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Abbreviations and Acronyms 

2D, 3D = two-, three-dimensional, respectively 

Ala = alanine 

AMBER = assisted model building with energy refinement 

Amo = 5-aminomethyl-oxazolidine-2,4-dione 

AMPUMP = 1-(4-(aminomethyl)phenyl)-3-(o-methylphenyl)urea 

APTES = amnopropyltriethoxysilane 

Asn = asparagine 

Asp = aspartic acid 

b
2
-Pro = (S)-pyrrolidine-3-carboxylic acid 

Boc = tert-butyloxycarbonyl 

Boc2O = Boc anhydride 

Bn = benzyl 

Bz = benzoyl 

BSA = bovine serum albumin 

Cbz or Z = carboxybenzyl 

CDCl3 = deuterated chloroform 

CDI = 1,1ǋ-carbonyldiimidazole 

CMFDA = chloromethylfluorescein diacetate 

c[RGDfK] = cyclo-(L)-Arg-(L)-Gly-(L)-Asp-(D)-Phe-(L)-Lys 

DAbu = 2,3-dehydro-2-aminobutyric acid 

DAla = dehydroalanine 

DPhe = dehydroPhe  

DBU = 1,5-diazabiciclo (5.4.0) undec-5-ene 

DCM = dichlorometane 

DGR = Asp-Gly-Arg 

DIPEA = N,N-Diisopropylethylamine 

DMA = dimethylamine 
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DMF = dimethylformamide 

DMSO = dimethyl sulfoxide 

DSC = disuccinimidyldicarbonate 

DXP = N,Nô-bis(2,6-dimethylphenyl)perylene-3,4,9,10-tetracarboxylic acid diimide 

ECM = extracellular matrix 

EDCI = 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide 

EDX = energy dispersive X-ray spectroscopy 

EM-1 = endomorphin-1 

ES-MS = electrospray ionization mass spectrometry 

Et2O = ether 

EtOAc = ethyl acetate 

Fmoc = 9H-fluoren-9-ylmethoxycarbonyl 

FN = fibronectin 

FT-IR = fourier transform infrared spectroscopy 

gCOSY = gradient correlation spectroscopy 

Gly = glycine 

HATU = 1-[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxid hexafluorophosphate 

HBTU = 2-(1H-Benzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate 

HMBC = heteronuclear multiple bond correlation 

HOBt = hydroxybenzotriazole 

HSQC = heteronuclear single quantum coherence 

IDS = Ile-Asp-Ser 

Imd = 2-imidazolidinone 

iSer = isoserine 

LDV = Leu-Asp-Val 

MAOS = microwave-assisted organic synthesis 

MD = molecular dynamics 

MPUPA = o-methylphenylureaphenylacetyl 

Mtr = 4-Methoxy-2,3,6-trimethylbenzenesulphonyl  
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MW = microwave 

NCA = N-carboxyanhydride 

NPs = nanoparticles 

Oxd = 2-oxazolidinone 

p-NBC = 4-Nitrobenzyl chloroformate 

p-NPC = 4-Nitrophenyl chloroformate 

PDMS = polydimethylsiloxane 

PEG = polyethylene glycol 

PFA = paraformaldehyde 

PG = protecting group 

Phe = phenyalanine 

Phg = D-phenylGly 

PhSer = Phenylserine 

PPI = protein-protein interaction 

Pro = proline 

RGD = Arg-Gly-Asp 

Rmsd = root-mean-square deviation 

Roesy = rotating-frame nuclear overhauser effect correlation spectroscopy 

RP = reversed phase; 

rt = room temperature 

SAM = self-assembled monolayer 

Sar = sarcosine 

SEM = scanning electron microscopy 

Ser = serine 

SP = solid phase 

SPA = scintillation proximity-binding assay; 

SPPS = solid phase peptide synthesis 

TEA = triethilamine 

TFA = trifluoroacetic acid 
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TGA = thermogravimetric analysis 

THF = tetrahydrofuran 

Thr = threonine 

Trp = tryptophan 

Ts = N-tosyl 

Tyr = tyrosine 

Val = valine 

VCAM = vascular cell adhesion molecule 

VCAM-1 = vascular cell adhesion molecule-1 

VT = vitronectin or variable temperature 

XPS = X-ray photoelectron spectroscopy 

XRD = X-ray powder diffraction 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 



Chapter 1 
 

1 

 

Chapter 1 

From peptides to drugs: peptidomimetics 

 
The major striking features of the abundantly existing peptides and proteins are the enormous diversity in biological 

function, and the tremendous variations in structure. The biological functions range from hormones, toxins, and enzymes to 

antibodies, receptors, structural proteins, and beyond. Some of the most toxic compounds known are peptides,
1
 and among 

the molecules capable of binding ligands noncovalently we also find proteins, such as avidin and antibodies. Similarly, 

their structural complexity varies from simple, small, randomly structured peptides, to turns and helices, and on to 

complicated assemblies of turns, helices, sheets, and structured assemblies of proteins. Responsible for this incredible 

diversity are ñonlyò 20 different proteinogenic amino acids, which are linked by an identical, repeating, connecting amide 

linkage, often denoted as the ñpeptide bondò. These 20 amino acids can lead to 8000 different tripeptides and as many as 64 

million possible hexapeptides and one can easily imagine the structural diversity as larger peptides assume more defined 

structures. It is therefore self-evident that, together with the large diversity of amino acid residues, which contain a wide 

range of side chain functional groups, this structural diversity will lead to a gigantic plurality in biological function. 

Furthermore, nature increases the diversity of both structure and function of peptides and proteins even further by post-

translational modifications; this allows, for example, the introduction of an onïoff switch for the activity of a protein by 

phosphorylation. 

In addition, the set of the 20 amino acids that are present in proteins is greatly expanded and also includes the damino acids 

found in many small natural products and peptides, which are synthesized by non-ribosomal biosynthetic pathways. The 

situation is even more complicated, since different peptides can affect the same physiological function.
2
  

Finally, nowadays, with the exciting methods of expanding the genetic code, the set of 20 proteinogenic amino acid 

residues has been increased to well over 20.
3
  

Nevertheless there is the need to expand this impressive diversity of peptides and proteins even more by entering the realm 

of peptidomimetics and protein mimics. The reason can be found in their biological properties and structures, which are 

reminiscent of the structural features of peptides, proteins and their constituent amino acid residues. In many cases the 

structural and biological properties have to be improved or altered. In fact, despite of their clinical potential, seldom native 

peptides may be used directly as drugs, especially for oral administration. This is due to some very important limitations, 

such as: limitate stability toward proteolysis by peptidase; poor absorbition from intestine to the blood and across the 

blood-brain barrier, due for example to the high molecular weight; rapid excretion through the liver and/or kidneys; rapid 

photolytic degradation; high conformational flexibility, which often allows interactions with multiple receptors, resulting in 

several undesired side-effects.
4
  

Therefore, solubility, stability, bioavailability, and affinity of peptides and proteins were and still are important properties 

that limit, to a considerable extent, the development of peptides and proteins as drugs, and in many pharmaceutical 

companies this was considered to be a ñno-goò area and the Lipinski ñRule of Fiveò was used to underpin it. Much effort 

has been expended to find ways to replace portions of biologically active peptides with non-peptide structures, with the aim 

of obtaining orally bioavailable entities. Such compounds, containing non-peptidic structural elements, that are capable of 

mimicking or antagonizing the biological action of a natural parent peptide are defined as peptidomimetics.
4a

 

Peptidomimetics might be able to remedy, at least partly, the objections pointed out by the Rule of Five.  

The Rule of Five states that poor absorption or permeation is more likely when more than five H-bond donors (sum of OHs 

and NHs) and more than ten H-bond acceptors (sum of Os and Ns) are present, in addition to a molecular weight greater 

than 500, and a log P greater than 5.  

Thus, there is still a lot to gain when peptidomimetics of a particular bioactive peptide can be developed, because peptides 

usually contain plenty of hydrogen bond donors and acceptors, have a molecular weight greater than 500 (even with only 

four residues), and can be very hydrophilic or hydrophobic. Nevertheless, the last two decades have also shown tremendous 

developments with respect to ñbiologicsò such as hormones, monoclonal antibodies, nanobodies (variable domains of 

camelid heavychain-only antibodies), etc. None of them obeys the Rule of Five, and there is usually more than a problem 

with respect to solubility, stability, bioavailability and affinity; however, all are often used in extremely valuable treatments 

of severe diseases. 

Anyway the rational design of mimetics would be great if one could ñtransformò any conceivable amino acid sequence (a 

peptide chain) into a corresponding peptidomimetic chain, while retaining the required peptide properties, such as the 

presence of the amino acid side chains, its repetitive nature, the possibility for interaction with and by the backbone, as well 
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as eradicating or diminishing at least some unfavorable characteristics such as biodegradability. 
 
In this optic, modified 

peptides have been commonly obtained by different modifications of amino acids and peptide structures.  

The first approaches were based on simple modifications of N- or C- terminus, N- and CŬ- methylation, or single amino 

acid replacement with its D-amino acid equivalent.
5
 The introduction of these variants in an aminoacidic sequence provides 

an increased stability to peptides, since enzymes have difficult to hydrolyze unnatural amino acids. Moreover, the above 

mentioned modifications, such as the insertion of D-residues, often enforce a different conformation of the peptide,
6
 and 

strongly influence receptor affinity and selectivity.
7
 
 

The  introduction of isosteric groups represents another peptide bond modifications approach.
21,8

 The replacement of a 

labile peptide bond with an isoster was of great help for designing therapeutic agents targeting proteases; very often, the 

isoster imitates the transition state of peptide bond cleavage, including the hydroxyl group resulting from enzyme 

nucleophilic addition.This strategy
 
resulted in the development of a variety of peptidomimetic classes, the most common 

and studied are peptoids,
9
 introduced by Zuckermann, in which the side chain of an amino acid is ñshiftedò to the a-amino 

group. This leads to alkylated peptide amide bonds, thereby explaining the resistance towards degradation by proteases. In 

fact, alkylation, in particular methylation, of amino acids in biologically active peptides is a useful principle to reduce 

biodegradation and increase bioavailability, for example in cyclosporine and somatostatin analogues.
10

 

Also  peptide-bond reversal represents an important structural alteration for peptides,
11 

and proved to be useful to reduce 

the degradation rate of the peptides by peptidases. Retro-inverso peptides have found applications as immunogens, 

immunomodulators, immunostimulators, antimicrobial, and diagnostic reagents, as well as modified isomers of membrane- 

penetrating peptides as delivery systems.
12

  

Finally azapeptides,
13

 urea-peptidomimetics,
14

 and sulphonamide peptides/peptoids,
15

 are part of this class of mimetics 

(Figure 1).  

 

Figure 1. Some common peptide bond isoster. 

Peptide analogs have also been obtained by introducing unusual residues, which can be achieved by a number of ways,
16

  

such as ɓ-,
17

 ɔ- and ŭ-amino acids,
18

 or Ŭ- or ɓ-substituted amino acids.
19

 These particular amino acids have been utilized to 

construct the mimetics of naturally occurring peptide hormones, MHC-binding beta-peptides, opioid peptides, somatostatin, 

or amphipathic b-peptide inhibitors of membrane-bound proteins.
20

 

Unfortunately, the major problem and collateral effect of the great part of peptidomimetic strategies illustrated until now is 

that, in principle, a mimetic, just like its corresponding peptide, is very flexible. In particular, the high flexibility of 

peptides is due to the multiple conformations that are energetically possible for each residue of the incorporated amino 

acids. To get an idea of how important the issue of conformational freedom,  just think that inasmuch as every amino acid 

has two degrees of conformational freedom, NïCŬ (ū) and CŬïCO (Ɋ), are possible approximately 9 (3
2
) stable local 

conformations. For a polypeptide with only 40 amino acids in length the number of possible conformations which need to 

be considered escalates to nearly 10
40

.
5a 

 

Pioneering work by Ramachandran et al. resulted in the so-called Ramachandran plots which restrict the allowed values for 

the torsion angles ū and Ɋ and with that the conformational space accessible to the amino acids to about one third of the 
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total structural space. Nevertheless the remaining degrees of freedom still make a prediction of the structure extremely 

difficult.  

This extraordinary high flexibility leads to the fact that short polypeptides rarely form any stable 3D structures in solution.
5b

 

There are only few examples reported in the literature where short to medium-sized peptides (<30-50 amino acids) were 

able to form stable structures. In most cases they exist in aqueous solution in numerous dynamically interconverting 

conformations.  Additionally, the number of stable short peptide structures, which are accessible, is very limited because of 

the need to use amino acids having a strong structure inducing effect, like for example helix-inducing amino acids as 

leucine, glutamic acid or lysine. Finally, it is questionable whether the solid state conformations determined by X-ray 

analysis are identical to those occurring in solution or during the interactions of proteins with each other.
21

 

This tricky trouble is extended also to the great part of peptidomimetics illustrated until now, for example in peptoids the 

side chain on the a-carbon atom is missing, thereby leading to a large range of allowable f and y angles, despite the 

presence of the side chain on the amide-nitrogen atom that affects the range of allowable f angles.
22

 Understandably, 

increased conformational flexibility will lead to decreased binding affinity, as described above.  

The problem was resolved with two interesting approaches, which purpose was reduce flexibility : by cyclization to afford 

cyclic peptoids or by noncovalent intramolecular interactions.  

Rigid molecules are considered promising also for the evidence that a lot of biological processes are controlled by 

interactions between proteins (protein-protein interaction PPI), that, in most cases, are due to the contribution of just few 

amino acid residues, often arranged in a well defined folding structure (turn).   

According to the most common definition, a turn is a structural motif where the CŬ atoms of two residues separated by few, 

usually 1 to 5, peptide bonds are in close approach, less than 7 Å, while the corresponding residues do not form a regular 

secondary structure element such as in an Ŭ-helix or ɓ-sheet (Figure 2). 

The most renowned PPI processes are, for instance, the formation of hormone-receptor, protease-inhibitor, or antibody-

antigen complexes.
23

 Others, less specific, occur when proteins aggregate, like in amyloid fibrils which form in the tissues 

in several diseases such as Alzheimerôs, familial amyloidotic polyneuropathy, the spongiform encephalopathies, familial 

Mediterranean fever, and some forms of rheumatoid arthritis.
24

  

Itôs therefore self-evident how important it could be to interact and interfere with this kind of mechanisms in order to play a 

key role in their control and modulation.   

 
Figure 2. A fast way to distinguish between Ŭ-, ɓ-, and ɔ-turns. 

The first class of rigid mimics consists in the peptide cyclic analogues that are much more stable respect to the native 

peptides, conformationally more defined, and more selective towards the specific target. In addition, these covalent 

constraints also play a decisive role in controlling the three-dimensional structure of a molecule, for example by forming 

cavity or shell-like structures that are capable of binding other (small) molecules. 

Peptide cyclization has been performed by simple condensation of the N- and C- terminus or by connecting functionalized 

side chains.
25

 Another efficient method for preparing both small and macrocyclic rings, is the ring-closing metathesis 

approach,
26

 though in certain cases the occurrence of inappropriate secondary structural elements precluding peptide 

cyclization required introducing a reversible backbone protection.
27 

 

Examples of cyclopeptidomimetics prepared by simple condensation are the RGD integrin inhibitors developed by Kessler 

for treatment of human tumor metastasis and tumor induced angiogenesis, bone remodelling and osteoporosis.
28

 N-

methylation scan on some cyclic peptides provided c[Arg-Gly-Asp-D-Phe-NMeVal], Cilengitide, with enhanced biological 

activity and affinity. The conformationally defined RGD mimetics have been utilized also for investigating the relationship 

between the 3D display of the pharmacophores and the different selectivity towards different kinds of RGD-binding 

integrins.
29
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Figure 3. Chemical structure of Cilengitide, developed by Kessler. 

Noteworthy advancements have been recently reported also in the development of non-cyclic conformationally defined 

peptidomimetics, designed to interfere with cell adhesion mechanisms, therefore constituting interesting tools in the 

synthesis of imaging biomarkers and assessment of therapy response as well as in the engineering of cell-targeted agents.
30

  

To induce the peptide folding were proposed constraining elements like dehydro amino acids, cyclic amino acids,
31

 and 

other mimics of specific residues, which have been used to design acyclic peptides because of their turn-inducing or helix-

forming propensity (Figure 4).
32

 

 

Figure 4. Some of the conformationally constrained residues aforementioned. 

An important role among the backbone elements, which induce constrained conformations, is played by Pro and its 

derivatives. The peculiar features of this cyclic amino acid (among others the ability to induce cis peptide bond 

conformation)
33

 makes it a priceless ally while looking for rigidity. A number of pseudo-Pro building blocks have also been 

assessed in several occasions and with various results, giving libraries of compounds with different properties, and with the 

capability to induce either the trans or the cis conformation
34

 depending on the type of heterocycle used. 

Another powerful element, widely used to constrain angles in peptidomimetics, is the so called Freidinger lactam. This 

lactamôs peculiarity is the fact of being a bridge between the Ŭ carbon and the following amide nitrogen, resulting in five- 

six- or seven-membered heterocycles. Contrary to the pseudo-Pro, Freidinger lactam directly constrains the Ɋ and the ɤ 

angles.
35

 Since its introduction in the early 80ôs it has been widely used to constrain peptide conformations, stabilizing ɓ- 

and ɔ-turn structures and acting as a ɓ-strand mimetic in linear peptides,
36

 with lots of applications in the medicinal 

chemistry field, especially in the interaction with G-protein coupled receptors, as reported in a study aiming to reproduce 

the active conformation of the Growth hormone-releasing peptides (GHRPs) by incorporating a Freidinger lactam in it.
37

 

Some more recent work also focused on the development of new analogues of the Freidinger lactam, by introducing several 

kinds of modifications on its initial structure, such as heteroatoms substituting the simple sp
3
 carbons, in order to give 

rigidity to the ring, or the use of fused bicyclic or spirocyclic extensions.
4a

 

As seen, in recent years, research in the field of peptidomimetics is expanding always more and accordingly also its 

chemistry is growing. This led to the development of different synthetic methods for obtaining oligomeric peptidomimetics, 

such as the solid-phase peptide synthesis (SPPS), developed by B. Merrifield between 1950 and 1960, that made possible to 

synthesize polypeptides, with fifty or more amino acids in length, in large quantities making them available for 

pharmacological and clinical testing.
4b

  

In addition, in the early 1990ôs, the Kent group reported a chemoselective ligation of unprotected peptides.
38

 They later 

developed the óónative chemical ligationôô method for the conjugation of unprotected polypeptide/peptoid molecules. This 

new strategy initiated an era of chemical protein synthesis,
39

 during which a variety of proteins and mimics have been 

prepared.
40
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Moreover, the ever-increasing demand of techniques to obtain a large number of compounds in relatively short time, 

allowed microwaves to gain importance among the synthetic technologies. In fact, MAOS (Microwave-Assisted Organic 

Synthesis) is been successfully coupled with the SPPS or with in solution peptide synthesis, enabling to reduce significantly 

the reaction time, because this kind of technique, raising the temperature very quickly, allows to fasten the reaction and 

may give access to different reaction routes, leading to unexpected yields, conversions and selectivities.  

Analyzing these aspects, it is evident that the development of synthetic procedures for the synthesis of unnatural amino 

acids and peptides/mimetics, for istance with a milder environmental impact, is a field of actual interest. 

The context shown and analized, highlights the developments on this area that might now also have a strong impetus on the 

growth and significance of modified peptides, peptidomimetics, and protein mimics as drugs. Moreover, this will also be 

favorably influenced by the recent enormous developments in drug delivery methods for these compounds, that guarantees 

the preservation of their biological activity during an acceptable shelf-life and ideally the effective and safe transport and 

delivery to its site of action.  

However, during the last three decades, there has been an exponential growth in an average number of peptide therapeutics 

entering clinical studies. Peptide and mimics drugs are being investigated in a wide variety of therapeutic areas, with the 

highest number of them entering clinical trials for metabolic disorders and cancer treatments (Figure 4).
41

 

 

Figure 4. The distribution of peptide pipeline drugs by therapeutic areas. Other indications that are not speciýed on the 

chart include: Endocrinology, Respiratory, Bones, Hematology, Ophthalmology, OB-GYN (obstetrics and gynecology). 

The highest number of peptides has entered clinical study for cancer treatments and metabolic disorders. Data was taken 

from a 2012 report provided by the Peptide Therapeutic Foundation.
42

 

These results prove that peptidomimetic approach represents a well-established strategy for developing novel, effective 

non-toxic therapeutic agents.  

Apart from their uses as drugs, it is important to mention that peptidomimetic derivatives may have other applications such 

as in the study of binding mode, in the diagnostic and in the foldamers field. For example, determining the receptor-bound 

structure of biologically active peptides is fundamental in drug design. In fact, recent evidences have stated that the 

peptidomimetic strategy is the front runner in biotechnology and nanotechnology, for creating new biomaterials and 

biodevices, biosensors, bioelectronics, to perform specific operations within a physiological environment.  

The field is so vast that it would be reductive to even try to make an overall view of it in this introductive chapter, but there 

is good literature that covers it all (see references herein).  
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Chapter 2 

Solid phase peptide synthesis using N-carboxyanhydrides and PEG resins in water 
The increasing need for large quantities of biologically active peptides for the market strongly raised the problem of the 

environmental sustainability of their synthesis. In this respect, in this chapter is described a solid phase procedure in water, 

using PEG peptide amide resins and NCAs under controlled conditions. This procedure afforded with reasonable yield and 

purity a short peptide amide, without the need of coupling reagents nor protecting groups. 

2.1. Introduction 

The market for biologically active peptides is expected to grow rapidly in the next years. Besides to the current interest in 

peptide as drugs and active pharmaceutical ingredients, and as cosmeceuticals, recent findings suggest a wide range of 

novel applications in medicine, biotechnology, and surgery.
1
 Peptides do not persist in the environment, giving innocuous 

degradation products; their components are the amino acids, which are renewable feedstocks available from biomasses
2
 or 

agricultural byproduct streams.
3
  

However, peptides are typical examples of products that impose an environmental burden during their manufacture. Both 

the solution and the solid phase (SP) syntheses
4
 require large amounts of organic solvent, the use of reagents to activate the 

coupling between the residues, and the massive use of protecting groups (PGs), resulting in very poor atom economy and 

the release of harmful organic wastes.
5
 As a consequence, the development of environmentally benign conditions has 

emerged as an important issue in green chemistry.
6
 

One of the major problems concerns the huge amount of solvents needed, particularly for synthesis on solid supports. A 

convenient approach would be to carry out solvent-free reactions; this can be done with techniques such as mixing, 

grinding, or ball-milling.
7
 So far, most of the efforts focused on the development of synthetic procedures in water. Since the 

common carbamate PGs are hydrophobic, reactivity can be improved suspending in water nanoparticle reactants generated 

by using a planetary ball mill,
8
 or by MW activation.

9
 Alternatively, new hydrophilic PGs have been proposed to improve 

water solubility.
10

 

Also the reagents for coupling and protection/deprotection steps should be reduced wherever possible. Significant 

reductions of organic wastes have been obtained using enzymatic catalysis for coupling reactions,
11

 or for PG removal.
12

 

The use of PGs was partially reduced on performing peptide coupling in aqueous solution utilizing the N-acylbenzotriazole 

derivatives and unprotected amino acids,
13

 or by using the native chemical ligation reaction of unprotected peptides in 

solution
14

 on a water-compatible solid support.
15

 

In this chapter is reported the SP preparation of peptides-amides in water on a PEG resin, by using N-carboxyanhydride 

(NCA) derivatives, conveniently prepared in turn under solvent-free conditions and MW irradiation. NCA, or Leuchôs 

anhydrides, constitute a special class of Ŭ-amino acid mixed anhydrides in which the amino group is protected and the 

carboxylate is activated at the same time.
16

 The attractiveness of peptide synthesis by NCA lies in its simplicity and atom 

economy; the molecular bulk of the reactants remains with the newly formed peptide, the only byproduct being carbon 

dioxide, and the condensation sequence may be rapidly repeated to build polypeptides requiring only control to avoid NCA 

polymerization. 

To test the efficacy of different kinds of PEG-based resins for peptide amides, we synthesized the endogenous opioid 

peptide endomorphin-1 (EM1), H-Tyr-Pro-Trp-Phe-NH2. This tetrapeptide was isolated from mammalian brain and it was 

found to activate m-opioid receptors with high affinity and selectivity.
17 

2.2. Results and discussion 

In the last years, our research group have been involved in the synthesis and investigation of EM-1 and mimetics as 

potential remedies for pain relief devoid of unwanted side-effects.
18

 Since we became aware of the environmental impact of 

the classical syntheses, we faced the opportunity to develop a more sustainable procedure. We designed a very simple SP 

methodology in water, using PEG resins for the preparation of peptide amides, and the NCAs of the amino acids Tyr, Pro, 

Trp, and Phe. 

These NCAs were prepared in almost quantitative yields from the unprotected amino acids and one third of triphosgene 

(Scheme 1). Though still hazardous (GHS05, GHS06), triphosgene can be used as a safe-to-handle phosgene substitute, and 

in recent years emerged as an important green chemical.
19

 The classic procedure reported in the literature
20

 was modified in 

that the condensation was performed under solvent-free conditions and MW irradiation. In the case of Pro, the N-carbamoyl 
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intermediate did not cyclize spontaneously, and the use of a non nucleophilic base was required; eventually, the use of 

polymer-supported bases has been also proposed.
21

 The resulting NCAs were checked by 
1
H-NMR, and ESI-MS, and the 

spectra are reported in Experimental section; purities (70-85%) were determined by RP-HPLC. The analyses of the 

byproducts were compatible with the presence of amino acid salts, isocyanatoacyl chlorides, N-chloroformyl amino acids,
22

 

and for Pro triethylammonium chloride. Polymerization at this stage was excluded on the basis of the HPLC-ESI analyses. 

Interestingly, the crude NCAs were utilized without purification, a significant advantage consented by the SP approach. 

 

 

Scheme 1. MW-assisted synthesis of NCAs. 

The NCAs are prone to polymerization; indeed, poly-amino acids can be conveniently synthesized from NCAs.
23

 As a 

consequence, we operated under carefully controlled conditions; the key factor is the relative stability of the intermediate 

carbamic acid in an aqueous environment at a basic pH, that prevents the formation of the free aminopeptide while the 

NCA is still present in the reaction mixture (Scheme 2). 

The PEG-based resins are highly chemically stable and allow the use of almost any kind of solvent, including water.
9,24

 

PEG has a very low toxicity and is used in a variety of biocompatible products.
25

 Three different peptide ChemMatrix
®
 

amide resins were tested, H-Rink Amide, H-PAL, and H-Ramage (Table 1). A suspension of the amino-free resin in borate 

buffer pH = 10.2 was treated with a 3 equiv. of PheNCA, and the suspension was mechanically shaken at 5°C. After 3 h the 

resin was filtered and washed three times with citrate buffer pH = 3.0, rapidly to avoid peptide cleavage.  

 

Scheme 2. SPPS of EM-1 in aqueous medium by coupling NCAs on a PEG peptide-amide resin. 

Table 1. SPPS of EM-1 on different PEG based ChemMatrix
® 

peptide-amide resins. 

entry resin loading 

(mmol/g) 

bead size 

(mesh)a 

cleavage mixture 

TFA/H2O/Et3SiH (%) 

purity, 

crude (%)b 

yield, isolated 

(%)c,d 

purity, 

isolated (%)d 

1 H-Rink 

Amide 

0.4-0.60 100-200 95.0/2.5/2.5 70 68 95 

2 H-PAL 0.4-0.5 100-200 95.0/2.5/2.5 65 66 95 

3 H-Ramage 0.25-0.50 100-200 5.0/2.5/2.5e 73 52 97 

a 
Dry. 

b 
After crystallization, determined by analytical RP-HPLC. 

c
 Based on the average loading. 

d
 After semi-preparative 

RP-HPLC. 
e 
The rest being DCM. 
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The remaining NCAs were added in turn under the same conditions. The cleavage of the peptide amide from the resin was 

performed with TFA in the presence of scavengers. The crude peptides were analyzed by reversed phase HPLC and ESI. 

The analyses were compatible with the presence of traces of peptide byproducts, in particular failure sequences, and 

sequences with duplicate amino acids, possibly arising from NCA polymerization during the coupling step, and excluded 

racemization.  

Final purification was performed by semi-preparative reversed phase HPLC, which afforded EM-1, Ó 95% pure; EM-1 was 

identified by ESI-MS, 
1
H-NMR, and gCOSY spectroscopy (Experimental section). The 

1
H-NMR spectra of the isolated 

peptides excluded the presence of epimers. 

Figure 1 shows the chromatogram of the preparation performed with the H-Ramage resin (Entry 3). This afforded the 

highest purity but a slightly reduced yield, possibly due to the comparatively lower stability in the decarboxylation step 

(Scheme 2). 

 

 

Figure 1. RP-HPLC analysis of crude EM-1 as obtained from entry 3 of Table 1. 

From the general point of view of sustainability, the proposed synthetic protocol gives some advantages respect to the 

standard SP approach. The entire protocol was conducted in the almost complete absence of organic solvents. The solvent-

free preparation of the NCAs required only the amino acids and one third of triphosgene, apart for Pro which required 1 

equiv. of TEA. Swelling and coupling were conducted in borate buffer, and the washes were performed with citrate buffer. 

The high reactivity of the NCAs allowed using a reasonable excess of 3 equiv. for the couplings, comparable or inferior to 

classic SP synthesis.
2b,9,24

 The cleavage step was done as usual with TFA and scavengers; EtOH, Et2O, and CH3CN were 

utilized in the conclusive stages to recover and isolate the peptides. 

2.3. Conclusions 

A short peptide-amide was synthesized in SP and in aqueous conditions, by employing a PEG resin and NCAs as 

activated/protected derivatives of the amino acids. These NCAs have been prepared with triphosgene under MW 

irradiation, a very convenient method also for its efficient energy use. EM-1 was obtained with moderate yield and purity, 

so that for the moment the method seems less competitive than the classic procedures for longer sequences. Nevertheless, 

the entire protocol is attractive for its environmental sustainability; apart from the amino acids and some reagents used 

occasionally, the only bulk chemical was triphosgene, a relatively safe reagent which danger and toxicity is justified by 

excellent atom economy and the absence of wastes of the overall protocol, including organic solvents.  

2.4. Experimental section 

2.4.1. General Methods 

Unless stated otherwise, chemicals were obtained from commercial sources and used without further purification. The 

solid phase syntheses were conducted on ChemMatrix
®
, 100% PEG based resin from PCAS BioMatrix. The MW-assisted 

synthesis was performed using a Milestone Mycrosynth multimode labstation. Purities were determined by analytical RP-

HPLC performed on a C18 column, 4.6 ɛm particle size, 100 Å pore diameter, 250 ɛm, DAD 210 nm, from a 9:1 

H2O/CH3CN to a 2:8 H2O/CH3CN in 20 min, (for the analysis of EM-1: from a 9:1 H2O/CH3CN/0.1% TFA to 2:8 

H2O/CH3CN/0.1% TFA ) at a flow rate of 1.0 mL/min, followed by 10 min at the same composition. Semipreparative 

RP-HPLC was performed on a C18 column (7 ɛm particle size, 21.2 mm × 150 mm, from 8:2 H2O/CH3CN/0.1% TFA to 

100% CH3CN/0.1% TFA in 10 min) at a flow rate of 12 mL/min. Mass analysis was done by ESI. 
1
H NMR were 

recorded at 400 MHz, in 5 mm tubes, at rt. Chemical shifts are reported as ŭ values relative to the solvent peak. 



Chapter 2  
 

10 

 

2.4.2. Synthetic procedures 

Synthesis of the NCAs. A limp mixture of triphosgene (0.35 mmol) and the amino acid (1.0 mmol) was mixed under MW 

irradiation in an open vessel equipped with a refrigerator under a fume hood, while gently blowing with nitrogen. The 

microwave-assisted reaction was performed keeping irradiation power fixed at 150W and monitoring internal reaction 

temperature 80°C with a built-in ATC-FO advanced fiber optic automatic temperature control. After 20 min. the mixture 

was cooled at rt and the resulting NCA (90-95 %, 80-85 % pure by analytical RP-HPLC) was used as a waxy solid 

without further purification. 

Procedure for the synthesis of ProNCA. Proline (1.0 mmol) was treated with triphosgene as described above. After 20 

min the mixture was cooled at 0°C, TEA (1.0 mmol) was added and the limp mixture was mixed for additional 30 

minutes. Crude ProNCA (90 %, 70 % pure by analytical RP-HPLC) was used without further purification. 

SP synthesis of EM-1. NCA coupling: The PEG resin or PEG resin-peptide (0.3 mmol in free amino group) was swollen 

with borate buffer pH=10.2 (4.0 ml). The NCA (0.9  mmol) was added at 5°C and the suspension was mechanically 

shaken for 3 hours. Then the mixture was filtered, and the resin was washed three times with citrate buffer pH=3.0, and 

finally with borate buffer pH=10.2. 

Cleavage procedure. The resin-peptide was suspended in mixture of TFA and scavengers (5 mL, Table 1), and 

mechanically shaken at rt. After 2 h, the mixture was filtered, the resin was washed twice with 10% TFA in Et2O (5 mL), 

and the collected filtrates were poured into 50 mL of ice-cold Et2O. The precipitate was filtered, and the crude peptide 

TFA salt was re-crystallized from EtOH/Et2O and collected by centrifugation (65-73 % pure by analytical RP-HPLC, 

Table 1). The peptide was isolated after semi-preparative RP-HPLC (52-68 % yield, 95-97% pure by analytical RP-

HPLC, Table 1). 

TyrNCA.
26

 
1
H-NMR (400 MHz, CDCl3) ŭ: 2.99 (dd, 1H, J = 6.9, 13.9 Hz, TyrHb), 3.20 (d, 1H, J = 4.6, 13.9 Hz, 

TyrHb), 4.54 (m, 1H, TyrHa), 6.02 ( br s, 1H, TyrNH), 6.91 (d, 2H, J = 8.2 Hz, TyrArH3,5), 7.14 (d, 2H, J = 8.2 Hz, 

TyrArH2,6). 

ES-MS m/z [M+1]; 208.1; calcd. for C10H10NO4: 208.1. 

ProNCA.
27,28 1

H-NMR (400 MHz, CDCl3) ŭ: 2.04 (m, 1H, ProHg), 2.11-2.32 (m, 2H, ProHb + ProHg), 2.44 (m, 1H, 

ProHb), 3.31 (m, 1H, ProHd), 3.69 (dd, J = 7.5, 10.4 Hz, 1H, ProHd), 4.35 (dd, J = 7.2, 9.2 Hz, 1H, ProHa). 

ES-MS m/z [M+1]: 142.1; calcd. C6H8NO3: 142.0. 

TrpNCA.
28 1

H-NMR (400 MHz, CDCl3) ŭ: 3.13 (dd, 1H, J = 9.1, 14.9 Hz, TrpHb), 3.49 (dd, 1H, J = 3.6, 14.9 Hz, 

TrpHb), 4.55 (dd, J = 3.6, 9.1 Hz, 1H, TrpHa), 5.99 (br.s, 1H, TrpNH), 7.11 (s, 1H, TrpH2), 7.15-7.31 (m, 2H, 

TrpH5+TrpH6), 7.41 (d, J = 8.0 Hz, 1H, TrpH7), 7.57 (d, J = 7.6 Hz, 1H, TrpH4), 8.27 (br. s, 1H, TrpH1). 

ES-MS m/z [M+1]; 232.2; calcd. for C12H11N2O3: 232.1. 

PheNCA.
29,30 1

H-NMR (400 MHz, CDCl3) ŭ: 3.00 (dd, 1H, J = 8.4, 13.8 Hz, PheHb), 3.32 (dd, 1H, J = 4.1 13.8 Hz, 

PheHb), 4.54 (dd, J = 4.1, 8.4 Hz, 1H, PheHa), 5.95 (br s, 1H, PheNH), 7.18-7.26 (m, 2H, ArH), 7.27-7.41 (m, 3H, ArH). 

ES-MS m/z [M+1]: 192.1; calcd. for C11H9NO3: 192.1. 

EM-1, H-Tyr-Pro-Trp-PheNH2.
31

 
1
H-NMR (400MHz, DMSO-d6); 3:1 trans:cis d:

a
 1.38-1.56 (m, 4H<, Prog< + Prob<), 

1.57-1.78 (m, 3H>, Prob> + Prog>), 1.92 (m, 1H>, Prob>), 2.66-2.79 (m, 2H<, TyrHb< + 1H>, TyrHb> + 1H><, PheHb><), 

2.80-2.90 (m, 1H<, TrpHb<, + 2H>, TyrHb> + TrpHb>), 2.90-2.95 (m, 1H><, PheHb><), 3.01 (m, 1H>, ProHd> + 1H><, 

TrpHb><), 3.20-3.32 (m, 2H<, ProHd<), 3.45-3-62 (m, 1H>, ProHd> + 2H<, ProHa< + TyrHa<), 4.18 (br.t, 1H>, TyrHa>), 

4.32-4.53 (m, 2H><, TrpHa>< + PheHa>< + 1H>, ProHa>), 6.61 (d, J = 8.4 Hz, 2H><, TyrArH3,5><), 6.84 (d, J = 8.4 Hz, 

2H<, TyrArH2,6<), 6.92-7.00 (m, 2H><, TrpH6>< + TrpH5><, + 2H>, TyrArH2,6>), 7.15-7.00 (m, 7H><, PheArH>< + 

CONH2>< + TrpH2><),7.20-7.30 (m, 2H><, TrpH7>< + CONH2><), 7.51 (d, J = 7.6 Hz, 1H><, TrpH4><), 7.85 (d, J = 7.1 Hz, 

1H>, PheNH>), 8.05-7.94 (m, 1H>, TrpNH> + 1H<, PheNH< + 2H><, TyrNH><), 8.20 (d, J = 6.9 Hz, 1H<, TrpNH<), 9.36 (s, 

1H>, TyrOH>), 9.43 (s, 1H<, TyrOH<), 10.72 (s, 1H<, TrpH1<), 10.80 (s, 1H>, TrpH1>). 
a
 > = major isomer, < = minor isomer, >< = the resonances of major and minor conformers for the same proton appear 

under the same peak. ES-MS m/z [M+1]: 611.1; calcd. for C34H39N6O5: 611.3. 
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Chapter 3 

Preparation of DAla equipped with Oxd chiral auxiliar ies for the stereoselective synthesis of 

substituted tryptophans 

Chiral dehydroamino acid building blocks are versatile starting materials for the preparation of optically active unusual 

amino acids and other compounds of pharmacological interest. In this chapter is disclosed the expedient preparation of 

dehydroalanines (DAla) equipped with oxazolidin-2-one (Oxd) chiral auxilixaries, Ts-Oxd-DAla-OMe. These compounds 

have been obtained in high yields from dipeptides Ts-Ser/Thr/phenylSer-Ser-OMe by the one-pot cyclization-elimination 

reaction with N,N-disuccinimidyl carbonate and catalytic DIPEA. To test the efficacy of the chiral auxiliaries in controlling 

asymmetric transformations, the Friedel-Crafts alkylations of indoles carrying diverse substituents were performed in the 

presence of Lewis and Brønsted acids. The reactions proceeded with good to excellent diastereomeric ratios giving (S)- or 

(R)-tryptophan derivatives, isolated very conveniently by simple flash chromatography. To verify the utility of this 

approach, optically pure (S)-2-methyltryptophan and (S)-5-fluorotryptophan were obtained and utilized to prepare 

analogues of endogenous opioid peptide endomorphin-1, H-Tyr-Pro-Trp-PheNH2. 

