequence, chemical charge, binding 

type and, the most used classification, physicochemical properties (Figure 29).89  

 

Figure 29. Classification chart of Cell Penetrating Peptides.  

 

Origin classification is used to define the nature of the CPP. Natural CPPs are 

derived from natural proteins such as DNA- or RNA- binding proteins, viral particle 

envelope proteins or transactivators of gene transcription. Artificial CPPs are those which 

are designed based on the structures of natural-derived CPPs. 

The binding to lipids classification is used to define the interaction of the CPP 

with the lipids in the cell membrane. Primary amphipathic are CPPs with a primary 

structure along with both hydrophobic and hydrophilic residues. Secondary amphipathic 

CPPs have and -helix or -sheet structure upon interaction with a phospholipid 

membrane. Non-amphipathic have high amount of cationic amino acids such as arginine.  

The interaction between cargo and CPP classification define the coupling between 

the therapeutic agent and the CPP: covalent if it is chemically linked or non-covalent 

(charge interactions, hydrogen-bonds, etc.) if complexes are formed.  

 

 

Cell Penetrating Peptides Classification
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The physicochemical properties classification define the chemical properties of 

the CPPs. Cationic CPPs are those with high positive net charges, hydrophobic peptides 

are CPPs with low net charge and amphipathic peptides comprise both cationic and 

anionic peptides with some hydrophobic residues in their backbone. Some CPPs 

examples can be seen in Table 1.73,90 

 

Table 1. Example of CPPS with their corresponding classification.  

Feature Name Origin Sequence 

Cationic TAT48-60 Protein of HIV-1 GRKKRRQRRRPQ 

R8 Synthetic RRRRRRRR 

Amphipathic 

primary 

pVEC Vascular endothelial cadherin LLIILRRRIRKQAHAHSK 

Pep-1 Tryptophan-rich cluster/SV40 

T antigen NLS 

KETWWETWWTEWSQPKKKRKV 

Amphipathic 

alpha helix 

MAP Chemically Synthesized KLALKLALKALKAALKLA 

Penetratrin Drosophila melanogaster RQIKIWFQNRRMKWKK 

Amphipathic 

beta sheet 

VT5 Synthetic DPKGDPKDVTVTVTVTVTGKGDPKPD 

AA3H-PLP Protein of annexin FITC-MASIWVGHRGRRRQQQQQQRRR 

Amphipatic 

proline rich 

Bac 7 (Bac 

124) 

Bactenecin family of 

antimicrobial peptides 

RRIRPRPPRLPRPRPRPLPFPRPG 

Hydrophobic Pep-7 CHL8 peptide phage clone SDLWEMMMVSLACQY 

C105Y  l-Antitrypsin CSIPPEVKFNKPFVYLI 

  

Cationic peptides present few acid residues and a high positive net charge at 

physiological pH, which is critical in cellular uptake.90 The cellular uptake process of 

cationic CPPs, which appears to be independent of receptors, is initiated by the 

electrostatic interaction of the cationic groups present in the backbone with the phosphate 

groups from phospholipids of cell membrane (Figure 30). It has been demonstrated that 

arginine rich CPPs are more effective in cellular uptake than lysine rich ones, since the 

guanidine head group of arginine form bidentate hydrogen bonds with the negatively-

charged cell membrane components.91 However, these indiscriminate interactions 

between cationic CPPs and cell membrane leads to severe toxicity and rapid clearance 

from blood, restricting their clinical applications.  

 



Chapter 4 

 

69 

To solve this, some modifications in the structure of cationic CPPs must be done. 

For example, the inclusion of hydrophobic amino acids with a low net charge.92 The 

hydrophobic motifs can play a critical role in the interaction with hydrophobic domains 

of cellular membranes and enhance the peptide spontaneous translocations across them 

in an energy-independent manner.93 Another important factor to take into account for 

designing a CPP is the folding they adopt in solution. In Chapter 3 it can be seen how the 

folding of the peptides depends on the structure and relative configuration of the different 

amino acids, for example, that of the -amino-L-proline derivative. For these reasons and 

using the knowledge previously obtained in the field, proline-rich peptides (Pro-peptides) 

have been chosen to be studied in this work.  

 

Figure 30. Phospholipid representation composed of a hydrophilic head and two hydrophobic 

tails. The hydrophilic head group consists of a phosphate-containing group attached to a glycerol 

molecule. The hydrophobic tails, each containing either a saturated or an unsaturated fatty acid, 

are long hydrocarbon chains.  
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4.1.2 Proline-rich cell penetrating peptides 

 Proline is one of the 20 genetically encoded amino acids but the only one with a 

secondary amine and a cyclic structure, which constrains its structure. Without 

modification, the proline-rich CPPs generally retain the excellent water solubility 

requisite for in celullo use. Oligoprolines can adopt two different secondary structures 

depending on the environment: polyproline I (PPI) and polyproline II (PPII) helix (Figure 

31).94 PPI has, so far, no known biological relevance, while PPII helices are one of the 

most abundant secondary structures adopted in proteins with -helices and -sheets 

(Figure 31b).56,95 The right-handed PPI helix is the principal conformation in less polar 

solvents and consists of all cis amide bonds that generate a helical pitch of ≈5.4 Å and 

3.3 amino acid residues per turn. The left-handed PPII helix found in aqueous solutions 

has a less packed helix with ≈9.0 Å and 3.0 amino acid residues per turn, has almost ideal 

C3 symmetry along the central screw axis, and contains all trans amide bonds (Figure 

31a).  

 

Figure 31. Representation of polyproline helices.  a) Righ-handed PPI and b) Left-handed PPII. 

 

Due to the existing equilibrium process between both conformational isomers 

(cis/trans), proline-rich peptides can alternate between both structures with a simple 

change in solvent. Modifications in the pyrrolidine ring, especially at the Ccan promote 

one conformation in front of the other.96  
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Moreover, the cellular uptake of oligoprolines can be potentiated with the 

functionalization at the C of the pyrrolidine ring with cationic and hydrophobic 

functional groups to become a molecular scaffold (Figure 27) enhancing their properties 

as CPPs.97,98,99,100 One of the most used modification is the introduction of an amino 

functional group in the -position of the pyrrolidine ring, in order to be used as building 

block in -peptides formation (Figure 27a).101,102 The peptides built with                                  

-amino-L-proline present a significant stability towards the presence of proteases, 

reducing their degradation.103  

 

 

 

Figure 32. Some families of Pro-based CPP: a) proline derived -peptides, synthesized from       

cis--amino-L-proline and functionalized in the N of the pyrrolidine ring; b) amphipathic 

polyproline helix containing side chains modified by O-alkylation of hydroxyl-L-proline 

monomer; c) proline-based dendrimers using a proline-like imidazolidine ring as branching unit; 

d) amphipathic proline rich-peptides, where X=Arg, His, Lys, and n=1 to 3; and e) proline-rich 

peptides from the anti-microbial peptide Bactenecin 7. 
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The other big advantage of CPPs containing -amino-L-proline residues is the 

possibility to modify the N present in the pyrrolidine ring with different groups, 

modulating the physicochemical properties of the final peptide.101,102  

Royo, Albericio and co-workers synthesized a family of -hexapeptides based on 

cis--amino-L-proline, obtaining good internalization values for HeLa cells (cervical 

cancer cells) and COS-1 (cell line derived from monkey kidney tissue), and presenting 

both low toxicity and great resistance to proteases. This work was followed by Dr. 

Carbajo104 and Dr. Pulido105 in their PhD thesis, demonstrating that CPPs with 

guanidinium groups linked to the pyrrolidine ring exhibit a better internalization in HeLa 

cells and Leshmania donovani parasites. This is probably due the amphipathic character 

of proline-rich CPPs (Figure 28 CF-Gp-4, CF-Gp-10 and CF-Gp-11). More recently, 

Wennemers and co-workers have designed oligoproline octamers bearing guanidinium 

groups directly at the Cposition of the pyrrolidine ring, generating a family of 

amphiphilic peptides with defined location of positive charge along the backbone, 

obtaining high efficient cellular uptake.56,102 Therefore, the combination of proline and a 

guanidinium group, generates CPPs with a high uptake ability (Figure 33 Z8 and X8). In 

all these works, the peptides incorporated the 5(6)-carboxyfluoroscein (CF) in order to 

quantify and locate the peptide inside the cell systems due to the emitted fluorescence in 

the green region of this moiety.  
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Figure 33. Some guanidylated proline-rich peptides based on C-modified proline. 

 

4.1.3 CPPs cellular internalization mechanisms 

  Despite numerous studies, internalization mechanisms of CPPs remain 

controversial. It is considered that internalization mechanisms depend on conditions such 

as CPP type, CPP concentration, cargo type, cell type, experimental methodology, and 

other factors, similar to some low-molecular compounds.106,107 Nevertheless, endocytosis 

and direct translocation through the membrane are generally accepted as internalization 

mechanisms (Figure 34).74 Furthermore, it is known that electrostatic interactions 

between CPPs and negative charges, such as proteoglycans or phospholipids, are essential 

for initiating CPP internalization.  
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Proteoglycans constitute a protein heterogeneous group with polysulphate 

glycosaminoglycans polysaccharides (GAG). For example, arginine residues in CPPs 

form bidentate binding to negative charged groups, while lysine residues form 

monodentate binding to them.108,109 

 

Figure 34. Mechanisms of peptide uptake across the cellular membrane. Extracted from Singh 

et. al.110 

  

 For this reason, increasing the number of arginine and lysine residues in CPPs 

improves the electrostatic interaction between the cell membrane and the peptide, 

promoting the internalization.111,112   

Proline-based peptides containing positive charges given by protonated 

guaninidium groups, present either in the C or in the N of the pyrrolidine ring, can act 

in the same way as arginine.56,113 Moreover, work has been done to identify the 

mechanism by which amphipathic Pro-rich CPPs enter cell, determining that a 

contribution of both endocytosis and direct translocation through the membrane happens 

in a determined ratio. This ratio can be changed, as mentioned before, by different 

factors.114,115  
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4.1.4 HeLa Cells 

 HeLa is a cell type in an immortal cell line used in scientific research. It is the 

oldest and most commonly used human cell line (Figure 35).116 The line was derived from 

cervical cancer cells taken in 1951 from Henrietta Lacks, a patient who died of cancer.117 

The cell line was found to be remarkably durable and prolific, warranting its extensive 

use in scientific research.118 In 2009, it was estimated that more than 60 thousand 

scientific articles were published about research done on HeLa cells, with an incredible 

increasing rate of more than 300 papers each month.119 Searching for bibliography in 

Scifinder® one can obtain between 130.000 and 170.000 publications related to this cell 

line. For all these reasons, HeLa cells are the best candidates to perform the initial studies 

of the penetration ability and toxicity of new drugs, compounds and materials.120,121  

 

Figure 35. HeLa cells observed by using confocal microscopy.  

 

4.1.5 Cell Penetrating Peptides used in Leishmania donovani and 

Leishmania pifanoi 

4.1.5.1 Leishmaniasis 

Infectious diseases such as malaria, tuberculosis, filariasis, visceral leishmaniasis, 

leprosy and the contagion of the VIH represent a massive problem to worldwide health. 

The control of these diseases and the eradication of new outbreaks has been a challenging 

study for the public health. Leishmaniasis has been categorized by the World Health 

Organization (WHO) as category-I, which includes emerging and not controlled 

diseases.122  
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In 2010, WHO presented a report describing that more than 350 million people 

were in risk to come down with leishmaniasis, with approximately 2 million new cases 

per year.123 Nowadays, it is estimated that between 700 thousand and 1 million of new 

cases appear every year with 20 to 30 thousand of deaths annually.124 The disease is 

caused by a protozoon kinetoplastid found in Leishmania species belonging to 

Trypanosomatidae family (Table 2).125 This parasitic infection manifests in several 

clinical forms including cutaneous leishmaniasis (CL), mucocutaneous leishmaniasis 

(MCL), diffuse cutaneous leishmaniasis (DCL), visceral leishmaniasis (VL), post-kala-

azar dermal leishmaniasis (PKDL) and leishmaniasis recidivans (LR), being the main 

ones VL, CL and MCL.126 In 2012, WHO estimated that 500 thousand new cases of 

visceral leishmaniasis (the most deadly) appear every year, generally caused by the 

Leishmania donovani and Leishmania infantum parasites.127 Moreover, leishmanial 

infection has become complicated with co-infection of AIDS and it has gained substantial 

importance in HIV-infected people as an opportunistic infection in regions where both 

infections are endemic.128  

Table 2. Principal Leishmania species that affect human beings.   

 Clinical manifestation Species 

Old World, Leishmania subgenre 

Visceral Leishmaniasis 
Leishmania donovani 

Leishmania infantum 

Cutaneous Leishmaniasis 

Leishmania major 

Leishmania tropica 

Leishmania aethiopica 

Diffuse Cutaneous Leishmaniasis Leishmania aethiopica 

New World, Leishmania subgenre 

Visceral Leishmaniasis Leishmania infantum 

Cutaneous Leishmaniasis 

Leishmania infantum 

Leishmania mexicana 

Leishmania pifanoi 

Leishmania amazonensis 

Diffuse Cutaneous Leishmaniasis 
Leishmania mexicana 

Leishmania amazonensis 

New World, Viannia subgenre 

Cutaneous Leishmaniasis 

Leishmania braziliensis 

Leishmania guyanensis 

Leishmania panamensis 

Leishmania peruviana 

Mucocutaneous Leishmaniasis 
Leishmania braziliensis 

Leishmania panamensis 
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Leishmania are intracellular parasites that are transmitted to mammalian and 

infect them by the bites of female sandflies from the Phlebotomus and Lutzomyia genera 

via anthroponotic or zoonotic cycles.129,130 The increase in leishmaniasis incidence and 

prevalence, which is still one of the world’s most neglected diseases, is mainly attributed 

to several risk factors that are clearly man made. Generally, environmental conditions like 

climatic changes, socio-economic status (malnutrition, poor sanitary conditions), 

demographic and human behaviors such as great migration, deforestation, urbanization 

and immunosuppression pose major risks for human leishmaniasis.131,132,133 The 

environmental and the population movements probably lead to alteration in the number, 

range and density of the vector and reservoir and, consequently, may increase human 

exposure to infected sandflies.134 In more developed countries Leishmania affects 

exclusively pets, more specifically dogs.135 

Leishmania parasites are dimorphic organisms: they have two different 

morphological forms in their life cycle (Figure 36). The amastigote form can be found in 

the phagocyte of the mammal guest and promastigotes are located in the digestive organs 

of the vector (sandfly mosquito).136 These parasites invade, through macrophages, 

granulocytes or by direct absorption, different tissues located in the liver, the spleen or 

the bone marrow.137,138   

 

Figure 36. Lyfe cycle of Leishmania parasites. Extracted from Petersen et. al.139 
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 Treatment of leishmaniasis is still a challenge because there are several problems 

such as high cost of drugs, high drug-dosage, incidence and prevalence of drug-resistance, 

side-effects and lack of affordable new antileishmanial drugs.140 On the other hand, 

commonly used drugs do not completely eradicate parasites from infected people, making 

the treatment more difficult by lowering their efficacy and enhancing some of the 

previous cited problems. 141,142 Moreover, one of the main problems is the high cost of 

diagnosis, treatment generally paid by patients and loss of household income.143,144 

 Pentavalent antimonial derivatives (Figure 37a and Figure 37b) have been the first 

line drugs and gold standard in treatment of leishmaniasis disease in humans. Among 

them, sodium stibogluconate (Pentostam®) and meglumine antimoniate (Glucantime®) 

are the most used around the world.145 However, these drugs need long courses of 

administration (up to 30 days) and are very toxic, with several undesirable adverse side 

effects.146 Another resources for leishmaniasis chemotherapy are amphotericin B     

(Figure 37d), pentamidine (Figure 37c), miltefosine (Figure 37f) and paromomycin 

(Figure37e).147  

 

Figure 37. Frequently used antileishmanial drugs. 
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Amphotericin B (Figure 37d) is an antibiotic and antifungal drug showing 

effective antileishmanial activity against different species of Leishmania, usually 

administered as the second line treatment. However, adverse side effects are major 

limiting factors in administration of Amphotericin B.148,149 To overcome these problems, 

liposomal Amphotericin B was created, being less toxic, more bioavailable and better 

tolerated by patients.150  

Miltefosine (Figure 37f) is an alkyl phosphocholine compound used in treatment 

of microbial and fungal infection, cutaneous metastases of breast cancer, solid tumors, 

schistosomiasis and therapy of cutaneous and visceral leishmaniasis.130 Miltefosine is the 

first non-parenteral drug and it can be administered orally and locally in treatment of 

leishmaniasis. However, misuse of the drug, its long half-life of 7 days, inactivation of 

genes responsible in drug uptake and several adverse side effects are some of its 

drawbacks.151,152 

Nowadays, the research is focused in the development of new carriers such as 

nanoparticles153 and liposomes,154 exploring new strategies for the efficient treatment of 

Leishmaniasis. Nevertheless, Leishmaniasis is a complex disease with different clinical 

manifestations and which symptoms vary depending on the parasite species. The 

combination of new drugs, vaccines, delivery systems and better diagnosis tests can be a 

promising approach to cure the disease.136  

 

4.1.5.2 Precedents of conjugated peptides as antileishmanial vectors  

 As mentioned in the introduction of this Chapter, permeability of the biological 

membranes is one of the determining factors in the pharmacokinetic process of a drug. 

For this reason, several bioactive molecules cannot cross the plasmatic membrane, which 

is a drawback for an efficient treatment. As previously explained, CPPs are reliable 

candidates for being used as carrier systems due to their ability to conjugate diverse 

biologically active molecules (covalently or not) and translocate the membrane.155 

Currently CPPs research is mainly focused in drug release treatment in mammal cells but 

some antimicrobial peptide drug candidates are found in the bibliography.156 Moreover, 

peptides with therapeutic approaches against infectious disease are becoming more 

important during the last years.157  



Chapter 4 

 

80 

The function and structure of the plasmatic membrane for Leishmania parasites 

are different from those described for mammal cells, and this has hindered the study of 

CPPs for this protozoa. Andreu and co-workers evaluated the use of peptide conjugates 

(TAT48-60 as carrier and miltefosine as antileishmanial drug) on L. donovani parasites. 

Results showed the capacity of internalization and low toxicity of this conjugate both in 

amastigotes and promastigotes, visualizing the final destination of the antiparasitic 

drug.158 More recently, Velázquez and collaborators synthesized a series of amide-

bridged cyclic peptides derived from the linear prototype Ac-PKIIQSVGIS-NIe-K-NIe-

NH2 by introduction of the lactam between amino acid side chains that are separated by 

one helical turn (i,i+4). The peptides showed good resistance to proteases and potent in 

vitro activity against L. Infantum when conjugated to cationic CPPs.159  

Proline-rich peptides like -peptides CF-Gp-11, CF-Gp-14 and CF-Gp-15 

(Figure 38) showed a high ability to cross the L. donovani parasite membrane compared 

to CF-TAT48-57. However, by the time the quantity of guanidinium groups (with their 

corresponding positives charge) rose, the toxicity became significantly high against 

parasites.105  

 

Figure 38. Chemical structure of previously investigated proline-based -peptides. 
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4.1.6 Cyclobutane-derived peptides 

 As explained in Chapter 2 and 3 of this thesis, our research group has developed 

the stereo- and enantioselective synthesis of non-natural -43,46,160 and -amino acids,3 

incorporating the cyclobutane moiety as conformational restricting element. Using this 

knowledge, a first generation of hybrid peptides built with -CBAA and                                    

-amino-L-proline was prepared by Dr. Raquel Gutiérrez-Abad. In this work, two 

diastereoisomeric series of ,-peptides were prepared alternating enantiomeric -CBAA 

(1S,3R)-71 or (1R,3S)-ent-71 and conveniently protected -cis-amino-L-proline 45, 

(Figure 39).57 

 

Figure 39. -Cyclobutane-based amino acids and -cis-amino-L-proline used for the synthesis of 

the first generation of ,-hybrid peptides.  

 

 As mentioned in Chapter 3 of this thesis, the presence of the -substituted 

cyclobutane scaffold induces the formation of rigid secondary structures with different 

conformations in solution. Moreover, the synthesized ,-peptides (Figure 40) showed 

low toxicity and moderate uptake behavior in HeLa cells, demonstrating that the larger 

the peptide backbone, the better the internalization. Furthermore, the absolute 

configuration of the cyclobutane moiety was not found to be relevant in the peptide ability 

to cross the membrane.  
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Figure 40. First generation of hybrid peptides synthesized using -cis-amino-L-proline 45 and      

-CBAA (1S,3R)-71 or (1R,3S)-ent-71, respectively.57  

 

 Following the previous work, Dr. Esther Gorrea designed and synthesized the 

second generation of ,-hybrid peptides to study the cell penetrating ability in HeLa cells  

depending on the substituent attached to the N of the pyrrolidine ring of the cis--amino-

L-proline residue (Figure 41). None of the synthesized peptides presented toxicity in this 

cell line. The best internalization result was obtained for the peptide containing a five 

carbon spacer attached to the N of the pyrrolidine ring containing a guanidinium group 

in its end (Figure 42h).160  

 

Figure 41. Structures of the second generation hybrid -CBAA,-cis-amino-L-proline peptides.160  
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Thus, the biological study of the hybrid -CBAA,-amino-L-proline hybrid 

peptides manifested that the introduction of the cyclobutane moiety in the peptide 

backbone provided the perfect balance between the positive charges given by the 

accessible guanidinium group (Figure 42h) and the hydrophobicity contribution of the 

proline and cyclobutane carbon rings.  

With all the previous work in the field, Dr. Jimena Ospina, in her PhD thesis,161 

developed two families of -CBAA,-amino-L-proline hybrid peptides. The first family 

was synthesized by combining -CBAA 72 and conveniently protected                                     

-cis-amino-L-proline 73, while the second series was prepared using -CBAA 74 and    

-trans-amino-L-proline 75 joined in alternation (Figure 42).  

 

Figure 42. Monomers used as building blocks for the peptide synthesis.  

 

The synthesis of these peptides was performed using solid phase synthesis (SPS) 

obtaining peptides of different lengths (Figure 43): ones functionalized with CF to follow 

their uptake in both Leishmania parasites and HeLa cells and others as free amines in the 

N-terminus. The peptides containing the -CBAA gave worst results in terms of uptake 

behavior than those containing -CBAA. Furthermore, increasing the length of the 

peptides did not represent a rise in toxicity for HeLa cells and resulted in better uptake 

abilities for both families. Regarding Leishmania parasites, the studies showed 

encouraging uptake results for both families, especially for ,-hybrid peptides in L. 

Donovani promastigotes.  
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Figure 43. Synthesized hybrid CPPs using -/-CBAA and -cis-/trans-amino-L-proline 

moieties, respectively. Lengths varied from hexamers to dodecamers. 

 

  4.1.7 Solid Phase Synthesis (SPS) 

 In solid phase synthesis, the peptide is built through continuous cycles of 

deprotection, coupling and wash (Scheme 10). Due to the necessity of several repetitive 

steps, the use of solid supports presents interesting synthetic advantages such as the ease 

to remove the excess of reagents and by-products by filtration and wash processes. 

 In SPS, the first amino acid, which is N-protected, is coupled through its 

carboxylic acid group to the resin that has a free hydroxyl, chloro or amino group in its 

surface, producing an ester- or amide-group anchored to the resin, respectively. After 

fixing the first amino acid, the peptide sequence is generated lineally from the C-terminus 

to the N-terminus (CN strategy). The growth of the peptide skeleton is performed by 

consecutive cycles of deprotection of the N-terminus (X protecting group), which is 

immediately coupled to the C-terminus of the next amino acid. This process 

(deprotection/coupling) is repeated until the desired sequence is obtained. The functional 

groups present in the side chains of the peptide must be protected with stable groups (Y) 

to the deprotection conditions for peptide elongation.  
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On the other hand, X protecting groups should be labile under mild conditions that 

preserve the integrity of the peptide and prevent epimerization. However, Y protecting 

groups can be used to attach functionalized moieties to the peptide backbone, tuning its 

physicochemical properties. Once the peptide is completely built, the scission of the 

peptide from the resin is generally performed by using HF or TFA, obtaining peptides 

with a C-terminus carboxylic acid or amide, depending on the chosen resin.  

 

Scheme 10. General protocol for peptide building in SPS.  

 

Coupling and deprotection reactions of the N-terminus are followed by means of 

the ninhydrin test (also known as Kaiser test). Ninhydrin reacts with the presence of 

primary amines giving a blue color that can be visually detected. Likewise, coupling and 

deprotection reactions of secondary amines present in the side chains can be monitored 

using the chloranil test. If the resin remains yellowish, there are no free secondary amines, 

while if it turns blue, free secondary amines are found (section 7.5). Peptides cleaved 

from the resin generally require purification and characterization.  
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4.2 Objectives 

 Taking into account the results described in Chapter 3 of this thesis and previous 

results of our group introduced in the present chapter, the stereoselective synthesis of two 

different -cis-CBAA and -amino-L-proline hybrid peptides was proposed (Figure 44). 

Once synthesized, they would be evaluated as potential carriers for delivering cargoes 

across different biological barriers.  

 

Figure 44. Proposed structures of hybrid peptides in this work.  

 

The specific objectives of this part were: 

 The synthesis of the required monomers with their suitable protections to be used 

for the synthesis of the peptides by SPS.  

 The solid phase synthesis of the -cis-CBAA,-cis-amino-L-proline hybrid 

peptides 79, 83, 90, 91 and the -cis-CBAA,-trans-amino-L-proline hybrid 

peptides 92-95 using the Fmoc/Alloc strategy. 

 The solid phase synthesis of TAT48-57 reference peptide with and without 5(6)-

carboxyfluoroscein (CF), 96 and 97, respectively (Figure 45).  
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Figure 45. TAT48-57 reference peptide structure 

 

 The study of the cytotoxicity and cell penetrating behavior of these hybrid 

peptides in HeLa cells, Leishmania donovani and Leishmania pifanoi parasites by 

using MTT assays, flow cytometry and confocal microscopy.  

 The conjugation of a drug to the peptides and evaluation of their behavior as 

potential antileishmanial agents (Figure 47). 

 

Figure 46. Proposed drug-conjugated peptides.  
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4.3 Results and discussion 

The results of this chapter of this thesis are presented in various sections. First, the 

synthesis of monomers with the desired protections to be used in SPS is discussed (section 

4.3.1). Second, the synthesis of the new hybrid -CBAA,-amino-L-proline peptides to 

be studied as CPPs is presented (section 4.3.2). Third, the conjugation of the peptides 

with doxorubicin is reported (section 4.3.3). Finally, the toxicity and uptake behavior 

studies of these peptides in HeLa cells and Leishmania parasites is described (section 

4.3.4 to 4.3.6).  

 

4.3.1. Synthesis of monomers with the required protecting groups 

Considering that both peptide families were synthesized using the Fmoc/Alloc 

strategy, it was necessary to have the three amino acids 72, 98 and 99 N-protected with 

an Fmoc (9-Fluoroenylmethyloxycarbonyl carbamate). Moreover, the protection of the 

N of the pyrrolidine ring with an Alloc (1-Allyloxycarbonil) group was required. The 

side chain (100) should be protected with a Boc protecting group to avoid by-products 

during the synthesis.  

 

Scheme 11. Retrosynthetic analysis of envisaged peptides and monomers required for their 

synthesis.  
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4.3.1.1 Synthesis of -cyclobutane monomer 60 

 -Cyclobutane amino acid 72 could be obtained from previously described -

cyclobutane amino acid 48 (Scheme 12) and following the route developed by the 

research group.160  

 

Scheme 12. Synthetic route to afford -cyclobutane amino acid 72.  

  

 Starting with orthogonally protected amino acid 48, a hydrogenation reaction was 

performed to obtain free amine 101 in quantitative yield. After that, the protection of the 

amine as Fmoc carbamate 102 was achieved by using Fmoc N-hydroxysuccinimide ester 

(Fmoc-O-Su) in presence of NaHCO3 in 81% yield. Finally, with an acidolysis reaction, 

the desired -cyclobutane amino acid 72 was obtained in quantitative yield. 

 

4.3.1.2 Synthesis of -amino-L-proline monomers 98 and 99 

 -Amino-L-proline amino acids 98 and 99 could be obtained from their analogs 

73 and 75 with a simple protecting group change in order to adapt the monomer to the 

chosen resin for SPS of the peptides (Scheme 13).  

 

Scheme 13. Synthetic route to obtain the desired-amino-L-proline derivatives 98 and 99.  
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 The synthesis started with the deprotection of the Boc carbamate at the N of the 

pyrrolidine ring of any of the commercially available -amino-L-proline 73 or 75 by using 

trifluoroacetic acid (TFA) in dichloromethane. After removal of excess solvents and 

reagents, allyl chloroformate in the presence of K2CO3 was added to obtain compounds 

98 and 99 in 90% yield after purification.  

 

4.3.1.3 Synthesis of the side-chain fragment containing the guanidinium group 100 

 The guanidinium-containing side-chain was synthesized through a reaction 

involving two commercially available products, 103 and 104 (Scheme 14).  

 

Scheme 14. Synthesis of guanidinium-containing side chain 100.  

 

 The reaction was performed by combining amino acid 103 with the N, N’-di-Boc-

1H-pyrazole-1-carboxamidine 104 in the presence of triethylamine. After purification, 

the desired compound was obtained in 87% yield.  

 

4.3.2 Solid phase synthesis of the peptides 

 The synthesis of all the peptides included in this thesis was carried out in the 

Combinatorial Chemistry Unit in Parc Científic of Barcelona (UQC-PCB), directed by 

Dr. M. Royo. As stated before, the solid phase synthesis (Figure 47) of the peptides was 

performed by using the Fmoc/Alloc strategy, using the H-rink amide ChemMatrix® resin 

with 0.47 mmol/g functionalization. 
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Figure 47. Solid phase synthesis set-up.  

 

4.3.2.1 SPS of CBAA ,-amino-L-proline hybrid peptides 

Both families containing the cis--cyclobutane amino acid and the cis-/trans--

amino-L-proline were synthesized following the same strategy. The first step was the 

coupling of the chosen -amino-L-proline (cis-98 or trans-99, respectively) to the amino 

function present in the resin using N,N’-diisopropylcarbodiimide (DIC) as coupling agent 

and OxymaPure® as additive. After that, the deprotection of the Fmoc carbamate was 

performed by using piperidine in DMF (2:8) following with the coupling of the -CBAA 

to the first amino acid using PyBOP as coupling agent, OxymaPure® as additive and 

DIPEA as base. The sequence was repeated several times to elongate the peptide chain, 

intercalating the monomers 72 and 98 or 99 (Scheme 15), until reaching the desired 

length, twelve units (dodecamer) or fourteen units (tetradecamer). The coupling and 

deprotection reactions were checked by using the colorimetric Kaiser test (ninhydrin test, 

section 7.5.1). 

 

Scheme 15. Peptidic chain elongation of both peptide series. 
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 Once the desired peptide length was obtained, the removal of the Alloc carbamate 

was achieved by a palladium-catalyzed reduction using Pd(PPh3)4/PhSiH3 (12:0.1) in 

DCM (Scheme 16). By the time the deprotection was checked by using the chloranil test 

(section 7.5.2), side-chain 100 was coupled using DIC as coupling agent and 

OxymaPure® as additive.  

 

Scheme 16. Side-chain alkylation of the previously synthesized peptidic skeleton. 

 

 Each peptidic sequence (dodecamer and tetradecamer) was treated separately. 

First of all, the last Fmoc protection group was removed and then the resin was divided 

in two parts. One part of the resin, with the attached peptide, was used to conjugate the 

peptide to the CF in the N-terminal amino group. The other part of the resin was left 

without performing any modification (Scheme 17).  
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Scheme 17. CF incorporation to the peptide skeleton.  

 

 Finally, the cleavage of the peptide from the resin was achieved by acid hydrolysis 

using a mixture of TFA/TIS/H2O (95:2.5:2.5). With this methodology, tert-butyl 

carbamates present in the guanidinium group were also removed (Scheme 18). Peptides 

were then lyophilized, purified by semiprep-RP-HPLC-MS (section 7.4.2.2) and 

characterized by RP-HPLC-MS and RP-HPLC (sections 7.4.2.1 and 7.4.2.3).   
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Scheme 18. Peptide cleavage from the resin.  

 

4.3.2.2 SPS of reference peptide TAT48-57 

 Reference peptide TAT48-57 (Figure 45) was synthesized using commercially 

available conveniently protected amino acids. The peptidic sequence was built by the 

sequential incorporation of each -amino acid (R-GRKKRRQRRR-CONH2) from the C-

terminus to the N-terminus using DIC as coupling agent and OxymaPure® as additive. 

Cleavage and last protecting group removal was performed in the same conditions as 

described before for ,-peptides. Peptides were then lyophilized, purified by        

semiprep-RP-HPLC-MS (section 7.4.2.2) and characterized by RP-HPLC-MS and RP-

HPLC (sections 7.4.2.1 and 7.4.2.3) obtaining peptides 96 and 97.   

 

4.3.3 Conjugation of the peptides to doxorubicin 

 Doxorubicin is an antibiotic from the anthracycline family, generally used in 

chemotherapy medication for cancer treatment.162 It works in part by intercalating with 

the DNA strands. Some evidences as antiparasitic agent were found years ago.163 

Moreover, doxorubicin is known to be fluorescent, which was crucial for studying the 

peptide uptake in this thesis.  

 The first step to conjugate the peptides to the doxorubicin started in the point when 

the peptide skeleton was built and the last Fmoc carbamate was deprotected.  
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Then, a cysteine residue was attached to the N-terminus and, finally an acetylation 

with Ac2O and DIPEA was performed to protect the -amino group followed by the 

cleavage of the peptide from the resin using the same acidolysis protocol (Scheme 19). 

These peptides were purified by RP-HPLC-MS.  

 

Scheme 19.  Peptide preparation for coupling to the doxorubicin. 

  

In order to link the drug to the cysteine residue present in the peptides, a thioeter 

linkage was required. For this, doxorubicin was previously conjugated to a linker 

containing a maleimide group (Scheme 20).  

 

Scheme 20. Doxorubicin conjugation to SMCC. 

 

Doxorubicin (105) was dissolved in DMF in presence of DIPEA. Then, 

succinimidyl 4-(N-maleimidomethyl)-cyclohexane-1-carboxylate (SMCC-106) was 

added. The reaction was performed in darkness and followed by HPLC-MS. Generally, 

after 1.5 h the reaction was over. The final product 107 was used directly in the next step.  
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 To the solution containing compound 107 obtained in the previous step, 

phosphate-buffered saline (PBS) was added and the pH was adjusted to 6-7 with 1 M 

HCl. Then, the chosen cysteine-containing peptide was added and the mixture was left 

stirring at room temperature, following the reaction by HPLC-MS. The obtained peptides 

108-110 were purified and characterized by HPLC and HPLC-MS (Figure 48).  

