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Abstract 
 

In this work, a method for the total synthesis of different isotope-containing meso-

diaminopimelic acids (m-A2pm or (2S,6R)-A2pm) is presented. This compound, 

specific of bacterial cell wall, allows for the reticulation of peptidoglycan in most 

Gram-negative and some Gram-positive bacteria. A preparation of new isotope-

containing compounds (1-13C)(2S,6R)-A2pm and (4,5-2H2)(2S,6R)-A2pm is hereby 

presented. These compounds can be used as chromatography and quantitative mass 

spectrometry references for the study of peptidoglycan dynamics. The first total 

stereoselective synthesis of high specific activity (30 Ci/mmol) tritiated 

[4,5-3H](2S,6R)-A2pm is also described. Furthermore, the synthesis of differentially 

protected (2S,6R)-A2pm and (4,5-2H2)(2S,6R)-A2pm allowed the preparation of 

peptidoglycan peptide fragments, which broaden the scope of applications to 

studies of b-lactamase induction phenomenon in penicillin resistant bacteria as well 

as to studies in the field of human innate immune system. 

 

  



Résumé 
Ce travail décrit une méthode de synthèse totale d’acides méso-diaminopimélique 

(m-A2pm ou (2S,6R)-A2pm) marqués. Ce composé, spécifique de la paroi bactérienne, 

permet la réticulation du peptidoglycane de la plupart des bactéries à Gram-négatif 

et de quelques bactéries à Gram-positif. La synthèse de nouveaux composés 

marqués, (1-13C)(2S,6R)-A2pm et (4,5-2H2)(2S,6R)-A2pm, pouvant servir de références 

en chromatographie et en spectrométrie de masse quantitative pour l’étude du 

métabolisme du peptidoglycane est décrite. La première synthèse totale 

stéréoselective d’acide méso-diaminopimélique tritié [4,5-3H](2S,6R)-A2pm à haute 

activité spécifique (30 Ci/mmol) est également décrite. Enfin, la préparation de 

(2S,6R)-A2pm et (4,5-2H2)(2S,6R)-A2pm différemment protégés est présentée. Ces 

composés permettent la synthèse de fragments peptidiques de peptidoglycane, ce 

qui élargit le champ des applications aux études du phénomène d’induction de 

b-lactamases chez les bactéries résistantes aux pénicillines ainsi qu’à des études 

dans le domaine du système immunitaire inné chez l’humain. 
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I.1. General Introduction 

Humans have been intrigued by the sky and the far infinite since the dawn of times, 

but a whole other infinite became accessible when microscopes came up in the late 

16th – early 17th centuries. Antoine van Leeuwenhoek brought some improvements 

to these early models and was the first to observe microorganisms using hand-

crafted microscopes of his own in 1674. He called these microorganisms animalcula. 

Most of these tiny animals are now called bacteriaa as a result from Ehrenberg’s 

studies in 1828. This new world has been intensively studied since and results from 

these works changed our world. From Louis Pasteur (1822-1894) and his 

understanding of the fermentation process and his development of the 

pasteurization process to Robert Koch (1843-1910, Nobel Prize in medicine in 1905) 

who postulated that microorganisms are the cause of infectious diseases, the 

discoveries of these times still have a tremendous impact on our current way of life. 

 

Bacteria appeared on Earth about 3.5 billion years ago during the Archean Eon. They 

were among the first living organisms on this planet. Bacteria are prokaryotic forms 

of life, most of the time unicellular, and display various shapes and sizes (0.5-5 µm). 

They can be found everywhere, even in the harshest conditions, where no other form 

of life can survive. Some can live in hot springs and around deep sea hydrothermal 

vents (thermophilic bacteria), some bacteria are found in extreme cold environment 

such as Antarctica (psychrophilic bacteria). Others are capable to cope with very 

acidic conditions (acidophilic bacteria) and some can even survive in highly 

radioactive environments.  

 

Though many bacteria are known because of the illnesses they cause, the vast 

majority of them are harmless and many are even beneficial to humans. As an 

example, Escherichia Coli, a symbiont in the human intestine, fulfills an important 

role in the digestion and in the secretion of vitamins. Bacteria are also essential to 

                                                        
a from the Greek bakterion, “small staff” 
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the cheese production, turning sugars found in milk into lactic acid. Some bacteria 

are used as depolluting agents to convert organic matter found in sewage into 

fertilizer. Some biodegradable plastics such as PHA (polyhydroxyalkanoate), are 

produced by bacteria from sugars derived from corn1. 

 

But it is obvious why bacteria got their negative reputation. It is estimated that they 

cause about half of all the human diseases. Tuberculosis, caused by Mycobacterium 

tuberculosis, kills 2 million people a year and about 2 more million people die each 

year from diarrheal diseases caused by various bacteria1. Among the most common 

bacterial infections, we may also cite the Lyme disease caused by bacterium Borrelia 

burgdorferi carried by ticks, tetanus caused by Clostridium tetani found in soil, 

cholera, botulism and typhoid fever. 

 

Bacterial diseases were very often lethal before the development of antibiotics. In 

the late 19th century, the German chemical industry had provided dyes able to 

selectively stain tissues or pathogens. This permitted Paul Ehrlich to propose his 

concept of selective chemotherapy. He reasoned that if it is possible to selectively 

stain a pathogen, it should also be possible to kill it using what he called a “magic 

bullet” without harming the surrounding cells2. However, it is Alexander Fleming 

who made the famous, though fortuitous, discovery of penicillin in 1929 as the first 

antibiotic3. Many more antibiotics are now available but their overuse and misuse 

led to a new issue: bacteria are developing resistance mechanisms. 
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I.2. The bacterial cell 

Selective chemotherapy can 

only be achieved because the 

bacterial cell is different from 

ours. Bacteria are prokaryotes 

in opposition to the 

eukaryotes cells we are made 

of1. The most noticeable 

difference lies in the absence 

of a membrane-bound nucleus 

in prokaryotic cellsb (Figure 1). 

The prokaryotic genome, 

usually a single circular chromosome, is therefore floating in the cytoplasm and 

folded into a compact structure called the nucleoid. A typical prokaryotic cell also 

has smaller circular DNA molecules called plasmids independent from the single 

chromosome. The cytoplasm contains ribosomes (slightly smaller than their 

eukaryotic counterparts and different in their protein and RNA content), which read 

mRNA and use tRNA to synthesize proteins. The slight differences between 

prokaryotic and eukaryotic ribosomes can be exploited to design antibiotics that do 

not harm prokaryotic cells such as ours1. Some vesicles or inclusion bodies may be 

observed in the bacterial cytoplasm as nutrients stocks.  

 

The outer structure, called bacterial cell wall, contains a layer of peptidoglycan, a 

rigid macromolecule. This component is essential to the bacteria to withstand its 

internal osmotic pressure as its cytoplasm is highly hypertonic5. Therefore, 

peptidoglycan metabolism represents a perfect target for a “magic bullet”. 

                                                        
b from Greek pro "before" and karyon "nut, kernel" here referring to the nucleus. 

 
Figure 1. A typical rod-shaped bacterium4 
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I.3. The bacterial cell wall 

Bacterial cell wall represents a very active research topic. This barrier allows bacteria 

to withstand their high internal osmotic pressure due to the highly concentrated 

cytosol compared to their outer environment1,5. It is also the theater of exchanges 

with the exterior and the target of many antibiotics. Bacteria can be categorized in 

two groups: Gram-positive and Gram-negative, depending on their ability to retain 

Gram stainc. This is due to a structural difference between their walls. Both have a 

layer of peptidoglycan but the one found in Gram-positive bacteria is much thicker 

(20-80 nm vs 1-3 nm). Additionally, Gram-negative bacteria peptidoglycan is 

surrounded by an external asymmetric membrane made of phospholipids and 

lipopolysaccharides5 (Figure 2).  

 

 
Figure 2. Gram stain and structures of bacterial cell walls5. 

                                                        
c Named after Hans Christian Gram who developed it in 18845. 
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I.4. Peptidoglycan 

Peptidoglycan is a giant macromolecule made 

of glycan strands reticulated by short peptides, 

that envelops the plasma membrane as a mesh 

net called sacculus6,7 (Figure 3). This impressive 

structure is responsible for stabilizing and 

shape-maintaining the cell wall. Glycan strands 

are made of alternating units of 

N-acetylglucosamine (GlcNAc) and N-acetylmuramic acid (MurNAc) linked together 

by b-(1®4) glycosidic bonds (Figure 4). Each MurNAc unit is substituted by a short 

peptide; most of them with the following structure: L-Ala-g-D-Glu-L-diamino acid-D-

Ala-OH. These tetrapeptides are at the origin of the peptidoglycan reticulation. The 

nature of the diamino acid varies from species to species. In most Gram-negative 

bacteria and in Bacilli (a genus of Gram-positive, rod shaped bacteria), it is 

meso-diaminopimelic acid (m-A2pm, an amino acid specific to bacterial 

peptidoglycan, Figure 5) and for the majority of Gram-positive bacteria, m-A2pm is 

replaced by L-Lysine7. 

 

 

Figure 4. General structure of peptidoglycan. 

  

 

 

Figure 5. meso-Diaminopimelic 

acid and L-lysine 

  

 

  

NH2

COOHHOOC

NH2

H2N COOH

NH2

m-A2pm

L-Lys

 
Figure 3. Model of a sacculus6. 

Lines represent glycan strands and arrows 

represent peptide reticulations 
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The reticulation of peptidoglycan is generally due to a link between the free amino 

group of the amino acid in position-3 of a tetrapeptide (m-A2pm or L-Lys) of one 

glycan strand and the carboxylic moiety of D-Ala in position-4 of another tetrapeptide 

attached to a second glycan strand7. The detailed structure of mature peptidoglycan 

of E. coli is given in Figure 6 as an example.  

 

 
Figure 6. Molecular structure of mature peptidoglycan of E. coli8. 

Repeated GlucNAc-MurNac-tetrapeptide unit is highlighted in yellow. The crosslinking between two glycan 

strands is colored in blue. 
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I.5. Peptidoglycan metabolism 

I.5.a) Peptidoglycan biosynthesis 

The peptidoglycan biosynthesis is a complex multistep process occurring in three 

different bacterial compartments (Figure 7): 

1. In the cytoplasm; 

2. In the cytoplasmic membrane; 

3. Outside the cell (in the periplasm in case of Gram-negative bacteria). 

 

 
Figure 7. Peptidoglycan biosynthesis in E. coli9. 
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1. The cytoplasmic phase10,11 starts with the addition of enolpyruvate to uridine 

diphosphate-N-glucosamine (UDP-GlcNAc) by enolpyruvyl transferase MurA. 

Reductase MurB then catalyzes the reduction of the previously introduced 

alkene to form UDP-MurNAc. Then MurC, MurD, MurE and MurF ligases, grow 

a L-Ala-g-D-Glu-m-A2pm-D-Ala-D-Ala-OH fragment to afford an UDP-MurNAc-

pentapeptide often referred to as the Park nucleotide9. 

2. The phospho-MurNAc-pentapeptide fragment of this molecule is then 

transferred to an undecaprenyl-phosphate anchored in the membrane under 

the action of MraY12, a membrane enzyme to yield Lipid I. The membrane 

phase continues as MurG glycosyltransferase adds a GlcNAc moiety to form 

Lipid II. This building bloc of the peptidoglycan needs to be translocated by the 

flippase MurJ13,14 to allow next steps. 

3. Once flipped, a glycosyltransferase outside the membrane assembles lipid II 

blocs through polymerization to form glycan strands. Reticulation of 

peptidoglycan is finally performed by the action of a DD-transpeptidase15. 

During the crosslinking process, the active serine of this enzyme is acylated by 

the penultimate D-alanine of a pentapeptide from a first glycan strand (the 

donor strand). This binding provokes the concomitant release of the terminal 

D-alanine. The resulting DD-transpeptidase-tetrapeptide adduct then 

undergoes a nucleophilic attack from the D-side amino group of a m-A2pm of 

second pentapeptide from a second glycan strand (the acceptor strand)11,16,17. 

Maturation of peptidoglycan consists in the cleavage of ultimate D-Ala from 

the remaining D-Ala-D-Ala residues thanks to a DD-carboxypeptidase18–20. 

 

All these enzymes (MurA, MurB, MurC, MurD, MurE, MurF, MraY, MurG, MurJ, 

glycosyltransferase, DD-transpeptidase, DD-carboxypeptidase) have important roles 

in the peptidoglycan biosynthesis. Therefore, if any of these were to be inhibited, 

growth and life of a bacteria population could be seriously compromised. 
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I.5.b) Peptidoglycan turnover and recycling 

Peptidoglycan being a crucial element of the bacterial structure, its metabolism is 

intimately bound to bacterial growth and division. In view of its function of 

shape-maintaining the cell wall, one might think that peptidoglycan is a static 

structure. But it is actually highly dynamic in the sense that it is constantly renewed21. 

It is estimated that in some Gram-negative and Gram-positive species, up to 50% of 

the preexisting peptidoglycan is degraded and replaced during a single cellular 

cycle22. Some enzymes keep on breaking down the peptidoglycan so that others can 

insert new fragments during cell growth. This process is called peptidoglycan 

turnover. 

 

Because such a loss of material would be unbearable for these organisms, 

biochemists hypothesized that fragments resulting from the peptidoglycan turnover 

are taken up and recovered by bacteria23. This was actually observed in Gram-

negative bacteria such as E. coli, in which peptidoglycan fragments are reimported 

from the periplasmic region where they accumulate. The current model explaining 

peptidoglycan recycling shows a complex pathway catalyzed by a dozen of dedicated 

enzymes breaking down bigger fragments into smaller ones ready to be incorporated 

in the peptidoglycan biosynthesis21,24. 

 

Peptidoglycan recycling would be even more beneficial to Gram-positive bacteria 

given their much larger peptidoglycan layer. Indeed, it has recently been observed 

that Gram-positive model bacteria Staphylococcus aureus, Bacillus subtilis, and 

Streptomyces coelicolor all recycle the sugar N-acetylmuramic acid (MurNAc)25. 

Whether or not Gram-positive organisms recycle other peptidoglycan fragments 

remains unclear. One might say that peptidoglycan metabolism is a clever dynamic 

equilibrium of biosynthesis, catabolism and recycling (Figure 8). 
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Figure 8. Cell wall recycling in Gram-negative bacteria23. 

 

Several models6,17 describe peptidoglycan turnover in different organisms but some 

similarities appear: 

- Sacculus meshes have to be cleaved to insert new peptidoglycan fragments 

- Catabolism and anabolism of peptidoglycan have to be concerted to avoid 

the bacteria lysis. 

Models can be categorized among two different insertion strategies. In the first one, 

hydrolases act first to cut the mesh and then, synthases come into play to polymerize 

glycan strands. The second main strategy is known as “make-before-break”: first, 

synthases polymerize glycan strands and then, hydrolases make incision to blend 

new strands in the existing sacculus. The key point of these mechanisms is that the 

cell wall must never be weakened to avoid the bacteria lysis. This is especially true 

in Gram-negative bacteria since their peptidoglycan layer is thinner6. 
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Peptidoglycan fragments not reintroduced into the bacterial cell through recycling 

can trigger a response from the human innate immune system in case of an infection 

(Figure 8). These danger-associated molecular patterns are recognized by pattern 

recognition receptors NOD1 and NOD2 (for nucleotide-binding oligomerization 

domain)26. Once activated NOD1 and NOD2 containing proteins (or peptidoglycan 

recognition proteins PGRP) trigger an inflammatory response trough signaling 

cascades27. These cytosolic proteins are associated with several inflammatory 

diseases such as asthma28 or Crohn’s disease29,30 upon mutation of NOD1 and NOD2 

genes. 

 

I.5.c) Penicillin-Binding Proteins 

Many essential enzymatic activities related to peptidoglycan metabolism are assured 

by “Penicillin-Binding Proteins” or PBPs17. As suggested by their name, PBPs are able 

to covalently bond penicillin, which affects their activities. PBPs have several 

activities: 

 

- Transglycosylation (polymerization of glycan strands) 

- DD-transpeptidation (peptidoglycan cross-linking) 

- DD-carboxypeptidation (cleavage of the last D-alanine of pentapeptides) 

- DD-Endopeptidation (reticulation hydrolysis) 

 

PBPs can be categorized in two main groups: high molecular mass (HMM) PBPs and 

low molecular mass (LMM) PBPs. HMM PBPs are multimodular enzymes. Their 

C-terminal penicillin-binding domain has a DD-transpeptidase activity. HMM PBPs 

can be divided in class A PBPs and class B PBPs depending on their N-terminal domain 

activity. Class A PBPs N-terminal domains are responsible for glycan strand 

elongation (glycosyltransferase activity) and class B PBPs N-terminal domains are 

believed to be active in cell morphogenesis. 
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LMM PBPs are sometimes referred to as class C PBPs. They can be divided in four 

subcategories depending on their primary structure homology with E. coli Class C 

main PBPs (PBP4, PBP5, PBP7, AmpH), which are involved in cell separation, 

peptidoglycan maturation and recycling. 