3.1. Introduction 

Among the unusual amino acids, the a,b-dehydroamino acids (or Daas) represent a noteworthy class for their presence in 

naturally occurring toxins and antibiotics, and for their important role in the biosynthesis of other non-proteinogenic amino 

acids.
1
 

Daas display unusual conformational features; when inserted into peptides, they induce conformational constrains which 

lead to changes in the secondary structure. The double bond rigidifies the conformation of the side chain; ɢ is fixed to 0° 

(Z) or 180° (E), and favors the formation of b- or g-turns when the Daas are placed at the i+2  position of the putative turn 

sequence (Figure 1a). Besides, the presence of these unnatural and constrained residues confer resistance to enzymatic 

degradation. The folding properties of Daas have been utilized for the design of foldamers, oligomers which have a 

tendency to form well-defined secondary structures stabilized by non-covalent, nonadjacent interactions. For instance, it 

was reported that the sequential introduction in oligomers of ȹPhe gave repeated ɓ-turns, forming a 310 helix.
2
 

Besides, Daas have demonstrated their utility in organic synthesis as versatile intermediates, giving access to a variety of 

derivatives.
1
 The double bond permits to perform several reactions (Figure 1b), which can be utilized for the preparation of 

interesting biologically active compounds, such as the oligosaccharide-peptide ligation by the addition of complex 

oligosaccharide thiolates to dehydroalanine (DAla)-containing peptides,
3
 or the synthesis of a lanthionine-bridged 

enkephalin mimetics.
4
 

 

Figure 1 a) Daas are b-turn inducers when placed at the position i+2  of the putative turn; b) Daas as substrates for different 

synthetic reactions; c) selected examples of chiral cyclic Daas recently utilized for C-C bond formation (Michael-additions). 

Non-functionalized Daas are enamines prone to hydrolysis; on the other hand, N-acyl derivatives or Daas already 

incorporated into peptide sequences, are more stable, therefore several protocols for their preparations have been reported, 

including elimination reactions, Horner-Wadsworth-Emmons and Wittig reactions, Erlenmeyer synthesis and ring-opening 
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of oxazolones, Schöllkopf formylamino-methylenation, etc.
1
 One of the most direct methods is the dehydration of b-

hydroxy-a-amino acids (e.g. Ser or Thr). For instance, Ferreira et al. reported the anti selective elimination with 

Boc2O/DMAP, that afforded only one of the two possible E/Z isomers,
5
 the Z isomer being practically more accessible 

from threo reagents than the E.  

Chiral DAla derivatives constitute suitable starting materials for many asymmetric transformations.
1
 Selected examples 

from the literature of compounds containing DAla recently utilized for diastereoselective Michael additions are shown in 

Figure 1c. The addition of the benzophenone glycine-tert-butylester imine to 2-phenyloxazolidin-5-one gave the Michael 

adduct with control of the two new stereocenters and a diastereoselectivity of 97:3;
6
 the 2-tert-butyloxazolidin-5-one 

underwent addition of enamine in a preferentially cis manner with a ratio of 83:17;
7
 the organocuprate addition to 

dehydrodiketopiperazine gave the cis product in high yields and >95% diastereomeric excess.
8
 

In this chapter is reported the expedient preparation of DAla equipped with Oxd chiral auxilixaries (3), by one-pot 

cyclization-elimination of dipeptides of sequence Ts-Ser (or Thr, phenylSer)-Ser-OMe (1). To test the efficacy of these 

chiral building blocks for the preparation of non-racemic and non-natural amino acids, it is been performed the tandem 

Friedel-Crafts (F.-C.) alkylation/asymmetric protonation of substituted indoles,
9
 to afford tryptophans functionalized at the 

indole with alkyl, aryl groups, halogens, or their combinations. Modified tryptophans are present in peptides of microbial or 

marine origins (e.g. halotryptophans),
10

 and unnatural Trp analogs have been utilized as important building blocks for the 

total synthesis of biologically active products,
11

 as biological probes,
12

 and finally as chiral small molecule catalysts.
13

 

Several authors developed asymmetric syntheses of optically pure indole-substituted tryptophans.
14

 Halotryptophans can be 

obtained by palladium-mediated heteroannulation of a chiral auxiliary,
15

 by electrochemical oxidation of proline followed 

by Fischer indole synthesis,
16

 from serine and commercially available microorganism containing tryptophan synthase,
17

 by 

enzymatic resolutions.
18

 The F.-C. alkylation of substituted indoles with methyl acetamidoacrylate
19

 gave Trp derivatives in 

non-stereoselective fashion. On the other hand, non-racemic tryptophan derivatives were prepared with moderate 

stereoselectivities by F.-C. alkylation when DAla was incorporated into peptides.
20

 Some asymmetric catalytic syntheses 

have been reported to afford with high levels of enantioselectivity (S)- or (R)-tryptophans carrying a limited number of 

distinct modifications.
21

 Heck reaction between N-Ts-indoles and methyl 2-acetamidoacrylate furnished the 

dehydrotryptophans, whose asymmetric catalytic hydrogenation with [(COD)Rh(R,R)-Et-DuPHOS]
+
TfO

- 
as catalyst 

furnished enantiomerically pure (R)-5-and 6-substituted tryptophans.
22

 More recently, the F.-C. alkylation of methyl 

acetamidoacrylate catalyzed by 3,3-dibromo-BINOL·SnCl4 complex furnished 2-substituted tryptophans in good yields and 

high enantioselectivity .
23

 

Finally, herein is described the synthesis of two analogues of the endogenous agonist of the m-opioid receptor 

endomorphin-1 (EM1), H-Tyr-Pro-Trp-PheNH2.
24

 Among the opioid peptides, EM1 shows a unique sequence and 

extraordinary receptor affinity and selectivity. In fact, as mentioned above, our research group have been interested in the 

preparation, conformational analysis and pharmacological characterization of EM1 analogues
25

 as potential drugs for pain 

management.
26

 Since none of the other endogenous opioid peptides contain a Trp in the sequence, SAR studies on EM1 

analogues containing modified Trp could shed light into the role of this pharmacophore in ligand-receptor recognition.
27

 

Besides, the introduction of substituents at the indole of Trp could improve metabolic stability, bioavailability, and CNS 

exposure.
25d,28

 

3.2. Results and discussion 

Recently, in our research group, was observed that the reaction of the N-tosyl (Ts) dipeptide ester Ts-Ser-Ser-OMe (1a) 

with N,N-disuccinimidyl carbonate (DSC) and a catalytic amount of DIPEA in DCM/DMF, gave a 1:1 mixture of the 

compound containing two oxazolidin-2-one-4-carboxylate rings (Oxd), Ts-Oxd-Oxd-OMe (2a), and of the compound 

containing one Oxd and a DAla, Ts-Oxd-DAla-OMe (3a) (Figure 2, and Table 1, entry 1). This compound 3a can be 

regarded as a DAla equipped with a oxazolidin-2-one chiral auxiliary,
 29,30

 potentially useful for the asymmetric synthesis of 

optically active unusual a-amino acids.
1,20

 This opportunity prompted us to preparare dipeptides Ts-Oxd-DAla-OMe 

carrying different substituents at the position 5 of the Oxd (Figure 2). 

The dipeptides 1a-c, precursors of 3a-c (Figure 2), were easily prepared by coupling in solution Ts-Ser (R = H), Ts-Thr (R 

= Me), and (S/R)-Ts-phenylSer (R = Ph), respectively, with H-Ser-OMe. Amino acid tosylation was performed according 

to the literature.
31

 The two b-hydroxy-a-amino acid building blocks were incorporated without a protection for the OH 

function, according to a protocol largerly emploied by us (chapter 4, 5 and 6),
32

 using HOBt, HBTU, and DIPEA, as 

activating agents, at 80°C under MW irradiation.
33

 Under these expedient conditions, acylation of the OH-function and thus 

the formation of a depsipeptide side product was not observed, as confirmed by the 
1
H NMR and RP-HPLC MS analyses of 

the crude reaction mixture.  
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The reaction of 1a with DSC/DIPEA was performed in different solvents (Figure 2), giving different outcomes: in pure 

DCM the reaction gave a 92:8 mixture of 2a and 3a (Table 1, entry 2), while in DMF the situation was completely 

reversed, giving a 5:95 ratio in favor of 3a (entry 3). Finally, the slow addition of DSC to a solution of 1a-c and catalytic 

DIPEA in DMF at 0°C further reduced the amount of 2 (traces), as determined by HPLC-MS analysis of the reaction 

mixture, while the corresponding Ts-Oxd-DAla esters 3a were obtained in almost quantitative yields after isolation by flash 

chromatography (entry 4). In a similar way, the reaction of 1b and 1c performed under the same conditions gave the 

corresponding 3b (entry 5) and 3c (entry 6) in very good yields. 

 

 

Figure 2. One-pot synthesis of DAla equipped with Oxd chiral auxiliaries 3a-c. 

 

Table 1. Reactions of 1a-c with DSC/DIPEA under different conditions. 

entry 1 solvent Temp (°C) 2+3 (%)a 2:3 (%)b 

1 a DCM/DMF 20 93 51.49 

2 a DCM 20 88 92:8 

3 a DMF 20 86 5:95 

4c a DMF 0 94 2:98 

5c b DMF 0 92 3:97 

6c c DMF 0 90 2:98 

a
 determined after isolation by flash chromatography over silica gel. 

b
 Determined by RP- HPLC of the reaction mixtures. 

c
 

Slow addition of DSC to 1. 

 

The analysis of the reaction mixtures at successive reaction times indicated that the reaction proceeds via the cyclization of 

Ts-Ser mojety promoted by DIPEA, followed by the dehydration of Ser-OMe to DAla (Figure 3). It was proposed that the 

cyclization of the Ts-Ser moiety can be promoted by the presence of the arylsulfonyl group,
25b,31

 while the comparatively 

higher acidity of the HŬ of Ser-ester respect to that of the HŬ of Ser-amide accounts for the elimination of the intermediate 

Ser-O-succinimidyl carbonate to DAla.
5 

 

 

Figure 3.  Synthesis of peptides Ts-Oxd-DAlaOMe (3) from dipeptides Ts-Ser/Thr/PhSer-SerOMe (1): proposed two-step 

mechanism. 

As anticipated in the introduction, we decided to assess the utility of the Oxd-equipped DAla as chiral building blocks for 

the preparation of non-racemic non-natural amino acids. In particular, we tested the efficacy of 3a (R = H), 3b (R = Me), or 

3c (R = Ph), to furnish optically active tryptophan derivatives by the Lewis acids-promoted F.-C. alkylation of substituted 

indoles
9,19,20

 in the presence of a Lewis acids-assisted Brønsted acid.
23

 In essence, the process consists in a tandem Michael 

addition-enolate protonation, a process which is very difficult to control under the point of view of the 

stereochemistry.
11a,23,34

 Initially, we screened different conditions for the reaction of 3a with un-substituted indole. The 

reactions were carried out in DCM, in the presence of different Lewis acids,
19,20,23

 of molecular sieves,
34

 of phenol as 
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protonating agent (Lewis acid-assisted Brønsted acid
23

), and afforded the dipeptide Ts-Oxd-Trp-OMe as a mixture of 

diastereoisomers (S,S)-4a and (S,R)-5a (Figure 4).  

 
Figure 4. Lewis-Brønsted acid-promoted asymmetric F.-C. alkylation of substituted indoles with dipeptides 3a-c. 

 

Yields and d.r. strongly varied depending on the Lewis acid selected. Yb(OTf)3, Sc(OTf)3, ZnCl4, MgBr2, SnBu2Cl2, 

ZnOTf2, FeCl3, InCl3, CeCl3, RuCl3 gave no products; other Lewis acids, MgBr2, BBu2OTf, TiCl4, Cu(OTf)2, gave 4a and 

5a in traces. Finally, the reaction gave reasonable-to-good yields with AlEtCl2, AlEt2Cl,
19,20

 or SnCl4,
23

 as reported in Table 

2. The reaction with 1.5 equiv. of AlEt2Cl gave a 18:82 mixture of the diastreoisomers in favor of (S,R)-5a (entry 1), as 

determined by the HPLC analyses of the reaction mixtures; 4a and 5a were isolated by flash chromatography over silica gel 

in 10% and 45% yield, respectively. The use of AlEtCl2 gave a higher yield (4a 17%, 5a 52%) but a reduced selectivity of 

25:75 (entry 2). On the other hand, SnCl4 (1.05 equiv.) gave 4a and 5a in good yield (7% and 67%) after flash 

chromatography, with a d.r. of 90:10 in favor of (S,R)-5a (entry 3). 

The configuration of the newly created stereocentre on Trp was determined by comparison with authentic samples of Ts-

(S)-Oxd-(S)-Trp-OMe and Ts-(S)-Oxd-(R)-Trp-OMe, prepared by standard peptide synthesis in solution from the 

commercially available amino acids. The analyses of the crude reaction mixtures revealed no evidence of concurrent a-

amidoalkylation reaction.
19,35

 Increasing time and temperature did not lead to significantly higher yields; on the other hand, 

lower temperatures gave negligible improvements in terms of streoselectivity. The reduction of the amounts of Lewis acids 

to less than 1.0 equiv. gave reduced yields, consistent with the observation that stoichiometric Lewis-Brønsted acid was 

required due to its binding to the product, resulting in product inhibition.
23

 As for aluminum Lewis acids, a moderate excess 

was recommended for good reactivity and high selectivity in the conjugate addition reactions.
36

 In the absence of molecular 

sieves, the reactions gave scarce d.r., and variable quantities of by-products arising from peptide bond and/or ester 

hydrolysis, as revealed by reversed phase (RP)-HPLC and electro-spray (ESI)-MS analyses. Finally, the absence of the 

proton donor phenol gave similar yields but accompanied by a significant drop of stereoselectivity, while the substitution of 

phenol with 2-naphthol or 2,2ǋ-biphenol did not alter the reaction outcome.  

Consequently, the reactions of 3a with substituted indoles (Table 2, entries 4-25 were performed with AlEt2Cl, or AlEtCl2, 

or with SnCl4 in the presence of phenol and activated molecular sieves in DCM. In all cases (including 4a, 5a), the analyses 

of the diastereoisomers 4 and 5 by reversed-phase HPLC under different conditions was unfeasible. However, the 

separation was possible by normal phase-HPLC using an analytical Kromasil Diol column, so allowing the determination 

of d.r. (Table 2). Gratifying, in most cases the diastereoisomers were easily isolated in preparative scale by low-pressure 

flash chromatography over silica-gel using standard solvents. 

The reaction of 3a with 2-methylindole (entries 4-6) gave the dipeptides Ts-Oxd-(S)-2-Me-Trp-OMe (4b) and Ts-Oxd-(R)-

2-Me-Trp-OMe (5b) in good to excellent yields and d.r. up to 8:92 with SnCl4 in favor of the (S,R)-stereoisomer 5b (entry 

6), while AlEt2Cl and AlEtCl2 gave inferior results (entries  4 and 5). A similar trend was observed for the reaction of 3a, 5-

fluoroindole, and the same Lewis acids, which gave 4c and 5c (entries 7-9). The reactions of 3a with 7-bromoindole 

(entries 10-12) and 1-methylindole (entries 13-15) gave good yields and outstanding d.r. In particular, in the presence of 

SnCl4 7-bromoindole gave 4d/5d in 6:94 ratio (entry 12). In a similar way, the reaction of 1-methylindole and 3a with 

SnCl4 (entry 15) afforded 5e as the largely predominant product, being the diastereoisomer 4e present only in traces.  

On the contrary, 2-phenylindole or 6-chloroindole reacted with 3a in the presence of AlEtCl2 and SnCl4, but not AlEt2Cl, 

giving the corresponding products 4f/5f,
23

 or 4g/5g in modest yields, albeit the diastereoselectivities were comparable to 

that of the previous experiments (not shown). As for 5-nitroindole, the reaction with 3a gave only traces of 4h/5h with all 

of the Lewis acids utilized. For these low-yielding reactions the analyses of the reaction mixtures by HPLC, ESI-MS, and 
1
H NMR, excluded the formation of large quantities of by-products and confirmed the presence of un-reacted 3a. 
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Finally, we tested the F.-C. alkylation of indoles carrying two substituents, 7-bromo-2-methylindole (entries 16-18) and 5-

chloro-2-methylindole (entries 19-21). Interestingly, the reaction of 7-bromo-2-methylindole with 3a afforded the best 

yield and d.r. with AlEtCl2 (4i 9% and 5i 75%, 4i/5i 11:89, entry 17), while the reaction of 5-chloro-2-methylindole gave 

the best d.r. with AlEt2Cl (4l/5l 9:91, entry 19), but the best yield with AlEtCl2 (4l 13% and 5l 68%, entry 20). 

 

Table 2 Yields and d.r. for the F.-C. reaction of R-indoles with 3a-c with different Lewis Acids. 

Entry 3 L.A. (eq.) R1-Indole (eq.) 4/5 (%)a 4, 5 4 (%)b 5 (%)b 4+5 (%)b 

1 a AlEt2Cl (1.5) H 18:82 a 10 45 54 

2 a AlEtCl2 (1.5) H 25:75 a 17 52 69 

3 a SnCl4 (1.05) H 10:90 a 7 67 74 

4 a AlEt2Cl (1.5) 2-Me 15:85 b 10 59 69 

5 a AlEtCl2 (1.5) 2-Me 23:77 b 20 68 88 

6 a SnCl4 (1.05) 2-Me 8:92 b 7 82 89 

7 a AlEt2Cl (1.5) 5-F 16:85 c 8 47 55 

8 a AlEtCl2  
(1.5) 

5-F 22:78 c 17 62 79 

9 a SnCl4 (1.05) 5-F 10:90 c 8 74 82 

10 a AlEt2Cl (1.5) 7-Br 11:89 d 6 51 60 

11 a AlEtCl2 (1.5) 7-Br 8:92 d 6 69 75 

12 a SnCl4 (1.05) 7-Br 6:94 d 4.5 71 75 

13 a AlEt2Cl (1.5) 1-Me 5c:95 e -c 76 80 

14 a AlEtCl2  
(1.5) 

1-Me 9c:91 e -c 85 93 

15 a SnCl4 (1.05) 1-Me 3c:97 e -c 92 95 

16 a AlEt2Cl  
(1.5) 

7-Br-2-Me 17:83 i 12 61 73 

17 a AlEtCl2 (1.5) 7-Br-2-Me 11:89 i 9 75 84 

18 a SnCl4 (1.05) 7-Br-2-Me 14:86 i 12 71 82 

19 a AlEt2Cl (1.5) 5-Cl-2-Me 9:91 l 6 63 69 

20 a AlEtCl2 (1.5) 5-Cl-2-Me 16:84 l 13 68 81 

21 a SnCl4 (1.05) 5-Cl-2-Me 12:88 l 9 68 78 

22 b AlEt2Cl (1.5) 2-Me 19:81 m 11 46 57 

23 b AlEtCl2 (1.5) 2-Me 27:73 m 16 43 59 

24 b SnCl4 (1.05) 2-Me 15:85 m 9 51 60 

25 b AlEt2Cl (1.5) 7-Br-2-Me 18:82d 
n 49d 49 

26 b AlEtCl2  
(1.5) 

7-Br-2-Me 18:82d n 54d 54 

27 b SnCl4 (1.05) 7-Br-2-Me 22:78d n 60d 60 

28 c AlEt2Cl (1.5) 1-Me 23:77d o 55d 55 

29 c AlEtCl2 (1.5) 1-Me 30:70d o 62d 62 

30 c SnCl4 (1.05) 1-Me 20:80d o 64d 64 

31 c AlEt2Cl (1.5) 2-Ph 20:80d p 50d 50 



Chapter 3  
 

17 

 

32 c AlEtCl2  
(1.5) 

2-Ph 25:75d p 64d 64 

33 c SnCl4 (1.05) 2-Ph 20:80d p 65d 65 

34 c AlEt2Cl (1.5) 5-Cl-2-Me 16:84d q 54d 54 

35 c AlEtCl2 (1.5) 5-Cl-2-Me 28:72d q 60d 60 

36 c SnCl4 (1.05) 5-Cl-2-Me 21:79d q 66d 66 

a
 Diastereomeric ratios determined by normal phase HPLC of the reaction mixtures, using a Kromasil Diol column. 

b
 Yields 

calculated after isolation by flash chromatography over silica gel. 
c 
Not isolated. 

d
 The diastereoisomers were not separated. 

n.d.: not determined. 

Subsequently, to check any effects of diverse groups at the position 5 of the Oxd chiral auxiliary, we repeated the F.-C. 

alkylation of some selected substituted indoles with the dipeptides Ts-5-Me-Oxd-DAla-OMe (3b) and (S/R)-Ts-5-Ph-Oxd-

DAla-OMe (3c) with AlEt2Cl, AlEtCl2, and SnCl4, under the same conditions utilized for 3a. The reaction of 3b with 2-

methylindole gave in all cases lower yields and reduced diastereoselectivities (entries 22-24) compared to the 

corresponding results observed for 3a (entries 4-6). The isolation of the diastereomeric dipeptides 4m and 5m by flash 

chromatography over silica-gel was still feasible. Similarly, moderate yields and d.r. were obtained also for the reaction of 

3b with 7-Br-2-Me indole (entries 25-27). Nevertheless, the separation of the diastereoisomers by flash chromatography 

was not possible, and 4n, 5n were obtained as a mixture. Finally, the F.-C. reactions of 3c and 1-methylindole (entries 28-

30), 2-phenylindole (entries 31-33), and 5-Cl-2-Me-indole (entries 34-36) afforded the products 4o/5o, 4p/5p, and 4q/5q, 

respectively. In all cases, the isolation of the diastereoisomers (S,S)-4 and (S,R)-5 by flash chromatography over silica-gel 

was not possible. As observed for 3b, yields and d.r. for the reactions of 3c with 1-methylindole and 5-Cl-2-Me-indole 

were modest compared to the corresponding results for 3a. In contrast, the  moderate reactivity of 2-phenylindole with 3c 

to give 4p/5p (entries 31-33) can be regarded as a improvement compared to the reaction with 3a, since the latter gave 

inferior yields. Possibly, the moderate yields and d.r. of the reactions of 3b and 3c and all the indoles can be correlated to a 

significant instability of the respective 5-Me-Oxd and 5-Ph-Oxd auxiliaries; indeed, the analyses of the crude reaction 

mixtures (entries 26-40) by NMR and HPLC-ESI-MS revealed the presence of variable amounts of dipeptides containing 

Thr or phenylserine, possibly resulting from the degradation of the 5-substituted Oxd rings.  

In summary, from the comparison of the results of the tandem F.-C. alkylation/asymmetric enolate protonation reported in 

Table 2, it appears that in most cases the substrate 3a is the most performing both in terms of yields and d.r. Besides, the 

un-substituted Ts-Oxd chiral auxilixary of 3a allowed a very easy separation of the stereoisomers. Reaction yields strongly 

varied depending on the nature of the substituents at the indole ring. As expected, activating groups such as 1-methyl or 2-

methyl gave very good yields, while weakly deactivating group such as 5-fluoro or 7-bromo still gave reasonable to good 

yields, in some cases superior to indole, albeit 6-chloroindole reacted poorly under the same conditions. Not surprisingly, 

the strongly deactivating 5-nitro group prevented the reaction. On the other hand, the modest reactivity of 2-phenylindole 

and 3a with all of the Lewis acids tested was unexpected.
23

 Also unexpected was the comparatively higher reactivity of 2-

phenylindole and 3c. Possibly, these reactions can be improved by increasing the amounts of Lewis acid and/or indoles;
19

 

for the moment, the reactions have been not optimized further. As for the disubstituted indoles (5-Cl-2-Me-indole and 7-Br-

2-Me-indole), the F.-C. reactions with 3a proceeded with good yields possibly for the activating effect of the 2-methyl 

group. 

In general, the stereochemical trend was very similar for all of the tested indoles, giving predominantly the (S,R)-5 

stereoisomers. For the monosubstituted indoles, the best d.r. were obtained with SnCl4, including 7-bromoindole and 1-

methylindole which reacted with 3a very nicely giving a outstanding d.r., so that the minor (S,S)-stereoisomer could not be 

recovered after purification of the reaction mixture by flash chromatography. The disubstituted indoles behaved differently; 

for 7-bromo-2-methylindole and 5-chloro-2-methylindole the best d.r. were obtained with AlEtCl2, and AlEt2Cl, 

respectively. 

The absolute configurations of all diastereoisomers 4 and 5 were determined by comparison of the HPLC analyses on 

Kromasil Diol column, and of the chiral HPLC analyses on CHIRALPAK IC column, with that of compounds 4a and 5a; 

the latter analysis also excluded racemization. Some representative examples of chiral HPLC analyses are reported in 

Figure 5: the analyses of 2ô-methyl substituted 4b and 5b, of 5ô-chloro-2ô-methyl-4l and -5l, and of compounds 4m and 5m 

equipped with 5-methyl oxazolidin-2-one, clearly match the analyses of 4a and 5a. The latter were confirmed in turn by 

comparison with authentic samples of Ts-(S)-Oxd-(S)-Trp-OMe (4a) and Ts-(S)-Oxd-(R)-Trp-OMe (5a), prepared from the 

commercially available (S)- or (R)-tryptophan. The absolute stereochemistry of 4b and 5b, and of 4c and 5c, was also 
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confirmed after removal of the chiral auxiliary, by comparing the specific optical rotations of enantiopure (S)-2-

methyltryptophan and (S)-5-fluorotryptophan with the values reported in the literature.
15,17a,b,18a,37

 

 

Figure 5 HPLC analyses of the representative compounds 4a, 5a 4b, 5b, 4l, 5l, 4m, 5m, performed on a chiral stationary 

phase, using CHIRALPAK IC column (cellulose tris 3,5-dichlorophenylcarbamate, particle size 5 µm, lenght 250 mm, 

internal diameter 4.6 mm, DAD 210); mobile phase: 1:1 n-hexane/2-propanol, at 0.8 mL min
-1
. 

To rationalize the stereochemical outcome of the reactions, we analyzed the in solution conformation of Ts-Oxd-DAla-

OMe (3a). Previous analyses including Electronic Circular Dichroism, 2D NMR, and molecular dynamics computations
30

 

showed Ts group of 3a facing the double bond of DAla at a distance of about 3.7 Å (Figure 6), perfectly compatible with 

the values reported in the literature for ˊ-stacking interactions.
38
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Figure 6. Representative low-energy structure of 3a consistent with ROESY analysis (see also Figure 7), calculated by 

restrained molecular dynamics. The calculated geometry of the DAla residue matches the structures reported in the 

literature.
39

 

Reasonably, the Lewis acid effectively promotes the conjugate addition of the indoles by forming a complex with the 

carbonyl oxygen of DAla.
19,34b,40

 The Michael addition gives rise to a intermediate enolate (Figure 7). The ability of 

arylsulfonamido groups to form sandwich structures with enolates by ˊ-stacking interactions is well known.
41

 Electron-

poor aromatic rings have been reported to promote the reactivity of delocalized anions such as enolates by means of a 

donor-acceptor ˊ-stacking stabilization of the transition states.
42

 As proposed in Figure 7, the Ts group could shield the Si 

face of the enolate, leaving the Re face more accessible to the PhOH-Lewis acid complex that serves as a Brønsted acid to 

protonate the intermediate enolate.
11a,13,23

 

 

Figure 7. Proposed model for the tandem Michael addition-enolate protonation of indoles and DAla, and role of the 

oxazolidin-2-one chiral auxilixary. 

The F.-C. reaction between the indoles and Ts-Oxd-DAla-OMe appears as a practical method to give access to peptides 

containing modified Trp. To exploit this opportunity, we synthesized in a few steps the analogues of the opioid peptide H-

Tyr-Pro-Trp-PheNH2 (EM1) containing 2-methyltryptophan or 5-fluorotryptophan
15,17a,b,18a,c,37a,b

 [2-Me-Trp
3
]-EM1 (8), and 

[5-F-Trp
3
]-EM1 (9), respectively (Figure 8 and 9). Since we were interested in (S)-configures amino acids, we performed 

the F.-C. reactions of the indoles with the (R)-enantiomer of 3a, in the presence of SnCl4 and PhOH. (R)-3a was obtained in 

turn by treatment of (R,R)-1a with DSC and DIPEA as described for 3a. The reactions of 2-methylindole and 5-

fluoroindole afforded (R,S)-5b or (R,S)-5c, respectively, as the major products, with the same yields and d.r. as reported in 

Table 2, entries 6 and 9. After isolation by flash chromatography, (R,S)-5b or (R,S)-5c were treated with 10% HBr at reflux 

under conventional heating, giving 2-methyltryptophan (6b) or 5-fluorotryptophan (6c) in moderate yields. Gratifyingly, 

heating at 95°C under MW irradiation afforded 6b or 6c in more satisfactory yields (Figure 8). The reaction mixture was 

adjusted to pH 3, and crude Ts-Ser-OH was easily separated from 6b or 6c and recovered in almost quantitative yield by 

extraction with EtOAc (Figure 8). The tryptophans 6b or 6c were isolated using a Dowex H
+
 form resin.

18c
 Spectroscopic 

characterization and specific optical rotation were found to match with the literature above reported, confirming the 

absolute stereochemistry attributed in the previous paragraph.  
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Figure 8. Synthesis of Fmoc-2-Me-Trp-OH, and Fmoc-5-F-Trp-OH, by F.-C. reaction of the indoles with (R)-3a. 

Finally, 6b or 6c were protected at the N-terminus with the Fmoc group under standard conditions,
18c

 and the resulting 7b 

or 7c were utilized for the solid-phase peptide synthesis (SPPS) of modified EM1. 

The tetrapeptide-amides [2-Me-Trp
3
]-EM1 (8b), and [5-F-Trp

3
]-EM1 (8c) were rapidly obtained by standard SPPS on a 

Rink amide resin in DCM/DMF, using Fmoc-protected amino acids, and HBTU/HOBt/DIPEA as coupling agents (Figure 

9). The reaction was performed under MW-assisted conditions, keeping temperature at 45°C while mechanically shaking, 

which allowed to complete the reactions in 10 min. Coupling efficiency was monitored by the Kaiser or Chloranyl tests. 

After each coupling, Fmoc was removed very rapidly (1 min) with DMF/piperidine at 45°C under MW irradiation. Peptide 

cleavage was performed by treatment with trifluoroacetic acid (TFA) in the presence of scavengers. After filtration, the 

crude peptides were precipitated from ice-cold Et2O, and collected by centrifuge. The peptide 8b or 8c were isolated >95% 

pure by semi-preparative RP-HPLC on a C18 column. 

 

Figure 9. Solid phase synthesis of the EM1 analogues 8b and 8c containing substituted Trp
3
. 

3.3. Conclusions 

In summary, we proposed a practical route for the preparation of dehydroalanine equipped with a oxazolidinone chiral 

auxiliary, by one-pot cyclization-elimination of the dipeptide Ts-Ser-Ser-OMe, and we demonstrated the efficacy of the 

resulting Ts-Oxd-DAla-OMe chiral building block for the preparation of non-racemic non-natural amino acids. The F.-C. 

alkylation of substituted indoles with DAla carrying (S)-configured chiral auxiliary in the presence of Lewis/Brønsted acids 

allowed obtaining (R)-tryptophans with diverse substituents at different positions of the indole, in good to excellent d.r over 

the (S)-isomers. The tryptophans were easily isolated in optical pure form after simple flash chromatography and cleavage 

of the chiral auxiliary. As a preliminary demonstration of the utility of this protocol, we introduced 2-methyl or 5-fluoro 

tryptophan into a peptide sequence of pharmacological interest, the opioid peptide EM1. The procedure can be utilized to 

synthesize a library of EM1 analogues, aiming at obtaining new opioid peptides with improved in vivo performances, as 

well as to deduce information about the role of Trp in peptide-receptor recognition and activation by SAR studies.  
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3.4. Experimental section 

3.4.1.  General methods 

Standard chemicals were purchased from commercial sources and used without further purification. The reactions were 

monitored by thin layer chromatography. Flash chromatography was performed on silica gel (230-400 mesh), using 

mixtures of distilled solvents. Analytical RP-HPLC was performed on an Agilent 1100 series apparatus, using a RP 

column Phenomenex mod. Gemini 3m C18 110A 100x3.0 mm (P/No 00D-4439-Y0); column description: stationary 

phase octadecyl carbon chain-bonded silica (C18) with TMS endcapping, fully porous organo-silica solid support, 

particle size 3 mm, pore size 110 Å, length 100 mm, internal diameter 3 mm;  DAD 210 nm; mobile phase: from a 9:1 

H2O-MECN to a 2:8 H2O-MECN in 20 min at a flow rate of 1.0 mL min
-1
, followed by 10 min at the same composition. 

Semi-preparative RP-HPLC was performed on an Agilent 1100 series apparatus, using a RP column ZORBAX mod. 

Eclipse XDB-C18 PrepHT cartridge 21.2x150 mm 7m (P/No 977150-102); column description: stationary phase 

octadecyl carbon chain-bonded silica (C18), double endcapped, particle size 7 µm, pore size 80 Å, lenght 150 mm, 

internal diameter 21.2 mm; DAD 210 nm; mobile phase from 8:2 H2O-MeCN with 0.1% TFA to 100% MECN/0.1% 

TFA in 10 min at a flow rate of 12 mL min
-1
. Chiral HPLC analysis was performed on an Agilent 1200 series apparatus, 

using a CHIRALPAK IC column (P/No 83325); column description: chiral stationary phase cellulose tris (3,5-

dichlorophenylcarbamate) immobilized on silica, particle size 5 µm, lenght 250 mm, internal diameter 4.6 mm, DAD 

210/254 nm; mobile phase: 1:1 n-hexane/2-propanol, at 0.8 mL min
-1
. Direct phase-HPLC analyses were performed on an 

Agilent 1100 series apparatus, using a Kromasil 60-5Diol column (P/No E42500); column description: stationary phase 

silica, particle size 5 ɛm, pore size 60 Å, lenght 250 mm, internal diameter 4.6 mm, DAD 210 nm; mobile phase 

hexane/2-propanol 60:40, at a flow rate of 0.6 mL min
-1
. ESI analysis was performed using a MS single quadrupole HP 

1100MSD detector, with a drying gas flow of 12.5 l/min, nebulizer pressure 30 psgi, drying gas temp. 350°C, capillary 

voltage 4500 (+) and 4000 (-),  scan 50-2600 amu. Elemental analyses were performer using a Thermo Flash 2000 

CHNS/O analyzer. The synthetic procedures by MW irradiation were performed using a microwave oven (MicroSYNTH 

Microwave Labstation for Synthesis) equipped with a built-in ATC-FO advanced fiber optic automatic temperature 

control. 
1
H NMR spectra were recorded using a Varian Gemini apparatus at 400 MHz in 5 mm tubes, using 0.01 M 

peptide at room temperature. Solvent suppression was performed by the solvent presaturation procedure implemented in 

Varian (PRESAT). 
13

C NMR spectra were recorded at 100 MHz. Chemical shifts are reported as d values relative to 

residual CHCl3 dH (7.26 p.p.m.), DMSO dH (2.50 p.p.m.) and CDCl3 dC (77.16 p.p.m.) as internal standards. The 

unambiguous assignment of 
1
H NMR resonances was performed by 2D gCOSY.  

3.4.2. Synthetic procedures 

General procedure for the synthesis of Ts-Ser/Thr/phenylSer-Ser-OMe (1). A stirred solution of the N-tosylamino acid 

(1.0 mmol) in 4:1 DCM/DMF (5 mL) was treated with HOBt (1.2 mmol) and HBTU (1.2 mmol), at r.t. and under inert 

atmosphere. After 5 min, the amino acid esters (1.1 mmol), and DIPEA (2.4 mmol) were added and the reaction was 

stirred under MW irradiation.
33

 The microwave-assisted reaction was performed by setting maximum irradiation power at 

150W and monitoring the internal reaction temperature at 80°C. After 10 min, the mixture was concentrated at reduced 

pressure, and the residue was diluted with EtOAc (25 mL). The solution was washed with 0.1 M HCl (5 mL), and a 

saturated solution of NaHCO3 (5 mL). The organic layer was dried over Na2SO4 and the solvent was evaporated at 

reduced pressure. The crude peptides (80-90 % yield, 70-80 % pure by analytical RP-HPLC) were identified by ESI-MS 

and 
1
H NMR analysis, and were used without further purifications.   

Ts-L-Ser-L-Ser-OMe (1a). 
1
H NMR (CDCl3) d: 2.31 (s, 3H, TsMe), 3.49 (m, 1H, SerHa), 3.62 (s, 3H, OMe), 3.70-3.90 

(m, 4H, SerHb), 4.41 (m, 1H, SerHa), 6.66 (d, J=7.2 Hz, 1H, SerNH), 7.18-7.22 (m, 2H, TsArH), 7.63-7.69 (m, 3H, 

TsArH+SerNH); ES-MS m/z: 361.1 [M+H]
+
, calcd 361.0. 

Ts-L-Thr-L-Ser-OMe (1b). 
1
H NMR (CDCl3) d: 1.00 (d, J=6.4 Hz, 3H, ThrMe), 2.38 (s, 3H, TsMe), 3.72 (s, 3H, OMe), 

3.74 (t, J=3.0 Hz, 1H, ThrHa), 3.85-3.89 (m, 2H, SerHb), 4.18-4.24 (m, 2H, ThrHb), 4.46 (q, J=3.8 Hz, 1H, SerHa), 6.31 

(d, J= 8.0 Hz, 1H, ThrNH), 7.21-7.25 (m, 2H, TsArH), 7.60 (d, J=7.6 Hz, SerNH), 7.69-7.63 (m, 2H, TsArH); ES-MS 

m/z: 375.2 [M+H]
+
, calcd 375.1.  