 

Figure 48. Synthesized peptides conjugated to doxorubicin, 108-110.   
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4.3.4 Biological studies in HeLa cells of the -CBAA,-amino-L-proline 

peptides 

 Once all the peptides were obtained, biological studies of cell viability (toxicity 

of peptides) and cellular internalization (uptake behavior) were performed. In these 

studies, the length of the peptides, the stereochemistry of the -amino-L-proline residue 

and the inclusion of more positive charges were evaluated. The work performed in HeLa 

cells was done in collaboration with Prof. Carme Nogués and Dr. Nerea Gaztelumendi in 

the Departament de Biologia Cel·lular, de Fisiologia i d’Immunologia at the Universitat 

Autònoma of Barcelona. The eight synthesized peptides in this thesis and TAT48-57 were 

studied at different concentrations.  

 

Figure 49. Structures of studied peptides in this part of the thesis.   

 

4.3.4.1 Toxicity studies in HeLa cells of the -CBAA,-amino-L-proline peptides 

 Cytotoxicity in HeLa cells of the -CBAA,-amino-L-proline peptides was 

evaluated after 24 hours of incubation of the cells in the presence of the peptides. The 

reading was carried out using the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide) assay as described in section 7.6.2.  
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 After the cell treatment with peptides of different length of the two families:            

-cis-CBAA,-cis-amino-L-proline (-CC), -cis-CBAA,-trans-amino-L-proline            

(-CT); the viability in all cases was over 90% in concentrations of 10, 25 and 50 M 

(Figure 50). As can be observed, rising the number of positive charges, directly related to 

the number of guanidinium groups in the peptide skeleton, did not show an increase in 

the toxicity of the peptides.  

 

Figure 50. Cell toxicity of the prepared ,-hybrid peptides and TAT48-57. a) Peptides with 

terminal free amine. b) Peptides conjugated with CF at the N-terminus. The cell viability was 

calculated using the MTT assay with 24 h incubation at three different concentrations. Error bars 

represent the standard deviation (SD) of three independent experiments. 
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 Additionally, it could be observed that the presence of the CF did not interfere 

with the viability in HeLa cells, obtaining the same values than for the peptides with the 

free terminal amino group. The results observed were in concordance with the toxicity 

determined in polyarginine peptides, which presented low toxicity for compounds with 

less than 10 guanidinium residues.164  

 Therefore, it can be concluded that using different stereochemistry in the peptide 

skeleton, rising the number of charges (with more guanidinium groups) and 

proportionally making larger peptides, did not affect the cell membrane integrity and did 

not inhibit the cell proliferation. 

 

4.3.4.2 Uptake behavior in HeLa cells of the -CBAA,-amino-L-proline peptides 

 The ability to cross the cell membrane was determined by flow cytometry, using 

CF as fluorophore group in all of the peptides and TAT48-57. Peptides were incubated in 

presence of HeLa cells for 2 hours, following the procedure described in section 7.6.3. 

After this time, the cells were evaluated before and after adding propidium iodide (PI), 

which is a DNA intercalating agent that was used to discard false positives. In order to 

avoid the reading of possible peptides present outside the cell membrane, the pH was 

adjusted to 6 using 1 M HCl.   

 Analyzing the positive cell population after the incubation with the peptides, it 

could be observed that more than 98% cells presented fluorescence for the different 

peptide families. This result implied that the peptides could internalize in almost all of 

the cells. However, when analyzing the fluorescence of the peptides in front of the 

fluorescence of TAT48-57 (positive control) or CF (negative control) two different 

scenarios were observed (Figure 51).  
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Figure 51. Peptide internalization of the ,-hybrid peptides and TAT48-57 conjugated with CF in 

HeLa cells. Cells were incubated at two different peptide concentration for 2 h at 37 ºC. Error 

bars represent SD of three independent experiments. a) Internalization evaluated using 97 as 

reference (100% signal). b) Internalization evaluated using CF as reference (CF=1). 

 

 Focusing on Figure 51a, it was observed that at 10 M concentration higher values 

of relative peptide internalization were obtained if compared with 25 M concentration. 

This is probably explained due to the fact that TAT48-57 internalized at higher rates at 25 

M concentration (TAT is extremely concentration-dependent in cell uptake)165 and, 

when performing the calculations to obtain the relative internalization of each peptide, 

they showed lower values than for 10 M. This fact could be corrected using the negative 

control CF as can be seen in Figure 51b.  Another possible explanation was the difference 

in the internalization pathways depending on the peptide concentration. At low 

concentration endocytosis is the most probable mechanism of absorption of hydrophobic 

and amphipathic peptides, while at higher concentrations direct translocation is the 

general procedure. The rates to calculate the predominant mechanism can vary depending 

on the CPPs structure and the cell lines.166 Moreover, -CT peptide family showed better 

uptake behavior if compared with the peptides of the same number of amino acids of the 

-CC family. Additionally, looking at values using CF as reference, the uptake of -CT 

peptides turned to be more concentration dependent than -CC ones.  
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 Additionally, images taken by confocal microscopy were used to localize the 

peptides inside the cells using CF as fluorophore group. Incubation of the cells in the 

presence of peptides at 10 M concentration was done for 2 hours, following the 

procedure described in section 7.6.4. CellMask™ was used in order to dye the cell 

membrane in red and Hoechts was used to dye the DNA in blue, generating reference 

points which helped to localize the peptides. In these conditions, the peptide 

internalization was clearly observed (Figure 52). 

 

Figure 52. Confocal microscopy images of HeLa cells incubated with the tetradecamer peptides 

during 2 h at 10 M peptide concentration at 37 ºC after treatment with 1 M HCl. CellMask™ 

colors the plasmatic membrane in red and Hoechst colors the DNA in blue, generating reference 

intracellular areas to facilitate the localization of the peptides. a) -cis-CBAA,-cis-amino-L-

proline tetradecamer conjugated with CF, 91 b) -cis-CBAA,-cis-amino-L-proline tetradecamer 

conjugated with CF, 95. 

a) 14U-CF 91 

b) 14U-CF 95 
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 Obtained images were useful to observe dotted quantities of both ,-hybrid 

peptides 91 and 95 inside the living cells, which suggested endocytosis as mechanism of 

internalization. It has been previously shown that amphipathic CPPs bind with high 

affinity to lipid membranes, because of their hydrophobic nature,167,168 which tends to be 

associated with vesicle formation.169,170 However, charge interaction is important for 

membrane binding of secondary amphipathic CPPs, which are CPPs with random 

conformation in aqueous solution but exhibit defined conformations after binding to 

polyanionic molecules. Therefore, the insertion of this kind of CPPs into the lipid bilayer 

on the cell surface is dependent on the charge interaction.171 The next step in the 

internalization mechanism is mainly dependent on different factors such as peptide 

concentration, peptidic sequence, composition of the lipids in the cell membrane, 

temperature, incubating time, etc.172 

 On the other hand, confocal images of TAT48-57 conjugated with CF suggested 

that both direct translocation and endocytosis were present due the diffuse and punctuated 

quantities of the peptide present inside cells (Figure 53). However, an experimental 

design to explore uptake mechanisms of all of the peptides studies in this work must be 

performed. 

 

Figure 53. Confocal microscopy images of HeLa cells incubated with TAT48-57 conjugated to CF 

during 2 h at 10 M peptide concentration at 37 ºC after treatment with 1 M HCl. CellMask™ 

colors the plasmatic membrane in red and Hoechst colors the DNA in blue, generating reference 

intracellular areas to facilitate the localization of the peptides. 

10 µm 25 µm 
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4.3.5 Biological studies in Leishmania Donovani promastigotes and 

Leishmania Pifanoi amastigotes of the -CBAA,-amino-L-proline 

peptides 

Following the previous work, biological studies of parasite viability (toxicity of 

peptides) and parasite internalization (uptake behavior) were performed. In these studies, 

the length of the peptides, the stereochemistry of the -amino-L-proline residue and the 

inclusion of more positive charges were evaluated. The work performed in Leishmania 

parasites was done in collaboration with Dr. Luis Rivas and Dr. Mª Angeles Abengozar 

of Centro de Investigaciones Biológicas-CSIC (CIB-CSIC) in Madrid. Only the peptides 

containing the CF conjugation (83, 91, 94, 95) and the TAT48-57-CF (97) were studied at 

different concentrations.  

 

4.3.5.1 Toxicity studies in Leishmania Donovani promastigotes and Leishmania 

Pifanoi amastigotes parasites of the -CBAA,-amino-L-proline peptides 

 Cytotoxicity in Leishmania Donovani promastigotes and Leishmania Pifanoi 

Amastigotes of the -CBAA,-amino-L-proline peptides was evaluated after 4 hours of 

incubation of the parasites in presence of the peptides. The reading was done using the 

MTT assay as described in section 7.7.2.  

 After incubation, results showed a decrease in the viability when the concentration 

of the peptide was increased compared to non-treated parasites, in both Leishmania 

Pifanoi amastigotes (Figure 54a) and Leishmania Donovani promastigotes (Figure 54b). 

Also, larger peptides (91 and 93) showed more toxicity than shorter ones (83 and 95) due 

to the rise in the number of guanidinium groups and, proportionally, the number of 

positive charges. This fact was in concordance with previous results in the field.105 

Moreover, the -CT family appeared to be more toxic than -CC one. Furthermore, 

peptides demonstrated to be more toxic in Leishmania Donovani promastigotes (Figure 

54b) than in Leishmania Pifanoi amastigotes (Figure 54a).  
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At the highest concentration (50 M) the viability was calculated to be more than 

50% in all cases for Leishmania Pifanoi amastigotes, while it was less than 50% for all 

cases in Leishmania Donovani promastigotes. More specifically, tetradecameric peptide 

95 of the -CT family was the most toxic peptide compared in this work in both 

Leishmania parasites. The lowest survival value of 24% was obtained for Leishmania 

Donovani promastigotes in 50 M concentration (Figure 54b).  

 

Figure 54. Parasite toxicity of the prepared ,-hybrid peptides and TAT48-57 conjugated with CF. 

The parasite viability was calculated using the MTT assay with 4 h incubation at different 

concentrations using non treated parasites as 100% lecture. Error bars represent the standard 

deviation (SD) of three replicates. a) Leishmania Pifanoi amastigotes b) Leishmania Donovani 

Promastigotes.  



Chapter 4 

 

106 

4.3.5.2 Uptake behavior and cell localization in Leishmania Donovani promastigotes 

and Leishmania Pifanoi amastigotes parasites of the -CBAA,-amino-L-proline 

peptides 

 The ability to cross the cell membrane was determined by flow cytometry, using 

CF as fluorophore group in all of the peptides and TAT48-57. Leishmania Donovani and 

Leishmania Pifanoi parasites were incubated in presence of peptides at 10 M 

concentration for 4 hours, following the procedure described in section 7.7.3. TAT48-57 

was used as positive control for all the experiments.   

As observed in Figure 55, similar results were obtained for both parasites systems. 

Docecamers 83 and 93 had similar fluorescence values than reference peptide TAT48-57-

CF 97. Moreover, tetradecamers 91 and 95 had higher fluorescence values than the 

reference peptide. However, intensity of fluorescence was too low in Leishmania Pifanoi 

amastigotes (Figure 55a) using the same settings as for Leishmania Donovani 

promastigotes (Figure 55c), making it difficult to evaluate the differences between both 

biological systems (relative internalization, selectivity of the peptide, etc).  

On Leishmania Donovani promastigotes both tetradecamers 91 and 95 presented 

a higher fluorescence value, which is proportional to the internalization of the peptide 

(236% and 140%, respectively), than the one observed for TAT48-57-CF.  

This meant that peptides 91 and 95 had a better internalization ability than the 

reference peptide and could be proposed as potential carriers due to their low cytotoxicity, 

as explained in section 4.3.5.1.  
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Figure 55. Fluorescence reading of the ,-hybrid peptides and TAT48-57 conjugated with CF. 

Parasites were incubated for 4 h with a peptide concentration of 10 M at 26 ºC. Error bars 

represent standard deviations (SD) of three independent experiments. a) Raw fluorescence value 

for peptides in Leishmania Pifanoi amastigotes, b) Internalization evaluated using TAT48-57 as 

reference (100% signal) in Leishmania Pifanoi amastigotes, c) Raw fluorescence value for 

peptides in Leishmania Donovani promastigotes, d) Internalization evaluated using TAT48-57 as 

reference (100% signal) in Leishmania Donovani promastigotes. 

 

  Additionally, images taken by confocal microscopy were used to localize the 

peptides inside the parasites using CF as fluorophore group. Incubation of the parasites 

in presence of peptides at 10 M concentration was done for 4 hours, following the 

procedure described in section 7.7.4. 2-(4-Amidinophenyl)-1H-indole-6-carboxamidine 

(DAPI) was used to dye the DNA in blue, generating a reference point which helped to 

localize the peptides.  
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However, the low fluorescence obtained for Leishmania Pifanoi amastigotes in 

flow cytometry made impossible to take images by confocal microscopy of the peptides 

incubated on these systems. Only peptides incubated in Leishmania Donovani 

promastigotes were evaluated in this thesis (Figures 56 and 57).  

 

 

Figure 56. Confocal microscopy images of Leishmania Donovani promastigotes incubated with 

the peptides during 2 h at 10 M peptide concentration at 26 ºC DAPI colors the DNA in blue, 

generating reference intracellular areas to facilitate the localization of the peptides. a) -cis- 

CBAA,-cis-amino-L-proline dodecamer conjugated with CF, 83 b) -cis-CBAA,-cis-amino-L-

proline tetradecamer conjugated with CF, 91.  

a) 12U-CF 83 

b) 14U-CF 91 
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Figure 57. Confocal microscopy images of Leishmania Donovani promastigotes incubated with 

the peptides during 2 h at 10 M peptide concentration at 26 ºC DAPI colors the DNA in blue, 

generating reference intracellular areas to facilitate the localization of the peptides. a) -cis- 

CBAA,-trans-amino-L-proline dodecamer conjugated with CF, 93 b) -cis-CBAA,-trans-

amino-L-proline tetradecamer conjugated with CF, 95. 

 

Figure 56 and Figure 57 corroborated the results obtained by flow cytometry. For 

dodecameric peptides 83 and 93 a dotted uniform distribution in some of the parasites 

was observed, while for tetradecameric peptides 91 and 95 a dotted uniform distribution 

was homogeneously observed.  

a) 12U-CF 93 

b) 14U-CF 95 
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 When compared with TAT48-57-CF 97 (Figure 58), it was clearly observed that the 

synthesized peptides penetrated better in the case of the tetradecamers and similarly to 

TAT in the case of the dodecamers.  

 

Figure 58. Confocal microscopy images of Leishmania Donovani promastigotes parasites 

incubated with the TAT48-57-CF (97) during 2 h at 10 M peptide concentration at 26 ºC DAPI 

colors the DNA in blue, generating reference intracellular areas to facilitate the localization of the 

peptides.  

 

Looking at these encouraging results, it was decided to conjugate a drug to the 

best peptides (91 and 95). The chosen drug was doxorubicin, which could act both as 

antileishmanial agent and fluorophore. More details are explained in section 4.3.6 of this 

thesis.  

  

TAT-CF 97 



Chapter 4 

 

111 

4.3.6 Evaluation as drug delivery agents of the synthesized peptides 

conjugated to doxorubicin in Leishmania Donovani promastigotes 

Using the knowledge obtained in previous studies in this thesis, peptides were 

conjugated to doxorubicin and biological studies were performed to check the parasite 

viability (toxicity of peptides conjugated to drug) and parasite internalization (uptake 

behavior) in Leishmania Donovani promastigotes. In these studies the stereochemistry of 

the -amino-L-proline residue and the effect of the conjugated drug were evaluated. 

Peptides evaluated in this part were those conjugated with doxorubicin (section 4.3.3) 

108, 109 and reference peptide 110.   

 Preliminary studies regarding the parasites viability were performed at different 

concentrations and with different incubation times.  

Generally, it was observed that synthesized hybrid peptides 108 and 109 had a 

more toxic effect towards parasites than reference peptides 110 at both 4 and 72 hours 

incubation (Figure 59). Moreover, at 4 hours incubation, parasites incubated with 

doxorubicin showed higher proliferation activity when more quantity of the drug was 

present. However, at 72 hours incubation, the doxorubicin started to inhibit the 

proliferation of the parasites.  
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Figure 59. Parasite toxicity of the prepared ,-hybrid peptides and TAT48-57 conjugated with CF. 

The parasite viability was calculated using the MTT assay at different concentrations using non 

treated parasites as 100% lecture. Error bars represent the standard deviation (SD) of three 

replicates. a) 4 hours parasite incubation, b) 72 hours parasite incubation. 

  

Looking at Figure 59b, it could be observed that peptides 108 and 109 inhibit the 

proliferation of the parasites after the first hours of incubation at high concentrations       

(25 and 50 M) but did not paralyze the replication of the parasites in the rest of the 

concentrations.  
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With the previous results in hand, a preliminary flow cytometry experiment was 

performed at 5 and 10 M concentrations during 2 and 4 hours (Figure 60). 

 

Figure 60. Fluorescence percentage of the ,-hybrid peptides in relation with TAT48-57 (100% of 

signal) conjugated with doxorubicin. Parasites were incubated for different times with a peptide 

concentration of 5 and 10 M at 26 ºC. Error bars represent standard deviations (SD) of three 

replicates. a) 2 h of parasite incubation, b) 4 h of parasite incubation. 

 

As seen in Figure 60, peptides 108 and 109 had a better internalization value than 

reference peptide 110, with similar tendencies to those seen in section 4.3.5.2. This meant 

that the uptake ability of the peptides was not changed by the addition of the cysteine 

residue, the linker and the conjugation to the doxorubicin. Moreover, it could be seen that 

doxorubicin alone could not enter the cells with the same efficacy than conjugated with a 

peptide. Furthermore, it was seen that rising the time of incubation also rose the 

internalization of the peptides. Overall, the best CPP was 108 with a 250% of 

internalization respective to TAT48-57-Doxo 110 with a 10 M concentration incubated 

for 4 h.  

 Additionally, an experiment was designed to try to explain and understand the 

internalization pathway. In order to do this, Leishmania Donovani promastigotes parasites 

were incubated with peptides conjugated to doxorubicin for 4 h at 26 ºC. After that, the 

fluorescence emitted by doxorubicin was checked and registered. Then, SYTOX (a DNA 

stain marker) was added to the parasites and the fluorescence was registered again in 

order to check the permeability of the parasites membrane.  
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Finally, Triton X-100 (a nonionic surfactant used to lyse cells and permeabilize 

the membranes of living cells) was added and the maximum fluorescence value for all the 

parasites was registered.  
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Figure 61. Fluorescence values of parasites incubated with hybrid peptides and TAT48-57 

conjugated to doxorubicin and doxorubicin alone. Parasites were incubated for 4 h with a peptide 

concentration of 10 M at 26 ºC. Times from 0 to 72 seconds: parasites incubated alone with 

peptides and doxorubicin. Times from 234 to 634 seconds: parasites treated with SYTOX. Times 

from 794 to 1118 seconds: parasites treated with SYTOX and Triton X-100.  

 

 Figure 61 shows the different fluorescence values for all of the studied peptides 

and doxorubicin incubated with parasites. Analysis were made at several times and 

conditions. Looking at doxorubicin, it was seen that both non-treated parasites and 

SYTOX-treated ones gave similar values of fluorescence, which was clearly increased 

when the parasites were lysed using Triton X-100. This suggested that doxorubicin did 

not permeabilize or damage the parasite membrane. Regarding hybrid peptides 108 and 

109, non-treated parasites showed low fluorescence, but SYTOX-treated ones gave 

higher values, meaning that some permeabilization or damage was present in the 

membrane. However, the greatest increment in fluorescence when adding SYTOX was 

observed in TAT48-57 (110). This connoted that the reference peptide seemed to damage 

the parasite membrane more than the hybrid peptides 108 and 109, as the observed 

maximum fluorescence was closer for TAT48-57.  
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4.4 Summary and conclusions 

In this chapter, two families of hybrid -CBAA,-amino-L-proline peptides were 

synthesized and evaluated as potential drug delivery agents in two biological systems: 

HeLa cells and Leishmania parasites. TAT48-57 was used as reference peptide.  

 

Figure 62. All synthesized and evaluated peptides in this part of the thesis.  

 

 Peptides did not show toxicity for HeLa cells at any concentration when evaluated 

using the MTT assay, but were only not toxic at low concentration (≤10 mM) for 

Leishmania Donovani promastigotes and Leishmania Pifanoi amastigotes parasites. 

Moreover, the uptake of the peptides was evaluated by flow cytometry obtaining 

a similar reading. In HeLa cells a moderate penetration of the peptides was observed when 

compared to the reference TAT48-57, while in Leishmania Pifanoi and Leishmania 

Donovani promastigotes the synthesized hybrid peptides resulted to be twice as efficient 

as the reference peptide, obtaining suitable candidates to be used as delivery systems.  
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For this reason, experiments with the peptides coupled to doxorubicin were started 

and some encouraging results were obtained. The toxicity of doxorubicin was enhanced 

when coupled to the hybrid -CBAA,-amino-L-proline peptides and the penetration 

ability was determined to be similar between peptides conjugated with doxorubicin and 

peptides containing the carboxyfluorescein moiety. Moreover, some preliminary studies 

point out that hybrid peptides did not damage the parasite membrane as TAT48-57 did.  

In general, the results encourage to follow with further studies in the field. 

Experiments in different biological systems could be performed to check the preference 

of the peptides for Leishmania parasites in front of HeLa cells and other cellular lines. 

Furthermore, trying to elucidate the penetration mechanism could be of interest to get 

more insight on how these peptides work. Moreover, the toxicity of the peptides in non-

cancer cell should be evaluated.  
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5. Synthesis and Properties of a new Gd3+ Complex with an 

Open-chain Ligand as Potential New MRI Contrast Agent   

5.1 Introduction 

Medical imaging technologies allow to produce visual representations of the 

internal aspect of the body for clinical analysis and medical intervention while remaining 

as non-invasive techniques. Among these one can find, for instance, radiography, 

ultrasonography, echocardiography and magnetic resonance imaging (MRI). The latter 

has become one of the most important and efficient tools in medical diagnosis and 

biomedical research in the last years.173 MRI has been continuously growing since the 

original application and has been combined with drug targeting systems becoming useful 

for monitoring biodistribution, target site accumulation and drug release. In the clinic, 

image guided drug delivery can be used to substantially improve pharmacokinetics, and 

therefore the safety and the therapeutic potential of a drug treatment.174 

 MRI-related techniques were developed in 1970s by physicist Peter Mansfield and 

chemist Paul Lauterbur, who were awarded with the Nobel Prize in Physiology or 

Medicine in 2003. The techniques are based on the Nuclear Magnetic Resonance 

phenomenon, but the word “nuclear” was dropped to avoid negative associations with 

radioactivity and prevent alarm of the patients.175,176,177 MRI is a non-invasive technique 

which does not expose the body to radiation, while providing real-time monitoring of 

molecular events occurring even at the cellular level. In clinical and research MRI, 

hydrogen atoms are most often used to generate a detectable radio-frequency signal that 

is received by antennas in close proximity to the anatomy being examined.  
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Protons are one of the most abundant nuclides in the human body since 60-70% 

of the body weight is made of water and fat. For this reason, MRI is based on the 

measurement of water proton relaxation rates in tissues, providing three-dimensional high 

resolution images (Figure 63).178  

 

Figure 63. MRI Image of a human body.  

  

 Considering 1H as charged rotating spheres which generate a magnetic dipole, as 

consequence of having their own electrical charge and spin, they can precess around the 

axis of a strong and external applied magnetic field, B0. The precession frequency (v0), 

which is described by the nature of the atom and the strength of the magnetic field, is 

called Larmor frequency. Two possible precessions may occur, the one with the magnetic 

moment aligned parallel to the applied field and the one with an anti-parallel orientation 

along the longitudinal axis of B0 (z axis for definition). The predominant orientation 

determines the energy level of the spin, while the resulting net magnetization (M0) is 

originated by the energy difference between these two levels. Taking into account that 

the parallel level is less energetic, more protons are present in this level, making the total 

magnetization vector parallel to B0 (Figure 64). 
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Figure 64. Proton spin in the presence of a constant magnetic field. Net M0 remains parallel to B0 

due to the lower state is more populated.  

  

 The basic NMR experiment consists in applying a radio frequency (RF) pulse, 

induced by a perpendicular magnetic field created by a RF coil, which flips the 

magnetization into the xy plane (Figure 65). By the time the pulse is finished, the system 

returns to the equilibrium, precessing around the z axis and the signal decreases in the xy 

plane.  

 

Figure 65. a) Net magnetization (M0) at equilibrium when the spins are placed in a permanent 

magnetic field B0. b) RF pulse applied, flipping the magnetization (M) to the xy plane. c) M 

precesses around the z axis returning to the equilibrium.   
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 Moreover, at the end of the RF pulse, when the system is returning to the 

equilibrium, the magnetization in the xy plane decreases exponentially with a time 

constant T2 (transverse relaxation time), and the magnetization rises exponentially on axis 

z a time constant T1 (longitudinal relaxation time) (Figure 66).173  

 

Figure 66. Representation of the different relaxation processes. On the z axis (left) and on the xy 

plane (right).   

 

 MRI signal intensity is expressed in gray levels: a high intensity signal appears in 

white and a weak intensity signal turns black or dark gray in T1-weighted images, being 

the opposite in T2-weighted ones (Figure 67). An MR image is obtained by contrast 

between different biological tissues by modifying their intrinsic physical parameters such 

as water proton density (), T1 and T2. Tissues with high longitudinal relaxation rates, 

1/T1, produce higher signal intensity and therefore brighter regions in the image, on the 

other hand the increase in the transversal relaxation times, 1/T2, produce darker regions. 

Diagnostic information can be obtained due to the different relaxation rates and proton 

density present in healthy and damaged tissues. However, these rates are not different 

enough to obtain high resolution images and some external contrast agents are required 

to enhance the contrast of the images, and more important, to reduce the time of clinic 

experiments. 

 

Figure 67. T1- and T2-weighted images of a brain.  
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5.1.1 Contrast agents for MRI 

 Contrast agents (CA) are chemical substances that improve the sensitivity and the 

specificity of MRI experiments.179 The most used compounds are based on paramagnetic 

species containing unpaired electrons such as Gd3+, Mn+2 and Fe3+, but CAs without a 

coordinated metal in the structure can also be found. Contrast agents are divided 

depending on the metal or chemical group that interact with protons present in water 

molecules by exchanging their own protons or the coordinated solvent ones                 

(Figure 68).180 

 

Figure 68. Classification of contrast agents.  

  

 Gd3+-based CAs are those that have a coordinated Gd3+ ion in their structures. 

Iron-oxide nanoparticle-based are contrast agents that contain a nucleus made of iron-

oxide nanoparticles, which are generally coated with another metal. Transition metal-

based CAs are those with a coordinated paramagnetic metal (different of Gd3+) in their 

skeleton. These three families have water directly coordinated to the metals, which is 

exchanged with other water molecules of the medium. Chemical Exchange Saturation 

Transfer (CEST) and Paramagnetic Chemical Exchange Saturation Transfer 

(PARACEST) contrast agents are molecules that exchange their own protons (generally 

attached to NH functions) with the solvent in the medium to relax the protons. 

PARACEST CAs also incorporate a paramagnetic metal in their structure to enhance their 

properties. Finally, fluorine-based contain 19F atoms, which are active in the NMR and 

are currently used for cell tracking and lung imaging. 

Contrast Agents Classification

Gd+3-based
Iron-oxide 

nanoparticle-based
CEST

PARACEST

Transition   
metal-based

Mn2+-based

Fe3+-based

Fluorine-based
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The function of CAs containing paramagnetic species is to reduce relaxation 

times, T1 and/or T2 of the solvent protons that are directly coordinated to the metal and 

then spread this relaxation to the water molecules present in the tissues, enhancing the 

image contrast. On the other hand, if no metal is present in the CA structure, exchangeable 

protons directly bonded to the structure are the ones that performe the function of the 

coordinated solvent.  

 Among all the paramagnetic metal ions, Gd3+ is the most used in contrast agents 

and has been selected for the work described in this chapter. 

 

5.1.2 Gd3+-based contrast agents for MRI 

 Gd3+-based contrast agents present the best effect on T1 due to the seven unpaired 

electrons of Gd, which makes it the most paramagnetic stable metal ion.181 However, Gd3+ 

ion is highly toxic for living organisms (LD50 0.1 mmol/kg), which is contradictory to the 

high doses that are required to inject. This toxicity comes from the possibility of Gd3+ 

ions to interact with different endogenous metabolites and exchange with Ca2+ regulated 

transmissions due to their similar ionic radius.182,183 In order to avoid the toxicity and 

enhance the effect of Gd3+ as contrast agent, the metal is chelated forming 

thermodynamically stable complexes. The best ligands to coordinate gadolinium are the 

ones with O- and N-donor atoms, due to the metal ion preference to form ionic bonds in 

its complexes.184 In order to leave at least one coordination site for the binding of a water 

molecule, the polyamino carboxylate-based ligands used in Gd3+ complexes are usually 

octadentate.  

 The first open-chain complex [Gd(DTPA(H2O)]2- (commercially known as 

Magnevist®) was approved for clinic MRI application in 1988 by the US Food and Drug 

Administration (FDA).185,186 A year later, the macrocyclic complex [Gd(DOTA)(H2O)]- 

was discovered, presenting a higher kinetic inertness (Figure 69).  
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Figure 69. Gd3+ complexes used as MRI contrast agents approved by the US FDA. 

  

As shown in Figure 69, most of the approved MRI contrast agents are compounds 

generated using the first two complexes. Moreover, the only uncharged compound is 

[Gd(DTPA-BMA)(H2O)], which was designed to palliate the pain side effect related to 

the negative charges. However, recent studies have showed that negatively charged 

contrast agents prevent the possible binding of anions present in the body (carbonates, 

sulfates, …).187 The majority of CAs shown in Figure 69 rapidly equilibrate in the 

intravascular and interstitial fluid compartments, called collectively extracellular 

compartment, which demonstrate that they are not specific for any tissue.188 The terminal 

half-life for blood elimination of these agents is around 2 h when administered to subjects 

with normal renal functions.189 The only exception in the list is [Gd(BOPTA)(H2O)]2-, 

which is a CA that is differently biodistributed, improving the image contrast of the brain 

and the liver.190 

 In the last years, Gd3+ toxicity has been studied in more depth due to an upraise in 

the number of patients with nephrogenic systemic fibrosis (NFS), caused by the 

administration of contrast agents containing Gd3+ ions to subjects with renal 

insufficiency.191,192  
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Moreover, some cases of gadolinium deposition in the brain structures and bones 

are reported in bibliography, in which Gd3+ can be observed in bone tissue for more than 

8 years after administration.193 The leaching of Gd3+ and the deposition in the different 

tissues, provoking the disease, seems to have relation with the type of contrast agent used, 

specifically with those with less thermodynamic stability and kinetically labile.194,195 In 

order to prevent the release of the free metal, strong kinetic inertness and high 

thermodynamic stabilities are required to ensure the complete complexation at 

physiological pH.196,197,198,199 

 This inertness is strongly related to the structure of the ligand. Generally, linear 

ligands present faster dissociation kinetics than macrocyclic ligands. Nevertheless, in the 

last years some highly inert linear ligands have been designed, studying the relationship 

between structure and related efficiency-stability.  

 The new designed ligands were based in the incorporation of rigid functions to the 

structure, improving the stability and inertness of the final lanthanide complexes (Figure 

70). For example, Cddadpa ligand, showed high thermodynamic stability and 

unprecedented kinetic inertness for a linear ligand, obtaining comparable results with 

those of some macrocyclic complexes.200 

 

Figure 70. Structures of new and rigid ligands used for complexing Gd3+ that afforded good 

stabilities and inertness.  
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 The incorporation of the picolinate moiety in combination with the use of a cyclic 

structure like the cyclohexane improved the kinetic inertness, showing similar values to 

[Gd(DTPA(H2O)]2-, despite the presence of more than one water molecule in case of 

[Gd(CyPic3A)(H2O)2]-.201, 202 Furthermore, lowering the ligand basicity, for example in 

[Gd(HYD)(H2O)]- with hydrazine functions, was identified as an important factor to 

improve the kinetic inertness.203 

 Taking this into account, new linear open chain-ligands can be developed to 

improve the ones in the market.  

 

5.1.3 Design of contrast agents 

 As stated in this thesis, the understanding of the mechanism of water proton 

relaxation is the most important step when designing more efficient contrast agents. This 

solvent relaxation, when dilute paramagnetic species are present, is described by the 

Solomon, Bloembergen and Morgan theory.204,205,206 In Gd3+ contrast agents, the 

relaxivity (r1) of a contrast agent is the parameter used to measure its efficiency. It is 

defined as the enhancement of the longitudinal relaxation rate of the water protons per 

millimol per liter of paramagnetic compound (Equation 1) 

 

1

𝑇1,𝑜𝑏𝑠
=

1

𝑇1,𝑑
+ 𝑟1[𝐶𝐴] 

Equation 1 

 

Where 1/T1,obs is the observed solvent relaxation rate and 1/T1,d is the relaxation 

rate in the absence of paramagnetic compound and [CA] is the concentration of 

paramagnetic compound in mmol/L.  

 Contrast agents containing Gd3+ rise the relaxation rates of the water protons 

through two different contribution: the inner sphere relaxivity (r1
IS) and the outer sphere 

relaxivity (r1
OS) (Equation 2). The first one, is altered due to the direct bonding of water 

molecules to the metal ion. 
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The second one, is increased by exchange between water molecules of the inner 

sphere and the water molecules of the solvent that diffuse in the environment of the 

complex, propagating the paramagnetic influence.  

 

𝑟1 = 𝑟1
𝐼𝑆 + 𝑟1

𝑂𝑆 

Equation 2 

 

 The outer sphere contribution is not as important as the inner sphere one. The 

difficulty to modulate the random translational diffusion makes harder to control the outer 

sphere relaxivity. Some researchers also consider another contribution, which is called 

second sphere, due to water molecules that are not directly bonded to the metal ion but 

are in the proximity of the complex for a long time.207,208 The presence of carboxylate or 

phosphonate groups forming hydrogen bonds with water molecules present in the 

environment, increases the lifetime of these water molecules in the second sphere thereby 

increasing the probability that they will be relaxed.209,210 However, this contribution is 

usually taken into account in the outer-sphere parameter.  

The inner sphere relaxivity is calculated with Equation 3.  