 

All PBPs display some kind of DD-peptidase activity (DD-transpeptidase, DD-

carboxypeptidase or DD-endopeptidase). The terminal D-Ala-D-Ala bond is necessary 

for these enzymes to form a Henri-Michaelis complex with their substrate. 

 

While the L-Ala-g-D-Glu-m-A2pm (or L-Lys)-D-Ala-D-Ala-OH pentapeptide stem forms 

a short-lived complex with PBPs before hydrolysis of the D-Ala-D-Ala peptide bond 

(DD-carboxypeptidase activity) or before substitution of the last D-Ala by the amino 

group of m-A2pm or L-Lys of another peptide (DD-transpeptidase activity), the 

structurally similar penicillin (Figure 9) durably binds with PBPs and therefore 

disables their activities17. Bacteria cannot survive as PBP-penicillin complex half-life 

exceeds bacteria generation time. 

 

     

Figure 9. Penicillin structure (a) compared to 

D-Ala-D-Ala pentapeptide moiety (b). 
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I.6. Antibiotics 

Many antibiotics have been discovered and developed since Alexander Fleming 

published his work on penicillin in 19293. Some of them induce cell death 

(bactericidal drugs) and others only inhibit cell growth (bacteriostatic drugs)31. Most 

of antibiotics used nowadays are natural or semi-synthetic products but some fully 

synthetic molecules are also available. These drugs can be classified following their 

bacterial target (Table 1). 

 

Table 1. Main classes of antibiotics and their targets31. 

DNA Synthesis 

inhibitors 

RNA synthesis 

inhibitors 

Protein synthesis 

inhibitors 

Cell wall synthesis 

inhibitors 

• Fluoroquinolones 

• Trimethoprim – 

sulfamethoxazole 

• Rifamycins • Tetracyclines 

• Aminoglycosides 

• Macrolides 

• Streptogramins 

• Phenicols 

• b-lactams 

• Glycopeptides 

• Glycolipopeptides 

• Lipopeptides 

 

 
 

 

Figure 10. Structures of selected antibiotics. 
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Some antibiotics such as fluoroquinolones inhibit bacterial DNA replication by 

interfering with the maintenance of chromosomal topology. This class of antibiotics 

targets topoisomerases II and IV at the DNA cleavage stage preventing them from 

joining DNA strands back. Others like rifamycins inhibit RNA synthesis by stopping 

DNA transcription. These drugs prevent RNA strand from emerging out of RNA 

polymerases by blocking their b-subunit. Tetracyclines inhibit proteins synthesis by 

targeting ribosomes. These compounds block the access of aminoacyl tRNAs to the 

30S ribosomal subunit. b-lactams such as penicillin interfere with PBPs and inhibit 

the cell wall synthesis leading to the lysis of the bacteria31. Notable drugs from these 

classes of antibiotics are depicted in Figure 10. 

 

As previously mentioned, the bacterial cell wall metabolism is a key target for 

antibiotics. A few of these and their mode of actions over the peptidoglycan 

synthesis are shown in Figure 11.  

 

 

 
Figure 11.  Antibiotics interfering with peptidoglycan biosynthesis32. 
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The Golden Years of antibiotic discovery and development have passed. Arrivals of 

these “wonder drugs” permitted the rise of the pharmaceutical industry and the 

antibiotic market is still a very lucrative business today, but as years went by, drug 

resistant bacteria appeared and the number of treatment options went down. 

Paradoxically, there is less effort today to find new drugs when the medical need 

keeps on increasing. 
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I.7. Resistance 

I.7.a) The phenomenon 

Bacteria may be seen as primitive or inferior organisms to a human eye but they are 

actually highly evolved species. They responded to 3.5 billion years of environmental 

challenges. Bacteria have short generation times and reproduce by binary fission. 

This explains why they evolve so quickly. Each division may induce mutations in 

genes of the newly formed cells. This allows large amounts of genetic variation in a 

population. An example with an average population of E. coli in a human intestine 

might help the reader to have a better grasp on this concept. The probability to have 

a mutation of a given gene during a cell division is about one in 10 million (10-7).  

About 2 ´ 1010 new E. coli cells arise each day in a person’s intestine. This translate 

to approximately 2000 bacteria with a mutation in that gene per day (10-7 ´ 2 ´ 1010 

= 2000). If one take into account that E. coli has around 4300 genes, it is estimated 

that the total number of mutations among the E. coli population in a human host is 

roughly 9 million per day1. 

 

In addition to these random mutations, genotype and possibly phenotypes of a 

bacteria can be altered by different mechanisms1: 

- Transformation: exchange of homologous DNA segments with the 

surroundings (they might be from broken-open cells) 

- Transduction: exchange of bacterial DNA with bacteriophage homologous 

DNA segments 

- Conjugation: transfer of DNA material between two different cells that are 

temporarily joined (they may be from different species). 

 

Antibiotic drugs are just another challenge to bacteria: each time antibiotics are 

used, a selective pressure is applied and some survivors among the targeted 

pathogens might engender new populations of resistant bacteria. This became a 

serious issue since antibiotics are everywhere, especially in farming and healthcare 
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facilities. And now, resistant bacteria are escaping the hospitals. Some even say that 

we are now in a post-antibiotic era33–35. It is estimated that antibiotic resistance 

causes over 25 000 deaths each year in the European Union, with an estimated cost 

of 1.5 billion € per year36. 

 

 
Figure 12. Bacterial resistance mechanisms37. 

 

A variety of resistance mechanisms have been reported so far (Figure 12): efflux of 

antibiotics by efflux pumps; decreased influx of antibiotics; sequestration of 

antibiotics; target modification to avoid binding with antibiotics; target protection to 

avoid binding with antibiotics; target bypass (new metabolic pathways not requiring 

the target intermediary); target amplification (synthesis of more targets than usual 

so the bacteria can survive even if a portion of these is affected); antibiotic 

inactivation by specific enzymes. 

 

The next section will detail one of these resistance mechanisms: the penicillin 

inactivation by a b-lactamase in Bacillus licheniformis (a Gram-positive bacteria). 
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I.7.b) Induction of a b-lactamase in B. licheniformis 

b-lactamases are enzymes capable of deactivating b-lactam antibiotics such as 

penicillin by hydrolyzing their b-lactam ring. The first of this kind to be identified was 

penicillinase in 1940 (isolated from E. coli), even before penicillin entered clinical 

use33,38. 

 

Bacillus licheniformis strain 749/I is also able to produce a b-lactamase (BlaP) coded 

by blaP gene. When there is no penicillin, BlaP is only produced at a very low level. 

The current model39 shows that in the absence of penicillin the bla divergon coding 

for BlaP, BlaR1 and BlaI is expressed at a low level (Figure 13a). BlaR1 is a membrane-

bound penicillin-binding receptor and BlaI acts as a cytoplasmic repressor of bla 

divergon when dimerized. In this case, PBP1 (a membrane bound PBP with a 

transpeptidase activity) is active and peptidoglycan reticulation occurs normally. 

 

 

Figure 13a. In the absence of penicillin, gene blaP is repressed. 
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When a sub-lethal dose of penicillin is added into the medium, PBP1 is partially 

inactivated by penicillin and reticulation of peptidoglycan is compromised. Because 

of this, the anabolism-catabolism equilibrium of peptidoglycan gets dubious and 

quantities of cell wall turnover products is on the rise (a penicillin stress is generated 

by the partial deactivation of PBP1, Figure 13b). 

Penicillin also binds to receptor BlaR1. This opens a new path for cell wall turnover 

products: H2N-L-Ala-g-D-Glu-m-A2pm tripeptide resulting from the activity of YkfA is 

hydrolyzed into g-D-Glu-m-A2pm dipeptide by activated BlaR1. This dipeptide 

inactivates BlaI dimer repressor so the divergon bla is expressed and production of 

b-lactamase BlaP is triggered. 

 

 
Figure 13b. In the presence of penicillin, gene blaP is expressed. 
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I.8. Objectives 

As pharmaceutical companies neglect the development of new antibiotics in the era 

of resistance, fundamental research in this area becomes increasingly essential. 

Biochemists face huge challenges when they strive to study such complex 

biochemical mechanisms. These studies require chemical tools. Some can be 

prepared by enzymatic synthesis, but others are more challenging. The goal of this 

work is to broaden the biochemist toolbox to study peptidoglycan metabolism and 

antibiotics resistance mechanisms. 

 

Enzymatic in vitro studies require substrates. NMR experiments designed to study 

the tridimensional structure of peptidoglycan could benefit from 13C or 15N labelled 

compounds. Quantitative analyses to study peptidoglycan dynamics require 

chromatography references as well as isotopologues for mass spectrometry. 

Non-radioactive and radioactive probes allow for peptidoglycan recycling analyses. 

Peptide fragments of peptidoglycan are also useful in order to study the innate 

immune system as they are sensed as danger associated patterns by receptors like 

NOD containing proteins. Due to its specificity to the bacterial cell wall, 

meso-diaminopimelic acid (Figure 14) seems to be a perfect probe to study 

peptidoglycan metabolism. This particular amino acid is also implicated in each of 

the peptides intervening in the current model for the induction of b-lactamase BlaP 

in B. licheniformis39. 

 

 

Figure 14. meso-diaminopimelic acid and 

foreseen substitution and labelling positions. 
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Chemistry is the only viable way to prepare these tools as enzymatic syntheses 

produce very low amounts of products and require multiple purification steps. In 

addition, these methods do not allow for selective labelling. Therefore, we will in this 

work synthesize different radioactive and non-radioactive isotope-containing 

m-A2pm and m-A2pm containing peptides. 

 

Although m-A2pm appears as a very simple compound at a first glance, the organic 

chemist will face some challenges in the syntheses of its isotope-containing 

analogues and its incorporation in peptides. Indeed, we will have to find a way to 

prepare a symmetric compound with two chiral centers of opposite configuration. 

Moreover, several differentially protected m-A2pm will have to be prepared in 

anticipation of their insertion in peptide synthesis (Figure 15). Indeed, the 

biochemist toolbox remains incomplete as enzymatic digestions cannot provide 

every possible fragment of the peptidoglycan cross-link. PEP2 and a deuterated 

analogue of it will be useful as chromatography and mass spectrometry references 

for the study of dynamics of the induction of b-lactamase in B. licheniformis as it 

appears in the current model. PEP1 and PEP3 contain the peptide bond responsible 

of the cross-linking between glycan strands in peptidoglycan and therefore will be 

useful to study the enzymatic activity of DD-transpeptidases. All these compounds 

could also be used in studies of the human innate immune system. The next chapter 

will focus on the different strategies reported so far for the preparation of such 

compounds. 
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Figure 15. target peptides 
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It is not surprising that several groups investigated the preparation of 

meso-diaminopimelic acid, this compound being such an important link of 

peptidoglycan, both figuratively and literally. Efforts toward the chemical synthesis 

of isotope-containing m-A2pm (2H, 3H, 14C) were reported from as early as the 

1960’s40–45. The first total syntheses did not display any selectivity toward the meso 

diastereoisomer. However, a notable preparation of tritiated m-A2pm was reported 

in 1985 by Schott et al.46 (Scheme 1). It begins with a photochemically induced radical 

chlorination of an existing m-A2pm, probably isolated from peptidoglycan. Chloro-m-

A2pm derivatives were then converted into [3H]m-A2pm by catalytic 

dehydrohalogenation and reduction using tritium gas. 

 

 

Scheme 1. Tritiation of an existing m-A2pm (Schott et al.)46. 
(a) conc. HCl, Cl2, hn, 70-80 °C; (b) T2 (1 atm), Pd/C (10 % wt). 

 

Alongside, some efforts have also been made to isolate m-A2pm from the 

peptidoglycan of bacteria grown in 14C or 3H enriched media47. But these methods 

did not offer the aimed flexibility required for the variety of target molecules of this 

work.  
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Many groups have investigated the chemical synthesis of peptidoglycan fragments 

during the last 25 years and several stereoselective syntheses of m-A2pm and 

m-A2pm containing peptides were reported. A few notable syntheses will be 

discussed in the following paragraphs and ultimately, we will choose one to base our 

strategy on. A few factors helped us to decide which strategy to opt for: 

- Stereoselectivity; 

- Carbon-13 compatibility; 

- Deuterium and tritium compatibility; 

- Peptide synthesis possibility. 

 

As its name suggest, m-A2pm or (2S,6R)-A2pm includes two stereogenic carbons of 

opposite configurations. This represents one of the challenges that we will face in 

this work, and of course high optical purity is a decisive factor in the strategic choices 

we will have to make. 

 

Since we want to obtain a carbon-13 substituted m-A2pm, the synthetic pathway that 

we will choose has to start with a carbon-13 substituted synthon. The commercial 

availability of a such starting material is therefore a necessity. This compound should 

not be used in excess at any point during the synthesis as for obvisou cost reasons. 

Only syntheses respecting this last criterion will be mentioned. 

 

We also intend to prepare deuterium-substituted and tritium-labelled m-A2pm, so 

an easy to label intermediate is needed (e.g. by alkene reduction). If we want to 

perform a tritium labelling, this should be done during the last chemical step. 

 

Finally, we would like to prepare some peptides using solid-phase peptide synthesis 

and depending on the target molecule, there should be a high flexibility over the 

protecting groups we may have to use.  
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II.1. Jurgens and Chen syntheses 
Jurgens was the first to publish a total enantioselective synthesis of a differentially 

protected meso-diaminopimelic acid in 199248. His starting material was Garner’s 

aldehyde, already containing the first chiral center of m-A2pm (Scheme 2). The key 

step of this strategy is the introduction of the second chiral center by alkylation of a 

Schollkopf reagent, a chiral auxiliary (step d). The alkene function in this product is 

later reduced by hydrogen making it a good substrate for an eventual deuterium 

labelling. However, a tritium reduction is not conceivable since a few more steps are 

required to produce free m-A2pm. 

It should also be noted that no carbon-13 substituted Garner’s aldehyde is 

commercially available, although, such compounds could be prepared from 

(13C)serine49. All carbon-13 substituted analogues of serine are available in 

L-configuration but none in D-configuration, meaning that a (R)-configured 

Schollkopf reagent would be necessary to prepare m-A2pm. 

Chen et al. followed a very similar approach in 201450. Yet, they used a different 

starting material and their meso-diaminopimelic acid skeleton did not feature an 

alkene anymore (Scheme 2). In this case, the oxazolidine precursor could be 

prepared from L-glutamic acid (available in a variety of stable isotopomers)50. 

 

These two syntheses will be disregarded as the deuterium/tritium introduction 

opportunity happens at a too early stage of the strategy.
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Scheme 2. Jurgens (1992)48 and Chen (2014)50. 

(a) Ph3P=CHCHO, toluene, D, 80%; (b) DIBAL, CH2Cl2, 0°C, 60%; (c) Ph3P, CBr4, CH2Cl2, 0°C, 95%; (d) n-BuLi, THF, -78°C, 

95%; (e) 0.1M HCl, THF, H2O, 48%; (f) H2, Pd/C, EtOAc, quant.; (g) Cbz-Cl, Et2O, NaHCO3, 84%; (h) p-TsOH, H2O, CH3OH, 

91%; (i) PDC, DMF, 75%. (j) n-BuLi, THF, -78°C, 3h, 65%; (k) 0.5M HCl, THF, 0°C, 2h; (l) CbzCl, Et3N, CH2Cl2, rt, 2h, 70% (2 

steps); (m) p-TsOH , H2O, MeOH, rt, 36h, 80%; (n) TEMPO, BAIB, CH2Cl2, H2O, rt, 1h, 72%. 
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II.2. Holcomb and Wang syntheses 

Holcomb et al. (1994) started their chemical pathway from L-glutamic acid (readily 

available in any stable isotopomer)51. The second chiral center is introduced via an 

asymmetrical hydrogenation of an alkene obtained by a Wittig reaction (Scheme 3). 

Wang et al. adopted an identical strategy in 2001, which differed only in the choice 

of protecting groups52. It should be noted that the chiral selectivity of the Wang 

synthesis is vastly superior to the one reported by Holcomb, which requires a 

chromatography separation of the diastereoisomers. The reduction step represents 

an easy way to introduce deuterium atoms but the protecting groups would have to 

be changed to afford free tritiated m-A2pm in a single reduction step. As mentioned 

in the previous section, L-glutamic acid is available as a variety of stable isotopomers. 

 
 

 
 

Scheme 3. Holcomb (1994)51 and Wang (2001)52. 