Ts-L/D-phenylSer-L-Ser-OMe (1c). 
1
H NMR (CDCl3) d (two diastereoisomers): 2.39+2.40 (s, 3H, TsMe), 3.80 (s, 3H, 

OMe), 3.90-4.06 (m, 3H, PhSerHb+SerHb), 4.63-4.65 (m, 1H, SerHa), 5.27+5.31 (m, 1H, PhSerHa), 7.02-7.40 (m, 10H, 

TsArH+PhSerArH+PhSerNH), 7.90+7.93 (d, J=7.6 Hz, 1H, SerNH); ES-MS m/z: 437.3 [M+H]
+
, calcd 437.1.  
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General procedure for the synthesis of Ts-Oxd-DAla-OMe (3). N,N-disuccinimidyl carbonate (0.73 mmol) was added in 

60 min by using a temporized syringe to a stirred solution of 1 (0.33 mmol) in DMF (4 mL) and a catalytic amount of 

DIPEA (0.07 mmol) at 0°C and under inert atmosphere. After 60 min, the solvent was removed under reduced pressure. 

The residue was diluted with 0.1 M HCl (5 mL), and the mixture was extracted three times with DCM (5 mL). The 

combined organic layers were dried over Na2SO4, filtered, and concentrated at reduced pressure. The residue was purified 

by flash chromatography over silica-gel (eluant cyclohexane/EtOAc 70:30), giving 3 (yields: see Table 1; 94-96 % pure 

by analytical RP-HPLC) as waxy solids. 

Ts-L-Oxd-DAla-OMe (3a). [a]D
20

 -26.8 (c 1.0, MeOH); 
1
H NMR (CDCl3) d: 2.42 (s, 3H, Me), 3.88 (s, 3H, COOMe), 

4.45 (dd, J=4.6, 9.0 Hz, 1H, OxdH5), 4.52 (t, J=9.1 Hz, 1H, OxdH5), 4.99 (dd, J=4.4, 9.2 Hz, 1H, OxdH4), 6.05 (s, 1H, 

=CH), 6.65 (s, 1H, =CH), 7.33-7.37 (m, 2H, TsArH), 7.92-7.96 (m, 2H, TsArH), 8.54 (s, 1H, DAlaNH); 
13

C NMR 

(CDCl3) d: 21.4, 52.6, 57.9, 66.0, 111.0, 128.7, 128.9, 129.1, 129.1, 131.0, 133.8, 145.4, 151.5, 163.6, 166.8; ES-MS m/z: 

369.1 [M+H]
+
, calcd 369.1. Elem. Anal. for C15H16N2O7S, calcd: C 48.91, H 4.38, N 7.60, S 8.70; found: C 49.15, H 

4.51, N 7.51, S 8.57. 

Ts-L-5-Me-Oxd-DAla-OMe (3b). [a]D
20

 -18.3 (c 0.5, MeOH); 
1
H NMR (CDCl3) ŭ: 1.44 (d, J=12.4 Hz, 3H, 5-Me), 2.44 

(s, 3H, TsMe), 3.86 (s, 3H, COOMe), 4.54 (d, J=10.0 Hz, 1H, OxdH4), 4.71 (m, 1H, OxdH5), 6.03 (s, 1H, =CH), 6.65 (s, 

1H, =CH), 7.33-7.37 (m, 2H, TsArH), 7.92-7.96 (m, 2H, TsArH), 8.55 (s, 1H, DAlaNH); 
13

C NMR (CDCl3) ŭ: 20.7, 20.8, 

53.5, 65.4, 75.1, 111.4, 129.2, 130.0, 130.1, 130.9, 133.8, 146.5, 151.4, 164.2, 166.2; ES-MS m/z: 400.2 [M+18], calcd 

400.4. Elem. Anal. for C16H24N2O7S, calcd: C, 50.26; H, 4.74; N, 7.33; S, 8.39. found: C, 49.97; H, 4.89; N, 7.45; S, 8.22.    

Ts-L/D-5-Ph-Oxd-DAla-OMe (3c). 
1
H NMR (CDCl3) ŭ: 2.47 (s, 3H, TsMe), 3.88 (s, 3H, OMe), 4.71 (d, J=4.6 Hz, 1H, 

OxdH4), 5.64 (d, J=4.6 Hz, 1H, OxdH5), 6.08 (s, 1H, =CH), 6.72 (s, 1H, =CH), 7.14-7.21 (m, 2H, TsArH), 7.32-7.39 (m, 

5H, 5-Ph), 7.86-7.90 (m, 2H, TsArH), 8.55 (s, 1H, DAlaNH); 
13

C NMR (CDCl3) d: 21.8, 53.2, 66.3, 78.1, 111.1, 125.0, 

128.8, 129.3, 129.6, 129.8, 130.6, 133.4, 136.5, 151.2, 163.7, 165.6;  ES-MS m/z 445.2 [M+H]
+
, calcd 445.1. Elem. Anal. 

for C21H20N2O7S, calcd: C, 56.75; H, 4.54; N, 6.30; S, 7.21; found: C, 56.45; H, 4.58; N, 6.33; S, 7.12. 

General procedure for the Michael addition with substituted indoles. A flame-dried flask containing freshly activated 

powdered 4 Å molecular sieves (200 wt %) under inert atmosphere was charged with anhydrous DCM (5 mL), then the 

indole (Table 2, 1.0 mmol), 3 (1.0 mmol) and, PhOH (0.20 mmol) were added under inert atmosphere at r.t. The Lewis 

acid (1 M in DCM, 1.0 mmol) was slowly added under inert atmosphere at 0°C. The reaction was stirred at 0°C for 24 h, 

then it was quenched with 0.5 M HCl (5 mL). The mixture was filtered over celite
®
, and concentrated at reduced pressure 

to a final volume of 5 mL. The residual aqueous layer was extracted with EtOAc (3×15 mL), the combined organic layers 

were washed with saturated NaHCO3 (5 mL), and dried over Na2SO4. The solvent was evaporated at reduced pressure, 

and the crude residue was purified by flash chromatography over silica-gel (eluant cyclohexane/EtOAc 70:20) giving 4 

and 5 (Table 2, 94-97% pure by analytical HPLC) as waxy solids. 

Ts-L-Oxd-L-Trp-OMe (4a). [a]D
20

 +44.0 (c 1.0, CHCl3); 
1
H NMR (CDCl3) d: 2.40 (s, 3H, TsMe), 3.38 (d, J=5.0 Hz, 2H, 

TrpHb), 3.67 (s, 3H, OMe), 4.10-4.15 (m, 2H, OxdH5), 4.73 (dd, J=6.4, 7.6 Hz, 1H, OxdH4), 4.94 (dt, J=5.0, 7.6 Hz, 1H, 

TrpHa), 6.94 (d, J=7.6 Hz, 1H, TrpNH), 7.12 (t, J=7.6 Hz, 1H, TrpH5), 7.16 (m, 2H, TrpH2,6), 7.21-7.23 (m, 2H, TsArH), 

7.36 (d, J=8.0 Hz, 1H, TrpH7), 7.54 (d, J=8.0 Hz, 1H, TrpH4), 7.83-7.85 (m, 2H, TsArH), 8.47 (s, 1H, TrpH1); 
13

C NMR 

(CDCl3) d: 21.7, 27.5, 52.6, 53.0, 57.8, 65.9, 108.8, 111.5, 118.2, 119.6, 122.2, 124.0, 127.2, 128.9, 129.6, 136.1, 151.8, 

167.4, 171.9; ESI-MS m/z 486.2 [M+H]
+
, calcd 486.1. Elem. Anal. for C23H23N3O7S, calcd: C, 56.90; H, 4.77; N, 8.65; S, 

6.60; found: C, 57.47; H, 4.80; N, 8.59; S, 6.55.  

Ts-L-Oxd-D-Trp-OMe (5a). [a]D
20 

-22.0 (c 0.5, CHCl3); 
1
H NMR (CDCl3) d: 2.41 (s, 3H, TsMe), 3.37 (dd, J=6.4, 15.5 

Hz, 1H, TrpHb), 3.39 (dd, J=6.2, 15.5 Hz, 1H, TrpHb), 3.73 (s, 3H, OMe), 4.05 (dd, J=5.0, 9.0 Hz, 1H, OxdH5), 4.20 (m, 

1H, OxdH5), 4.77 (dd, J=5.0, 9.0 Hz, 1H, OxdH4), 4.93 (ddd, J=6.2, 6.4, 7.6 Hz, 1H, TrpHa), 7.03 (d, J= 7.6 Hz, 1H, 

TrpNH), 7.10 (t, J=7.2 Hz, 1H, TrpH6), 7.12 (br.s, 1H, TrpH2),  7.18 (t, J=7.4 Hz, 1H, TrpH5), 7.24-7.26 (m, 2H, TsArH), 

7.35 (d, J=8.0 Hz, 1H, TrpH7), 7.49 (d, J=8.0 Hz, 1H, TrpH4), 7.84-7.86 (m, 2H, TsArH), 8.54 (br.s, 1H, TrpH1); 
13

C 

NMR (CDCl3) d: 22.1, 27.6, 38.1, 53.5, 58.3, 66.1, 109.6, 111.9, 118.7, 120.0, 122.7, 123.9, 128.0, 129.3, 130.1, 133.9, 

136.6, 146.5, 167.7, 170.2, 171.3; ESI-MS m/z 486.2 [M+H]
+
, calcd 486.1. Elem. Anal. for C23H23N3O7S, calcd: C, 56.90; 

H, 4.77; N, 8.65; S, 6.60; found: C, 56.34; H, 4.84; N, 8.73; S, 6.45.  

Ts-L-Oxd-L-2-Me-Trp-OMe (4b): [a]D
20 

-65.0 (c 0.7, CHCl3); 
1
H NMR (CDCl3) d: 2.39 (s, 3H, TrpMe), 2.40 (s, 3H, 

TsMe), 3.26 (dd, J=6.2, 14.8 Hz, 1H, TrpHb), 3.35 (dd, J=6.0, 14.8 Hz, 1H, TrpHb), 3.73 (s, 3H, OMe), 4.12 (m, 1H, 
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OxdH5), 4.29 (t, J=9.0 Hz, 1H, OxdH5), 4.75 (dd, J=4.4, 9.0 Hz, 1H, OxdH4), 4.91 (ddd, J=6.0, 6.2, 8.0 Hz, 1H, TrpHa), 

6.69 (d, J=8.0 Hz, 1H, TrpNH), 7.10-7.17 (m, 6H, TrpH4-7+TsArH), 7.76-7.78 (m, 2H, TsArH), 8.00 (s, 1H, TrpH1); 
13

C 

NMR (CDCl3) d: 11.6, 21.7, 29.7, 52.6, 57.7, 65.8, 105.2, 110.5, 117.6, 119.8, 121.5, 128.5, 128.9, 129.6, 133.2, 133.6, 

135.3, 145.9, 151.6, 167.2, 171.9; ESI-MS m/z 500.2 [M+H]
+
, calcd 500.1. Elem. Anal. for C24H25N3O7S, calcd: C, 57.70; 

H, 5.04; N, 8.41; S, 6.42. found : C, 58.68; H, 4.98; N, 8.52; S, 6.39.  

Ts-L-Oxd-D-2-Me-Trp-OMe (5b): [a]D
20

 +13.8 (c 0.13, CHCl3); 
1
H NMR (CDCl3) d: 2.40 (s, 3H, TrpMe), 2.41 (s, 3H, 

TsMe), 3.24 (dd, J=6.6, 14.6 Hz, 1H, TrpHb), 3.36 (dd, J=5.8, 14.6 Hz, 1H, TrpHb), 3.73 (s, 3H, OMe), 3.94 (dd, J=4.8 

8.8 Hz, 1H, OxdH5), 4.11 (dd, J=8.8, 9.4 Hz, 1H, OxdH5), 4.64 (dd, J=4.8, 9.4 Hz, 1H, OxdH4), 4.88 (ddd, J=5.8, 6.6, 7.2 

Hz, 1H, TrpHŬ), 6.73 (d, J=7.2 Hz, 1H, TrpNH), 7.08-7.18 (m, 4H, TrpH4-7), 7.20-7.22 (m, 2H, TsArH), 7.80-7.82 (m, 

2H, TsArH), 7.98 (s, 1H, TrpH1); 
13

C NMR (CDCl3) d: 12.0, 22.1, 27.3, 53.0, 53.7, 58.1, 65.7, 105.7, 111.0, 118.0, 120.0, 

121.8, 128.8, 129.2, 129.3, 130.0, 133.7, 135.7, 146.3, 152.0, 172.1, 172.3; ESI-MS m/z 500.2 [M+H]
+
, calcd: 500.1. 

Elem. Anal. for C24H25N3O7S, calcd: C, 57.70; H, 5.04; N, 8.41; S, 6.42. found: C, 57.61; H, 5.10; N, 8.46; S, 6.30. 

Ts-L-Oxd-L-5-F-Trp-OMe (4c). [a]D
20

 +16.2 (c 0.5, CHCl3); 
1
H NMR (CDCl3) d: 2.44 (s, 3H, TsMe), 3.37 (d, J=4.8 Hz, 

2H, TrpHb), 3.76 (s, 3H, OMe), 4.28 (dd, J=4.4, 9.8 Hz, 1H, OxdH5), 4.39 (t, J=9.6 Hz, 1H, OxdH5), 4.76 (dd, J=4.4, 9.0 

Hz, 1H, OxdH4), 4.92 (m, 1H, TrpHa), 6.88 (br.d, 1H, TrpNH), 6.93 (d, J=6.8 Hz, 1H, TrpH6),  7.05 (s, 1H, TrpH2), 7.12 

(s, 1H, TrpH4), 7.28-7.29 (m, 2H, TsArH), 7.53 (d, J=6.8 Hz, 1H, TrpH7), 7.84-7.86 (m, 2H, TsArH), 8.16 (s, 1H, TrpH1); 
13

C NMR (CDCl3) d: 22.1, 30.1, 53.3, 53.8, 58.3, 66.1, 103.3, 110.4, 113.2, 115.0, 123.0, 127.6, 128.1, 129.3, 130.2, 

133.7, 137.6, 151.9, 157.6, 170.2, 171.7; ES-MS m/z 504.0 [M+H]
+
, calcd 504.1. Elem. Anal. for C23H22FN3O7S, calcd: 

C, 54.87; H, 4.40; N, 8.35; S, 6.37; found: C, 54.58; H, 4.68; N, 8.38; S, 6.33. 

Ts-L-Oxd-D-5-F-Trp-OMe (5c) [a]D
20 

+38.5 (c 0.2, CHCl3);  
1
H NMR (CDCl3) d: 2.44 (s, 3H, TsMe), 3.36 (d, J=5.2 Hz, 

2H, TrpHb), 3.76 (s, 3H, OMe), 4.27 (dd, J=5.6, 8.2 Hz, 1H, OxdH5), 4.37 (dd, J=8.2, 9.4 Hz, 1H, OxdH5), 4.75 (dd, 

J=5.6, 9.4 Hz, 1H, OxdH4), 4.91 (m, 1H, TrpHa), 7.04 (br.d, 1H, TrpNH), 6.96-7.10 (m, 2H, TrpH2,6), 7.12 (s, 1H, 

TrpH4), 7.28-7.30 (m, 2H, TsArH), 7.54 (d, J=8.0 Hz, 1H, TrpH7), 7.84-7.87 (m, 2H, TsArH), 8.48 (s, 1H, TrpH1); 
13

C 

NMR (CDCl3) d: 21.0, 28.0, 51.1, 52.9, 56.9, 60.8, 101.6, 107.9, 110.6, 113.2, 121.0, 125.5, 126.1, 127.1, 130.0, 131.5, 

135.3, 149.3, 155.0, 168.6, 168.8; ES-MS m/z 504.0 [M+H]
+
, calcd 504.1. Elem. Anal. for C23H22FN3O7S, calcd: C, 

54.87; H, 4.40; N, 8.35; S, 6.37; found: C, 55.16; H, 4.43; N, 8.29; S, 6.30. 

Ts-L-Oxd-L-7-Br-Trp-OMe (4d). [a]D
20

 +51.0 (c 0.1, CHCl3); 
1
H NMR (CDCl3, 400 MHz) d: 2.40 (s, 3H, TsMe), 3.38 

(d, J=4.8 Hz, 2H, TrpHb), 3.73 (s, 3H, OMe), 4.34 (dd, J=4.4, 7.8 Hz, 1H, OxdH5), 4.44 (dd, J=7.8, 10.0 Hz, 1H, OxdH5), 

4.83 (dd, J=4.4, 10.0 Hz, 1H, OxdH4), 4.98 (m, 1H, TrpHa), 6.71 (br.d, 1H, TrpNH), 6.90 (t, J=8.0 Hz, 1H, TrpH5), 7.16 

(br.s, 1H, TrpH2), 7.22-7.31 (m, 3H, TsArH+TrpH6), 7.51 (d, J=8.0 Hz, 1H, TrpH4), 7.81 (d, J=8.0 Hz, 2H, TsAr), 8.30 

(s, 1H, TrpH1); 
13

C NMR (CDCl3, 400 MHz) d: 20.8, 28.0, 50.9, 51.3, 56.6, 60.7, 98.1, 107.5, 115.4, 118.7, 120.5, 122.0, 

125.7, 126.7, 127.0, 131.0, 132.8, 134.8, 149.0, 168.1, 168.3; ES-MS m/z 563.8/565.8 [M+H]
+
, calcd 564.0/566.0. Elem. 

Anal. for C23H22BrN3O7S, calcd: C, 48.94; H, 3.93; N, 7.45; S, 5.68; found: C, 49.34; H, 3.96; N, 7.37; S, 5.61. 

Ts-L-Oxd-D-7-Br-Trp-OMe (5d). [a]D
20 

-11.0 (c 0.5, CHCl3
1
H NMR (CDCl3) d: 2.45 (s, 3H, TsMe), 3.40 (d, J=4.8 Hz, 

2H, TrpHb), 3.73 (s, 3H, OMe), 4.30 (dd, J=5.0, 8.4 Hz, 1H, OxdH5), 4.38 (dd, J=8.4, 9.0 Hz, 1H, OxdH5), 4.75 (dd, 

J=5.0, 9.0 Hz, 1H, OxdH4), 4.93 (dt, J=4.8, 7.6 Hz, 1H, TrpHa), 6.83 (d, J=7.6 Hz, 1H, TrpNH), 6.91 (t, J=7.8 Hz, 1H, 

TrpH5), 7.16 (br.s, 1H, TrpH2), 7.22-7.31 (m, 3H, TsArH+TrpH6), 7.47 (d, J=8.0 Hz, 1H, TrpH4), 7.85-7.88 (m, 2H, 

TsArH), 8.30 (br.s, 1H, TrpH1); 
13

C NMR (CDCl3) d: 21.0, 28.1, 51.1, 51.6, 57.0, 61.0, 98.5, 108.1, 116.1, 119.3, 121.2, 

122.6, 126.4, 127.4, 127.7, 131.7, 133.5, 135.5, 149.6, 169.0, 169.2; ES-MS m/z 563.9/565.9 [M+H]
+
, calcd 564.0/566.0. 

Elem. Anal. for C23H22BrN3O7S, calcd: C, 48.94; H, 3.93; N, 7.45; S, 5.68; found: C, 49.55; H, 3.90; N, 7.49; S, 5.63. 

Ts-L-Oxd-D-1-Me-Trp-OMe (5e). [a]D
20 

+20.7 (c 0.3, CHCl3); 
1
H NMR (CDCl3) d:  2.43 (s, 6H, TrpMe+ TsMe), 3.41 

(d, J= 4.4 Hz, 2H, TrpHb), 3.73 (s, 3H, OMe), 4.24 (dd, J=4.4, 9.6 Hz, 1H, OxdH5), 4.35 (t, J=9.2 Hz, 1H, OxdH5), 4.74 

(dd, J=4.8, 9.0 1H, OxdH4), 4.90 (dt, J=4.4, 8.0 Hz, 1H, TrpHŬ), 6.51 (br.s, 1H, TrpH2), 6.78 (d, J=8.0 Hz, 1H, TrpNH), 

7.02-7.12 (m, 2H, TrpH5,7), 7.32-7.36 (m, 2H, TsArH), 7.48 (d, J=8.0 Hz, 1H, TrpH6), 7.59 (d, J=7.6 Hz, 1H, TrpH4), 

7.61-7.66 (m, 2H, TsArH); 
13

C NMR (CDCl3) d: 20.9, 28.2, 33.3, 50.9, 52.7, 56.6, 60.7, 107.4, 107.5, 116.4, 117.4, 

119.3, 122.7, 125.1, 125.7, 126.7, 131.0, 134.8, 135.0, 149.0, 168.1, 168.3; ESI-MS m/z 500.1 [M+H]
+
, calcd: 500.1,  

Elem. Anal. for C24H25N3O7S, calcd: C, 57.70; H, 5.04; N, 8.41; S, 6.42. found: C, 58.54; H, 5.08; N, 8.35; S, 6.39. 

Ts-L-Oxd-L-7-Br-2-Me-Trp-OMe (4i). [a]D
20 

+7.0 (c 0.4, CHCl3); 
1
H NMR (CDCl3) d: 2.42 (s, 3H, TrpMe), 2.44 (s, 3H, 

TsMe), 3.25 (dd, J=4.8, 13.2 Hz, 1H, TrpHb), 3.31 (dd, J=3.6, 13.2 Hz, 1H, TrpHb), 3.74 (s, 3H, OMe), 4.20 (dd, J=4.5, 
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8.8 Hz, 1H, OxdH5), 4.40 (dd, J=8.8, 9.1 Hz, OxdH5), 4.75 (dd, J=4.5, 9.1 Hz, 1H, OxdH4), 4.94 (ddd, J=3.6, 4.8, 7.6, 1H, 

TrpHa), 6.63 (d, J=7.6 Hz, 1H, TrpNH), 6.98-7.15 (m, 2H, TrpH4,5), 7.22-7.24 (m, 2H, TsArH), 7.46 (d, J=7.6 Hz, 1H, 

TrpH6), 7.78-7.82 (m, 2H, TsArH), 8.03 (br.s, 1H, TrpH1); 
13

C NMR (CDCl3) d: 12.2, 22.4, 28.0, 51.7, 53.8, 59.2, 62.5, 

100.9, 108.0, 118.6, 121.8, 123.1, 128.0, 130.0, 131.5, 136.9, 138.7, 153.2, 170.7. ES-MS m/z 591.1 [M+Na] calcd 591.0, 

Elem. Anal. for C24H24BrN3O7S, calcd: C, 49.83; H, 4.18; N, 7.26; S, 5.54. found: C, 49.51; H, 4.21; N, 7.35; S, 5.49. 

Ts-L-Oxd-D-7-Br-2-Me-Trp-OMe (5i). [a]D
20

 -38.0 (c 0.5, CHCl3); 
1
H NMR (CDCl3) d: 2.47 (s, 3H, TrpMe), 2.49 (s, 

3H, TsMe), 3.24 (dd, J=5.8, 14.9 Hz, 1H, TrpHb), 3.34 (dd, J=6.4, 14.9 Hz, 1H, TrpHb), 3.73 (s, 3H, OMe), 4.19 (dd, 

J=4.8, 8.8 Hz, 1H, OxdH5), 4.26 (t, J=8.9 Hz, OxdH5), 4.68 (dd, J=4.8, 8.9 Hz, 1H, OxdH4), 4.93 (ddd, J=5.8, 6.4, 7.2 Hz, 

1H, TrpHa), 6.73 (d, J=7.2 Hz, 1H, TrpNH), 7.00-7.20 (m, 2H, TrpH4,5), 7.44 (m, 2H, TsArH), 7.46 (d, J=7.6 Hz, 1H, 

TrpH6), 7.84 (d, J=8.0 Hz, 2H, TsArH), 8.47 (s, 1H, TrpH1); 
13

C NMR (CDCl3) d: 12.2, 22.4, 28.0, 51.7, 53.8, 59.2, 62.5, 

100.9, 108.0, 118.6, 121.8, 123.1, 127.9, 128.2, 130.0, 131.5, 136.9, 138.7, 153.2, 167.7, 170.7. ES-MS m/z  591.1 

[M+Na] calcd 591.0, Elem. Anal. for C24H24BrN3O7S, calcd: C, 49.83; H, 4.18; N, 7.26; S, 5.54 found: C, 49.42; H, 4.22; 

N, 7.19; S, 5.54. 

Ts-L-Oxd-L-5-Cl-2-Me-Trp-OMe (4l). [a]D
20 

-13.6 (c 0.6, CHCl3); 
1
H NMR (CDCl3) d: 2.39 (s, 3H, TrpMe), 2.43 (s, 3H, 

TsMe), 3.23 (dd, J=7.0, 14.6 Hz, 1H, TrpHɓ), 3.28 (dd, J=6.0, 14.6 Hz, 1H, TrpHɓ), 3.76 (s, 3H, OMe), 4.26 (dd, J=4.5, 

9.2 Hz, 1H, OxdH5), 4.37 (t, J=9.1 Hz, OxdH5), 4.75 (dd, J=4.5, 9.0 Hz, 1H, OxdH4), 4.89 (ddd, J=6.0, 7.0, 7.6 Hz, 1H, 

TrpHŬ), 6.64 (d, J=7.6 Hz, 1H, TrpNH), 7.10 (d, J=8.4 Hz, TrpH6), 7.18 (d, J=8.4 Hz, 1H, TrpH7), 7.19-7.23 (m, 2H, 

TsArH), 7.46 (s, 1H, TrpH4), 7.75-7.79 (m, 2H, TsArH), 7.97 (s, 1H, TrpH1); 
13

C NMR (CDCl3) d: 11.7, 21.7, 26.9, 52.7, 

53.2, 57.8, 65.7, 105.2, 111.5, 117.2, 121.7, 125.5, 128.8, 129.6, 129.7, 133.6, 134.9, 151.5, 167.2, 171.7; ESI-MS m/z 

534.0 [M+H]
+
, calcd 534.1. Elem. Anal. for C24H24ClN3O7S, calcd: C, 53.98; H, 4.53; N, 7.87; S, 6.00. found: C, 54.58; 

H, 4.50; N, 7.79; S, 6.06. 

Ts-L-Oxd-D-5-Cl-2-Me-Trp-OMe (5l). [a]D
20 

-12.0 (c 0.2, CHCl3); 
1
H NMR (CDCl3) d: 2.39 (s, 3H, TrpMe), 2.42 (s, 3H, 

TsMe), 3.22 (dd, J= 5.8, 14.6 Hz, 1H, TrpHɓ), 3.33 (dd, J=6.2, 14.6 Hz, 1H, TrpHɓ), 3.78 (s, 3H, OMe), 4.15 (dd, J=4.6, 

8.8 Hz, 1H, OxdH5), 4.29 (t, J=9.0 Hz, 1H, OxdH5), 4.70 (dd, J=4.6, 9.0 Hz, 1H, OxdH4), 4.87 (ddd, J=5.8, 6.2, 7.6 Hz, 

1H, TrpHŬ), 6.76 (d, J=7.6 Hz, 1H, TrpNH), 7.08 (d, J=8.4 Hz, 1H, TrpH6), 7.19 (d, J=8.4 Hz, 1H, TrpH7), 7.20-7.24 (m, 

2H, TsArH), 7.32 (s, 1H, TrpH4), 7.80-7.83 (m, 2H, TsArH), 8.00 (s, 1H, TrpH1); 
13

C NMR (CDCl3) d: 11.5, 21.5, 29.5, 

52.2, 53.0, 57.3, 65.5, 105.2, 111.4, 117.0, 120.5, 124.3, 128.8, 129.2, 129.9, 133.4, 133.9, 135.0, 145.3, 151.6, 167.3, 

171.7; ESI-MS m/z 534.0 [M+H]
+
, calcd 534.1. Elem. Anal. for C24H24ClN3O7S, calcd: C, 53.98; H, 4.53; N, 7.87; S, 

6.00; found: C, 53.67; H, 4.50; N, 7.91; S, 6.05. 

Ts-L-5-Me-Oxd-L-2-Me-Trp-OMe (4m). [a]D
20 

+37.9 (c 0.2, CHCl3); 
1
H NMR (CDCl3) d: 1.11 (d, J=6.4 Hz, 3H, 

OxdMe), 2.36 (s, 3H, TrpMe), 2.41 (s, 3H, TsMe), 3.29 (dd, J=6.4, 14.8 Hz, 1H, TrpHb), 3.32 (dd, J=6.0, 14.8 Hz, 1H, 

TrpHb), 3.70 (s, 3H, OMe), 4.26 (d, J=4.8 Hz, 1H, OxdH4), 4.36 (m, 1H, OxdH5), 4.92 (ddd, J=6.0, 6.4, 7.6 Hz, 1H, 

TrpHa), 6.71 (d, J=7.6 Hz, 1H, TrpNH), 7.10-7.16 (m, 4H, TrpH4-7), 7.18-7.22 (m, 2H, TsArH), 7.79-7.83 (m, 2H, 

TsArH), 7.95 (s, 1H, TrpH1); 
13

C NMR (CDCl3) d: 11.6, 14.1, 21.6, 27.3, 52.3, 58.8, 64.0, 75.0, 105.2, 110.7, 118.5, 

119.0, 120.7, 127.1, 128.5, 128.9, 129.4, 129.6, 133.9, 135.6, 137.5, 151.4, 167.3, 172.3; ESI-MS m/z 534.1 [M+H]
+
, 

calcd 534.1. Elem. Anal. for C25H27N3O7S, calcd: C, 58.47; H, 5.30; N, 8.18; S, 6.24; found: C, 58.05; H, 5.33; N, 8.25; 

S, 6.18. 

Ts-L-5-Me-Oxd-D-2-Me-Trp-OMe (5m). [a]D
20

 -6.5 (c 0.1, CHCl3); 
1
H NMR (CDCl3) d: 1.18 (d, J=6.4 Hz, 3H, 

OxdMe), 2.41 (s, 3H, TrpMe), 2.41 (s, 3H, TsMe), 3.27 (dd, J=6.0, 14.8 Hz, 1H, TrpHb), 3.37 (dd, J=6.4, 14.8 Hz, 1H, 

TrpHb), 3.74 (s, 3H, OMe), 4.18 (d, J=4.4 Hz, 1H, OxdH4), 4.34 (m, 1H, OxdH5), 4.87 (ddd, J=6.0, 6.4, 7.2 Hz, 1H, 

TrpHa), 6.67 (d, J=7.2 Hz, 1H, TrpNH), 7.10-7.15 (m, 4H, TrpH4-7), 7.19-7.22 (m, 2H, TsArH), 7.80 (m, 2H, TsArH), 

7.96 (s, 1H, TrpH1); 
13

C NMR (CDCl3) d: 11.7, 14.2, 21.7, 28.8, 53.3, 60.4, 64.4, 110.6, 117.5, 119.7, 121.4, 128.8, 

129.7, 135.2, 164.5, 167.1, 171.8; ES-MS m/z 514.4 [M+H]
+
, calcd 514.2. Elem. Anal. for C25H27N3O7S, calcd: C, 58.47; 

H, 5.30; N, 8.18; S, 6.24; found: C, 59.00; H, 5.26; N, 8.22; S, 6.19.  

Ts-L-5-Me-Oxd-L/D-7-Br-2-Me-Trp-OMe (4n, 5n). 
1
H NMR (CDCl3) d (two diastereoisomers): 1.11 (d, J=6.4 Hz, 3H, 

OxdMe), 2.40 (s, 3H, TsMe), 2.47 (s, 3H, TrpMe), 3.13+3.23 (d, J=6.0 Hz, 2H, TrpHb), 3.67 (s, 3H, OMe), 4.27+4.33 (d, 

J=4.6 Hz, 1H, OxdH4), 4.34 (m, 1H, OxdH5), 4.71+4.79 (m, 1H, TrpHa), 6.94+7.00 (t, J=7.8 Hz, 1H, TrpH5), 7.08 (d, 

J=8.0 Hz, 1H, TrpH4), 7.06-7.09 (m, 1H, TrpNH), 7.22-7.31 (m, 3H, TsArH+TrpH6), 7.65-7.69 (m, 2H, TsArH), 

8.11+8.20 (s, 1H, TrpH1). ES-MS m/z 609.2 [M+18], calcd 609.1.  
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Ts-L/D-5-Ph-Oxd-L/D-1-Me-Trp-OMe (4o, 5o). 
1
H NMR (CDCl3) d (racemic, two diastereoisomers): 2.42 (s, 6H, 

TsMe+TrpMe), 3.35-3.46 (m, 2H, TrpHb), 3.69+3.71 (s, 3H, OMe), 4.53+4.54 (d, J=4.0 Hz, 1H, OxdH4), 4.91-4.98 (m, 

1H, TrpHa), 5.42+5.44 (d, J=4.0 Hz, 2H, OxdH5), 6.63+6.79 (d, J=7.0 Hz, 1H, TrpNH), 6.81+6.82 (br.s, 1H, TrpH2), 

6.97 (t, J=7.2 Hz, 1H, TrpH5), 7.00-7.05 (m, 2H, TsArH), 7.30-7.61 (m, 8H, Ph+TrpH4,6,7), 7.68-7.72 (m, 2H, TsArH); 

ES-MS m/z 576.3 [M+H]
+
, 

 
calcd 576.2, found 576.3.  

Ts-L/D-5-Ph-Oxd-L/D-2-Ph-Trp-OMe (4p, 5p). 
1
H NMR (CDCl3) d (racemic, two diastereoisomers): 2.43+2.47 (s, 3H, 

TsMe), 3.88 (s, 3H, OMe), 3.42-3.61 (m, 2H, TrpHb), 4.83+4.87 (m, 1H, TrpHa), 4.90 (br.d, 1H, OxdH4), 5.34+5.43 

(br.d, 1H, OxdH5), 6.91 (d, J=7.6 Hz, 1H, TrpNH), 7.10 (t, J  = 7.2 Hz, 1H, TrpH6), 7.13-7.20 (m, 3H, TrpH5+TsArH), 

7.22-7.40 (m, 10H, Ph), 7.52+7.54 (br.d, 1H, TrpH7), 7.75+7.80 (d, J=7.8 Hz, 1H, TrpH4), 7.86-7.88 (m, 2H, TsArH), 

8.57 (s, 1H, TrpH1); ES-MS m/z 638.3 [M+H]
+
, calcd 638.2.  

Ts-L/D-5-Ph-Oxd-L/D-5-Cl-2-Me-Trp-OMe (4q, 5q). 
1
H NMR (CDCl3) d (racemic, two diastereoisomers): 2.37+2.39 (s, 

3H, TsMe), 2.43 (s, 3H, TrpMe), 3.22-3.37 (m, 2H, TrpHb), 3.77+3.78 (s, 3H, OMe), 4.51+4.52 (d, J=4.0 Hz, 1H, 

OxdH4), 4.88+4.95 (m, 1H, TrpHa), 5.44+5.50 (d, J=4.0 Hz, 1H, OxdH5), 6.62+6.86 (d, J=7.4 Hz, 1H, TrpNH), 6.97 (d, 

J=7.2 Hz, 2H, TrpH6), 7.07-7.50 (m, 8H, Ph+TsArH+TrpH7), 7.69-7.72 (m, 2H, TsArH), 7.95+7.99 (s, 1H, TrpH1); ES-

MS m/z 627.1 [M+Na], found 627.3.  

Synthesis of modified EM1. (S)-2-methyltryptophan (6b), (S)-5-fluorotryptophan (6c). 10% HBr (4.0 ml) was added to 

(R,S)-5b or (R,S)-5c (1.0 mmol), and the mixture was heated while stirring for 45 min by MW irradiation at 150 W, while 

monitoring the internal reaction temperature at 95°C. The pH of the mixture was adjusted to about 3 with 1 M NaOH, and 

the aqueous mixture was washed three times with EtOAc (5 mL) to recover (R)-Ts-Ser-OH (not isolated). The aqueous 

layer was concentrated at reduced pressure and passed through Dowex 50X2-200 resin H
+
 form. The resin washed with 

water (100 ml). The amino acids were eluted using 10% ammonia in methanol (200 ml), and the solvent removed in 

vacuo to afford 6b (0.73 mmol, 73%) or 6c (0.74 mmol, 74%). 

6b (commercially available). Optical rotation [a]
D

20 = -9.8 (c 0.26 in H2O) was found to match with the literature;
37a

 

NMR characterization was found to match with the literature;
37b

 ES-MS m/z 219.2 [M+H]
+
, calcd 219.1. 

6c. Optical rotation [a]
D

20 = +5.6 (c 1.0 in 0.1 M HCl) was found to match with the literature;
15

 NMR characterization 

was found to match with the literature;
15,18c

 ES-MS m/z 223.2 [M+H]
+
, found 223.2. 

N-Fmoc-(S)-2-methyltryptophan (7b), N-Fmoc-(S)-5-fluorotryptophan (7c). NaHCO3 (118 mg, 1.4 mmol) and 9-

fluorenylmethyloxycarbonyl succinimide (270 mg, 0.8 mmol) were added to the a suspension of amino acid 6b or 6c (0.7 

mmol) in 1:1 water/dioxane (6 mL) at 0°C, and the mixture was stirred overnight at r.t. Dioxane was removed at reduced 

pressure, and the pH of the aqueous mixture was adjusted to 3 with 1 M HCl. The mixture was extracted three times with 

EtOAc (10 mL), and the collected organic layers were dried over Mg2SO4. The solvent was evaporated at reduced 

pressure, affording the crude Fmoc-protected amino acid. The residues were purified by flash-chromatography over 

silica-gel (eluant: EtOAc/MeOH 97:3), giving 7b or 7c (for both 95% yield, 92% pure by RP-HPLC). 

N-Fmoc-(S)-2-methytryptophan (7b). 
1
H NMR (DMSO-d6) ŭ: 1.90 (s, 3H, TrpMe), 2.73 (dd, J=7.0, 14.5 Hz, 1H, TrpHb), 

2.99 (dd, J=2.5, 14.5 Hz, 1H, TrpHb), 4.12-4.33 (m, 3H, FmocH), 4.65 (m, 1H, TrpHa), 6.05 (br.d, 1H, TrpNH), 7.00 

(br.t, 1H, TrpH6), 7.19-7.30 (m, 4H, FmocArH+TrpH4,5), 7.36 (t, J=7.5 Hz, 2H, FmocArH), 7.56 (d, J=7.5 Hz, 2H, 

FmocArH), 7.76 (d, J=7.5 Hz, 2H, FmocArH), 8.01 (d, J=7.0 Hz, 1H, TrpH7), 8.55 (s, 1H, TrpH1); ES-MS m/z 441.3 

[M+H]
+
, calcd 441.2. 