 

𝑟1
𝐼𝑆 =

1

1000

𝑞

55.5

1

𝑇1𝑚 + 𝜏𝑚
 

Equation 3 

 

q is referred to the number of water molecules directly coordinated to the 

paramagnetic ion. m is the lifetime of the water molecules in the inner sphere (equal to 

the reciprocal water exchange rate, 1/kex). T1m refers to the longitudinal relaxation rate of 

inner sphere protons and is dependent on the rotational correlation time (R), the electron 

spin relaxation times (T1e and T2e) and the exchange rate of the inner sphere water 

molecules (kex).  
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These parameters can be modified in order to enhance the relaxivity:  

 The number of water molecules in the inner sphere, q. The more coordinated water 

molecules to the ion, the higher the relaxivity. However, complexes with high 

hydration levels tend to be less thermodynamically stable, increasing the 

probabilities of having metal leaching. Despite contrast agents with three water 

molecules have been designed, only molecules with one water molecule 

coordinated to the metal are approved for clinical applications.211,212,213 

Furthermore, endogenous anion can replace the water molecules coordinated to 

the metal, decreasing the efficiency of the contrast agent.214 

 The exchange rate between the bound water molecules and the solvent, kex. The 

exchange must not be neither slow nor fast. When having a slow water exchange 

the paramagnetic effect is not transmitted to the solution, while if it is too fast, the 

bound water molecules do not stay the enough time to feel the paramagnetic effect 

of the metal ion. An optimal balance of this parameter is required to maximize its 

effects. 197,215,216 

 The rotational correlation time, R. This parameter describes the molecular 

tumbling of the Gd-water proton vector. The most important parameter and the 

limiting factor of the relaxivity of low molecular and not supramolecular-based 

contrast agents. For small chelates, the higher their molecular weight, the bigger 

is the increase in relaxivity. However, this relation is not maintained for big 

complexes. Some possibilities to optimize this parameter without making bigger 

complexes is the use of macromolecules or large aggregates.217,218 

 Electronic relaxation times, T1e and T2e, and the distance between water protons 

and the metal ion, rGdH. These parameters influence the relaxivity, however, it is 

difficult to modulate them with the structure of the ligand and small success has 

been achieved.  

These important parameters are schematically represented in a Gd3+ complex in 

Figure 71.  
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Figure 71. Schematic representation of the parameters that influence the relaxivity.  

  

These parameters should be taken into account when designing new chelate 

ligands for the study of high efficient contrast agents. Using the Solomon, Bloembergen 

and Morgan equations, the full optimization of all parameters should lead to relaxivity 

values up to 100 mM-1s-1 at 20 MHz field in complexes with one water molecule in their 

inner sphere. Nowadays, commercially available contrast agents are in the range of 4 to 

6 mM-1s-1. This evidence encourages the development and study of ligands and contrast 

agents that can fulfill the needs in the field.  
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5.1.4 Cyclobutane-containing ligands in contrast agents for MRI 

 In our research group, cyclobutane-cored triamines conjugated to 

[Gd(DOTA)(H2O)]- were studied few years ago. The different substitution of the 

complex was found to be an important factor for high relaxivities (Figure 72).161  

 

Figure 72. Previously studied structures of Gd3+ complexes based on cyclobutane-cored triamines 

conjugated with [Gd(DOTA)(H2O)-].   

 

 Both carbamate 111a and p-nitrobenzamide 111b showed lower relaxivity values 

than reference contrast agent [Gd(DOTA)(H2O)]-, whereas N-methylcarbamate 111d 

had an r1 value similar to it. However, the acetamide-based complex 111c exhibited better 

behavior than the reference contrast agent, showing stronger positive contrast 

enhancement on T1-weighted images and higher r1 (Figure 73).  

 Computational studies showed that the different substitutions in the amine 

protecting groups in the cyclobutane side-chains promoted different behavior regarding 

the water exchange rate. The presence of a strong hydrogen bond within the side-chains 

in the structure of 111c induced the formation of an extended conformation, favoring 

water dissociation. On the other hand, molecules containing an aromatic protecting group 

111a, 111b and 111d showed a slow water exchange rate due the hindrance of the 

coordinated water.  
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Figure 73. T1-weighted images and r1 map of phantoms of solutions of 111c and 

[Gd(DOTA)(H2O)]- at various concentrations (left) and calculated structure of 111c presenting 

an extended conformation (right).  

 

 More recently, Dr. Oriol Porcar designed, synthesized and studied two different 

ligands containing the cyclobutane scaffold to conjugate both with Gd3+ and Mn2+ for the 

development of new contrast agents (Figure 74).219  

 

Figure 74. Structure of designed, synthesized and studied ligands by Dr. Porcar. 

  

Results for [Mn(L1)(H2O)]2- showed a relatively good thermodynamic stability, 

but NMRD revealed the presence of free Mn2+, making the complex not suitable for 

clinical applications. Moreover, for [Gd(L1)(H2O)3]- the stability decreased considerably 

due to the presence of free labile water in the inner coordination sphere.  

 

111c DOTA 111c DOTA 

111c  
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However, [Gd(L2)(H2O)2]- showed interesting results in both thermodynamic 

stability (Ki  = 17.4) and relaxivity (r1 = 7.86 mM-1s-1 at 20 MHz and 25 ºC), comparable 

to other bishydrated Gd3+ complexes. Thus, the incorporation of the picolinate function 

played an important role in the properties of these complexes.  

 These results encouraged the group to continue using the rigid cyclobutane 

scaffold for the preparation and further study of new ligands to be used as potential 

contrast agents.  
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5.2 Objectives 

 In this part of the thesis and following the previous results, the synthesis of a new 

chiral cyclobutane-based ligand, L3 was proposed to be complexed with Gd3+ and studied 

as potential MRI contrast agent (Figure 75).  

 

Figure 75. Structure of the new target ligand.  

 

 Observing the number of coordinating centers for L3 (8 sites), it was expected to 

have a theoretical hydration number of 1. Furthermore, the effect of the incorporation of 

a second picolinate moiety with respect to L2 would be rationalized by means of the effect 

of the different hydration number in the stability, the inertness and the efficiency. 

Moreover, the obtained results would be compared with the studies of related contrast 

agents from the bibliography and from our research group. 

The objectives of this part were: 

 The synthesis of the ligand L3 to prepare the corresponding metal complexes. 

 The potentiometric study of the ligand and its metal complexes to understand its 

basicity and thermodynamic stability 

 The study of the exact number of water molecules in the inner sphere, q, under 

different conditions.  

 The study of the relaxivity under different conditions and the physicochemical 

parameters that influence it.  
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5.3 Results and discussion 

 The results of this chapter of the thesis are presented in four parts. First, the 

synthesis of the ligand is described in section 5.3.1. Later, the potentiometric studies are 

explained (section 5.3.2) followed by the luminescence studies (section 5.3.3). Finally, 

relaxometric measurements are discussed (section 5.3.4). All the parameters studies were 

carried out in collaboration with Dr. Éva Jakab Toth from Centre de Biophysique 

Moléculaire in Orléans (France).  

 

5.3.1 Overview of the synthesis of ligand L3  

 Taking into account the experience in our research group preparing cyclobutane-

based diamines and the reactions shown previously in this thesis, the target ligand could 

be obtained following the retrosynthetic pathway shown in Scheme 21.  

 

Scheme 21. General retrosynthetic pathway for ligand L3. 

 

The retrosynthetic pathway for L3 had a key intermediate 112. trans-Diamine 112 

was prepared according to the synthesis previously described by our research group.9 

The synthetic route to obtain L3 was stereoselective and led to the enantiopure 

compound. However it was not as straightforward as one would expect. The synthesis of 

key intermediate 112 and the process to obtain L3 are described in the following pages.  
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5.3.1.1 Synthesis of orthogonally protected trans-diamine 112 

 The synthesis to obtain orthogonally protected trans-diamine 112 could be 

achieved in one step from protected amino acid 56, which synthesis is explained in 

chapter 3 of the present thesis.  

 

 

Scheme 22. Synthesis of key trans-diamine 112. 

 

The orthogonally protected trans-diamine 112 was prepared stepwise by treatment 

of amino acid 56 with ethyl chloroformate and triethylamine, followed by reaction with 

sodium azide. The resultant acyl azide was heated to reflux in the presence of benzyl 

alcohol. The in situ formation of an isocyanide through a Curtius rearrangement and 

subsequent reaction with the alcohol led to the desired trans-diamine 112 in 55% yield. 

 

5.3.1.2 Synthesis of ligand L3 

 Several strategies were tried to synthesize L3, but most of them resulted in the 

generation of undesired byproducts or in the degradation of the reactants. The first 

thought was to insert the picolinate groups by two consecutive reductive aminations     

(Scheme 23). 
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Scheme 23. Attempt to synthesize 118 by a reductive amination.  

 

 Starting from trans-diamine 112, a catalytic hydrogenation was performed to 

obtain free amine 115 in quantitative yield. Then, a reductive amination was performed 

by using aldehyde 114, previously synthesized by a partial reduction of 113, and NaBH4 

as reductive agent to obtain 116 with a 70% yield. After that, an acidolysis reaction was 

carried out, followed by a neutralization using Na2CO3, obtaining amine 117 in 

quantitative yield. Finally a second reductive amination was tried to obtain functionalized 

trans-diamine 118. Unluckily, the product was not obtain and starting material was 

recovered. This reaction was also tried by starting with the deprotection of the amine with 

the Boc protecting group and by the double deprotection of the amines, followed by a 

double reductive amination. The results of the reactions were the same.  

 Expecting that the problem could come from the reaction mechanism of the 

reduction amination, a second strategy was envisaged, in where the first picolinate group 

was introduced by a reductive amination, and the next one could be added by alkylation, 

expecting a high steric hindrance due to the presence of the first picolinate (Scheme 24).  
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Scheme 24. Second synthetic route to obtain product 118. Using this procedure only products 

120 and 121 were obtained.  

 

 Starting from previously described amine 116, an alkylation reaction was carried 

out using chloride 119, prepared through the mono reduction of 113 followed by a 

chlorination, in the presence of KI and DIPEA. Unfortunately, product 118 was not 

obtained, but tri- and tetrasubstituted, 120 and 121 respectively, were achieved.  

 Confirming that the alkylation of the amines was not a valid option, a third strategy 

was attempted from a different point of view: the direct alkylation of the carbamates. The 

nitrogen of a carbamate is not unreactive at all and there are some precedents in the 

bibliography where this reaction is performed.220 First of all both amines should be 

protected in the same way and benzyl carbamate was chosen for this. After that, an 

alkylation was tried (Scheme 25). 

 

 

 



Chapter 5 
 

 

141 

 

 

Scheme 25. Synthetic pathway to obtain alkylated carbamate 125. Yields vary depending on the 

used base.  

  

 Double benzyl carbamate 123 was obtained, in 58% overall yield, using benzyl 

chloroformate at 0 ºC after the synthesis of the free amine 122 by means of an acidolysis 

reaction of 112. Then, the direct alkylation of the carbamates was performed using tert-

butyl bromoacetate, TBAI and a base. A first attempt was performed using DMF and 

Cs2CO3 as base, but after a week only 6% of the desired double alkylated product 125 

was obtained. Then, a stronger base (NaH) was used in THF, obtaining 125 in 62% after 

72 h of reaction. In both processes a 21% of monoalkylated carbamate 124 was obtained. 

Starting material 123 was also recovered in different quantities.  

 After achieving 125 in good yield, the synthesis was followed as seen in Scheme 

26.  
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Scheme 26. Synthetic route to obtain ligand L3.  

 

 Starting from 125, a catalytic hydrogenation was performed to obtain alkylated 

trans-diamine 126 in quantitative yield. Then, an alkylation reaction was performed in 

order to attach the picolinate unit to both branches by using 119, KI and DIPEA in 57% 

yield. After that, removal of the methyl ester by saponification using lithium hydroxide 

followed by acidolysis of tert-butyl esters produced L3 in 70% yield.  

 

5.3.2 Potentiometric studies 

 pH-Potentiometric titrations were carried out to study both the protonation 

constants of L3 and the stability constants of the formed metal complexes with different 

metal ions (Gd3+, Mn2+ and Zn2+). This method is widely used to describe the equilibrium 

processes metal complexes of polyaminopolycarboxylate ligands in solution. It can only 

be used if the equilibrium is quickly reached, which is a feature that is generally attributed 

to linear ligands, but not to macrocyclic ones.  
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In order to understand and discuss the results obtained during the experiments, L3 

was compared with both L1 and L2 and with different linear ligands from the 

bibliography (Figure 76).199,200,221 

 

Figure 76. Structure of ligands described in the bibliography and synthesized in our research 

group as part of RMI contrast agents.  

 

 Two different factors influence the proton concentration of an aqueous solution 

containing a metal complex: the protonation constants of the ligand and the interaction 

between the metal ion and the different protonated species of the ligand. For this reason, 

comprehension of the ligand protonation constants is fundamental for determining the 

stability constants of the metal complexes. 

 Protonation constants of ligands, Ki, stability constants of complexes, KML and 

protonation constants of complexes, KMHiL are described and defined in Equations 4-6.  

 

𝐾𝑖 =
[𝐻𝑖𝐿]

[𝐻𝑖−1𝐿][𝐻+]
 

Equation 4 
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𝐾𝑀𝐿 =
[𝑀𝐿]

[𝑀][𝐿]
 

Equation 5 

𝐾𝑀𝐻𝑖𝐿
=

[𝑀(𝐻𝑖𝐿)]

[𝑀(𝐻𝑖−1𝐿)][𝐻+]
 

Equation 6 

 

 Where [M], [L] and [ML] are the equilibrium concentrations of free metal ion, 

deprotonated ligand and deprotonated complex, respectively.  

 First of all, it was taken into account that the equilibrium should be reached rapidly 

to study protonation and stability constants by pH-potentiometry. Then, to avoid dilution 

effects, only the first base-based titration was considered to calculate the protonation 

constants of the ligand, which were calculated using computer software Hyperquad 2008 

considering equations 4-6.222 Once the ligand was studied, the stability constants of the 

metal complexes of L3 were also determined from direct potentiometric titrations, as the 

complex formation was fast (Figure 77).  
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Figure 77. Potentiometric pH titrations curves for ligand L3 in the absence (black) and in the 

presence of some metal ions at 1:1 metal/ligand ratio: Gd3+ (red), Mn2+ (blue) and Zn2+ (green). 

[M] = [L] = 2 mM + 0.1 M KCl, 25 ºC in N2 (1 atm).  
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These experiments were carried out using the same conditions as with the free 

ligand, but containing 1 equivalent of metal cation (Gd3+, Mn2+ or Zn2+). At least 2 or 3 

independent experiments were carried out to determine these values. The results are 

shown in (Table 3). 

Observing Figure 77 it is clear that in the presence of a metal, the equivalence 

point of the curves was shifted to higher concentrations of NaOH, which indicates the 

formation of the metal-ligand complexes. This shift was also used to corroborate the 

concentration of the ligand stock solution, which was equal to the calculated before the 

experiments. The titration curve was cut before reaching pH 10 due to the precipitation 

of a solid, which could be attributed to the formation of an insoluble hydroxo complex. 

To calculate the stability constants and the protonation of the complexes, titration curves 

were refined using the same computer software Hyperquad 2008 used before.222 All the 

collected data is shown in table 3.  

 Experiments showed five protonation constants for L3, the same as for L1 and 

L2. Dr. Porcar determined that the two first logKi values for L1 could be attributed to the 

protonation of the two amines, followed by the protonation of the carboxylate functions.  

However, the same correlation of protonation constants for L2 could only be 

hypothesized to be the same as L1, due to the addition of the picolinate function. The 

same can be applied in the case of L3. For example, in the studies of a ligand containing 

a pyridine ring, the protonation of the pyridine function was not observed in the typically 

studied pH-range (2-12).201 In fact, the incorporation of a second pyridine in L3 lowered 

even more the first protonation constant if compared with L1 (0.77 units of logK), but its 

global basicity was 3.17 units of logK  higher. 

 Looking at related ligand constants, it can be observed that L3 has a lower first 

protonation constant than Cddadpa, but higher than octapa. L3 and Cddadpa showed 

equivalent values when comparing the total basicity, 3 units of logK higher than octapa. 

This effect could be attributed to the rigidity given by both the cyclohexyl and cyclobutyl 

units compared to the ethylene bridging unit, which is more flexible. Comparing the 

results obtained for L3 those for DTPA it can be seen that both the first protonation 

constant and the total basicity were lower for the studied ligand.  
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Table 3. Protonation constants and standard deviations of L3 and stability constants of its metal 

complexes (25 ºC, l = 0.1 M KCl). Results of ligands found in the bibliography and previously 

studied complexes are also shown. Numbers between parentheses represent the error of the 

measurements.  

  

 L1 L2 L3 octapa199 Cddadpa200 DTPA221 

log K1
H 9.66 (0.01) 9.58 (0.02) 8.89 (0.03) 8.52 9.35 9.93 

log K2
H 5.84 (0.01) 6.00 (0.04) 6.61 (0.05) 5.40 5.66 8.37 

log K3
H 3.06 (0.02) 3.78 (0.04) 4.26 (0.06) 3.65 4.20 4.18 

log K4
H 2.08 (0.03) 2.32 (0.05) 2.97 (0.06) 2.97 3.72 2.71 

log K5
H 1.71 (0.08) 2.07 (0.05) 2.79 (0.06) 1.66 2.62 2.00 

 log Ki
H 22.35 23.75 25.52 22.20 25.55 27.19 

log KGdL 14.73 

(0.01) 

17.41 

(0.01) 

18.00 

(0.02) 

20.23 20.68 22.03 

log KGdHL 2.36 (0.03) 2.35 (0.02) 3.28 (0.03) - 2.38 1.96 

log KMnL 10.26 

(0.01) 

14.71 

(0.01) 

15.81 

(0.07) 

14.32 - 14.54 

log KMnHL 4.07 (0.02) 3.25 (0.01) 3.60 (0.05) 2.90 - 4.37 

log 

KMnH2L 
- 

- 3.35 (0.05) - - - 

log KZnL 12.26 

(0.01) 

15.22 

(0.01) 

16.28 

(0.05) 

19.32 15.85 17.45 

log KZnHL 4.10 (0.01) 3.78 (0.01) 4.00 (0.04) - 3.81 5.08 

log 

KZnH2L 

- - 3.41 (0.04) - - - 
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The complex formed by Gd3+ ion and L3 presented a nonprotonated and a 

monoprotonated mononuclear complex species. However, the complexes formed by 

Mn2+ and Zn2+ and L3 presented the same species as the Gd3+ with the addition of a 

diprotonated mononuclear complex specie. This behavior was not only completely 

different from that observed for L1 and L2, but also from the bibliography ligands. These 

mono- and diprotonated complexes were observed at low pH and could be attributed to 

the protonation of a non-coordinating carboxylate function.  

All the stability constants (logKi) obtained during the experiments of Gd(L3), 

Mn(L3) and Zn(L3) were higher than those for both L1 and L2 ligands, which can be 

easily explained looking at the structure and the one or two extra coordinating sites, 

respectively, which L3 has. Comparing Gd(L3) stability constant with other ligands 

values showed differences of 2.23 units lower than Gd(octapa), 2.68 units lower than 

Gd(Cddadpa) and 4.03 units lower than Gd(DTPA), which may point that the 

distribution of the coordinating sites, mainly ruled by the rigidity given by the 

cyclobutane scaffold, could not be appropriate to fit the metal. However, this behavior 

was not observed on the Mn(L3), which had the highest stability for all the ligands, 

indicating that there is not a correlation between different metals and ligands. 

Unfortunately, the Mn(L3) complex is not interesting for MRI applications, because it 

should not have any water molecule directly coordinating the metal, but it was helpful to 

gain some insight about structure and stability.  

 Results in the bibliography have demonstrated that in vivo toxicity of Gd 

complexes is caused by the release of Gd3+ ions, which can be promoted by the 

transmetallation with endogenous cations, such as Zn2+, Cu2+ or Ca2+.173,223,224 

Fortunately, Gd(L3) stability constant was higher than Zn(L3), preventing the 

transmetallation with Zn cations, which is a crucial parameter for clinical applications.  

 Studies of the species distribution in function of the pH were also carried out to 

rationalize in which range of pH the complexes were thermodynamically stable. Species 

distribution plots were calculated using the experimental protonation and stability 

constants using the computing software HySS (Figure 78).225 
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In Figure 77, the representation of the molar fraction of the species of different 

systems in function of the pH was done. For example, L3 in water at pH = 7.3 (close to 

the physiological pH) is in 81% in its monoprotonated specie (L3H3-) and 17% in its 

diprotonated form (L3H2
2-). Although it is not represented, the fully deprotonated form 

(L34-) was observed in a 99.5% distribution at a pH above 11.3.   

 

Figure 78. Species distribution curves of the ligand. a) in absence of metal, b) with Gd3+, c) with 

Mn2+, d) with Zn2+. 

 

 Using the species distribution curves, the pH range in which these complexes 

could be stable enough to be used can be determined. This is a key factor to ensure that 

no free metal species are found during structural and relaxometric studies, which may 

lead to erroneous values during the experiments. These curves were calculated 

considering one equivalent of ligand and metal, but it should be mentioned that the 

addition of more ligand equivalents could be a good solution in the case a complex was 

not stable for its study at the desired pH. Quantitative results are shown in Table 4.   
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Table 4. pH ranges where complexes were thermodynamically stable and molar fractions in 

percentage of the complexes at pH = 3, 5 and 7.  

a pH values at which molar fraction of complexes were higher than 99%. Beyond pH = 10 it was 

not determined.  

 

 As seen in Table 4, the Gd complex had a wider usable pH range, followed by Mn 

and Zn complexes. None of the complexes were completely stable at pH = 5, but Gd(L3) 

was the most stable at this pH. As mentioned in the previous page, these pH ranges were 

taken into account to perform the structural and relaxometric studies.  

 

5.3.3 Luminescence studies for determining q 

 Luminescence spectroscopy was used in order to analyze the number of water 

molecules directly coordinated to the metal ion, q. Since this parameter is linearly 

proportional to the relaxivity of the inner sphere, determining q in aqueous solution was 

crucial to explain the aspects that control the relaxivity.173 This parameter can be 

determined using different methodologies specific to lanthanide complexes, but none of 

them can be directly applied to Gd3+ complexes with accuracy.  

  

 

 

Complex Stability ML 

pH rangea 

Complex ML 

(pH = 3) 

(%) 

Complex ML 

(pH = 5) 

(%) 

Complex ML 

(pH = 7) 

(%) 

Gd(L3) 5.3-10 38.5 98.3 100 

Mn(L3) 5.6-10 9.3 96.4 99.9 

Zn(L3) 6.0-10 3.6 91.5 99.9 
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The most used alternative method consists on measuring the luminescence 

lifetime of solution of Eu3+ and Tb3+ chelates by luminescence spectroscopy, in order to 

determine the hydration number of lanthanide complexes.226 Although most of 

lanthanides ions present luminescence, some of them have higher emission due to 

differences between the excited and the ground state of each one. Among all lanthanides, 

Eu3+ and Tb3+ are the most used, because their emission is in the visible range and their 

luminescence lifetimes are long, in contrast to Gd3+.181,227 Moreover, Eu3+ and Tb3+ are 

near Gd3+ in the periodic table, so similar physicochemical properties are expected 

(especially comparable ionic radius). For this reason, applying these methodologies to 

their chelates was expected to give a good estimation for the hydration number of the 

corresponding Gd3+ complex. 

Horrocks and Sudnick proposed a method that consists in the measureament of 

luminescence lifetimes of excited states of Eu3+ and Tb3+ in separated solutions of H2O 

and D2O.228,229 The decay of the excited state of the lanthanide ion is promoted by an 

efficient non-radiative pathway provided by the OH oscillators of coordinated water 

molecules. The pathway is less efficient in the case of OD oscillators of coordinated D2O 

molecules, making more difficult to reach the ground state. The difference between the 

efficiency of both oscillators is directly related to the number of water molecules 

coordinate to the lanthanide ion. The following empiric equation (Equation 7) is used to 

calculate q from the differences of luminescence decay lifetime in H2O and D2O, H2O 

and D2O. 

𝑞 = 𝐴 (
1

𝜏𝐻2𝑂
−

1

𝜏𝐷2𝑂
− 𝐵) 

Equation 7 

 

 Where A is a specific constant for each lanthanide ion related to the efficiency of 

this ion to decay and B is a correction factor when polyaminopolycarboxylate-based 

ligands are present. These empirical constant take values of A = 1.2 and B = 0.25230 or A 

= 1.11 and B = 0.31,231 both for Eu3+.  
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In this thesis, the luminescence decay lifetime of Eu(L3) was recorded to study 

the number of water molecules directly coordinated to the metal, q. The results would be 

extrapolated to Gd(L3). In order to perform this study, the absorption, emission and 

excitation spectra of Eu(L3) were recorded to check the maximum wavelength at which 

the decay lifetime would be registered.  

The absorption spectrum showned a single band due to the combination of a -* 

and n-* transitions of the picolinate functions. The maximum in the excitation spectrum 

was at 268 nm. The addition of the picolinate functions produced a more efficient 

excitation, obtaining a higher emission of Eu3+. The emission spectrum of Eu(L3) showed 

5D0
7FJ      (J = 0 – 4) transitions with maxima at 616 nm expected for this metal ion. 

Then, the decay of the emission intensity was recorded at 616 nm, following an excitation 

at 268 nm. Luminescence lifetimes and q values of Eu(L3) compared to those obtained 

for Eu(L1) and Eu(L2) are shown in Table 5. These experiments were carried out in 0.2 

mM concentration of complex in 0.1 M Hepes buffer with pH and pD = 7. 

 

Table 5. Luminescence lifetimes () of Eu(L1), Eu(L2) and Eu(L3) complexes and number of 

water molecules coordinates (q) to Eu3+ ion.  

qa obtained from Equation 7 with A= 1.2 and B = 0.25. qb obtained from Equation 7 with A= 1.11 

and B = 0.31.  

 

 As shown in Table 5, the luminescence lifetime value for Eu(L3) in D2O was 

much higher than that in H2O, following the same pattern than the previously studied 

ligands.  

  

Complex  H2O (ms)  D2O (ms) q a q b 

[Eu(L1)]- 0.241 0.760 3.1 2.8 

[Eu(L2)]- 0.405 2.16 2.1 1.9 

[Eu(L3)]- 0.544 1.984 1.3 1.1 
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 It has to be remarked that, in general, the hydration values (q) obtained with 

Beeby’s constants230 were slightly higher than expected, while using Horrock empirical 

constants showed lower values than the theoretical ones.231229 Nevertheless, the values 

obtained were around the expected value of q for all the ligands. Thus, for Eu(L1) and 

Eu(L2) the calculated number of water molecules (q) was considered to be 3 and 2, 

respectively. For Eu(L3) both hydration values were above the theoretical number of 

coordinated water molecules, 1. The method employed to measure these values is not 

exact and its error is inside the decimal deviations, which may point to 1 coordinated 

water for Eu(L3). Another possibility is the spontaneous loss of a coordination site with 

the metal ion, which promotes the coordination of a second water molecule in some of 

the formed complexes. This phenomenon was observed in the analogous Eu(cddadpa) 

and the hydration value was considered to be 1.200 Further experiments must be performed 

to confirm the hydration value (q).   

 In conclusion, and assuming that q = 1 for Eu(L3), the Gd3+ ion in this complex 

has 9 coordinating sites, 8 of them occupied by L3 and 1 water molecule (Figure 79). 

 

Figure 79. Structure and q value of [Gd(L3)(H2O)]-. Charges are omitted for clarity of the 

drawing.  
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5.3.3.1 Anion binding studies 

 Studying the possibility that endogenous anions replace water molecules 

coordinated to the metals is crucial to investigate the potential of a ligand in in vivo 

applications. Although this experiment is generally performed with unsaturated 

lanthanide complexes that contain more than one inner-sphere water molecules, the 

possibility that more than one water is coordinated in Gd(L3), explained in the previous 

page, could be checked by this technique. The complexes are able to bind relevant anions, 

such as carbonate, phosphate or citrate to form ternary complexes, which require the 

replacement of one or more water molecules coordinated to the Gd3+ ion.232,233 In fact, 

the relaxivity of the molecule is drastically decreased if one or more water molecules are 

displaced by an ion, which is not desirable in a biological environment.234 For example, 

the relaxivity of the macrocyclic Gd(DO3A) complex, which contains 2 water molecules, 

decreases to the half in the presence of different anions.235 However, there are examples 

in the bibliography where Gd3+ linear complexes with two water molecules do not bind 

anions or the binding is very weak.236 This could be possible due to two different factors. 

The first one is explained by the electrostatic repulsion between the negatively charged 

complex and the anions.202 The second is related to the non-adjacent positions that water 

molecules occupy in the inner sphere around the metal.237 

 There are different methodologies to study the anion binding, like measuring the 

relaxivity or the luminescence decay lifetimes in the presence of different equivalents of 

anions. In this thesis, the luminescence lifetime of the Eu(L3) complexes in H2O and D2O 

was measured in the presence of carbonate and phosphate, in order to check the formation 

of ternary complexes. These two anions are generally responsible for the relaxivity 

decrease in biological media. Moreover, the interaction with the metal is different from 

each other: phosphate has been demonstrated to interact in a monodentate way, while 

carbonate binds in a bidentate manner. The decays of the emission intensity of Eu(L3) in 

the presence of 10 and 50 equivalents of carbonate and phosphate were independently 

recorded in H2O and D2O. 50 equivalents are above the physiological concentrations of 

this anion in human plasma. The same conditions used in section 5.3.3 for determining q 

in the absence of anions were applied, but in this case, the pH was shifted to 7.4. The qa 

values in the absence and presence of anions are shown in Table 6.  
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Table 6. qa Values of Eu(L3) in the absence and presence of 10 and 50 equivalents of phosphate 

and carbonate, respectively.  

qa obtained from Equation 7 with A = 1.2 and B = 0.25. 0.20 mM EuL, 0.1 M Hepes buffer, pH 

and pD = 7.4, 25 ºC.  

 

 As can be appreciated in Table 6, the resulting q values of Eu(L3) did not show 

any decrease with the addition of 10 or 50 equivalents of phosphate or carbonate. With 

these results, the formation of ternary Eu3+ complexes with these anions was excluded 

and the same behavior for Gd(L3) complex should be expected. Moreover, the possibility 

that a second water could be coordinated to the metal in a near position, which would 

have led to the binding of the anions was discarded. Nevertheless, the scenario where two 

water molecules are coordinated in a far position from the other one, is not totally 

dismissed. To check this possibility X-ray diffraction analyses would be required to get 

more insight of the presence of several water molecules in the complex. Unfortunately, 

unsuitable crystals were obtained. 

In summary, the experiment concluded that Gd(L3) is stable in front of the action 

of endogenous anions and thus, suitable for biological experiments without suffering any 

relaxivity decrease.  

  

 q a values 

Complex 
Anion free 

 

phosphate carbonate 

10 eq 50 eq 10 eq 50 eq 

[Eu(L3)]- 1.3 1.3 1.2 1.3 1.3 
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5.3.4 Relaxivity studies 

 As stated in the introduction of this chapter, relaxivity (r1) defines the efficiency 

of a contrast agent (CA) used in MRI. This parameter can be defined as the enhancement 

of the longitudinal relaxation rate of the water protons per millimol per liter of 

paramagnetic compound (see Equation 1). 

 Different physico-chemical parameters regulate the relaxivity, including electron 

relaxation parameters, rotational correlation times and water exchange rate. In order to 

obtain realistic and contrasted results, the studies and determination of these parameters 

should be done independently. In this part of the thesis, the relaxivity and the parameters 

that govern it for Gd(L3) were studied by proton nuclear magnetic relaxation dispersion 

(1H NMRD) profiles and temperature-dependent 17O NMR. Simultaneously using both 

techniques, the parameters were calculated. In the following pages, the results of both 

techniques are discussed. 

 

5.3.4.1 NMRD Profiles 

 The representation of the relaxation rates or relaxivity in function of the applied 

magnetic field (B0) or the Larmor frequency in a logarithmic scales shown in 1H NMRD 

profiles. Several parameters affect the relaxivity of a proton such as temperature, sample 

composition, pressure and magnetic field. NMRD profiles are useful tools to separate the 

interaction mechanisms and dynamics that influence the relaxation. All the equations and 

parameters that describe the relaxivity are explained in detail in section 7.11.  

 NMRD profiles of Gd(L3) were recorded in aqueous solution at 25 ºC, 37 ºC and 

50 ºC in the frequency range of 0.04 to 80 MHz, which correspond to magnetic fields of 

9.4·10-4 T to 1.9 T, respectively. To ensure the complete complexation and avoid the 

presence of free Gd3+, which would have affected the results, an extra amount of ligand 

(more than 1:1 metal-ligand ratio) was added. The 1H NMRD profile of Gd(L3) is shown 

in Figure 80. 
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Figure 80. NMRD profiles of 2.13 mM Gd(L3) + 5% L3 at 25 ºC (black), 37 ºC (red) and 50 ºC 

(blue) at pH = 7.  

 

 It was observed that an increase of the temperature lowered the relaxivity values, 

which was consistent with a faster rotation of the complex at higher temperature being 

the limiting factor of the relaxivity. The shapes of the NMRD profiles were typical for 

non-macromolecular Gd3+chelates. At low Larmor frequencies (below 1 MHz) relaxivity 

values were constant. The same phenomena was observed at high Larmor frequencies 

(above 60 MHz), where the values were constant again. The NMRD profiles and the value 

of relaxivity at 20 MHz was coherent with a complex with one water molecule in their 

inner sphere. These values were compared with the values of some relevant and related 

ligands from the bibliography and from previous work in the group (Table 7).  
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Table 7. Relaxivity values (r1) and number of coordinated water molecules (q) at 20 MHz of 

Gd(L1), Gd(L2), Gd(L3) and Gd complexes from the bibliography.  

r1 values in mM-1s-1 at 25 ºC. a 0.47 T. 

 

 Coherently, the relaxivity of Gd(L3) was lower than both Gd(L1) and Gd(L2) at 

20 MHz, because it was the compound with less water molecules coordinating in the inner 

sphere. The addition of more water molecules generally means the increasing in the 

relaxivity of the Gd3+ complexes but it is achieved by lowering its thermodynamic 

stability and inertness. In conclusion, designing complexes with the minimum water 

molecules in the inner sphere is the way to go, suggesting that the maximum of hydration 

number for a small complex could be two, due to the less stability of compounds 

containing more.  

The relaxivity of Gd(L3) at 20 Mhz and 25 ºC is 0.2 units higher than Gd(octapa) 

and 0.8 units higher than Gd(cddadpa). In this case, the cyclobutane unit favors the 

relaxivity compared to both the cyclohexane and ethylene bridges. Nevertheless, the 

theory that more more than one water molecule was present in the coordinating inner 

sphere (in Table 7 was represented as 1.2 waters) could also explain this increase in the 

relaxivity value. Unfortunately, there is no information about the rotational correlation 

times or electron-spin relaxation times of either Gd(octapa) or Gd(cddadpa) in the 

bibliography, so the rationalization of the difference between relaxivity of the complexes 

could not be done.  