(b) (1) BH3.SMe2, 0 ® 25°C (2) PCC, 25°C, 51% (2 steps); (c) KHMDS -78 ® 25°C, 75%; (d) H2 (40 psi), 

[Rh(I)(NBD)2]ClO4.(S,S)-chiraphos, 25°C, 80% (3:1 R:S); (e) TMSCH2CH2OH, LiHMDS, 0°C, 53%. (x) DIBAL, 

Et2O, -78°C, 91%; (y) DBU, CH2Cl2, rt, 5.5h, 91%; (z) H2 (70 psi), [Rh(I)(COD)(R,R)-Et-DuPHOS]OTf, MeOH, 24h, 88%. 
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II.3. Hernandez synthesis 

Hernandez and Martin reported a new preparation of m-A2pm from L-aspartic acid 

in 200153. The key step of this synthesis is the introduction of the second asymmetric 

carbon thanks to an Katsuki-Sharpless asymmetric epoxidation54 of an alkene 

obtained by a Wittig reaction (Scheme 4). The final differentially protected molecule 

is obtained after the epoxide opening, several protection/deprotection and 

reduction/oxidation steps. Although carbon-13 labelled L-aspartic acid are available, 

there is no satisfying opportunity for a deuterium or tritium introduction. 

 
 

 
 

Scheme 4. Hernandez (2001)53. 
(a) benzene, 0°C, 89%; (b) DIBAL, -78°C, 85%; (c) Ti(i-PrO)4, (R,R)-(+)-DET, TBHP, CH2Cl2, -20°C, 82%; (d) NaN3, 

NH4Cl, MeOH/H2O (8:1), reflux, 83%; (e) H2C=C(OMe)CH3, PPTS (cat.), CH2Cl2, rt, 85%; (f) (1) H2, Pd/C, EtOAc, rt, 

(2) Cbz2O, CH2Cl2, rt, (3) MeOH, p-TsOH (cat.), (4) NaIO4, Na2CO3, KMnO4, dioxane/H2O (3:1), rt, 60% (4 steps). 
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II.4. Kawasaki synthesis 

The synthesis reported by Kawasaki et al.55 in 2008 enforces a Julia-Kocienski 

olefination56 reaction as the key step (step a, Scheme 5). The two chiral centers are 

already present in the aldehyde and sulfone precursors. Both of these are derived 

from D-serine, which is available as 13C-substituted isotopomers. This chemical 

pathway features an alkene reduction making it suitable for a deuterium labelling. 

However, this reduction step occurs at an early stage of the synthesis compromising 

the possibility of a tritium labelling. 

 
 

 
 

Scheme 5. Kawasaki (2008)55. 
(a) NaHMDS, THF, -70°C, 71%; (b) HCl 1M in MeOH; (c) triphosgene, Et3N, CH2Cl2, 22% (2 steps); (d) (1) H2, Pd/C, 

MeOH, (2) CbzCl, NaHCO3, 1,4-dioxane/H2O (1:1), 82% (2 steps); (e) RuCl3.nH2O, NaIO4, acetone/H2O (1:1), 66%; 

(f) AcCl, MeOH, 89%; (g) Boc2O, DMAP, Et3N, THF, 86%; (h) LiOH, THF/H2O (3:1); (i) (1) Cs2CO3, MeOH, (2) BnBr, 

DMF, 83% (3 steps); (j) PDC, DMF, 86%. 
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II.5. Del Valle, Chowdhury and Saito syntheses 

These three syntheses have a common key step: an olefin metathesis (steps c, g and 

I, Scheme 6). All three groups opted for olefinic synthons already containing the 

chiral centers present in m-A2pm. 

 

Del Valle and Goodman chose a ring closing metathesis (RCM) ensuring almost 

quantitative yields in their 2004 publication57 (Scheme 6, left). However, this strategy 

requires more steps to prepare the diene substrate needed for RCM and to open the 

resulting ring. Alkene is then reduced and alcohol oxidized to afford the target 

molecule. 

Saito et al. performed a cross-metathesis between a protected allylglycine and an 

oxazolidine derived from D-serine58 (Scheme 6, right). An excess of the oxazolidine 

synthon is necessary to limit the formation of homodimers of allylglycine. As for Del 

Valle synthesis, three more steps are required to reach the target molecule: alkene 

reduction, oxazolidine opening and alcohol oxidation. 

Chowdhury and Boons presented a very straightforward approach in 200559 (Scheme 

6, middle). The m-A2pm framework is formed in a single step from protected (R)-

allylglycine and (S)-vinylglycine. The remaining step being a reduction of the alkene 

function. As for Saito’s synthesis, an excess of vinylglycine synthon is necessary to 

limit the formation of homodimers of allylglycine. Vinylglycine does not react with 

itself probably due to steric reasons. 

 

These three strategies use precursors that can be prepared from amino acids 

available in a variety of 13C-substitued isotopomers. But only Chowdhury’s synthesis 

is worth considering since the reduction could be applied as a final step. This strategy 

is very appealing to us because, with the right choices of protecting groups, a variety 

may of m-A2pm derivatives may be produced with different goals in mind (peptides, 

(13C)m-A2pm, (2H)m-A2pm and [3H]m-A2pm).
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Scheme 6. Del Valle (2004)57, Chowdhury (2005)59 and Saito (2013)58 strategies. 
(a) (1) PyBOP, Et3N, CH2Cl2, (2) Ac2O, pyridine, CH2Cl2, 83% (2 steps); (b) Boc2O, DMAP, THF, 77%; (c) 2 mol% Grubbs 2nd 

gen. cat., CH2Cl2, reflux, 2h, 99%; (d) (1) LiOH 2M, THF, (2) MeI, K2CO3, DMF; (e) H2, 2mol% [Ir(COD)PyPCy3]PF6, CH2Cl2, 

56% (3 steps); (f) NaClO, NaClO2, TEMPO, MeCN, H2O (92%). (g) Grubbs 2nd gen. cat., 64%; (h) H2, 3% Pt/C, EtOH, CH2Cl2, 

H2O, 98%. (i) 5mol% Grubbs 2nd gen. cat., 73%; (j) H2, PtO2, EtOAc, rt, 14h, 97%; (k) p-TsOH, H2O, MeOH, 81%; (l) NaClO, 

NaClO2, TEMPO, MeCN, H2O. 
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II.6. Peptides 

Several groups have reported 

syntheses of m-A2pm containing 

peptides and muropeptides. Some 

prepared short peptides in 

solution50,51,55,57–61 while others 

inserted differentially or 

orthogonally protected m-A2pm in 

solid-phase peptide synthesis59,62–64 

(SPPS, concept illustration in 

Scheme 7). The former strategies 

will be dismissed as they require 

extensive purification after each 

coupling whereas the latter only 

require a single purification step 

after cleaving the peptide from 

resin. 

 

Recently, Dr J. Simon et al. proposed 

a new methodology for the 

synthesis of m-A2pm containing 

peptides inspired by Chowdhury 

cross-metathesis65. Rather than 

inserting an adequately protected 

m-A2pm directly into SPPS, they 

grew a peptide containing an 

allylglycine and then, performed an 

on-resin cross-metathesis with a 

vinylglycine synthon to turn the 

 

Scheme 7. SPPS of a m-A2pm containing 

peptide (classical approach). 

allylglycine into an m-A2pm (concept 

illustration in Scheme 8). 
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Scheme 8. SPPS of a m-A2pm containing peptide 

via on-resin cross-metathesis. 
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III.1. Strategy 

As a reminder, the first goal of this work is the preparation of non-radioactive and 

radioactive isotope-containing meso-diaminopimelic acid: m-A2pm, (2H2)m-A2pm, 

[3H]-m-A2pm and (13C)m-A2pm. 

 

The second goal is the synthesis of m-A2pm and (2H2)m-A2pm containing peptides. 

Because of the variety of target molecules (Scheme 1), The most versatile and 

straightforward strategy found so far will be enforced. Chowdhury’s approach allows 

to mix and match couples of differently protected allylglycine (AG) and vinylglycine 

(VG) synthons to afford m-A2pm with several sets of protecting groups. 

 

Protecting groups and absolute configurations of AG and VG synthons must be 

chosen wisely depending on the anticipated fate of the dehydro-m-A2pm derivatives 

obtained by cross metathesis, especially for peptide synthesis purposes. Depending 

on the targeted peptide, either orthogonally or differentially protected m-A2pm will 

be needed. To avoid any information overdose to the reader at this early stage, 

actual protecting groups choices are argued in the following subchapters depending 

on the target molecule discussed (see paragraph III.5.b protecting groups choice). 

 

Syntheses of free m-A2pm, (2H2)m-A2pm and [3H]m-A2pm will only differ in the 

catalytic reduction conditions of a common cross-metathesis dehydro-m-A2pm key 

intermediate, but in contrast to deuterium and tritium, carbon-13 has to be 

introduced at the beginning of the synthetic pathway (Scheme 2). Although D-

methionine and glycine are commercially available as several carbon-13 

isotopomers, (1-13C)glycine is the cheapest option available (172 €/g). In addition, in 

order to avoid large amounts of homodimers of allylglycine synthons during the cross 

metathesis key step, Chowdhury uses an excess of vinylglycine synthon, making it a 

poor choice as a carbon-13 substituted synthon for cost reasons. Consequently, it 
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was decided to produce (13C)allylglycine from (1-13C)glycine. We opted for (R)-VG and 

(13C)(S)-AG synthons. 

 
 

 

Scheme 2. General strategy for the preparation of (13C)m-A2pm. 
 

 

The first part of this chapter will focus on the preparation of AG and (13C)AG 

synthons. The second part will describe the synthesis of the VG synthons. Then, 

syntheses of free and protected m-A2pm will be discussed. The last subchapter will 

discuss peptides syntheses. 
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III.2. Allylglycine and (13C)allylglycine preparation 

III.2.a) Strategy 

Allylglycine derivatives can be enantioselectively produced by phase-transfer 

catalysis (PTC) of a Schiff base using a chiral quaternary ammonium salt as a catalyst66 

(see retrosynthetic path described in Scheme 3). Such Schiff bases can be prepared 

from glycine. A benzophenone imine Schiff base was chosen since it is known to 

ensure monoalkylation in opposition to benzaldimine Schiff bases which are prone 

to dialkylation67,68. Due to the relatively high price tag of (1-13C)glycine (172 €/g), all 

chemical steps were optimized on the cheap natural isotopic abundance glycine (0.1 

€/g). 

 
 

 

Scheme 3. Retrosynthetic path for the preparation of allylglycine derivatives. 
 

 

 

III.2.b) Preparation of Schiff bases 

In order to prepare the desired natural isotopic abundance and carbon-13 

substituted Schiff bases 5 and (13C)5, glycine tert-butyl esters 4 and (13C)4 (Scheme 

4) had to be prepared first. This particular type of ester can be tricky to prepare and 

requires a protection of glycine’s amino group. So, glycine 1 was first converted into 

a carboxybenzyl carbamate 2. This protecting group was chosen because its catalytic 

reduction removal conditions are compatible with a tert-butyl ester. The protection 

went smoothly on glycine 1 and was repeated on (1-13C)glycine (13C)1 with similar 

yields (96%). 
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Scheme 4. Preparation of Schiff bases 5 and (13C)5. 
(a) Cbz-Cl, NaOH, toluene, 0 °C to rt, 96%; (b) t-BuOH, DCC, DMAP, CH2Cl2, 93%; 

(c) H2 (5 bar), Pd/C, HCl, MeOH; (d) Ph2C=NH, CH2Cl2, anh. MgSO4, 94% (2 steps). 
 

 

This first step was the occasion to witness analytical particularities of carbon-13 

substituted compounds in mass spectrometry and NMR spectroscopy. Obviously, 

mass spectra were shifted one unit to the right but more interestingly, some carbon-

hydrogen couplings were observed on 1H NMR as well as carbon-carbon couplings 

on 13C NMR (in addition to a hundred times more intense than usual peak for the 

carbon-13 substituted atom). NMR couplings observed on (13C)2 are displayed in 

Figure 1. Similar behaviors were observed in every carbon-13 substituted 

compounds synthesized from this point (see Chapter VI: Supplementary Data). 

 

 

Figure 1. Comparison of NMR signals of CH2a in 2 and (13C)2. 

Ha of (13C)2 appears as a triplet due to similar JHH and JHC in 1H NMR. Ca appears as a doublet in 13C NMR. 

Spectra taken in DMSO-d6 on a 400MHz Bruker instrument. 
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Tert-butyl protection of the carboxylic group was tested using Steglich’s 

esterification69. Two carbodiimides were considered for this reaction: EDCI and DCC. 

The former has the advantage of being converted into a water soluble, easy to 

extract, corresponding urea. However, DCC gave better yields (93% vs 72%) and we 

had to cope with DCU elimination by multiple precipitations in ether. (13C)3 was 

obtained using these last conditions with a 93% yield. 

 

Removal of the amino protecting group through catalytic hydrogenation surprisingly 

proved to be more difficult than expected (Table 1). Two different catalysts (Pd/C 5% 

wet and Pd/C 10% dry) were tested but none of them afforded satisfying results 

using THF as the solvent (entries 1, 2). Quantities of crude product 4 obtained after 

work-ups were very low. Our first hypothesis was a poor washing of the filtered 

catalyst. So, methanol was used and higher amounts of 4 although still lower than 

expected were obtained (entry 3). Using methanol as the reaction solvent improved 

a bit but still not in a satisfactory manner (entry 4). Our hypothesis then evolved: the 

free amino group might act as a poison to the catalyst. To avoid this issue, it was 

decided to add some acid to the medium. The acid choice and its quantity are crucial 

in order to avoid a cleavage of the tert-butyl ester. We first settled on using 1 

equivalent of acetic acid (entry 5). Conversion improved a lot, comforting our 

hypothesis. Finally, using 0.48 equivalent of sulfuric acid or 0.95 equivalent of 

hydrochloric acid led to yields around 95% (entries 6, 7). These last conditions were 

then repeated on (13C)3. 

 

Table 1. Optimization of Cbz carbamate cleavage (step c, Scheme 4). 

# P(H2) Solvent 
Washing 

solvent 
Catalyst (quantity) Duration Yield 

1 1-3 bar THF THF Pd/C 5% wet (1%) 5 h <1% 

2 3 bar THF THF Pd/C 10% dry (1%) 18 h 4% 

3 5 bar THF MeOH Pd/C 10% dry (1%) 120 h 23% 

4 5 bar MeOH MeOH Pd/C 10% dry (1%) 120 h 37% 

5 5 bar MeOH + 1.0 equiv. HOAc MeOH Pd/C 10% dry (1%) 120 h 56% 

6 5 bar MeOH + 0.48 equiv. H2SO4 MeOH Pd/C 10% dry (2%) 2h 95% 

7 5 bar MeOH + 0.95 equiv. HCl MeOH Pd/C 10% dry (2%) 2h 97% 
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The last step toward the formation of the desired Schiff base can be accomplished 

using different reactants: dichlorodiphenylmethane, benzophenone or 

benzophenone imine70–72. The best results were obtained using the latter. The 

driving force of this reaction is the precipitation of by-product NH4Cl. Addition of 

anhydrous MgSO4 to the medium ensured precipitation of the salt and allowed total 

conversion of glycine tert-butyl ester 4 into Schiff base 5. These optimized conditions 

were repeated on crude (13C)4 and allowed the formation of (13C)5 with a satisfying 

94% yield over two steps. Carbon-13 substituted Schiff base (13C)5 was prepared on 

an over 10 g scale from (1-13C)glycine (13C)1 with an overall yield of 84% over four 

steps. 

 

III.2.c) Chiral alkylations and protections 

The Cyclotron Research Center (CRC) is familiar with chiral phase transfer catalysis, 

for instance in the synthesis of a-benzylated lanthionine (an analogue of m-A2pm)73 

or [18F]fluoro-L-DOPA74–76, 6-[18F]fluoro-L-tyrosine75 and 6-[18F]fluoro-L-m-tyrosine76, 

for PET applications. Among the chiral quaternary ammonium salts already tested at 

the CRC, we may cite cinchonine and cinchonidine derived quaternary ammoniums 

and Maruoka’s catalysts66 (Figure 2). 

 

 

Figure 2. Selected chiral phase transfer catalysts. 

 

Maruoka’s phase transfer catalysts 6a and 6b are exceptionally active (only 0.5 mol% 

is usually needed) and stereoselective (enantiomeric excesses over 95%). They even 
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can afford high enantioselectivity at high temperatures. They are now commercially 

available (50 mg = 261 €), but it was not the case at the beginning of this work. The 

very long multistep preparation of these catalysts led us to consider cinchonine and 

cinchonidine derivatives 7a and 7b. These compounds, although less efficient than 

6a and 6b, stand out as easy to prepare catalysts from cheap cinchonine (100 g = 110 

€) and cinchonidine (100 g = 167 €) while remaining sufficiently active and selective. 

They were synthesized following Lygo’s procedure77 depicted in Scheme 5. 

Cinchonidine derivative 7b was used to prepare (S)-AG derivatives and cinchonine 

derivative 7a for the preparation of (R)-AG as chiral HPLC references. 

 

 
Scheme 5. Preparation of catalyst 7b. 