N-Fmoc-(S)-5-fluorotryptophan (7c). 
1
H NMR characterization was found to match with the literature;

18c
 ES-MS m/z 

444.2 [M + H]
+
, calcd 444.2. 

[2-Me-Trp
3
] -EM1 (8), [5-F-Trp

3
] -EM1 (9). A measure of Fmoc-Rink amide resin (0.3 g, 1.1 mmol/g, resin particle size: 

100-200 mesh) was introduced into a reactor for SPPS. Fmoc was removed with 4:1 DMF/piperidine (4 mL) under MW 

irradiation (40W) for 1 min under mechanical shaking, monitoring the internal temperature at 45°C. The suspension was 

filtered, the resin was washed with DCM (5 mL) and treated with a second portion of DMF/piperidine as above described. 

Then the suspension was filtered, and the resin was washed three times in sequence with DCM (5 mL) and MeOH (5 

mL). 

All coupling steps were performed according to the following general procedure. The resin was swollen in DCM (5 mL), 

and a solution of 7b or 7c (0.6 mmol) and HOBt (0.1 g, 0.7 mmol) in DMF (4 mL) was added at r.t. and under nitrogen 

atmosphere, followed by HBTU (0.26 g, 0.7 mmol) and DIPEA (0.2 mL, 1.2 mmol). The mixture was mechanically 
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shaken under MW irradiation with a initial irradiation power of 40W and monitoring the internal reaction temperature at 

45°C, and after 10 min the resin was filtered and washed three times with the sequence DCM (5 mL) and MeOH (5 mL). 

Coupling efficacy was determined by Kaiser or Chloranyl test. All subsequent Fmoc deprotection steps were performed 

as above reported. The resin-bound peptide was suspended in a solution of TFA (9.0 mL), TIPS (0.40 mL), H2O (0.40 

mL), and PhOH (0.20 g), and mechanically shaken at r.t. After 2 h, the mixture was filtered, the resin was washed twice 

with 10% TFA in Et2O (10 mL) and twice Et2O (10 mL). Filtrate and washes were collected, and solvent and volatiles 

were removed under N2 flow at r.t. The resulting residue was suspended in ice-cold Et2O, and the crude solid which 

precipitated was triturated and collected by centrifuge. The peptide 8 or 9 was isolated by semi-preparative RP-HPLC 

(80% yield based on the average resin loading; >95% pure by analytical RP-HPLC, see General Methods).  

[2-Me-Trp
3
]-EM1 (8). 

1
H NMR (DMSO-d6) d ( about 3:1 mixture of two conformers, t = major-trans isomer, c = minor-

cis isomer): 1.38-1.62 (m, 4Hc+1Ht), 1.72-1.84 (m, 2Ht), 1.95 (m, 1Ht), 2.09 (s, 3Hc), 2.10 (s, 3Ht), 2.62 (dd, J=6.5, 14.5 

Hz, 1Ht), 2.65-2.76 (m, 3Hc), 2.78 (dd, J=7.5, 15.0 Hz, 1Ht), 2.82 (dd, J=8.0, 14.0 Hz, 1Ht), 2.86 (m, 1Hc), 2.90 (m, 1Ht), 

2.93 (m, 1Hc), 2.95-3.09 (m, 2Ht+1Hc), 3.09 (dd, J=7.0, 15.5 Hz, 1Ht), 3.21-3.32 (m, 2Hc), 3.45-3.61 (m, 1Ht+2Hc), 4.35-

4.47 (m, 3Ht+2Hc), 4.55 (m, 1Ht), 6.68 (m, 2Ht+2Hc), 6.90 (dd, J= 4.8, 7.2 Hz, 1Ht), 6.98-7.05 (m, 2Ht+1Hc), 7.10 (m, 

2Ht+2Hc), 7.10-7.25 (m, 7Ht+7Hc), 7.50 (d, J=7.2 Hz, 1Ht+1Hc), 7.81 (d, J=7.8 Hz, 1Ht), 7.87 (br.d, 2Ht), 7.94-8.05 (m, 

3Hc), 8.20 (br.d, 1Hc), 8.21 (d, J=9.0 Hz, 1Ht), 9.31 (s, 1Hc ), 9.33 (s, 1Ht), 10.60 (s, 1Hc). 10.66 (s, 1Ht); ES-MS m/z: 

625.3 [M+H]
+
; calcd: 625.3. 

[5-F-Trp
3
]-EM1 (9). 

1
H NMR (DMSO-d6) d (about 3:1 mixture of two conformers, t = major-trans isomer, c = minor-cis 

isomer): 1.42-1.55 (m, 4Hc), 1.62-1.73 (m, 3Ht), 1.91 (m, 1Ht), 2.68-2.83 (m, 3Ht+2Hc), 2.83-2.95 (m, 2Ht+2Hc), 2.95-

3.05 (m, 2Ht+2Hc), 3.20 (m, 1Hc), 3.30 (m, 1Hc), 3.40-3.67 (m, 1Ht+2Hc), 4.15 (m, 1Ht), 4.35 (dd, J=4.6, 8.2 Hz, 1Ht), 

4.37-4.40 ( m, 1Ht + 1Hc ), 4.40-4.48 (m, 1Ht + 1Hc ), 6.60 (m, 2Ht+2Hc), 6.87 (m, 2Hc), 7.07 (m, 2Ht), 7.10-7.35 (m, 

9Ht+9Hc), 7.90 (d, J=8.4 Hz, 1Ht), 7.95 (d, J=8.0 Hz, 1Ht), 8.01 (br.s, 2Ht), 8.11 (d, J=8.4 Hz, 1Hc), 8.25- 8.32 (m, 3Hc), 

9.30 (br.s, 1Ht + 1Hc), 10.80 (s, 1Hc), 10.88 (s, 1Ht); ES-MS m/z: 629.2 [M+H]
+
; calcd: 629.7. 
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Chapter 4 

In -peptide synthesis of constraining motives containing di-Oxd and DAbu-Oxd as b-turn  

inducers 

Small and easy-to-do mimetics of the ɓ-turns are of great interest to interfere with protein-protein recognition events 

mediated by ɓ-turn recognition motifs. Herein is proposed a straightforward procedure for constraining the conformation of 

tetrapeptides lacking a pre-formed scaffold. According to the stereochemistry array, N-Ts tetrapeptides including Thr or 

PhSer (phenylserine) at the positions 2 or 3 gave rise in a single step to the sequences Oxd
2
-Oxd

3
 or DAbu

2
-Oxd

3
 (Oxd, 

oxazolidin-2-one; DAbu, 2,3-dehydro-2-aminobutyric). These pseudo-Pro residues displayed highly constrained f, y, and c 

dihedral angles, and induced clear b-turns or inverse turns of type I or II, as determined by extensive spectroscopic and 

computational analyses.  

4.1. Introduction  

Interactions between proteins (PPI) are important for the majority of biological functions and cellular signaling.
1
 

Systematic studies have revealed that there is typically a small cluster of residues at the interface of the proteins that 

contributes the majority of the recognition or binding affinity. Very often, these key regions adopt well defined turn 

structures.
2
 As a consequence, small molecules mimicking the 3D features of the turn regions can find applications as 

therapeutic agents.  

The ɓ-turn occurs where the polypeptide backbone reverses direction, and consists of four amino acid residues i to i+3  in 

which the distance between Cai and Cai+3  is about 7Å; according to the dihedral angles f and y of the residues i+1  and 

i+2 , the turns are classified in different types. Small mimetics of ɓ-turns, such as the privileged structures benzodiazepines, 

Freidinger lactams, internal or external bicyclic dipeptide mimetics, spirocyclic dipeptides, etc., have been extensively 

investigated and utilized to discover compounds that can mimic or disrupt ɓ-turn-mediated recognition events.
3
 

However, the preparation of the scaffolds and their incorporation in the sequence may require multi-step procedures, 

resulting in low overall yields. Besides, most synthetic methods lack flexibility and are therefore not suited to introduce 

diversity.
3
 As a consequence, the development of a high yielding, single step procedure for the introduction of a 

conformational constraint that forces the peptide to adopt a b-turn is currently of considerable interest. 

In this thesis chapter is reported a straightforward procedure for constraining the conformation of tetrapeptides lacking a 

pre-formed scaffold. The resulting b-turn mimetics include 2-oxo-1,3-oxazolidine-4-carboxylate rings (or oxazolidin-2-

one, in short: Oxd), that can be proposed as constrained pseudo-Pro residues.
4
 Pro strongly impacts the structural and 

conformational properties of peptide and protein backbones and their molecular recognition.
5
 It does not have a hydrogen 

on the amide group and therefore cannot act as a H-bond donor. The cyclic structure forces the f angle to about -65°, 

therefore Pro is known as a classical breaker of both the a-helical and b-sheet structures in proteins and peptides, while it 

promotes the formation of b-turns.
2,6 

Besides, due to the small free enthalpy difference between the cis and trans Xaa-Pro 

bond isomers of 2.0 kJ·mol
-1
 (compared to 10.0 kJ·mol

-1
 for other peptide bonds), there is a relatively high intrinsic 

probability of 30% cis conformation at r.t.
7
 Interestingly, the cis-trans interconversion of X-Pro is one of the rate-

determining steps in protein folding.
8
 

In order to understand the relationship between peptide bond geometry and bioactivity, many synthetic Pro analogues have 

been developed that provide restrictions of the Xaa-Pro conformation. In general, the modifications consist in ring 

substitutions with alkyl and aromatic groups, incorporation of heteroatoms, or the expansion or contraction of the five-

membered ring.
9
 

To take advantage of the conformational bias exerted by the Oxd pseudo-Pro, we planned to synthesize diastereomeric N-

sulfonyl tetrapeptides containing two consecutive Oxd rings, as b-turn inducers. According to the stereochemistry array of 

the amino acids, the reaction of two b-hydroxy a-amino acids (Thr or threo-phenylserine, PhSer) already present within the 

sequences at the positions 2 and 3, with bis(succinimidyl)carbonate (DSC), afforded two consecutive Oxd or a 2,3-

dehydro-2-aminobutyric acid (DAbu) in 2 and a Oxd in 3. These combinations resulted in highly constrained extended or 

folded structures, in particular turns or inverse turns of type I and II, and are especially interesting because they can control 

not only the f and y dihedral angles of the backbone but also the c angles of the side chains.  
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Peptides containing Oxd rings constitute a infrequent but remarkable class of peptidomimetics. They have found some 

applications in medicinal chemistry,
10

 in the construction of foldamers
11

 or as self-assembling scaffolds forming 

nanostructures.
12

 Also the compounds with the DAbu-Oxd sequence are of some interest, since they contain two distinct 

secondary structure-forming elements. The dehydroamino acids are well known b-turn inducers; for instance, sequential 

placement of dehydroPhe (DPhe) in oligomers gave repeated b-turns forming 310 helices.
13

 

4.2. Results and Discussion 

4.2.1. Synthesis of tetrapeptides containing di-Oxd and DAbu-Oxd. 

Few years ago our research group has published the synthesis of Oxd rings directly within peptide sequences, by 

treatment of N-arylsulfonyl peptides containing L- or D-configured Ser with DSC and a catalytic amount of a base, in 

solution or in the solid phase (Scheme 1, path a).
4
  

 

Scheme 1. Different reactivity of the N-carbamate and N-sulfonyl oligopeptides. a) DSC, cat. base (B:). 

Apparently, the reaction was due to the presence of the N-sulfonyl group; indeed, the reaction of the corresponding Fmoc- 

or Boc-peptides under the same conditions with carbonates or dicarbonates gave elimination to dehydroalanine (DAla), as 

reported in the literature (Scheme 1, path b).
13

 Interestingly, peptides having the sulfonyl group directly connected to the 

Ser or separated by one or two amino acids, gave similar results (Scheme 1, Xaa = 0, 1, or 2 residues).
4 
This observation 

prompted us to perform in a single step the contemporary cyclization of sulfonyl-oligopeptides containing two 

consecutive ring-forming residues, to afford highly rigid structures. 

Accordingly, we prepared a series of distereomeric tetrapeptides containing two Thr residues, or Thr and threo-PhSer, at 

the positions 2 and 3, and we reacted the tetrapeptides (Scheme 2) with a moderate excess of DSC and a catalytic amount 

of diisopropylethylamine (DIPEA). The preparation of the N-tosyl tetrapeptides 1a-g was conducted by coupling the 

amino acids under MW irradiation, using a microwave oven specifically designed for organic synthesis,
14

 with 

HBTU/HOBt as activating agents (Experimental Section, Table 4). N-tosyl (Ts)-Ala was prepared as described in the 

literature;
15

 L- or D-threo-PhSer were obtained via optical resolution of the racemate,
16

 since the resolution by enzymatic 

hydrolysis
17

 gave poor results. 

The reaction of Ts-Ala-Thr-Thr-PheOMe (1a) with 2.2 equiv. of DSC in 3:1 DCM/DMF and in the presence of 0.1 equiv 

of DIPEA (Scheme 2, entry 1) provided the corresponding di-Oxd-containing Ts-Ala-Oxd-Oxd-PheOMe (2a) in excellent 

yield after isolation by flash chromatography (Table 1). 
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Scheme 2. Reactions of the sulfonyl-peptides 1a-e, containing L- or D-Thr at the positions 2 and 3, and of 1f,g containing 

L-Thr in 2 and threo L- or D-PhSer in 3, respectively. a) DSC, cat. DIPEA. 

On the other hand, the reaction of Ts-Ala-D-Thr-Thr-PheOMe (1b), under the same reaction conditions, gave exclusively 

a tetrapeptide containing DAbu at position 2, Ts-Ala-DAbu-Oxd-PheOMe (3b), while the tetrapeptide containing two Oxd 

(2b) was observed only in traces. (Scheme 2, and Table 1, entry 2). 

The reaction of Ts-Ala-Thr-D-Thr-PheOMe (1c) under the same conditions gave a 74:26 mixture of Ts-Ala-Oxd-D-Oxd-

PheOMe (2c) and Ts-Ala-DAbu-D-Oxd-PheOMe (3c) (entry 3). The reaction outcome changed upon varying the solvent 

utilized; in pure DCM the yield of 2c increased up to 85% (entry 4), while in DMF the reaction afforded mainly 3c, with a 

78% yield (entry 5). 

The tetrapeptide Ts-Ala-Thr-D-Thr-D-PheOMe (1d) exclusively gave Ts-Ala-Oxd-D-Oxd-D-PheOMe (2d) (entry 6), 

while Ts-Ala-D-Thr-Thr-D-PheOMe (1e) failed in giving either 2 or 3 in significant amounts (entry 7) under diverse 

reaction conditions (not shown). 

Table 1. Synthesis of the constrained peptidomimetics 2 or 3 from the stereoisomers 1. 

entry 1 Ala1 Thr2 Xaa3,  R Phe4 Solvent[a] 2 (%)[b] 3 (%)[b] 

1 a L L L Me L DCM/DMF 87 tr. 

2 b L D L Me L DCM/DMF - 90 

3 c L L D Me L DCM/DMF 67 23 

4 c ñ ñ ñ Me ñ DCM 85 9 

5 c ñ ñ ñ Me ñ DMF 5 78 

6 d L L D Me D DCM/DMF 90 - 

7 e L D L Me D DCM and/or 

DMF 

tr.[c] tr.[c] 

8 f L L L Ph L DCM/DMF 92 - 

9 g L L D Ph L DCM/DMF 93 tr. 

[a] All compounds 1a-g were tested in different solvent mixtures (3:1 DCM/DMF, DCM, DMF); with the exception of 

entries 3-5, the reaction outcomes were practically unaffected, therefore these results are not shown. [b] Determined after 

purification by flash chromatography over silica-gel; tr. = traces. [c] The rest being the reagent. 

 

Finally, the reaction was repeated with the sequences Ts-Ala-Thr-PhSer-PheOMe (1f) or Ts-Ala-Thr-D-PhSer-PheOMe 

(1g), which gave the di-Oxd compounds 2f and 2g in very satisfactory yields (entries 8 and 9). These peptides include a 

2-oxo-5-phenyloxazolidine-4-carboxylate residue at position 3, which might effectively represent a constrained Phe 

mimetic, with fixed f, y and c dihedral angles (Table 2). 

Table 2. Angles f and y of the residues i+1, i+2 observed for the compounds analyzed and ideal values. 

compd fi+1 y i+1 c i+1 f i+2 y i+2 c i+2 

2a (A) -73 158 -114 -81 76 -115 

2a (B) -104 -179 -90 -40 -50 -140 

2c (C) -45 129 -122 69 -86 118 

2c (D) -51 144 -117 77 -27 110 

2d -55 139 -117 77 -29 113 

3b  -38 -59 -2 -96 29 -114 

3c (E) 61 55 2 93 -2 117 

3c (F) 37 63 0 81 -36 113 

I -60 -30 - -90 0 - 

II  -60 120 - 80 0 - 
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This result suggests the opportunity to develop analogues of proteinogenic or unusual amino acids, carrying the side chain 

at the position 5 of the Oxd ring. Indeed, the literature reports many procedures for the stereocontrolled preparation of a 

variety of b-hydroxy a-amino acids.
18

 Nevertheless, the synthesis of Oxds functionalized with different side chains is 

beyond the scope of this work, which is primarily addressed to the synthesis of model tetrapeptides and investigation of 

the secondary structures. 

Epimerization during the reactions was excluded on the basis of the comparison of the NMR and HPLC analyses of the 

compounds, including the HPLC analysis on a chiral stationary phase (see General methods).  

From the comparison of the results (entries 1-9) it appeared that the stereochemistry array exerted a major bias in 

determining the cyclization versus the elimination in 2. Homochiral sequences at the positions 1 and 2 tended to give 

exclusively or predominantly the di-Oxd compounds, as observed for 1a, 1c, and 1d. On the contrary, the peptide 1e 

containing the sequence L-Ala-D-Thr failed in giving 2 or 3 in significant amounts, and 1b solely afforded the DAbu-Oxd 

sequence. The diastereomeric peptides 1f, 1g containing PhSer behaved in a similar way as the corresponding peptides 1a 

and 1c (the formation of 3g was observed only in traces in different solvents).  

The proposed reaction mechanism of Scheme 1 path a, postulates that for n = 1 or 2, as occurring for the compounds 1a-

g, the electron-poor aromatic ring of the arylsulfonylamido group might effectively stabilize the anionic intermediate A 

by ˊ-stacking interaction, thus driving to the Oxd ring. Possibly, the diastereoisomer 1b adopted in solution a 

conformation which allowed promoting the cyclization at position 3, but not in 2, therefore giving elimination, as 

expected on the basis of the literature. For 1c, the different results observed for the entries 3 to 5 could be attributed to a 

preference for different conformations in the different solvents. As for 1e, showing alternated absolute stereochemistry, it 

appeared that the compound was unable to attain the cyclization either in 2 or 3; the compound did not eliminate in a 

significant extent as well, as observed by treatment with different bases in different solvents at r.t. or under heating. 

The tosyl group was removed in good yield with iodotrimethylsilane,
19

 while the treatment with SmI2-pyrrolidine-water
20

 

was less efficient. 

4.2.2. Conformational analyses of the di-Oxd and DAbu-Oxd peptides. 

To investigate the conformational bias exerted by the two consecutive L- or D-configured Oxd, or DAbu and L- or D-Oxd 

residues at positions 2 and 3, on the overall structure of the peptides, we analyzed the model compounds 2a, 2c, 2d, and 

3b, 3c, by FT-IR and NMR spectroscopy.  

FT-IR spectroscopy was utilized to analyze the amide N-H stretching regions; generally, non H-bonded amide protons 

show a peak above 3400 cm
-1
, while H-bonded amide NH bonds exhibit a peak below 3400 cm

-1
.
21 

 

Figure 1. Amide NH stretching regions of the IR absorption spectra for samples of tetrapeptide 3c (3 mM in DCM, r.t.). 

The FT-IR absorption spectra of  2d only showed a strong band above 3400 cm
-1 

(Experimental section Figure 6). The 

spectra of 2a, 2c, 3b, and 3c (Experimental section Figure 6) showed a mayor peak at about 3400 cm
-1
,
 
 and a second 

peak at about 3340 cm
-1
. The latter became predominant in 3c, suggestive of a significant population of H-bonded 

conformations in equilibrium with non bonded structures. The spectra of 3c dissolved in DCM is reported in Figure 1.  

The 
1
H-NMR experiments were done at 400 MHz in CDCl3 or in 8:2 DMSO-d6/H2O. 2D gCOSY experiments were 

utilized for the unambiguous assignment of the resonances. In each solvent, all spectra showed a single set of sharp 

resonances, consistent with conformational homogeneity or a fast equilibrium between slightly different conformers. For 

most compounds, the 
1
H-NMR resonances showed modest variations of the chemical shifts in the two solvents (Table 5) 

suggesting that the peptidomimetic sequences were conformationally stable; exceptions are highlighted in Table 5. 

It has been shown that the Oxd confers the preceding amide bond a exclusive trans conformation.
11

 The 
1
H-NMR 

analyses of all of the compounds showed a significantly downfield position of the Ha proton of the residues preceding 

the Oxd rings (Experimental section Table 5). For instance, the resonances of AlaHa in Ts-Ala-Thr-Thr-PheOMe (1a) 

and Ts-Ala-ȹAbu-L-(5'-Me-Oxd)-PheOMe (3b) appeared at about 3.9 and 3.8 p.p.m. (CDCl3), respectively, while in Ts-
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Ala-(5ô-Me-Oxd
2
)-(5ô-Me-Oxd

3
)-PheOMe (2a) AlaHa was at about 5.2 p.p.m. On the other hand, in the same compound 

2a, Oxd
3
H4 was at 4.2 p.p.m, while Oxd

2
H4 was at about 5.3 p.p.m., for the deshielding effect of Oxd

3
C=O. These 

observations were compatible with a non-conventional, CH···O=C intramolecular H-bond,
22

 confirming the trans 

conformation of the amide bond between the Oxd and the preceding, deshielded residue. 

The occurrence of intramolecular H-bonds in 2a, 2c, 2d, 3b, and 3c, was evaluated by analyzing the variation of the NH 

proton chemical shifts upon addition of increasing percentages of DMSO-d6 to 2 mM solutions of the compounds in 

CDCl3. As representative example, the titration curves of 3c are shown in Figure 2. The titration of 2a gave no evidence 

of H-bonds involving PheNH nor AlaNH, since these signals exhibited a considerable downfield shift;
23

 2c, 2d gave 

similar results (Figure 8). On the contrary, the titration of 3c (Figure 2) and 3b (Figure 8) revealed that PheNH, but not 

AlaNH nor DAbuNH, was much less sensitive, therefore less accessible, accounting for a H-bonded structure. 

Variable temperature (VT)-
1
H-NMR experiments in CDCl3 and 8:2 DMSO-d6/H2O were also utilized to deduce the 

presence of intramolecular H-bonds (Table 3). For almost all compounds, the comparatively lower VT-
1
H-NMR Dd/Dt 

parameters of PheNH with respect to AlaNH (and DAbuNH) were suggestive of a moderate preference for conformations 

having PheNH involved in a H-bond (|Dd/Dt| < or close to 2.5 p.p.b..ùK).
21,24

 The only exception was  observed for 2d in 

CDCl3, since the Dd/Dt (p.p.b..ùK) of AlaNH was lower than that of PheNH (-1.7 and -2.7, respectively). 

From the comparison of the results above discussed for the Oxd-Oxd compounds (2), it appeared that the possible 

existence or not of H-bonds was differently supported by the methods employed. Reasonably, the inconsistencies 

reflected the existence of equilibria between H-bonded and non H-bonded structures. As for the DAbu-Oxd compounds 

(3), all of the evidences were highly coherent in support of a H-bonded PheNH. 

 

Figure 2. Variation of NH proton chemical shift (p.p.m.) of 3c as a function of increasing percentages of DMSO-d6 to the 

CDCl3 solution (v/v). 

Table 3. Dd/Dt values (p.p.b..ùK) for the amide protons of 2a, 2c, 2d, and 3b, 3c, in CDCl3 and 8:2 DMSO-d6/H2O; 

solvents: S1 = CDCl3; S2 = 8:2 DMSO-d6/H2O; amino acid stereochemistry has been omitted.  

 

 

To determine the preferred conformations in solution and their dynamic behaviours, the compounds were analyzed by 

2D-ROESY in 8:2 DMSO-d6/H2O and molecular dynamics (MD) simulations. DMSO-d6
 
or DMSO-d6/H2O

 
mixtures have 

been recommended by several authors as biomimetic media.
25

 Structures consistent with the spectroscopic analyses were 

obtained by MD using the distances derived from ROESY as constraints. The intensities of the ROESY cross-peaks were 

ranked to infer the distances (Tables 6-10). The w bonds were set at 180°, since the absence of Hai-Ha(i+1)  cross-peaks 

excluded cis peptide bonds. Simulations were conducted in a box of explicit water molecules. Random structures were 

generated by unrestrained high-temperature MD; the structures were subjected to high-temperature restrained MD with a 

scaled force field, followed by a simulation with full restraints. Finally, the system was gradually cooled, and the 

structures were minimized with the AMBER force field.
26

 The results were clustered by the RMSD analysis of the 

backbone atoms.  

compd solvent Ala1NH DAbu2NH Phe4NH 

2a S1 -2.7 - -2.4 

 S2 -6.1 - -3.9 

3b S1 -13.5 -8.0 -3.8 

 S2 -5.0 -7.2 -4.1 

2c S1 -2.3 - -1.2 

 S2 -6.3 - -3.8 

3c S1 -9.0 -4.4 -4.0 

 S2 -6.5 -7.0 -4.1 

2d S1 -1.7 - -2.7 

 S2 -6.0 - -4.2 
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For Ts-Ala-(5ô-Me-Oxd)-(5ô-Me-Oxd)-PheOMe (2a), the analysis gave two clusters comprising all-together more than 

90% of the structures. For each cluster, the representative geometries A and B with the lowest internal energy were 

selected and analyzed (Figure 3). The occurrence of these two different structures, which differ almost exclusively by the 

opposite orientation of the Phe residue, reflected the observation of contradictory cross-peaks: the cross-peaks PheNH-

Oxd
3
H4 and PheNH-Oxd

3
H5 accounted for the conformation A, while the cross peak PheNH-Oxd

2
H5 was coherent with 

B. Possibly, the two structures represented conformers in fast equilibrium. 

To investigate the dynamic behaviour of 2a (A) and (B), unrestrained MD were performed for 10 ns in a box of standard 

TIP3P water molecules. The simulations showed the conversion of one conformation into the other. The analyses of the 

trajectories of the conformer (A) revealed very few structures compatible with a g-turn centered on Oxd
3
 with a explicit 

H-bond between PheNH and Oxd
2
C=O, while (B) gave no evidence of secondary structures. 

 
 

Figure 3. Left. Representative low-energy structures of 2a (A and B), 2c (C), and 2d consistent with ROESY analysis, 

calculated by restrained MD; low energy structure of 2c (D) calculated by unrestrained MD. All structures determined in 

a 30×30×30 box of standard TIP3P water molecules. Backbones and Oxd are rendered in balls-and cylinders, the rest in 

sticks. The peptide bond connecting Oxd
2
-Oxd

3
 are shown horizontally and perpendicularly with respect to the viewer. 

Right. Schetches of the extended structure of 2a (A), and of the folded 2c (D) and 2d. 

For Ts-Ala-(5ô-Me-Oxd)-D-(5ô-Me-Oxd)-PheOMe (2c) and Ts-Ala-(5ô-Me-Oxd)-(5ô-Me-Oxd)-D-PheOMe (2d), the 

analyses gave one mayor clusters each comprising about 80% of the structures. For each compoundôs cluster, the 

representative geometries with the lowest internal energy are shown in Figure 3. These structures 2c (C) and 2d are 

compatible with a well-defined type II b-turn secondary structure (Table 10). The structures 2c (C) and 2d were analyzed 

by unrestrained MD; besides to the different random conformations, the analysis of the trajectories of 2c (C), but not of 

2d, revealed a explicit H-bond between PheNH and the AlaC=O, as shown in 2c (D), Figure 3. 

The conformational analyses of the peptides 3b, 3c containing in their sequences DAbu
2
 and L- or D-Oxd

3
, respectively, 

gave one cluster each, comprising the large majority of the structures; the representative geometries are shown in Figure 

4. The calculated geometry of DAbu closely matched that of dehydroamino acids reported in the literature.
13,27

 

The structure 3b, stabilized by a explicit H-bond between AlaC=O and PheNH, was compatible with a type I b-turn. The 

structure of 3c (E) nicely reproduced a inverse type I b-turn (Table 10), and showed a H-bond between AlaC=O and 

PheNH. The unrestrained MD simulations revealed also a tendency for structures characterized by a H-bond between 

PheC=O and AlaNH, such as the representative 3c (F), Figure 4.  
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Figure 4. Left. Representative low-energy structures of 3b and 3c (E) consistent with ROESY analysis, calculated by 

restrained MD; low energy structure of 3c (F) calculated by unrestrained MD. All structures determined in a 30×30×30 

box of standard TIP3P water molecules. Backbones and Oxd are rendered in balls-and cylinders, the rest in sticks. The 

peptide bond connecting DAbu
2
-Oxd

3
 are shown horizontally and perpendicularly with respect to the viewer. Right. 

Schetches of the folded structures 3b and 3c (E). 

To further confirm the presence of folded structures, we used Electronic Circular Dichroism (ECD) spectroscopy. Spectra 

of model peptides 2a, 2d, and 3b, were recorded both in dichloromethane and in methanol.   

The spectra in dichloromethane (Figure 5) showed a negative band centered at about 230 nm, less intense for 2a. These 

spectral features could be indicative of a significant population of bent conformers, in particular in the case of 2d and 3b. 

In fact, a negative ń* ECD band near 225 nm is generally observed in the presence of ɓ-turn structures (I or II type).
21,28

 

The observed different intensities of ECD signals were in agreement with ROESY and MD data which evidenced 

homogeneous conformations for 2d and 3b. 

By moving from dichloromethane to methanol, intensities of the negative ECD bands slightly reduced for all compounds 

(Experimental section, Figure 7). This spectral behavior could be ascribed to a dependence of the conformer population 

on the polarity and/or the competitive nature of the solvent. 

 
Figure 5. ECD spectra recorded in dichloromethane at room temperature (2a dotted line, 3b dashed line, 2d full line). 

Taken together, all of the experimental evidences support that the peptides 3 containing the DAbu at the position 2
 
formed 

highly stable type I b-turns reinforced by H-bonds, normal or inverse depending on the stereochemistry of the Oxd
3
. This 

result is particularly gratifying, since the formation of the DAbu-Oxd motif was somewhat unpredictable. 

On the other hand, the data of the peptides 2 collected by ROESY/MD analyses confirmed a certain flexibility of the Phe
4
 

residue. This observation could explain the discrepancies in the determination of H-bonds by IR, VT-NMR, and NMR 

titration experiments. Nevertheless, the results highlighted the rigidity of the Ala-Oxd-Oxd portions; the rotation of the 

Ala and the two Oxd rings one respect to the other was not observed during the unrestrained MD simulations. The 

conformational homogeneity was correlated to the strong preference for all-trans conformations stabilized by the weak 

interactions between the Oxd carbonyls and the Ha protons of the preceding residues. 

In particular, the heterochiral Oxd
2
-D-Oxd

3 
scaffold induced a stable and well defined type II b-turn, albeit the H-bond 

between the residues i-i+3  was relatively loose. This ability to promote folded structures makes sense, and is consistent 
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with the observations on previously described Oxd-peptides.
11,12

 The Oxd ring can be regarded to as a pseudo-Pro; it is 

well known that heterochiral linear oligopeptides including a Pro show higher propensity to fold compared to the 

homochiral sequences.
21,24

  

4.3. Conclusions 

In this chapter is reported a straightforward, one-step procedure for constraining a peptide backbone without the need for a 

pre-formed scaffold. The cyclization of two consecutive b-hydroxy amino acid residues (L/D-Thr or threo-L/D-PhSer) 

embedded in N-arylsulfonyl tetrapeptide sequences, afforded in excellent yields the peptides containing Oxd
2
-L/D-Oxd

3
 (2) 

or DAbu
2
-L/D-Oxd

3
 (3), according to the stereochemistry array of the precursors. 

Conformational analyses of the model peptides revealed that the homochiral Oxd
2
-Oxd

3
 dipeptidomimetic induced a 

extended disposition of the backbone. The heterochiral sequences exerted a strong conformational control, giving rise to 

type II b-turns. The unrestrained MD simulations confirmed the rigidity of the conformations, since the rotation of the two 

Oxd rings one with respect to the other was not observed during the simulations. On the other hand, the sequence DAbu
2
-

Oxd
3
 induced highly stable b-turns of type I, stabilized by clear H-bonds. 

For their ability to control the f and y dihedral angles of the backbone as well as the c dihedral angles of side chains, 

peptide mimetics based on the structures of the model peptides 2 and 3 might find applications in medicinal chemistry as 

3D rigid scaffolds, in the field of the foldamers, or as self-assembling scaffolds to form nanostructures. 

4.4. Experimental section 

4.4.1. General Methods 

Unless stated otherwise, standard chemicals were obtained from commercial sources and used without further 

purification. Flash chromatography was performed on silica gel (230-400 mesh), using mixtures of distilled solvents. 

Analytical RP-HPLC was performed on an ODS column (4.6 ɛm particle size, 100 ¡ pore diameter, 250 ɛm, DAD 210 

nm, from a 9:1 H2O-CH3CN to a 2:8 H2O-CH3CN in 20 min) at a flow rate of 1.0 mL min-1, followed by 10 min at the 

same composition. Semi-preparative RP-HPLC was performed on a C18 column (7 ɛm particle size, 21.2 mm Ĭ 150 mm, 

from 8:2 H2O-CH3CN to 100% CH3CN in 10 min) at a flow rate of 12 mL minӇ1
. Purities were assessed by analytical 

RP-HPLC under the above reported conditions and elemental analysis. Chiral HPLC analysis was performed on a 

CHIRALPAK IC column (0.46 cm × 25 cm), 1:1 n-hexane/2-propanol, at 0.8 mL min-1. Semi-preparative and analytical 

RP-HPLC of the peptide 14 was performed as reported above, with the addition of 0.1% TFA in the mobile phase. 

Elemental analyses were performer using a Thermo Flash 2000 CHNS/O analyzer. High-quality IR were obtained at 2 

cmӇ1
 resolution using a FT-IR spectrometer  and 1 mm NaCl solution cell. 

1
H-NMR spectra were recorded on a Varian 

instrument at 400MHz, 
13

C-NMR spectra at 100 MHz. Circular Dichroism (CD) spectra were recorded on a Jasco J-710 

spectropolarimeter. The synthetic procedure by MW irradiation was performed using a microwave oven (MicroSYNTH 

Microwave Labstation for Synthesis).  

4.4.2. Synthetic procedures 

Synthesis of the peptides 1a-g.A stirred solution of the N-protected amino acid in 4:1 DCM-DMF (5 mL) was treated with 

HOBt (1.2 equiv.) and HBTU (1.2 equiv.), at r.t. and under inert atmosphere. After 5 min, the C-protected amino acid 

(1.1 equiv.) and DIPEA (2.4 equiv.) were added, and the mixture was stirred under inert atmosphere and under MW 

irradiation (150W). After  10 min, the mixture was concentrated at reduced pressure, and the residue was diluted with 

EtOAc (25 mL). The solution was washed with 0.1 M HCl (5 mL), and a saturated solution of NaHCO3 (5 mL). The 

organic layer was dried over Na2SO4 and the solvent was evaporated at reduced pressure. The crude peptides were 

analyzed by HPLC-MS analysis, and were used without further purifications. 

Table 4. RP-HPLC and ES-MS analyses of the linear peptides 1a-f. 

1 ES-MS m/z 

[M+1] vs 

calcd 

Puritya 

(%) 

1 

 

ES-MS 

[M+1] vs 

calcd 

Puritya 

(%) 

a  607.3/607.2 85 e 607.2/607.2 84 

b 607.2/607.2 83 f 669.3/669.3 84 

c 607.3/607.2 81 g 669.4/669.3 83 

d  607.1/607.2 80    
a
 Determined by analytical RP-HPLC, see General methods. 
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The intermediate N-Boc peptides were deprotected by treatment with 1:2 TFA-DCM (5 mL), while stirring at r.t. After 15 

min, the solution was evaporated under reduced pressure, and the treatment was repeated. The residue was suspended in 

Et2O (20 mL). The peptide-TFA salts were collected by centrifuge, and used for the next couplings without further 

purifications (80-85% pure, Table 4). 

Synthesis of Ts-Ala-Oxd-(5ô-R-Oxd)-PheOMe (2a,c,d,f,g), Ts-Ala-DAbu-(5ô-Me-Oxd)-PheOMe (3b,c). DSC (0.73 mmol) 

was added to a stirred solution of 1 (0.33 mmol) in the solvent mixture of Table 1 (4 mL) followed by DIPEA (0.07 

mmol) at r.t. and under inert atmosphere. After 3 h, the solvent was removed under reduced pressure, the residue was 

diluted with 0.1 M HCl (5 mL), and the mixture was extracted three times with DCM (5 mL). The combined organic 

layers were dried over sodium sulfate, filtered, and concentrated at reduced pressure. The residue was purified by semi-

preparative RP-HPLC (see General methods), giving 2 (85-93%, see Table 1, 94-97% pure by analytical RP-HPLC) or 3 

(78-90%, see Table 1, 95-98% pure by analytical RP-HPLC), as waxy solids. 