  

 Gd(L1) Gd(L2) Gd(L3) Gd(octapa)199 Gd(cddadpa)200 Gd(DTPA)185 

r1 8.8 7.9 5.8 5.6 5.0 4.3 

q 3 2 1.2 1 1 1 
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5.3.4.2 17O NMR studies 

 The evaluation of the parameters that describe the water exchange rate and 

rotational dynamics of paramagnetic complexes were performed using 17O NMR variable 

temperature measurements. Equations and parameters that describe 17O NMR are 

explained in detail in section 7.12.  

 In 17O NMR experiments, the transverse and longitudinal 17O relaxation rates, 

1/T1, 1/T2 and the 17O chemical shifts, , are measured from samples containing the 

paramagnetic compound and from a reference, such as acidic water or another 

diamagnetic compound, in an independent way. The difference in the parameters obtained 

from both the sample and the reference are named reduced transverse or longitudinal 17O 

relaxation rate, 1/T1r, 1/T2r and 17O reduced chemical shift, r. 

 The different water exchange kinetics at different temperature ranges is the main 

reason why 17O NMR experiments are performed at different temperatures. For example, 

in the slow exchange region, the reduced transverse relaxation rates increase with 

temperature. In this region, the water exchange rate, kex, is determined by 1/T2r. On the 

other hand, in the fast exchange rate region at high temperatures, T2r decreases with 

temperature and it is determined by 1/T2m, which is the transverse relaxation rate of the 

coordinated water. Sometimes, the inflection point of these two different kinetic regions 

can be observed in the working temperature range of this method (273-373 K).  

 The longitudinal and transverse 17O relaxation rates (1/T1, 1/T2) and the chemical 

shifts were measured at 9.36 T in aqueous solution of Gd(L3) in a temperature range of 

276 to 348 K. Unfortunately, differences between the paramagnetic solution and the 

reference were not high enough to get reproducible results for the longitudinal 17O 

relaxation rate (1/T1) However, data from the transverse 17O relaxation rates (1/T2) and 

chemical shifts were robust and were plotted in function of temperature in Figure 81.  
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Figure 81. a) Reduced transverse 17O NMR relaxation rates. b) 17O NMR chemical shifts. 

Concentration was 6.45 mM at pH = 6.5.  

  

 In Figure 81 can be observed a change over the function associate with the two 

different exchange regions in both the 1/T2r and r plots. The fitting of these curves at 

the slow kinetic region allowed to determine the water exchange rate more accurately 

than in the cases where this region is not observed.  
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5.4 Summary and conclusions 

 In this part of the thesis, a ligand containing the 1,2-cyclobutane diamine structure 

bearing two picolinate units and two acetate ones was synthesized and complexed with 

Gd3+ (Figure 82). Potentiometric studies showed that Gd(L3) has a high stability 

constant, Ki (18.0), comparable with other ligands with one coordinating water molecules. 

Moreover, this constant was higher than those for Mn2+ and Zn2+, which is crucial for 

biological applications. 

 

Figure 82. Structure and q value of [Gd(L3)(H2O)]-. Charges are omitted for clarity of the 

drawing. 

 Luminescence experiments of analogous Eu3+ complexes pointed that q = 1.2, 

which could be an error of the method or mean that some coordination points are lost and 

some ligands coordinate more than one water molecule at the same time. In the presence 

of phosphate or carbonate anions, the hydration number of Eu(L3) kept constant. These 

results should be the same for Gd(L3), making the relaxivity stable in in vivo 

experiments.  

 The relaxivity value (r1) of Gd(L3) was 5.8 mM-1s-1 at 20 MHz and 25 ºC, which 

is the highest value for a monohydrate ligand of the ones compared in this thesis. 

 In summary, taking into account the suitable properties described in this thesis, 

the Gd(L3) complex could become a useful candidate for a clinical use.  

 Further studies of the physicochemical parameters obtained by 17O NMR are 

under investigation. 
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6. General Conclusions 

 In this thesis, cyclobutane has been used as a scaffold for the development of 

different systems with various applications. These compounds have been prepared using 

the previously acquired experience in the research group on stereoselective synthesis 

strategies. During the elaboration of this thesis, many different techniques have been used 

to synthesized, characterize and study the designed compounds.  

  

Short Hybrid CBAA, -amino-L-Proline Peptides: six families of peptides 

based on the alternated combination of  - or -CBAA and cis- or trans--amino-L-proline 

were synthesized. High resolution NMR experiments were performed in different 

solvents and temperatures to check their folding ability and patterns. The presence of cis-

-amino-L-proline originated the formation of an intra-residue hydrogen bond, which was 

not detected when a trans--amino-L-proline was part of the structure. Moreover, having 

a -CBAA promoted the formation of more intra-residue hydrogen bonds, originating 

different secondary structures depending on the stereochemistry of the unit. When               

-CBAA containing peptides were studied only inter-residue hydrogen bonds were 

observed. This study helped to rationalize the design of new cell penetrating peptides. 

  

Peptides as cell penetrating agents: two families of hybrid peptides based on the 

-CBAA and cis- or trans--amino-L-proline were synthesized using solid phase 

methodologies. Toxicity and uptake behavior was evaluated in two biological systems: 

HeLa cells and Leishmania parasites, obtaining very good results in HeLa cell viability 

and in uptake behavior for Leishmania Donovani promastigotes when compared with the 

reference peptide. Doxorubicin was coupled to the best candidates and preliminary 

studies were carried out, which were encouraging as peptides with the conjugated drug 

showed more activity against the parasites than the drug itself or the reference peptide. 

These results confirm that the synthesized CPPs are suitable carriers for drug delivery. 
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MRI contrast agent: one new cyclobutane diamine-based ligand was complexed 

with Gd3+ and studied, Gd(L3), showing suitable features as contrast agent for MRI, due 

to its high stability and relaxivity. Results were rationalized and compared with two other 

related ligands synthesized previously in our research group and also with some clinically 

approved agents, indicating that the studied complex could be better in some aspects than 

them. The Gd(L3) could be a potential candidate for medical applications. Further 

experiments are being carried out to describe the physicochemical parameters that rule 

the relaxivity of the compound.  
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7. Experimental Methodologies 

7.1 1H NMR and 13C NMR spectroscopy 

1H NMR and 13C NMR spectra were recorded at Servei de Ressonància Magnètica 

Nuclear from the Universitat Autònoma de Barcelona (UAB) in Bellaterra, Spain and at 

Centre de Biophysique Moléculaire (CBM) from CNRS in Orléans, France. 

The spectrometers used in the UAB were: 

 AC 250 Bruker for 1H at 250 MHz and 13C at 62.5 MHz. 

 AVANCE 360 Bruker for 1H at 360 MHz and 13C at 90 MHz. 

 ARX 400 Bruker for 1H at 400 MHz and 13C at 100 MHz. 

 AV 600 Bruker for 1H at 600 MHz and 13C at 150 MHz. 

The spectrometers used in the CBM was: 

 Avance III HD 600 equipped with a BBFP probe for 1H at 600 MHz and 13C at 

150 MHz. 

Chemical shifts of signals are given in ppm, using as reference the following values: 

 CDCl3:  7.28 for 1H and 77.16 for 13C. 

 CD3OD:  3.31 for 1H and 49.00 for 13C. 

 DMSO-d6:  7.28 for 1H and 77.16 for 13C. 

 D2O:  4.79 for 1H. 

The abbreviations used to describe multiplicity of signals are: s (singlet), d (doublet), 

dd (doublet of doublets), t (triplet), dt (doublet of triplets), q (quartet), p (pentet), broad s 

(broad singlet), broad d (broad doublet), m (multiplet, denotes complex pattern).   

NMR signals were assigned with the help of DEPT, NOESY, ROESY, COSY, 

TOCSY, HMBC and HSQC experiments, when convenient. 
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7.2 Infrared spectroscopy (IR) 

IR spectra were recorded on a Sapphire-ATR spectrophotometer, being the signal 

an average of 16 scans. Peaks are reported in cm-1. 

 

7.3 High resolution mass spectrometry (HRMS) 

 HRMS spectra were recorded at Servei d’Ànalisi Química from the Universitat 

Autónoma de Barcelona in a Bruker Squire 3000 micoTOFTQ spectrometer using ESI-

MS (QTOF).  

 

7.4 Chromatography 

7.4.1 Flash chromatography 

 Column chromatography was performed with Scharlau™ silica gel for flash 

chromatography (mean pore: 60 Å; particle size: 0.04-0.06 mm, 230-400 mesh (ASTM)), 

using nitrogen as driving gas.  

 Some reactions were monitored by thin-layer chromatography (TLC) using 

ALUGRAM™ SIL/UV254 pre-coated aluminum sheets. Layer of 0.20 mm of thickness 

covered with silica gel 60 with fluorescent indicator UV254. Different methods were used 

to visualize the spots: 

 Irradiation under a LED UV-light (UV254) using a VILBER LOURMAT™ lamp, 

VL-4LC model. 

 Staining thin-layers under acidic solutions of vanillin in ethanol and heating them 

with a heat gun. 

 Staining thin-layers under solutions of KMnO4 in water and heating them with a 

heat gun.  

  



7. Experimental Methodologies 
 

 

171 

7.4.2 High-performance liquid chromatography (HPLC) 

 All the HPLC related techniques were carried out at Unitat de Química 

Combinatoria (UQC) in the Parc Científic of Barcelona (PCB).   

 

7.4.2.1 Reverse-phase HPLC coupled to a mass spectrometer (RP-HPLC-MS) 

 RP-HPLC-MS spectra for monitoring coupling reactions on solid phase synthesis 

and for determining the final mass of the peptides were carried out in two system 

equipment consisting on a Watters Alliace 2695 with a multichannel UV-vis detector 

Photodiode Array Detector 2996 and a Water 2795 Separation Module coupled to a mass 

spectrometer Micromass ZQ with an electrospray (ES) probe. 

 The column used was the XBridge® BEH 130 C18 (4.6 x 100 mm, 3.5 m). Used 

flux was 1.6 mL/min and the eluents were A: H2O/HCOOH (99.9:0.10, v/v) and B: 

CH3CN/HCOOH (99.93:0.07, v/v). Spectra were recorded at  = 220 nm.  

 

7.4.2.2 Semipreparative reverse-phase HPLC coupled to a mass spectrometer 

(Semiprep-RP-HPLC-MS) 

 Semiprep-RP-HPLC-MS was used to purify the peptides. This equipment was 

built using a binary gradient Waters 2545 integrated with two pumps, a high pressure 

mixer, a Waters Alliance 2767 sample manager module and an automatic fraction 

collector coupled to a dual UV-vis  Absorbance Detector 2487 and a mass spectrometer 

Micromass ZQ. 

 The column used was the XBridge® BEH C18 (19 x 100 mm, 5 m). Used flow 

was 16 mL/min for 10 minutes and the eluents were A: CH3CN/HCOOH (99.93:0.07, 

v/v) and B: H2O/HCOOH (99.9:0.10, v/v). The gradient used for each peptide is described 

in section 7.16. 
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7.4.2.3 Reverse-phase HPLC (RP-HPLC) 

 RP-HPLC was used to measure the purity of the compounds and to make a 

repurification in some cases where the Semiprep-RP-HPLC-MS was not enough. This 

equipment consisted in a Watter Alliace 2695 with a multichannel UV-vis detector 

Photodiode Array Detector 2998.  

 The column used was the XBridge® BEH 130 C18 (4.6 x 100 mm, 3.5 m). The 

used flow was 1 mL/min and the eluents were A: H2O/TFA (99.9:0.10, v/v) and B: 

CH3CN/TFA (99.9:0.10, v/v). Spectra were recorded at  = 220 nm. The gradient used 

for each peptides is described in section 7.16. 

 

7.5 Qualitative tests performed in SPS 

7.5.1 Kaiser Qualitative Test (ninhydrin test) 

The test is used to determine the presence/absence of primary amines. It was 

performed by adding a small portion of peptide-resin (0.5-2.0 mg) in a glass tube to which 

6 drops of reagent A and 2 drops of reagent B were added. After 3 minutes inside an oven 

at 110 ºC the color of the mixture is checked. A yellow coloration indicates the absence 

of primary amines in the resin (negative test) and a blue-green coloration indicates the 

presence of primary amines in the resin (positive test). 

Reagent A: A hot solution of phenol (40 g) in absolute ethanol (10 mL) was 

prepared. On the other hand, 2 mL of a solution of potassium cyanide (55 mg) in water 

(100 mL) was added over 100 mL of pyridine. 4 g of Amberlite® resin MB-3 were added 

to both mixtures and stirred for 45 minutes. After that, the solutions were filtered and 

mixed.  

Reagent B: A solution of ninhydrin (2.5 g) in ethanol (50 mL) was prepared. This 

solution was put in a closed vessel avoiding exposition to light.  
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7.5.1 Chloranil Test 

The test is used to determine the presence/absence of secondary amines. The 

reagent used was a saturated solution of 2,3,5,6-tetrachloro-1,4-benzoquinone (chloranil, 

0.75 mg) in toluene (25 mL). It was prepared by adding a small portion of peptide-resin 

(0.5-2.0 mg) in a glass tube to which 6 drops of chloranil solution and 20 drops of acetone 

were added. The mixture is stirred and left for 5 minutes at room temperature. A yellowish 

coloration of the resin indicates the absence of secondary amines in the resin (negative 

test) and a blue or green coloration indicates the presence of secondary amines in the resin 

(positive test).  

 

7.6 Toxicity and uptake experiments in HeLa cells 

 HeLa cell line was used to evaluate both the toxicity and uptake behavior of the 

synthesized peptides. Toxicity was checked using MTT assay, the uptake was evaluated 

by flow cytometry and the intracellular localization was observed by confocal 

microscopy. 

7.6.1 HeLa cells culture 

  The preservation and proliferation in vitro of the HeLa cell line was performed in 

falcon tubes with a 25 cm2 area two times a week in subcultures with a 1:10 proportion 

using MEM culture media supplemented with 10% of Fetal Bovine Serum (FBS) and 1% 

of 200 mM L-Glutamine (Biowest). Trypsin was used to release the cells, which are 

generally attached to the surface of the falcon, during the subculture procedure. Once the 

process was finished, supplemented MEM was added to neutralize the effect of the 

trypsin.  

During the preservation, proliferation and development of the experiments the 

cells where in incubators with a humid atmosphere, a 5% of CO2 and at 37 ºC of 

temperature.   
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7.6.2 HeLa cells cytotoxicity assays (MTT assays) 

 The MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay 

described by Mosmann in 1983,238 was used to analyze the cell viability, and 

proportionally the peptides toxicity. This colorimetric assay allows to rate the cell 

proliferation using the metabolic activity of living cells. MTT (yellow color) is reduced 

by the mitochondrial enzymes to formazan, an insoluble purple crystal which absorbance 

can be read with a spectrophotometer after its solubilization by an organic solvent. The 

higher the absorbance value, the higher the enzymatic activity, and therefore the more 

number of living cells are present.  

 To carry out this assay, HeLa cells were seeded in plates with 24 wells (Nunc) 

with a concentration of 6·104 cells/mL (around 30.000 cells per well). After 24 h of 

incubation, the culture medium was removed and the cells were incubated for an extra 24 

h in the presence of different peptides concentrations (10, 25 and 50 M) diluted with 

non-supplemented MEM. After this time, the culture media was removed and the wells 

were washed with 500 L of HBSS (Biowest) before adding 500 L of MTT (Sigma-

Aldrich) with a 0.1 mg/mL concentration. After 3 h (minimum) of incubation at 37 ºC in 

darkness, the MTT was removed and the plates were kept safely until the reading with 

the spectrophotometer. By that time, the formazan crystals were dissolved using DMSO 

and the absorbance was recorded at 540 nm in an X3 Multilabel Plate Reader coupled to 

a PerkinElmer 2030 Manager control software. 

 At least 3 independent experiments with TAT as reference peptide and non-treated 

cells as control were performed. Moreover, the experiments were replicated 4 times for 

each peptide and concentration. The normalization of the results was performed 

considering the average of the absorbance value of the control population as 100% of 

cellular proliferation (Equation 8). 

 

% 𝐶𝑒𝑙𝑙 𝑣𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 =  
𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 𝑜𝑓 𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑐𝑒𝑙𝑙𝑠

𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 𝑜𝑓 𝑛𝑜𝑛 − 𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑐𝑒𝑙𝑙𝑠
100 

Equation 8 
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7.6.3 Uptake in HeLa cells   

 The ability of the peptides to cross the cell membrane in HeLa cells was performed 

using flow cytometry. This technique allows to detect and quantify the fluorescence in a 

cellular suspension through the individual analysis of the emitted signal of each cell. In 

order to have fluorescence from the peptides, CF was coupled to them. This fluorophore 

is excited with a laser and then it emitts light in the green region of the spectra. If the 

peptide is able to cross the cell membrane, the CF is excited inside the cell and then it 

emits a signal, which is detected by a sensor in the equipment.  

 To carry out this assay, HeLa cells were seeded in plates of 35 mm (Nunc) in a 

concentration of 1·105 cells/mL (around 200.000 cells per well). After 24 h of incubation, 

the culture medium was removed and the cells were incubated for an extra 2 h in the 

presence of different peptides concentrations (10 and 25 M) diluted with non-

supplemented MEM. After that time, the culture medium was removed and washed twice 

with HBSS and the cells were trypsinized with 0.5 mL of 0.25% trypsin-EDTA for 5 min 

at 37 ºC. After that, 2 mL of supplemented MEM were added to neutralize the trypsin 

effect, and the cellular suspension was transferred to a conical tube to be centrifuged for 

5 min at 300 G. The supernatant was discarded and the cells were resuspended in 2 mL 

of HBSS and centrifuged in the same conditions. After removing the supernatant, the 

pellet was resuspended in 200 L of PBS at pH = 6. The fluorescence was recorded in a 

BD FACSCanto cytometer coupled to FACSDiva v 7.0 software. 

  Additionally, a second fluorescence measurement was performed. In this case the 

emission came exclusively by living cells. In order to do that, to the cellular suspension 

in PBS was added 1 L of propidium iodide (IP). This agent can intercalate the DNA and 

emit light in the red range. Furthermore it is not a permeable agent, so it can only enter  

the nucleus if the cell membrane is not present, which results in the death of the cell. With 

this experiment we could discard false positives from cells that were dead or damaged.  

 At least 3 independent experiments with TAT as positive reference peptide, CF as 

negative reference, and non-treated cells as control were performed. Moreover, the 

experiments were carried out twice for each peptide and concentration. The normalization 

of the results was performed considering the average of the emitted fluorescence value of 

the cells treated with CF = 1 (Equation 9). 
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𝑃𝑒𝑝𝑡𝑖𝑑𝑒 𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙𝑖𝑧𝑎𝑡𝑖𝑜𝑛 =  
𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝐹𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒 𝑓𝑟𝑜𝑚 𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑙𝑖𝑣𝑖𝑛𝑔 𝑐𝑒𝑙𝑙𝑠

𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝐹𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒 𝑓𝑟𝑜𝑚 𝐶𝐹 𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑙𝑖𝑣𝑖𝑛𝑔 𝑐𝑒𝑙𝑙𝑠
 

Equation 9 

 

7.6.4 Hela Cells intracellular localization 

 In order to check the peptide distribution inside the cells, confocal microscopy 

was used. This technique allows visualizing the emitted signal from a fluorophore in a 

specific focal level avoiding the signal coming from upper and lower levels. Furthermore, 

the observed different focal levels can be superposed after the readings to generate a 

tridimensional image of the cell. This methodology is widely used to determine the 

localization of molecules inside the cell or in subcellular organelles.  

 To carry out this assay, HeLa cells were seeded in plates of 35 mm (Nunc) in a 

concentration of 1·105 cells/mL (around 200.000 cells per well). After 24 h of incubation, 

the culture medium was removed and the cells were incubated for an extra 2 h in the 

presence of peptides at 25 M concentration diluted with non-supplemented MEM. After 

that time, the culture medium was removed and washed three times with HBSS, and 

CellMask™ Deep Red Plasma Membrane Stain (Molecular Probes) and Hoechst vital, 

33342, Trihydrichloride Trihydrate (Molecular Probes) were added. CellMask™ stain the 

cell membrane in red, while Hoechst stain the DNA in blue, generating reference points. 

After 10 min of incubation at 37 ºC, the culture medium was removed and cells were 

washed twice with HBSS. Then PBS with pH = 6 was added and the cells were incubated 

for 20 min. The measurements were performed using an Olympus Fluoview FV1000 

confocal laser scanning microscopy using uplsapo 60x / 1.35 immersion oil and Olympus 

Fluoview as control software. Orthogonal projections were generated using Imaris. 
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7.7 Toxicity and uptake experiments in Leishmania parasites 

 Leishamnia Donovani promastigotes and Leishmania Pifanoi amastigotes cell line 

were used to evaluate both the toxicity and uptake behavior of the synthesized peptides. 

Toxicity was checked using MTT assay, the uptake was evaluated by flow cytometry and 

the intracellular localization was observed by confocal microscopy. 

7.7.1 Leishmania parasites culture 

 The parasites were cultured at 26 ºC in Roswell Park Memorial Institute (RPMI) 

media supplemented with 10% of non-activated fetal bovine serum, 2 mM L-glutamine, 

unicilin at 20 U/mL and Gentamicine at 48 mg/mL.  

 

7.7.2 Leishmania parasites viability assays 

The peptide toxicity in Leishmania parasites was evaluated with the MTT assay 

explained in section 7.6.2, but with some differences. Parasites were incubated in plates 

with 96 wells at a final concentration of 2 x 106 cells/mL in 1% glucose-Hank’s media. 

Parasites were incubated at different peptide concentrations for 4 h at 26 ºC. After this 

time, the MTT was added and the parasites were left for 1 h. Then, DMSO was added to 

dissolve the formazan crystals. The plates measure was performed in a Bio-Rad 640 plate 

at 595 nm. Equation 8 was used to calculate the parasites viability. 

 

7.7.3 Uptake in Leishmania parasites  

The peptide uptake in Leishmania parasites was evaluated by flow cytometry 

explained in section 7.6.3, but with some differences. Parasites were incubated in plates 

with 96 wells at a final concentration of 2 x 106 cells/mL in 1% glucose-Hank’s media. 

Parasites were incubated at different peptide concentrations for 2 or 4 h at 4 ºC or 26 ºC. 

After this time, 200 L of suspension were centrifuged at 1200 rpm for 5 min at 4 ºC and 

washed twice with HBBS-Glc. They were resuspended with HBBS-Glc with a final 

concentration of 1 x 106 cells/mL and propidium iodide was added to eliminate false 

positives from dead parasites. Samples were analyzed in a FC500 flow cytometer.  
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At least two experiments where carried out. The normalization of the results was 

performed considering the average of the emitted fluorescence value of the cells treated 

with TAT = 100 (Equation 10). 

 

𝑃𝑒𝑝𝑡𝑖𝑑𝑒 𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙𝑖𝑧𝑎𝑡𝑖𝑜𝑛 =  
𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝐹𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒 𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑙𝑖𝑣𝑖𝑛𝑔 𝑐𝑒𝑙𝑙𝑠

𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝐹𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒 𝑇𝐴𝑇 𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑙𝑖𝑣𝑖𝑛𝑔 𝑐𝑒𝑙𝑙𝑠
100 

Equation 10 

 

7.7.4 Leishmania parasites intracellular localization 

 The peptide localization inside Leishmania parasites was evaluated by confocal 

microscopy explained in section 7.6.4, but with some differences. Parasites were 

incubated in plates with 96 wells at a final concentration of 2 x 106 cells/mL in 1% 

glucose-Hank’s media. Parasites were incubated at different peptide concentrations for 2 

or 4 h at 4 ºC or 26 ºC, in presence of Rhodamine-Dextran as stain of flow phase 

endocytosis (red) and DAPI as nucleic acid stain present in the nucleus and in the 

kinetoplast.  

 

7.8 Sample preparation for metal complexes 

 The ligand concentrations were determined by calculating the difference between 

two observed equilibrium points in the pH-potentiometric titration of the ligands alone. 

Also, calculating the difference between equilibrium points of the ligand alone and the 

ligands with the metals (1 eq) gave the same results. Gd and Eu (for luminescence 

lifetimes) concentrations were determined by titrating the metal solutions with 

standardized Na2H2EDTA in urotropine buffer (pH 5.6-5.8) in the presence of xylenol 

orange as an indicator 

 Moreover, at the end of the 17O NMR experiments, Gd complex concentrations 

was rechecked by bulk magnetic susceptibility (BMS) shift.  
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The BMS shifts of 1H NMR signals for an inert reference caused by the addition 

of paramagnetic compounds were studied in order to determine the concentration of 

paramagnetic metal in solution (Equation 11).239 

 

∆𝑥=
4𝜋𝑐𝑠

𝑇
(
𝜇𝑒𝑓𝑓

2.84
) 103 

Equation 11 

 

 Where the concentration of paramagnetic solute is given by c in mol l-1, s is 

dependent on the shape of the sample and its position in the magnetic field. S = 1/3, -1/6 

and 0 for cylinder parallel to the main field, a cylinder perpendicular to the main field, 

and a sphere, respectively. T is the absolute temperature and eff is the effective magnetic 

moment for a particular lanthanide ion. Dx is measured for a reference compound, in this 

case, tert-butanol.  

 

7.9 Potentiometric studies 

 Carbonate-free 0.1 KOH and 0.1 M HCl were prepared from Fisher chemical 

concentrates. Potentiometric titrations were performed in 0.1 M aqueous KCl under 

nitrogen atmosphere, and the temperature was controlled to 25±0.1 ºC. The pH was 

measured in each titration with a combined micro pH glass electrode (Metrohm 

6.0224.100) filled with 3 M KCl, and the titrant addition was automated by use of a 785 

DMP titrino system (Metrohm). The electrode was calibrated in hydrogen ion 

concentration by titration of HCl with KOH in 0.1 M electrolyte solution.240 The electrode 

stander potential (E0) and the slope factor (f) were determined before titrations using the 

Glee software.241 Continuous potentiometric titration with 0.1 M HCL and KOH were 

conducted in aqueous solution containing 5 mL of 2 mM in 0.1 M KCl L3, with 2 min 

waiting between successive points. The titrations of the metal complexes were performed 

with the same ligand solutions containing 1 equivalent of metal cation, also with 2 min 

waiting time between two points. 
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 Protonation constants of ligands, stability constants of complexes and protonation 

constants of complex are described and defined in Equation 4-6.  

 

𝐾𝑖 =
[𝐻𝑖𝐿]

[𝐻𝑖−1𝐿][𝐻+]
 

Equation 4 

 

𝐾𝑀𝐿 =
[𝑀𝐿]

[𝑀][𝐿]
 

Equation 5 

 

𝐾𝑀𝐻𝑖𝐿
=

[𝑀(𝐻𝑖𝐿)]

[𝑀(𝐻𝑖−1𝐿)][𝐻+]
 

Equation 6 

 

 Where [M], [L] and [ML] are the equilibrium of free metal ion, deprotonated 

ligand, and deprotonated complex, respectively. Experimental data were refined using the 

computer software Hyperquad 2008.222 Species distribution plots were calculated taking 

the experimental constants using the computed software HySS.225 The ionic product of 

water used at 25 ºC was pKw = 13.77, while the ionic strength was kept at 0.1 M.242 Fixed 

values were used for pKw, ligand acidity constants and total concentration of metal, ligand 

and acid.  

 

7.10 Lifetime measurements 

 Europium luminescence lifetimes were recorded on an Agilent Cary Eclipse 

fluorescence spectrophotometer by recording the decay of the emission intensity at 616 

nm, following an excitation at 268 for L3. Direct excitation of the metal at 396 nm gave 

similar results.  
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Concentrations of EuL3 of 0.20 mM in 0.1 M Hepes buffer in H2O and D2O 

solutions at pH, pD = 7. Same experiments but adding 10 and 50 equivalents of phosphate 

and carbonate were performed. The settings are shown in Table 8. Different decay curves 

were collected for each sample and the lifetimes were analyzed as monoexponential 

decays and fitted using the spectrophotometer software.  

 

Table 8. Experimental conditions to record luminescence decay lifetimes. 

 

 

 

 

 

 

 

 

 

 

 Equation 7 was used to calculate the number of water molecules coordinated to 

the europium chelates. 

𝑞 = 𝐴 (
1

𝜏𝐻2𝑂
−

1

𝜏𝐷2𝑂
− 𝐵) 

Equation 7 

 

Where H2O and D2O are the luminescence decay lifetimes recorded in water and 

deuterium oxide, respectively. These empirical constant take values of A = 1.2 and B = 

0.25243 or A = 1.11 and B = 0.31,244 both for Eu3+. 

 

Parameter Value 

Gate time 0.05 ms 

Delay time 0.1 ms 

Flash count 1 

Total decay time (H2O) 5 ms 

Total decay time (D2O) 15 ms 

Cycles 100 

PMT detector 800 mV 
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7.11 Relaxometric measurements 

 1H NMRD profiles were recorded on a Stelar SMARTracer Fast Field Cycling 

relaxometer (0.01-10 mHz) and a Bruker WP80 NMR electromagnet adapted to variable 

field measurements (20-80 MHz) and controlled by a VTC91 temperature control unit 

and maintained by a gas flow at CBM in Orléans.  

The concentration of the solution used were 2.13 mM GdL3 + 5% L3 at pH = 7. 

The temperature was determined by previous calibration with a Pt resistance temperature 

probe. 

The least-squares fit of the 1H NMRD data was performed using 

Visualiseur/Optimiseur in MATLAB 8.3 software.245,246 

 

7.11.1 Equations used for the analysis of the NMRD profiles 

 The observed longitudinal proton relaxation rate, 1/T1,obs is the sum of the 

diamagnetic and paramagnetic contributions as shown in Equation 1. 

 

1

𝑇1,𝑜𝑏𝑠
=

1

𝑇1,𝑑
+

1

𝑇1,𝑝
=

1

𝑇1,𝑑
+ 𝑟1[𝐺𝑑] 

Equation 1 

 

 Where r1 is the proton relaxivity, and the concentration of the paramagnetic 

species (in this case Gd) is usually given in millimol per liter (mmol L-1) for dilute 

systems.173 The relaxivity can be separated into two terms; the inner and outer sphere, as 

showed in Equation 2.  

 

𝑟1 = 𝑟1
𝐼𝑆 + 𝑟1

𝑂𝑆 

Equation 2 
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 The inner sphere term is obtained in Equation 3, where q is the number of water 

molecules in the inner sphere, m is the lifetime of a water molecule in the inner sphere 

(equal to 1/kex, kex is the water exchange rate) and T1m is the longitudinal relaxation rate 

of inner sphere protons.204,247,248,249,250 

 

𝑟1
𝐼𝑆 =

1

1000

𝑞

55.5

1

𝑇1𝑚 + 𝜏𝑚
 

Equation 3 

 

The longitudinal relaxation rate of inner sphere protons, T1m is expressed by 

Equation 12, where rGdH is the electron spin-proton distance, I is the nuclear 

gyromagnetic ratio, I is the proton resonance frequency and S is the Larmor frequency 

of the Gd3+ electron spin.  

 

1

𝑇1𝑚
=

2

15
(
𝜇0

4𝜋
)
2 ℏ2𝛾𝐼

2𝛾𝑆
2

𝑟𝐺𝑑𝐻
6 𝑆(𝑆 + 1)[3𝐽(𝜔𝐼; 𝜏𝑑1) + 7𝐽(𝜔𝑆; 𝜏𝑑2)] 

Equation 11 

 

1

𝜏𝑑𝑖
=

1

𝜏𝑚
+

1

𝜏𝑅𝐻
+

1

𝑇𝑖𝑒
            𝑖 = 1, 2 

Equation 12 

 

Where RH is the overall rotational correlation time, and its assumed to have a simple 

exponential temperature dependence as showed in Equation 13. ER is the corresponding 

activation energy. 

𝜏𝑅𝐻 = 𝜏𝑅𝐻
298𝑒𝑥𝑝 {

𝐸𝑅

𝑅
(
1

𝑇
−

1

298.15
)} 

Equation 13 
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 The longitudinal and transverse electronic relaxation rates, 1/T1e and 1/T2e are 

expressed in Equation 14 and 15, where v is the electronic correlation time for the 

modulation of the zero-field-splitting interaction, Ev is the corresponding activation 

enerdy and 2 is the mean square zero-field-splitting energy. We assumed a single 

exponential dependence of tv versus temperature (Equation 14).251,252  

 

(
1

𝑇1𝑒
)

𝑍𝐹𝑆

=
1

25
Δ2𝜏𝑣{4𝑆(𝑆 + 1) − 3} (

1

1 + 𝜔𝑆
2𝜏𝑣

2
+

4

1 + 4𝜔𝑆
2𝜏𝑣

2
) 

Equation 14 

 

(
1

𝑇2𝑒
)

𝑍𝐹𝑆

= Δ2𝜏𝑣 (
5.26

1 + 0.372𝜔𝑆
2𝜏𝑣

2
+

7.18

1 + 1.24𝜔𝑆
2𝜏𝑣

2
) 

Equation 15 

 

𝜏𝑣 = 𝜏𝑣
298𝑒𝑥𝑝 {

𝐸𝑣

𝑅
(
1

𝑇
−

1

298.15
)} 

Equation 16 

 

 The outer sphere contribution can be described by Equation 17, where JOS is 

associated spectral density function (Equation 18) and j = 1, 2.253,254  

 

𝑟1
𝑂𝑆 =

32𝑁𝐴𝜋

405
(
𝜇0

4𝜋
)
2 ℏ2𝛾𝐼

2𝛾𝑆
2

𝑎𝐺𝑑𝐻𝐷𝐺𝑑𝐻
𝑆(𝑆 + 1)[3𝐽𝑂𝑆(𝜔𝐼 , 𝑇1𝑒) + 7𝐽𝑂𝑆(𝜔𝑆, 𝑇2𝑒)] 

Equation 17 
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𝐽𝑂𝑆(𝜔, 𝑇𝑗𝑒) =

[
 
 
 
 1 +

1
4

(𝑖𝜔𝜏𝐺𝑑𝐻 +
𝜏𝐺𝑑𝐻
𝑇𝑗𝑒

)
1 2⁄

1 + (𝑖𝜔𝜏𝐺𝑑𝐻 +
𝜏𝐺𝑑𝐻
𝑇𝑗𝑒

)
1 2⁄

+
4
9

(𝑖𝜔𝜏𝐺𝑑𝐻 +
𝜏𝐺𝑑𝐻
𝑇𝑗𝑒

) +
1
9

(𝑖𝜔𝜏𝐺𝑑𝐻 +
𝜏𝐺𝑑𝐻
𝑇𝑗𝑒

)
3 2⁄

]
 
 
 
 

 

Equation 18 

 

The diffusion coefficient for the diffusion of a water proton from the bulk of solvent to 

the Gd3+, DGdH is assumed to follow an exponential function versus the inverse of the 

temperature (Equation 19), where EGdH is the activation energy and DGdH
298 is the 

diffusion coefficient at 298.15 K. 