(a) H2 (5 bar), Pd/C (10%, dry), rt, 97%; (b) 9-chloromethylanthracene, toluene, N2, 95 °C, 72%; (c) BnBr, NaOH 

50%, CH2Cl2, 0 °C, 72%. 

 

 
Scheme 6. Preparation of AG derivatives 10, (13C)10 and 11. 

(a) CH2=CH-CH2-Br, 7b, KOH 50%, toluene/CH2Cl2 10:1, -20°C, 95%; (b) citric acid, H2O/THF; (c) Fmoc-OSu, 

THF/H2O 65% (2 steps); (d) Cbz-Cl, Na2CO3, toluene, 0°C to rt, % (55%, 2 steps). 

 

PTC alkylations of Schiff bases 5 and (13C)5 were performed using a mixture of 

toluene and dichloromethane (10:1) as the organic phase and 50% aqueous KOH as 

a base (step a, Scheme 6). Toluene usually helps achieving better enantioselectivity 

but a fraction of dichloromethane was necessary to solubilize the catalyst. As with 
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all PTC, a vigorous agitation was required to maximize the interface area between 

the two phases. A low temperature (-20 °C) also ensures a high enantioselectivity. 

Although as much as 10 mol% of catalyst 7b were necessary, this compound can be 

recovered by precipitation in ether. Carbon-12 chemistry was tested and scaled-up 

on commercial Schiff base 5 to prepare 8 (up to 20 g) before being repeated on 

synthesized (13C)5 at a 10 g scale with a 95% yield. 

 

In the following step, benzophenone imine had to be cleaved in order to introduce 

adequate protecting groups. A weak acid (citric acid) was employed to selectively 

cleave the imine function. These experiments were monitored by HPLC to avoid any 

over exposure to acidic conditions which would lead to the tert-butyl ester 

hydrolysis. Crude 9 was directly converted into (S)-FmocNH-AG-Ot-Bu 10 (yield = 66% 

from 8 to 10, 3 g scale) and (S)-CbzNH-AG-Ot-Bu 11 (yield = 55% from 8 to 11, 2 g 

scale). Crude (13C)9 was directly converted into (13C)(S)-FmocNH-AG-Ot-Bu (13C)10 on 

a 5 g scale (yield = 65% from (13C)8 to (13C)10). (R)-enantiomers of 10 and 11 were 

also prepared as references for chiral HPLC. 

 

Optical purities of the three AG derivatives were determined by HPLC using a Daicel 

Chiralcel® OD-H chiral column (chromatograms and enantiomeric excesses are 

compiled in Figure 3). An additional treatment by TFA was necessary to separate 

enantiomers of 11. 
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Figure 3. Determination of optical purities of AG derivatives 10, (13C)10 and 11. 

Compounds 10 and (13C)10 were analyzed by HPLC using a Daicel Chiralcel® OD-H chiral column (n-hexane/iPrOH 

85:15, rt, 265 nm). Difference of residence times between 10 and (13C)10 is due to temperature variation. 

Compound 11 was treated with TFA to form CbzHN-AG-OH of which enantiomers can be separated on the same 

column (n-hexane/iPrOH/TFA 65:35:0.1, 30 °C, 210 nm). Analyses of synthesized (R)-AG derivatives confirmed 

attributions of smaller peaks. 
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III.3. Vinylglycine preparation 

The vinylglycine synthon 16 needed for cross-metathesis experiments is 

commercially available but due to the ever-raising prices of this compound ($998 for 

5 g at the time of writing), it was prepared in our laboratory. A plethora of 

preparations of VG derivatives have been reported78–94 but the most straightforward 

strategy uses methionine 12 as a starting material. Once fully protected and 

converted into a methionine sulfoxide derivative (MetO) 15, protected VG derivative 

16 can be obtained by syn sylfoxide elimination through thermolysis (Scheme 7).79–

81 

 

 

Scheme 7. Synthesis of vinylglycine precursor 15. 
(a) CbzCl, NaOH 1M, toluene, 0 °C to rt, 97%; (b) TMSCl, MeOH, rt, 94%; (c) NaIO4, MeOH, rt, 99%. 

 

Unfortunately, previously reported thermolysis methods tested during the course of 

this work were hampered by extensive isomerization. Batch thermolysis in a high 

boiling point solvent such as 2,4-dichlorotoluene required long reaction times 

causing the formation of a dehydrobutyrine derivative (DHB) side-product that is 

impossible to separate from our desired vinylglycine derivative82. A promising 

alternative to batch methods was to avoid using any solvent by performing the 

thermolysis in a Kugelrohr distillation apparatus as reported by Rapoport et al.79 

Small scale tests were encouraging but all attempts to reproduce these results at 

larger scales failed, as the crude products were also contaminated with large 

amounts of DHB. Whichever method employed, large amounts of DHB formed were 

always accompanied by poor enantiomeric excesses. 
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These observations led us to consider a continuous-flow alternative in order to 

minimize reaction times in hope to avoid isomerization and to improve 

enantioselectivity. Continuous-flow chemical processing enables the continuous 

production of chemicals with high flexibility and stability over parameters such as 

pressure, temperature, homogeneity of the medium and reaction times. In the 

present case, the temperature is a key factor and using a high pressure mesofluidic 

reactor as the one depicted in Scheme 8 allows to use toluene as a solvent at 

temperatures well above its atmospheric boiling point (250 – 290 °C vs 110.6 °C). 

Control over the flow-rate via an HPLC pump allows for precise tuning of residence 

times. While batch methods require hours long refluxes in high boiling point 

solvents, continuous-flow thermolysis residence times in superheated toluene 

ranged from 20 to 102 seconds. Computational studies performed by Doctor 

Monbaliu (CiTOS, University of Liège) showed that the methylsulfenic acid by-

product (MeSOH) was responsible for the isomerization of desired the VG 16 into 

DHB. The addition of 1.0 equiv. of dimethyl acetylenedicarboxylate (DMAC) as a 

scavenger of MeSOH to the MetO 15 solution contributed to avoid the formation of 

DHB. This innovative method of preparation of VG derivatives allowed us to prepare 

VG synthons 16 on a 10 g scale from MetO 15, and 18 on a 5 g scale from MetO 17 

with optical purities of 97%. 

Results of this work were published in Organic & Biomolecular Chemistry in 201595 

(publication attached in Chapter VII).  

 

 
Scheme 8. Syntheses of vinylglycine derivatives 15 and 16 using continuous-flow 

thermolysis of methionine oxide derivatives. 
(a) methionine sulfoxide derivative solution in toluene (10 g.L-1), flow rate = 1 mL.min-1, 1.0 equiv. DMAC. Back 

Pressure Regulator (BPR) ensures that superheated toluene remains liquid. 

270 °C
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III.4. m-A2pm syntheses 

III.4.a) Differentially protected m-A2pm syntheses 

With these three allylglycine (AG) (10, (13C)10 and 11) and two vinylglycine (VG) (16 

and 18) synthons in hand, we were ready to perform cross-metatheses to get 

dehydro-m-A2pm derivatives with different substitution patterns. We first 

considered a coupling between (S)-FmocNH-AG-Ot-Bu 10 and (R)-CbzNH-VG-OMe 16 

(Scheme 9). This set of protecting groups (Fmoc carbamate, t-Bu ester, Cbz 

carbamate and Me ester) is very versatile to build m-A2pm containing peptides PEP1 

and PEP2 using solid phase supported peptide synthesis (SPPS) with the Fmoc 

strategy (see subchapter III.5.b). 

 

 
Scheme 9. Preparation of differentially protected m-A2pm 22, (2H2)22, 23 and (2H2)23. 
(a) 1 equiv. 10, 3 equiv. 16, 20 mol% Grubbs 2nd gen. cat., CH2Cl2, reflux, N2, 75%; (b) 20: H2 (1 bar), Pd/C (10% wt, dry), 

HCl, H2O/THF 1:5, rt; (2H2)20: D2 (1 bar), Pd/C (10% wt, dry), DCl, D2O/THF 1:5, rt; (c) TFA, 93% (2 steps); (d) CbzCl, 

NaHCO3, THF, 49%; (e) Boc2O, NaHCO3, THF, 98%. 
 

 

These cross-metatheses were performed using Grubbs’ second-generation catalyst 

as Chowdhury reported that there was no cross-coupling occurring when Grubbs’ 

first-generation catalyst is employed. Following another Chowdhury’s suggestion, 2 

equivalents of VG 16 were used to avoid homodimerization of AG 10. However, some 

homodimerization was still observed (Scheme 10 and Table 2, entry 1). Raising the 

number of equivalents of VG 16 to three was still not sufficient to completely avoid 

the formation of AG homodimer but led to very good yields for olefin cross-

metatheses ranging from 73% to 78% (entries 2 – 4). No homodimerization of VG 16 

was observed in these conditions. This cross-metathesis was scaled to produce up to 

2.75 g of dehydro-m-A2pm 19. 
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Table 2. Optimization of the cross-metathesis step. 

 Reactants Crude HPLC analysis (corrected)*  

# AG 10 VG 16 AG 10 
Homodimer 

AG-AG 

Dehydro-m-A2pm 

19 
Yield 

1 1 mmol 2 mmol (2.0 equiv.) 12% 8% 80% 58% 

2 1 mmol 3 mmol (3.0 equiv.) 11% 4% 85% 75% 

3 1.75 mmol 5.25 mmol (3.0 equiv.) 10% 4% 86% 78% 

4 6.13 mmol 17.6 mmol (2.9 equiv.) 14% 4% 82% 73% 

*The medium was analyzed by HPLC. Homodimer AG-AG peak surface was divided by 2 to take into account its 

double Fmoc protection. Chromatograms were analyzed at 265 nm, a wavelength almost not absorbed by Cbz but 

strongly absorbed by Fmoc. 

 

 
Scheme 10. Cross-metathesis step and side-product homodimer AG-AG. 

 

It should be noted that the alkene function of dehydro-m-A2pm derivatives is very 

prone to isomerization in alkaline conditions such as the ones used in peptide 

synthesis65 (see Scheme 11). This is why it had to be reduced prior to any utilization 

in SPPS, giving us an opportunity to introduce deuterium atoms. This reduction step 

inevitably caused the cleavage of the Cbz carbamate, forcing us to reprotect 21 and 

(2H2)21 before using them in SPPS. This gave us an occasion to switch to another 

protecting group such as Boc carbamate to afford differentially protected m-A2pm 

23 and (2H2)23 or to reprotect using Cbz-Cl to afford differentially protected m-A2pm 

22 and (2H2)22. 

 

 
Scheme 11. Isomerization of dehydro-m-A2pm  

derivatives in alkaline conditions 
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A second cross metathesis (depicted in Scheme 12) was performed between 

(S)-CbzNH-AG-Ot-Bu 11 and (R)-FmocNH-VG-OMe 18 specifically to access cross-

linked peptidoglycan fragments such as PEP3 (see subchapter III.5.b).  

 

 

Scheme 12. Preparation of differentially protected m-A2pm 27. 
(a) 1 equiv. 11, 2 equiv. 18, 20 mol% Grubbs 2nd gen. cat., CH2Cl2, reflux, N2, 49%; (b) H2 (5 bar), Pd/C (10%, dry), 

THF, rt; (c) THF, rt; TFA, CH2Cl2, rt; (d) 1.2 equiv. Boc2O, 3.0 equiv. Et3N, CH2Cl2, 90% (3 steps). 

 

At first, dehydro-m-A2pm 19 was foreseen as a free m-A2pm, (2H2) m-A2pm and 

[3H]m-A2pm precursor. Unfortunately, this cross-metathesis product was very 

difficult to totally deprotect. As mentioned above, the Fmoc protecting group cannot 

be removed in alkaline conditions with the alkene function still unreduced without 

leading to isomerization – which would cause the loss of chirality control. Although 

it is possible to cleave Fmoc carbamates and Cbz carbamate using a catalytic 

reduction, high hydrogen pressure and long reaction times are usually required to 

catalytically cleave the Fmoc protecting group (see section III.4.d) (13C)m-A2pm 

synthesis section). Such conditions are not conceivable for the preparation of 

tritiated [3H]m-A2pm. Hence, it was necessary to prepare another dehydro-m-A2pm 

derivative with a better suited set of protecting groups to obtain to free m-A2pm, 

(2H2)m-A2pm and [3H]m-A2pm. 
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III.4.b) Free m-A2pm and (2H2)m-A2pm syntheses 

In light of the reasons previously mentioned, It was decided to use (S)-CbzNH-AG-Ot-

Bu 11 and (R)-CbzNH-VG-OMe 16 to form a dehydro-m-A2pm derivative easier to 

deprotect and to reduce in order to synthesize free m-A2pm 30, (2H2)m-A2pm (2H2)30 

and [3H]m-A2pm [3H]30. The choice of two carboxybenzyl carbamates protecting 

groups allowed us to kill three birds – two deprotections and an alkene reduction – 

with a single stone (Scheme 13). 

 
 

 

Scheme 13. Preparation of free m-A2pm and (2H2)m-A2pm. 
(a) 1 equiv. 11, 2 equiv. 16, 10 mol% Grubbs 2nd gen. cat., CH2Cl2, reflux, N2, 40%; (b) HCl 2 mol/L, 1,4-dioxane, 

reflux, 100%; (c) H2 (5 bar), Pd black, THF/H2O 1:4, 100% (d) D2 (5 bar), Pd black, THF/D2O 1:4, 100%. 

 

First, dehydro-m-A2pm 28 was treated with hydrochloric acid to cleave both esters 

and to afford 29, a compound ready to be reduced using hydrogen, deuterium or 

tritium gaz. We began with the production of m-A2pm, 30. H2 reductions of dehydro-

m-A2pm derivative 29 were performed in several mixtures of THF and water in an 

autoclave under 5 bars of pressure. The organic solvent is required to solubilize the 

reactant and a minimum of water is necessary to solubilize the products and 

intermediates. Indeed, when the proportion of water is too low, intermediates 

precipitate and cannot undergo full reduction (see Table 3 and Scheme 14). The best 

conditions (entry 4), only permit a partial solubilization of 29 but the solution quickly 

becomes limpid as the Cbz carbamates are cleaved. These last two steps displayed 

quantitative yields and allowed us to prepare 30 and (2H2)30 on a 10 mg scale. 
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Table 3. Optimization of the hydrogen catalytic reduction (step c, Scheme 13). 
# 

P(H2) 
Solvent Vsolvent Catalyst Time Cbz removal 

Alkene 

reduction 

1 5 bar THF 5 mL Pd black 2 h 0/2 none 

2 5 bar THF/H2O 4:1 5 mL Pd black 2 h 1/2 none 

3 5 bar THF/H2O 1:1 5 mL Pd black 2 h 1/2 – 2/2 partial 
4 5 bar THF/H2O 1:4 5 mL Pd black 2 h 2/2 total 

 

Scheme 14. Precipitation of catalytic reduction intermediates in solvents with lesser 

proportions of water prevents total deprotection and reduction of dehydro-m-A2pm 

derivative 29. 
 

 

When trying to transpose these latter conditions (entry 4, Table 3) to a deuterium 

reduction by only switching gas, lower than expected labeling levels were observed 

(see isotopic profile of [2H]30, Figure 4). This phenomenon was also reported and 

explained by Lee and Whitesides in the case of a platinum catalyst and protic 

solvents96. A rapid exchange between the D2 gas and the surrounding H2O molecules 

occurs at the catalyst surface resulting in HD and H2 reductions. To avoid this issue, 

the experiment was simply conducted in D2O instead of H2O (step d, Scheme 13) and 

this afforded deuterium substituted (2H2)30 as shown in Figure 4. 

 

 
Figure 4. Isotopic profiles of 30, [2H]30 and (2H2)30 

(ESI-MS, positive mode). 
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Several separation methods of m-A2pm diastereoisomers for the determination of 

their diastereomeric ratio (dr) have been reported97–102. Among these methods, 

McKerrow’s o-phthaldehyde/N-acetyl-L-cysteine (OPA/NAC) derivatization retained 

our attention as a simple method providing a good separation without the 

requirement of a chiral HPLC column97. This derivatization process (Scheme 15) also 

has the advantage of introducing chromophores in the structure, therefore easing 

the detection of the different stereoisomers of A2pm: (S,S)-, (R,R)- and (R,S)-A2pm or 

m-A2pm. The chirality of the L-cysteine moiety allows for the separation of (S,S) and 

(R,R) enantiomers. The results of these analyses are shown in Figure 5. The higher 

amount of (S,S)-stereoisomer highlights a loss of stereoselectivity on the (R)-side of 

dehydro-m-A2pm. However, NMR analysis of (2H2)30 does not show a deuteration of 

Ca(R), which would result from the reduction of an isomerized dehydro-m-A2pm. 

 

 
Scheme 15. OPA/NAC derivatization of m-A2pm. 

A solution prepared from K2B4O7.4H2O, OPA and NAC was added to solutions of 30 and (2H2)30 
following procedure described by McKerrow97. 