Ts-Ala-(5ô-Me-Oxd
2
)-(5ô-Me-Oxd

3
)-PheOMe (2a). IR (CH2Cl2) ɜ: 3406, 3335, 1789, 1736, 1703, 1670 cm

ī1
; 

1
H-NMR 

(CDCl3) ŭ: 1.43 (d, J=6.8 Hz, 3H, AlaMe), 1.52 (d, J=6.3 Hz, 6H, Oxd
2
Me+Oxd

3
Me), 2.43 (s, 3H, TsMe), 3.11 (dd, 

J=5.5, 14.1 Hz, 1H, PheHɓ), 3.15 (dd, J=5.4, 14.1 Hz, 1H, PheHɓ), 3.77 (s, 3H, OMe), 4.26 (d, J=3.7 Hz, 1H, Oxd
3
H4), 

4.58 (dq, J=2.1, 6.3 Hz, 1H, Oxd
2
H5), 4.75 (dq, J=3.7, 6.3 Hz, 1H, Oxd

3
H5), 4.85 (q, J=7.6 Hz, 1H, PheHŬ), 5.22 (dq, 

J=6.8, 10.4 Hz, 1H, AlaHŬ), 5.26 (d, J=2.1 Hz, 1H, Oxd
2
H4), 5.39 (d, J=10.4 Hz, 1H, AlaNH), 6.28 (d, J=7.6 Hz, 1H, 

PheNH), 7.04-7.11 (m, 2H, PheArH), 7.21-7.26 (m, 3H, PheArH), 7.31 (d, J=8.0 Hz, 2H, TsArH), 7.75 (d, J=8.0 Hz, 2H, 

TsArH); 
1
H-NMR (8:2 DMSO-d6/H2O) ŭ: 1.18 (d, J=6.7 Hz, 3H, AlaMe), 1.44-1-47 (m, 6H, Oxd

3
Me+Oxd

2
Me), 2.37 (s, 

3H, TsMe), 2.94 (dd, J=8.4, 13.9 Hz, 1H, PheHɓ), 3.01 (dd, J=5.7, 13.9 Hz, 1H, PheHɓ), 3.56 (s, 3H, OMe), 4.48-4.52 

(m, 2H, PheHŬ+Oxd
3
H5), 4.57 (d, J=1.9 Hz, 1H, Oxd

3
H4), 4.66 (dq, J=2.0, 7.0 Hz, 1H, Oxd

2
H5), 5.02 (dq, J=6.7, 8.5 Hz, 

1H, AlaHŬ), 5.17 (d, J=2.0 Hz, 1H, Oxd
2
H4), 7.11 (d, J=7.6 Hz, 2H, PheArH), 7.14-7.26 (m, 3H, PheArH) 7.37 (d, J=8.0 

Hz, 2H, TsArH), 7.63 (d, J=8.0 Hz, 2H, TsArH), 8.36 (d, J=8.5 Hz, 1H, AlaNH), 8.98 (d, J=7.0 Hz, 1H, PheNH). 
13

C-

NMR (DMSO-d6) ŭ: 18.5, 20.5, 21.3, 21.4, 36.9, 50.1, 52.5, 54.3, 61.0, 61.6, 74.7, 76.6, 126.0, 127.2, 128.6, 128.8, 

129.6, 130.1, 137.0, 138.2, 143.5, 152.0, 153.2, 167.4, 167.7, 171.7, 172.4; ES-MS (m/z) 659.3 [M+1], calcd 659.2; 

Elem. Anal. for C30H34N4O11S , calcd: C 54.70, H 5.20, N 8.51, S 4.87; found: C 54.67, H 5.17, N 8.45, S 4.81. 

Ts-Ala-ȹAbu-(5'-Me-Oxd)-PheOMe (3b). IR (CH2Cl2) ɜ: 3407, 3318, 1789, 1748, 1708 cm
ī1

; 
1
H-NMR (CDCl3) ŭ: 1.23 

(d, J=6.8 Hz, 3H, AlaMe), 1.43 (d, J=6.0 Hz, 3H, OxdMe), 1.79 (d, J=7.2 Hz, 3H, ȹAbuMe), 2.43 (s, 3H, TsMe), 3.03 

(dd, J=8.2, 13.8 Hz, 1H, PheHɓ), 3.23 (dd, J=5.4, 13.8 Hz, 1H, PheHɓ), 3.71 (s, 3H, OMe), 3.85 (quint, J=7.2 Hz, 1H, 

AlaHŬ), 4.36-4.41 (m, 2H, OxdH4,5), 4.84 (q, J=8.2 Hz, 1H, PheHŬ), 5.92 (d, J=6.8 Hz, 1H, AlaNH), 6.04 (q, J=7.2 Hz, 

1H, ȹAbuHɓ), 7.14-7.22 (m, 2H, PheArH), 7.24-7.34 (m, 5H, PheArH+TsArH), 7.64 (d, J=8.0 Hz, 1H, PheNH), 7.77 (d, 

J=7.6 Hz, 2H, TsArH), 8.66 (s, 1H, ȹAbuNH);
 1
H-NMR (8:2 DMSO-d6/H2O) ŭ: 1.03 (d, J=7.2 Hz, 3H, AlaMe), 1.36 (d, 

J=6.2 Hz, 3H, OxdMe), 1.66 (d, J=7.2 Hz, 3H, ȹAbuMe), 2.40 (s, 3H, TsMe), 2.98 (dd, J=7.2, 14.0 Hz, 1H, PheHɓ), 3.04 

(dd, J=6.0, 14.0 Hz, 1H, PheHɓ), 3.59 (s, 3H, OMe), 3.90 (quint, J=6.4 Hz, 1H, AlaHŬ), 4.33 (dq, J=2.8, 6.2 Hz, 1H, 

OxdH5), 4.42 (d, J=2.8 Hz, 1H, OxdH4), 4.54 (q, J=7.4 Hz, 1H, PheHŬ), 5.71 (q, J=7.2 Hz, 1H, ȹAbuHɓ), 7.18-7.25 (m, 

3H, PheArH), 7.31 (t, J=7.4 Hz, 2H, PheArH), 7.38 (d, J=8.1 Hz, 2H, TsArH), 7.68 (d, J=8.1 Hz, 2H, TsArH), 7.94 (d, 

J=7.6 Hz, 1H, AlaNH), 8.78 (d, J=7.2 Hz, 1H, PheNH), 9.53 (s, 1H, ȹAbuNH).  
13

C-NMR (DMSO-d6) ŭ: 12.8, 19.4, 

20.3, 37.0, 51.9, 52.4, 54.1, 62.1, 75.0, 120.5, 126.9, 127.2, 128.8, 129.6, 130.1, 130.5, 134.1, 137.1, 138.7, 143.2, 151.8, 

168.6, 170.8, 170.9, 171.9; ES-MS (m/z) 615.4 [M+1], calcd 615.2; Elem. Anal. for C29H34N4O9S, calcd: C 56.67, H 

5.58, N 9.11, S 5.22; found: C 56.78, H 5.56, N 9.08, S 5.18.  

Ts-Ala-(5ô-Me-Oxd
2
)-D-(5ô-Me-Oxd

3
)-PheOMe (2c) IR (CH2Cl2) ɜ 3406, 3347, 1793, 1736, 1707 cm

ī1
; 

1
H-NMR 

(CDCl3) ŭ: 1.33 (d, J=6.6 Hz, 3H, AlaMe), 1.47 (d, J=6.2 Hz, 3H, Oxd
2
Me), 1.53 (d, J=6.4 Hz, 3H, Oxd

3
Me), 2.42 (s, 3H, 

TsMe), 3.01 (dd, J=6.4, 14.1 Hz, 1H, PheHɓ), 3.20 (dd, J=6.4, 14.1 Hz, 1H, PheHɓ), 3.77 (s, 3H, OMe), 4.29 (d, J=4.8 

Hz, 1H, Oxd
3
H4), 4.53 (dq, J=2.4, 6.4 Hz, 1H, Oxd

2
H5), 4.64 (quint, 1H, J=6.2 Hz, Oxd

3
H5), 4.82 (q, J=6.4 Hz, 1H, 

PheHŬ), 5.11 (dq, J=6.8, 13.6 Hz, 1H, AlaHŬ), 5.24 (d, J=2.4 Hz, 1H, Oxd
2
H4), 5.44 (d, J=10.0 Hz, 1H, AlaNH), 6.55 (d, 

J=7.6 Hz, 1H, PheNH), 7.09 (d, J=7.2 Hz, 2H, PheArH), 7.24-7.31 (m, 5H, PheArH+TsArH), 7.73 (d, J=7.6 Hz, 2H, 

TsArH); 
1
H-NMR(8:2 DMSO-d6/H2O) ŭ: 1.17 (d, J=6.8 Hz, 3H, AlaMe), 1.35 (d, J=6.2 Hz, 3H, Oxd

2
Me), 1.39 (d, J=6.4 

Hz, 3H, Oxd
3
Me), 2.36 (s, 3H, TsMe), 2.83 (dd, J=8.1, 13.8 Hz, 1H, PheHɓ), 3.11 (dd, J=8.1, 13.8 Hz, 1H, PheHɓ), 3.63 

(s, 3H, OMe), 3.84 (quint, J=5.6 Hz, 1H, Oxd
3
H5), 4.36 (d, J=4.8 Hz, 1H, Oxd

3
H4), 4.51 (dq, J=8.1, 9.6 Hz, 1H, PheHŬ), 

4.95-5.03 (m, 2H, Oxd
2
H4+AlaHŬ), 5.06 (q, 1H, J=6.2 Hz, Oxd

2
H5), 7.17 (d, J=6.8 Hz, 2H, PheArH), 7.19-7.30 (m, 3H, 

PheArH), 7.37 (d, J=8.2 Hz, 2H, TsArH), 7.62 (d, J=8.2 Hz, 2H, TsArH), 8.42 (d, J=9.2 Hz, 1H, AlaNH), 8.94 (d, J=8.1 

Hz, 1H, PheNH).
13

C-NMR (DMSO-d6) ŭ: 18.5, 20.4, 20.5, 21.4, 37.4, 50.3, 52.6, 53.8, 61.3, 62.0, 69.4, 70.1, 127.2, 

128.4, 128.7, 129.8, 130.1, 137.4, 138.3, 143.5, 152.3, 153.3, 166.5, 167.1, 171.7, 172.0; ES-MS (m/z) 659.4 [M+1], 
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calcd 659.2; Elem. Anal. for C30H34N4O11S , calcd: C 54.70, H 5.20, N 8.51, S 4.87; found: C 54.60, H 5.14, N 8.44, S 

4.81. 

Ts-Ala-ȹAbu-D-(5'-Me-Oxd)-PheOMe (3c). IR (CH2Cl2) ɜ: 3400, 3334, 1781, 1744, 1707 cm
ī1

; 
1
H-NMR (CDCl3) ŭ: 

1.28 (d, J=7.2 Hz, 3H, AlaMe), 1.54 (d, J=6.0 Hz, 3H, OxdMe), 1.89 (d, J=7.2 Hz, 3H, ȹAbuMe), 2.46 (s, 3H, TsMe), 

3.09 (dd, J=9.0, 13.8 Hz, 1H, PheHɓ), 3.18 (dd, J=6.2, 13.8 Hz, 1H, PheHɓ), 3.72 (s, 3H, OMe), 3.87 (m, 1H, AlaHŬ), 

4.45 (d, J=7.2 Hz, 1H, OxdH4), 4.59 (quint, J=6.5 Hz, 1H, OxdH5), 4.79 (q, J=8.4 Hz, 1H, PheHŬ), 5.66 (br.d, 1H, 

AlaNH), 6.27 (q, J=6.6 Hz, 1H, ȹAbuHɓ), 7.21 (d, J=8.4, 2H, PheArH), 7.23-7.33 (m, 3H, PheArH), 7.35 (d, J=7.8 Hz, 

2H, TsArH), 7.80 (d, J=7.8 Hz, 2H, TsArH), 7.98 (d, J=8.0 Hz, 1H, PheNH), 8.28 (s, 1H, ȹAbuNH); 
1
H-NMR(8:2 

DMSO-d6/H2O) ŭ: 1.03 (d, J=7.2 Hz, 3H, AlaMe), 1.20 (d, J=6.0 Hz, 3H, OxdMe), 1.67 (d, J=7.2 Hz, 3H, ȹAbuMe), 

2.36 (s, 3H, TsMe), 2.85 (dd, J=10.4, 13.5 Hz, 1H, PheHɓ), 3.12 (dd, J=4.8, 13.5 Hz, 1H, PheHɓ), 3.58-3.69 (m, 4H, 

OxdH5+OMe), 3.99 (quint, J=7.1 Hz, 1H, AlaHŬ), 4.25 (d, J=2.0 Hz, 1H, OxdH4), 4.58 (m, 1H, PheHŬ), 5.65 (q, J=6.8 

Hz, 1H, ȹAbuHɓ), 7.13-7.24 (m, 2H, PheArH), 7.28 (t, J=7.0 Hz, 2H, PheArH), 7.35 (d, J=6.6 Hz, 2H, TsArH), 7.65 (d, 

J=6.6 Hz, 2H, TsArH), 7.93 (d, J=8.4 Hz, 1H, AlaNH), 8.85 (d, J=8.4 Hz, 1H, PheNH), 9.73 (s, 1H, ȹAbuNH).
13

C-NMR 

(DMSO-d6) ŭ: 12.8, 16.9, 21.5, 25.7, 37.8, 52.8, 54.7 56.9, 62.0, 75.2, 121.9, 126.0, 127.0, 128.7, 129.9, 132.0, 134.4, 

136.3, 143.0, 154.8, 168.4, 170.8, 171.6; ES-MS (m/z) 615.4 [M+1], calcd 615.2; Elem. Anal. for C29H34N4O9S , calcd: C 

56.67, H 5.58, N 9.11, S 5.22; found: C 56.60, H 5.52, N 9.02, S 5.15. 

Ts-Ala-(5ô-Me-Oxd
2
)-D-(5ô-Me-Oxd

3
)-D-PheOMe (2d). IR (CH2Cl2) ɜ: 3409, 1776, 1747, 1707, 1608, 1420 cm

ī1
; 

1
H-

NMR (CDCl3) ŭ: 1.40 (d, J=7.0 Hz, 3H, AlaMe), 1.46 (d, J=6.0 Hz, 3H, Oxd
3
Me), 1.58 (d, J=6.3 Hz, 3H, Oxd

2
Me), 2.44 

(s, 3H, TsMe), 3.05 (dd, J=8.3, 13.9 Hz, 1H, PheHɓ), 3.17 (dd, J=5.3, 13.9 Hz, 1H, PheHɓ), 3.74 (s, 3H, OMe), 4.29-4.37 

(m, 2H, Oxd
3
H4,5), 4.58 (dq, J=3.5, 6.3 Hz, 1H, Oxd

2
H5), 4.88 (ddd, J=5.3, 8.3, 8.5 Hz, 1H, PheHŬ), 5.16 (dq, J=7.0, 10.8 

Hz, 1H, AlaHŬ), 5.42 (d, J=3.5 Hz, 1H, Oxd
2
H4), 5.61 (d, J=10.8 Hz, 1H, AlaNH), 6.63 (d, J=8.5 Hz, 1H, PheNH), 7.14 

(d, J=6.6 Hz, 2H, PheArH), 7.22-7.37 (m, 5H, PheArH+TsArH), 7.76 (d, J=8.0 Hz, 2H, TsArH);
 1
H-NMR (8:2 DMSO-

d6/H2O) ŭ: 1.15 (d, J=6.6 Hz, 3H, AlaMe), 1.40 (d, J=6.2 Hz, 3H, Oxd
2
Me), 1.46 (d, J=6.0 Hz, 3H, Oxd

3
Me), 2.37 (s, 3H, 

TsMe), 2.97 (d, J=6.8 Hz, 2H, PheHɓ), 3.58 (s, 3H, OMe), 4.46-4.52 (m, 3H, PheHŬ+Oxd
3
H4,5), 5.02 (m, 1H, AlaHŬ), 

5.03 (d, J=1.6 Hz, 1H, Oxd
2
H4), 5.10 (dq, J=1.6, 6.2 Hz, 1H, Oxd

2
H5), 7.18 (d, J=6.7 Hz, 2H, PheArH), 7.19-7.23 (m, 3H, 

PheArH), 7.37 (d, J=8.2 Hz, 2H, TsArH), 7.62 (d, J=8.2 Hz, 2H, TsArH), 8.41 (d, J=9.6 Hz, 1H, AlaNH), 8.89 (d, J=7.6 

Hz, 1H, PheNH). 
13

C-NMR (CDCl3) ŭ: 18.9, 20.6, 20.9, 21.5, 37.9, 51.1, 52.6, 53.4, 61.1, 62.4, 74.2, 76.0, 127.2, 127.4, 

128.6, 129.3, 129.7, 135.6, 136.9, 143.8, 151.1, 152.0, 165.7, 168.1, 171.4, 173.8; ES-MS (m/z) 659.3 [M+1], calcd 

659.2; Elem. Anal. for C30H34N4O11S , calcd: C 54.70, H 5.20, N 8.51, S 4.87; found: C 54.65, H 5.26, N 8.50, S 4.82. 

Ts-Ala-(5ô-Me-Oxd
2
)-(5ô-Ph-Oxd

3
)-PheOMe (2f). IR (CH2Cl2) ɜ: 3407, 3350, 1790, 1740, 1699, 1660 cm

ī1
; 

1
H-NMR 

(CDCl3) ŭ: 1.41 (d, J=7.2 Hz, 3H, AlaMe), 1.55 (d, J=6.2 Hz, 6H, Oxd
2
Me), 2.43 (s, 3H, TsMe), 3.12 (d, J=5.6 Hz, 2H, 

PheHɓ), 3.78 (s, 3H, OMe), 4.53 (d, J=4.4 Hz, 1H, Oxd
3
H4), 4.66 (dq, J=2.0, 6.2 Hz, 1H, Oxd

2
H5), 4.90 (q, J=7.6 Hz, 1H, 

PheHŬ), 5.24 (dq, J=7.6, 10.8 Hz, 1H, AlaHŬ), 5.35 (d, J=2.0 Hz, 1H, Oxd
2
H4), 5.41 (d, J=10.8 Hz, 1H, AlaNH), 5.57 (d, 

J=4.4 Hz, 1H, Oxd
3
H5), 6.31 (d, J=7.7 Hz, 1H, PheNH), 7.04-7.12 (m, 2H, PheArH), 7.20-7.30 (m, 5H, PheArH+5ô-

PhArH), 7.31 (d, J=8.0 Hz, 2H, TsArH), 7.39-7.44 (m, 3H, 5ô-PhArH), 7.77 (d, J=8.0 Hz, 2H, TsArH); 
13

C-NMR 

(CDCl3) ŭ: 19.5, 21.1, 21.5, 37.2, 50.6, 52.7, 53.7, 61.2, 65.8, 73.8, 79.0, 125.2, 127.3, 127.6, 129.1, 129.4, 129.5, 129.9, 

130.1, 135.9, 136.6, 143.8, 151.1, 152.3, 166.1, 167.4, 173.1, 173.4; ES-MS (m/z) 721.2 [M+1], calcd 721.2; Elem. Anal. 

for C35H36N4O11S, calcd: C 58.32, H 5.03, N 7.77, S, 4.45; found: C 58.29, H 5.09, N 7.80, S, 4.40. 

Ts-Ala-(5ô-Me-Oxd
2
)-D-(5ô-Ph-Oxd

3
)-PheOMe (2g). IR (CH2Cl2) ɜ: 3409, 3345, 1779, 1730, 1700, 1656 cm

ī1
; 

1
H-NMR 

(CDCl3) ŭ: 1.30 (d, J=7.3 Hz, 3H, AlaMe), 1.52 (d, J=6.4 Hz, 3H, Oxd
2
Me), 2.43 (s, 3H, TsMe), 3.03 (dd, J=7.2, 14.4 Hz, 

2H, PheHɓ), 3.23 (dd, J=6.0, 14.4 Hz, 2H, PheHɓ), 3.76 (s, 3H, OMe), 4.53-4.61 (m, 2H, Oxd
2
H5+Oxd

3
H4), 4.88 (q, 

J=7.6 Hz, 1H, PheHŬ), 5.13 (dq, J=7.6, 10.8 Hz, 1H, AlaHŬ), 5.29 (d, J=2.4 Hz, 1H, Oxd
2
H4), 5.50-5.58 (m, 2H, 

AlaNH+Oxd
3
H5), 6.63 (d, J=7.7 Hz, 1H, PheNH), 7.04-7.11 (m, 2H, PheArH), 7.15-7.20 (m, 2H, 5ô-PhArH), 7.20-7.25 

(m, 3H, PheArH), 7.31 (d, J=8.0 Hz, 2H, TsArH), 7.39-7.43 (m, 3H, 5ô-PhArH), 7.76 (d, J=8.0 Hz, 2H, TsArH); 
13

C-

NMR (CDCl3) ŭ: 19.3, 20.6, 21.5, 37.6, 50.7, 53.3, 53.5, 60.8, 63.4, 71.8, 79.0, 125.3, 127.4, 128.7, 129.2, 129.5, 129.7, 

130.1, 134.7, 135.7, 136.7, 143.6, 151.3, 152.3, 165.4, 167.0, 171.2, 173.1; ES-MS (m/z) 721.3 [M+1], calcd 721.2; 

Elem. Anal. for C35H36N4O11S, calcd: C 58.32, H 5.03, N 7.77, S, 4.45; found: C 58.22, H 5.07, N 7.71, S, 4.49. 



Chapter 4  
 

38 

 

 
 

 

 

 

 

 
 

 



Chapter 4  
 

39 

 

 
 

 

 

 

 

 



Chapter 4  
 

40 

 

 
 

 

 

 

 

 
 

 

 



Chapter 4  
 

41 

 

  

 
 

 

 



Chapter 4  
 

42 

 

 

 
 

 

 

 



Chapter 4  
 

43 

 

 
 

 

 

 

 

 
 

 

 

 



Chapter 4  
 

44 

 

 

 

4.4.3. Conformational analysis  

IR analyses. Infrared spectra were obtained at 2 cm
ī1

 resolution using a 1 mm NaCl solution cell and a FT-IR 

spectrometer (64 scans). All spectra were obtained in 3 mM solutions in dry CH2Cl2 at 297 K. The compounds were dried 

in vacuo, and all the sample preparations were performed in a inert atmosphere. 

 

 

Figure 6. Amide NH stretching regions of the IR absorption spectra for samples of tetrapeptides 2a, 2d and 3b (3 mM in 

DCM) at room temperature. 

Circular Dichroism. ECD spectra were recorded from 200 to 400 nm at 25 °C. 1 mM solutions were made up in spectral 

grade solvents and run in a 0.1 cm quartz cell. Data are reported in molar ellipticity [q] (degÖcm
2
Ödmol

-1
). 
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Figure 7. ECD spectra of 2a, 3b, and 2d; 1 mM in DCM or MeOH, path length 0.1 cm. 

NMR analyses. 
1
H-NMR spectra were recorded at 400 MHz in 5 mm tubes, using 0.01 M peptide at room temperature. 

Solvent suppression was performed by the solvent presaturation procedure implemented in Varian (PRESAT). 
13

C-NMR 

spectra were recorded at 100 MHz. Chemical shifts are reported as ŭ values. The unambiguous assignment of 
1
H-NMR 

resonances was performed by 2D gCOSY, HMBC, and HSQC. gCOSY experiments were conducted with a proton 

spectral width of 3103 Hz. VT-
1
H-NMR experiments were performed over the range of 298-348 °K. 2D spectra were 

recorded in the phase sensitive mode and processed using a 90°-shifted, squared sine-bell apodization. 2D ROESY 

experiments were recorded in 8:2 DMSO-d6/H2O, with a 250 ms mixing time with a proton spectral width of 3088 Hz. 

Peaks were calibrated on DMSO. 

Table 5. Selected 
1
H-NMR chemical shifts (d) of the model compds 2a, 2c, 2d, and 3b, 3c; solvents: S1 = CDCl3; S2 = 

8:2 DMSO-d6/H2O; amino acid stereochemistry has been omitted. 

              2a               2c               2d               3b              3c  

 S1 S2 S1 S2 S1 S2 S1 S2 S1 S2 

Ala1NH 5.39 8.36 5.44 8.42 5.61 8.41 5.92 7.94 5.66 7.93 

Ala1Ha 5.22 5.02 5.11 5.0 5.16 5.02 3.85 3.90 3.87 3.99 

Oxd2H4 5.26 5.17 5.24 5.0 5.42 5.03 - - - - 

Oxd2H5 4.58 4.66 4.53 5.06 4.58 5.10 - - - - 

DAbuNH - - - - - - 8.66 9.53 8.28 9.73 

DAbuHb - - - - - - 6.04 5.71 6.27 5.65 

Oxd3H4 4.26 4.57 4.29 4.36 4.3 4.5 4.38 4.42 4.4 4.25 

Oxd3H5 4.75 4.5 4.64 3.84 4.3 4.5 4.4 4.33 4.6 3.6 

Phe4NH 6.28 8.98 6.55 8.94 6.63 8.89 7.64 8.78 7.98 8.85 

Phe4Ha 4.85 4.5 4.82 4.51 4.88 4.5 4.84 4.54 4.79 4.58 
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Figure 8. Variation of NH proton chemical shift (p.p.m.) of 2a, 2c, 2d and 3b as a function of increasing percentages of 

DMSO-d6 to the CDCl3 solution (v/v). 

ROESY and molecular dynamics. Only ROESY-derived constraints were included in the restrained molecular dynamics. 

Cross-peak intensities were classified very strong, strong, medium, and weak, and were associated with distances of 2.2, 

2.6, 3.0, and 4.5 Å, respectively. Geminal couplings and other obvious correlations were discarded. For the absence of 

Ha(i, i+1) ROESY cross peaks, all of the w bonds were set at 180° (force constant: 16 kcal mol
-1

Å
-2
). The restrained MD 

simulations were conducted using the AMBER force field in a 30×30×30 Å box of standard TIP3P models of equilibrated 

water.
29

 All water molecules with atoms that come closer than 2.3 Å to a solute atom were eliminated. A 100 ps 

simulation at 1200 °K was used for generating 50 random structures that were subsequently subjected to a 50 ps 

restrained MD with a 50 % scaled force field at the same temperature, followed by 50 ps with full restraints (distance 

force constant of 7 kcal mol
-1
 Å

-2
), after which the system was cooled in 20 ps to 50 °K. H-bond interactions were not 

included, nor were torsion angle restraints. The resulting structures were minimized with 3000 cycles of steepest descent 

and 3000 cycles of conjugated gradient (convergence of 0.01 kcal Å
-1
 mol

-1
). The backbones of the structures were 

clustered by the RMSD analysis module of HyperChem.
30 

Unrestrained MD simulation was performed in a 30×30×30 Å 

box of standard TIP3P water for 10 ns at 298 °K, at constant temperature and pressure (Berendsen scheme,
31

 bath 

relaxation constant of 0.2). For 1-4 scale factors, van der Waals and electrostatic interactions are scaled in AMBER to 

half their nominal value. The integration time step was set to 0.1 fs. 

Table 6. Non-obvious ROESY cross-peaks observed for 2a.
a 

Cross-peak intensity Cross-peak intensity 

PheNH-Oxd3Me w PheNH-PheHb(up) s 

PheNH-PheHb(dw) m PheNH-PheHa m 

PheNH-Oxd3H4 s PheNH-Oxd3H5 m 

PheNH-Oxd2H5 w PheNH-PheArH m 

AlaNH-AlaMe vs AlaNH-AlaHa s 

AlaNH-TsArH2,6 s TsArH2,6-AlaMe w 

TsArH2,6-Oxd2Me w TsArH2,6-AlaHa m 

TsArH3,5-Oxd2Me s TsArH3,5- Oxd2H4 w 

PheArH-PheHa s Oxd2H4-Oxd3H4 w 

Oxd2H4-AlaHa w AlaHa-Oxd2H5 w 

Oxd2H5-Oxd3H5 w COOMe-PheHa w 
a
 Stereochemistry has been omitted; 

b 
up = upfield, dw = downfield;

 c
 vs = very strong, s = strong, m = medium, w = 

weak. 
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Table 7. Non-obvious ROESY cross-peaks observed for 2c.
a 

Cross-peak intensity Cross-peak intensity 

PheNH-PheArH w PheNH-PheHa m 

PheNH-Oxd3H4 vs PheNH-Oxd3H5 w 

PheNH-PheHb(dw) w PheNH-PheHb(up) s 

PheNH-Oxd3Me w PheNH-COOMe w 

AlaNH-TsArH2,6 m AlaNH-AlaHa m 

AlaNH-AlaMe s TsArH2,6-AlaMe w 

TsArH2,6-Oxd2Me w TsArH2,6-AlaHa m 

TsArH3,5-Oxd2Me w TsArH3,5-AlaHa w 

PheArH2,4,6- Oxd3Me w PheArH2,4,6- PheHb(up) s 

PheArH2,4,6- PheHb(dw) s PheArH2,4,6- AlaMe w 

PheArH2,4,6- PheHa m PheArH2,4,6-COOMe w 

PheArH2,4,6-Oxd3H5 w Oxd2H4-Oxd3H5 w 

Oxd2H4-Oxd3H4 w Oxd2H5-Oxd3H4 w 

Oxd2H5-PheHa w AlaHa-PheHa w 

PheHa-PheHb(dw) s PheHa-PheHb(up) m 

PheHa-COOMe w PheHa- Oxd3H5 w 

PheHa-Oxd3H4 w Oxd3H5-PheHb(dw) w 

COOMe-AlaMe m COOMe-TsMe w 

COOMe-PheHb(dw) m COOMe-PheHb(up) m 

TsMe- Oxd2Me w   
a
 Stereochemistry has been omitted; 

b 
up = upfield, dw = downfield;

 c
 vs = very strong, s = strong, m = medium, w = 

weak. 

Table 8. Non-obvious ROESY cross-peaks observed for 2d.
a
 

Cross-peak intensity Cross-peak intensity 

PheNH-AlaMe w PheNH-Oxd3Me w 

PheNH-PheHb vs PheNH-COOMe w 

PheNH-PheHa m PheNH-Oxd3H4 m 

PheNH-Oxd3H5 w PheNH-PheArH s 

AlaNH-AlaMe s AlaNH-COOMe w 

AlaNH-AlaHa s AlaNH-TsArH2,6 s 

AlaNH-TsArH3,5 w TsArH2,6-AlaMe m 

TsArH2,6-Oxd2Me w TsArH2,6-AlaHa s 

TsArH2,6-OxdH4 w TsArH3,5-Oxd2Me s 

TsArH3,5-AlaHa m PheArH3,5-AlaMe m 

PheArH3,5-COOMe w PheArH3,5-PheHa m 

PheArH-Oxd3Me w PheArH-COOMe s 

Oxd2H4-TsMe m PheHa-AlaMe w 

COOMe-AlaMe w COOMe-PheHb s 

PheHb-AlaMe m TsMe-AlaMe w 

Oxd2Me-AlaMe w   
a
 Stereochemistry has been omitted; 

b 
up = upfield, dw = downfield;

 c
 vs = very strong, s = strong, m = medium, w = 

weak. 
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Table 9. Non-obvious ROESY cross-peaks observed for 3b.
a 

Cross-peak intensity Cross-peak intensity 

DAbuNH-AlaMe m DAbuNH-DAbuMe s 

DAbuNH-AlaHa vs DAbuNH-AlaNH s 

DAbuNH-PheNH w DAbuNH-TsArH2,6 w 

PheNH-Oxd3H5 w PheNH-PheHb vs 

PheNH-Oxd3H4 vs PheNH-PheHa s 

PheNH-PheArH m PheNH-AlaNH w 

AlaNH-AlaMe vs AlaNH-AlaHa s 

AlaNH-TsArH2,6 w TsArH2,6-AlaMe w 

TsArH2,6-AlaHa m PheArH-COOMe w 

PheArH-PheHb vs PheArH-PheHa s 

PheArH-Oxd3H5 w DAbuHb-Oxd3H4 w 

COOMe-PheHb m COOMe-PheHa w 

PheHb-Oxd3H4 w COOMe-Oxd3Me w 

DAbuMe-TsMe w DAbuMe-AlaMe s 

DAbuMe-Oxd3Me w   
a
 Stereochemistry has been omitted; 

b 
up = upfield, dw = downfield;

 c
 vs = very strong, s = strong, m = medium, w = 

weak. 

Table 10. Non-obvious ROESY cross-peaks observed for 3c.
a 

Cross-peak intensity Cross-peak intensity 

DAbuNH-AlaMe m DAbuNH-DAbuMe s 

DAbuNH-Oxd3Me w DAbuNH-AlaNH vs 

DAbuNH-DAbuHb w DAbuNH-TsArH2,6 w 

DAbuNH-PheNH w PheNH-PheArH m 

PheNH-PheHb(up) s PheNH-PheHb(dw) w 

PheNH-Oxd3H5 m PheNH-Oxd3H4 s 

PheNH-PheHa s PheNH-PheArH m 

AlaNH-AlaMe m AlaNH-AlaHa m 

TsArH2,6-AlaMe m TsArH2,6-AlaHa s 

TsArH2,6-AlaNH m TsArH3,5-AlaNH w 

PheArH3,5-Oxd3Me w PheArH3,5-PheHb(up) w 

PheArH3,5-PheHa w PheArH2,6-Oxd3Me w 

PheArH2,6-PheHb(up) vs PheArH2,6-PheHb(dw) vs 

PheArH2,6-Oxd3H5 w PheArH2,6-PheHa s 

PheHa-PheHb(dw) vs PheHa-PheHb(up) s 

Oxd3H5-PheHb(up) w COOMe-PheNH w 

COOMe-PheHa m COOMe-PheHb(dw) w 

COOMe-PheHb(up) w   
a
 Stereochemistry has been omitted; 

b 
up = upfield, dw = downfield;

 c
 vs = very strong, s = strong, m = medium, w = 

weak. 
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Figure 9. Top (left) and side (right) view of the intermediate anion A of Scheme 1, calculated for the cyclization of the 

model peptide Ts-Ala-Ser-NH2 with DSC and DIPEA, employing ab initio molecular orbital (MO) theory. A systematic 

conformational analysis for the structures was done at the HF/6-31G* level. The conformers were re-optimized at the 

HF/6-31G** level. Backbones are rendered in balls-and-cylinders, hydrogen atoms in sticks. Optimization was performed 

by conjugate gradient algorithm, convergence at 0.001; energies are expressed in Kcal mol
-1
. DIPEAH

+ 
was included in 

the computations, but is not visualized for clarity. 
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Chapter 5 

First example of b
2
-Freidinger lactam analogs: synthesis and conformational analysis of Amo ring 

 
Constrained peptidomimetic scaffolds are of considerable interest for the design of therapeutically useful analogues of 

bioactive peptides. In this chapter is presented the single step cyclization of (S)- or (R)-a-hydroxy-b
2
- or a-substituted-a-

hydroxy-b
2,2

-amino acids already incorporated within oligopeptides to 5-aminomethyl-oxazolidine-2,4-dione (Amo) rings. 

These scaffolds can be regarded as unprecedented b
2
- or b

2,2
-homo Freidinger lactam analogs, and can be equipped with a 

proteinogenic side chain at each residue. In a biomimetic environment Amo rings act as inducers of extended, semi-bent or 

folded geometries, depending on the relative stereochemistry and the presence of a-substituents. 

5.1. Introduction  

Although native biologically active peptides have a great potential for medical and biotechnological applications,
1
 their utility 

is reduced by severe inherent limitations, in particular poor stability against proteolytic breakdown and scarce biodistribution 

and bioavailability properties.
2
 Besides, peptides tend to be quite flexible, and conformations are highly dependent on 

environment, leading to modest receptor selectivity. These issues have been addressed by the design of highly stable and 

conformationally constrained peptidomimetics,
1,2 

i.e.
 
compounds whose pharmacophoric and stereostructural elements mimic 

the bioactive structure of the parent peptides.
3
 

One approach to obtaining more rigid peptidomimetics
1-3 

is to incorporate local constraints using conformationally restricted 

amino acid units or modified peptide backbones. Global constraints are introduced for instance via cyclization or by replacing 

portions of the peptides with non-peptide structures. In this context, large effort has been dedicated to design scaffolds 

mimicking turn structures. b-Turns are common motifs in peptide structures (Figure 1), and very often are critical to peptide 

conformational stability and many interactions correlated to a variety of biological processes.
3,4 

Native ɓ-turns involve four 

residues with CŬ(i) to CŬ(i+3 ) distances of less than 7.0 Å, and form a hydrogen-bond C=O(i)· · ·H-N(i+4) (1->4-type).
5
 As a 

consequence, small scaffolds which reproduce these features have been extensively investigated to discover compounds that 

can mimic or disrupt turn-mediated recognition events.
6 
For instance, the prototypic Freidinger lactam dipeptides

2,4,7
 have been 

widely used to constrain peptide conformations, stabilizing turn structures and acting as strand inducers (Figure 1).
8 

 

Figure 1. Sketch of a b-turn, a classic Freidinger lactam, and the Ŭ-amino-ɓ-lactam approach. 

However, the scaffold-strategy resulted in limited success with bioactive peptide ligands where the non-peptide or 

pseudopeptide scaffold itself contains most of the pharmacophore elements.
3,6 

Frequently, the side chains at some fundamental 

positions are not maintained, or one of the amino acids is omitted on the basis of the hypothesis that some residues play a 

structural rather than a recognition role, e.g. Pro or Gly at position i+1  of a b-turn.
6,9 

Therefore, the structures of the turn 

mimetics may lack some relevant pharmacophores for specific targets. An example is represented by the early Freidinger 

lactams, (Figure 1) obtained by sacrificing the i+1  side chain with the formation of 5- to 8-membered rings. To overcome this 

limit, many efforts have been dedicated to the preparation of a-substituted lactams;
10

 for instance, Palomo et al. proposed the 

separation of constraint and recognition elements, and introduced a Ŭ-alkyl-Ŭ-amino-ɓ-lactam rings placed at the position i+1  

residue as potent nucleators of b-turns (Figure 1).
11

 

Besides, the preparation of the constrained mimetics may require multi-step procedures, resulting in low overall yields, and 

many synthetic methods lack flexibility and are therefore not suited to introduce diversity.
6
 As a consequence, the development 

of a expedient procedure to constrain a peptide while maintaining all of the pharmacophores is of considerable interest. 

During my thesis work, we have been interested in the rapid and simple ring closure of b-hydroxy-a-amino acids into turn-

inducer scaffolds. In the previous chapter is illustrated that the reaction of N-arylsulfonyl-peptides containing L- or D-

configured Ser and/or other b-hydroxy-a-amino acids (Thr, PhSer), with N,Nǋ-disuccinimidyl carbonate (DSC) and a catalytic 

amount of DIPEA, gave rise in a single step to the formation of oxazolidinone (Oxd) ring(s) (Scheme 1).
12

 Under the same 
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conditions, the corresponding Fmoc- or Boc-peptides gave elimination to dehydroalanine, in agreement to the literature,
13

 

suggesting that the N-sulfonyl group effectively promoted the cyclization. 

 

Scheme 1. Reaction of peptides containing Ser (top) or isoSer (bottom) with DSC. 

Another part of this project is been the development of a single step procedure to lock the geometry of a oligopeptide by 

cyclization of a-hydroxy-b
2
-amino acids or  a-substituted-a-hydroxy-b

2,2
-amino acids, already present in the sequence, to 5-

aminomethyloxazolidine-2,4-dione rings (Amo). These unusual heterocyclic scaffolds (Scheme 1 and Figure 2) can be 

regarded as b
2
- or b

2,2
-homo variants of a classic Freidinger lactam and can be equipped with a side chains at each a-position. 