 

𝐷𝐺𝑑𝐻 = 𝐷𝐺𝑑𝐻
298 𝑒𝑥𝑝 {

𝐸𝐺𝑑𝐻

𝑅
(

1

298.15
−

1

𝑇
)} 

Equation 19 

 

7.12 Temperature-dependent 17O NMR spectroscopy 

 17O NMR spectroscopy was recorded at Centre de Biophysique Moléculaire 

(CBM) from CNRS in Orléans, France. The spectrometer used was Bruker Avance 400 

(9.36 T, 54.2 MHz). The longitudinal and transverse 17O relaxation rates (1/T1, 1/T2) and 

the chemical shifts were measured in aqueous solutions of 6.45 mM GdL3 in a 

temperature range of 275-348 K. The temperature was calculated according to previous 

calibration with ethylene glycol and methanol.255 An acidified water solution (HClO4, pH 

= 3.3) was used as external reference for the Gd complex. Longitudinal relaxation time 

(T1) was obtained by the inversion-recovery method. The transverse relaxation time (T2) 

was obtained by the Carr-Purcell-Meiboom-Gill spin-echo technique.256 The samples 

were sealed in glass spheres fitter into 10 mm NMR tubes to avoid susceptibility 

corrections of chemical shifts.257 To improve sensitivity, 17O-enriched water (10% H2
17O) 

was added to the solutions to reach around 1% enrichment. The 17O NMR data have been 

treated according to the Solomon-Bloembergen-Morgan theory of paramagnetic 

relaxation (equations in the next page). The least-squares fit of the 17O NMR data was 

performed using Visualiseour/Optimiseur in MATLAB 8.3 software.245,246 
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7.12.1 Equations used for the analysis of the 17O NMR 

 From the measured 17O NMR relaxation rates and angular frequencies of the 

paramagnetic solution, 1/T1, 1/T2, , and from the reference, 1/T2A, 1/T1A and A, it is 

possible to calculate the reduced relaxation rates and chemical shifts, 1/T2r, 1/T1r and r 

(Equations 18-20), where 1/T2m, 1/T1m are the relaxation rate of the bound water and m 

is the chemical shift difference between bound and bulk water, m is the mean residence 

time or the inverse of water exchange rate kex and Pm is the mole fraction of the bound 

water.205,257 

 

1

𝑇1𝑟
=

1

𝑃𝑚
[
1

𝑇1
−

1

𝑇1𝐴
] =

1

𝑇1𝑚+𝜏𝑚
+

1

𝑇1𝑂𝑆
 

Equation 18 

 

1

𝑇2𝑟
=

1

𝑃𝑚
[
1

𝑇2
−

1

𝑇2𝐴
] =

1

𝜏𝑚

𝑇2𝑚
−2 + 𝜏𝑚

−1𝑇2𝑚
−1 + ∆𝜔𝑚

2

(𝜏𝑚
−1 + 𝑇2𝑚

−1)2 + ∆𝜔𝑚
2

+
1

𝑇2𝑂𝑆
 

Equation 19 

 

Δ𝜔𝑟 =
1

𝑃𝑚

(𝜔 − 𝜔𝐴) =
Δ𝜔𝑚

(1 + 𝜏𝑚𝑇2𝑚
−1)2 + 𝜏𝑚

2 Δ𝜔𝑚
2

+ Δ𝜔𝑂𝑆 

Equation 20 

 

The outer sphere contributions to the 17O relaxation rates 1/T1OS and 1/T2OS can be 

neglected according to previous studies. Then Equations 18-20, can be further simplified 

into Equations 21 and 22. 

 

1

𝑇1𝑟
=

1

𝑇1𝑚 + 𝜏𝑚
 

Equation 21 
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The exchange rate is assumed to be described by the Eyring equation (Equation 

22), where S‡ and H‡ are the entropy and enthalpy of activation for the water exchange, 

and kex
298 is the exchange rate at 298.15 K. R is the usual gas constant whereas, h and kB 

are the Plank and Boltzmann constant, respectively. 

 

1

𝜏𝑚
= 𝐾𝑒𝑥 =

𝑘𝐵𝑇

ℎ
exp {

ΔS‡

𝑅
−

Δ𝐻‡

𝑅𝑇
} =

𝑘𝑒𝑥
298𝑇

298.15
𝑒𝑥𝑝 {

Δ𝐻‡

𝑅
(

1

298.15
−

1

𝑇
)} 

Equation 22 

 

 In the transverse relaxation, the scalar contribution, 1/T2sc is the most important. 

In Equation 23, 1/s1 is the sum of exchange rate and the electron spin relaxation rate 

constant.  

 

1

𝑇2𝑚
≅

1

𝑇2𝑠𝑐
=

𝑆(𝑆 + 1)

3
(
𝐴

ℏ
)
2

(𝜏𝑠1 +
𝜏𝑠2

1 + 𝜔𝑆
2𝜏𝑠2

2 ) 

Equation 23 

 

1

𝑇𝑠1
=

1

𝜏𝑚
+

1

𝑇1𝑒
 

Equation 24 

 

 The 17O longitudinal relaxation rates in Gd3+ solutions are the sum of the 

contributions of the dipole-dipole (dd) and quadrupolar (q) mechanism as expressed by 

Equations 25-27 for non-extreme narrowing conditions, where s is the electron and gI is 

the nuclear gyromagnetic radio (s = 1.76·1011 rad s-1 T-1, I = -3.626·107 rad s-1 T-1), rGdO 

is the effective distance between the electron charge and the 17O nucleus, l is the nuclear 

spin (5/2 for 17O), is the quadrupolar coupling constant and  is and asymmetry 

parameter.  
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1

𝑇1𝑚
=

1

𝑇1𝑑𝑑
+

1

𝑇1𝑞
 

Equation 25 

 

1

𝑇1𝑑𝑑
=

2

15
(
𝜇0

4𝜋
)
ℏ𝛾𝐼

2𝛾𝑠
2

𝑟𝐺𝑑𝑂
6 𝑆(𝑆 + 1)[3𝐽(𝜔𝐼 , 𝜏𝑑1) + 7𝐽(𝜔𝑆, 𝜏𝑑2)] 

Equation 26 

 

1

𝑇1𝑞
=

3𝜋2

10

2𝐼 + 3

𝐼2(2𝐼 − 1)
𝜒2(1 + 𝜂2 3⁄ )[0.2𝐽1(𝜔𝐼) + 0.8𝐽2(𝜔𝐼)] 

Equation 27 

 

 In equation 20 the chemical shift of the bound water molecule, Dwm, depends on 

the hyperfine interaction between Gd3+ electron spin and the 17O nucleus and is directly 

proportional to the scalar constant A/ħ, as expressed in Equation 28. 

 

Δ𝜛𝑚 =
𝑔𝐿𝜇𝐵𝑆(𝑆 + 1)𝐵

3𝑘𝐵𝑇

𝐴

ℏ
 

Equation 28 

 

 The isotropic Landé g factor is equal to 2.0 for Gd3+, B represents the magnetic 

field, and kB is the Boltzmann constant.  
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7.13 Details on other techniques 

 Optical rotation, []D, were measured using a RUDOLPH RESEARCH 

ANALYTICAL Autopol I Automatic polarimeter using a 1 dm path. Some 

measurements were done using a PERKIN ELMER Polarimeter 341 using a 1 dm 

path in IQAC-CSIC in Barcelona.  

 Melting points were determined on a hot stage using a Kofler apparatus, 

REICHERT AUSTRIA model. 

 Micro-distillations were carried out in a BÜCHI™ distiller, Glass Oven B-585 

model. 

 Lyophilization of samples were done using a TELSTAR™ lyophilizer, 

LyoQuest-85 model. 

 Hydrogenations were carried out in an autoclave hydrogenation T-reactor 

Swagelok™, with a pressure capacity from 1 to 20 atm (kg/cm2). 

 Photochemical reactions were performed in a Pyrex T-shaped photochemical 

reactor from TRALLERO&SCHLEE™. Irradiation is emitted from a mercury 

lamp of 400 W medium pressure ELECTRO DH™. Refrigeration of the inside of 

the reactor and an external bath are kept at -30 ºC by a C40P TERMO 

SCIENTIFIC™ refrigerator, Phoenix II model.  

 Reagents were used directly from commercial sources and solvents were 

anhydrized when needed using standard procedures.258  

 Deuterated solvents were used directly from commercial source Eurisotop™. 
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7.14 Synthetic procedures 

 For a better and easier understanding for the reader there are some clarifications 

about the nomenclature, molecule numeration and the atom numeration that need to be 

made: 

 The numeration of the molecules has been stablished in order of appearance 

during the text.  

 IUPAC nomenclature has been used to name the majority of the compounds. 

 For the most complex molecules a nomenclature based on the composition of the 

compound has been used in order to avoid large names.  

 The numeration of each atom is arbitrary and does not correspond to the number 

that defines its name in IUPAC nomenclature.  

 

3-Oxabicyclo[3.2.0]heptane-2,4-dione, 50 

 

A solution of maleic anhydride (2.52 g, 25.7 mmol) in acetone (500 mL) was 

cooled to -30 ºC. The solution was saturated with ethylene and the system was irradiated 

through a Pyrex filter for 4 h. The solvent was removed under vacuum to afford pure 

compound 50 as a pale solid (3.25 g, 25.7 mmol, quantitative yield). 

 

Spectroscopic data for compound 50: 

1H NMR (250 MHz, CDCl3): δ 2.35 (m, 2H, H4S, H3R), 2.74 (m, 2H, H4R, H3S), 3.52 

(m, 2H, H1, H2) 

Spectroscopic data are consistent with those reported in reference: 

Tufariello, J. J.; Milowsky, A.S.; Al-Nuri, M.; Goldstein, S. Tetrahedron Lett. 1987, 

28, 267-270. 
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Dimethyl (1R,2S)-cyclobutane-1,2-dicarboxylate, 51 

 

A solution of 50 (3.20 g, 25.4 mmol) and concentrated H2SO4 (3.00 mL) in 

methanol (60 mL) were stirred at room temperature for 48 h. Dichloromethane (120 mL) 

was added to the organic phase and it was successively washed with water (2 x 50 mL) 

and brine (1 x 50 mL).  

The organic layer was then dried over MgSO4, filtered off and concentrated in 

order to provide the corresponding crude as yellowish oil. For a better purification, it was 

distilled under vacuum at 150 ºC (3.50 g, 20.3 mmol, 80% yield). 

 

(1S,2R)-2-(Methoxycarbonyl)cyclobutanecarboxylic acid, 47 

 

Diester 51 (1.00 g 5.81 mmol) was dissolved in 60 mL of a buffer solution 

previously prepared from 0.1 M KH2PO4 at pH = 7. Pig liver esterase (PLE) (28 mg) was 

added to the solution and the mixture was stirred at room temperature for 18 h. The 

reaction was maintained at pH 7 by adding a solution of 1 M NaOH. Then, 10% HCl was 

added to reach pH 2. The acidic solution was extracted with ethyl acetate (4x100 mL), 

using brine to break the generated interface.  

Spectroscopic data for compound 51: 

1H NMR (250 MHz, CDCl3): δ 2.10 (m, 2H, H3S, H4R), 2.29 (m., 2H, H3R, H4S), 3.31 

(m, 2H, H1, H2), 3.58 (s, 6H, Me) 

Spectroscopic data are consistent with those reported in reference: 

Sabbioni, G.; Jones, J.B. J. Org. Chem. 1987, 52, 4565-4570. 
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The organic extracts were dried over magnesium sulfate and the solvent was 

evaporated under vacuum to dryness obtaining the half-ester 47 as a colorless oil (0.870 

g, 5.50 mmol, 95% yield, 97% ee). 

  

Methyl (1R,2S)-2-(benzyloxycarbonylamino) cyclobutane-1-

carboxylate, 43 

 

To an ice-cooled solution of half-ester 47 (1.70 g, 10.7 mmol) in anhydrous 

acetone (40 mL), triethylamine (2.00 mL, 14.3 mmol, 1.3 eq) and ethyl chloroformate 

(1.3 mL, 14.2 mmol, 1.3 eq) were subsequently added. The mixture was stirred at 0 ºC 

for 40 minutes. Then, sodium azide (1.80 g, 26.9 mmol, 2.5 eq) in 10 mL of water was 

added and the resultant solution was stirred at room temperature for 1.5 h. The reaction 

mixture was extracted with dichloromethane (4x50 mL), and the organic extracts were 

dried over magnesium sulfate. Solvents were removed under reduced pressure to give the 

corresponding acyl azide as a yellow oil, which was used in the next step without further 

purification. WARNING: Acyl azides are instable reagents: it is very important not to 

heat the final product while it is being dried, and the solvent must not be removed until 

full dryness. To the obtained acyl zaide, benzyl alcohol (2.90 mL, 27.9 mmol, 2.6 eq) in 

toluene (50 mL) was added and then the mixture was heated to reflux for 18 h. Toluene 

was removed under reduced pressure and then the excess of benzyl alcohol was 

evaporated under vacuum at 150 ºC. The residue was chromatrographed on silica gel (3:1 

hexane-EtOAc) obtaining carbamate 43 as an oil (1.76 g, 6.68 mmol, 62% yield).  

Spectroscopic data for compound 47: 

1H NMR (250 MHz, CDCl3): δ 2.23 (m, 2H, H3S, H4R), 2.41 (m, 2H, H3R, H4S), 3.43 

(m, 2H, H1, H2), 3.69 (s, 3H, Me) 

Spectroscopic data are consistent with those reported in reference: 

Sabbioni, G.; Jones, J.B. J. Org. Chem. 1987, 52, 4565-4570. 
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Methyl (1R,2S)-2-(tert-butoxycarbonylamino) cyclobutane-1- 

carboxylate, 53 

METHOD A: 

 

To an ice-cooled solution of half-ester 47 (1.70 g, 10.7 mmol) in anhydrous 

acetone (40 mL), triethylamine (2.00 mL, 14.3 mmol, 1.3 eq) and ethyl chloroformate 

(1.3 mL, 14.2 mmol, 1.3 eq) were subsequently added. The mixture was stirred at 0 ºC 

for 40 minutes. Then, sodium azide (1.80 g, 26.9 mmol, 2.5 eq) in 10 mL of water was 

added and the resultant solution was stirred at room temperature for 1.5 h. The reaction 

mixture was extracted with dichloromethane (4x50 mL), and the organic extracts were 

dried over magnesium sulfate. Solvents were removed under reduced pressure to give the 

corresponding acyl azide as a yellow oil, which was used in the next step without further 

purification. WARNING: Acyl azides are instable reagents: it is very important not to 

heat the final product while it is being dried, and the solvent must not be removed until 

full dryness. To the  obtained acyl azide, tert-butanol was added as the solvent and the 

reagent. The mixture was heated to reflux and stirred for 18 h. Then, the solvent was 

evaporated under vacuum, and the residue was purified by column chromatography (9:1 

hexane-EtOAc as eluent) affording the diprotected amino acid 53 as a white solid (1.10 

g, 4.36 mmol, 41% yield). 

Spectroscopic data for compound 43: 

1H NMR (250 MHz, CDCl3): δ 2.01 (m, 2H, H3R, H4S), 2.19-2.47 (m, 2H, H3S, H4R), 

3.42 (m, 1H, H1), 3.70 (s, 3H, Me), 4.58 (m, 1H, H1), 5.13 (s, 2H, CH2-Ph), 5.69 (br. 

s., 1H, NH) 7.39 (m, 5H, HAr). 

Spectroscopic data are consistent with those reported in reference: 

Martín-Vilà.; Muray, E; P. Aguado, G.; Alvarez-Larena, A.; Branchadell, V.; 

Minguillón, C.; Giralt, E.; and Ortuño, R.M. Tetrahedron Asymmetry 2000, 11, 3569-

3584. 
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METHOD B: 

 

Diprotected amino acid 43 (1.36 g, 5.16 mmol) in MeOH (15 mL) was 

hydrogenated under 7 atmospheres of pressure in the presence of and Boc2O (1.39 mL, 

6.75 mmol, 1.3 eq) 30% Pd(OH)2/C (0.41 g, 30% weight) at r.t. overnight. The reaction 

mixture was filtered through Celite® and solvent was removed under vacuum and the 

residue was purified by column chromatography (3:1 hexane-EtOAc) affording the 

desired carbamate 53 as a white solid (0.970 g, 4.24 mmol, 82% yield). 

 

(1R,2S)-2-(tert-Butoxycarbonylamino)cyclobutane-1-carboxylic acid, 54 

 

To an ice-cooled solution of amino acid 53 (0.900 g, 3.93 mmol) in a 1:10 mixture 

of THF-water (44 mL), 0.25 M NaOH aqueous solution (40 mL, 10.0 mmol, 2.5 eq) was 

added and the resultant mixture was stirred for 5 h. (Reaction progress was monitored by 

TLC). The reaction mixture was washed with dichloromethane (20 mL), and 5% HCl 

aqueous solution was added to the aqueous phase to reach pH 2.  

Spectroscopic data for compound 53: 

1H NMR (250 MHz, CDCl3): δ 1.41 (s, 9H, t-Bu), 1.85-2.03 (m, 2H, H3R, H4S), 2.10-

2.42 (m, 2H, H3S, H4R), 3.38 (m, 1H, H1), 3.70 (s, 3H, Me), 4.45 (m, 1H, H2), 5.36 (br. 

s., 1H, NH). 

Spectroscopic data are consistent with those reported in reference: 

Izquierdo, S.; Rúa, F. Sbai, A.; Parella, T.; Álvarez-Larena, A.; Branchadell, V.; and 

Ortuño, R.M. J. Org. Chem. 2005, 70, 7963-7971. 
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The acid solution was extracted with ethyl acetate (4x50 mL) and dried over 

magnesium sulfate. Solvent was removed at reduced pressure to afford acid 54 as a white 

crystalline solid (0.750 g, 3.53 mmol, 89% yield) without need of further purification. 

 

tert-Butyl (1S,2R)-2-(carbamoyl)cyclobutylcarbamate, 55 

 

A mixture containing carboxylic acid 54 (0.30 g, 1.39 mmol), Boc2O (0.43 g, 2.19 

mmol, 1.5 eq), ammonium bicarbonate (0.330 g, 4.17 mmol, 3.0 eq) and pyridine (0.29 

mL, 3.52 mmol, 2.5 eq) in 1,4-dioxane (5 mL) was stirred at room temperature for 5 h. 

Water (10 mL) was added, then the mixture was evaporated to dryness under reduced 

pressure. Ethyl acetate was added and the solution was washed with water (4x20 mL) 

then dried over magnesium sulfate and evaporated under vacuum to give the desired 

product 55 as a white powder without further purification (0.280 g, 1.30 mmol,  94% 

yield). 

Spectroscopic data for compound 54: 

1H NMR (250 MHz, CDCl3): δ 1.45 (s, 9H, t-Bu), 1.70-2.35 (m, 4H, H3R, H3S, H4R 

H4S), 3.36 (m, 1H, H1), 4.35 (m, 1H, H2), 5.57 (br. s., 1H, NH). 

Spectroscopic data are consistent with those reported in reference: 

Izquierdo, S.; Rúa, F. Sbai, A.; Parella, T.; Álvarez-Larena, A.; Branchadell, V.; and 

Ortuño, R.M. J. Org. Chem. 2005, 70, 7963-7971. 

Spectroscopic data for compound 55: 

1H NMR (250 MHz, CDCl3): δ 1.44 (s, 9H, t-Bu), 1.84-2.44 (m, 4H, H3R, H3S, H4R 

H4S), 3.33 (m, 1H, H1), 4.44 (m, 1H, H2), 5.36 (br. s.; 2H, NHamide), 5.58 (br. s., 1H, 

NH). 

Spectroscopic data are consistent with those reported in reference: 

Fernandes, C.; Pereira, E.; Faure, S.; Aitken. D.J., J. Org. Chem. 2009, 74, 3217-3220. 
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(1S,2S)-2-(tert-Butoxycarbonylamino)cyclobutane-1-carboxylic acid, 56 

 

A solution of 55 (0.280 g, 1.31 mmol) in MeOH (15 mL) was treated with 6.25 M 

aqueous NaOH solution (7 mL) and the mixture was heated to reflux overnight. The 

methanol was then removed by careful evaporation under reduced pressure and the 

residual aqueous phase was washed with ethyl acetate (3x20 mL). The aqueous phase was 

then cooled to 0 ºC and then 5% HCl was added slowly until pH=2. The aqueous phase 

was then extracted with ethyl acetate (4x50 mL) and the combined organic extracts were 

dried over magnesium sulfate and concentrated under vacuum. The free acid 56 was 

obtained in a 5:1 ratio (trans:cis) as a white powder (0.180 g, 0.836 mmol, 64% yield). 

The cis and trans monomers were separated once methylated. 

 

Methyl (1S,2S)-2-(tert-butoxycarbonylamino) cyclobutane-1-

carboxylate, 57 

METHOD A: 

 

 

Spectroscopic data for compound 56: 

1H NMR (250 MHz, CDCl3): δ 1.48 (s, 9H, t-Bu), 1.75-2.32 (m, 4H, H3R, H3S, H4R 

H4S), 3.13 (m, 1H, H1), 4.14 (m, 1H, H2), 5.08 (br. s., 1H, NH). 

Spectroscopic data are consistent with those reported in reference: 

Fernandes, C.; Pereira, E.; Faure, S.; Aitken. D.J., J. Org. Chem. 2009, 74, 3217-3220. 
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To ester 53 (0.30 g, 1.31 mmol), anhydrous MeOH (60 mL) was added under N2 

atmosphere. Then, sodium (0.14 g, 6.09 mmol, 4.6 eq) was added and the mixture was 

stirred until its total dissolution. The mixture was heated to reflux and stirred for 1 h. 

Then, the solution was cooled at 0 ºC with water and ice and 1 M HCl (8.6 mL, 8.6 mmol, 

6.6 eq) was added. The solvent was then evaporated under vacuum. The remaining water 

was extracted with ethyl acetate (4x50 mL) and the organic extracts were dried over 

magnesium sulphate and the solvent was evaporated under vacuum. Flash 

chromatography (3:1 Hexane-EtOAc) provided trans amino acid 57 as a white solid (0.20 

g, 0.872 mmol, 66% yield) as well as some starting amino acid 53 (0.03 g, 0.131 mmol 

10% yield). 

METHOD B: 

 

A trans:cis mixture of acid monomer with 5:1 ratio (0.100 g, 0.460 mmol) was 

methylated by the action of an excess of methyl iodide (0.1 mL,1.61 mmol, 3.5 eq) in the 

presence of Cs2CO3 (0.17 g, 0.55 mmol, 1.2 eq) in a DMF solution (10 mL) overnight. 

Flash chromatography (3:1 hexane-EtOAc) provided pure orthogonally protected amino 

acid 57 as a white solid (0.076 g, 0.332 mmol, 71% yield). Ester 53 was also obtained 

from the purification process (0.0100 g, 0.0436 mmol, 9% yield).  

  

Spectroscopic data for compound 57: 

1H NMR (250 MHz, CDCl3): δ 1.45 (s, 9H, t-Bu), 1.95 (m, 3H, H3R, H4R H4S) 2.28 

(m, 1H, H3S), 3.00 (m, 1H, H1), 3.70 (s, 3H, Me), 4.23 (m, 1H, H2), 4.78 (br., s, 1H, 

NH). 

Spectroscopic data are consistent with those reported in reference: 

Fernandes, C.; Gauzy, C.; Yang, Y.; Roy, O.; Pereira, E.; Faure, S.; Aitken. D.J. 

Synthesis 2007, 14, 2222-2232. 
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(1S,2S)-2-(Methoxycarbonyl)cyclobutan-amine hydrochloride, 58 

 

To a solution of 57 (0.100 g, 0. 44 mmols) in CH2Cl2 (8 mL), was added 2 M HCl 

in Et2O (3.7 mL, 74 mmols, 16.8 eq). After 4 h (the reaction was monitored by TLC), a 

white precipitate was observed. The solvent was removed under vacuum obtaining 58 

(0.072 g, quantitative yield) as a white solid, without further purification. 

 

Methyl (1S,2S)-2-(benzyloxycarbonylamino)cyclobutane-1-carboxylate, 

44 

 

To an ice cooled solution of 58 (0.210 g, 1.27 mmol) in water (40 mL) and acetone 

(5.5 mL), NaHCO3 (0.220 g, 2.62 mmol, 2 eq) and Na2CO3 (0.420 g, 3.96 mmol, 3 eq) 

were added. The mixture was stirred until the complete dissolution of the carbonates. 

Then, benzyl chloroformate (0.3 mL, 2.10 mmol, 1.6 eq) was added and the mixture was 

stirred at 0 ºC (reaction was monitored by TLC). After 5 h, the reaction was extracted 

with EtOAc (4x50 mL) and the organic layer was dried over magnesium sulfate.  

Spectroscopic data for compound 58: 

1H NMR (250 MHz, CDCl3): (250 MHz, CDCl3): δ 2.02 (m, 1H, H3S), 2.14-2.64 (m, 

4H, H3R, H4R H4S, H1), 3.73 (s, 3H, Me), 4.16 (m, 1H, H2), 8.56 (br. s., 3H, NH3
+). 

Spectroscopic data are consistent with those reported in reference: 

Torres, E.; Gorrea, E.; Da Silva, E.; Nolis, P.; Branchadell, V.; Ortuño, R.M. Org. 

Lett. 2009, 11, 2301-2304. 
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The solvent was removed under vacuum, and the excess of benzyl chloroformate 

was lyophilized. The residue was purified by column chromatography (2:1 hexane-

EtOAc) to afford monomer 44 (0.240 g, 70% yield) as a white solid. 

 

(1S,2S)-2-(Benzyloxycarbonylamino)cyclobutane-1-carboxylic acid, 59 

 

To an ice-cooled solution of amino acid 44 (0.170 g, 0.650 mmol) in a 1:10 

mixture of THF-water (22 mL), 0.25 M NaOH aqueous solution (6.50 mL, 1.63 mmol, 

2.5 eq) was added and the resultant mixture was stirred for 4 h. (Reaction progress was 

monitored by TLC). The reaction mixture was washed with dichloromethane (15 mL), 

and 5% HCl aqueous solution was added to the aqueous phase to reach pH 2. The acid 

solution was extracted with ethyl acetate (4x30 mL) and dried over magnesium sulfate. 

Solvent was removed at reduced pressure to afford acid 59 as a white crystalline solid 

(0.75 g, 89% yield) without need of further purification. 

 

Spectroscopic data for compound 44: 

1H NMR (250 MHz, CDCl3): δ 1.84–2.07 (m, 3H, H3R, H4R H4S) 2.19-2.41 (m, 1H, 

H3S), 3.08 (m, 1H, H1), 3.72 (s, 3H, Me), 4.32 (m, 1H, H2), 5.00-5.19 (m,, 3H, NH2, 

CH2-Ph), 7.37 (s. 5H, Arom). 

Spectroscopic data are consistent with those reported in reference: 

Illa, O., Olivares, J.A., Nolis, P., Ortuño, R.M. Tetrahedron 2017, 73(44), 6286-6295. 

Spectroscopic data for compound 59: 

1H NMR (250 MHz, CDCl3): δ 1.82-2.30 (m, 4H, H3, H4), 3.14 (m, 1H, H1), 4.23 (m, 

1H, H2), 5.15 (s, 2H, CH2Ph), (broad s, 1H, NH), 7.37 (m, 5H, HAr). 

Spectroscopic data are consistent with those reported in reference: 

Illa, O., Olivares, J.A., Nolis, P., Ortuño, R.M. Tetrahedron, 2017, 73(44), 6286-6295. 
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(1R,2S)-2-(Benzyloxycarbonylamino)cyclobutane-1-carboxylic acid, 52 

 

To an ice-cooled solution of amino acid 43 (0.300 g, 1.20 mmol) in a 1:10 mixture 

of THF-water (25 mL), 0.25 M NaOH aqueous solution (12.0 mL, 3.00 mmol, 2.5 eq) 

was added and the resultant mixture was stirred for 4 h. (Reaction progress was monitored 

by TLC). The reaction mixture was washed with dichloromethane (30 mL), and 5% HCl 

aqueous solution was added to the aqueous phase to reach pH 2. The acid solution was 

extracted with ethyl acetate (4x40 mL) and dried over magnesium sulfate. Solvent was 

removed at reduced pressure to afford acid 52 as a white crystalline solid (0.250 g, 88% 

yield) without need of further purification. 

  

  

Spectroscopic data for compound 52: 

1H NMR (250 MHz, CDCl3): δ 2.07-2.15 (m, 2H, H3R, H4R) 2.32-2.41 (m, 2H, H3S, 

H4s), 3.08 (m, 1H, H1), 3.42 (m, 1H, H1), 4.56 (m, 1H, H2), 5.10 (s, 2H, CH2CBz), 5.67 

(s.a.,1H, NH), 7.41 (s. 5H, HAr). 

Spectroscopic data are consistent with those reported in reference: 

Martín-Vilà.; Muray, E; P. Aguado, G.; Alvarez-Larena, A.; Branchadell, V.; 

Minguillón, C.; Giralt, E.; and Ortuño, R.M. Tetrahedron Asymmetry 2000, 11, 3569- 

3584. 
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Dipeptide 33 

 Carboxylic acid cyclobutane 52 (0.340 g, 1.36 mmol) and PyBOP (0.780 g, 1.50 

mmol, 1.1 eq) were dissolved in anhydrous DMF (5 mL) in a round bottom flask under 

nitrogen. Then, freshly distilled DIPEA (0.940 mL, 5.40 mmol, 4 eq) was added. The 

solution was stirred at room temperature for 10 minutes. In another round bottom flask 

under nitrogen, cis--amino- N-Boc-L-proline methyl ester hydrochloride 45 (0.420 g, 

1.5 mmol, 1.1 eq) was dissolved in the minimum amount of anhydrous DMF. This 

solution was transferred to the flask containing the carboxylic acid derivative and was 

stirred at room temperature for 18 h. After this, EtOAc was added and the resulting 

solution was washed with a saturated aqueous solution of NaHCO3 (x4). The organic 

layer was dried over MgSO4 and the solvent was evaporated under vacuum. The reaction 

crude was purified by column chromatography over silica gel (EtOAc-Hexane 3:2) 

obtaining dipeptide 33 as a white solid (0.547 g, 1.15 mmol, 85% yield). 
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Dipeptide 35 

 Carboxylic acid cyclobutane 52 (0.200 g, 0.80 mmol) and PyBOP (0.460 g, 0.88 

mmol, 1.1 eq) were dissolved in anhydrous DMF (4 mL) in a round bottom flask under 

nitrogen. Then, freshly distilled DIPEA (0.560 mL, 3.20 mmol, 4 eq) was added.  

Spectroscopic data for compound 33: 

[α]D = -60.8 (c=1.0 in MeOH).  

M.p: 46-50 ºC (from EtOAc).  

IR (ATR): 3396, 2950, 1741, 1696, 1654, 1533 cm-1. 

1H NMR (600 MHz, DMSO-d6): major conformation: 1.39 (s, 9H, t-Bu), 1.63 (m, 

1H, H20), 1.77 (m, 1H, H12), 1.95 (m, 1H, H12’), 2.17 (m, 2H, H11), 2.44 (m, 1H, H20’), 

3.09 (m, 1H, H17), 3.64 (s, 3H, Me), 3.67 (m, 1H, H17’), 4.18 (m, 1H, H19), 4.27 (m, 

2H, H16, H10), 4.95 (m, 2H, H7), 7.32 (m, 6H, NH9, HAr), 7.80 (m, 1H, NH15). minor 

conformation: all signals coincide with the major conformer except for: 1.58 (s, 9H, 

t-Bu), 3.62 (s, 3H, Me). 

13C NMR (150 MHz, DMSO-d6): major conformer  17.9 (C12), 27.6 (C11), 28.3 

(CBoc), 36.3 (C20), 45.7 (C13), 47.1 (C16), 47.3 (C10), 50.4 (C17), 52.4 (Me), 58.0 (C19), 

65.6 (C7), 79.7 (Cq tBu), 128.0 (CAr), 128.2 (CAr), 128.8 (CAr), 137.5 (CAr), 153.0 

(COBoc), 155.6 (C8), 171.9 (C14), 173.5 (C21);
 minor confomer:  17.9 (C12), 27.4 (C11), 

28.5 (CBoc), 35.3 (C20), 45.6 (C13), 47.3 (C10), 47.8 (C16), 50.9 (C17), 52.4 (Me), 58.0 

(C19), 65.6 (C7), 79.7 (Cq Boc), 127.9 (CAr), 128.2 (CAr), 128.8 (CAr), 137.5 (CAr), 153.8 

(COBoc), 155.6 (C8), 171.8 (C14), 173.1 (C21). 

HRMS: calculated for C24H33N3O7Na (M+Na): 498.2211, Found: 498.2221. 
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The solution was stirred at room temperature for 10 minutes. In another round 

bottom flask under nitrogen, trans--amino- N-Boc-L-proline methyl ester 

hydrochloride 46 (0.250 g, 0.88 mmol, 1.1 eq) was dissolved in the minimum amount of 

anhydrous DMF. This solution was transferred to the flask containing the carboxylic acid 

derivative and was stirred at room temperature for 18 h. After this, EtOAc was added and 

the resulting solution was washed with a saturated aqueous solution of NaHCO3 (x4). The 

organic layer was dried over MgSO4 and the solvent was evaporated under vacuum. The 

reaction crude was purified by column chromatography over silica gel (EtOAc-Hexane 

3:2) obtaining dipeptide 35 as a white solid (0.320 g, 0.67 mmol, 84% yield). 

  

Spectroscopic data for compound 35: 

[α]D = -67.4 (c=1.0 in MeOH).  

M.p: 49-50 ºC (from MeOH).  

IR (ATR): 3304, 1745, 1693, 1650, 1534 cm-1. 

1H NMR (600 MHz, DMSO-d6): major conformation: 1.35 (s, 9H, t-Bu), 1.79 (m, 

1H, H12), 1.95 (m, 2H, H12’), 2.06 (m, 2H, H20), 2.18 (m, 1H, H11), 3.03 (m, 1H, H17), 

3.18 (m, 1H, H13), 3.59 (m, 1H, H17’), 3.68 (s, 3H, Me), 4.27 (m, 2H, H19, H10), 4.99 

(m, 2H, H7), 7.35 (m, 6H, NH9, HAr), 8.02 (d, J= 6 Hz, 1H, NH15).minor conformation: 

all signals coincide with the major conformer except for: 2.97 (m, 1H, H17), 3.65 (s, 

3H, Me), 5.02 (m, 2H, H7), 7.95 (d, J= 6 Hz, 1H, NH15). 