 

 
Figure 5. Chromatograms of OPA/NAC derivatized 30 and (2H2)30. 
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1H NMR spectra integrations confirm the labelling and the small amount of (S,S) and 

(R,R) diastereoisomers found by HPLC (Figure 6). 13C-APT NMR spectra display some 

particularities of deuterium substituted compounds such as carbon-13 – deuterium 

couplings in CHDs (C4/5HD), orientation switch (C4/5H2 ® C4/5HD) and chemical shift 

variation due to the introduction of deuterium atoms (C2 and C6, C3 and C5 have 

different chemical shifts in (2H2)30). 

 
Figure 6. Highlights from NMR spectra of 30 and (2H2)30. 
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III.4.c) [3H]m-A2pm synthesis 

The Cyclotron Research Center (CRC), lacks the equipment and authorizations 

required to perform tritium chemistry. Part of the following experiments were 

carried out at the Commissariat à l’Énergie Atomique (CEA) of Saclay, France in the 

Laboratoire de Marquage par le Tritium (LMT) of the Service de Chimie Bio-organique 

et de Marquage (SCBM). This research unit has a long history of synthesis of tritium 

and carbon-14 radiolabelled compounds. Experiments at the CEA were performed 

under the supervision of Doctor Sophie Feuillastre with the help of Olivia Carvalho 

and Sebastien Garcia-Argote. 

 

 
Figure 7. Tritium reduction apparatus. 

 

A tritium reduction obviously requires more precautions than hydrogen and 

deuterium ones. Whereas hydrogen and deuterium reduction were simply 

performed in an autoclave and gases rejected into the atmosphere, a precise control 

over tritium gas whereabouts is essential. Figure 7 depicts the apparatus used for 

this purpose. Uranium beds are used as a source of tritium gas. When heated, they 
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release tritium gas but upon cooling they trap tritium as uranium tritide UT3 to the 

point that a mild vacuum is generated. Bed 1 is the source of pure tritium gas while 

bed 2 is used to trap contaminated gas in case of a probable exchange between T2 

and protic solvents. A turbopump is used to put the whole system under vacuum 

before the introduction of tritium and to reject residual gases that could not be 

trapped on the uranium beds. The solution containing the substrate to reduce and 

catalyst in the Fischer-Porter tube has to be frozen in liquid N2 before vacuum is 

made. Special care is applied to the pressure monitoring in the different sections of 

the system thanks to two pressure sensors. 

 

Because of the exchange phenomenon mentioned earlier, water should be avoided 

if possible. Not so much because it would cause lower specific activities in our final 

product but because of the tritiated water waste it would generate. Of course, using 

T2O as a solvent to maximize specific activities is not an option. High pressures of T2 

are also avoided: in a given volume of gas above the solution surface, the total 

activity is indeed proportional to the radioactive gas pressure. 

 

Therefore, different conditions were tried to take into account these new 

parameters. First, test pressures had to be tuned down from 5 to 1 bar. Prior to 

having access to the installations of the CEA, reductions experiments with lower 

pressure of deuterium gas were investigated at the CRC with alternate solvents: 

DMA, DMF, MeOH and THF. Unfortunately, none of them gave satisfactory results 

(Table 4, entries 1 – 6). Tests in mixtures of THF and H2O in various proportions 

comforted our feeling that the use water is a necessity for this experiment (entries 7 

– 15). Some additional deuterium tests were performed at the CEA to fit most closely 

tritium limitations and conditions (pressure, glassware, variations in the operating 

procedure, …). In this context, some optimizations were conducted to achieve full 

deprotection and reduction, as well as satisfactory projected activities (entries 16 

and 17). Lower volumes of solvents led to higher labelling levels (entries 18 – 20) but 
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long reaction times were still required to afford fully deprotected and reduced 

dehydro-m-A2pm without the requirement of any further purification (entry 19). 

These last conditions were repeated with a slightly shorter reaction time due to 

schedule reasons with good results but showed that the 24 h were indeed necessary 

to achieve completion. 

 

Table 4. Optimization of the deuterium reduction of 29 in view of its tritium 

reduction. 

# Solvent Vsolvent Catalyst Time 
Cbz 

removala 

Alkene 

reductiona 

Labelling 

levelb 

1 DMA 1.5 mL Pd/C 10% 1 h 0/2 none 0 

2 DMF 1.5 mL Pd/C 10% 1 h 0/2 none 0 

3 DMF 1.5 mL Pd blacka  1 h – 24h  0/2 none 0 

4 MeOHc 1.5 mL Pd/C 10% 1h 0/2 none 0 

5 THF 1.5 mL Pd/C 10% 1 h 0/2 none 0 

6 THF 1.5 mL Pd blacka 1 h – 24h 0/2 none 0 

7 THF/H2O 4:1 1.5 mL Pd/C 10% 1 h 0/2 none 0 

8 THF/H2O 4:1 1.5 mL Pd blacka 1 h – 24h 1/2 none 0 

9 THF/H2O 1:1 1.5 mL Pd/C 10% 1 h 1/2 none 0 

10 THF/H2O 1:1 1.5 mL Pd blacka 1 h – 4h 1/2 none 0 

11 THF/H2O 1:1 1.5 mL Pd blacka 24 h 2/2 total 0.82 D 

12 THF/H2O 1:4 1.5 mL Pd/C 10% 1 h 1/2 none 0 

13 THF/H2O 1:4 1.5 mL Pd blacka 1 h 1/2 none 0 

14 THF/H2O 1:4 1.5 mL Pd blacka 4 h 2/2 total 1.04 D 

15 THF/H2O 1:4 1.5 mL Pd blacka 24 h 2/2 total 1.04 D 

16 THF/H2O 1:4 1.5 mL Pd blacka 4 h 1/2 – 2/2 partial 0.54 D 

17 THF/H2O 1:4 1.5 mL Pd blackb 4 h 1/2 – 2/2 partial 0.82 D 

18 THF/H2O 1:4 0.75 mL Pd blackb 4 h 1/2 – 2/2 partial 1.00 D 

19 THF/H2O 1:4 0.75 mL Pd blackb 24 h 2/2 total 0.92 D 

20 THF/H2O 1:4 0.75 mL Pd blackb 22.5 h (1/2) 2/2 total 1.10 D 
aDue to an impossibility to separate intermediate by HPLC, we were not able to properly quantify the different 

intermediates. bDeuterium labelling level was determined by HPLC-ESI-MS (positive mode). 

  



 63 

The best conditions (entry 19, Table 4) were successfully repeated using tritium gas 

(Scheme 16). Labile activity was removed by evaporation / dissolution in water 

cycles. HPLC-MS analysis showed a 95% radiochemical purity as well as a high specific 

activity of 30.2 Ci/mmol (Table 5), which corresponds to a 1.04 tritium/molecule 

labelling. The total activity (239 mCi) was measured by a liquid scintillation counter. 

This translates to a production of 8 µmol of [3H]30 from 11 µmol of 29. This 73% 

yield, lower than expected, is due to a partial loss of product during th evaporation 

of solvents. 

 
 

 

Scheme 16. Preparation of [3H]m-A2pm. 
(a) T2 (1 atm), Pd black, THF/H2O 1:4, 24h, rt. 

 

  

Table 5. Isotopic distribution of [3H]30 determined by HPLC-ESI-MS (positive mode). 

 M+1 M+2 M+3 (1T) M+4 M+5 (2T) M+6 

m/z 191 192 193 194 195 196 

%area 0 1.5 45.9 -1.4 29.1 2.0 

   1.04T/molecule 30.2 Ci/mmol 
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III.4.d) Free (13C)m-A2pm synthesis 

At an early stage of this work, a set of protecting groups (Fmoc carbamate, t-Bu ester, 

Cbz carbamate and Me ester) aiming to be the most versatile for the preparation of 

m-A2pm-containing peptides and free m-A2pm (see section III.4.a) was chosen. It is 

the reason why we settled on Fmoc carbamate and tert-butyl ester protecting groups 

for our AG synthons (both in 12C and 13C chemistry). Only two equivalents of VG were 

used for the cross-metathesis step whereas three were used in 12C chemistry. 

Indeed, it was performed with commercial VG 10 prior to the development of our 

flow-chemistry synthesis as a cheap source of VG synthons. 

 
 

 
Scheme 17. Preparation of free (13C)m-A2pm. 

a) 1 equiv. (13C)16, 2 equiv. 10, 20 mol% Grubbs 2nd gen. cat., CH2Cl2, reflux, N2, 66%; (b) HCl 2 mol/L, 1,4-dioxane, 

reflux, 86%; (c) H2 (5 bars), Pd black, THF/H2O 1:4, 41%. 

 

As mentioned earlier, this choice of protecting groups showed to be problematic for 

the preparation of tritiated free m-A2pm. The last step required high pressures of 

hydrogen and long reaction times, both incompatible with a tritium catalytic 

reduction due to security policies, high amounts of radioactive waste and prohibitive 

cost. However, once both esters of (13C)19 cleaved using hydrochloric acid, we still 

managed to reduce and totally deprotect derivative (13C)31 in a single step under 

these conditions to afford (13C)30. After a few hours, reduction doesn’t evolve 

anymore. An extraction of the methylfluorene by-product (from Fmoc deprotection) 

in diethyl ether was necessary so this step could undergo completely. A loss of 

product during this extraction might explain the overall low 35% yield over the final 

two steps. 
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Mass spectrometry analysis of (13C)30 confirmed the carbon-13 substitution as 

expected (Figure 7). Some particularities of carbon-13 substituted compounds can 

be observed in 1H NMR (13C – H coupling) and 13C-APT NMR (100 times more intense 

than usual peak for the substituted atom and C – C coupling provoking an inverted 

doublet for C6 compared to the down oriented singlet for C2).  

 

Figure 7. Comparison of 30 and (13C)30 NMR and mass spectra.  
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HPLC analysis of o-phthaldehyde/N-acetyl-L-cysteine derivatized (13C)30 showed 

similar diastereomeric ratio as those observed for 30 and (2H2)30 (Figure 8). Here 

again, a higher proportion of (S,S) compound is observed even though chiral HPLC 

analysis of commercial (R)-VG 16 used in the cross metathesis step showed a 99% 

enantiomeric excess. 

 

 
Figure 8. Chromatogram of OPA/NAC derivatized (13C)30. 
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III.5. Peptide preparation 

III.5.a) Solid-Phase Peptide Synthesis 

To fully appreciate the complex chemical strategy of the present work, we will first 

remind the reader some basics of solid-phase peptide synthesis. Merrifield is 

considered as the father of this way of preparing peptides103. Before his 

groundbreaking work, chemists would have to couple amino acids in solution, usually 

with poor yields and extensive purifications after each coupling step. His idea is 

somewhat simple (and so most elegant): anchor the first amino acid onto a resin and 

grow it from there. This allows to use high excesses of reagent without any worries 

about purification as they are simply rinsed off the resin before the next step. 

Additions of new amino acids to the peptide chains consist of repeating the following 

sequence as many times as needed: 

- Deprotect the anchored amino group of the resin or of the previous amino 

acid added onto the growing peptide; 

- Rinse off deprotection agent; 

- Add the next amino acid and coupling reagents; 

- Rinse off excess of amino acid and coupling reagent. 

Finally, the peptide is cleaved from the resin before a single purification step. 

Obviously, this sequence gets more complicated as complexity of the desired peptide 

arises.

 

Scheme 18. Peptide growth in SPPS. 
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III.5.b) Protecting group choices 

Fmoc SPPS strategy was chosen to prepare m-A2pm and (2H2)m-A2pm containing 

peptides as Fmoc carbamate provides a chromophore for HPLC monitoring. A nice 

perk of all the target peptides of this work is that they share a common stem: 

HO-D-Ala-m-A2pm (Scheme 19). This means that a single common resin was needed. 

The Wang-D-Ala-NHFmoc resin was chosen based on Dr J. Simon’s work65. In order 

to introduce m-A2pm in the target peptides, this diamino diacid has to be fully 

protected except for the L side carboxylic acid function where the first coupling step 

with the functionalized resin should occur (R3 = H). The second carboxylic acid is not 

implicated in any peptide bond and should stay protected during the whole 

synthesis. Thus, it was decided to protect it as a methyl ester in each differentially 

protected m-A2pm synthesized (R1 = Me). Remaining protecting groups differ 

depending on the target peptide and the substitution of the m-A2pm they include. 

 

 

Scheme 19. Target peptides. 
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The most challenging target molecule is probably PEP1 as its m-A2pm is 

trisubstituted. In this case, the two amino groups should be independently 

deprotected to allow for the next couplings in SPPS (Scheme 20). One of these two 

amino groups has to be Fmoc protected for the first growth (R4 = Fmoc). While the 

remaining amino protecting group has to withstand SPPS conditions and should be 

cleavable without releasing the growing peptide from the resin (R2 = Cbz) before the 

addition of the final D-Ala. 

 

 

Scheme 20. PEP1 and (2H2)PEP1 m-A2pm precursors 22 and (2H2)22. 

 

Although PEP2 could be prepared using the same differentially protected m-A2pm, it 

was decided to replace Cbz by Boc in order to avoid an additional step after 

deanchoring from the resin (Scheme 21).  

 

 

Scheme 21. PEP2, (2H2)PEP2 and PEP3 m-A2pm precursors 23 and (2H2)23. 
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PEP3 is quite different from PEP1 and PEP2 as it contains two m-A2pm. The first one 

had to be protected with a Fmoc on the D side amino group as it is from that function 

that the peptide has to grow (Scheme 22). The remaining amino group was Boc 

protected to be cleaved in the same time as deanchoring from the resin (R4 = Boc). 

The second m-A2pm is the same as the one used for PEP2.  

 

 

Scheme 22. PEP3 m-A2pm precursor 27. 
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III.5.c) Peptides synthesis  

Synthesis of PEP1 and (2H2)PEP1 started with the growth of 

Wang-D-Ala-m-A2pm-g-D-Glu-L-Ala and Wang-D-Ala-(2H2)m-A2pm-g-D-Glu-L-Ala 

moieties using protected m-A2pm 22 and (2H2)22 respectively (Scheme 23). 

Unfortunately, no way to cleave the Cbz carbamate while keeping the peptide 

anchored to the resin was found. So, it was decided to stop these syntheses at this 

point and to cleave 32 and (2H2)32 from the resin for analysis. These compounds 

could be deprotected to afford PEP2 and (2H2)PEP2 by catalytic reduction (Cbz 

removal), LiOH treatment (methyl ester cleavage) and a final treatment using 

polystyrene-supported piperazine (Fmoc removal). 

 

 

Scheme 23. Aborted synthesis of PEP1 and (2H2)PEP1. 
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Mass spectrometry and NMR analyses of these two protected peptides confirmed 

their structures and the deuterium substitution of (2H2)32. Figure 9 highlights the 2 

unit shift in mass spectra and phase inversion between CH2s and CHDs in HSQC 

spectra of 32 and (2H2)32. If the deuterium substitution of the dashed circled position 

of the m-A2pm residue makes no doubt, the difference between chemical shifts of 

the two CH2bs of the m-A2pm residue (solid circle) is too weak to be absolutely sure 

of the second deuterium substitution position. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9. Comparison of 32 and (2H2)32 mass and HSQC spectra. 

 

Rather than to deprotect 32 and (2H2)32 to afford PEP2 and (2H2)PEP2, new syntheses 

using protected m-A2pm 23 and (2H2)23 were performed to test their incorporation 

in SPPS. 
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PEP2 syntheses using protected m-A2pm 23 and (2H2)23 are nearly identical to the 

previous ones except that no catalytic reduction is required to cleave a Cbz 

carbamate thanks to its replacement by a Boc protection. A TFA treatment 

simultaneously deanchored the growing peptides from resin and cleaved Boc 

protecting group to afford 33 and (2H2)33 (Scheme 24). Final deprotections depicted 

in Scheme 24 remains to be investigated. 

 

 

Scheme 24. Synthesis of PEP2 and (2H2)PEP2. 
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Mass spectrometry and NMR analyses confirmed the peptides structures and 

deuterium substitution of (2H2)33. Figure 10 highlights the 2 units shift in mass 

spectra and the phase inversion between CH2s and CHDs in HSQC spectra of 32 and 

(2H2)32. Contrary to the previous spectra, chemical shifts of the two CH2bs of the 

m-A2pm residue are now different enough to confirm positions of the two deuterium 

substitutions. 

 

 

Figure 10. Comparison of 33 and (2H2)33 mass and HSQC spectra. 

 

Unfortunately, shortage of time did not allow us to perform a PEP3 SPPS test but the 

successful incorporations of 22 and 23 in SPPS are encouraging. 
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Chapter IV Conclusion 
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The goal of our work was to develop a synthesis of several peptide fragments 

responsible for the reticulation between glycan strands in the bacterial 

peptidoglycan. The target fragments ranged from the meso-diaminopimelic acid 

(m-A2pm) by itself to peptides containing this particular diamino diacid (Scheme 1 

and 2). 