5.2. Results and Discussion 

5.2.1. Synthesis 

On repeating the same protocol of Scheme 1 on a peptide containing the a-hydroxy-b
2
-amino acid isoSer, we observed, not 

totally unexpected, a different outcome: the reaction gave exclusively the cyclization to 5-aminomethyloxazolidine-2,4-dione 

(Amo) comprising isoSer and the following amino acid (Scheme 1). To our knowledge, this peptide represents the first 

example of conformationally constrained peptide containing a oxazolidine-2,4-dione scaffold; in general, this heterocycle has 

been described and utilized very few times in organic or medicinal chemistry.
14 

Under the structural point of view Amo can be regarded as a novel constrained b
2
-amino acid. Among the b-amino acids, the 

b
2
-amino acids are less synthetically feasible respect to their b

3
-counterparts (Figure 2).

15
 Besides, the cyclic structure of 

Amo, achieved via acylation of the backbone nitrogen atom, embraces two consecutive amino acids, therefore  introducing a 

global constraint of C(i)-N(i+1)-type
3a 

in the sequence. This kind of short range cyclizations
16

 can significantly reduce the 

conformational space accessible to the peptide segment in which they are incorporated. In this perspective, the Amo ring can 

be regarded as a novel b
2
-homo-analogue of a Freidinger lactam (Figure 2).

17
 Structures combining the conformational 

properties of the Freidinger lactams with the stability of the b-amino acids have been the subject of much interest by Gmeiner 

and co. and some other groups;
18

 however, in all cases the reported structures were b
3
-homo variants of Freidinger lactams 

(Figure 2). 

 

Figure 2. Structures of b
2
-, b

2,2
-, and b

3
-amino acids (top), and comparison of a classic Freidinger lactam composed of all a-

amino acids (middle), with the b
2
- and b

2,2
-homo Amo variants, and with a Gmeinerôs b

3
-homo lactams

18
 (bottom). 

Finally, the Amo-Phe sequence of Scheme 1 might also represent a constrained dipeptide unit composed of b
2
 and  

a residues, of potential interest for the design of a/b-hybrid foldamers
19

 showing unprecedented secondary structures (see 

also the section ñConformational propertiesò). Indeed, unexpected conformational effects have been often observed when b
2
-

amino acids were present in the backbone instead of the more common b
3
 residues.

15a
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This potential interest prompted us to exploit the cyclization to prepare oligopeptide sequences containing the unusual 

scaffold under different reaction conditions. Accordingly, we prepared a mini-library of di-, tri- or tetrapeptides containing 

(S)- or (R)-configured isoSer, equipped with different groups at the N-terminus, amide or ester at the C-terminus (Scheme 2), 

and we reacted these peptides with different carbonates or dicarbonates, in solution (Scheme 3, Table 1) or in the solid phase 

(Scheme 4, Table 1). 

 

Scheme 2. Synthesis of isoSer-containing peptides 1 and 2. 

The dipeptide Boc-isoSer-PheNH2 (1a) was prepared in solution by coupling Boc-isoSerOH and H-PheNH2 under MW 

irradiation,
20

 using HBTU/HOBt/DIPEA as activating agents (Scheme 2, i).  Boc-isoSerOH
21

 was prepared according to the 

literature. The isoSer building block was incorporated without a protection for the OH function. Under these reaction 

conditions,
12 

the acylation of the OH-function and thus the formation of a depsipeptide side product was not observed, as 

confirmed by the 
1
H NMR and RP-HPLC MS analyses of the crude reaction mixture. After purification by flash 

chromatography over silica gel, 1a was utilized for the following cyclization step (Scheme 3, Table 1). 

By using the same protocol, Boc-isoSerOH and (R)-H-PheNH2 gave 1b, while (R)-Boc-isoSerOH
21

 and H-PheNH2 gave 1c. 

The tripeptides 1d and 1e were prepared from Boc-isoSerOH and H-Phe-ValOMe (1d), or (R)-Boc-isoSerOH and H-Phe-

ValOMe (1e). The crude 1b-e were analysed by RP-HPLC MS and utilized as intermediates for the preparation of longer 

sequences without further purifications. The dipeptide H-Phe-ValOMe was prepared in turn from Boc-Phe-ValOMe,
22

 by 

treatment with 25% TFA in DCM. The same conditions were utilized for Boc deprotection of the di- or tripeptides 1a-e 

(Scheme 2).  

The peptide-TFA salts from 1a-e were subjected to coupling with Tosyl (Ts)-AlaOH under the above described conditions, 

giving the corresponding tri- or tetrapeptides 2a-e (Scheme 2). Ts-AlaOH was prepared as described in the literature.
23 

Finally, the tetrapeptide 2d was obtained from 1d and Boc-AlaOH. The tri- or tetrapeptides 2a-f were isolated by flash 

chromatography over silica gel, and their structures were assigned by 
1
H NMR and HPLC-MS. 

The reaction of the Ts-tripeptides 2a, b containing (S)- or (R)-isoSer, and of the diastereoisomeric 2c, with DSC and DIPEA 

for 1 h in DCM/DMF gave the corresponding Amo-peptides 3a-c with excellent yields (Scheme 3, Table 1, entries 1-3). 

Other carbonates or dicarbonates gave inferior results (Table 1: entry 4, triphosgene 55%; entry 5, Boc2O traces; entry 6, CDI 

70%). Good yields were obtained with DSC for the synthesis of tetrapeptides 3d-f having Val methyl ester at the C-terminus 

(entries 7 to 9), and for the minimalist dipeptide Boc-Amo-PheNH2 3g (entry 10).  
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Scheme 3. Regioselective cyclization of isoSer-containing peptides 2 to Amo-peptides 3. 

Different protecting groups at the N-terminus such as Boc (entries 9 and 10) and Ac (entry 11), gave results very close to Ts. 

Clearly, for the comparatively simpler cleavage, carbamate protecting groups represent the most obvious choice.
24 

Nevertheless, the literature reports several methods for the mild cleavage of arylsulfonyl groups.
24,25

 Recently, we 

successfully removed the Ts group from peptides containing the Oxd ring with iodotrimethylsilane,
12,26

 while the treatment 

with SmI2-pyrrolidine-water
27

 was less efficient. 

Table 1. Cyclization of peptides 1a and 2 containing isoSer to Amo-peptides 3. 

Entry    1/2         R isoSer         Phe         Rô                 carbonate          3         (%)a 

1 2a Ts-Ala S S NH2 DSC a 93 

2 2b Ts-Ala R S NH2 DSC b 90 

3 2c Ts-Ala S R NH2 DSC c 93 

4 2a Ts-Ala S S NH2 triphosgene a 55 

5 2a Ts-Ala S S NH2 Boc2O a traces 

6 2a Ts-Ala S S NH2 CDI a 70 

7 2d Ts-Ala S S ValOMe DSC d 90 

8 2e Ts-Ala R S ValOMe DSC e 93 

9 2f Boc-Ala S S ValOMe DSC f 91 

10 1a Boc S S NH2 DSC g 91 

11 2hb Ac-Ala S/R S Phe-Wang DSC hc 80d 



Chapter 5  
 

55 

 

The Ac-peptide 2h was prepared as a mixture of diastereoisomers from racemic isoSer (not protected at the OH function) by 

solid-phase synthesis (Scheme 4). N-Fmoc-protected amino acids were coupled on a standard Wang resin with 

HBTU/HOBt/DIPEA under MW irradiation (45°C).
12

 Fmoc deprotection was performed with 20% piperidine in DMF under 

MW irradiation. The resulting resin-bound peptide Ac-Ala-(S/R)-isoSer-Phe-Wang was then utilized for the following 

cyclization prior to cleavage by treatment with a moderate excess of DSC (3 equiv.) and DIPEA (1 equiv.) in 4:1 DCM/DMF 

for 2 h. The cleavage from resin was performed with TFA in DCM in the presence of scavengers. 

Analysis of the crude reaction mixture by RP-HPLC and ESI-MS revealed the presence of the two diastereomeric Amo-

peptide acids Ac-Ala-(S/R)-Amo-PheOH (3h) in 1:1 ratio, recovered in very satisfactory yield (80%, based on an average 

resin loading of 0.6 mmol/g) after semipreparative RP-HPLC (General Methods). 

 

Scheme 4. Solid-phase synthesis of Ac-tripeptides 3h. 

In all cases, epimerization during the cyclization of 2a-h was excluded on the basis of the NMR and HPLC analyses, 

including the HPLC on a chiral stationary phase (see General Methods). 

The structure of the ring closing products 3 was readily determined by 
1
H NMR and gCOSY. The disappearance of the 

PheNH resonance in the 
1
H NMR-spectrum, a significant downfield shift of PheHa, and the loss of the PheHa-PheNH 

coupling constant, accounted for the acylation of the adjacent Phe nitrogen. On the contrary, the proton pattern of the isoSer 

residue was maintained (apart from OH group), while the resonances of the Ala residue were practically unaffected.  

In principle, the cyclization of the isoSer residue with DSC could give rise also to the formation of a oxazolidin-2-one (Oxd) 

ring (Scheme 3, path b); this was obtained as the only product in peptides containing Ser (Scheme 1) or other b-hydroxy-a-

amino acids. The concomitant formation of traces of oxazolidinones by alternative cyclization was excluded on the basis of 

the HPLC, MS, and 
1
H NMR analyses of the crude reaction mixtures. Apparently, all reactions of 2a-h proceeded with 

complete regioselectivity giving exclusively the Amo ring. This observation prompted us to verify whether the ring closure 

to Oxd would occur when the former would be prevented by choosing sarcosine (Sar, N-methylglycine), as the C-terminal 

amino acid. Consequently, we synthesized the tripeptide Ts-Ala-isoSer-SarNH2 (2i), and we attempted the cyclization 

reaction under the same conditions as before (Scheme 5). In effect, after 1h the cyclization to the corresponding peptide Ts-

Ala-Oxd-SarNH2 (4) was observed, albeit in low yield (25%) compared to the Amo-peptides 3, the rest being the 

intermediate isoSer-O-carbonate. The yield was improved to 55% by using 1 equiv. of DBU (1,8-diazabicyclo[5.4.0]undec-

7-ene) instead of catalytic DIPEA, an excess of DSC (3 equiv.), higher temperatures (40ºC), and prolonged reaction times 

(6h). Apparently, the cyclization to Amo 3 seems to be favored respect to the alternative cyclization to Oxd 4. 

 

Scheme 5. Reaction of sarcosine-containing 2i to Oxd-peptide 4.  

Presumably, the cyclization to Amo proceeds via the five-membered anionic intermediate with endocyclic C=O (Scheme 3, 

path a, and Scheme 8). The loss of 2,5-dioxopyrrolidin-1-olate leaving group, rapidly protonated by DIPEAH
+
, leads to the 

Amo-peptide 3 and DIPEA, which can be utilized in catalytic amount. The detailed study of the reaction mechanism is 

beyond the scope of this work. Preliminary computations (Scheme 8) suggested that the intermediate with endocyclic C=O is 

significantly more stable than the alternative intermediate with hexocyclic C=O (Scheme 3, path b), precursor of the Oxd.  

The Amo ring proved to be remarkably stable when dissolved in common organic solvents and in water. On the other hand, it 

was reported in the literature that the carbamate increased the reactivity of the inner peptide bond towards reduction by 

NaBH4.
14

 Accordingly, 3b was regioselectively reduced at the position 4 of the 5-membered ring in very satisfactory yield, 
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giving exclusively the 4-hydroxy-5-aminomethyl oxazolidin-2-one 5 in trans relative stereochemistry (Scheme 6). The trans-

relationships between the two substituents was substantiated by the very small coupling constant JH4-H5 in the 
1
H NMR 

spectra. 4,5-Disubstituted trans-oxazolidin-2-ones are characterized by coupling constants much lower than that of the cis-

stereoisomers
28

 (equilibrium between anomers was not observed).  

 

Scheme 6. Regio and stereoselective reduction of the Amo ring. 

The ring closure to Amo ring was made possible by the sacrifice of the OH group of the a-hydroxy-b
2
-amino acid isoSer. 

Therefore, Amo represents a constrained b
2
-amino acid deprived of a side chain.

15 
For this reason, we exploited the 

opportunity to utilize a-substituted-a-hydroxy-b
2,2

-amino acids for preparing  Amo-derivatives carrying a explicit 

proteinogenic side chain. The isoSer derivatives are interesting members of the b
2
-amino acid family present in many 

bioactive compounds, e.g. Taxol, bestatin, protease inhibitors, etc., therefore several synthetic protocols have been developed 

for their synthesis in optically active form, including asymmetric catalysis, enzymatic resolution, and the use of chiral 

auxiliaries and building blocks.
15,29

 

As a prototype for a side chain substituted amino acid surrogate, we prepared the model non-racemic (S)- or (R)-a-methyl-

isoSer from a keto ester and nitromethane, using an adaptation of the catalytic enantioselective Henry reaction reported by 

Jørgensen, Scheme 5.
30

 Methyl pyruvate was reacted with nitromethane in the presence of Cu(II), TEA, and (R)- or (S)-t-Bu-

bisoxazoline (Box), giving in high yields (S)- or (R)-configured b-nitro-a-hydroxy ester 6a or 6b, respectively.
31

 The 

reduction of the nitro group gave the (S)- or (R)-b
2,2

-amino ester 7a
32

 or 7b, and the coupling with the other residues under 

MW irradiation and standard coupling agents gave the linear homochiral tetrapeptide 9a or the heterochiral 9b, respectively. 

The treatment with DSC and the base afforded the b
2,2

-homo Freidinger lactam analogues 10a and 10b bearing a substituent 

at each a-position, Scheme 7. 

 

Scheme 7. Synthesis of peptides 10 containing the (S)- or (R)-configured 5-methylAmo scaffold. 

5.2.2. Conformational properties 

For the novelty represented by the Amo scaffolds which incorporate (S)- or (R)-b
2
- or a b

2,2
-amino acid, we decided to 

investigate the conformations of the Amo-containing tetrapeptides. Indeed, it is well known that the introduction of a b
2
-

residue in a peptide sequence can lead to secondary structures quite different from that of sequences composed of all a-

residues.
15,19,33

  

Hofmann et al. have investigated by systematic theoretical analyses the intrinsic conformational preferences of Ac-b-amino 

amide monomers carrying single or multiple substitutions at the Ca and Cb backbone atoms. The most stable conformations 

were found to be different types of six- and eight-membered ring hydrogen bonded structures (C6, C8) corresponding to 

gauche rotamers around the Ca-Cb bond, a feature which is expected to promote local folding when incorporated into 

peptides.
33d,i

 

In a similar way, initially we performed theoretical studies to analyze the conformational preferences of representative 

models of unsubstituted and a-substituted Amo monomers, that we identified in the structures Ac-3-methylAmo (11a) and 

Ac-3,5-dimethylAmo (11b). According to the convention of Banerjee and Balaram,
33a 

the soft torsional degrees of freedom in 
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a b-amino acid are defined as f (N-Cb), q (Cb-Ca), and y (Ca-C=O), respectively (Figure 3). It is apparent that the central 

torsion angle q represents the most relevant geometric variable of Amo monomers. 

 

Figure 3. Minimum-energy conformations and relative energies of the +g, trans, and -g rotamers around the central 

backbone dihedral angle q of model compounds 11a and 11b. A systematic conformational analysis around f and q was 

performed in gas-phase employing DFT; ȹE are given in kcal/mol; f, q , and y, are given into brackets in degrees; Amo is 

rendered in balls and cylinders, the rest in sticks. 

The relative energies of the minimum-energy conformations of the +g, trans, and -g rotamers around angle q of 11a and 11b 

have been estimated in the gas-phase with the aid of theoretical studies,
34

 employing the density functional theory. The 

calculated relative energies in increasing order were: for 11a, +g < trans < -g; for 11b, +g < -g < trans (Figure 3). For both 

structures the global minimum was a +g conformer of q, which is consistent with the calculated geometries reported in the 

literature for b
2
- and disubstituted b

2,2
-amino acids, albeit the rigid angle y prevents the formation of the commonly observed 

6-membered hydrogen bonded pseudocycles (C6).
33

 For 11a, the -g conformer was by far the less stable. On the other hand, 

the presence of the methyl substituent at the position 5 of the Amo ring in 11b strongly reduced the ȹE between the +g 

global minimum and the -g rotamer, while the ȹE of the trans geometry was slightly higher (Figure 3).  

It is plausible that the geometric preferences of the Amo monomers could impact the conformations of Amo-containing 

oligopeptides. The computations indicated that the introduction of a bulk at the position a of the scaffold should increase the 

population of folded structures compared to unsubstituted Amo (Figure 3), since in the former the more extended trans 

rotamer was the least stable. Likely, when a a-substituted Amo scaffold as 11b is inserted into a peptide, the preponderance 

of +g and -g rotamers should consent to further stabilize folded geometries by intra-molecular hydrogen-bonding. In 

oligomers, the occurrence of inter-residue hydrogen bonds or other interactions between monomers may significantly 

influence the stability relationships between competing alternatives, albeit they are not the main driving force for the 

formation of the corresponding conformers themselves.
19,33

 Besides, polar solvents are expected to have a influence on the 

stability and conformation of molecules, and generally tend to reduce the ȹE between conformers.
33 

In order to experimentally determine the conformations of oligomers containing the Amo scaffolds, we performed a 

conformational analysis by NMR spectroscopy of the model tetrapeptides 3d and 3e, which include the unsubstituted (S)- or 

(R)-configured Amo scaffold, respectively, and 10a and 10b containing (S)- or (R)-5-methylAmo. To gain more information, 

analyses were occasionally performed on other Amo-peptides. The 
1
H NMR of the model compounds were recorded either in 

CDCl3 or in 8:2 [D6]DMSO/H2O; [D6]DMSO or mixtures of [D6]DMSO and H2O have been recommended by several 

authors as excellent representatives of biological fluids.
35

 The spectra showed a single set of resonances, suggestive of 

conformational homogeneity or a rapid equilibrium between conformers.  

In 100% CDCl3 amide protons that are hydrogen bonded are found downfield respect to non bonded protons. For all Amo-

oligopeptides, the chemical shifts of the amide protons appeared in the order AmoNH > ValNH > AlaNH. In particular, the 
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all-(S)- sequences 3d and 10a showed AmoNH resonances > 7.0 p.p.m., suggesting that these amide proton were bonded to a 

significant extent. 

The occurrence of intramolecular hydrogen bonding was deduced by analyzing the variations of the NH chemical shifts upon 

addition of increasing percentages of [D6]DMSO to solutions of the compounds in CDCl3 (Figure 4).  

During the titration of 3e and 10b AlaNH and AmoNH exhibited a moderate downfield shift, while ValNH was much more 

sensitive. For 3d, AmoNH was significantly less sensitive than AlaNH and ValNH. On the other hand, for 10a the chemical 

shifts of AlaNH and ValNH showed a marked variation, while that of AmoNH remained practically constant and is therefore 

less accessible. This suggested that in 10a AmoNH could be involved in a H-bond.
36

 

To gain more information, also the tripeptide 3a and 3c were analyzed by titration experiments (Figure 5). They both 

behaved as the tetrapeptides 3d and 10a, namely showing AmoNH possibly involved in a hydrogen bond, this observation 

reasonably excluding ValOMe as H-bond acceptor in the tetrapeptides. The reversal of configuration of the residue 3, from 

(S) in 3a to (R) in 3c, seemed to be well tolerated. 

 

Figure 4. Titration experiments: variation of NH proton chemical shift (p.p.m.) of 2 mM 3d, 3e, 10a, and 10b in CDCl3 as a 

function of increasing [D6]DMSO (% v/v). 

   

 

 

 

 

Figure 5. Titration experiments: variation of NH proton chemical shift (p.p.m.) of 2 mM 3a, 3c, 3f, in CDCl3 as a function of 

increasing [D6]DMSO (from 0 to 8 % v/v). 

Variable temperature (VT) NMR experiments were used to detect if amide protons were involved in intramolecular hydrogen 

bonding or are solvent exposed. The analyses were performed in CDCl3 and 8:2 [D6]DMSO/H2O (Table 1). In CDCl3, 3e and 

10b showed comparatively lower Dd/Dt values for ValNH respect to AlaNH and AmoNH (for 3e, Dd/Dt = -0.5 p.p.b./K; for 

10b, Dd/Dt = -1.0 p.p.b./K),
37 

suggestive of a preference for conformations having hydrogen bonded ValNH (|Dd/Dt| < or 

close to 2.0 p.p.b.ùK). For 3d and 10a, the Dd/Dt parameters in CDCl3 did not allow clear deductions. In [D6]DMSO/H2O, the 

Dd/Dt parameters of 3d, 3e, and 10b did not reveal any H-bonded amide proton. On the contrary, for 10a the chemical shift 

of AmoNH was significantly less sensitive to increasing temperature (Dd/Dt in [D6]DMSO/H2O = -2.1 p.p.b./K), indicating a 

plausible conformation having this amide proton involved in a hydrogen bond. 
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Table 2. Dd/Dt values (p.p.b.ùK) for the amide protons of 3d, 3e, 10a, 10b, in CDCl3 or 8:2 [D6]DMSO/H2O. 

compd                  solvent         AlaNH       AmoNH       ValNH 

3d 
CDCl3 -5.1 -4.9 -2.9 

8:2 [D6]DMSO/H2O -7.0 -6.3 -4.5 

3e 
CDCl3 -7.0 -4.0 -0.5 

8:2 [D6]DMSO/H2O -7.0 -6.6 -5.0 

10a 
CDCl3 -4.2 -4.1 -2.4 

8:2 [D6]DMSO/H2O -6.8 -2.1 -4.7 

10b 
CDCl3 -6.7 -3.9 -1.0 

8:2 [D6]DMSO/H2O -7.1 -5.8 -4.5 

  Table 3. Dd/Dt values (p.p.b./°K) for the amide protons of peptides 3a, 3b, 3c, 3f, 5, in CDCl3. 

Compd                            sequence AlaNH AmoNH ValNH    CONH2 

3a Ts-Ala-(S)-Amo-PheNH2 -15.1 -8.1 - -14.3/-9.7 

3b Ts-Ala-(R)-Amo-PheNH2 -8.6 -6.2 - -8.6/-8.0 

3c Ts-Ala-(S)-Amo-(R)-PheNH2 -8.4 -6.0 - -7.7/-9.5 

3f Boc-Ala-(S)-Amo-Phe-ValOMe -4.5 -5.0 -4.5 - 

5 Ts-Ala-(R)-5-hydroxyAmo-PheNH2 -14.7 -10.0 - -13.7/-11.0 

The model compounds were analyzed by 2D-ROESY. In CDCl3 the spectra displayed a modest number of non-obvious inter-

residue cross-peaks (not shown), which was indicative of conformational freedom. On the contrary, in the biomimetic 8:2 

[D6]DMSO/H2O the spectra were much more satisfactory, and revealed meaningful inter-residue cross-peaks.  

Very often, changes in solvent composition cause meaningful changes in the shape of the peptides. Generally, apolar solvents 

such as chloroform are expected to increase hydrogen bonding, due to the absence of competitive solvation of donors and 

acceptors by individual solvent molecules.
19,36-38

 Apparently, for the Amo-tetrapeptides, VT NMR and titration experiments 

in chloroform differently supported the possible existence or not of hydrogen bonds, accounting for a scarce conformational 

definition, as suggested also by ROESY analyses. This behavior was investigated and confirmed by means of FT-IR 

spectroscopy and Electronic Circular Dichroism (ECD) in a non competitive solvent (DCM). 

FT-IR spectroscopy in DCM was utilized to analyze the amide stretching regions. Normally, non bonded amide protons show 

a peak above 3400 cm
-1
, while bonded amide NH exhibit a peak below 3400 cm

-1
.
39

 The spectra of each tetrapeptide showed 

a peak > 3400 cm
-1
 and one or more peaks < 3400 cm

-1
 (Figure 6), indicative of equilibria between non bonded and multiple 

bonded structures.  

The compounds were dried in vacuo, and all the sample preparations were performed under nitrogen atmosphere. All infrared 

spectra were obtained for 1 mM solutions in dry DCM at 297 °K at 2 cm
ī1

 resolution, using a 1 mm NaCl solution cell and a 

FT-IR spectrometer (64 scans). (Figure 6).  
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Figure 6. Amide NH stretching regions of the IR absorption spectra for samples of 2 mM 3d, 3e, 10a, and 10b in DCM at r.t. 

Electronic Circular Dichroism (ECD) is a widely used technique for studying protein and peptide conformations. This 

technique is intrinsically a low-resolution method; however, it can furnish qualitative information on the presence of ordered 

secondary structures, although not too many examples on short peptides are reported.
40

 ECD spectra of the model 

tetrapeptides in DCM (Figure 7) showed a smooth negative band centered at about 240 nm. This observation could be 

compatible with the occurrence of non-classic ɓ-turns, since the n- *́ band of the latter generally appear near 225 nm.
40

 

ECD spectra were recorded from 200 to 400 nm at 25 °C. 1 mM solutions were made up in spectral grade solvents and run in 

a 0.1 cm quartz cell (Figure 7). Data are reported in molar ellipticity [q] (deg cm
2
 dmol

-1
). 

 

 

Figure 7. ECD spectra of 3d, 3e, 10a, and 10b recorded in DCM at r.t.; 3d and 10b are practically superimposed. 

Plausibly, the results of the various experiments in non competitive environments reflected the existence of equilibria 

between diverse hydrogen bonded and non-bonded structures, as well as distorted or weak intra-residue hydrogen bonds, 

which can be observed in peptides composed of a- and b-residues.
19,33,41

 On the other hand, in DMSO/water the analyses 

gave clues of higher conformational homogeneity. It has been demonstrated that cryoprotective mixtures of high viscosities, 

such as DMSO/water, showed a remarkable ability to favor compact structures representative of the bioactive conformers 

over disordered ones.
35,42 
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Figure 8. Sketches of the structures of 3d and 10a, and short-range (distances Ò 3 ¡) proton-proton ROESY correlations, 

indicated by arrows. Intra-residue and long-range (> 3 Å) correlations are not shown. Grey dashed arrows connect protons 

belonging to consecutive residues (i-i+1), while black solid arrows connect protons of non-consecutive residues (i-i+2 or i-

i+3). 

As anticipated, the 2D-ROESY of the model compounds in 8:2 [D6]DMSO/H2O gave analyzable cross-peaks. Compared to 

the tetrapeptides 3e and 10b (not shown), the homochiral 3d and 10a showed a comparatively larger number of short-range 

inter-residue proton-proton correlations (Figure 8). In particular, 10a displayed also several short-range cross-peaks between 

remote residues (for the complete list of cross-peaks, see Tables 4-7), suggestive of a folded structure. 

Cross-peak intensities were ranked to infer plausible inter-proton distances as restraints (Tables 4-7). Structures (50) 

consistent with ROESY were obtained by simulated annealing with restrained molecular dymamics (MD) in a box of explicit 

TIP3P equilibrated water molecules. With the exception of Amo-Phe, the w bonds were set at 180°; indeed, it is well 

established that peptides comprising only secondary amide bonds adopt all-trans conformations.
43 

In any case, the absence of 

Ha(i)-Ha(i+1) cross-peaks reasonably excluded the occurrence of cis peptide bonds.
44

 The structures were minimized with 

the AMBER force field
45

 and clustered by the rmsd analysis of backbone atoms. For each peptide, this procedure essentially 

gave one major cluster comprising the large majority of the structures. The representative structures of 3d, 3e, 10a, and 10b, 

with the lowest energy, were selected and analyzed (Figure 9). 

In the ROESY-derived structures of the homochiral tetrapeptides 3d and 10a, the Ts-Ala and Val-OMe moieties occupied the 

same side underneath the heterocycle. The Amo residue of 3d displayed a +g conformation about the central dihedral angle 

(q = +42°), and a partially bent disposition of the backbone (Figure 9). On the other hand, in 10a the central dihedral angle of 

Amo presented a -g conformation (q = -53°), and the peptide adopted a folded geometry compatible with an atypical turn 

centered on the dipeptide mimetic Amo-Phe. This secondary structure was stabilized by a clear 2->1-type H-bond between 

AmoNH and PheC=O, in agreement to the VT NMR temperature coefficient (Table 2). The representative structure of 10a 

shown in Figure 9 is characterized by the following dihedral angles (in degrees): Amo (f, q, y):  -106, -53, -119; Phe (f, y): 

+83, +143 (see also Figure 10). The distance between the amide nitrogen of Amo and the carbonyl oxygen of Phe is 3.0 Å, 

while that between AlaCŬ and PheCŬ is about 4.3 Å. 

 

Figure 9. Top, representative lowest energy structures 3d, 3e, 10a, and 10b, calculated by restrained MD in a 30x30x30 Å 

box of standard TIP3P water molecules. Backbones and Amo rings are rendered in balls and cylinders, the rest in sticks. 
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As for the tetrapeptides 3e and 10b, which include (R)-Amo scaffolds, the ROESY derived structures revealed more 

extended backbone conformations, with Ts-Ala and Val-OMe positioned at the opposite sides of Amo ring. For both 

compounds, the central dihedral angle of Amo adopted a -g conformation (3e: q = -64°; 10b: q = -55°). The marked 

differences between homo and hetero-chiral peptides are not unexpected, since it is well-known that short sequences may 

experience dramatic changes of backbone conformation by reversal of the configuration of even a single residue.
2,6,11

 

To analyze the dynamic behavior of the peptides, starting from the structures of Figure 9 we performed unrestrained MD 

simulations for 10 ns at 300 K in a box of explicit TIP3P water molecules. For all compounds, during the simulations the 

complete rotation of the Phe-Val moiety around the Amo-Phe bond was not observed; possibly, the two carbonyls at 

positions 2 and 4 of the Amo ring prevented this movement. The analyses of the trajectories of 10a showed that the folded 

geometry of the backbone was maintained during the simulation, albeit AmoNH and PheC=O were prone to rotate about the 

dihedral angles Amof and Phey, respectively, leading to a occasional fluctuation of the distance PheC=O-AmoN (Figure 8). 

The analyses of the trajectories of 3d, 3e, and 10b, did not reveal the occurrence of clear secondary structures (not shown), 

and confirmed the higher backbone mobility of heterochiral 3e and 10b. 

The role exerted by the residue i+ 3 on peptide conformation was not investigated. It can be expected that substitution of Phe
3
 

with other amino acids could modify the stability and geometry of the folded conformation.
8a,11c 

It was shown that peptides 

incorporating a central -lactam-Gly- pair can exhibit high conformational heterogeneity around the lactam-Gly bond, 

depending on the presence and relative disposition of the substituents of  the lactam scaffold.
8a,11b

 

On resuming the evidences of experimental results and theoretical computations, it can be perceived that the conformational 

features of 3d, 3e, and 10b, seem to be governed mainly by the stereochemistry and geometric preferences of the Amo 

scaffold, which preferentially adopt a +g orientation of the central torsion angle q (the -g conformation of (R)-Amo is 

equivalent to the +g of the (S)-enantiomer). For 10a, a significant population of bent conformers was expected on the basis of 

the higher stability of the -g conformer (Figure 3), correlated in turn to the presence of the a-substituent onto the Amo 

scaffold. This effect and the stabilization exerted by the 9-membered hydrogen bond appear as the major contributors to the 

folding of peptide 10a. 

 

Figure 10. Sketch of the pseudo b-turn of 10a stabilized by a 9-membered 2->1 H-bond induced by the (S)-Amo scaffold, 

and relevant dihedral angles (deg) (a); a ideal b-turn showing the 10-membered 1->4 H-bond (b); the peptide in ref.
46

 is 

characterized by 9-membered 2->1 H-bonds (grey dashed arrows) as observed for 10a, and distinct 11-membered i->i+3 

hydrogen bonds with opposite orientation (c);
 
anthranilic acid-Pro

47
 scaffold showing the 9-membered 2->1 H-bond, and 

relevant dihedral angles (deg) (d). 

The conformation adopted by the model peptide 10a in a solvent mimetic of biological fluids can be regarded as a pseudo b-

turn, being characterized by a CŬ(i) to CŬ(i+3) distance < 7.0 Å.
47

 This structure requires only the mixed b/a-dipeptide to 

display the closed hydrogen-bonded network (Figure 10a). The dipeptide Amo-Phe contains a 9-membered hydrogen bonded 

ring between AmoNH and PheC=O of type 2->1. This structure is in contrast to native ɓ-turns (Figure 10b), which involve 

four residues to form the hydrogen-bonded structure in the opposite direction (residues 1->4). To our knowledge, 10a 

represents a very rare example of short sequence showing this kind of pseudo b-turn,
48

 while it was observed in linear 

oligomers composed of repetitive a/b-units (e.g. Figure 10c, d).  

The secondary structure formed by a given type of hybrid a/b-oligomer depends on the number and substitution of the a- or 

b-residues within the units, on their stereochemistry pattern, and conformational restraints such as the incorporation of cyclic 

structures within the amino acid. A variety of secondary structures have been reported in the literature, stabilized by 10- to 

15-membered hydrogen bonded rings in both orientations of the backbone direction, while 9-membered H-bonded rings of 

type 2->1 have been described more seldom.
19,33

 



Chapter 5  
 

63 

 

Hofmann et al. have carried out a detailed theoretical study of a/b-peptides, demonstrating the stability of a mixed helix with 

a 9-membered hydrogen bond in the forward direction and an 11-membered hydrogen bond in the backward direction of the 

peptide chain in apolar solvents.
33f

 On the other hand, the peptide Boc-[(R)-Phe-(R)-b
3
-homo-Val]2-(R)-PheOMe (Figure 

10c),
46

 óheterochiralô because the b
3
-residues derived from L-a-residues, was shown to adopt a mixed structure characterized 

by one classic 11-membered i->i+3 hydrogen bond, and a distinct 9-membered 2->1 H-bond with opposite orientation.
49

 

More recently, the 2->1 9-membered hydrogen bond was described by Sanjayan and Rajamohanan
49

 in oligopeptide 

foldamers consisting of the repeating building blocks L-Pro and anthranilic acid, the latter as a rigid b-amino acid (Figure 

10d). The structure was explained as the result of the combined intrinsic conformational preferences of two local constraints 

and the repetitive a/b-hybrid structure.
19

 Replacing Pro with other residues had an adverse effect on the stabilization of this 

architecture. Later studies confirmed the stability of the turn motifs featuring the 9-membered hydrogen-bond also in 

tripeptides containing a distinct Ant-Pro scaffold.
48

 

Remarkably, the characteristic Freidinger-lactam-like structure of the mixed b
2
/a-dipeptide mimetic Amo-Phe consented 10a 

to adopt in a very competitive and biomimetic environment a significant population of folded geometries, without the 

concomitant assistance of further constraint-inducers, and without the cooperative effect of repetitive units. 

5.3. Conclusions 

The cyclization of isoSer incorporated into short peptides with DSC and DIPEA was performed either in solution or in solid 

phase with very good yields, and allowed preparing in a single step peptidomimetics containing the unusual 

aminomethyloxazolidin-2,4-dione (Amo) scaffold comprising isoSer and the following residue. This unusual scaffold 

represents a unprecedented b
2
-homo variant of the classic Freidinger lactam. Besides, the availability of optically pure a-

substituted a-hydroxy-b
2,2

-amino acids allowed preparing peptidomimetics carrying a single proteinogenic side chain at each 

residue. Conformational analyses indicated that the constrained a-substituted Amo tends to favour in homochiral oligomers a 

rare pseudo b-turn stabilized by a 9-membered hydrogen bond of type 2->1 in the opposite direction of the sequence. 

For the simple synthetic protocol and the atypical geometric features, the Amo ring deserves to be exploited for the design of 

new conformationally biased peptidomimetics or foldamers. The scope of the Amo scaffold could be extended by introducing 

a substituent with defined stereochemistry in the b-position of the Amo motif, thus providing a constrained b
2,3

-amino acids 

building block. Further studies could include the preparation and analysis of the conformational preference of oligopeptides 

composed of repetitive Amo units, alone or in combination with other residues. 

5.4. Experimental Section 

5.4.1. General Methods 

Standard chemicals (including Boc- or Fmoc-protected a-amino acids, (S)- and (R)-H-isoSerOH, Fmoc-rac-H-isoSerOH, 

(S)- and (R)-H-PheNH2, H-ValOMe, H-SarNH2), were purchased from commercial sources and used without further 

purification. Flash chromatography was performed on silica gel (230-400 mesh), using mixtures of distilled solvents. 

Compounds purities were assessed by analytical RP-HPLC and elemental analysis. Analytical RP-HPLC was performed on 

an Agilent 1100 series apparatus, using a RP column Phenomenex mod. Gemini 3m C18 110A 100x3.0 mm (P/No 00D-

4439-Y0); column description: stationary phase octadecyl carbon chain-bonded silica (C18) with TMS endcapping, fully 

porous organo-silica solid support, particle size 3 mm, pore size 110 Å, length 100 mm, internal diameter 3 mm;  DAD 210 

nm; mobile phase: from a 9:1 H2O-CH3CN to a 2:8 H2O-CH3CN in 20 min at a flow rate of 1.0 mL min
-1
, followed by 10 

min at the same composition. Semi-preparative RP-HPLC was performed on an Agilent 1100 series apparatus, using a RP 

column ZORBAX mod. Eclipse XDB-C18 PrepHT cartridge 21.2x150 mm 7m (P/No 977150-102); column description: 

stationary phase octadecyl carbon chain-bonded silica (C18), double endcapped, particle size 7 µm, pore size 80 Å, lenght 

150 mm, internal diameter 21.2 mm; DAD 210 nm; mobile phase from 8:2 H2O-CH3CN to 100% CH3CN in 10 min at a flow 

rate of 12 mL min
-1
. Chiral HPLC analysis was performed on an Agilent 1200 series apparatus, using a CHIRALPAK IC 

column (P/No 83325); column description: chiral stationary phase cellulose tris (3,5-dichlorophenylcarbamate) immobilized 

on silica, particle size 5 µm, lenght 250 mm, internal diameter 4.6 mm, DAD 210/254 nm; mobile phase: 3:1 n-hexane/2-

propanol, at 0.8 mL min
-1
.The RP-HPLC of compounds 3h, H-Phe-ValOMe, 7, Ts-Ala-a-Me-isoSerOH, was performed as 

reported above, with the addition of 0.1% TFA in the mobile phase, and setting DAD at 254 nm. ESI analysis was performed 

using a MS single quadrupole HP 1100MSD detector, with a drying gas flow of 12.5 l/min, nebulizer pressure 30 psgi, 

drying gas temp. 350°C, capillary voltage 4500 (+) and 4000 (-),  scan 50-2600 amu. Elemental analyses were performer 

using a Thermo Flash 2000 CHNS/O analyzer. High quality IR were obtained at 2 cm
-1
 resolution using a FT-IR 
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spectrometer and 1 mm NaCl solution cell. Electronic circular dichroism (ECD) spectra were recorded on a Jasco J-710 

spectropolarimeter. The synthetic procedures by MW irradiation were performed using a microwave oven (MicroSYNTH 

Microwave Labstation for Synthesis) equipped with a built-in ATC-FO advanced fiber optic automatic temperature control. 
1
H NMR spectra were recorded using a Varian Gemini apparatus at 400 MHz in 5 mm tubes, using 0.01 M peptide at room 

temperature. Solvent suppression was performed by the solvent presaturation procedure implemented in Varian (PRESAT). 
13

C NMR spectra were recorded at 100 MHz. Chemical shifts are reported as d values relative to residual CHCl3 dH (7.26 

p.p.m.), DMSO dH (2.50 p.p.m.) and CDCl3 dC (77.16 p.p.m.) as internal standards. The unambiguous assignment of 
1
H 

NMR resonances was performed by 2D gCOSY. VT-
1
H NMR experiments were performed over the range of 298-348 K; 

temperature calibration was done with the ethylene glycol OH-CHn chemical-shift separation method. 4.6 ɛm particle. 