13C NMR (150 MHz, DMSO-d6): major conformer  17.9 (C12), 27.5 (C11), 28.5 

(CBoc), 36.0 (C20), 45.6 (C13), 47.0 (C16), 47.2 (C10), 52.0 (C17), 52.4 (Me), 58.0 (C19), 

65.7 (C7), 79.6 (Cq tBu), 127.9 (CAr), 128.2 (CAr), 128.8 (CAr), 137.5 (CAr), 153.2 

(COBoc), 155.6 (C8), 171.8 (C14), 173.5 (C21); minor confomer:  17.9 (C12), 27.4 (C11), 

28.3 (CBoc), 34.9 (C20), 45.5 (C13), 47.3 (C13), 47.5 (C16), 51.6 (C17), 52.4 (Me), 57.7 

(C19), 65.6 (C7), 79.7 (Cq Boc), 127.9 (CAr), 128.2 (CAr), 128.8 (CAr), 137.5 (CAr), 153.9 

(COBoc), 155.6 (C8), 171.8 (C14), 173.0 (C21). 

HRMS: calculated for C24H33N3O7Na (M+Na): 498.2211, Found: 498.2212. 
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Dipeptide 37 

 

Carboxylic acid cyclobutane 59 (0.250 g, 0.98 mmol) and PyBOP (0.560 g, 1.08 

mmol, 1.1 eq) were dissolved in anhydrous DMF (5 mL) in a round bottom flask under 

nitrogen. Then, freshly distilled DIPEA (0.680 mL, 3.92 mmol, 4 eq) was added. The 

solution was stirred at room temperature for 10 minutes. In another round bottom flask 

under nitrogen, cis--amino- N-Boc-L-proline methyl ester hydrochloride 45 (0.300 g, 

1.08 mmol, 1.1 eq) was dissolved in the minimum amount of anhydrous DMF. This 

solution was transferred to the flask containing the carboxylic acid derivative and was 

stirred at room temperature for 18 h. After this, EtOAc was added and the resulting 

solution was washed with a saturated aqueous solution of NaHCO3 (x4). The organic 

layer was dried over MgSO4 and the solvent was evaporated under vacuum. The reaction 

crude was purified by column chromatography over silica gel (EtOAc-Hexane 3:2) 

obtaining dipeptide 37 as a white solid (0.357 g, 0.75 mmol, 77% yield). 
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Dipeptide 39 

 

Carboxylic acid cyclobutane 59 (0.150 g, 0.60 mmol) and PyBOP (0.340 g, 0.66 

mmol, 1.1 eq) were dissolved in anhydrous DMF (4 mL) in a round bottom flask under 

Spectroscopic data for compound 37: 

[α]D = +3 (c=1.0 in MeOH).  

M.p: 65-68 ºC (from EtOAc).  

IR (ATR): 3293, 2954, 1684 cm-1. 

1H NMR (600 MHz, DMSO-d6): major conformation: 1.33 (s, 9H, t-Bu), 1.64 (m, 

1H, H12), 1.77 (m, 2H, H12’, H20), 1.84 (m, 1H, H11), 2.01 (m, 1H, H11’), 2.45 (m, 1H, 

H20’), 2.86 (m, 1H, H13), 3.06 (m, 1H, H17), 3.66 (s, 3H, Me), 3.67 (m, 1H, H17’), 4.06 

(m, 1H, H10), 4.21 (m, 2H, H16, H19), 5.00 (s, 2H, H7), 7.35 (m, 5H, HAr), 7.65 (d, J= 

8.5 Hz, 1H, NH9), 7.92 (m, 1H, NH15).minor conformation:  all signals coincide with 

the major conformer except for:  1.60 (s, 9H, t-Bu) and 3.64 (s, 3H, Me). 

13C NMR (150 MHz, DMSO-d6): major conformer  18.2 (C12), 26.2 (C11), 28.3 

(CBoc), 35.7 (C20), 47.4 (C16), 47.8 (C13), 48.2 (C10), 50.8 (C17), 52.4 (Me), 57.9 (C19), 

65.8 (C7), 79.6 (Cq tBu), 128.3 (CAr), 128.4 (CAr), 128.8 (CAr), 137.5 (CAr), 153.1 

(COBoc), 155.7 (C8), 172.4 (C14), 173.5 (C21); minor confomer:  18.2 (C12), 26.2 (C11), 

28.5 (CBoc), 34.8 (C20), 47.9 (C13), 48.2 (C16), 48.3 (C10), 51.4 (C17), 52.3 (Me), 57.5 

(C19), 65.8 (C7), 79.8 (Cq Boc), 128.3 (CAr), 128.4 (CAr), 128.8 (CAr), 137.5 (CAr), 153.8 

(COBoc), 155.6 (C8), 172.4 (C14), 173.1 (C21). 

HRMS: calculated for C24H33N3O7Na (M+Na): 498.2211, Found: 498.2223. 
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nitrogen. Then, freshly distilled DIPEA (0.420 mL, 2.40 mmol, 4 eq) was added. The 

solution was stirred at room temperature for 10 minutes.  

In another round bottom flask under nitrogen, trans--amino- N-Boc-L-proline 

methyl ester hydrochloride 46 (0.190 g, 0.66 mmol, 1.1 eq) was dissolved in the minimum 

amount of anhydrous DMF. This solution was transferred to the flask containing the 

carboxylic acid derivative and was stirred at room temperature for 18 h. After this, EtOAc 

was added and the resulting solution was washed with a saturated aqueous solution of 

NaHCO3 (x4). The organic layer was dried over MgSO4 and the solvent was evaporated 

under vacuum. The reaction crude was purified by column chromatography over silica 

Spectroscopic data for compound 39: 

[α]D = -62 (c=0.8 in MeOH).  

M.p: 50-54 ºC (from EtOAc).  

IR (ATR): 3271, 1746, 1689, 1647 cm-1. 

1H NMR (600 MHz, DMSO-d6): major conformation: 1.33 (s, 9H, t-Bu), 1.71 (m, 

2H, H12, H12’), 1.88 (m, 1H, H11), 2.02 (m, 2H, H11’, H20), 2.16 (m, 1H, H20’), 2.86 

(ddd, J= J'= J''= 9.0 Hz, 1H, H13), 3.17 (dd, J= 10.5 Hz, J'= 4.0 Hz, 1H, H17), 3.52 (dd, 

J= 10.9 Hz, J'= 6.1 Hz, 1H, H17’), 3.68 (s, 3H, Me) 4.04 (m, 1H, H10), 4.24 (m, 1H, 

H16), 4.30 (m, 1H, H19), 5.00 (m, 2H, H7), 7.36 (m, 5H, HAr), 7.65 (d, J= 8.5 Hz, 1H, 

NH9), 8.10 (d, J= 6.4 Hz, 1H, NH15). minor conformation:  all signals coincide with 

the major conformer except for: 1.39 (s, 9H, t-Bu), 2.11 (m, 1H, H20’), 2.86 (ddd, J= 

J'= J''= 9.0 Hz, 1H, H13), 3.12 (dd, J= 10.6 Hz, J'= 5.2 Hz, 1H, H17), 3.56 (dd, J= 10.7 

Hz, J'= 6.5 Hz, 1H, H17’), 3.65 (s, 3H, Me), 8.07 (d, J= 6.6 Hz, 1H, NH15). 

13C NMR (150 MHz, DMSO-d6): major conformer  17.8 (C12), 25.9 (C11), 28.3 

(CBoc), 36.2 (C20), 47.6 (C16), 48.2 (C13), 48.6 (C10), 51.6 (C17), 52.4 (Me), 58.0 (C19), 

65.8 (C7), 79.6 (Cq tBu), 128.3 (CAr), 128.4 (CAr), 128.8(CAr), 137.4 (CAr), 153.2 

(COBoc), 155.6 (C8), 172.3 (C14), 173.5 (C21); minor confomer:  18.1 (C12), 26.0 (C11), 

28.5 (CBoc), 35.0 (C20), 48.1 (C16), 48.1 (C13), 48.4 (C10), 51.9 (C17), 52.4 (Me), 57.7 

(C19), 65.8 (C7), 79.7 (Cq Boc), 128.3 (CAr), 128.4 (CAr), 128.8 (CAr), 137.4 (CAr), 153.9 

(COBoc), 155.6 (C8), 172.3 (C14), 173.0 (C21). 

HRMS: calculated for C24H33N3O7Na (M+Na): 498.2211, Found: 498.2221. 
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gel (EtOAc-Hexane 3:2) obtaining dipeptide 39 as a white solid (0.320 g, 0.40 mmol, 

66% yield). 

 

Dipeptide 60 

 

Dipeptide 33 (0.240 g, 0.50 mmol) was dissolved in a 1:10 mixture of THF-H2O 

(15 mL). The round bottom flask was placed in an ice-water bath. Then a 0.25 M NaOH 

aqueous solution was added (5 mL, 1.26 mmol, 2.5 eq) and the reaction was monitored 

by TLC (generally after 5 h it was completed). After, the reaction mixture was acidified 

to pH 3 with a 5% HCl solution. Then the product was extracted with EtOAc (4 x 30 mL). 

The organic layers were combined, dried over MgSO4 and the solvent was evaporated 

under vacuum obtaining acid dipeptide 60 (0.220 g, 0.48 mmol, 94% yield). The crude 

was used without any further purification. 

 

 

Spectroscopic data for compound 60: 

[α]D = -59.4 (c=1.00 in MeOH).  

M.p: 80-82 ºC (from EtOAc).  

IR (ATR): 3349, 3302, 2975, 1683, 1648 cm-1 

1H NMR (250 MHz, CDCl3): δ 1.46 (s, 9H, tBu), 1.81-2.34 (m, 6H, H11, H12, H20), 

3.16 (s, 1 H, H13), 3.28-3.78 (m, 2H, H17), 4.37 (m, 2H, H16, H19), 5.10 (m, 2H, H7, 

H10), 5.93 (1H, NH), 6.82 (1H, NH), 7.33 (s, 5H, HAr). 

HRMS: calculated for C23H31N3O7Na (M+Na): 484.2054, Found: 484.2044. 
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Dipeptide 61 

 

Dipeptide 35 (0.240 g, 0.50 mmol) was dissolved in a 1:10 mixture of THF-H2O 

(15 mL). The round bottom flask was placed in an ice-water bath. Then a 0.25 M NaOH 

aqueous solution was added (5 mL, 1.26 mmol, 2.5 eq) and the reaction was monitored 

by TLC (generally after 5 h it was completed). After, the reaction mixture was acidified 

to pH 3 with a 5% HCl solution. Then the product was extracted with EtOAc (4 x 30 mL). 

The organic layers were combined, dried over MgSO4 and the solvent was evaporated 

under vacuum obtaining acid dipeptide 61 (0.220 g, 0.48 mmol, 94% yield). The crude 

was used without any further purification. 
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Dipeptide 62 

 

Spectroscopic data for compound 61: 

[α]D = -61.7 (c=1.05 in MeOH).  

M.p: 82-84 ºC (from MeOH).  

IR (ATR): 3328, 2948, 2360, 1685, 1540 cm-1 

1H NMR (250 MHz, CD3OD): (250 MHz, CDCl3): δ 1.46 (s, 9H, tBu), 1.81-2.34 (m, 

6H, H11, H12, H20), 3.09 (s, 1 H, H13), 3.76 (m, 1H, H17), 4.27 (m, 1H, H17’), 4.33-4.49 

(H19, H10), 5.07 (m, 2H, H7), 7.34 (s, 5H, HAr). 

13C NMR (62.5 MHz, CDCl3): δ 17.7 (CH2), 27.7 (CH3-
tBu), 35.12 (CH2), 36.0 (CH2), 

66.6 (C7), 80.7 (C-tBu), 127.8 (CAr), 128.5 (CAr), 137.2 (CAr), 154.6 (CO), 155.0 (CO), 

156.9 (CO), 173.7 (CO).  

HRMS: calculated for C23H31N3O7Na (M+Na): 484.2054, Found: 484.2058. 
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Dipeptide 37 (0.200 g, 0.42 mmol) was dissolved in a 1:10 mixture of THF-H2O 

(15 mL). The round bottom flask was placed in an ice-water bath. Then a 0.25 M NaOH 

aqueous solution was added (4.2 mL, 1.10 mmol, 2.5 eq) and the reaction was monitored 

by TLC (generally after 5 h it was completed). After, the reaction mixture was acidified 

to pH 3 with a 5% HCl solution. Then the product was extracted with EtOAc (4 x 30 mL). 

The organic layers were combined, dried over MgSO4 and the solvent was evaporated 

under vacuum obtaining acid dipeptide 62 (0.180 g, 0.39 mmol, 90% yield). The crude 

was used without any further purification. 

 

 

Dipeptide 63 

 

Spectroscopic data for compound 62: 

[α]D = 10.7 (c=1.00 in MeOH).  

M.p: 142-145 ºC (from CH2Cl2).  

IR (ATR): 3292, 2940, 1746, 1698, 1648 cm-1 

1H NMR (250 MHz, CD3OD): (250 MHz, CDCl3): δ 1.45 (s, 9H, tBu), 1.80-2.03 (m, 

4H, H11, H12, H20), 2.11-2.20 (m, 1H, H11’), 2.55 (m, 1H, H20),  2.89 (s, 1 H, H13), 3.32 

(m, 1H, H17), 3.79 (m, 1H, H17’), 4.08-4.36 (m, 3H, H10, H16, H19), 5.08 (m, 2H, H7), 

7.36 (s, 5H, HAr). 

13C NMR (62.5 MHz, CDCl3): δ 18.0 (C12), 25.2 (C11), 27.5 (CH3-
tBu), 35.9 (C20), 

51.0 (C17), 51.7 (C10), 58.3 (C19), 66.6 (C7), 80.8 (C-tBu), 127.8 (CAr), 128.0 (CAr), 

128.5 (CAr), 137.2 (CAr), 154.6 (CO), 157.1 (CO), 174.2 (CO), 175.4 (CO).  

HRMS: calculated for C23H31N3O7Na (M+Na): 484.2054, Found: 484.2065. 

 



7. Experimental Methodologies 
 

 

211 

Dipeptide 39 (0.240 g, 0.50 mmol) was dissolved in a 1:10 mixture of THF-H2O 

(15 mL). The round bottom flask was placed in an ice-water bath. Then a 0.25 M NaOH 

aqueous solution was added (5 mL, 1.26 mmol, 2.5 eq) and the reaction was monitored 

by TLC (generally after 5 h it was completed). After, the reaction mixture was acidified 

to pH 3 with a 5% HCl solution. Then the product was extracted with EtOAc (4 x 30 mL). 

The organic layers were combined, dried over MgSO4 and the solvent was evaporated 

under vacuum obtaining acid dipeptide 63 (0.220 g, 0.48 mmol, 94% yield). The crude 

was used without any further purification. 

 

 

 

 

Dipeptide 64 

 

Spectroscopic data for compound 63: 

[α]D = -9.9 (c=1.05 in MeOH).  

M.p: 86-89 ºC (from CH2Cl2).  

IR (ATR): 3270.37, 2974.17, 1678.05, 1648.67, 1530.44 cm-1 

1H NMR (250 MHz, CD3OD): (250 MHz, CDCl3): δ 1.45 (s, 9H, tBu), 1.80-2.05 (m, 

4H, H11, H12, H20), 1.87-1.92 (m, 1H, H11), 2.12 (m, 1H, H20’),  2.89 (s, 1 H, H13), 3.24 

(m, 1H, H17), 3.67 (m, 1H, H17’), 4.10-4.40 (m, 3H, H10, H16, H19), 5.06 (m, 2H, H7), 

7.36 (s, 5H, HAr). 

HRMS: calculated for C23H31N3O7Na (M+Na): 484.2054, Found: 484.2072. 
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Dipeptide 33 (0.250 g, 0.53 mmol) was dissolved in the minimum amount of 

methanol in a hydrogenation reactor. Pd(OH)2 20% on carbon (50 mg) was added and the 

mixture was hydrogenated during 15 h under 7 atmospheres of pressure. Then, the 

solution was filtered over Celite. The Celite was washed with methanol and the filtrate 

was evaporated under reduced pressure. The crude containing amine 64 was used 

immediately without any further purification. 

 

Dipeptide 65 

 

Dipeptide 35 (0.100 g, 0.22 mmol) was dissolved in the minimum amount of 

methanol in a hydrogenation reactor. Pd(OH)2 20% on carbon (20 mg) was added and the 

mixture was hydrogenated during 15 h under 7 atmospheres of pressure. Then, the 

solution was filtered over Celite. The Celite was washed with methanol and the filtrate 

was evaporated under reduced pressure. The crude containing amine 65 was used 

immediately without any further purification. 

 

 

 

Dipeptide 66 
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 Dipeptide 37 (0.120 g, 0.25 mmol) was dissolved in the minimum amount of 

methanol in a hydrogenation reactor. Pd(OH)2 20% on carbon (24 mg) was added and the 

mixture was hydrogenated during 15 h under 7 atmospheres of pressure. Then, the 

solution was filtered over Celite. The Celite was washed with methanol and the filtrate 

was evaporated under reduced pressure. The crude containing amine 66 was used 

immediately without any further purification. 

 

Dipeptide 67 

 

Dipeptide 39 (0.230 g, 0.48 mmol) was dissolved in the minimum amount of 

methanol in a hydrogenation reactor. Pd(OH)2 20% on carbon (46 mg) was added and the 

mixture was hydrogenated during 15 h under 7 atmospheres of pressure. Then, the 

solution was filtered over Celite. The Celite was washed with methanol and the filtrate 

was evaporated under reduced pressure. The crude containing amine 67 was used 

immediately without any further purification.  
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Tetrapeptide 34 

 

The free carboxylic acid dipeptide derivative 60 (0.184 g, 0.400 mmol, 1 eq) and 

PyBOP (0.230 mg, 0.440 mmol, 1.1 eq) is dissolved in anhydrous DMF (4 mL) in a round 

bottom flask under nitrogen. Then, freshly distilled DIPEA (0.280 ml, 1.60 mmol, 4 eq) 

is added. The solution is stirred at room temperature for 10 minutes. In another round 

bottom flask under nitrogen, the N-terminus-deprotected dipeptide 64 (0.140 g, 0.400 

mmol, 1 eq) is dissolved in the minimum amount of anhydrous DMF. This solution is 

transferred to the flask containing the C-terminus-deprotected dipeptide and is stirred at 

room temperature for 18 h. After this, EtOAc is added and the resulting solution is washed 

with a saturated aqueous solution of NaHCO3 (x4). The organic layer is dried over MgSO4 

and the solvent is evaporated under vacuum. The reaction crude was purified by column 

chromatography over silica gel (EtOAc) obtaining tetrapeptide 34 as a white solid (0.133 

g, 0.17 mmol, 42% yield). 
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Tetrapeptide 36 

 

The free carboxylic acid dipeptide derivative 61 (0.100 g, 0.220 mmol, 1 eq) and 

PyBOP (0.125 mg, 0.242 mmol, 1.1 eq) is dissolved in anhydrous DMF (3 mL) in a round 

bottom flask under nitrogen. Then, freshly distilled DIPEA (0.150 ml, 0.88 mmol, 4 eq) 

is added. The solution is stirred at room temperature for 10 minutes. In another round 

bottom flask under nitrogen, the N-terminus-deprotected dipeptide 65 (0.048 g, 0.220 

mmol, 1 eq) is dissolved in the minimum amount of anhydrous DMF.  

Spectroscopic data for compound 34: 

[α]D = -92 (c=1.0 in MeOH).  

M.p: 102-105 ºC (from EtOAc).  

IR (ATR): 3294, 2948, 2464, 1695, 1647, 1533 cm-1. 

1H NMR (600 MHz, DMSO-d6,358 K): major conformation:1.40 (s, 18H, t-Bu), 

1.55 (m, 2H, H28), 1.65 (m, 1H, H20), 1.80 (m, 2H, H12, H36), 2.00 (m, 1H, H12’), 2.10 

(m, 2H, H27), 2.15 (m, 1H, H11), 2.20 (m, 1H, H11’), 2.40 (m, 1H, H20’), 2.50 (m, 1H, 

H36’), 3.15 (m, 4H, H17, H29, H33, H13), 3.25 (m, 2H, H13, H33), 3.70 (m, 5H, H17’, H33’, 

Me), 4.10 (m, 1H, H19), 4.20 (m, 4H, H16, H26, H32, H35), 4.30 (m, 1H, H10),  5.00 (m, 

2H, CH2Ph), 6.80 (m, 1H, NH9), 7.35 (m, 5H, HAr), 7.60 (m, 1H, NH31), 7.70 (m, 2H, 

NH15, NH25). 

13C NMR (150 MHz, DMSO-d6, 358 K): major conformation: 18.9 (C12), 23.0 (C28),  

28.3 (C11), 28.5 (CBoc), 28.7 (C23 and C39), 35.4  (C27 and C36), 36.0 (broad, C20), 45.4 

(C13, C29), 47.0-48.00 (C10, C16, C26, C32), 51.2 (C33), 52.2 (Me), 52.4 (C17), 55.4 (C19), 

58.0 (C35), 59.2 (C19), 65.9 (C7), 79.7 (Cq tBu), 128.0 (CAr), 128.7 (CAr), 137.6 (CAr), 

153.5 (broad C21, C37), 155.5 (C8), 172.0 (C14), 172.5 (C24, C30), 173.3 (C40).  

HRMS: calculated for C39H56N6O11Na (M+Na)+: 807.3899, Found: 807.3898. 
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This solution is transferred to the flask containing the C-terminus-deprotected 

dipeptide and is stirred at room temperature for 18 h. After this, EtOAc is added and the 

resulting solution is washed with a saturated aqueous solution of NaHCO3 (x4). The 

organic layer is dried over MgSO4 and the solvent is evaporated under vacuum. The 

reaction crude was purified by column chromatography over silica gel (EtOAc) obtaining 

tetrapeptide 36 as a white solid (0.086 g, 0.11 mmol, 53% yield 

 

 

 

 

 

Spectroscopic data for compound 36: 

[α]D = -81 (c=1.0 in MeOH).  

M.p: 92-93 ºC (from EtOAc).  

IR (ATR): 3294, 1744, 1649, 1536 cm-1. 

1H NMR (600 MHz, DMSO-d6,358 K): major conformation:1.40 (s, 18H, t-Bu), 

1.55 (m, 2H, H28), 1.85 (m, 1H, H12), 1.95 (m, 1H, H20), 2.00 (m, 2H, H12’, H27), 2.15 

(m, 5H, H11, H20’, H36), 3.10 (m, 2H, H17, H29), 3.25 (m, 2H, H13, H33), 3.60 (m, 1H, 

H33’), 3.70 (m, 4H, H17’, Me), 4.15 (m, 1H, H19), 4.30 (m, 5H, H10, H16, H26, H32, H35), 

5.05 (m, 2H, CH2Ph), 6.80 (m, 1H, NH9), 7.35 (m, 5H, HAr), 7.60 (m, 2H, NH15, NH25), 

7.80 (m, 1H, NH31). 

13C NMR (150 MHz, DMSO-d6, 358 K): major conformation: 18.6 (C12), 23.0 (C28),  

28.2 (C11), 28.5 (CBoc), 28.7 (C23 and C39), 35.4  (C27), 37.0 (broad, C20 and C36), 45.3 

(C13, C29), 47.4 (C10, C26), 47.8 (C16, C32), 51.9 (C33), 52.2 (Me), 52.4 (C17), 58.1 (C35), 

59.4 (C19), 65.9 (C7), 79.7 (Cq tBu), 128.0 (CAr), 128.7 (CAr), 137.6 (CAr), 154.0 (broad 

C21, C37), 155.5 (C8), 172.0 and 172.5 (C14, C24, C30), 173.0 (C40). 

HRMS: calculated for C39H56N6O11Na (M+Na)+: 807.3899, Found: 807.3893. 
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Tetrapeptide 38 

 

The free carboxylic acid dipeptide derivative 62 (0.160 g, 0.350 mmol, 1 eq) and 

PyBOP (0.200 mg, 0.385 mmol, 1.1 eq) is dissolved in anhydrous DMF (4 mL) in a round 

bottom flask under nitrogen. Then, freshly distilled DIPEA (0.250 ml, 1.40 mmol, 4 eq) 

is added. The solution is stirred at room temperature for 10 minutes. In another round 

bottom flask under nitrogen, the N-terminus-deprotected dipeptide 66 (0.120 g, 0.350 

mmol, 1 eq) is dissolved in the minimum amount of anhydrous DMF. This solution is 

transferred to the flask containing the C-terminus-deprotected dipeptide and is stirred at 

room temperature for 18 h. After this, EtOAc is added and the resulting solution is washed 

with a saturated aqueous solution of NaHCO3 (x4). The organic layer is dried over MgSO4 

and the solvent is evaporated under vacuum. The reaction crude was purified by column 

chromatography over silica gel (EtOAc) obtaining tetrapeptide 38 as a white solid (0.180 

g, 0.23 mmol, 65% yield). 
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Tetrapeptide 40 

 

The free carboxylic acid dipeptide derivative 63 (0.050 g, 0.100 mmol, 1 eq) and 

PyBOP (0.060 mg, 0.110 mmol, 1.1 eq) is dissolved in anhydrous DMF (2 mL) in a round 

bottom flask under nitrogen. Then, freshly distilled DIPEA (0.070 ml, 0.4 mmol, 4 eq) is 

added. The solution is stirred at room temperature for 10 minutes. In another round 

bottom flask under nitrogen, the N-terminus-deprotected dipeptide 67 (0.034 g, 0.100 

mmol, 1 eq) is dissolved in the minimum amount of anhydrous DMF. 

Spectroscopic data for compound 38: 

[α]D = -2 (c=1.0 in MeOH).  

M.p: 107-110 ºC (from EtOAc).  

IR (ATR): 3303, 2977, 1746, 1678, 1650 cm-1. 

1H NMR (600 MHz, DMSO-d6,358 K): major conformation:1.38 (s,18H, t-Bu), 

1.71 (m, 3H, H12, H20, H28), 1.85 (m, 2H, H12’, H36), 1.90 (m, 3H, H11, H27, H28’), 2.08 

(m, 2H, H11’, H27’), 2.40 (m, 1H, H20’), 2.50 (m, 1H, H36’), 2.88 (m,1H, H13), 2.92 (m, 

1H, H29), 3.20 (m, 2H, H17, H33), 3.68 (s, 4H, Me, H17’), 3.70 (m, 1H, H33’), 4.60 (m, 

2H, H10, H19), 4.25 (m, 4H, H16, H26, H32, H35), 5.04 (m, 2H, H7), 7.38 (m, 5H, HAr), 

7.70 (m, 2H, NH15, NH31), 8.05 (m, 1H, NH25). 

13C NMR (150 MHz, DMSO-d6, 358 K): major conformation: 18.2 (C12), 18.9 (C28),  

25.7 (C27), 26.4 (C11), 28.5 (CBoc), 28.6 (CBoc), 36.0  (broad, C36), 37.0  (broad, C20), 

47.2 (C26), 47.6 (C16, C29, C32), 48.1 (C13), 48.8 (C10), 51.4 (C33), 52.1 (Me), 52.4 (C17), 

58.0 (C35), 58.2 (C19), 65.8 (C7), 79.8 (Cq tBu), 128.2 (CAr), 128.8 (CAr), 137.6 (CAr), 

155.5 (C8), 172.0 and 172.5 (C14, C24, C30), 173.0 (C40) 

HRMS: calculated for C39H57N6O11Na (M+H)+: 785.4080, Found: 785.4110. 
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 This solution is transferred to the flask containing the C-terminus-deprotected 

dipeptide and is stirred at room temperature for 18 h. After this, EtOAc is added and the 

resulting solution is washed with a saturated aqueous solution of NaHCO3 (x4). The 

organic layer is dried over MgSO4 and the solvent is evaporated under vacuum. The 

reaction crude was purified by column chromatography over silica gel (EtOAc) obtaining 

tetrapeptide 40 as a white solid (0.055 g, 0.07 mmol, 69% yield). 

 

 

 

 

 

Spectroscopic data for compound 40: 

[α]D = -2 (c=1.0 in MeOH).  

M.p: 107-110 ºC (from EtOAc).  

IR (ATR): 3295, 2976, 1698, 1647, 1534 cm-1. 

1H NMR (600 MHz, DMSO-d6,358 K): major conformation:1.38 (s,18H, t-Bu), 

1.75 (m, 2H, H12, H28), 1.84 (m, 2H, H12’, H28’), 1.90 (m, 2H, H11, H27), 2.05 (m, 5H, 

H11’, H20, H27’, H36), 2.15 (m, 1H, H36’), 2.90 (m, 2H, H13, H29), 3.19  (m, 2H, H17, H33), 

3.60 (m, 2H, H17’, H33’), 3.68 (m, 2H, Me), 4.09 (m, 1H, H10), 4.15 (m, 1H, H19), 4.25 

(m, 3H, H16, H26, H32), 4.63 (m, 1H, H35), 5.04 (m, 2H, H7), 7.30 (m, 1H, NH9), 7.36 

(m, 5H, HAr), 7.70 (m, 2H, NH15, NH31), 7.95 (m, 1H, NH25). 

13C NMR (150 MHz, DMSO-d6, 358 K): major conformation: 18.3 (C12), 18.5 (C28),  

25.4 (C27), 26.1 (C11), 28.5 (CBoc), 28.7 (CBoc), 36.0  (broad, C36), 37.0  (broad, C20), 

47.5 (C26), 48.0 (C13, C16, C29, C32), 49.0 (C10), 51.8 (C33), 52.2 (Me, C17), 58.2 (C35), 

59.3 (C19), 66 (C7), 79.8 (Cq tBu), 128.0 (CAr), 128.8 (CAr), 137.6 (CAr), 154 (broad C21, 

C37), 155.7 (C8), 172.4 (C14, C24, C30), 173.0 (C40). 

HRMS: calculated for C39H56N6O11Na (M+Na)+: 807.3830, Found: 807.3911. 
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(1S,3R)-3-Acetyl-2,2-dimethylcyclobutane-1-carboxylic acid, 68 

 

 To a stirred solution of (-)-verbenone (2 mL, 13.0 mmol) in 2:2:3 

dichloromethane-acetonitrile-water (120 mL) were added catalytic RuCl3 hydrate (0.05 

g, 0.02 eq) and NaIO4 (11.70 g, 54.5 mmol, 4.2 eq). The mixture was stirred at room 

temperature for 18 h. The crude obtained was filtered through Celite® and the organic 

layer was extracted with dichloromethane (3x40 mL). Then, the combined organic 

extracts were dried over MgSO4 and concentrated under vacuum to afford the (-)-cis-

pinonic acid (2.10 g, 12.3 mmol, 86% yield) which was used in the next step without 

further purification. 

  

tert-Butyl (1S,3R)-3-acetyl-2,2-dimethylcyclobutane-1-carboxylate, 69 

 

 

To a stirred solution of (-)-cis-pinonic acid 68 (2.01 g, 10.91 mmol) in tert-butanol 

(20 mL) was added di-tert-butyl dicarbonate (5.5 g, 27.3 mmol, 2.5 eq). After stirring for 

4 h at room temperature the solvent was removed at reduced pressure. The reaction crude 

was then purified using a flash chromatography (EtOAc-hexane, 1:3), obtaining the tert-

butyl ester 69 (2.37 g, 96% yield). 

Spectroscopic data for compound 68: 

1H NMR (250 MHz, CDCl3): δ 0.97 (s,3H, trans-CH3), 1.45 (s, 3H, cis-CH3), 1.91 

(m, 1H, H4a), 2.07 (s, 3H, COCH3), 2.62 (m, 1H, H4b), 2.86 (c.a., 2H, H1, H3).  

Spectroscopic data are consistent with those reported in reference: 

Burgess, K.; Li, S, Rebenspies, J. Tetrahedron Lett. 1997, 38, 1681-1684.  
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(1R,3S)-3-(tert-Butoxycarbonyl)-2,2-dimethylcyclobutane-1-carboxylic 

acid, 49 

 

 A solution of tert-Butyl ester 69 (2.00 g, 8.8 mmol) was prepared using 125 mL 

of a 3:1 mixture of 1,4-dioxane-water and cooled at 0 ºC. At the same time, a solution of 

sodium hypobromite was prepared using 10.00 g of sodium hydroxide (250.1 mmol, 28.3 

eq) in 240 mL of H2O which were cooled at 0 ºC and then 3.4 mL (65.4 mmol, 7.4 eq) of 

bromine were slowly added. After 10 minutes at 0 ºC, the sodium hypobromite solution 

was added to the other one and 80 mL of 1,4-dioxane were incorporated to the mixture 

which was stirred for 5 h at 0ºC. After that time, a solution of NaHSO4 was added until 

the yellowish color is not observed. By that time, the mixture is acidified using 5 % HCl 

until reach pH 2 and then extracted with CH2Cl2 (4 x 70 mL). The combined organic 

extracts were dried over MgSO4 and concentrated under vacuum to afford the acid 49 as 

a white solid (2.37 g, 97% yield) which was used in the next step without further 

purification. 

  

Spectroscopic data for compound 69: 

1H NMR (250 MHz, CDCl3): δ 0.90 (s,3H, trans-CH3), 1.39 (s, 3H, cis-CH3), 1.42 (s, 

9H, tBu), 1.65-2.01 (s, 1H, H4), 2.03 (s, 3H, COCH3), 2.48-2.69 (m, 1H, H4’), 2.81 

(c.a., 2H, H1, H3).  

Spectroscopic data are consistent with those reported in reference: 

Rouge, P.D.; Moglioni, A.G; Moltrasio, G.Y.; Ortuño, R.M. Tetrahedron: Asymmetry 

2003, 14 (2), 193-195. 
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(1R,3S)-3-tert-Butoxycarbonyl-2,2-dimethylcyclobutane-1-carboxylic 

acid, 48 

 

 

To an ice-cooled solution of half-ester 49 (1.50 g, 6.57 mmol) in anhydrous 

acetone (40 mL), triethylamine (1.50 mL, 10.7 mmol, 1.6 eq) and ethyl chloroformate 

(1.00 mL, 10.6 mmol, 1.6 eq) were subsequently added. The mixture was stirred at 0 ºC 

for 40 minutes. Then, sodium azide (1.11 g, 17.10 mmol, 2.6 eq) in 10 mL of water was 

added and the resultant solution was stirred at room temperature for 2 h. The reaction 

mixture was extracted with dichloromethane (4x20 mL), and the organic extracts were 

dried over MgSO4. Solvents were removed under reduced pressure to give the 

corresponding acyl azide as a yellow oil, which was used in the next step without further 

purification. Acyl azides are instable reagents: it is very important not to heat the final 

product while it is being dried, and the solvent must not be removed until full dryness. 