 

 

Scheme 1. Target meso-diaminopimelic acids 

30, (2H2)30, [3H]30 and (13C)30. 

 
 

 

Scheme 2. Target peptides PEP1, (2H2)PEP1, PEP2, (2H2)PEP2 and PEP3. 

 

Being specific of the bacterial peptidoglycan, key compound m-A2pm 30 is a perfect 

probe for the study of the different aspects of peptidoglycan metabolism such as its 

turnover and recycling. Deuterated and tritiated m-A2pm, (2H2)30 and [3H]30, will be 

especially useful in this field. Carbon-13 substituted m-A2pm (13C)30 will be used in 

solid NMR experiments aiming to establish the 3D structure of peptidoglycan sacculi. 
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Variety in the target molecules called for a versatile strategy. This is why 

Chowdhury’s cross metathesis between a vinylglycine synthon and an allylglycine 

synthon was used as the key step of this work (Scheme 3). This gave us control over 

stereochemistry and the opportunity to independently protect each amino and 

carboxylic acid groups. 

 

 
Scheme 3. Cross-metathesis key step. 

 

We developed an innovative scale-independent continuous-flow method of 

preparation of vinylglycine derivatives which allowed us to synthesize two protected 

vinylglycine synthons 16 and 18 (Scheme 4). This convenient method was used to 

provide large quantities (5 to 10 g scale) of these building blocks. The development 

of this method was published in Organic & Biomolecular Chemistry in 201595 and 

offers a scale-independent alternative to thermolyses performed in batch or 

Kugelrohr apparatus. 

 

 
Scheme 4. Continuous flow synthesis of vinylglycine synthons 16 and 18. 

 

Three protected allylglycines 10, (13C)10 and 11 were enantioselectively synthesized 

in large quantities using phase transfer catalyzed alkylation of a Schiff base 8. 

Carbon-13 substituted Schiff base (13C)8 necessary to the synthesis of (13C)10 was 

prepared on a several grams scale from (1-13C)glycine (Scheme 5). 
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Scheme 5. Synthesis of allylglycine synthons10, (13C)10 and 11. 

 

Cross-metathesis between these synthons led to the formation of four 

dehydro-m-A2pm (19, (13C)19, 24 and 28). These compounds gave us access to four 

free m-A2pm and five differentially protected m-A2pm. 

 

 

Scheme 6. Cross-metatheses. 

 

We highly optimized the preparation of natural m-A2pm 30 in view of the total 

synthesis of selectively substituted (13C)m-A2pm (13C)30. This 10 consecutive steps 

synthesis starting from commercial (1-13C)glycine (13C)1 was completed with an 

overall 12% yield with a purity and a selectivity unreachable by enzymatic methods 

(Scheme 7). 
 

 
Scheme 7. Total synthesis of (13C)m-A2pm (13C)30. 
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The key dehydro-m-A2pm derivative 28 was deprotected and reduced into target 

molecules m-A2pm 30 and (2H2)m-A2pm (2H2)30 without the need for any 

chromatographic purification (Scheme 8). The total synthesis of these two 

compounds required 6 steps for an overall 21% yield. 

 

After some optimization to ensure compatibility with tritium imperatives, we were 

able to synthesize 239 mCi of tritiated m-A2pm [3H]30 with a high specific activity 

(30.2 Ci/mmol) and a 95% radiochemical purity. This compound has been missing 

from the biochemist toolbox for the last few years. The quantity synthesized during 

this work will fulfill needs of tritiated m-A2pm for years to come and we have some 

more precursor ready for future productions. We are glad to report that two 

laboratories have already expressed their interest in this compound (Scheme 8). 

 

 
Scheme 8. Synthesis of meso-diaminopimelic acids 30, (2H2)30, [3H]30. 

 

The versatility induced by our choice of a cross-metathesis key step allowed us to 

synthesize five differentially protected m-A2pm (22, (2H2)22, 23, (2H2)23 and 27, 

Scheme 9) from dehydro-m-A2pm 19 and 24 in view of their introduction in solid-

phase peptide synthesis. 
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Scheme 9. Protected m-A2pm (22, (2H2)22, 23, (2H2)23 and 27 

 

These compounds offer a platform for the preparation of peptides including m-A2pm 

substituted in different positions. Four of these were successfully introduced in 

peptides which remain to be totally deprotected. The preparation of peptidoglycan 

fragments containing a trisubstituted m-A2pm residue remains possible but a deeper 

investigation over protecting groups choice still has to be done. 

 

Once deprotected, the target peptides will be used as chromatography or mass 

spectrometry references (in the case of deuterated peptides) for the study of 

b-lactamase induction phenomenon in penicillin resistant bacteria (PEP2) and as 

substrate for enzymatic and crystallography studies of penicillin-binding proteins 

involved in the peptidoglycan metabolism (PEP1 and PEP3). All these compounds are 

currently unreachable via peptidoglycan digestion and their chemical synthesis will 

open new opportunities for the study of the human innate immune system. 
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General Methods 

All chemicals and reagents were purchased from commercial suppliers. All solvents 

used were HPLC grade.  

HPLC chain used during this work consists of pump (Waters 600) and a UV detector 

(Waters PDA 996). Analytical HPLC analyses were performed on a Waters Xterra 

RP18 column (150 x 4.6 mm, 3.5 µm). 

The semi-preparative HPLC chain consists of a pump (Waters 600) and an UV 

detector (Waters PDA 996). HPLC separations were performed on a Waters Xterra 

semi-preparative column (250 x 10 mm, 10 µm). 

HPLC used at the CEA for the synthesis of tritiated m-A2pm [3H]30 consists of a pump 

and sample manager (Waters Alliance 2655), a UV detector (Waters PDA 996), a 

counter (Berthold) and a mass spectrometry module (Waters Micromass ZQ). 

Analytical HPLC analyses were performed on a ThermoFisher HyPURITY C18 column 

(250 x 4.6 mm, 5 µm). Total activity of [3H]30 was measured on a liquid scintillation 

counter (Perkin Elmer TriCarb 2910TR). 

UPLC-MS analyses were performed on a Waters Acquity UPLC coupled to a tandem 

quadrupole mass detectore equipped with an electrospray ionization source. 

Separation of compounds were performed on a Waters BEH C18 column (50 x 2.1 

mm, 1.7 µm). 

NMR spectra were recorded on Bruker instruments (400 and 700 MHz) at 25 °C. 

Chemical shifts d are given in ppm. Multiplicities are abbreviated as follow: s = 

singlet, d = doublet, t = triplet, q = quadruplet, br = broad. Coupling constants J are 

given in Hz. Spectra were recorded solutions with CDCl3 (dH = 7.26 ppm, dC = 77.16 

ppm), MeOD (dH = 3.31 ppm, dC = 49.00 ppm), DMSO (dH = 2.50 ppm, dC = 39.52 ppm) 

or D2O (dH = 4.79 ppm) as solvent. 

  



 97 

A solution of (1-13C)glycine (13C)1 (5.1 g, 67.28 mmol, 1.0 equiv.) and 

NaOH (2M in H2O, 33.6 mL, 67.28 mmol, 1.0 equiv.) was cooled in an ice 

bath. A solution of Cbz-Cl (14.4 mL, 100.90 mmol, 1.5 equiv.) in toluene 

(10.8 mL) and a solution a NaOH (4M in H2O, 25.2 mL, 100.90 mmol, 1.5 equiv.) was 

added dropwise to the stirring mixture. Temperature was maintained to 0 °C for an 

hour and then ice was not renewed. After 1 night, phases were separated and the 

aqueous layer was washed diethyl ether (3x20 mL). The aqueous solution was then 

cooled down to 0 °C and acidified to pH = 1 using aqueous NaHSO4 (10% wt). White 

solid (13C)2 was filtered, washed with cold water and finally dried under vacuum 

(13.56 g, 96%). No further purification was needed. 1H NMR (250 MHz, DMSO-d6) δ 

12.57 (s, 1H, COOH), 7.54 (t, 3JHH = 5.8Hz, 1H, NH), 7.34 (m, 5H, PhCHs), 5.03 (s, 2H, 

OCH2Ph), 3.66 (dd, 2JHC = 3JHH = 5.8Hz, 2H, CH2). 13C NMR (62.5 MHz, DMSO-d6) δ 

172.02 (13C=O), 156.95 (C=O), 137.46 (PhC), 128.79, 128.25, 128.16 (PhCHs), 65.91 

(OCH2Ph), 43.56 (d, 1JCC = 58.8 Hz, CH2). ESI-MS (ES+): m/z: 167 [M+H–CO2]+,  211 

[M+H]+. m.p. = 119-121 °C. 

 

DCC (10.80 g, 52.33 mmol, 1.1 equiv.) was added to a solution of 

(13C)2 (10 g, 47.57 mmol, 1.0 equiv.) in a mixture of CH2Cl2 (120 mL) 

and t-BuOH (13,56 mL, 143 mmol, 3.0 equiv.) and cooled down to 0 

°C. Then, a solution of DMAP (0.58 g, 4.76 mmol, 0.1 equiv.) in CH2Cl2 (40 mL) was 

added dropwise to the stirring medium maintained to 0 °C for 15 minutes. After 36 

hours, DCU was filtered and the filtrate was washed successively with KHSO4 (5%, 

2x50 mL), H2O (50 mL), NaHCO3 (sat., 50 mL) and brine (50 mL). Solvents were 

evaporated under vacuum and the resulting oil was dissolved using cold diethyl ether 

(150 mL) to precipitate residual DCU. DCU was filtered and washed with cold diethyl 

ether. Solutions were combined and solvents were evaporated under vacuum. 

Several cycles were necessary to completely eliminate DCU and to obtain a limpid 

oil. Flash chromatography (hexanes/AcOEt 1:1) gave (13C)3 as a yellow oil (11.72 g, 

93%). 1H NMR (250MHz, CDCl3) δ 7.35 (m, 5H, PhCHs), 5.03 (s, 2H, OCH2Ph), 3.87 (dd, 

NHCbz

13COOH

(13C)2

NHCbz

13COOt-Bu

(13C)3
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2JHC = 3JHH = 5.8Hz, 2H, CH2), 1.47 (s, 9H, C(CH3)3). 13C NMR (62.5 MHz, CDCl3) δ 169.04 

(13C=O), 156.20 (C=O), 136.33 (PhCs), 128.49, 128.12, 128.07 (PhCHs), 82.20 (d, 2JCC 

= 3Hz, C(CH3)3), 66.95 (OCH2Ph), 43.41 (d, 1JCC = 61.1 Hz, CH2), 28.01 (C(CH3)3). ESI-MS 

(ES+): m/z: 267 [M+H]+. 

 

 (13C)3 (8.92 g, 33.48 mmol, 1.0 equiv.) was dissolved in 

MeOH (50 mL). Pd/C (10% wt, dry, 0.15 g) was added to 

the medium and the suspension was stirred under 

pressure of H2 (5 bar). HCl (0.97M in MeOH, 0.95 eq, 32.9 

mL) was added to the medium in 5 times. After 6 hours, 

catalyst was removed by centrifugation. Solvent was eliminated under vacuum to 

afford (13C)4 chlorhydrate as a yellow oil. This crude oil was dissolved in CH2Cl2 (50 

mL) and anhydrous MgSO4 was added. Benzophenone imine (5.51 mL, 33.48 mmol, 

1.0 equiv.) was added to the stirring suspension. Salts were filtered and solvent 

replaced by diethyl ether. This solution was washed with H2O (2x50 mL) and dried 

over MgSO4. Solvent was removed to afford (13C)5 as an off white solid (9.32 g, 94% 

over 2 steps). 1H NMR (250 MHz, CDCl3) δ 7.46 (m, 10H, PhCHs), 4.12 (d, 2JCH = 7.1 Hz, 

2H, CH2), 1.47 (s, 9H, C(CH3)3). 13C NMR (62.5 MHz, CDCl3) δ 170.69 (Ph2C=N), 169.82 

(13C=O), 139.38, 136.17 (PhCs), 130.33, 128.73, 128.59, 128.00, 127.71 (PhCHs), 

81.02 (d, 2JCC = 3Hz, C(CH3)3), 56.26 (d, 1JCC = 63Hz, CH2), 28.09 (C(CH3)3). ESI-MS (ES+): 

m/z: 241 [M+2H–t-Bu]+, 297 [M+H]+. 

 

Catalyst 7b (1.93 g, 3.15 mmol, 0.1 equiv.) was dissolved in 

CH2Cl2 (25 mL). Toluene (250 mL) was added to the 

solution. (13C)5 (9.32 g, 31.37 mmol, 1.0 equiv.) was then 

dissolved in this mixture. KOH (50% in H2O, 150 mL) was 

added and the resulting biphasic system was stirred 

vigorously and cooled down to -20 °C. Allylbromide (13.64 mL, 5.0 equiv.) was added 

dropwise to the system. After one night, H2O (400 mL) was added to the system and 

N

13COOt-Bu

(13C)5

(S)(S)
N

13COOt-Bu

(13C)8
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layers were separated. Aqueous phase was extracted with diethyl ether (3x150 mL). 

The combined organic layers were washed with brine until pH lowered to 7. Solvents 

were evaporated and the resulting crude oil was dissolved in a minimum amount of 

CH2Cl2. Catalyst 7b was recovered by precipitation and filtration using diethyl ether. 

The filtrate was then dried over MgSO4 and evaporated to afford (13C)8 as a yellow 

oil (10.02 g, 95%). 1H NMR (400 MHz, CDCl3) δ 7.46 (m, 10H, PhCHs), 5.76 (ddt, 3JHH, 

trans = 17.5 Hz, 3JHH, cis = 10.2 Hz, 3JHH = 7.2 Hz, 1H, CH2-CH=CH2), 5.10 (d, 3JHH, trans = 17.5 

Hz, 1H, CH2-CH=CH2), 5.04 (ddt, 3JHH, cis = 10.2 Hz, 1H, CH2-CH=CH2), 4.04 (m, 1H, CHα), 

2.67 (m, 2H, CH2-CH=CH2), 1.47 (s, 9H, C(CH3)3). 13C NMR (100 MHz, CDCl3) δ 174.41 

(Ph2C=N), 170.89 (13C=O), 139.74, 136.68 (PhCs), 134.74 (CH2-CH=CH2), 130.18, 

128.82, 128.52, 128.40, 127.96 (PhCHs), 117.27 (CH2-CH=CH2), 81.02 (d, 2JCC = 3.2 Hz, 

C(CH3)3), 65.82 (d, 1JCC = 61 Hz, CHα), 38.17 (d, 2JCC = 1.6 Hz, CH2-CH=CH2), 28.07 

(C(CH3)3). ESI-MS (ES+): m/z: 337 [M+H]+. 

 

(13C)8 (6.72 g, 20 mmol, 1.0 equiv.) was dissolved in THF (30 

mL) and hydrolyzed using citric acid (10% wt. in H2O, 60 mL, 

30 mmol, 1.5 equiv.) in 2 hours. The medium was washed with diethyl ether and then 

pH was brought to 12 using NaOH (4M). Aqueous phase was extracted with CH2Cl2. 

Solvent was then removed under vacuum to give (13C)9. This crude oil (2.28 g, 13.2 

mmol, 1.0 equiv.) was dissolved in a mixture of THF and H2O (4:1, 30 mL). Fmoc-OSu 

(4.36 g, 12.9 mmol, 0.98 equiv.) was added to the solution. After one night, HPLC 

analysis showed complete disappearance of Fmoc-OSu. The medium was extracted 

with diethyl ether (3x50 mL). Combined organic phases were washed with KHSO4 (50 

mL) and brine (50 mL) and dried over MgSO4. Removal of the solvent afforded (13)10 

as a clear yellow oil (5.13 g, 65% over 2 steps). 1H NMR (400 MHz, CDCl3) δ 7.79 (d, 

3JHH = 7.5 Hz, 2H, FmocCH), 7.63 (d, 3JHH = 7.4 Hz, 2H, FmocCH), 7.43 (t, 3JHH = 7.3 Hz, 

2H, FmocCH), 7.34 (t, 3JHH = 7.5 Hz, 2H, FmocCH), 5.75 (ddt, 3JHH, trans = 14.1 Hz, 3JHH, cis 

= 9.6 Hz, 3JHH = 7.2 Hz, 1H, CH2-CH=CH2), 5.41 (d, 8.1 Hz, 1H, NH), 4.40 (m, 3H, CHα 

and FmocCH2), 4.26 (t, 3JHH = 7.1 Hz, 1H, FmocCH), 2.57 (m, 2H, CH2-CH=CH2), 1.51 (s, 

NHFmoc

13COOt-Bu

(13C)10
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9H, C(CH3)3). 13C NMR (100 MHz, CDCl3) δ 170.82 (13C=O), 155.67 (C=O), 143.96, 

141.31 (FmocCs), 132.23 (CH2-CH=CH2), 127.70, 127.06, 125.17, 119.99 (FmocCHs), 

119.11 (CH2-CH=CH2), 82.31 (d, 2JCC = 3 Hz, C(CH3)3), 66.99 (FmocCH2), 53.62 (d, 1JCC = 

60.3 Hz, CHα), 47.20 (FmocCH), 37.04 (CH2-CH=CH2), 28.06 (C(CH3)3). ESI-MS (ES+): 

m/z: 395 [M+H]+. 