5.4.2. Synthetic procedures 

Boc-(S)-isoSer-(S)-PheNH2 (1a). A stirred solution of Boc-isoSer-OH (0.20 g, 1.0 mmol) in 4:1 DCM/DMF (5 mL) was 

treated with HOBt (0.16 g, 1.2 mmol.) and HBTU (0.46 g, 1.2 mmol.), at r.t. and under nitrogen atmosphere. After 5 min, H-

PheNH2 (0.18 g, 1.1 mmol.) and DIPEA (0.42 mL, 2.4 mmol) were added, and the mixture was stirred under nitrogen 

atmosphere and under MW irradiation. The microwave-assisted reaction was performed with a initial irradiation power of 

150W, and monitoring the internal reaction temperature at 80°C with a built-in ATC-FO advanced fiber optic automatic 

temperature control. After 10 min, the mixture was concentrated at reduced pressure, and the residue was diluted with EtOAc 

(25 mL). The solution was washed with 0.1 M HCl (5 mL), and a saturated solution of NaHCO3 (5 mL). The organic layer 

was dried over Na2SO4 and the solvent was evaporated at reduced pressure. Peptide 1a was isolated (0.29 g, 80%, 91% pure 

by analytical RP-HPLC, see General Methods, Rt = 4.33 min) by flash chromatography over silica gel (eluant EtOAc/MeOH 

95:5). 
1
H NMR (CDCl3) d = 1.34 (s, 9H, t-Bu), 3.00-3.17 (m, 2H, PheHb), 3.20-3.36 (m, 2H, isoSerHb), 4.10 (m, 1H, 

isoSerHa), 4.59 (q, J = 6.8 Hz, 1H, PheHa), 5.38 (br.t, 1H, isoSerNH), 6.29 (s, 1H, CONH2), 6.79 (s, 1H, CONH2), 7.08-

7.12 (m, 3H, PheArH), 7.12-7.20 (m, 2H, PheArH), 7.61 (br.d, 1H, PheNH). ESI-MS m/z 374.4 (M+ Na)
+
, calcd 374.4 

Boc-(S)-isoSer-(R)-PheNH2 (1b); Boc-(R)-isoSer-(S)-PheNH2 (1c). The reaction of Boc-isoSerOH and (R)-H-PheNH2, or 

(R)-Boc-isoSerOH and H-PheNH2, using the same reagent quantities and under same MW-assisted conditions described for 

the preparation of 1a,
 
afforded dipeptides 1b or 1c, respectively. After the same work up, the crude 1b,c were precipitated 

from MeOH/Et2O and collected by filtration. The crude peptides were identified by ESI-MS, and purity was assessed by 

analytical RP-HPLC (General Methods). 1b (86%, 76% pure, Rt =  4.01 min) ESI-MS m/z 352.2 (M+1)
+
, calcd 352.4. 1c 

(85%, 78% pure, Rt =  3.49 min) ESI-MS m/z 352.3 (M+1)
+
, calcd 352.4. 

Boc-(S)-isoSer-(S)-Phe-ValOMe (1d); Boc-(R)-isoSer-(S)-Phe-ValOMe (1e). Boc- Phe-ValOMe
22

 (1.13 g, 3.0 mmol) was 

N-deprotected according to the General Procedure for Boc Deprotection, giving H-Phe-ValOMe-TFA salt in quantitative 

yield (90% pure by analytical RP-HPLC, see General methods, Rt = 1.82 min), identified by ESI analysis. ESI-MS m/z 279.2 

(M+1)
+
, calcd 279.2. The crude dipeptide was coupled with Boc-isoSerOH or Boc-(R)-isoSerOH using the same quantities 

and under same conditions described for the preparation of 1a,
 
affording dipeptides 1d or 1e, respectively. After the same 

work up, the crude 1d,e were analyzed by RP-HPLC ESI-MS (General Methods). 1d (82%, 75% pure, Rt = 4.30 min) ESI-

MS m/z 466.1 (M+1)
+
, calcd 466.2. 1e (80%, 73% pure, Rt = 4.62 min) ESI-MS m/z 466.2 (M+1)

+
, calcd 466.2. 

General Procedure for Boc Deprotection. The intermediate N-Boc peptides 1 (1.0 mmol) were deprotected by treatment with 

25% TFA in DCM (5 mL) while stirring at r.t. After 15 min, the solution was evaporated under reduced pressure, and the 

treatment was repeated. The residue was suspended in ice-cold Et2O (20 mL). The intermediate peptide-TFA salts which 

precipitated in almost quantitative yields were collected by centrifuge, and used for the next couplings without further 

purifications (80-85% pure by analytical RP-HPLC, General Methods). 

General Procedure for the Synthesis of Peptides 2e-f. The N-deprotected peptides-TFA salts prepared from peptides 1 as 

described above were subjected to coupling with Tosyl (Ts)-AlaOH or Boc-AlaOH in the same number of mmol and using 

the same procedure utilized for 1a, giving the corresponding tri- or terapeptides 2a-e or 2f, respectively. After the usual 

work-up, the peptides were isolated (80-85%) by flash chromatography over silica gel (eluant EtOAc/MeOH 95:5).  

Ts-(S)-Ala-(S)-isoSer-(S)-PheNH2 (2a). 90% pure by RP-HPLC (General Methods), Rt = 4.86 min. 
1
H NMR (CDCl3) d = 

1.00 (d, J=6.8 Hz, 3H, AlaMe), 2.37 (s, 3H, TsMe), 2.71 (ddd, J=5.0, 8.2, 13.8 Hz, 1H, isoSerHɓ), 2.88 (dd, J=7.8, 13.8 Hz, 

1H PheHɓ), 3.02 (dd, J=5.0, 13.8 Hz, 1H, PheHɓ), 3.20 (ddd, J=4.4, 6.2, 13.8 Hz, 1H, isoSerHɓ), 3.73 (dq, J=5.2, 6.8 Hz, 

1H, AlaHŬ), 3.79 (dd, J=4.4, 8.2 Hz, 1H, isoSerHŬ), 4.49 (ddd, J=5.0, 5.6, 7.8, 1H, PheHŬ), 5.86 (d, J=5.2 Hz, 1H, AlaNH), 

7.16-7.27 (m, 5H, PheArH), 7.35 (m, 2H, TsArH3,5), 7.51 (s, 1H, CONH2), 7.63-7.69 (m, 3H, TsArH2,6+PheNH), 7.77 (dd, 

J=5.0, 6.2 Hz, 1H, isoSerNH), 7.86 (s, 1H, CONH2). ESI-MS m/z 477.4 (M+H)
+
, calcd 477.2. 
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Ts-(S)-Ala-(R)-isoSer-(S)-PheNH2 (2b). 88% pure by RP-HPLC (General Methods), Rt = 4.16 min. 
1
H NMR (CDCl3) d = 

0.99 (d, J=6.8 Hz, 3H, AlaMe), 2.36 (s, 3H, TsMe), 2.86-2.98 (m, 2H, isoSerHɓ+PheHɓ), 3.01 (dd, J=4.8, 13.9 Hz, 1H, 

PheHɓ), 3.22 (ddd, J=4.6, 6.2, 13.8 Hz, 1H, isoSerHɓ),  3.74 (dq, J=5.0, 6.8 Hz, 1H, AlaHŬ), 3.78 (dd, J=4.6, 8.0 Hz, 1H, 

isoSerHŬ), 4.46 (ddd, J=4.8, 5.7, 7.6 Hz, 1H, PheHŬ), 5.79 (d, J=5.0 Hz, 1H, AlaNH), 7.16-7.27 (m, 5H, PheArH), 7.35 (m, 

2H, TsArH3,5), 7.51 (s, 1H, CONH2), 7.64-7.67 (m, 3H, TsArH2,6+PheNH), 7.75 (dd, J=4.8, 6.2 Hz, 1H, isoSerNH), 7.85 

(s,1H, CONH2). ESI-MS m/z 477.4 (M+H)
+
, calcd 477.2. 

Ts-(S)-Ala-(S)-isoSer-(R)-PheNH2 (2c). 91% pure by RP-HPLC (General Methods), Rt = 4.45 min. 
1
H NMR (CDCl3) d = 

1.18 (d, J=7.0 Hz, 3H, AlaMe), 2.42 (s, 3H, TsMe), 3.04 (dd, J=8.2, 14.0 Hz, 1H, PheHɓ), 3.23 (dd, J=6.0, 14.0 Hz, 1H, 

PheHɓ), 3.63 (ddd, J=4.8, 8.2, 13.8 Hz, 1H, isoSerHɓ), 3.68-3.78 (m, 2H, AlaHŬ+isoSerHɓ), 4.16 (m, 1H, isoSerHŬ), 4.49 

(dd, J=6.0, 6.4, 8.2 Hz, 1H, PheHŬ), 5.32 (d, J=2.4 Hz, 1H, isoSerOH), 5.93 (d, J=7.6 Hz, 1H, AlaNH), 6.34 (s, 1H, CONH2), 

6.79 (s, 1H, CONH2), 7.18-7.31 (m, 7H, TsArH3,5+PheArH), 7.61 (d, J=6.4 Hz, 1H, PheNH), 7.68 (dd, J=4.8, 6.0 Hz, 1H, 

isoSerNH), 7.75 (m, 2H, TsArH2,6). ESI-MS m/z 477.4 (M+H)
+
, calcd 477.2. 

Ts-(S)-Ala-(S)-isoSer-(S)-Phe-(S)-ValOMe (2d). 89% pure by RP-HPLC (General Methods), Rt = 4.90 min. 
1
H NMR 

(CDCl3) d = 0.84 (d, J=6.6 Hz, 3H, ValMe), 0.87 (d, J=6.8 Hz, 3H, ValMe), 1.17 (d, J=6.8 Hz, 3H, AlaMe), 2.10 (m, 1H, 

ValHɓ), 2.41 (s, 3H, TsMe), 3.13 (d, J=7.6 Hz, 2H, PheHɓ), 3.41 (ddd, J=5.6, 6.4, 14.0 Hz, 1H, isoSerHɓ), 3.49 (ddd, J=6.0, 

8.0, 14.0 Hz, 1H, isoSerHɓ), 3.69 (s, 3H, OMe), 3.79 (dq, J=6.8, 7.6 Hz, 1H, AlaHŬ), 4.13 (ddd, J=4.6, 6.0, 6.4 Hz, 1H, 

isoSerHŬ), 4.44 (dd, J=5.2, 8.4 Hz, 1H, ValHŬ), 4.70 (dt, J=7.6, 8.0 Hz, 1H, PheHŬ), 5.04 (d, J=4.6 Hz, 1H, isoSerOH), 6.14 

(d, J=7.6 Hz, 1H, AlaNH), 6.92 (d, J=8.4 Hz, 1H, ValNH), 7.18-7.30 (m, 7H, PheArH+TsArH3,5), 7.51 (dd, J=5.6, 8.0 Hz, 

1H, isoSerNH), 7.52 (d, J=8.0 Hz, 1H, PheNH), 7.73 (m, 2H, TsArH2,6). ESI-MS m/z 591.3 (M+H)
+
, calcd 591.4. 

Ts-(S)-Ala-(R)-isoSer-(S)-Phe-(S)-ValOMe (2e). 92% pure by RP-HPLC (General Methods), Rt = 4.78 min. 
1
H NMR 

(CDCl3) d = 0.93 (d, J=6.8 Hz, 3H, ValMe), 0.95 (d, J=7.2 Hz, 3H, ValMe), 1.15 (d, J=7.2 Hz, 3H, AlaMe), 2.15 (m, 1H, 

ValHɓ), 2.45 (s, 3H, TsMe), 3.00 (dd, J=7.4, 13.9 Hz, 1H, PheHɓ), 3.08 (dd, J=6.9, 13.9 Hz, 1H, PheHɓ), 3.43 (ddd, J=3.0, 

5.2, 14.2 Hz, 1H, isoSerHɓ), 3.74 (s, 3H, OMe), 3.87-3.95 (m, 2H, AlaHŬ+isoSerHɓ), 4.20 (dd, J=3.0, 6.2 Hz, 1H, 

isoSerHŬ), 4.51 (dd, J=5.8, 8.1 Hz, 1H, ValHŬ), 4.55 (ddd, J=6.9, 7.4, 8.0 Hz, 1H, PheHŬ), 6.39 (d, J=8.1 Hz, 1H, ValNH), 

7.19-7.34 (m, 10H, PheArH+TsArH3,5+AlaNH+PheNH+isoSerNH), 7.77 (m, 2H, TsArH2,6). ESI-MS m/z 590.3 (M+H)
+
, 

calcd 591.4 

Boc-(S)-Ala-(S)-isoSer-(S)-Phe-(S)-ValOMe (2f). 87% pure by RP-HPLC (General Methods), Rt = 4.86 min.  
1
H NMR 

(CDCl3) two conformers in 6:4 ratio d = 0.80 (d, J=7.2 Hz, 3H, ValMe), 0.83 (d, J=6.8 Hz, 3H, ValMe), 1.21major 

conf+1.26minor conf (d, J =6.8 Hz, 3H, AlaMe), 1.37 (s, 9H, t-Bu), 2.05 (m, 1H, ValHɓ), 3.01-3.11 (m, 2H, PheHɓ), 3.35 (m, 1H, 

isoSerHɓ), 3.48 (m, 1H, isoSerHɓ), 3.65 (s, 3H, OMe), 4.03-4.08 (m, 2H, AlaHŬ+isoSerHŬ), 4.38 (m, 1H, ValHŬ), 4.63 

(br.q, 1H, PheHŬ), 5.05minor conf+5.31major conf (br.d, 1H, AlaNH), 6.84 (br.d, 1H, ValNH), 7.19-7.23 (m, 6H, 

PhArH+isoSerNH), 7.55 (br.d, J=8.4 Hz, 1H, PheNH). ESI-MS m/z 536.6 (M+H)
+
, calcd 536.7 

Solid-phase synthesis of Ac-(S)-Ala-(S/R)-Amo-(S)-Phe-Wang (2h). Wang resin pre-loaded with Fmoc-PheOH (0.5 g, 0.4-

0.8 mmol/g, resin particle size: 100-200 mesh) was introduced into a reactor for SPPS. Fmoc was removed with 4:1 

DMF/piperidine (5 mL) under MW irradiation for 1 min under mechanical shaking (40W, monitoring the internal 

temperature at 45°C with a built-in ATC-FO advanced fiber optic automatic temperature control). The suspension was 

filtered, the resin was washed with DCM (5 mL) and treated with a second portion of DMF/piperidine as above described. 

Then the suspension was filtered, and the resin was washed three times in sequence with DCM (5 mL) and MeOH (5 mL). 

All coupling steps were performed according to the following General Procedure. The resin was swollen in DCM (5 mL), 

and a solution of the Fmoc-N-protected amino acid (0.6 mmol) and HOBt (0.6 mmol) in DMF (4 mL) was added at r.t. and 

under nitrogen atmosphere, followed by HBTU (0.6 mmol.) and DIPEA (1.2 mmol). The mixture was mechanically shaken 

under MW irradiation as above described, and after 10 min the resin was filtered and washed three times with the sequence 

DCM (5 mL) and MeOH (5 mL). Coupling efficacy was determined by means of the Kaiser test. All subsequent deprotection 

steps were performed as above reported. 

Ts-Ala-isoSer-SarNH2 (2i). Boc-isoSerOH and H-SarNH2 were coupled in the same quantities and by the same procedure 

utilized for the preparation of 1a
 
(MW assisted peptide synthesis). The crude Boc-isoSer-SarNH2 was recovered as descrived 

for 1b,c (85%, 78% pure by analytical RP-HPLC, General methods, Rt =3.17 min). The dipeptide was N-deprotected 

according to the General Procedure for Boc Deprotection, and the corresponding peptide-TFA salt was coupled with Ts-

AlaOH under above described conditions. 2i was isolated (70%, 92% pure by analytical RP-HPLC, see General Methods, Rt 

= 3.54 min) by flash chromatography over silica gel (eluant EtOAc/MeOH 95:5). 
1
H NMR (CDCl3) major conformer d = 
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1.11 (d, J=7.2 Hz, 3H, AlaMe), 2.37 (s, 3H, TsMe), 3.45 (s, 3H, SarMe), 3.64-3.76 (m, 2H, isoSerHb+AlaHa), 3.82 (J=4.4, 

6.2, 13.8 Hz, 1H, isoSerHɓ), 4.14 (d, J=18.2 Hz, 1H, SarHa), 4.20 (d, J=18.2 Hz, 1H, SarHa), 4.90 (br.t, 1H, isoSerHa), 

6.31 (d, J=6.8 Hz, 1H, AlaNH), 6.90 (s, 1H, CONH2), 7.20 (s, 1H, CONH2), 7.35 (m, 2H, TsArH3,5), 7.53 (dd, J=5.0, 6.2 Hz, 

1H, isoSerNH), 7.66 (m, 2H, TsArH2,6). ESI-MS m/z 401.2 (M+H)
+
, calcd 401.1. 

In-solution synthesis of Amo-peptides 3a-g, 10a and 10b. DSC (0.36 mmol) was added to a stirred solution of 1 (0.33 mmol) 

in 3:1 DCM/DMF (4 mL) followed by DIPEA (0.07 mmol) at r.t. and under nitrogen atmosphere. After 1 h, the solvent was 

removed under reduced pressure, the residue was diluted with 0.1 M HCl (5 mL), and the mixture was extracted three times 

with DCM (5 mL). The combined organic layers were dried over Na2SO4, solvent was evaporated at reduced pressure. The 

residue was purified by semi-preparative RP-HPLC (General Methods). 

Ts-(S)-Ala-(S)-Amo-(S)-PheNH2 (3a). 95% pure by RP-HPLC (General Methods), Rt = 6.41 min. 
1
H NMR (CDCl3) d = 

1.17 (d, J=6.8 Hz, 3H, AlaMe), 2.42 (s, 3H, TsMe), 3.48-3.58 (m, 3H, PheHɓ+AmoHɓ), 3.69 (ddd, J=4.0, 6.4, 13.8 Hz, 1H, 

AmoHɓ), 3.78 (dq, J=6.4, 6.8 Hz, 1H, AlaHŬ), 4.73 (dd, J=4.0, 7.6 Hz, 1H, AmoHŬ), 4.93 (t, J=8.4 Hz, 1H, PheHŬ), 6.10 

(br.d, J=6.4 Hz, 1H, AlaNH), 6.24 (s, 1H, CONH2), 6.52 (s, 1H, CONH2), 7.09 (br.t, 1H, AmoNH), 7.19 (m, 2H, TsArH3,5), 

7.20-7.34 (m, 5H, PhArH), 7.72 (m, 2H, TsArH2,6);
 13

C NMR (CDCl3) d = 18.4, 21.5, 33.8, 38.9, 52.7, 56.8, 76.7, 127.2, 

127.5, 128.9, 129.5, 129.9, 135.8, 136.3, 144.0, 154.7, 170.1, 171.6, 172.9. Elem. Anal. for C23H26N4O7S; calcd: C 54.97, H 

5.21, N 11.15, S 6.38; found: C 54.14, H 5.28, N 11.28, S 6.51. ESI-MS m/z 503.3 (M+H)
+
, calcd 503.2. 

Ts-(S)-Ala-(R)-Amo-(S)-PheNH2 (3b). 96% pure by RP-HPLC (General Methods), Rt = 6.32 min. 
1
H NMR (CDCl3) d = 

1.15 (d, J=7.1 Hz, 3H, AlaMe), 2.43 (s, 3H, TsMe), 3.37 (ddd, J=4.4, 4.8, 14.6 Hz, 1H, AmoHɓ), 3.52 (d, J=8.7 Hz, 2H, 

PheHɓ), 3.80 (dq, J=7.1, 8.2 Hz, 1H, AlaHŬ), 4.12 (ddd, J=4.2, 7.6, 14.6 Hz, 1H, AmoHɓ), 4.70 (dd, J=4.2, 4.4 Hz, 1H, 

AmoHŬ), 4.97 (t, J=8.7 Hz, 1H, PheHŬ), 6.28 (m, 2H, CONH2+AlaNH), 6.41 (s, 1H, CONH2), 6.99 (dd, J=4.8, 7.6 Hz, 1H, 

AmoNH), 7.23-7.31 (m, 5H, PheArH), 7.33 (m, 2H, TsArH3,5), 7.73 (m, 2H, TsArH2,6); 
13

C NMR (CDCl3) d = 18.7, 21.3, 

33.2, 38.5, 52.5, 55.8, 76.7, 126.8, 127.0, 128.5, 128.6, 129.5, 136.1, 137.0, 143.3, 153.9, 169.3, 170.8, 172.6. Elem. Anal. 

for C23H26N4O7S; calcd: C 54.97, H 5.21, N 11.15, S 6.38, found: C 56.07, H 5.11, N 10.93, S 6.27. ESI-MS m/z 503.3 

(M+H)
+
, calcd 503.2. 

Ts-(S)-Ala-(S)-Amo-(R)-PheNH2 (3c). 95% pure by RP-HPLC (General Methods), Rt = 6.88 min.  
1
H NMR (CDCl3) d = 

1.11 (d, J=7.2 Hz, 3H, AlaMe), 2.42 (s, 3H, TsMe), 3.45-3.52 (m, 3H, AmoHɓ+PheHɓ), 3.75-3.84 (m, 2H, AlaHŬ+AmoHɓ), 

4.69 (dd, J=4.0, 4.4 Hz, 1H, AmoHŬ), 4.91 (dd, J=6.4, 9.9 Hz, 1H, PheHŬ), 6.25 (d, J=7.2 Hz, 1H, AlaNH), 6.47 (s, 1H, 

CONH2), 6.79 (s, 1H, CONH2), 7.18-7.31 (m, 8H, TsArH3,5+PheArH+AmoNH), 7.73 (m, 2H, TsArH2,6); 
13

C NMR (CDCl3) 

d = 18.3, 21.0, 33.0, 38.5, 52.2, 55.6, 76.6, 126.6, 126.7, 128.3, 128.4, 129.3, 136.0, 136.8, 143.0, 153.8, 169.1, 170.3, 172.4. 

Elem. Anal. for C23H26N4O7S; calcd: C 54.97, H 5.21, N 11.15, S 6.38; found: C 55.62, H 5.16, N 11.24, S 6.20. ESI-MS m/z 

503.3 (M+H)
+
, calcd 503.2. 

Ts-(S)-Ala-(S)-Amo-(S)-Phe-(S)-ValOMe (3d). 96% pure by RP-HPLC (General Methods), Rt = 6.55 min. 
1
H NMR 

(CDCl3) d = 0.81 (d, J=6.4 Hz, 3H, ValMe), 0.88 (d, J=6.8 Hz, 3H, ValMe), 1.13 (d, J=7.2 Hz, 3H, AlaMe), 2.14 (m, 1H, 

ValHɓ), 2.39 (s, 3H, TsMe), 3.44 (ddd, J=3.5, 5.2, 14.4 Hz, 1H, AmoHɓ), 3.53 (d, J=8.6 Hz, 2H, PheHɓ), 3.63 (ddd, J=4.0, 

6.0, 14.4 Hz 1H, AmoHɓ), 3.73 (s, 3H, OMe), 3.82 (dq, J=7.2, 8.6 Hz, 1H, AlaHŬ), 4.51 (dd, J=4.8, 8.6 Hz, 1H, ValHŬ), 

4.67 (dd, J=3.5, 4.0 Hz, 1H, AmoHŬ), 4.95 (t, J=8.6 Hz, 1H, PheHŬ), 5.79 (d, J=8.6 Hz, 1H, AlaNH), 6.81 (d, J=8.6 Hz, 1H, 

ValNH), 7.00 (dd, J=5.2, 6.0 Hz, 1H, AmoNH), 7.23-7.33 (m, 7H, PheArH2+TsArH3,5), 7.68 (m, 2H, TsArH2,6); 
13

C NMR 

(CDCl3) d = 17.8, 18.8, 18.9, 21.4, 30.9, 34.1, 38.9, 52.3, 52.4, 57.4, 57.9, 77.3, 127.0, 127.4, 128.8, 128.9, 129.6, 135.7, 

136.9, 143.5, 154.4, 167.5, 171.1, 172.2, 172.5. Elem. Anal. for C29H36N4O9S; calcd: C 56.48, H 5.88, N 9.09, S 5.20; found: 

C 55.35, H 5.76, N 9.27, S 5.32. ESI-MS m/z 617.5 (M+H)
+
, calcd 617.2. 

Ts-(S)-Ala-(R)-Amo-(S)-Phe-(S)-ValOMe (3e). 94% pure by RP-HPLC (General Methods), Rt = 6.98 min. 
1
H NMR 

(CDCl3) d = 0.81 (d, J=6.8 Hz, 3H, ValMe), 0.89 (d, J=6.4 Hz, 3H, ValMe), 1.14 (d, J=7.0 Hz, 3H, AlaMe), 2.14 (m, 1H, 

ValHɓ), 2.44 (s, 3H, TsMe), 3.28 (ddd, J=3.0 3.4, 14.4 Hz, 1H, AmoHɓ), 3.54 (dd, J=8.0, 14.6 Hz, 1H, PheHɓ), 3.58 (dd, 

J=8.4, 14.6 Hz, 1H, PheHɓ), 3.77 (s, 3H, OMe), 3.87 (dq, J=7.0, 8.8 Hz, 1H, AlaHŬ), 4.28 (ddd, J=4.1, 9.0, 14.4 Hz, 1H, 

AmoHɓ), 4.49 (dd, J=5.0, 8.2 Hz, 1H, ValHŬ), 4.76 (dd, J=3.0, 4.1 Hz, 1H, AmoHŬ), 5.03 (dd, J=8.0, 8.4 Hz, 1H, PheHŬ), 

6.21 (d, J=8.8 Hz, 1H, AlaNH), 6.41 (d, J=8.2 Hz, 1H, ValNH), 6.78 (dd, J=3.4, 9.0 Hz, 1H, AmoNH), 7.30-7.34 (m, 5H, 

PheArH), 7.38 (m, 2H, TsArH3,5), 7.72 (m, 2H, TsArH2,6); 
13

C NMR (CDCl3) d = 17.8, 18.7, 18.9, 21.5, 30.9, 34.0, 38.3, 

52.4, 52.9, 55.5, 58.3, 77.8, 127.0, 127.1, 127.9, 128.8, 128.9, 129.2, 129.4, 129.8, 129.9, 135.3, 137.1, 143.7, 153.9, 167.4, 

171.2, 171.5, 172.5. Elem. Anal. for C29H36N4O9S; calcd: C 56.48, H 5.88, N 9.09, S 5.20; found: C 55.57, H 5.97, N 8.90, S 

5.04. ESI-MS m/z 617.5 (M+H)
+
, calcd 617.2. 
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Boc-(S)-Ala-(S)-Amo-(S)-Phe-(S)-ValOMe (3f). 95% pure by RP-HPLC (General Methods), Rt = 7.02 min. 
1
H NMR 

(CDCl3) d = 0.84 (d, J=6.4 Hz, 3H, ValMe), 0.92 (d, J=6.8 Hz, 3H, ValMe), 1.25 (d, J=6.0 Hz, 3H, AlaMe), 1.42 (s, 9H, t-

Bu), 2.18 (m, 1H, ValHɓ), 3.42 (ddd, J=4.4, 5.6, 14.4 Hz, 1H, AmoHɓ), 3.53 (d, J=8.5 Hz, 2H, PheHɓ), 3.76 (s, 3H, OMe), 

3.84 (ddd, J=4.8, 7.2, 14.4 1H, AmoHɓ), 4.16 (m, 1H, AlaHŬ), 4.56 (dd, J=4.8, 8.2 Hz, 1H, ValHŬ), 4.74 (dd, J=4.4, 4.8 Hz, 

1H, AmoHŬ), 4.95 (t, J=8.5 Hz, 1H, PheHŬ), 5.30 (br.d, 1H, AlaNH), 6.81 (d, J=8.2 Hz, 1H, ValNH), 6.87 (dd, J=5.6, 7.2 

Hz, 1.H, AmoNH), 7.23-7.34 (m, 5H, PheArH); 
13

C NMR (CDCl3) d = 17.6, 18.5, 18.9, 25.4, 25.5, 28.2, 30.9, 34.2, 38.8, 

50.0, 52.4, 57.3, 57.7, 76.6, 127.5, 128.6, 128.8, 129.0, 135.5, 152.1, 154.4, 168.7, 171.4, 172.3, 173.9. Elem. Anal. for 

C27H38N4O9; calcd: C 57.64, H 6.81, N 9.96; found: C 56.66, H 6.95, N 10.11. ESI-MS m/z 585.3 (M+Na)
+
, calcd 585.3. 

Boc-(S)-Amo-(S)-PheNH2 (3g). 96% pure by RP-HPLC (General Methods), Rt = 6.88 min. 
1
H NMR (CDCl3) d = 1.42 (s, 

9H, t-Bu), 3.23 (ddd J=4.4, 5.4, 14.6 Hz, 1H, AmoHb), 3.43 (ddd, J=4.0, 7.8, 14.6 Hz, 1H, AmoHb), 3.46-3.53 (m, 2H, 

PheHb), 4.70 (dd, J=4.0, 4.8 Hz, 1H, AmoHa), 4.85-4.94 (m, 2H, AmoNH+PheHa), 5.84 (br.s, 1H, CONH2), 6.43 (br.s, 1H, 

CONH2), 7.20 (d, J=6.8 Hz, 2H, PheArH), 7.26-7.35 (m, 3H, PheArH); 
13

C NMR (CDCl3) d = 28.2, 33.5, 38.5, 56.0, 79.8, 

80.9, 127.1, 128.7, 128.4, 136.5, 154.3, 155.7, 169.4, 171.1. Elem. Anal. for C18H23N3O6; calcd: C 57.29, H 6.14, N 11.13; 

found: C 58.43, H 6.26, N 10.91. ESI-MS m/z 400.4 (M+Na)
+
, calcd 400.2. 

Solid-phase synthesis of Ac-(S)-Ala-(S/R)-Amo-(S)-PheOH (3h). The resin-bound peptide 2h was suspended in 3:1 

DCM/DMF (4 mL), and DSC (0.9 mmol) and DIPEA (0.3 mmol) were added at r.t. and under nitrogen atmosphere. The 

reaction was conducted under mechanical shaking for 2 h, then the suspension was filtered, and the resin was washed three 

times in sequence with DCM (5 mL) and MeOH (5 mL). 

The resin-bound peptide was suspended in a solution of TFA (4.8 mL), H2O (0.20 mL), and PhOH (0.050 g), in DCM (5 

mL), and mechanically shaken at r.t. After 2 h, the mixture was filtered, the resin was washed twice with 10% TFA in Et2O 

(5 mL) and twice Et2O (5 mL). Filtrate and washes were collected, and solvent and volatiles were removed under N2 flow at 

r.t. The resulting residue was suspended in ice-cold Et2O, and the crude solid which precipitated was triturated and collected 

by centrifuge. The Amo-peptide acid 3h was isolated as a 1:1 mixture of diastereoisomers by semipreparative RP-HPLC (see 

General Methods) (80% based on the average resin loading of 0.6 mmol/g; >95% pure by analytical RP-HPLC). 
1
H NMR 

([D6]DMSO) d = 1.14+1.16 (d, J=8.0 Hz, 6H, AlaMe), 1.81 (s, 6H, Ac), 2.83 (ddd, J=3.2, 4.0, 14.2 Hz, 1H, AmoHɓ), 3.17-

3.29 (m, 3H, AmoHɓ+PheHɓ), 3.38-3.48 (m, 3H, AmoHɓ+PheHɓ), 3.49 (ddd, J=3.6, 8.6, 14.4 Hz 1H, AmoHɓ), 4.17-4.26 

(m, 2H, AlaHŬ), 4.82-4.94 (m, 2H, PheHŬ), 4.97 (dd, J=3.6, 7.2 Hz, 1H, AmoHŬ), 5.10 (dd, 3.2, 7.6, 1H, AmoHŬ), 7.18-

7.30 (m, 10H, PhArH), 7.90 (br.d, 1H, AlaNH), 7.92-8.04 (m, 2H, AlaNH+AmoNH), 8.19 (br.t, 1H, AmoNH); 
13

C NMR 

([D6]DMSO) d = 18.1, 18.2, 33.0, 33.1, 48.0, 48.1, 54.2, 54.5, 77.8, 78.1, 126.9, 128.1, 128.5, 128.8, 128.9, 129.1, 136.6, 

136.7, 154.0, 168.9, 169.0, 170.3, 170.4, 172.1, 172.7. 173.0, 173.1. Elem. Anal. for C18H21N3O7; C 55.24, H 5.41, N 10.74; 

found: C 54.14, H 5.52, N 10.55. ESI-MS m/z 392.2 (M+H)
+
, calcd 392.2. 

Ts-Ala-Oxd-SarNH2 (4). A solution of peptide 2i (0.1 g, 0.25 mmol) in 3:1 DCM/DMF (4 mL) was treated with DSC (0.20 

g, 0.75 mmol) and DBU (38 mL, 0.25 mmol) at 40°C and under nitrogen atmosphere. After 6 h the reaction was stopped and 

work-up was done as described for the synthesis of 3a-g. The Oxd-peptide 4 was isolated by semi-preparative RP-HPLC (58 

mg, 55 %, 94% pure by RP-HPLC, general Methods, Rf = 4.60 min). 
1
H NMR (CDCl3) major conformer d = 1.32 (d, J=7.3 

Hz, 3H, AlaMe), 2.40 (s, 3H, TsMe), 3.47 (s, 3H, SarMe), 3.90 (dd, J=4.2, 8.6 Hz, 1H, OxdH4), 4.09 (d, J=18.0 Hz, 1H, 

SarHa), 4.12 (dd, J=8.6, 9.3 Hz, 1H, OxdH4), 4.24 (d, J=18.0 Hz, 1H, SarHa), 5.11 (dq, J=7.3, 8.8 Hz, 1H, AlaHa), 5.45 

(dd, J=4.2, 9.3 Hz, 1H, OxdH5), 6.07 (br.s, 1H, CONH2), 6.38 (br.s, 1H, CONH2), 6.44 (m, 2H, CONH2+AlaNH), 7.18 (m, 

2H, TsArH3,5), 7.75 (m, 2H, TsArH2,6); 
13

C NMR ([D6]DMSO) d = 18.5, 20.8, 39.1, 38.6, 50.7, 60.5, 85.4, 128.3, 129.3, 

137.6, 141.5, 153.1, 168.4, 169.1, 175.0. Elem. Anal. for C17H22N4O7S; C 47.88, H 5.20, N 13.14; found: C 47.11, H 5.12, N 

13.29. ESI-MS m/z 427.1 (M+H)
+
, calcd 427.1. 

Ts-(S)-Ala-(4R,5R)-4-hydroxy-5-aminomethylOxd-(S)-PheNH2 (5). NaBH4 (4 mmol) was added to a solution of the 3b (0.4 

mmol) in MeOH (4 mL) at 0°C under nitrogen atmosphere. The mixture was stirred for 7 h, then the reaction was stopped 

with acetone (4 mL). The reaction mixture was concentrated at reduced pressure, and the residue was diluted with water 

(5mL), and extracted three times with DCM (5mL). The collected organic layers were dried with Na2SO4, filtered, and 

concentrated at reduced pressure. The residue was purified by semi-preparative RP-HPLC (see General Methods) giving 5 

(85%, 95% pure by RP-HPLC, general Methods, Rf = 5.12 min). 
1
H NMR (CDCl3) d = 1.17 (d, J=6.8 Hz, 3H, AlaMe), 2.44 

(s, 3H, TsMe), 3.04 (ddd, J=3.4, 5.0, 14.6 Hz, CH2N), 3.14-3.25 (m, 2H, CH2N+PheHɓ) 3.34 (dd, J= 7.6, 14.0 Hz, 1H, 

PheHɓ), 3.73 (dq, J=6.8, 7.2 Hz, 1H, AlaHŬ), 4.35 (br.t, 1H, OxdH5), 4.84 (dd, J=7.6, 8.6 Hz, 1H, PheHŬ), 5.21 (br.s, 1H, 

OxdH4), 5.95 (br.s, 1H, CONH2), 6.03 (d, J=7.2 Hz, 1H, AlaNH), 6.63 (br.s, 1H, CONH2), 7.08 (dd, J=5.0, 6.8 Hz, 1H, 

CH2NH), 7.27-7.35 (m, 7H, PhArH+TsArH3,5), 7.73 (m, 2H, TsArH2,6); 
13

C NMR (CDCl3) d = 19.2, 20.8, 34.8, 40.1, 52.7, 
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60.2, 79.7, 81.6, 125.7, 127.0, 127.6, 128.8, 129.0, 129.3, 130.1, 135.5, 138.1, 144.2, 157.3, 171.2, 172.9. Elem. Anal. for 

C23H28N4O7S; calcd: C 54.75, H 5.59, N 11.10, S 6.36; found: C 53.98, H 5.64, N 11.32, S 6.55. ESI-MS m/z 527.0 

(M+Na)
+
, calcd 527.2. 