The obtained acyl azide was dissolved in toluene (40 mL) and BnOH (1.45 mL, 13.8 

mmol, 2.1 eq) was added and the resulting mixture was stirred for 16 h under reflux 

conditions. Then, solvents were removed under reduce pressure and residual BnOH was 

microdestilled under vacuum.  

  

Spectroscopic data for compound 49: 

1H NMR (250 MHz, CDCl3): δ 1.01 (s,3H, trans-CH3), 1.30 (s, 3H, cis-CH3), 1.41 (s, 

9H, tBu), 1.90-2.05 (s, 1H, H4), 2.39-2.55 (m, 1H, H4’), 2.59-2.86 (c.a., 2H, H1, H3).  

Spectroscopic data are consistent with those reported in reference: 

Aguado, G.P.; Moglioni, A.G.; Brousse, B.N; Ortuño, R.M. Tetrahedron: Asymmetry 

2003, 14, 2445-2451.  
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The reaction crude was then purified using a flash chromatography (EtOAc-

hexane, 1:2), obtaining orthogonally protected amino acid 48 (1.55 g, 70% yield). 

WARNING: Acyl azides are instable reagents: it is very important not to heat the 

intermediate product while it is being dried, and the solvent must not be removed until 

full dryness. 

 

(1S,3R)-3-Benzyloxycarbonylamino-2,2-dimethylcyclobutane-1-

carboxylic acid, 70 

 

To a solution of orthogonally protected amino acid 48 (0.48 g, 1.32 mmol) in 

CH2Cl2 (10 mL), TFA (1,5 mL, 9.4 mmol, 7.0 eq) and Et3SiH (1.5 mL, 9.4 mmol, 7.0 eq) 

were added and the reaction was stirred at room temperature for 30 h. After that, excess 

of reactants and solvent were removed under vacuum to afford protected amino acid 70 

as a white solid (0.40 g, 1.32 mmol, quantitative yield) which was used for peptide 

synthesis without further purification.  

Spectroscopic data for compound 48: 

1H NMR (250 MHz, CDCl3): δ 0.95 (s,3H, trans-CH3), 1.30 (s, 3H, cis-CH3), 1.46 (s, 

9H, tBu), 2.02 (m, 1H, H4a), 2.25-2.36 (m, 1H, H4b), 2.51 (m, 1H, H1), 3.90 (m, 1H, 

H3), 5.13 (m, 2H, CH2-Ph), 7.36 (m, 5H, HAr).  

Spectroscopic data are consistent with those reported in reference: 

Aguilera, J.; Moglioni, A.G.; Moltrasio, G.Y.; Ortuño. R.M. Tetrahedron: Asymmetry 

2008, 19, 302-308. 
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Dipeptide 41 

 Carboxylic acid cyclobutane 70 (0.370 g, 1.30 mmol) and PyBOP (0.800 g, 1.50 

mmol, 1.1 eq) were dissolved in anhydrous DMF (6 mL) in a round bottom flask under 

nitrogen. Then, freshly distilled DIPEA (0.900 mL, 5.20 mmol, 4 eq) was added. The 

solution was stirred at room temperature for 10 minutes. In another round bottom flask 

under nitrogen, trans--amino- N-Boc-L-proline methyl ester hydrochloride 45 (0.420 

g, 1.50 mmol, 1.1 eq) was dissolved in the minimum amount of anhydrous DMF. This 

solution was transferred to the flask containing the carboxylic acid derivative and was 

stirred at room temperature for 18 h. After this, EtOAc was added and the resulting 

solution was washed with a saturated aqueous solution of NaHCO3 (x4). The organic 

layer was dried over MgSO4 and the solvent was evaporated under vacuum. The reaction 

crude was purified by column chromatography over silica gel (EtOAc-Hexane 2:1) 

obtaining dipeptide 41 as a white solid (0.580 g, 1.15 mmol, 86% yield). 

Spectroscopic data for compound 70: 

1H NMR (250 MHz, CDCl3): δ 0.98 (s,3H, trans-CH3), 1.34 (s, 3H, cis-CH3), 2.04 

(m, 1H, H4a), 2.33 (m, 1H, H4b), 2.59 (m, 1H, H1), 3.95 (m, 1H, H3), 5.12 (m, 2H, CH2-

Ph), 7.36 (m, 5H, HAr).  

Spectroscopic data are consistent with those reported in reference: 

Aguilera, J.; Moglioni, A.G.; Moltrasio, G.Y.; Ortuño. R.M. Tetrahedron: Asymmetry 

2008, 19, 302-308. 
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Dipeptide 42  

 Carboxylic acid cyclobutane 70 (0.500 g, 1.80 mmol) and PyBOP (1.50 g, 2.00 

mmol, 1.1 eq) were dissolved in anhydrous DMF (9 mL) in a round bottom flask under 

nitrogen. Then, freshly distilled DIPEA (1.25 mL, 7.20 mmol, 4 eq) was added. The 

solution was stirred at room temperature for 10 minutes. In another round bottom flask 

under nitrogen, trans--amino- N-Boc-L-proline methyl ester hydrochloride 46 (0.560 

g, 2.00 mmol, 1.1 eq) was dissolved in the minimum amount of anhydrous DMF. This 

solution was transferred to the flask containing the carboxylic acid derivative and was 

stirred at room temperature for 18 h. After this, EtOAc was added and the resulting 

solution was washed with a saturated aqueous solution of NaHCO3 (x4).  

Spectroscopic data for compound 41: 

[α]D = -9.2 (c = 1.1 in MeOH) 

M.p: 94-97 ºC (from Et2O) 

IR (ATR): 3307 (NHst), 2955 (CHst), 1687 (C=O), 1655 (C=O). 

1H NMR (600 MHz, CDCl3): major conformation: δ 0.79–0.96 (m, 3H, cis-CH3), 

1.27–1.37 (m, 3H, trans-CH3), 1.45 (m, 9H, tBu), 1.80–1.94 (m, 1H, H22’), 2.03 – 2.19 

(m, 1H, H11’), 2.25–2.48 (c.a., 3H, H11, H12, H22), 3.42–3.62 (m, 2H, H19), 3.77 (m, 

3H, CO2Me), 3.89 (m,1H, H10), 4.20–4.37 (m, 1H, H18), 4.53–4.72 (m, 1H, H21), 4.96–

5.19 (c.a., 3H, H7, H9), 6.58 (c.a., 1H, NH17), 7.29 – 7.38 (m, 5H, Ar). 

13C NMR (150 MHz, CDCl3): δ 16.6 (cis-CH3), 26.1 (C11), 28.3 (CH3-
tBu), 29.2 

(trans-CH3), 34.7-37.2 (C22) , 44.5 (C12), 47.1-49.5 (C21, 51.7 (C10), 52.3-54.5 (C19, 

CO2Me), 57.6 (C18), 66.7 (CH2-Ph), 80.9 (C- tBu), 128.01 , 128.6, 136.4 ,153.1 (Ar), 

156.1, 170.3, 171.2, 175.4 (C=O). 

HRMS: calculated for C24H24N2O6Na (M+Na): 526.2524, Found: 526.2544. 
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The organic layer was dried over MgSO4 and the solvent was evaporated under 

vacuum. The reaction crude was purified by column chromatography over silica gel 

(EtOAc-Hexane 2:1) obtaining dipeptide 42 as a white solid (0.760 g, 1.50 mmol, 84% 

yield). 

 

tert-Butyl (1S,3R)-3-amino-2,2-dimethylcyclobutane-1-carboxylate, 101 

 

 

Diprotected amino acid 48 (1.55 g, 4.65 mmol) in MeOH (15 mL) was 

hydrogenated under 10 atmospheres of pressure in the presence of 20% Pd(OH)2/C (0.31 

g) overnight. The reaction mixture was filtered through Celite® and solvent was removed 

under vacuum affording the desired protected amino acid 101 as a white solid (0.77 g, 

65% yield) which was used in the next step without further purification.  

Spectroscopic data for compound 42: 

[α]D = -8.5 (c = 1.0 in MeOH) 

M.p: 54-57 ºC (from Et2O) 

IR (ATR): 3296 (NHst), 2952 (CHst), 1742 (C=O), 1696 (C=O), 1656 (C=O). 

1H NMR (600 MHz, CDCl3): major conformation: δ 0.89 (s, 3H, cis-CH3), 1.28 (s, 

3H, trans-CH3), 1.45 (s, 9H, tBu), 2.07-2.38 (c.a., 5H, H11, H12, H22), 3.36 (m, 1H, 

H19’), 3.73 (m, 4H, CO2Me, H19), 3.89 (m, H10), 4.26 - 4.38 (m, 2H, H18), 4.51 (m, 1H, 

H21), 4.96 – 5.22 (c.a., 3H, H7, H9), 5.47 (m, 1H, H17), 7.28 – 7.40 (m, Ar). 

13C NMR (150 MHz, CDCl3): δ 17.0 (cis-CH3), 26.1 (CH2), 28.3, (CH3-
tBu), 29.3 

(trans-CH3), 35.4-37.3 (CH2), 44.6 (C12), 48.0-48.7 (C21), 51.3-52.6 (C10, C19, 

CO2Me), 57.3-57.7 (C18), 66.8 (CH2-Ph), 80.8 (C- tBu), 128.3, 128.6, 136.3, 154.33 

(Ar), 156.0, 171.5, 172.7, 173.0 (C=O).  

HRMS: calculated for C24H24N2O6Na (M+Na): 526.2524, Found: 526.2521. 
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tert-Butyl (1S,3R)-3-((9H-fluoren-9-ylmethoxycarbonyl)amino)-2,2-

dimethylcyclobutane-1-carboxylate, 102 

 

Protected amino acid 101 (1.10 g, 5.52 mmol) dissolved in a 1:1 mixture of 1,4-

Dioxane/Water (70 mL) was cooled at 0ºC for 10 minutes. Then, NaHCO3 (0.90 g, 10.7 

mmol, 2.0 eq) and Fmoc-O-Su (1.9 g, 5.56 mmol, 1 eq) were added. Reaction was then 

heated to room temperature and it was stirred for 16 h. After that, NH4Cl saturated 

solution (28 mL) was added and the reaction mixture was extracted with dichloromethane 

(4 x 30 mL), then the organic extracts were dried over MgSO4. Solvents were removed 

under reduced pressure. The reaction crude was then purified using a flash 

chromatography (EtOAc-hexane, 1:2), obtaining orthogonally protected amino acid 102 

(1.90 g, 81% yield). 

  

Spectroscopic data for compound 101: 

1H NMR (250 MHz, CDCl3): δ 1.08 (s,3H, trans-CH3), 1.24 (s, 3H, cis-CH3), 1.42 (s, 

9H, tBu), 1.95-2.34 (m, 2H, H4a), 2.46 (m, 1H, CH), 3.21 (m, 1H, CH), 5.76 (br., 2H, 

NH).  

Spectroscopic data are consistent with those reported in reference: 

Gorrea, E.; Carbajo, D.; Gutiérrez-Abad, R.; Illa, O.; Branchadell, V.; Royo, M.; 

Ortuño, R.M. Org. Biomol. Chem 2012, 10, 4050. 
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(1S,3R)-3-(9H-Fluoren-9-ylmethoxycarbonylamino)-2,2-

dimethylcyclobutane-1-carboxylic acid, 72 

 

To a solution of orthogonally protected amino acid 102 (1.10 g, 2.60 mmol) in CH2Cl2 

(15mL), TFA (2.40 mL, 31.2 mmol, 12 eq) and Et3SiH (1.5 mL, 9.4 mmol, 3.6 eq) were 

added and the reaction was stirred at room temperature for 30 h. After that, excess of 

reactants and solvent were removed under vacuum to afford protected amino acid 72 as a 

white solid (0.93 g, quantitative yield) which was used for peptide synthesis without 

further purification. 

Spectroscopic data for compound 102: 

1H NMR (250 MHz, CDCl3): δ 0.96 (s,3H, trans-CH3), 1.31 (s, 3H, cis-CH3), 1.48 (s, 

9H, tBu), 2.06-2.25 (m, 1H, H4a), 2.25-2.38 (m, 1H, H1), 2.45-2.60 (m, 1H, H4b), 3.83-

3.97 (m, 1H, H3), 4.01-4.30 (m, 1H, H10), 4.36-4.61 (m, 2H, CH2), 5.07, (br. 1H, NH), 

7.28-7.77 (m, 8H, HAr) 

Spectroscopic data are consistent with those reported in reference: 

Gorrea, E.; Carbajo, D.; Gutiérrez-Abad, R.; Illa, O.; Branchadell, V.; Royo, M.; 

Ortuño, R.M. Org. Biomol. Chem 2012, 10, 4050. 

Spectroscopic data for compound 72: 

1H NMR (250 MHz, CDCl3): δ 0.99 (s,3H, trans-CH3), 1.34 (s, 3H, cis-CH3), 2.08 

(m, 1H, H4a), 2.16-2.30 (m, 1H, H4b), 2.60-2.70 (m, 1H, H1), 3.88-4.01 (m, 1H, H3), 

4.20-4.26 (m, 1H, H2’), 4.38-4.48 (m, 2H, CH2), 4.82, (br. 1H, NH), 7.28-7.77 (m, 8H, 

HAr). 

Spectroscopic data are consistent with those reported in reference: 

Gorrea, E.; Carbajo, D.; Gutiérrez-Abad, R.; Illa, O.; Branchadell, V.; Royo, M.; 

Ortuño, R.M. Org. Biomol. Chem 2012, 10, 4050. 
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(2S,4R)-4-9H-Fluoren-9-ylmethoxycarbonylamino-1-(allyloxycarbonyl) 

pyrrolidine-2-carboxylic acid, 98 

 

Commercially available carboxylic acid 73 (2.00 g, 4.42 mmol) was dissolved in 

25 mL of a 40% solution of TFA in dichloromethane. The resulting mixture was stirred 

at room temperature for 30 minutes. The solvent and excess volatiles were evaporated 

under vacuum (coevaporations with 2 x 10 mL of DCM and 1 x 10 mL Et2O). The 

intermediate ammonium salt (2.06 g, 4.42 mmol, quantitative yield) was obtained as a 

white solid. The protecting group removal was checked by nmr. Then, the ammonium 

salt (2.06 g, 4.42 mmol) was dissolved in dioxane (20 mL). 25% K2CO3 aqueous solution 

(48 mL) and allyl chloroformate (0.56 mL, 5.30 mmol) were added and the vessel was 

sealed. The reaction mixture was stirred at room temperature for 2 hours. The reaction 

mixture was acidified with 2 M HCl and extracted with EtOAc (3 x 30 mL). The organic 

layers were combined, dried over MgSO4 and the solvent was evaporated under vacuum. 

Compound 98 (1.73 g, 3.96 mmol, 90% yield) was obtained as a white solid. 

  

Spectroscopic data for compound 98: 

[α]D = -13.8 (c=1.05 in MeOH).  

M.p: 65-68 ºC (from EtOAc).  

IR (ATR): 3308 (OHst), 2949 (CHst), 1685 (C=O), 1525 (C=O). 

HRMS: calculated for C24H23N2O6 (M-H): 435.1551, Found: 435.1545. 
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(2S,4S)-4-9H-Fluoren-9-ylmethoxycarbonylamino-1-(allyloxycarbonyl) 

pyrrolidine-2-carboxylicacid, 99 

 

Commercially available carboxylic acid 75 (2.11 g, 4.68 mmol) was dissolved in a 40% 

solution of TFA in dichloromethane. The resulting mixture was stirred at room 

temperature for 30 minutes. The solvent and excess volatiles were evaporated under 

vacuum (coevaporations with 2 x 10 mL of DCM and 1 x 10 mL Et2O). The intermediate 

ammonium salt (1.54 g, 4.68 mmol, quantitative yield) was obtained as a white solid. The 

protecting groupo removal was checked by nmr. Then the ammonium salt (1.9 g, 5.39 

mmol) was dissolved in dioxane (22 mL). 25% K2CO3 aqueous solution (56 mL) and allyl 

chloroformate (0.71 mL, 6.65 mmol) were added and the vessel was sealed. The reaction 

mixture was stirred at room temperature for 2 hours. The reaction mixture was acidified 

with 2 M HCl and extracted with EtOAc (3 x 30 mL). The organic layers were combined, 

dried over MgSO4 and the solvent was evaporated under vacuum. Compound 99 (2.42 g, 

5.54 mmol, 90% yield) was obtained as a white solid.   

  

Spectroscopic data for compound 99: 

[α]D = -14.2 (c=1.04 in MeOH).  

M.p: 70-73 ºC (from EtOAc).  

IR (ATR): 3304 (OHst), 2945 (CHst), 1679 (C=O), 1534 (C=O). 

HRMS: calculated for C24H24N2O6Na (M+Na): 459.1527, Found: 459.1517. 
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(E)-5-(2,3-Bis(tert-butoxycarbonyl)guanidino)pentanoic acid, 100 

 

 

5-amino pentanoic acid 103 (0.6 g, 5.12 mmol) was dissolved in 60 mL of a 

CH3CN/H2O mixture (55:5). Then, triethylamine (2.6 mL, 14.93 mmol, 2.9 eq) was added 

and the resulting mixture was cooled to 0 ºC. After that, N,N’–Bis(terc-butoxycarbonyl)-

1H-pirazole-1-carboxamidine 104 (1.75 g, 5.64 mmols, 1.1 eq) was added. The reaction 

mixture was stirred for 16 h heating progressively to reach room temperature. Then the 

solvent was evaporated under vacuum. The crude was dissolved in EtOAc (30 mL) and 

water (10mL) and pH 2-3 was reached using HCl 1M.  The organic layer was separated 

and washed with saturated NaHCO3 (2 x 10 mL) and brine (2 x 10 mL). The organic layer 

was dried with MgSO4 and the solvent was evaporated under reduced pressure.  The crude 

was purified by column chromatography on silica gel using a mixture of CH2Cl2-MeOH 

98:2. Compound 100 (1.60 g, 4.62 mmol, 87% yield) was obtained as a white solid. 

  

Spectroscopic data for compound 100: 

[α]D = -14.2 (c=1.04 in MeOH).  

M.p: 70-73 ºC (from EtOAc).  

IR (ATR): 3304 (OHst), 2945 (CHst), 1679 (C=O), 1534 (C=O). 

1H NMR (360 MHz, CDCl3): δ 1.47 (s, 18H, tBu), 1.56-1.80 (m, 4H, CH2), 2.37 (m, 

2H, CH2), 3.41 (m, 2H, CH2), 8.35 (br., 1H, NH) 11.27 (br., 1H, NH).  

13C NMR (90 MHz, CDCl3): δ 21.9, 28.0, 28.2, 28.4, 33.6, 40.4, 79.32, 83.1, 153.2, 

156.2, 163.4, 178.6. 

HRMS: calculated for C24H24N2O6Na (M+Na): 459.1527, Found: 459.1517. 

 



7. Experimental Methodologies 
 

 

232 

Benzyl tert-butyl ((1S,2S)-cyclobutane-1,2-diyl)dicarbamate, 112 

 

 Carboxylic acid 56 (380 mg, 1.90 mmol) was dissolved in anhydrous acetone (40 

mL) and ethyl chloroformate (0.200 mL, 2.00 mmol, 1.1 eq) and trimethylamine (0.250 

mL, 1.80 mmol,1 eq) were added at 0 ºC under nitrogen atmosphere and the reaction 

mixture was stirred for 40 minutes. Then, NaN3 (0.180 g, 2.75 mmol, 1.6 eq) dissolved 

in water (5 mL) was added and the mixture was stirred at room temperature for 2 hours. 

After that, the reaction mixture was extracted with DCM (3 x 30 mL) and the organic 

layer was dried with MgSO4 and the solvent was evaporated under reduced pressure 

avoiding completely dryness. The acyl azide was dissolved in anhydrous toluene (76 mL) 

and benzyl alcohol (0.350 mL, 3.45 mmol, 2 eq) was added under nitrogen atmosphere. 

The mixture was refluxed for 18 hours. After that, the solvent was evaporated under 

vaccum and the excess of benzyl alcohol was destilled under vacuum at 110 ºC. The 

reaction crude was purified by column chromatography over silica gel (EtOAc-hexane 

1:3) to obtain orthogonally protected diamine 112 (320 mg, 1 mmol, 55% yield). 

WARNING: Acyl azides are instable reagents: it is very important not to heat the 

intermediate product while it is being dried, and the solvent must not be removed until 

full dryness. 

 

 

 

Spectroscopic data for compound 112: 

1H NMR (250 MHz, CDCl3): δ 1.45 (s, 9H, tBu), 1.50 (m, 2H, H3, H4), 2.16 (m, 2H, 

H3’, H4’), 3.88 (m, 2H, H1, H2), 4.93 (broad, s, 1H, NH), 5.10 (m, 2H, CH2Cbz), 5.83 

(br. s., 1H, NH), 7.37 (m, 5H, HAr). 

Spectroscopic data are consistent with those reported in reference: 

Sans, M.; Illa, O.; Ortuño, R.M. Org. Letters 2012, 14, 2431-2433.  
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(1S,2S)-2-(Benzyloxycarbonylamino)cyclobuta-1-amine hydrochloride, 

122 

 

 Orthogonally protected diamine 112 (0.230 g, 0.72 mmol) was dissolved in a 1 M 

HCl solution in EtOAc (15 mL). The reaction was stirred at room temperature during 6 

hours. After that, excess of reactants and solvent were removed under vacuum to afford 

iminium salt 122 (0.180 g, 0.70 mmol, 97 % yield) as a brown oil, which was used in the 

next step without further purification.  

 

Dibenzyl ((1S,2S)-cyclobutane-1,2-diyl)dicarbamate, 123 

 

 To an ice cooled solution of 122 (0.160 g, 0.73 mmol) in water (30 mL) and 

acetone (4 mL), NaHCO3 (0.120 g, 1.45 mmol, 2 eq) and Na2CO3 (0.230 g, 2.20 mmol, 

3 eq) were added. The mixture was stirred until the complete dissolution of the 

carbonates. Then, benzyl chloroformate (0.2 mL, 1.20 mmol, 1.6 eq) was added and the 

mixture was stirred at 0 ºC (reaction was monitored by TLC). After 18 h, the reaction was 

extracted with EtOAc (4x50 mL) and the organic layer was dried over magnesium sulfate. 

The solvent was removed under vacuum, and the excess of benzyl chloroformate was 

lyophilized. The residue was purified by column chromatography (2:1 hexane-EtOAc) to 

afford diprotected amine 123 (0.155 g, 0.44 mmol, 60% yield) as a white solid. 

Spectroscopic data for compound 122: 

1H NMR (MeOD, 250 MHz) δ 1.80 (m, 2H, H3, H4), 2.21 (m, 2H, H3’, H4’), 3.59 (m, 

1H, H1), 4.10 (m, 1H, H2), 5.08 (m, 2H, CH2Cbz), 7.33 (m, 5H, Har). 

Spectroscopic data are consistent with those reported in reference: 

Sans, M.; PhD Thesis 2014 UAB. 
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Di-tert-butyl 2,2'-((1S,2S)-cyclobutane-1,2-diyl)bis(benzyloxy 

carbonylazanediyl))diacetate, 125 

 

 To a solution of anhydrous THF (8 mL) containing previously washed 60% NaH 

in mineral oil (280 mg, 7 mmol, 10 eq), TBAI (1.55 g, 4.20 mmol, 6 eq) was added under 

nitrogen atmosphere. At the same time, a solution of anhydrous THF (10 mL) containing 

diprotected amine 123 (250 mg, 0.70 mmol) under nitrogen atmosphere was prepared. 

After that, the second solution was added using a cannula to the first one. Finally, 

AcBrtBu (0.620 mL, 4.20 mmol, 6 eq) was added ant the mixture was stirred at room 

temperature for 24 h (reaction was monitored by TLC). Then, the reaction was quenched 

by adding 10 mL of water and THF was removed under vaccum. Next, more water was 

added (10 mL) and the crude was extracted with DCM (3 x 30 mL) The organic layer was 

dried over magnesium sulfate and the solvent was removed under vacuum.  

Spectroscopic data for compound 123: 

[α]D = -10.0 (c=1.00 in MeOH).  

M.p: 70-73 ºC (from EtOAc).  

IR (ATR): 3306 (NHst), 2975 (CHst), 1682 (C=O) 

1H NMR (400 MHz, CDCl3): δ 1.54 (m, 2H, H3, H4), 2.17 (m, 2H, H3’, H4’), 3.93 (m, 

2H, H1, H2), 5.11 (m, CH2-Ph), 5.19 (br. 2H, NH), 7.37 (s, 10H, Ar) 

13C NMR (100 MHz, CDCl3): δ 23.5 (C3, C4), 53.4 (C1, C2), 66.7 (CH2-Ph), 128.1 

(Ar), 128.5 (Ar), 136.3 (Ar), 155.6 (CO). 

HRMS: calculated for C24H24N2O6Na (M+Na): 377.1472, Found: 377.1466. 
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 The residue was purified by column chromatography (3:1 hexane-EtOAc) to 

afford dialkilated diprotected amine 125 (250 mg, 62% yield) as a brown oil. At the same 

time, monoalkilated diprotected amine 124 (64 mg, 21% yield) was recovered.and used 

as starting material with similar conditions. 

 

Di-tert-butyl 2,2'-(((1S,2S)-cyclobutane-1,2-diyl)bis(azanediyl)) 

diacetate, 126 

 

Dialkylated diprotected amine 125 (170 mg, 0.29 mmol) in MeOH (8 mL) was 

hydrogenated under 7 atmospheres of pressure in the presence of 20% Pd(OH)2/C (35.0 

mg) overnight. The reaction mixture was filtered through Celite® and solvent was 

removed under vacuum affording the desired dialkylated amine 126 as a yellow oil (92 

mg, 0.29 mmol, quantitative yield) which was used in the next step without further 

purification.  

 

Spectroscopic data for compound 125: 

[α]D = + 2.00 (c=1.02 in MeOH).  

IR (ATR): 2978 (CHst), 1743 (C=O), 1709 (C=O). 

1H NMR (400 MHz, Chloroform-d) δ 1.27 – 1.52 (m, 18H, tBu), 1.52-1.73 (m, 2H, 

H3, H4), 1.94 – 2.13 (m, 2H, H3’, H4’ ), 3.68 – 4.18 (m, 4H, H5), 4.37-4.60 (m, 2H, H1, 

H2), 5.12 (m, 4H, CH2-Ph), 7.33 (m, 10H, Ar).  

HRMS: calculated for C24H24N2O6Na (M+Na): 605.2833, Found: 605.2830. 
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Methyl 6-(chloromethyl)picolinate, 119 

 

 To a stirred solution of 113 (2.5 g, 11.5 mmol) in methanol (100 mL), was added 

NaBH4 (1.80 g, 47.6 mmol, 4.1 eq) at 0 ºC. The solution was stirred 3 h at 0 ºC and then 

poured into a saturated NaHCO3 aqueous solution (50 mL). The methanol was evaporated 

and the resulting aqueous solution was extracted with DCM (4 x 30 mL). The organic 

layer was dried over magnesium sulfate and evaporated under reduced pressure. The 

resulting residue (1.40 g, 8.4 mmol ) was dissolved in DCM (25 mL), SOCl2 (2.75 

mL,37.8 mmol, 4.5 eq) was added at 0 ºC and the mixture was stirre for 1 h at 0ºC. After 

that, excess of reactants and solvent were removed under vacuum and DCM (30 mL) was 

added again. The solution was washed with saturated NaHCO3 (2 x 20 mL) and the 

organic layer was dried over magnesium sulfate and evaporated under reduced pressure. 

The residue was purified by column chromatography over silica gel (3:1 Hexane-EtOAc) 

to afford 119 (1.20 g, 6.50 mmol, 57% yield) as a white solid. 

 

Spectroscopic data for compound 126: 

[α]D = + 24.00 (c=1.02 in MeOH).  

IR (ATR): 3331 (NHst), 2978 (CHst), 2936 (CHst), 1733 (C=O). 

1H NMR (360 MHz, CDCl3): δ 1.32-1.42 (m, 2H, H3, H4), 1.49 (s, 20H, tBu), 1.94 – 

2.11 (m, 2H, H3’, H4’), 2.94 – 3.09 (m, 2H, H1, H2), 3.34 (s, 4H, H5). 

13C NMR (63 MHz, CDCl3): δ 23.3 (C3, C4), 28.4 (CH3-
tBu), 49.7 (C5), 61.4 (C1, C2), 

81.4 (C-tBu), 172.0 (CO). 

HRMS: calculated for C24H24N2O6Na (M+Na): 315.2278, Found: 315.2270. 
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Protected ligand L3, 127 

 

 Dialkylated diamine 126 (230 mg, 0.73 mmol), KI (365mg, 2.20 mmol, 1.5 eq) 

and methyl 6-(chloromethyl)picolinate 119 (300 mg, 1.60 mmol, 1.1 eq) were dissolved 

in anhydrous DMF (10 mL) under nitrogen atmosphere. After that, DIPEA (0.820 mL, 

4.70 mmol, 3.2 eq) was added and the reaction was stirred at room temperature for 30 

hours. After that, EtOAc (30 mL) was added and washes with saturated NaHCO3 (3 x 20 

mL), brine (3 x 20 mL) and water (1 x 20 mL) were performed. The final organic layer 

was dried over magnesium sulfate and the solvent was removed under vacuum. The 

residue was purified by column chromatography over silica gel with a gradient of solvents 

(3:1 Hexane-EtOAc to 1:1 Hexane-EtOAc) to afford 127 (270 mg, 0.42 mmol, 57% yield) 

as a brown oil. 

 

 

 

Spectroscopic data for compound 119: 

1H NMR (360 MHz, CDCl3) δ 4.03 (s, 3H, Me), 4.80 (s, 2H, CH2), 7.75 (d, J= 7.2 Hz, 

1H, Ar), 7.92 (t, J= 7.2, Hz, 1H, Ar), 8.11 (d, J= 7.2 Hz, 1H, Ar). 

Spectroscopic data are consistent with those reported in reference: 

Sun, Yan-Yan; Yi, Jun; Lu, Xi; Zhang, Zhen-Qi; Xiao, Bin; Fu, Yao. Chem. Commun. 

2014, 50, 11060-11062. 
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Ligand L3 

 Compound 127 (150 mg, 0.245 mmol) was dissolved in THF/H2O (1:1, 5 mL), 

LiOH (31.0 mg, 0.740 mmol, 3 eq) was added and the reaction mixture was stirred at 

room temperature for 4 h. Then, the mixture was concentrated to dryness under reduced 

pressure and the resultant residue was dissolved in 4 M HCl in dioxane (3 mL) and stirred 

at room temperature for 18 h. Then, the solvent was evaporated under reduced pressure. 

A small amount of water (3 mL) was added and the mixture was evaporated to dryness. 

This process was repeated twice with water and twice with the addition of diethyl ether 

(3 mL) to afford. L3·2HCl (100 mg, 0.184 mmol, 75% yield) as a brown solid without 

need of further purification.  

Spectroscopic data for compound 127: 

[α]D = + 18.0 (c=1.01 in MeOH).  

IR (ATR): 2977 (CHst), 2951 (CHst), 1721 (C=O), 1589 (C=O). 

1H NMR (400 MHz, CDCl3): 1.39 (s, 18H, tBu), 1.41-1.50 (m, 2H, H4R, H3S), 1.73 – 

1.89 (m, 2H, H4S, H3R), 3.25 (s, 4H, H5), 3.41 (m, 2H, H1, H2), 3.98 (s, 6H, Me), 4.05 

(s, 4H, H6), 7.73 (m, 2H, Ar), 7.86 (m, 2H, Ar), 7.96 (m, 2H, Ar). 

13C NMR (100 MHz, CDCl3): δ 19.3 (C3, C4), 28.1 (CH3-
tBu), 52.8 (CH3), 53.8 (C5), 

57.0 (C6), 62.6 (C1, C2), 80.8 (C-tBu), 123.4 (Ar), 126.2 (Ar), 137.2 (Ar), 147.1 (Ar), 

161.3 (Ar), 165.9 (CO), 170.8 (CO). 

HRMS: calculated for C24H24N2O6Na (M+Na): 613.3232, Found: 613.3231. 
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Spectroscopic data for compound L3: 

[α]D = + 36.00 (c=1.00 in H2O).  

IR (ATR): 3377 (OHst), 2945 (CHst), 1720 (C=O), 1616 (C=O). 

1H NMR (400 MHz, D2O): δ 1.72-1.82 (m, 2H, H4R, H3S), 2.04 – 2.17 (m, 2H, H4S, 

H3R), 3.71-3.91 (m, 4H, H5), 4.16 (m, 2H, H1, H2), 4.46 (s, 4H, H6), 7.76 (m, 2H, Ar), 

8.04 (m, 2H, Ar), 8.17 (m, 2H, Ar). 

13C NMR (100 MHz, D2O): δ 17.7 (C3, C4), 52.1 (C5), 55.1 (C6), 51.5 (C1, C2), 125.9 

(Ar), 128.7 (Ar), 143.8 (Ar), 144.2 (Ar), 152. (Ar), 164. (CO), 171. (CO). 

HRMS: calculated for C24H24N2O6Na (M+Na): 495.1486, Found: 495.1478. 
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7.15 Solid Phase Synthesis 

7.15.1 γ-CC / γ-CT Families 

   

 

 

 

 

 

 

 

Scheme 27. Followed solid phase synthesis protocol. 
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Resin H-rink amide ChemMatrix® with 0.47 mmol/g functionalization, 

previously conditioned by several washes with DMF and DCM. The synthesis of both 

hybrid peptides and TAT58-57 was performed by using the Fmoc/Alloc strategy, although 

monomers for TAT48-57 contained other protecting groups. The protocol is summarized 

in Table 9.  

 

Table 9. General protocol for the solid phase synthesis of Hybrid γ-CBAA,cis- or trans- 

γ-amino-L-proline peptides, by Fmoc/Alloc strategy. 