 

A degassed solution of (1-13C)(S)-

FmocNH-AG-Ot-Bu (13C)10 (2.43 g, 6.17 mmol, 

1.0 equiv.) and of (R)-CbzNH-VG-OMe 16 (3.07 g, 12.34 mmol, 2.0 equiv.) in CH2Cl2 

(100 mL) was brought to reflux under N2 atmosphere. A degassed solution of Grubbs’ 

second-generation catalyst (1.05 g, 1.24 mmol, 0.2 equiv.) in CH2Cl2 (20 mL) was 

added to the flask through a cannula in 4 times over 4 hours. After 6 hours of 

reaction, CH2Cl2 was removed under vacuum. The resulting crude oil was purified 

over a silica gel column to give (13C)19 as a light brown oil (2.51 g, 66%). 1H NMR (400 

MHz, CDCl3) δ 7.78 (d, 3JHH = 7.5 Hz, 2H, FmocCH), 7.63 (d, 3JHH = 7.5 Hz, 2H, FmocCH), 

7.38 (m, 9H, FmocCHs and CbzCHs), 5.74 (m, 1H, CH2-CH=CH), 5.64 (m, 1H, CH2-

CH=CH), 5.14 (m, 2H, CbzCH2), 4.92 (t, 3JHH = 6.8 Hz, 1H, CHα(R)), 4.41 (d, 7.2 Hz, 2H, 

FmocCH2), 4.38 (m, 1H, CHα(S)), 4.24 (t, 3JHH = 7.0 Hz, 1H, FmocCH), 3.73 (s, 3H, 

COOCH3), 2.59 (m, 2H, CH2-CH=CH), 1.48 (s, 9H, C(CH3)3). 13C NMR (100 MHz, CDCl3) 

δ 170.42 (13C=O, COOCH3), 155.68 (CbzC=O), 155.50 (FmocC=O), 143.90, 143.84, 

141.31 (FmocCs), 136.15 (CbzC), 128.54, 128.45, 128.22, 128.16, 127.72, 127.09, 

125.16, 125.12, 120.00, 119.98 (aromatic and olefinic CHs), 82.48 (d, 2JCC = 2.9 Hz, 

C(CH3)3), 67.16 (FmocCH2), 67.00 (CbzCH2), 55.45 (CHα(R)), 53.6 (d, 1JCC = 60.3 Hz, 

CHα(S)), 52.73 (COOCH3), 47.19 (FmocCH), 35.44 (CH2-CH=CH), 28.02 (C(CH3)3). ESI-

MS (ES+): m/z: 616 [M+H]+, 560 [M+2H-t-Bu]+, 516 [M+2H–t-Bu–CO2]+. 

 

Cross metathesis product (13C)19 (200 mg, 0.325 

mmol, 1.0 equiv.) was dissolved in a refluxing 

mixture of 1,4-dioxane (10 mL) and HCl (2M in H2O, 4.8 mL, 9.7 mmol, 30 equiv.) for 

NHFmoc

13COOHHOOC

NHCbz31

NHFmoc

13COOt-BuMeOOC

NHCbz(13C)19
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4 hours. Medium was then extracted with CH2Cl2 (3x20 mL). Organic phase was 

washed once with brine (20 mL) and then dried over MgSO4. Evaporation of solvents 

under vacuum yield 31 as a light brown oil (153 mg, 86%). ESI-MS (ES+): m/z: 546 

[M+H]+, 502 [M+H–CO2]+. 

 

Pd black (25 mg) was added to a solution of 31 (124 

mg, 0.23 mmol, 1.0 equiv.) in a mixture of THF and 

H2O (1:4, 20 mL). This suspension was stirred under pressure of H2 (5 bar) overnight. 

THF was removed under vacuum and the remaining suspension was washed with 

diethyl ether (2x10 mL). 10 mL of fresh THF were added to the suspension and 

reduction was extended for 24 hours. Catalyst was then filtrated and washed with 

H2O and THF. THF was evaporated from the filtrate under vacuum and the resulting 

solution was washed with diethyl ether. The remaining aqueous solution was 

lyophilized to afford (13C)m-A2pm (13C)30 as a white solid (18 mg, 41%). 1H NMR (400 

MHz, D2O) δ 3.97 (m, 2H, CHαs), 2.01-1.81 (m, 4H, CH2-CH2-CH2), 1.65-1.35 (m, 2H, 

CH2-CH2-CH2). 13C NMR (100 MHz, D2O) δ 172.06 (C=Os), 52.66 (d, 1JCC = 57 Hz, CHα(S)-

13COOH), 52.68 (CHα(R)), 29.29 (CH2-CH2-CH2), 20.27 (CH2-CH2-CH2). ESI-HRMS (ES+): 

calcd for C6
13CH14N2O4: 191.0987 [M]+; found: 191.1035. 

 

A degassed solution of (S)-CbzNH-AG-Ot-Bu 11 

(1.0 g, 3.27 mmol, 1.0 equiv.) and of (R)-CbzNH-

VG-OMe 16 (1.63 g, 6.54 mmol, 2.0 equiv.) in CH2Cl2 (30 mL) was brought to reflux 

under N2 atmosphere. A degassed solution of Grubbs’ second-generation catalyst 

(278 mg, 0.33 mmol, 0.1 equiv.) in CH2Cl2 (10 mL) was added to the flask through a 

cannula. After 3 hours of reaction, CH2Cl2 was removed under vacuum. The resulting 

crude oil was purified by column chromatography (silica, petroleum ether (60-

95)/EtOAc 7:3) to give 28 as a light brown oil (686 mg, 40%). 1H NMR (400 MHz, 

CDCl3) δ 7.42-7.29 (m, 10H, CbzCHs), 5.71 (dt, 3JHH = 14.5 Hz, 6.9 Hz, 1H, CH=CH-CH2), 

5.61 (dd, 3JHH = 15.5 Hz, 5.7 Hz, 1H, CH=CH-CH2), 5.48 (d, 3JHH = 7.7 Hz, 1H, NH(R)), 

NHCbz
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NH2

13COOHHOOC

NH2(13C)30
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5.38 (d, 3JHH = 7.7 Hz, 1H, NH(S)), 5.12 (m, 4H, CbzCH2s), 4.89 (t, 3JHH = 6.9 Hz, 1H, 

CHα(R)), 4.89 (m, 1H, CHα(S)), 3.74 (s, 3H, COOCH3), 2.65-2.42 (m, 2H, CH=CH-CH2), 

1.46 (s, 9H, C(CH3)3). 13C NMR (100 MHz, CDCl3) δ 170.89, 170.34, 155.63, 155.45 

(CbzC=Os), 136.29, 136.14 (CbzCs), 128.52, 128.43, 128.20, 128.16, 128.12 (CbzCHs 

and CH=CH), 82.40 (C(CH3)3), 67.13, 66.93 (CbzCH2s), 55.41 (CHα(R)), 53.63 (CHα(S)), 

52.72 (COOCH3), 35.41 (CH=CH-CH2), 27.97 (C(CH3)3). 

 

Compound 28 (686 mg, 1.30 mmol, 1.0 equiv.) was 

dissolved in a refluxing mixture of 1,4-dioxane (40 

mL) and HCl (2M in H2O, 19.5 mL, 39.1 mmol, 30 equiv.) for 4 hours. Medium was 

then extracted with CH2Cl2 (3x20 mL). Organic phase was washed once with brine 

(20 mL) and then dried over MgSO4. Evaporation of solvents under vacuum yield 29 

as a colorless oil (594 mg, 100%). 1H NMR (700 MHz, DMSO-d6) δ 12.72 (br, 2H, 

COOHs), 7.76 (d, 3JHH = 8.2 Hz, 1H, NH(R)), 7.54 (d, 3JHH = 8.2 Hz, 1H, NH(S)), 7.40-7.28 

(m, 10H, CbzCHs), 5.72 (dt, 3JHH = 14.3 Hz, 7.0 Hz, 1H, CH=CH-CH2), 5.64 (dd, 3JHH = 

15.5 Hz, 6.4 Hz, 1H, CH=CH-CH2), 5.04 (m, 4H, CbzCH2s), 4.55 (t, 3JHH = 7.2 Hz, 1H, 

CHα(R)), 4.02 (m, 1H, CHα(S)), 2.42 (m, 2H, CH=CH-CH2). 13C NMR (175 MHz, DMSO-

d6) δ 173.53 (CHa(S)-COOH), 172.53 (CHa(R)-COOH), 156.52, 156.28 (CbzC=Os), 

137.40, 137.39 (CbzCs), 129.22 (CH=CH-CH2), 128.28, 128.26, 128.21, 128.17 

(CbzCHs), 127.72 (CH=CH-CH2), 65.98, 65.92 (CbzCH2s), 56.13 (CHa(R)), 54.08 

(CHa(S)), 34.05 (CH=CH-CH2). ESI-MS (ES+): m/z: 913 [2M+H]+, 457 [M+H]+, 413 

[M+H–CO2]+. 

 

Compound 29 (20 mg, 44 µmol, 1 equiv.) was 

dissolved in 1 mL of THF. Addition of 4 mL of 

D2O to the medium provoked partial 

precipitation of 29. Pd black (2 mg) was added 

to the medium and the stirring suspension was introduced in an autoclave 
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under 5 bars of pressure of D2 for two hours. Filtration of the catalyst and 

lyophilisation afforded (2H2)30 as a white solid (8.5 mg, 100%). 1H NMR (400 

MHz, D2O) δ 3.66 (m, 2H, CHαs), 1.89-1.74 (m, 3H, CHD-CHD-CH2), 1.49-1.31 (m, 1H, 

CHD-CHD-CH2). 13C NMR (100 MHz, D2O) δ 174.53 (C=Os), 54.45, 54.38 (CHαs), 30.04 

(CHD-CHD-CH2), 29.72 (t, 1JCD = 20 Hz, CHD-CHD-CH2), 20.24 (t, 1JCD = 20 Hz, 

CHD-CHD-CH2). ESI-HRMS (ES+): calcd for C7H12D2N2O4: 192.1079 [M]+; found: 

192.1168. 

 

A stirrer, Pd black (1 mg), H2O (0.6 mL) and a 

solution of 29 (5 mg, 11 µmol in 0.15 mL of THF) 

were successively introduced in a 5 mL Fischer-

Porter tube (FP). Next steps were all performed in a 

hypobaric glovebox. Once the FP attached to the tritium reduction apparatus, 

medium was stirred for a minute and then frozen in liquid nitrogen for 5 minutes. 

Level of liquid nitrogen was carefully maintained at the air/solution interface height. 

Once completely frozen, vacuum was made in the system before introduction of 

tritium gas (Pfrozen = 0.860 bar) from uranium bed 1. The medium was then brought 

back to rt and pressure rose to 1.06 bar. FP tube was isolated from the system and a 

strong stirring was applied for 24 hours. Medium was then frozen again so 

contaminated tritium gas could be trapped by uranium bed 2. FP was then 

disconnected from the system and its content was filtered on syringe. Filter was 

washed with water (2x1 mL). Solvents were eliminated under vacuum. Residue was 

taken up in methanol (20 mL) and concentrated to dryness under vacuum two times 

to eliminate labile tritium atoms. White solid residue [3H]30 was dissolved in 140 mL 

of EtOH/H2O 1:1 (~2 mCi/mL) for conservation in a 250 mL round-bottom flask. 

 

A degassed solution of (S)-FmocNH-AG-Ot-Bu 

10 (693 mg, 1.76 mmol, 1.0 equiv.) and of (R)-

CbzNH-VG-OMe 16 (1.32 g, 5.28 mmol, 3.0 equiv.) in CH2Cl2 (25 mL) was brought to 
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reflux under N2 atmosphere. A degassed solution of Grubbs’ second-generation 

catalyst (299 mg, 0.35 mmol, 0.2 equiv.) in CH2Cl2 (10 mL) was added to the flask 

through a cannula in 3 times over 3 hours. 1 hour after the last addition of catalyst, 

CH2Cl2 was removed under vacuum. The resulting crude oil was purified over a silica 

gel column to give 19 as a light brown oil (844 mg, 78%). 1H NMR (400 MHz, CDCl3) δ 

7.78 (d, 3JHH = 7.5 Hz, 2H, FmocCH), 7.63 (d, 3JHH = 7.5 Hz, 2H, FmocCH), 7.38 (m, 9H, 

FmocCHs and PhCHs), 5.74 (m, 1H, CH2-CH=CH), 5.64 (m, 1H, CH2-CH=CH), 5.52, 5.46 

(NHs), 5.14 (m, 2H, CbzCH2), 4.92 (t, 3JHH = 6.8 Hz, 1H, CHα(R)), 4.41 (d, 7.2 Hz, 2H, 

FmocCH2), 4.38 (m, 1H, CHα(S)), 4.24 (t, 3JHH = 7.0 Hz, 1H, FmocCH), 3.73 (s, 3H, 

COOCH3), 2.59 (m, 2H, CH2-CH=CH), 1.48 (s, 9H, C(CH3)3). 13C NMR (100 MHz, CDCl3) 

δ 170.91 (COOCH3), 170.41 (COOC(CH3)3), 155.65 (CbzC=O), 155.48 (FmocC=O), 

143.90, 143.83, 141.30 (FmocCs), 136.13 (CbzC), 128.54, 128.45, 128.23, 128.16, 

127.72, 127.09, 125.16, 125.13, 120.00, 119.98 (aromatic and olefinic CHs), 82.48 

(C(CH3)3), 67.15 (FmocCH2), 66.99 (CbzCH2), 55.45 (CHα(R)), 53.60 (CHα(S)), 52.73 

(COOCH3), 47.19 (FmocCH), 35.43 (CH2-CH=CH), 28.01 (C(CH3)3). ESI-MS (ES+): m/z: 

615 [M+H]+, 559 [M+2H–t-Bu]+, 515 [M+2H–t-Bu–CO2]+. 

 

Dehydro-m-A2pm derivative 19 (223 mg, 0.36 

mmol, 1.0 equiv.) was dissolved in a mixture of 

D2O (1 mL) and THF (5 mL). Aqueous DCl was 

added to the medium to lower pH down to 1. 5 

mg of Pd/C (10% wt) were added as catalyst. This solution was inserted in an 

autoclave and a pressure of D2 was applied (1 atm). After one night of reduction, 

UPLC-MS analysis confirmed cleavage of the Cbz carbamate and full reduction of the 

alkene function. A partial cleavage of t-Bu ester was also observed. Solvents were 

removed under vacuum to afford crude (2H2)20. ESI-MS (ES+): m/z: 485 [M+H]+, 429 

[M+2H–t-Bu]+. 
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Crude (2H2)20 was then dissolved in 2 mL of TFA 

for 15 minutes to fully cleave the remaining t-Bu 

ester. Addition of 50 mL of diethyl ether provoked 

precipitation of (2H2)21 as a white solid (183 mg, 

93%, 2 steps). ESI-MS (ES+): m/z: 429 [M+H]+. 

 

Salt (2H2)21 (183 mg, 0.34 mmol, 1.0 equiv.) was 

dissolved in a mixture of THF (10 mL) and H2O (5 

mL). A solution of Cbz-Cl (73 mg, 0.43 mmol, 1.0 

equiv.) in THF (1 mL) was added dropwise to this 

stirring medium. An aqueous solution of NaHCO3 (5 % wt) was added to this mixture 

to maintain a neutral pH. An additional 0.1 equiv. of Cbz in THF was required to 

achieve complete conversion of (2H2)21 into (2H2)22. After 2 hours of reaction, THF 

was evaporated and the residue was treated with 5 mL of aqueous KHSO4 (10% wt) 

and extracted with diethyl ether trice. Reassembled organic phases were then 

washed brine and dried over anhydrous MgSO4. Evaporation of solvent afforded 

(2H2)22 as a pale-yellow oil (118 mg, 49%). UPLC-MS confirmed structure of this 

compound before its direct introduction in SPPS. ESI-MS (ES+): 563 [M+H]+, 519 

[M+H–CO2]+. 

 

Salt (2H2)21 (200 mg, 0.37 mmol, 1.0 equiv.) was 

dissolved in THF (20 mL). An aqueous solution of 

NaHCO3 (5 % wt, 620 mg, 1.0 equiv.) was added 

dropwise under stirring. A solution of Boc2O (81 

mg, 0.37 mmol, 1.0 equiv.) in THF (10 mL) was added dropwise to the medium. After 

one night of reaction, THF was evaporated under vacuum and replaced with CH2Cl2 

(50 mL). This organic solution was washed with aqueous KHSO4 (5% wt, 25 mL) and 

brine (25 mL). Evaporation of CH2Cl2 afforded (2H2)23 as a yellow oil (191 mg, 98%). 
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UPLC-MS confirmed structure of this compound before its direct introduction in 

SPPS. ESI-MS (ES+): m/z: 529 [M+H]+, 473 [M+2H–t-Bu]+, 429 [M+2H–Boc]+.  