Ts-(S)-Ala-(S)-a-Me-isoSerOMe (8a). Nitromethane (1.5 mL), methyl pyruvate (50 mL, 0.5 mmol, and TEA (14 mL, 0.1 

mmol) were mixed in the presence of Cu(OTf)2 (36 mg, 0.10 mmol) and 2,2ô-isopropylidenebis[(4R)-4-tert-butyl-2-

oxazoline] (31 mg, 0.10 mmol), as described in the literature (Ref.
30 

main text). The reaction mixture was filtered through a 

plug of silica, and solvent was removed at reduced pressure. The resulting crude a-nitro-(S)-hydroxy ester 6a obtained in 

quantitative yield was identified by RP-HPLC-ESI analysis, and was utilized without further purifications (81 mg, 99%, 85% 

pure by RP-HPLC analysis, Rt = 2.04 min, 87% e.e. as determined by chiral HPLC analysis of the crude mixture, see 

General Methods). ESI-MS m/z 186.2 (M+Na)
+
, calcd 186.1. Compound 6a was dissolved in EtOH (6 mL) and treated with 

10% Pd/C (100 mg) and H2 at atmospheric pressure for 6 h at r.t. giving after filtration over celite and evaporation of solvent 

at reduced pressure the 3-amino-2-hydroxy-2-methyl-propionic ester 7a in quantitative yield (67 mg, 99%, 82% pure by RP-

HPLC analysis, see General Methods, Rt = 1.67 min) utilized for the next step without purification. ESI-MS m/z 134.1 

(M+H)
+
, calcd 134.1. The crude 7a was coupled with Ts-AlaOH (120 mg, 0.5 mmol) by using the same procedure described 

for the synthesis of 1a. After the usual work up the dipeptide 8a (140 mg, 80%, 88% pure by RP-HPLC analysis, see General 

Methods, Rt = 3.85 min) was isolated by flash chromatography over silica gel (eluant: EtOAc: cyclohexane 2/8). 
1
H NMR 

(CDCl3) d = 1.25 (d, J=6.7 Hz, 3H, AlaMe), 1.40 (s, 3H, Me-isoSer), 2.44 (s, 3H, TsMe), 3.32 (dd, J=6.0, 14.0 Hz, 

isoSerHɓ), 3.66-3.83 (m, 5H, AlaHŬ+Me-isoSerHɓ+COOMe), 4.95 (br.d, J=8.4 Hz, 1H, AlaNH), 6.47 (dd, J=5.0, 6.0 Hz, 

1H, isoSerNH),7.33 (m, 2H, TsArH3,5), 7.75 (m, 2H, TsArH2,6). ESI-MS m/z 359.3 (M+H)
+
, calcd 359.1. 

Ts-(S)-Ala-(R)-a-Me-isoSerOMe (8b). The reaction of nitromethane and methyl pyruvate in the same quantities as described 

for the preparation of 6a in the presence of 2,2ô-isopropylidenebis[(4S)-4-tert-butyl-2-oxazoline] gave 6b in quantitative 

yield (87% pure by RP-HPLC analysis, Rt = 2.04 min, 89% e.e. as determined by chiral HPLC analysis of the crude mixture, 

see General Methods). ESI-MS m/z 186.1 (M+Na)
+
, calcd 186.1. The reduction to b-amino ester 7b and coupling with Ts-

AlaOH gave 8b after purification by flash chromatography (150 mg, 84%, 93% pure by RP-HPLC analysis, see General 

Methods, Rt = 3.85 min) was done as described for 8a. 
1
H NMR (CDCl3) d = 1.23 (d, J=6.7 Hz, 3H, AlaMe), 1.37 (s, 3H, 

Me-isoSer),  2.44 (s, 3H, TsMe), 3.20 (dd, J=4.8, 13.6 Hz, isoSerHɓ), 3.66-3.83 (m, 5H, AlaHŬ+isoSerHɓ+COOMe), 5.06 

(br.d, J=8.0 Hz, 1H, AlaNH)), 6.65 (br.t, 1H, isoSerNH), 7.33 (m, 2H, TsArH3,5), 7.75 (m, 2H, TsArH2,6). ESI-MS m/z 359.3 

(M+H)
+
, calcd 359.1. 

Ts-(S)-Ala-(S)-a-Me-isoSer-(S)-Phe-(S)-ValOMe (9a). The dipeptide ester 8a (140 mg, 0.39 mmol) was dissolved in MeOH 

(2 mL) and treated with 1 M LiOH (1 mL) while stirring. After 6 h, pH was adjusted to 7 with 0.1 M HCl and the solvent 

was removed at reduced pressure, giving Ts-Ala-a-Me-isoSerOH (128 mg, 95%, 90% pure by RP-HPLC analysis, see 

general Methods, Rt = 2.35 min). ESI-MS m/z 345.2 (M+H)
+
, calcd 345.1. The residue was suspended in 4:1 DCM/DMF (5 

mL) and treated with HOBt, HBTU, DIPEA, and H-Phe-ValOMe under MW irradiation as described for the prepaparation of 

1a. After the usual work up, the tetrapeptide 9a (0.20 g, 85%, 90% pure by analytical RP-HPLC, see general Methods, Rf = 

4.99 min) was isolated by flash chromatography over silica gel (eluant: EtOAc).
 1
H NMR (CDCl3) d = 0.79 (d, J=5.8 Hz, 3H, 

ValMe), 0.82 (d, J=6.8 Hz, 3H, ValMe), 1.09 (d, J=6.8 Hz, 3H, AlaMe), 1.22 (s, 3H, a-Me-isoSer), 2.07 (m, 1H, ValHɓ), 

2.36 (s, 3H, TsMe), 3.05 (dd, J=8.0, 14.8 Hz, 1H, PheHɓ), 3.10 (dd, J=6.8, 14.8 Hz, 1H, PheHɓ), 3.29 (d, J=5.8 Hz, 2H, 

isoSerHɓ), 3.63 (s, 3H, OMe), 3.67 (dq, J=6.8, 7.6 Hz, 1H, AlaHŬ), 4.38 (dd, J=4.8, 8.0 Hz, 1H, ValHŬ), 4.48 (ddd, J=6.8, 

7.6, 8.0 Hz, 1H, PheHŬ), 6.69 (d, J=7.6 Hz, 1H, AlaNH), 6.96 (d, J=8.0 Hz, 1H, ValNH), 7.17-7.27 (m, 7H, 

PheArH+TsArH3,5), 7.38 (t, J=5.8 Hz, 1H, isoSerNH), 7.50 (d, J=7.6 Hz, 1H, PheNH), 7.66 (m, 2H, TsArH2,6). ESI-MS m/z 

605.5 (M+H)
+
, calcd 605.3. 

Ts-(S)-Ala-(R)-a-Me-isoSer-(S)-Phe-(S)-ValOMe (9b). The dipeptide ester 8b (150 mg, 0.42 mmol) was treated with 1 M 

LiOH in MeOH as described for 7a, affording the dipeptide acid (134 mg, 95%, 85% pure by RP-HPLC analysis, see general 

Methods, Rt = 2.38 min). after the same reaction work up. ESI-MS m/z 345.3 (M+H)
+
, calcd 345.1. Ts-Ala-(R)-a-Me-

isoSerOH was coupled with H-Phe-ValOMe, as described for the preparation of 9a. The tetrapeptide 9b (0.21 g, 83%, 91% 

pure by analytical RP-HPLC, see general Methods, Rf = 5.11 min) was isolated after the same work up described for 9a.
 1
H 

NMR (CDCl3) d = 0.87 (d, J=5.6 Hz, 3H, ValMe), 0.86 (d, J=6.8 Hz, 3H, ValMe), 1.03 (d, J=7.2 Hz, 3H, AlaMe), 1.15 (s, 

3H, a-Me-isoSer), 2.06 (m, 1H, ValHɓ), 2.35 (s, 3H, TsMe), 2.89 (dd, J=8.0, 14.2 Hz, 1H, PheHɓ), 3.05 (dd, J=6.4, 14.2 Hz, 

1H, PheHɓ), 3.17 (dd, J=5.6, 13.6 Hz, 1H, isoSerHɓ), 3.51 (dd, J=6.8, 13.6 Hz, 1H, isoSerHɓ), 3.65 (s, 3H, OMe), 3.76 (dq, 

J= 7.2, 7.8 Hz, 1H, AlaHŬ), 4.40 (dd, J=5.8, 8.2 Hz, 1H, ValHŬ), 4.53 (ddd, J=6.4, 7.6, 8.0 Hz, 1H, PheHŬ), 6.80 (d, J=7.8 
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Hz, 1H, AlaNH), 7.09-7.15 (m, 3H, ValNH+PheArH3,5), 7.18-7.26 (m, 6H, PheArH2,4,6+TsArH3,5
+
isoSerNH), 7.35 (d, J=7.6 

Hz, 1H, PheNH), 7.66 (m, 2H, TsArH2,6). ESI-MS m/z 605.5 (M+H)
+
, calcd 605.3 

Ts-(S)-Ala-(S)-5-Me-Amo-(S)-Phe-(S)-ValOMe (10a). The cyclization of 9a in solution as reported for 3a-g followed by the 

same work-up of the reaction and isolation by semi-preparative RP-HPLC afforded 10a (95%, 96% pure by analytical RP-

HPLC, see General methods, Rt = 7.23 min). 
1
H NMR (CDCl3) d = 0.87 (d, J=7.2 Hz, 3H, ValMe), 0.94 (d, J=7.2 Hz, 3H, 

ValMe), 1.14 (d, J=6.8 Hz, 3H, AlaMe), 1.31 (s, 3H, AmoMe), 2.22 (m, 1H, ValHɓ), 2.42 (s, 3H, TsMe), 3.33 (dd, J=4.8, 

14.4 Hz, 1H, AmoHɓ), 3.49 (dd, J=7.4, 14.0 Hz, 1H, PheHɓ), 3.55 (dd, J=10.4, 14.0 Hz, 1H, PheHɓ), 3.67 (dd, J=7.6, 14.4 

Hz, 1H, AmoHɓ), 3.80 (s, 3H, OMe), 3.88 (dq, J=6.8, 8.8 Hz, 1H, AlaHŬ), 4.57 (dd, J=4.6, 8.2 Hz, 1H, ValHŬ), 4.95 (dd, 

J=7.4, 10.4 Hz, 1H, PheHŬ), 5.64 (d, J=8.8 Hz, 1H, AlaNH), 6.76 (d, J=8.2 Hz, 1H, ValNH), 6.97 (dd, J=4.8, 7.6 Hz, 1H, 

AmoNH), 7.24-7.36 (m, 7H, PheArH+TsArH3,5), 7.70 (m, 2H, TsArH2,6); 
13

C NMR (CDCl3) d = 17.5, 19.0, 19.3, 19.7, 21.5, 

31.0, 34.4, 43.5, 52.2, 52.7, 57.8, 58.1, 84.3, 127.0, 127.1, 127.9, 128.8, 128.8, 128.9, 129.1, 129.3, 129.7, 129.9, 135.0, 

137.2, 143.5, 153.6, 167.7, 172.2, 172.5, 174.6. Elem. Anal. for C30H38N4O9S; calcd: C 57.13, H 6.07, N 8.88, S 5.08; found: 

C 58.27, H 6.18, N 8.81, S 4.97. ESI-MS m/z 631.1 (M+H)
+
, calcd 631.2. 

Ts-(S)-Ala-(R)-5-Me-Amo-(S)-Phe-(S)-ValOMe (10b). The cyclization of 9b in solution as reported for 3a-g and 9a 

followed by the same work-up of the reaction and isolation by semi-preparative RP-HPLC afforded 10b (92% 97% pure by 

analytical RP-HPLC, see General methods, Rt = 7.45 min). 
1
H NMR (CDCl3) d = 0.87 (d, J=7.2 Hz, 3H, ValMe), 0.94 (d, 

J=7.2 Hz, 3H, ValMe), 1.13 (d, J=7.2 Hz, 3H, AlaMe), 1.23 (s, 3H, AmoMe), 2.19 (m, 1H, ValHɓ), 2.44 (s, 3H, TsMe), 3.12 

(dd, J= 3.6, 14.4 Hz, 1H, AmoHɓ), 3.48 (dd, J=9.6, 14.0 Hz, 1H, PheHɓ), 3.54 (dd, J=7.8, 14.0 Hz, 1H, PheHɓ), 3.79 (s, 3H, 

OMe), 3.86 (dq, J= 7.2. 8.8 Hz, 1H, AlaHŬ), 4.09 (dd, J= 9.2, 14.4 Hz, 1H, AmoHɓ), 4.51 (dd, J=4.8, 8.2 Hz, 1H, ValHŬ), 

4.99 (dd, J=7.8, 9.6 Hz, 1H, PheHŬ), 6.34 (d, J=8.8 Hz, 1H, AlaNH), 6.52 (d, J=8.2 Hz, 1H, ValNH), 6.76 (dd, J= 3.6, 9.2 

Hz, 1H, AmoNH), 7.19-7.32 (m, 5H, PheArH), 7.38 (m, 2H, TsArH3,5), 7.72 (m, 2H, TsArH2,6); 
13

C NMR (CDCl3) d = 18.0, 

18.4, 18.6, 21.1, 22.1. 31.4, 33.2, 43.0, 51.8, 52.3, 55.4, 58.0, 84.2, 126.4, 126.7, 128.3, 128.6, 129.4, 136.0, 137.0, 142.9, 

156.1, 167.6, 171.8, 172.1, 173.5. Elem. Anal. for C30H38N4O9S; calcd: C 57.13, H 6.07, N 8.88, S 5.08; found: C 56.00, H 

5.99, N 8.91, S 5.13. ESI-MS m/z 631.1 (M+H)
+
, calcd 631.2.  
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5.4.3. Conformationa analysis  

ROESY and molecular dynamics. 2D ROESY experiments in 8:2 [D6]DMSO/H2O were performed in the phase sensitive 

mode at r.t., spin-locking field (gb2) was 2000 Hz, and mixing time was set to 250 ms; spectra were processed in the 

hypercomplex approach; peaks were calibrated on DMSO. Only ROESY-derived constraints were included in the restrained 

molecular dynamics.
50

 Cross-peak intensities were classified very strong, strong, medium, and weak, and were associated 

with distances of 2.3, 2.7, 3.3, and 5.0 Å, respectively.
51

 The intensities of the cross peaks arising from protons separated by 

known distances (e.g. geminal) were found to match with these associations. Geminal and other obvious correlations were 

discarded as constraints. For the absence of HŬ(i, i+1) ROESY cross peaks, all of the ɤ bonds were set at 180° (force 

constant: 16 kcal mol
-1
 Å

-2
). 

Table 4. Non-obvious ROESY cross-peaks observed for 3d in 8:2 [D6]DMSO/H2O.
a 

Cross-peak intensity Cross-peak Intensity 

ValNH-ValMe vs PheArH3,5-AmoHbup m 

ValNH-AlaMe w  PheArH3,5-PheHbup m 

ValNH-ValHb s PheArH3,5-PheHbdw w 

ValNH-TsMe w  PheArH3,5-ValHa w  

ValNH-AmoHbup w PheArH3,5-PheHa m 

ValNH-PheHbup w PheArH4-ValMe w 

ValNH-PheHbdw s PheArH4-TsMe w 

ValNH-COOMe w  PheArH2,6-ValMe w  

ValNH-ValHa m PheArH2,6-AlaMe w  

ValNH-PheHa vs PheArH2,6-TsMe w 

ValNH-AlaNH w PheArH2,6-AmoHbup m 

ValNH-AmoNH w  PheArH2,6-PheHbup vs 

AmoNH-ValMe w PheArH2,6-PheHbdw s 

AmoNH-AlaMe m PheArH2,6-PheHa vs 

AmoNH-AmoHbup s AmoHa-AlaMe m 

AmoNH-AmoHbdw m AmoHa-AmoHbup m 

AmoNH-AlaHa vs AmoHa-AmoHbdw vs 

AmoNH-AmoHa m PheHa-ValMe w 

AmoNH-TsArH2,6 m PheHa-ValHb w  

AmoNH-AlaNH m PheHa-TsMe w 

AlaNH-ValMe w PheHa-PheHbup m 

AlaNH-AlaMe vs PheHa-PheHbdw s 

AlaNH-PheHbdw w PheHa-COOMe w 

AlaNH-AlaHa m PheHa-ValHa w 

AlaNH-PheHa w  ValHa-AlaMe w  

AlaNH-TsArH2,4 w ValHa-ValHb vs 

TsArH2,6-ValMe w ValHa-TsMe w  

TsArH2,6-AlaMe s ValHa-PheHbup w 

TsArH2,6-AmoHbup w  ValHa-PheHbdw w 

TsArH2,6-AmoHbdw m COOMe-ValHb m 

TsArH2,6-AlaHa s PheHbdw-AlaMe w  
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TsArH2,6-ValHa w  PheHbup-ValMe m 

TsArH2,6-AmoHa w  PheHbup-ValHb w 

TsArH3,5-ValMe w  AmoHbdw-AlaMe w 

TsArH3,5-AlaMe w TsMe-ValMe w 

TsArH3,5-AmoHbdw w TsMe-AlaMe w  

TsArH3,5-Val Ha w  TsMe-ValHb w 

TsArH3,5-Amo Ha w ValHb-AlaMe w  

PheArH3,5-AlaMe w  ValMe-AlaMe w 

a
 Stereochemistry has been omitted; 

b 
up = upfield, dw = downfield;

 c
 vs = very strong,  s = strong, m = medium, w = weak. 

Table 5. Non-obvious ROESY cross-peaks observed for 3e in 8:2 [D6]DMSO/H2O.
a
 

Cross-peak Intensity Cross-peak Intensity 

ValNH-ValMe vs PheArH3,5-PheHbup w 

ValNH-ValHb s PheArH3,5-PheHbdw w 

ValNH-AmoHa w PheArH3,5-Phe Ha w 

ValNH-PheHbup m PheArH2,6-AlaMe w  

ValNH-PheHbdw w PheArH2,6-AmoHbdw m 

ValNH-COOMe w PheArH2,6-PheHbup s 

ValNH-ValHa m PheArH2,6-PheHbdw vs 

ValNH-PheHa vs PheArH2,6-PheHa vs 

ValNH-AlaNH w AmoHa-ValMe w 

ValNH-AmoNH w AmoHa-AmoHbup m 

AmoNH-ValMe w AmoHa-AmoHbdw m 

AmoNH-AlaMe m AmoHa-PheHbdw w 

AmoNH-AmoHbup m AmoHa-ValHa w 

AmoNH-AmoHbdw s PheHa-ValMe w 

AmoNH-AlaHa vs PheHa-ValHb w  

AmoNH-AmoHa w PheHa-PheHbup s 

AmoNH-AlaNH w PheHa-PheHbdw m 

AlaNH-ValMe w PheHa-ValHa w 

AlaNH-AlaMe vs ValHa-AlaMe m 

AlaNH-AmoHa w ValHa-ValHb m 

AlaNH-AlaHa s ValHa-ValMe vs 

AlaNH-TsArH2,6 s ValHa-AmoHbdw w 

AlaNH-TsArH3,5 s ValHa-PheHbup w 

TsArH2,6-ValMe w ValHa-PheHbdw w 

TsArH2,6-AlaMe m COOMe-ValMe w 

TsArH2,6-AlaHa m COOMe-ValHb w 

TsArH2,6-ValHa w  COOMe-PheHbup s 

TsArH2,6-AmoHa w  AlaHa-TsMe w 
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TsArH2,6-PheHa w TsMe-AlaMe w 

TsArH3,5-ValMe w  TsMe-ValHb m 

TsArH3,5-AlaMe w ValHb-AlaMe w  

PheArH3,5-AmoHbdw w ValMe-AlaMe w 

a
 Stereochemistry has been omitted; 

b 
up = upfield, dw = downfield;

 c
 vs = very strong, s = strong, m = medium, w = weak. 

Table 6. Non-obvious ROESY cross-peaks observed for 10a in 8:2 [D6]DMSO/H2O.
a 

Cross-peak intensity Cross-peak Intensity 

ValNH-ValMe vs PheArH3,5-AlaMe w  

ValNH-AlaMe m  PheArH3,5-AmoHbup m 

ValNH-ValHb s PheArH3,5-PheHbup m 

ValNH-TsMe w  PheArH3,5-PheHbdw w 

ValNH-AmoHbup w PheArH3,5-ValHa w  

ValNH-PheHbup w PheArH3,5-PheHa m 

ValNH-PheHbdw s PheArH4-ValMe w 

ValNH-COOMe w  PheArH4-TsMe w 

ValNH-ValHa m PheArH2,6-ValMe w  

ValNH-PheHa vs PheArH2,6-AlaMe w  

ValNH-AlaNH w PheArH2,6-TsMe w 

ValNH-AmoNH w  PheArH2,6-AmoHbup m 

AmoNH-ValMe w PheArH2,6-PheHbup vs 

AmoNH-AlaMe m PheArH2,6-PheHbdw s 

AmoNH-AmoMe m PheArH2,6-PheHa vs 

AmoNH-ValHb m PheHa-ValMe w 

AmoNH-AmoHbup s PheHa-ValHb w  

AmoNH-AmoHbdw m PheHa-TsMe w 

AmoNH-AlaHa vs PheHa-PheHbup m 

AmoNH-ValHa m PheHa-PheHbdw s 

AmoNH-PheHa m PheHa-COOMe w 

AmoNH-TsArH2,6 m PheHa-ValHa w 

AmoNH-AlaNH m ValHa-AlaMe m  

AlaNH-ValMe m ValHa-ValHb vs 

AlaNH-AlaMe vs ValHa-TsMe w  

AlaNH-ValHb w ValHa-PheHbup w 

AlaNH-PheHbdw w ValHa-AlaHa m 

AlaNH-AlaHa m ValHa-COOMe m 

AlaNH-ValHa m ValHa-PheHbdw w 

AlaNH-PheHa w  COOMe-ValHb m 

AlaNH-TsArH2,4 w PheHbdw-AlaMe w  

TsArH2,6-ValMe w PheHbup-ValMe m 

TsArH2,6-AlaMe s PheHbup-ValHb w 
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TsArH2,6-AmoMe w  AmoHbdw-AlaMe w 

TsArH2,6-AmoHbup w  TsMe-ValMe w 

TsArH2,6-AmoHbdw m TsMe-AlaMe w  

TsArH2,6-AlaHa s TsMe-ValHb w 

TsArH2,6-ValHa w  ValHb-AlaMe m 

TsArH3,5-ValMe w  AmoMe-AlaMe w 

TsArH3,5-AlaMe w AmoMe-AmoHbup m 

TsArH3,5-AmoMe w AmoMe-AmoHbdw vs 

TsArH3,5-AmoHbdw w AlaMe-ValMe m 

TsArH3,5-ValHa w    

a
 Stereochemistry has been omitted; 

b 
up = upfield, dw = downfield;

 c
 vs = very strong,  s = strong, m = medium, w = weak. 

Table 7. Non-obvious ROESY cross-peaks observed for 10b in 8:2 [D6]DMSO/H2O.
a
 

Cross-peak Intensity Cross-peak Intensity 

ValNH-ValMe vs PheArH3,5-PheHbup w 

ValNH-AmoMe m PheArH3,5-PheHbdw w 

ValNH-ValHb s PheArH3,5-PheHa w 

ValNH-PheHbup m PheArH2,6-AlaMe w  

ValNH-PheHbdw w PheArH2,6-AmoHbdw m 

ValNH-COOMe w PheArH2,6-PheHbup s 

ValNH-ValHa m PheArH2,6-PheHbdw vs 

ValNH-PheHa vs PheArH2,6-PheHa vs 

ValNH-AlaNH w PheHa-ValMe w 

ValNH-AmoNH w PheHa-ValHb w  

AmoNH-ValMe w PheHa-PheHbup s 

AmoNH-AlaMe m PheHa-PheHbdw m 

AmoNH-AmoMe m PheHa-ValHa w 

AmoNH-AmoHbup m ValHa-AlaMe m 

AmoNH-AmoHbdw s ValHa-ValHb m 

AmoNH-AlaHa vs ValHa-ValMe vs 

AmoNH-AlaNH w ValHa-AmoHbdw w 

AlaNH-ValMe w ValHa-PheHbup w 

AlaNH-AlaMe vs ValHa-PheHbdw w 

AlaNH-AmoMe w COOMe-ValMe w 

AlaNH-AlaHa s COOMe-ValHb w 

AlaNH-TsArH2,6 s COOMe-PheHbup s 

AlaNH-TsArH3,5 s AlaHa-TsMe w 

TsArH2,6-ValMe w TsMe-AlaMe w 

TsArH2,6-AlaMe m TsMe-ValHb m 

TsArH2,6-AmoMe w  ValHb-AlaMe w  



Chapter 5  
 

85 

 

TsArH2,6-AlaHa m AmoMe-ValMe m 

TsArH2,6-ValHa w  AmoMe-AmoHbup m 

TsArH2,6-PheHa w AmoMe-AmoHbdw m 

TsArH3,5-ValMe w  AmoMe-PheHbdw w 

TsArH3,5-AlaMe w AmoMe-ValHa m 

PheArH3,5-AmoHbdw w AlaMe-ValMe m 

a
 Stereochemistry has been omitted; 

b 
up = upfield, dw = downfield;

 c
 vs = very strong, s = strong, m = medium, w = weak. 

The restrained MD simulations were conducted at 300 K and 1 atm using the AMBER force field in a 30×30×30 Å box of 

standard TIP3P models of equilibrated water.
52

 Periodic boundary conditions were applied, a dielectric constant of 1 was 

used, and the cutoff distance for the nonbonded interactions was 12 Å. All water molecules with atoms that come closer than 

2.3 Å to a solute atom were eliminated. A 100 ps simulation at 1200 K was used for generating 50 random structures that 

were subsequently subjected to a 50 ps restrained MD with a 50% scaled force field at the same temperature, followed by 50 

ps with full restraints (distance force constant of 7 kcal mol
-1
 Å

-2
), after which the system was cooled in 20 ps to 50 K. H-

bond interactions were not included, nor were torsion angle restraints. The resulting structures were minimized with 3000 

cycles of steepest descent and 3000 cycles of conjugated gradient (convergence of 0.01 kcal Å
-1
 mol

-1
). The backbones of the 

structures were clustered by the rmsd analysis.
50 

Unrestrained MD simulations
50

 were performed starting with the conformation derived from ROESY in a 30×30×30 Å box 

of standard TIP3P water for 10 ns at 298 K using periodic boundary conditions, at constant temperature and pressure 

(Berendsen scheme,
53

 bath relaxation constant of 0.2). For 1-4 scale factors, van der Waals and electrostatic interactions are 

scaled in AMBER to half their nominal value. The integration time step was set to 0.1 fs. The system coordinates were 

collected every picosecond.  

 

Figure 11. Distances (Å) between the amide nitrogen of Amo
2
 and the carbonyl oxygen of Phe

3
 sampled from a 10 ns 

unrestrained Molecular Dynamics simulation of 10a calculated in a 30x30x30
 
Å box of equilibrated standard TIP3P water 

molecules, using the ROESY-derived geometry as starting structure. 

Computational Methods. Theoretical calculations and full molecular geometry optimizations in the ground state have been 

performed in vacuo by using the Density Functional Theory (DFT)
54

 Methods implemented the Gaussian 09 package of 

programs.
34

 In particular, calculations were carried out by combining  the three-parameter hybrid functional (B3) for the 

exchange part
55

 and the LeeïYangïParr (LYP)
56

 to the 6-311++G(d,p) basis set. 

5.5. Plausible reaction pathway for the synthesis of Amo-peptides. 

A plausible reaction pathway for the cyclization of the model peptide Ts-Ala-isoSer-PheNH2 to Ts-Ala-Amo-PheNH2 with 

DSC and catalytic DIPEA is depicted in Scheme 8. In the proposed mechanism, the cyclization to Amo proceeds via the 

isoSer-O-succinimidyl carbonate intermediate A. The intermediate A is deprotonated by DIPEA at PheNH, giving the 5-

membered anionic intermediate B with endocyclic C=O (path a). The loss of 2,5-dioxopyrrolidin-1-olate leaving group, 

rapidly protonated by DIPEAH
+
, leads to the Amo-peptide 3 and DIPEA, which can be utilized in catalytic amount. The 

intermediate A can be deprotonated at isoSerNH as well (path b); this could give access to the alternative 5-membered cyclic 

anionic intermediate C with hexocyclic C=O, precursor of a Oxd-peptide. 
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Preliminary computations were performed for the intermediates B and C employing Density Functional Theory; a systematic 

conformational analysis for the structures was done at the B3LYP/6-311++G(d,p) level. Optimization was performed by 

conjugate gradient algorithm, convergence at 0.001. The results indicate that the intermediate B is about 2.0 Kcal mol
-1
 more 

stable than the alternative intermediate C. 

 

 

Scheme 8. Cyclization of the model peptide Ts-Ala-isoSer-PheNH2 2 to Ts-Ala-Amo-PheNH2 3. 
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Chapter 6 

Synthesis and conformational analysis of peptides containing the heterocycle Imd 

N-heterocycles, including cyclic ureas, are useful and multi-purpose tools in medicinal chemistry, thanks to their abilities to 

induce conformational constraints and to confer appropriate pharmacokinetic features. Therefore, in this chapter, are 

proposed two different synthetic pathways for obtaining Imidazolidin-2-one rings, directly on peptide sequences. This 

scaffold demonstrated to be easly functionalizable and displayed the capability to induce a g-turn, as determined by 

spectroscopic analyses. 

6.1. Introduction  

Proteins and peptides play a central role in nearly all physiological processes associated with life, this together with a 

diversity of chemical structure, makes them particularly attractive starting point for drug discovery programs.
1
 In fact, 

peptides themselves have emerged relatively slowly as drugs, for example insulin in the treatment of diabetes and 

cyclosporin as an immunosuppressent. Their potential utilities as therapeutics are limited because of their inherent instability 

toward proteolytic cleavage by peptidases, lack of oral bioavailability, inability to cross the bloodïbrain barrier since their 

high molecular weight, and rapid excretion through the liver and kidneys.
2 These limitations have generated an intensive 

effort for overcoming these deficiencies in an attempt to develop peptidomimetics. The substitution of peptides with 

peptidomimetics has included a wide variety of strategies,
2c,d

 that involve the chemical modification of a peptide to 

introduce/delete those biological and chemical properties associated with effective/ineffective drug action.
2a,b

 

One of the major negative features that makes peptides inappropriate drug candidates is their flexibility. Peptide structure 

and conformation are strongly influenced by the nature of constituent amino acids and also the biophysical environment in 

which they exist. Therefore, the high conformational flexibility presents a potential problem in generating therapeutics and 

biological probes, since a peptide must attain a certain conformation in order to bind to its biological target, be it a receptor 

or an enzyme.  

Folding is the process nature has selected to control the conformation of its molecular machinery and carry out unsurpassed 

chemical functions such as enzyme catalysis, information storage and duplication in nucleic acids, as well as energy capture 

and conversion. Systematic case studies have revealed that there is typically a small cluster of well ordered key residues in 

the peptide backbone that contributes the majority of the recognition or binding aǣnity.
3
 Therefore, the pre-organization of 

peptide shape, via the introduction of a structural motif that imparts conformational restriction, can enhance binding and 

hence therapeutic potential, moreover, can be useful for identification of biologically active conformers. 

Over the years, chemists have worked to geometrically restricted analogs that favors receptor binding surmounting the 

required loss of entropy for correct folding,
4
 thereby, improving potency, selectivity, and stability.

5
 The active conformation 

recognized by the receptor typically involves a turn structure (ß- or ɔ-turn),
6
 so, small-molecules

 
and peptides with turn 

constraints have been successful in targeting this class of receptors.
6,7

  

With this purpose, a good deal of effort has gone into mimicking these structures using heterocyclic-based peptidomimetics. 

Some heterocyclic systems, called privileged scaǟolds, appear frequently in bioactive products and marketed drugs. A 

number of common aromatic heterocycles have been employed in this context, examples used include pyrrole, tetrazole, 

triazole and pyrazoles.
8
 Over the years, extensive improvements have been made in the development of ligands, metals, 

reaction conditions, and building block availability, making this method one of the most useful tools to append aromatic 

rings into a small molecule or peptidomimetic.
9 With this powerful tool, it is not surprising to observe an increase of 

aromatic ring count in the new bioactive molecules.
10

 However, limitations in solubility, pharmacokinetics, and 

bioavailability of high-aromatic-ring-count molecules are now well recognized, leading scientists to favor saturated building 

blocks, especially saturated N-heterocycles.
11

  

Saturated N-heterocycles are prevalent in biologically active molecules and are increasingly attractive scaǟolds in the 

development of new pharmaceuticals. Among these usefull scaffolds we can find pseudo-Pro analogues
12

 and  R-amino-ɔ-

lactams,
13

 so-called Freidinger-Veber lactams, that have been commonly proven particularly eǟective in the design of 

constrained peptidomimetics for therapeutic targets.
13,14

  

Amid different N-heterocycles, cyclic urea scaffolds are of great and actual interest since they induce peptide turn geometry, 

by combining the covalent constraints of R-amino-ɔ-lactams with the electronic restrictions and side-chain diversity of aza-

amino acids. In fact, aza analogs of amino acids restrict backbone ɣ-dihedral angle, due to the planarity of the urea moiety, 
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and the ◖-dihedral angle, because of hydrazine N-N lone-pair repulsion.
15

 Azapeptides utilize electronic forces to stabilize 

turn conformations in peptides.
16

 Therefore, designed to favor turn secondary structures, aza-ciclic surrogates reserve both 

electronic and structural constraints to hinder rotation about the backbone ◖-, ɣ- and ɤ-dihedral angles, giving rise to ɔ- and 

ß- turns.
17

 

Cyclic urea moieties are found in many biologically active compounds,
18

 and are expected to have greater membrane 

solubility and increased conformational rigidity relative to the corresponding linear urea.
19

   

Particularly, imidazolidin-2-ones (Imds) are utilized as structural elements in a number of inhibitors of human 

immunodeficiency virus (HIV) protease and HIV replication.
 20

 Still, Imds have utility as antitumor agents,
21

 antibacterial 

MurB inhibitors,
22

 dopamine D 4 and CGRP receptor antagonists,
23

 antioxidants,
24

 and unnatural base pairs.
25

  

In literature, cyclic ureas such as Imds are most commonly constructed via treatment of 1,2-diamine precursors with 

phosgene equivalents such as carbonyl diimidazole,
19,26

 via Hofmann rearrangement of Asn,
27

 via ring expansion of aziridine 

derivatives,
28

 via cyclization of aza-propargylglycinamides,
29

 via alkylation of the urea nitrogen of semicarbazone residues,
30

 

via Pd-catalyzed urea carboamination reactions,
31

 and so on. 

Although a number of synthetic methods are available, many require multistep sequences for their preparation. Thus, 

alternative strategies for the construction of Imd would provide more facile access to derivatives that are not readily 

available. In addition, methods that allow for preparation of a variety of products from a common starting material would 

consent straightforward generation of analogues that could be used to optimize biological activity or pharmaceutical 

properties.  

Continuing with our work toward the synthesis of constrained peptidomimetics from modiýed peptides (chapter 4 and 5),
12,32

 

in this chapter is reported the synthesis of Imd-containing peptidomimetics starting from different protected amino acid 

sequences. 

6.2. Results and discussion 

6.2.1. Synthesis  

We propose two different synthetic pathways for the in-peptide synthesis of Imd rings.  

The preparation of di/tri and tetra-peptides 1a-c, 7, 9a-b and 11a-b was conducted by coupling the amino acids under MW 

irradiation, using a microwave oven specifically designed for organic synthesis,
33

 with HBTU/HOBt as activating agents. 

Moreover, b-amino-Ala was prepared as described in the literature.
34

 

In the first route developed, the N-protected-dipeptides were treated with DSC and DIPEA, as base, for obtaining 

elimination to dehydroalanine (DAla), as illustrated in the literature (Scheme 1, 2a-c).
35

 The subsequent non-

diastereoselective aza-Michael addition of different amines to DAla, furnished racemic compounds 3a-e, in quantitative 

yields. Analysis of the crude reaction mixture by RP-HPLC and ESI-MS revealed the presence of the two diastereomeric 

compounds (3a-e) in 1:1 ratio (General Methods).  

Notably, we were able to adding not only simple primary amines but also an O-ptotected amino acid (PheOBn, compound 

3c) in quantitative yield. 

 



Chapter 6 

91 

 

 
 

Scheme 1. Synthesis of dipeptides, elimination of Ser to DAla and aza-Michael reaction. 

In order to optimize the cyclization of these amino peptides, we investigated the role of the carbonate, solvent, base, and 

protecting group, by reacting the model peptides 3a under different conditions (Table 1). 

On the basis of our precedent works (Chapter 4 and 5),
12,32

 we treated compound 3a with 1,2 eq. of DSC and catalytic 

amounts of DIPEA in a mixture of DCM/DMF, but the outcome of the reaction did not give the expected results (table 1, 

entry 1), also using larger quantities of reactants. Still, the use of an inorganic base did not influence the result (table 1 

entry 2). Due to these negative results, we tried to replace the DSC carbonate with p-nitrobenzylchloroformate (p-NBC), 

that in the presence of variable amounts of DIPEA (from catalitic to excess) in DCM/DMF, gave the intermediate 4a in 

traces, only when a large excess of base (10 eq.) was employed (table 1, entry 3). 

On the basis of these evidences, we were been interested in Dowson et al. work,
36

 who efficiently transformed o-

aminoanilides into an aromatic N-acylurea moiety through the addition of p-nitrophenylchloroformate (p-NPC) and DIPEA 

as base.
36

 Inspired by this paper, we have found that the treatment of our substrate 3a with p-NPC and 10 eq. of DIPEA, in 

DCM/DMF, allows a significative, but yet insufficient, increment of the intermediate 4a formation (table 1, entry 4). This 

result prompted us to attempt a better outcome by increasing the DIPEA amount and by adding DMAP as additive base 

(table 1, entry 5). Long last these conditions permitted the isolation of the intermediate (yield 70%) that was purified and 

treated with large quantities of DIPEA (10 eq) to afford the product 5a in 80% yield (table 1, entry 6). Obviously, the 

found reaction conditions were not optimal, since predicted an overuse of reagents and the necessity to isolate and purify 

the intermediate 4a, which in turn needed to much base for cyclization.  

At this  point, we tried to consider p-NPC as a constant and we used DBU as base. Fortunately, this strategy has proved 

successful, since 3 eq. of p-NPC and 3 eq. of DBU, in a mixture of DCM/DCM, furnished the desired product 5a in very 

satisfactory yield (85%), in only 5 h of reaction and avoiding to isolate the intermediate (table 1, entry 7). Finally, using the 

same reagents in only DMF improves even more the final yield (table 1, entry 8).  

The optimized reaction was extended also to different protected dipeptides, when N-/O-protecting groups were changed the 

outcome of the reaction was the same. Moreover the nature of the substituents on the amine function (R3=alchil, allyl, aryl, 

aminoacid) is dimonstrated irrelevant for the cyclization reaction. This is an evident advantage since permitted to obtain 

Imd rings with different substituents on N1 position.  
In all cases, epimerization during the cyclization of 3a-e was excluded on the basis of the NMR and HPLC analyses (see 

General Methods). 

 








































































































































