 

 

Step Reagents /Solvents Aim Cycles t/cycle 

(min) 

1 DCM Wash 5 1 

2 DMF Wash 5 1 

3 

(2SS,4SR)-Fmoc-amino-

proline/DIC/OxymaPure®  

(2.5:2.5:2.5) in DMF 

Coupling 1 120 

4 DMF Wash 5 1 

5 DCM Wash 5 1 

6 Ninhydrine test (-) Coupling test 1 3 

7 Piperidine/DMF (2:8, v/v) Deprotection 3 10 

8 DMF Wash 5 1 

9 DCM Wash 5 1 

10 Ninhydrine test (+) 
Deprotection 

test 
1 3 

11 DMF Wash 5 1 

12 (1S,3R)-Fmoc-amino-

cyclobuthane/OxymaPure®/PyBOP/

DIPEA (2.5:2.5:2.5:5) in DMF 

Coupling 1 120 

13 DMF Wash 5 1 

14 DCM Wash 5 1 

15 Ninhydrine test (-) Coupling test 1 3 

16 Piperidine/DMF (2:8, v/v) Wash 3 10 

17 DMF Wash 5 1 

18 DCM Wash 5 1 

19 Ninhydrine test (+) 
Deprotection 

test 
1 3 

Steps from 1 to 19 were repeated n number of times in order to obtain the desired peptide 

longitude. N = 3 to 7 for each respectively. By the time the desired peptide was obtained, 

200 mg of resin were separated for further reactions.  
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Once the peptide skeleton was prepared, the derivatization of the -amino function 

was performed. First of all, the Alloc protecting groups were removed by a catalytic 

reduction using palladium and then the guanidilated lateral chain, previously synthesized 

in solution, was incorporated using OxymaPure® as coupling agent. After that, the Fmoc 

group of the final residue was eliminated (Table 10). 

 

Table 10. General protocol for the solid phase synthesis of the derivatization of the α-

amine function.  

 

 

Once the functionalization of the α-amine is finished, the resin including each 

peptide was divided in two parts. Half of it was used to obtain the free amine peptides 

and the other part was used to proceed with the incorporation of the 5(6)-

carboxyfluoroscein in the N-terminal group (Table 11).  

 

 

Step Reagents /Solvents Aim Cycles t/cycle 

(min) 

1 DCM Wash 5 1 

2 PhSiH3/Pd(PPh3)4 (12:0.1) in DCM Deprotection 2 15 

3 DCM Wash 5 1 

4 DMF Wash 5 1 

5 
(Et)2NCSSNa·3H2O (20 mM in 

DMF) 
Palladium Wash 5 1 

6 DMF Wash 5 1 

7 DCM Wash 5 1 

8 Chloranil (+) 
Deprotection 

test 
1 3 

9 DMF Wash 5 1 

10 
Product 100 /DIC/OxymaPure® 

(2.5:2.5:2.5) for each proline in DMF 
Coupling 1 120 

11 DMF Wash 5 1 

12 DCM Wash 5 1 

13 Chloranil (-) Coupling test 1 3 

14 Piperidine/DMF (2:8, v/v) Deprotection 3 10 

15 DMF Wash 5 1 

16 DCM Wash 5 1 

17 Ninhydrine test (+) 
Deprotection 

test 
1 3 
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Table 11. General protocol for the incorporation of the 5(6)-carboxyfluorescein. 

 

 

7.15.2 Tat48-57 and Tat48-57-CF Peptide Synthesis 

 

 

H-Rink amide-ChemMatrix® resin with 0.49 mmol/g functionalization was used. 

It was conditioned with successive washes with DMF and DCM. The used amino acids 

are protected in the N function as Fmoc and the side chains as follows: Arg (R) with 

(Pbf), Gln (Q) with Trt, and Lys (K) with Boc (Figure 82). The protocol of the synthesis 

is summarized in Table 12. 

 

 

Step Reagents /Solvents Aim Cycles t/cycle 

(min) 

1 DMF Wash 5 1 

2 
CF/ OxymaPure®/PyBOP/DIPEA 

(4:6:4:6) in DMF 
Coupling 1 120 

3 DMF Wash 5 1 

4 DCM Wash 5 1 

5 Ninhydrine test (-) 
Deprotection 

test 
1 3 

6 TFA/(iPr)3SiH/H2O (95:2.5:2.5) 
Deprotection / 

Resin cleavage 
1 120 

7 DCM Wash 5 1 
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Figure 83. Protecting groups used in the synthesis of Tat48-57 

 

Table 12. General protocol for the preparation of Tat48-57 and Tat48-57CF. 

 

 

Step Reagents /Solvents Aim Cycle

s 

t/cycl

e 

(min) 

1 DCM   Wash  5   1 

2 DMF Wash 5 1 

3 Fmoc-L-Arg(Pbf)-OH(R)/OxymaPure®/DIC  

(3:3:3) in DMF 

Coupling 1 120 

4 DMF   Wash 5  1 

5 DCM Wash 5   1 

6 Ninhydrine test (-) Coupling test 1 3 

7 Piperidine/DMF (2:8, v/v) Deprotection 3 10 

8 DMF Wash 5 1 

9 DCM Wash 5 1 

10 Ninhydrine test (+) 
Deprotection 

test 
1 3 

11 DMF Wash 5 1 

12 Fmoc-L-Gln(Trt)-OH(Q)/OxymaPure®/ DIC  

(3:3:3) in DMF   

Coupling 1 120 

13 DMF Wash 5 1 

14 Fmoc-L-Lys(Boc)-OH(K)/OxymaPure®/ DIC  

(3:3:3) in DMF   

Coupling 1 120 

15 DMF Wash 5 1 

16 Fmoc-Gly-OH(G)/OxymaPure®/ DIC (3:3:3) 

in DMF   

Coupling 1 120 

Sequence: Steps 1-11 (twice), 1-13 (once), 5-10 (once), 2-10 (twice), 13-14 (once), 5-10 

(once), 13-14 (once), 5-10 (once), 2-10 (once), 15-16 (once).     
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Once the desired length peptide were prepared and functionalized, the resin was 

divided into two parts. The first one was left as amino free and the other was coupled to 

carboxyfluorescein (CF) through the terminal amino group (see Protocol in Table 11) 

 

7.15.3 Cleaveage from the Aminomethyl-ChemMatrix® resin and 

protecting groups’ removal: acid hydrolysis 

The cleavage of the peptide from the resin were carried out through acid 

hydrolysis using TFA/TIS/H2O (95:2.5:2.5) during 3 hours and stirring. The peptide were 

separated from the resin through filtration. The solid were washed with DCM (4x). The 

solution was concentrated under vacuum but not until dryness. Then, the peptide were 

precipitated through addition of cold Et2O. The solid were filtered and centrifuged with 

Et2O (3x). The resulting solid were dissolved in ACN:H2O (1:1, v/v) and lyophilized. 

 

7.15.4 Peptide conjugation with Doxorubicin  

Once the peptides were studied in both Leishmania parasites and HeLa cells, the 

best ones were chosen to be conjugated with Doxorubicin. The peptides structure were 

reached by following the protocol in Tables 9, 10 and 12. Then the primary chain was 

elongated with a Cys(Trt) residue, that was protected by an acetyl group (protocol 

described in Table 13). 
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Table 13. Protocol for the elongation of peptides with a Cys residue. 

 

 

7.15.5 Synthesis of Doxorubicin-MCC 

Doxorubicin HCl salt (3 mg, 5.17 µmols, 1.0 equiv), SMCC (2.1 mg, 6.60 µmols, 

1.2 equiv) and DIPEA (5 µL, 7.75 µmols, 1.5 equiv) were added to DMF (450 µL) in a 2 

mL round-bottomed flask. The reaction was allowed to run in the dark at room 

temperature. The reaction was followed by RP-HPLC-MS. After 1.5 h, 450 µL of PBS 

were added and the pH was lowered to 6-7 with 1 M HCl.  

 

Step Reagents /Solvents Aim Cycles t/cycle 

(min) 

1 DCM   Wash 5   1 

2 DMF Wash 5 1 

3 Fmoc-L-Cys(Trt)-

OH(C)/OxymaPure®/DIC  

(3:3:3) in DMF 

Coupling 1 120 

4 DMF   Wash 5  1 

5 DCM Wash 5   1 

6 Ninhydrine test (-) Coupling test 1 3 

7 Piperidine/DMF (2:8, v/v) Deprotection 3 10 

8 DMF Wash 5 1 

9 DCM Wash 5 1 

10 Ninhydrine test (+) 
Deprotection 

test 
1 3 

9 DMF Wash 5   1 

11 Ac2O, DIPEA (5:5) in DMF   Protection of 

NH2 

1 100 

13 DMF Wash 5 1 

14 DCM Wash 5 1 

15 Ninhydrine test (-) Coupling test 1 3 

16 Piperidine/DMF (2:8, v/v) Wash 3 10 

17 DMF Wash 5 1 

18 DCM Wash 5 1 

19 Ninhydrine test (+) 
Deprotection 

test 
1 3 
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7.15.6 Coupling between Doxorubicin-MCC and Cysteine elongated 

peptides 

1.2 equivalents of the desired peptide were added to the previous reaction mixture 

and the reaction time was determined by RP-HPLC-MS. After the reaction, the crude was 

immediately purified by RP-HPLC.  

 

7.16 Peptide purification and characterization 

The peptide crudes were purified using a system of high resolution liquid chromatography 

at semi-preparative scale coupled to a mass spectrometer with a reverse phase column C18 

(Section 7.4.2.2). 

 

Dodecamer NH2 79:  

 

 

The peptide crude was purified by RP-HPLC-MS semiprep. Gradient: from 7% to 

10% of CH3CN/HCOOH in 7 minutes; from 10% to 100% of CH3CN/HCOOH in 0.5 

minutes (maintained for 2 minutes); finally initial conditions were reached in 0.5 minutes. 

The purified peptide was characterized by RP-HPLC and RP-HPLC-MS. The peptide 79 

was more than 95% pure with a retention time of 6.0 minutes. m/z (ESI): M+5/5 = 458.5 

M+6/6 = 382.3, M+7/7 = 327.8.  
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Dodecamer CF 83:  

 

 

The peptide crude was purified by RP-HPLC-MS semiprep. Gradient: from 10% 

to 20% of CH3CN/HCOOH in 7 minutes; from 20% to 100% of CH3CN/HCOOH in 0.5 

minutes (maintained for 2 minutes); finally initial conditions were reached in 0.5 minutes. 

The purified peptide was characterized by RP-HPLC and RP-HPLC-MS. The peptide 83 

was more than 95% pure with a retention time of 7.7 minutes. m/z (ESI): M+5/5 = 530.3 

M+6/6 = 442.0, M+7/7 = 379.0.  

 

Tetradecamer NH2 90:  

 

 

The peptide crude was purified by RP-HPLC-MS semiprep. Gradient: from 5% to 12% 

of CH3CN/HCOOH in 7 minutes; from 12% to 100% of CH3CN/HCOOH in 0.5 minutes 

(maintained for 2 minutes); finally initial conditions were reached in 0.5 minutes. The 

purified peptide was characterized by RP-HPLC and RP-HPLC-MS. The peptide 90 was 

more than 97% pure with a retention time of 6.2 minutes. m/z (ESI): M+6/6 = 445.4 

M+7/7 = 381.9, M+8/8 = 334.3.  
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Tetradecamer CF 91:  

 

 

The peptide crude was purified by RP-HPLC-MS semiprep. Gradient: from 12% 

to 20% of CH3CN/HCOOH in 7 minutes; from 20% to 100% of CH3CN/HCOOH in 0.5 

minutes (maintained for 2 minutes); finally initial conditions were reached in 0.5 minutes. 

The purified peptide was characterized by RP-HPLC and RP-HPLC-MS. The peptide 91 

was more than 98% pure with a retention time of 5.1 minutes. m/z (ESI): M+6/6 = 505.1 

M+7/7 = 433.1, M+8/8 = 379.0.  

 

Dodedecamer NH2 92:  

 

 

The peptide crude was purified by RP-HPLC-MS semiprep. Gradient: from 7% to 

10% of CH3CN/HCOOH in 7 minutes; from 10% to 100% of CH3CN/HCOOH in 0.5 

minutes (maintained for 2 minutes); finally initial conditions were reached in 0.5 minutes. 

The purified peptide was characterized by RP-HPLC and RP-HPLC-MS. The peptide 92 

was more than 96% pure with a retention time of 5.8 minutes. m/z (ESI): M+5/5 = 458.5 

M+6/6 = 382.3, M+7/7 = 327.8.  
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Dodecamer CF 94:  

 

 

The peptide crude was purified by RP-HPLC-MS semiprep. Gradient: from 10% 

to 20% of CH3CN/HCOOH in 7 minutes; from 20% to 100% of CH3CN/HCOOH in 0.5 

minutes (maintained for 2 minutes); finally initial conditions were reached in 0.5 minutes. 

The purified peptide was characterized by RP-HPLC and RP-HPLC-MS. The peptide 94 

was more than 97% pure with a retention time of 7.4 minutes. m/z (ESI): M+5/5 = 530.3 

M+6/6 = 442.0, M+7/7 = 379.0.  

 

Tetradecamer NH2 93:  

 

 

The peptide crude was purified by RP-HPLC-MS semiprep. Gradient: from 5% to 

12% of CH3CN/HCOOH in 7 minutes; from 12% to 100% of CH3CN/HCOOH in 0.5 

minutes (maintained for 2 minutes); finally initial conditions were reached in 0.5 minutes. 

The purified peptide was characterized by RP-HPLC and RP-HPLC-MS. The peptide 93 

was more than 96% pure with a retention time of 5.9 minutes. m/z (ESI): M+6/6 = 445.4 

M+7/7 = 381.9, M+8/8 = 334.3.  
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Tetradecamer CF 95:  

 

 

The peptide crude was purified by RP-HPLC-MS semiprep. Gradient: from 12% 

to 20% of CH3CN/HCOOH in 7 minutes; from 20% to 100% of CH3CN/HCOOH in 0.5 

minutes (maintained for 2 minutes); finally initial conditions were reached in 0.5 minutes. 

The purified peptide was characterized by RP-HPLC and RP-HPLC-MS. The peptide 95 

was more than 99% pure with a retention time of 7.9 minutes. m/z (ESI): M+6/6 = 505.1 

M+7/7 = 433.1, M+8/8 = 379.0.  

 

TAT48-57 96:  

 

 

The peptide crude was purified by RP-HPLC-MS semiprep. Gradient: 0% of 

CH3CN/HCOOH for 4 minutes, from 0% to 4% of CH3CN/HCOOH in 3 minutes; from 

4% to 100% of CH3CN/HCOOH in 0.5 minutes (maintained for 2 minutes); finally initial 

conditions were reached in 0.5 minutes. The purified peptide was characterized by RP-

HPLC and RP-HPLC-MS. The peptide 96 was more than 97% pure with a retention time 

of 4.6 minutes. m/z (ESI): M+4/4 = 349.9, M+5/5 = 280.0, M+6/6 = 233.5.  
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TAT48-57 CF 97:  

 

 

The peptide crude was purified by RP-HPLC-MS semiprep. Gradient: from 0% to 

7% of CH3CN/HCOOH in 7 minutes; from 7% to 100% of CH3CN/HCOOH in 0.5 

minutes (maintained for 2 minutes); finally initial conditions were reached in 0.5 minutes. 

The purified peptides was characterized by RP-HPLC and RP-HPLC-MS. The peptide 

97 was more than 99% pure with a retention time of 6.9 minutes. m/z (ESI): M+4/4 = 

439.4, M+5/5 = 351.8, M+6/6 = 293.2.  

 

Tetradecamer Cys-MCC-DOXO 108:  

 

The peptide crude containing the cysteine elongated peptides was purified by RP-

HPLC-MS semiprep. Gradient: from 5% to 12% of CH3CN/HCOOH in 7 minutes; from 

12% to 100% of CH3CN/HCOOH in 0.5 minutes (maintained for 2 minutes); finally 

initial conditions were reached in 0.5 minutes. After that, the peptide was coupled to the 

DOXO-MCC using the procedure described in section 7.15.6. The purification of the 

peptide was performed using RP-HPLC with a gradient: from 0% to 50% of 

CH3CN/HCOOH in 11 minutes, from 50% to 100% of CH3CN/HCOOH in 0.5 minutes 

(maintained for 2 minutes); finally initial conditions were reached in 0.5 minutes. The 

purified peptide was characterized by RP-HPLC and RP-HPLC-MS. The peptide 108 was 

more than 95% pure with a retention time of 8.9 minutes. m/z (ESI): M+4/4 = 894.1 

M+5/5 = 715.7, M+6/6 = 596.8.  
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Tetradecamer Cys-MCC-DOXO γ 109:  

 

The peptide crude containing the cysteine elongated peptides was purified by RP-

HPLC-MS semiprep. Gradient: from 5% to 12% of CH3CN/HCOOH in 7 minutes; from 

12% to 100% of CH3CN/HCOOH in 0.5 minutes (maintained for 2 minutes); finally 

initial conditions were reached in 0.5 minutes. After that, the peptide was coupled to the 

DOXO-MCC using the procedure described in section 7.15.6. The purification of the 

peptide was performed using RP-HPLC with a gradient: from 0% to 50% of 

CH3CN/HCOOH in 11 minutes, from 50% to 100% of CH3CN/HCOOH in 0.5 minutes 

(maintained for 2 minutes); finally initial conditions were reached in 0.5 minutes. The 

purified peptide was characterized by RP-HPLC and RP-HPLC-MS. The peptide 109 was 

more than 95% pure with a retention time of 9.0 minutes. m/z (ESI): M+5/5 = 715.7, 

M+6/6 = 596.7, M+7/7 = 511.5. 

 

TAT48-57 Cys-MCC-DOXO, 110:  

 

The peptide crude was purified by RP-HPLC-MS semiprep. Gradient: 0% of 

CH3CN/HCOOH for 4 minutes, from 0% to 4% of CH3CN/HCOOH in 3 minutes; from 

4% to 100% of CH3CN/HCOOH in 0.5 minutes (maintained for 2 minutes); finally initial 

conditions were reached in 0.5 minutes. After that, the peptide was coupled to the DOXO-

MCC using the procedure described in section 7.15.6.  
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The purification of the peptide was performed using RP-HPLC with a gradient: 

from 0% to 50% of CH3CN/HCOOH in 11 minutes, from 50% to 100% of 

CH3CN/HCOOH in 0.5 minutes (maintained for 2 minutes); finally initial conditions 

were reached in 0.5 minutes. The purified peptide was characterized by RP-HPLC and 

RP-HPLC-MS. The peptide 110 was more than 93% pure with a retention time of 8.8 

minutes. m/z (ESI): M+3/3 = 768.7, M+4/4 = 576.8, M+5/5 = 461.6. 

 



 

 

 

 

 

 

 

 

 

8. Bibliography 

  



8. Bibliography 
 

 

256 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



8. Bibliography 

 

257 

1 Izquierdo, S.; Rúa, F.; Sbai, A.; Parella, T.; Álvarez-Larena, A.; Branchadell, V.; Ortuño, R.M. (+)- and 

(-)-2-Aminocyclobutane-1-carboxylic Acids and Their Incorporation Into Highly Rigid -peptides: 

Stereoselective Synthesis and a Structural Study.  J. Org. Chem. 2005, 70, 7963-7971. 

2 Sans, M.; Illa, O.; Ortuño, R.M. Stereoselective Synthesis of All Stereiosiomers of Orthogonally Protected 

Cyclobutane-1,2-Diamine and Some Chemeoselective Tranformations. Org. Lett. 2012, 14, 2431-2433. 

3 Aguilera, J.; Moglioni, A.G.; Moltrasio, G.Y.; Ortuño, R.M. Stereodivergent and efficient synthesis of the 

first bis(cyclobutane) gamma-dipeptides and mixed gamma-oligomers. Tetrahedron: Asymmetry 2008, 19, 

302-308. 

4 Yang, H.; Xiang, J.; Wang, N.; Zhao, Y.; Hyman, J.; Li, S.; Jiang, J.; Chen, J.K.; Yang, Z.; Lin, S. 

Converse Conformational Control of Smoothened Activity by Structurally Related Small Molecules. J. Biol 

Chem. 2009, 284, 201876-20884. 

5 Lawson, A. D. G. Antibody-Enabled Small-Molecule Drug Discovery. Nat. Rev. Drug Discov. 2012, 11, 

519-525. 

6 Small Molecule Medicinal Chemistry; Czechtizky, W., Hamley, P.; John Wiley & Sons, 2015. 

7 Fernández, D.; Torres, E.; Avilés, F. X.; Ortuño, R.M.; Vendrell, J. Cyclobutane-Containing Peptides: 

Evaluation as Novel Metallocarboxypeptidase Inhibitors and Modelling of Their Mode of Action. 

Bioorganic Med. Chem. 2009, 17, 3824-3828.  

8 Mayans, E.; Gargallo, A.; Álvarez-Larena, Á.; Illa, O.; Ortuño, R.M. Diastereodivergent Synthesis of 

Chiral Vic-Disubstituted-Cyclobutane Scaffolds:1,3-Amino Alcohol and 1,3-Diamine Derivatives – 

Preliminary Use in Organocatalysis. Eur. J. Org. Chem. 2013, 8, 1425-1433.  

9 Sans, M.; Illa, O.; Ortuño, R.M. Organobridged Silsesquioxanes Based on Cyclobutane Diamines: 

Influence of the Stereochemistry on the Morphology of the Materials. Tetrahedron 2016, 72, 2913-2919.  

10 Celis, S.; Nolis, P.; Illa, O.; Branchadell, V.; Ortuño, R.M. Low-molecular-weight Gelators Consisting 

of Hybrid Cyclobutane-based Peptides. Org. Biomol. Chem. 2013, 11, 2839-2846.  

11 Sorrenti, A.; Illa, O.; Ortuño, R. M.; Pons R. Chiral Cyclobutane β-Amino Acid-Based Amphiphiles: 

Influence of cis/trans Stereochemistry on Condensed Phase and Monolayer Structure. Langmuir 2016, 32, 

6977-6984. 

12 Pi-Boleda, B.; Sorrenti, A.; Sans, M.; Illa, O.; Pons, R.; Branchadell, V.; Ortuño, R.M.  Cyclobutane 

Scaffold in Bolaamphiphiles: Effect of Diastereoisomerism and Regiochemistry on Their Surface Activity 

Aggregate Structure. Langmuir 2018, 10.1021/acs.langmuir.8b01462. 

13 Aguilera, J.; Favier, I.; Sans, M.; Mor, À.; Álvarez-Larena, Á.; Illa, O.; Gómez, M.; Ortuño, R. M.  

Synthesis of chiral functionalised-cyclobutyl pyrrolidines and amino alcohols from (-)-(S)-verbenone. 

Applications in the stabilisation of ruthenium nanocatalysts. Eur. J. Org. Chem. 2015, 810-819. 

14 Ospina, J.; Sorrenti, A.; Illa, O.; Pons, R.; Ortuño, R.M. New Chiral Polyfunctional Cyclobutane 

Derivatives from (-)-Verbenone: Possible Surfactant Behaviour. Tetrahedron: Asymmetry 2013, 24, 713-

718.  

15 Illa, O.; Porcar-Tost, O.; Robledillo, C.; Elvira, C.; Nolis, P.; Reiser, O.; Branchadell, V.; Ortuño, R.M. 

Stereoselectivity of Proline/Cyclobutane Amino-Acid Containing Peptide Organocatalyst for Asymmetric 

Aldol Additions: A Rationale. J. Org. Chem. 2018, 83, 350-363. 

16 Gutiérrez-Abad, R.; Illa, O.; Ortuño, R.M. Synthesis of Chiral Cyclobutane Containing C3-Symmetric 

Peptide Dendrimers. Org. Lett. 2010, 12, 3148-3151.  

17 Chang, Y.S.; Graves, B.; Guerlavais, V.; Tovar, C.; Packman, K.; To, K.H.; Olson, K.A.; Kesavan, K.; 

Gangurde, P.; Mukherjee, A.; Baker, T.; Darlak, K.; Elkin, C.; Filipovic, Z.; Qureshi, F.Z.; Cai, H.; Berry, 

P.; Feyfant, E.; Shi, X.E.; Horstick, J.; Annis, D.A.; Manning, A.M.; Fotouhi, N.; Nash, H.; Vassilev, L.T.; 

                                                 

http://dx.doi.org/10.1021/acs.langmuir.8b01462


8. Bibliography 
 

 

258 

                                                                                                                                               
Sawyer, T.K. Stapled a-helical Peptide Drug Development: A Potent Dual Inhibitor of MDM2 and MDMX 

for p53-Dependent Cancer Therapy. Proc. Natl. Acad. Sci. U.S.A 2013, 110, E3445-54. 

18 Bock, J.E.; Gavenonis, J.; Kritzer, J.A. Getting in Shape: Controlling Peptide Bioactivity and 

Bioavailability using Conformational Constraints. ACS Chem. Biol. 2013, 8, 488−499. 

19 Di, L. Strategic Approaches to Optimizin Peptide ADME Properties. The AAPS Journal 2015, 17, 134-

143.  

20 Tsomaia, N. Peptide Therapeutics: Targeting the Undruggable Space. Eur. J. Med. Chem. 2015, 94, 459-

470. 

21 Seebach, D.; Matthews, J.L. -Peptides: a Surprise at Every Turn. Chem. Commun. 1997, 2015-2022.  

22 Gellman, S.H. Foldamers: A Manifesto. Acc. Chem. Res. 1998, 31, 173–180. 

23 Guichard, G.; Huc, I. Synthetic Foldamers. Chem. Commun. 2011, 47, 5933–5941. 

24 Organic Foldamers and Helices in Supramolecular Chemistry: From Molecules to Nanomaterials. Huc, 

I.; Jiang, H. Edited by P. A. Gale and J.W. Steed, John Wiley & Sons 2012, 5, 2183-2206.  

25 Martinek, T.A.; Fülöp, F. Peptidic Foldamers: Ramping up Diversity. Chem. Soc. Rev. 2012, 41, 687–

702. 

26 Cheng, R.P.; Gellman, S.H.; DeGrado, W.F. -Peptides: From Structure to Function. Chem. Rev. 2001, 

101, 3219–3232. 

27 Martinek, T.A.; Fülöp, F. Side-chain Control of -Peptide Secondary Structures. Eur. J. Biochem. 2003, 

270, 3657-3666. 

28 Seebach, D.; Hook, D.F.; Glättli, A. Helices and other Secondary Structures of Beta- and Gamma-

Peptides. Biopolymers 2006, 84, 23–37. 

29 Epand, R.F; Umezawa, N.; Porter, E.A.; Gellman, S.H.; Epand, R.M. Interactions of the Antimicrobial 

-Peptide -17 with phospholipid vesicles differ from membrane interactions of magainins. Eur. J. 

Biochem. 2003, 270, 1240-1248.  

30 García-Echevarría, C.; Ruetz, S. -Homolysine Oligomers: A New Class of Trojan Carriers. Bioorg. 

Med. Chem. Lett. 2003, 13, 247-251.  

31 Hanessian, S.; Luo, X.; Schaum. R. Synthesis and Folding Preferences of -Amino Acid Oligopeptides: 

Stereochemical Control in the Formation of a Reverse Turn and -Helix. Tetrahedron Lett. 1999, 40, 4925-

4929.  

32 Woll, M.G.; Lai, J.R.; Guzei, I.A.; Taylor, S.J.C.; Smith, M.E.B.; Gellman, S.H. Parallel Sheet Secondary 

Structure in -Peptides. J. Am. Chem. Soc. 2001, 123, 11077-11078. 

33 Farrera-Sinfreu, J.; Zaccaro, L.; Vidal, D.; Salvatella, X.; Giralt, E.; Pons, M.; Albericio, F; Royo, M. A 

New Class of Foldamers Based on cis--Amino-L-proline. J. Am. Chem. Soc. 2004, 126, 6048-6057. 

34 Jordan, S.; Schwemler, C.; Kosch, W.; Kretschmer, A.; Schwenner, E.; Stropp, U.; Mielke, B. Synthesis 

of New Building Blocks for Peptide Nucleic Acids Containing Monomers with Variations in the Backbone. 

Bioorg. Med. Chem. Lett. 1997, 7, 681-686. 

35 Jordan, S.; Schwemler, C.; Kosch, W.; Kretschmer, A.; Stropp, U.; Schwenner, E.; Mielke, B. New 

Hetero-Oligomeric Peptide Nucleic Acids with Improved Binding Properties to Complementary DNA. 

Bioorg. Med. Chem. Lett. 1997, 7, 687-690.  

36 Balamurugan, D.; Muraleedharan, K.M. Conformational Switching in Hetereochiral ,2,3-Hybrid 

Peptides in Response to Solvent Polarity. Eur. J. Org. Chem. 2015, 5321-5325. 



8. Bibliography 

 

259 

                                                                                                                                               
37 Grison, C.M.; Robin, S.; Aitken, D.J. 13-Helix Folding of a /-Peptide Manifold Designed from a 

“Minimal-constraint” Blueprint. Chem.Commun. 2016, 52, 7802-7805. 

38 Grison CM, Miles JA, Robyn S, Wilson AJ, Aitken DJ. An -Helix Mimicking 12, 13-Helix: Designed 

//-Foldamers as Selective Inhibitors of Protein-Protein Interactions. Angew. Chem. Int. Ed. 2016, 55, 

11096-11100. 

39 Thodupunuri P, Katukuri S, Ramakrishna KVS, Sharma GVM, Kunwar AC, Sarma AKS, Hofmann HJ. 

Solvent-Directed Switch of a Left-Handed 10/12-Helix into a Right-Handed 12/10-Helix in Mixed -

Peptides. J. Org. Chem. 2017, 82, 2018–2031. 

40 Szefczyk M, Weglarz-Tomczak E,  Fortuna P, Krzyszton A, Rudzinska-Szostak E, Berlicki Ł. 

Controlling the Helix Handedness of -Peptide Foldamers through Sequence Shifting. Angew. Chem. 

Int. Ed. 2017, 56, 2087 –2091. 

41 Chou, K.C. Prediction of Tight Turns and Their Types in Proteins. Anal Biochem. 2000, 286, 1-16.  

42 Chatterjee, S.; Roy, R.S.; Balaram, P. Expanding the Polypeptide Backbone: Hydrogen-bonded 

Conformations in Hybrid Polypeptides containing the higher homologues of -amino acids. J. R. Soc. 

Interface 2007, 4, 587-606.  
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NMR spectra for the characterization of hybrid peptides 



-cis,-cis 33 

1H-NMR (600 MHz, DMSO-d6, 298 K)  

 

 

1H-NMR (600 MHz, CDCl3, 298 K)  
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13C-NMR (150 MHz, DMSO-d6, 298 K)  

 

 

 

Multiplicity Edited HSQC (600 MHz, DMSO-d6, 298 K) 
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-cis,-trans, 35 

1H-NMR (600 MHz, DMSO-d6, 298 K)  

 

1H-NMR (600 MHz, CDCl3, 298 K)  
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13C-NMR (150 MHz, DMSO-d6, 298 K)  

 

 

Multiplicity Edited HSQC (600 MHz, DMSO-d6, 298 K)  
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-trans,-cis, 37 

1H-NMR (600 MHz, DMSO-d6, 298 K)  

 

 

1H-NMR (600 MHz, CDCl3, 298 K)  
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13C-NMR (150 MHz, DMSO-d6, 298 K)  

 

 

Multiplicity Edited HSQC (600 MHz, DMSO-d6, 298 K)  
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-trans,-trans, 39 

1H-NMR (600 MHz, DMSO-d6, 298 K)  

 

 

1H-NMR and SELTOCSY (600 MHz, CDCl3, 298 K)  
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13C-NMR (150 MHz, DMSO-d6, 298 K)  

 

 

Multiplicity Edited HSQC (600 MHz, DMSO-d6, 298 K) 
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-cis,-cis, 34 

1H-NMR (600 MHz, DMSO-d6, variable temperatures)  
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SELTOCSY (600 MHz, DMSO-d6, 358 K)  

 

13C-NMR (150 MHz, DMSO-d6, 358 K)  
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COSY (600 MHz, DMSO-d6, 358 K)  
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Multiplicity edited HSQC (600 MHz, DMSO-d6, 358 K)  
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-cis,-trans, 36 

1H-NMR (600 MHz, DMSO-d6, variable temperatures)  

 

13C-NMR (150 MHz, DMSO-d6, 358 K)  
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SELTOCSY (600 MHz, DMSO-d6, 358 K )  

 

 

COSY (600 MHz, DMSO-d6, 358 K)  
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Multiplicity Edited HSQC (600 MHz, DMSO-d6, 358 K)  

 

-trans,-cis, 38 

1H-NMR (600 MHz, DMSO-d6, variable temperatures) 
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13C-NMR (150 MHz, DMSO-d6, 358 K)  

 

 

SELTOCSY (600 MHz, DMSO-d6, 358 K)  
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SELROESY (600 MHz, DMSO-d6, 358 K)  

 

COSY (600 MHz, DMSO-d6, 358 K)  
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Multiplicity Edited HSQC (600 MHz, DMSO-d6, 358 K)  

 

-trans,-trans, 40 

1H-NMR (600 MHz, DMSO-d6, variable temperatures)  
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13C-NMR (150 MHz, DMSO-d6, 358 K)  

 

 

SELTOCSY (600 MHz, DMSO-d6, 358 K)  
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SELROESY (600 MHz, DMSO-d6, 358 K)  

 

COSY (600 MHz, DMSO-d6, 358 K) 
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Multiplicity Edited HSQC 
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Comparison of NH signals region in the 1H/15N-HSQC spectra (600 MHz, DMSO-

d6, 358 K) of tetrapeptides 34, 36, 38 and 40 

 

CC: -cis,-cis-34; CT: -cis,-trans-36; TC: -trans,-cis-38; TT: -trans,-trans-40 
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-cis,-cis, 41 

1H-NMR (600 MHz, CDCl3, 298 K)  
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1H-NMR and SELTOCSY (600 MHz, CDCl3, 273 K)  
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13C-NMR (150 MHz, CDCl3, 298 K)  

 

 

Multiplicity Edited HSQC (600 MHz, CDCl3, 298 K) 
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-cis,-trans, 42 

1H-NMR (600 MHz, CDCl3, 298 K)  
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13C-NMR (150 MHz, CDCl3, 298 K)  

 

 

Multiplicity Edited HSQC (600 MHz, CDCl3, 298 K) 

 

 



9. Annex 
 

 

304 

NMR spectra for the characterization of L3 and its precursors  

 

Compound 123 

1H-NMR (400 MHz, CDCl3, 298 K)  

 

 

 

13C-NMR (100 MHz, CDCl3, 298 K)  
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Compound 125 

1H-NMR (400 MHz, CDCl3, 298 K)  

 

 

 

13C-NMR (100 MHz, CDCl3, 298 K)  
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Multiplicity Edited HSQC (400 MHz, CDCl3, 298 K) 

 

 

Compound 126 

 

1H-NMR (360 MHz, CDCl3, 298 K)  
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13C-NMR (62.5 MHz, CDCl3, 298 K)  

 

 

Compound 127 

 

1H-NMR (360 MHz, CDCl3, 298 K)  
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13C-NMR (90 MHz, CDCl3, 298 K)  

 

 

 

 

 

Multiplicity Edited HSQC (360 MHz, CDCl3, 298 K) 
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L3 

1H-NMR (360 MHz, D2O, 298 K)  

 

13C-NMR (90 MHz, D2O, 298 K)  

 

 

Multiplicity Edited HSQC (360 MHz, D2O, 298 K) 
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