 

A degassed solution of (S)-CbzNH-AG-Ot-Bu 11 

(1.0 g, 3.27 mmol, 1.0 equiv.) and of (R)-

FmocNH-VG-OMe 18 (2.21 g, 6.55 mmol, 2.0 equiv.) in CH2Cl2 (50 mL) was brought 

to reflux under N2 atmosphere. A degassed solution of Grubbs’ second-generation 

catalyst (555 mg, 0.65 mmol, 0.2 equiv.) in CH2Cl2 (20 mL) was added to the flask 

through a cannula 2 mol% at a time over 5 hours. 1 hour after the last addition of 

catalyst, CH2Cl2 was removed under vacuum. Crude oil obtained after evaporation of 

solvents was purified over a silica gel column to give 24 as a colorless oil (1.0 g, 50%). 

1H NMR (400 MHz, CDCl3) δ 7.79 (d, 3JHH = 7.5 Hz, 2H, FmocCH), 7.63 (d, 3JHH = 7.1 Hz, 

2H, FmocCH), 7.42 (t, 3JHH = 7.4 Hz, 2H, FmocCHs), 7.35 (m, 7H, FmocCHs and CbzCHs), 

5.55 (d, 3JHH = 7.4 Hz, 1H, NH(R)), 5.40 (d, 3JHH = 7.5 Hz, 1H, NH(S)), 5.72 (m, 1H, 

CH2-CH=CH), 5.65 (m, 1H, CH2-CH=CH), 5.13 (m, 2H, CbzCH2), 4.90 (t, 3JHH = 6.2 Hz, 

1H, CHα(R)), 4.42 (m, 2H, FmocCH2), 4.36 (m, 1H, CHα(S)), 4.25 (t, 3JHH = 7.0 Hz, 1H, 

FmocCH), 3.75 (s, 3H, COOCH3), 2.57 (m, 2H, CH2-CH=CH), 1.47 (s, 9H, C(CH3)3). 13C 

NMR (100 MHz, CDCl3) δ 170.95(COOCH3), 170.36 (COOC(CH3)3), 155.67 (CbzC=O), 

155.51 (FmocC=O), 141.31, 141.30 (FmocCs), 136.3 (CbzC), 128.53, 128.39, 128.28, 

128.18, 128.13, 127.73, 127.09, 125.12, 120.00, 119.99 (aromatic and olefinic CHs), 

82.41 (C(CH3)3), 67.19 (FmocCH2), 66.95 (CbzCH2), 55.41 (CHα(R)), 53.67 (CHα(S)), 

52.77 (COOCH3), 47.15 (FmocCH), 35.46 (CH2-CH=CH), 27.99 (C(CH3)3). ESI-MS (ES+): 

m/z: 615 [M+H]+, 559 [M+2H–t-Bu]+, 515[M+2H–t-Bu–CO2]+. 

 

Dehydro-m-A2pm derivative 24 (1.0 g, 1.63 

mmol, 1.0 equiv.) was dissolved in 75 mL of THF. 

Pd/C (10% wt, dry, 0.10 g) was added to the 

medium and the suspension was stirred under pressure of H2 (5 bar) for 72h. UPLC-
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MS analysis confirmed complete conversion of 24 and identification of 25 (ESI-MS 

(ES+): m/z: 483 [M+H]+, 427 [M+2H–t-Bu]+). 

After filtration of the catalyst and evaporation of 

the solvent, crude 25 was treated with 10 mL of a 

TFA/CH2Cl2 (1:1) solution. Cleavage of the tert-

butyl ester was monitored by HPLC. After one hour, HPLC analysis showed complete 

disappearance of 25. TFA was removed by multiple cycles of dissolution/evaporation 

in CH2Cl2 to afford crude 26. 

Crude 26 was dissolved in 50 mL of a solution of 

Et3N in CH2Cl2 (0.45 mL, 3.25 mmol, 2.0 equiv.). A 

solution of Boc2O (0.45 mL, 1.95 mmol, 1.2 equiv.) 

in CH2Cl2 (20 mL) was added to the medium. A third equivalent of base was added 

after 30 min of reaction. One hour later, HPLC analysis showed complete conversion 

of 26 to 27. Medium was quenched with aqueous KHSO4 (5% wt, 25 mL) and phases 

were separated. Aqueous phase was extracted with CH2Cl2 (2x25 mL). Rassembled 

organic phases were washed with brine (50 mL) and dried over anh. MgSO4. Filtration 

and evaporation of solvents under vacuum yielded 27 as a light brown oil (819 mg, 

95% over 3 steps) 1H NMR (400 MHz, CDCl3) δ 7.68 (d, 3JHH = 7.5 Hz, 2H, FmocCH), 

7.52 (d, 3JHH = 7.4 Hz, 2H, FmocCH), 7.32 (t, 3JHH = 7.5 Hz, 2H, FmocCH), 7.24 (t, 3JHH = 

7.4 Hz, 2H, FmocCH), 5.60 (d, 3JHH =  8.3 Hz, 1H, NH(S)), 5.25 (d, 3JHH =  7.8 Hz, 1H, 

NH(R)), 4.47 (m, 2H, FmocCH2), 4.45 (m, 1H, CHα(S)), 4.39 (m, 1H, CHα(R)), 4.30 (t, 3JHH 

= 7.1 Hz, 1H, FmocCH), 3.83 (s, 3H, COOCH3), 1.97 (m, 2H, CHα(R)-CH2), 1.78 (m, 2H, 

CHα(S)-CH2), 1.57 (m, 2H, CH2-CH2-CH2), 1.52 (s, 9H, Boc). 13C NMR (100 MHz, CDCl3) 

δ 175.89 (COOH), 172.88 (COOCH3), 156 (FmocC=O & BocC=O), 143.92, 143.79, 

141,36 (FmocCs), 127.78, 127.16, 125.19, 120.04 (FmocCHs), 80.45 (BocC), 67.13 

(FmocCH2), 53.57 (CHα(S)), 52.94 (CHα(R)), 52.50 (COOCH3), 47.19 (FmocCH), 

32.02(CH2-CH2-CH2) 28.45 (BocCH3), 21.14 (CH2-CH2-CH2). 
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D-Ala-m-A2pm-g-D-Glu-L-Ala-Wang resin 

was synthesized from FmocNH-D-Ala-

Wang resin (50 mg, 0.045 mmol, 1.0 

equiv.), differentially protected (2H2)m-

A2pm 22 (51 mg, 0.09 mmol, 2.0 equiv.), 

FmocNH-D-Glu(OH)-Ot-Bu (77 mg, 0.18 

mmol, 4.0 equiv) and FmocNH-L-Ala-Wang (56 mg, 0.18 mmol, 4.0 equiv) via a 

Biotage Initiator+ Alstra synthesizer. First, resin was swelled with DMF for 20 min at 

70 °C. Deprotection-coupling cycles were done at rt with piperidine (20% in DMF, 45 

equiv.) and activation with HBTU (285 µL, 0.6 mol/L in DMF, 0.17 mmol, 3.8 equiv.) 

and NMM (900 µL, 0.4 mol/L in DMF, 0.36 mmol, 8.0 equiv.). Resin was filtered and 

rinsed with CH2Cl2 prior to cleavage with TFA/CH2Cl2 1:1. Solvents were evaporated 

and crude product was purified over semi-preparative HPLC (CH3CN/H2O/TFA 

40:60:0.1) giving 32 as a white solid (6.1 mg, 16%). 1H NMR (700 MHz, MeOD) δ 7.81 

(d, 3JHH = 7.8 Hz, 2H, FmocCHs), 7.69 (d, 3JHH = 7.7 Hz, 2H, FmocCHs), 7.41 (t, 3JHH = 7.5 

Hz, 2H, FmocCHs), 7.37-7.27 (m, 7H, FmocCHs & CbzCHs), 5.08 (m, 2H, CbzCH2), 4.42 

(m, 3H, FmocCH2 & CHα(S)A2pm), 4.40 (q, 3JHH = 7.3 Hz, 1H, CHαAla1), 4.31 (m, 1H, CHαGlu), 

4.25 (t, 3JHH = 6.9 Hz, 1H, FmocCH), 4.18 (q, 3JHH = 7.3 Hz, 1H, CHαAla2), 4.17 (m, 1H, 

CHα(R)A2pm), 3.70 (s, 3H, COOCH3), 2.30 (m, 3H, CH2bGlu & CH2gGlu), 1.90 (m, 1H, CH2bGlu), 

1.86-1.62 (m, 4H, CH2bA2pms), 1.56-1.35 (m, 2H, CH2gA2pm), 1.40 (d, 3JHH = 7.3 Hz, 3H, 

CH3Ala1), 1.37 (d, 3JHH = 7.3 Hz, 3H, CH3Ala2). ESI-MS (ES+): m/z: 832 [M+H]+. 

 

Same procedure was applied for the 

synthesis of (2H2)32 (4.9 mg, 13%). 1H NMR 

(700 MHz, MeOD) δ 7.81 (d, 3JHH = 7.6 Hz, 

2H, FmocCHs), 7.69 (dd, 3JHH = 7.8, 3.5 Hz, 

2H, FmocCHs), 7.41 (t, 3JHH = 7.4 Hz, 2H, 

FmocCHs), 7.37-7.27 (m, 7H, FmocCHs & 

CbzCHs), 5.08 (m, 2H, CbzCH2), 4.41 (m, 3H, FmocCH2 & CHα(S)A2pm), 4.40 (q, 3JHH = 7.3 
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Hz, 1H, CHαAla1), 4.31 (m, 1H, CHαGlu), 4.25 (t, 3JHH = 6.9 Hz, 1H, FmocCH), 4.18 (q, 3JHH 

= 7.2 Hz, 1H, CHαAla2), 4.16 (d, 3JHH = 6.0 Hz, 1H, CHα(R)A2pm), 3.70 (s, 3H, COOCH3), 2.30 

(m, 3H, CH2bGlu & CH2gGlu), 1.90 (m, 1H, CH2bGlu), 1.85-1.61 (m, 4H, CH2bA2pms), 1.51-

1.35 (m, 2H, CH2gA2pm), 1.40 (d, 3JHH = 7.3 Hz, 3H, CH3Ala1), 1.37 (d, 3JHH = 7.2 Hz, 3H, 

CH3Ala2). ESI-MS (ES+): m/z: 834 [M+H]+. 

 

D-Ala-m-A2pm-g-D-Glu-L-Ala-Wang resin 

was synthesized from FmocNH-D-Ala-

Wang resin (100 mg, 0.09 mmol, 1.0 

equiv.), differentially protected (2H2)m-

A2pm 23 (190 mg, 0.36 mmol, 4.0 equiv.), 

FmocNH-D-Glu(OH)-Ot-Bu (77 mg, 0.18 

mmol, 4.0 equiv) and FmocNH-L-Ala-Wang (56 mg, 0.18 mmol, 4.0 equiv) via a 

Biotage Initiator+ Alstra synthesizer. First, resin was swelled with DMF for 20 min at 

70 °C. Deprotection-coupling cycles were done at rt with piperidine (20% in DMF, 45 

equiv.) and activation with HBTU (285 µL, 0.6 mol/L in DMF, 0.17 mmol, 3.8 equiv.) 

and NMM (900 µL, 0.4 mol/L in DMF, 0.36 mmol, 8.0 equiv.). Resin was filtered and 

rinsed with CH2Cl2 prior to cleavage with TFA. Solvents were evaporated and crude 

product was purified over semi-preparative HPLC (CH3CN/H2O/TFA 25:75:0.1) giving 

33 as a white solid (13.9 mg, 15%). 1H NMR (700 MHz, D2O) δ 7.81 (d, 3JHH = 7.8 Hz, 

2H, FmocCHs), 7.60 (m, 2H, FmocCHs), 7.40 (t, 3JHH = 7.5 Hz, 2H, FmocCHs), 7.32 (m, 

2H, FmocCHs), 4.43 (m, 2H, FmocCH2), 4.23 (m, 3H, FmocCH, CHaGlu, CHaAla1), 4.05 (t, 

3JHH = 7.2 Hz, 1H, CHα(S)A2pm), 3.95 (q, 3JHH = 7.3 Hz, 1H, CHαAla2), 3.93 (t, 3JHH = 6.6 Hz, 

1H, CHα(R)A2pm), 3.70 (s, 3H, COOCH3), 2.19 (m, 2H, CH2gGlu), 2.10, 1.82 (m, 2H, CH2bGlu), 

1.80, 1.73 (m, 1H, CHα(R)-CHDbA2pm), 1.61, 1.51 (m, 2H, CH2bA2pm-CHα(S)), 1.29 (m, 1H, 

CHDgA2pm), 1.28 (d, 3JHH = 7.3 Hz, 3H, CH3Ala1), 1.23 (d, 3JHH = 7.3 Hz, 3H, CH3Ala2). ESI-

MS (ES+): m/z: 698 [M+H]+. 
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Same procedure was applied for the 

synthesis of (2H2)33 (3.1 mg, 4%). 1H NMR 

(700 MHz, D2O) δ 7.78 (d, 3JHH = 7.7 Hz, 2H, 

FmocCHs), 7.58 (m, 2H, FmocCHs), 7.38 (t, 

3JHH = 6.8 Hz, 2H, FmocCHs), 7.30 (m, 2H, 

FmocCHs), 4.40 (m, 2H, FmocCH2), 4.22 

(m, 3H, FmocCH, CHaGlu, CHaAla1), 4.05 (t, 3JHH = 7.1 Hz, 1H, CHα(S)A2pm), 3.95 (q, 3JHH = 

7.2 Hz, 1H, CHαAla2), 3.92 (d, 3JHH = 6.6 Hz, 1H, CHα(R)A2pm), 3.70 (s, 3H, COOCH3), 2.18 

(m, 2H, CH2gGlu), 2.10, 1.82 (m, 2H, CH2bGlu), 1.77, 1.71 (m, 1H, CHα(R)-CHDbA2pm), 1.60, 

1.50 (m, 2H, CH2bA2pm-CHα(S)), 1.27 (1H, CHDgA2pm), 1.27 (d, 3JHH = 7.3 Hz, 3H, CH3Ala1), 

1.23 (d, 3JHH = 7.3 Hz, 3H, CH3Ala2). ESI-MS (ES+): m/z: 701 [M+H]+. 
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Figure 1. 1H NMR spectrum of 29 in DMSO (700 MHz, 25 °C). 

 

 

 
Figure 2. 13C-APT NMR spectrum of 29 in DMSO (175 MHz, 25 °C). 
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Figure 3. 1H NMR spectrum of 30 in D2O (400 MHz, 25 °C). 

 

 

 
Figure 4. 13C-APT NMR spectrum of 30 in D2O (100 MHz, 25 °C).  
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Figure 5. 1H NMR spectrum of (2H2)30 in D2O (400 MHz, 25 °C). 

 

 

 
Figure 6. 13C-APT NMR spectrum of (2H2)30 in D2O (100 MHz, 25 °C). 
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Figure 7. 1H NMR spectrum of (13C)30 in D2O (400 MHz, 25 °C). 

 

 

 
Figure 8. 13C-APT NMR spectrum of (13C)30 in D2O (100 MHz, 25 °C). 
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Figure 9. 1H NMR spectrum of 32 in D2O (700 MHz, 25 °C). 

 

 

Figure 10. HSQC spectrum of 32 in D2O (25 °C). 
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Figure 11. COSY spectrum of 32 in D2O (25 °C). 

 

 

Figure 12. HMBC spectrum of 32 in D2O (25 °C). 
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Figure 13. 1H NMR spectrum of (2H2)32 in D2O (700 MHz, 25 °C). 

 

 

 

Figure 14. HSQC spectrum of (2H2)32 in D2O (25 °C). 
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Figure 15. COSY spectrum of (2H2)32 in D2O (25 °C). 

 

 
Figure 16. HMBC spectrum of (2H2)32 in D2O (25 °C). 



 119 

 
Figure 17. 1H NMR spectrum of 33 in D2O (700 MHz, 25 °C). 

 

 

 

Figure 18. HSQC spectrum of 33 in D2O (25 °C). 
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Figure 19. COSY spectrum of 33 in D2O (25 °C). 

 

 
Figure 20. HMBC spectrum of 33 in D2O (25 °C). 
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Figure 21. 1H NMR spectrum of (2H2)33 in D2O (700 MHz, 25 °C). 

 

 

 
Figure 22. HSQC spectrum of (2H2)33 in D2O (25 °C). 
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Figure 23. COSY spectrum of (2H2)33 in D2O (25 °C). 

 

 
Figure 24. HMBC spectrum of (2H2)33 in D2O (25 °C). 
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