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Abstract

In this work, a method for the total synthesis of different isotope-containing meso-
diaminopimelic acids (m-A,pm or (2S,6R)-A;pm) 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)-A;pm and (4,5-2H,)(2S,6R)-A.pm 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)-Apm is also described. Furthermore, the synthesis of differentially
protected (2S,6R)-A;pm and (4,5-2H)(2S,6R)-A,pm 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 synthese totale d’acides méso-diaminopimélique
(m-Azpm ou (2S,6R)-A>pm) marqués. Ce composé, spécifique de la paroi bactérienne,
permet la réticulation du peptidoglycane de la plupart des bactéries a Gram-négatif
et de quelques bactéries a Gram-positif. La synthése de nouveaux composés
marqués, (1-13C)(2S,6R)-Apm et (4,5-2H,)(2S,6R)-A.pm, pouvant servir de références
en chromatographie et en spectrométrie de masse quantitative pour I’étude du
métabolisme du peptidoglycane est décrite. La premiére synthése totale
stéréoselective d’acide méso-diaminopimélique tritié [4,5-3H](2S,6R)-A2pm a haute
activité spécifique (30 Ci/mmol) est également décrite. Enfin, la préparation de
(25,6R)-Azpm et (4,5-2H)(2S,6R)-A.pm différemment protégés est présentée. Ces
composés permettent la synthese de fragments peptidiques de peptidoglycane, ce
qui élargit le champ des applications aux études du phénomene d’induction de
[-lactamases chez les bactéries résistantes aux pénicillines ainsi qu’a des études

dans le domaine du systéme immunitaire inné chez I’humain.
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Chapter |

Introduction






[.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
16" — early 17" 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 bacteria® 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 um).
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

2 from the Greek bakterion, “small staff”



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 corn®.

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 bacterial. 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 19" 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 cells?. However, it is Alexander Fleming
who made the famous, though fortuitous, discovery of penicillin in 1929 as the first
antibiotic®. Many more antibiotics are now available but their overuse and misuse

led to a new issue: bacteria are developing resistance mechanisms.



[.2. The bacterial cell

Selective chemotherapy can

only be achieved because the

bacterial cell is different from
Cytoplasm

ours. Bacteria are prokaryotes

Ribosomes
Nucleoid (DNA)

in opposition to the

Plasma membrane

eukaryotes cells we are made

Cell wall
Capsule

of'. The most noticeable
difference lies in the absence
of a membrane-bound nucleus peestium
in prokaryotic cells® (Figure 1).

o . H 4
The prokaryotic genome, Figure 1. A typical rod-shaped bacterium

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 ours'. 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 hypertonic®. 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.



[.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 environment?®. 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 stain®. 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

lipopolysaccharides® (Figure 2).
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Figure 2. Gram stain and structures of bacterial cell walls®.

¢ Named after Hans Christian Gram who developed it in 1884°.



l.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 sacculus®’ (Figure 3). This impressive

structure is responsible for stabilizing and

. Figure 3. Model of a sacculus®.
shape-maintaining the cell wall. Glycan strands | |ines represent glycan strands and arrows

represent peptide reticulations

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-y-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-A;pm, an amino acid specific to bacterial
peptidoglycan, Figure 5) and for the majority of Gram-positive bacteria, m-A,pm is

replaced by L-Lysine’.

Peptide HOOC COOH
GleNAC Y\/\r

crosslinking
NH, NH»
m-As,pm
MurNAc m-A.om
2P HoN COOH
or L-Lys \/\/\‘/
NH,
L-Lys

Figure 5. meso-Diaminopimelic
acid and L-lysine

Glycan strands

Figure 4. General structure of peptidoglycan.




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-A;pm 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 strand’. The detailed structure of mature peptidoglycan

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

CH,
CHyCONH CHZOHO CH3CONH CHZOHO CH3CONH \0
HO ° HO
o g o o) /0 o 0 o 5
o GhiCHg CHiCONH CHyOH chcHy CHICONH  CHoH  cfion, CHICONH
L(S] D(R]
CO-NH-(::})'i-CO-NH- S aaar CO»NH-(I)H-CO-NH~CH~COOH CO-NH-CH-CO-NH-CH-COOH
| | |
CHg iy CHg Gy CHg <|3Hz
L(s) (R) FHe H
GlCNAC'M:"NAC CO-NH-CH-CO-NH- cn COOH | HpN-CH-COOH  CO-NH-GH-CO-NH-GH-COOH CO-NH-GH-CO-NH-CH-COOH
i
L-Ala Che Gz CHg CH, CHy
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1 ¢ csz CHy
meso-A,pm GO-NH- CH-CO-NH- GH-CO-NH-CH-COOH HyN-CH-COOH
1
c
p-Ala CH He CH3
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O-NH-CH-CO-NH-CH-COOH CO‘-'-'
Gh ct-c3 CH <:H3
CHiCONH CH,CONH
CH,0H CHoOH
CHCONH CHyCONH

Figure 6. Molecular structure of mature peptidoglycan of E. coli®.
Repeated GlucNAc-MurNac-tetrapeptide unit is highlighted in yellow. The crosslinking between two glycan
strands is colored in blue.




I.5. Peptidoglycan metabolism

I.5.a) Peptidoglycan biosynt

hesis

The peptidoglycan biosynthesis is a complex multistep process occurring in three

different bacterial compartments (Figure 7):

1. Inthe cytoplasm;
2. Inthe cytoplasmic membrane;
3. Outside the cell (in the periplasm in case of Gram-negative bacteria).
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Figure 7. Peptidoglycan biosynthesis in E. col®.
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1. The cytoplasmic phasel®!!

starts with the addition of enolpyruvate to uridine
diphosphate-N-glucosamine (UDP-GIcNAc) 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-y-D-Glu-m-A,pm-D-Ala-D-Ala-OH fragment to afford an UDP-MurNAc-
pentapeptide often referred to as the Park nucleotide®.

2. The phospho-MurNAc-pentapeptide fragment of this molecule is then
transferred to an undecaprenyl-phosphate anchored in the membrane under
the action of MraY!2, a membrane enzyme to yield Lipid I. The membrane
phase continues as MurG glycosyltransferase adds a GIcNAc moiety to form
Lipid II. This building bloc of the peptidoglycan needs to be translocated by the
flippase MurJ¥* to allow next steps.

3. Once flipped, a glycosyltransferase outside the membrane assembles lipid Il
blocs through polymerization to form glycan strands. Reticulation of
peptidoglycan is finally performed by the action of a DD-transpeptidase®.
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-A,pm of
second pentapeptide from a second glycan strand (the acceptor strand)!+167,
Maturation of peptidoglycan consists in the cleavage of ultimate D-Ala from

the remaining D-Ala-D-Ala residues thanks to a DD-carboxypeptidase®2°,

All these enzymes (MurA, MurB, MurC, MurD, MurE, MurF, Mra¥Y, MurG, Murl,
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.

10



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 dynamicin the sense that it is constantly renewed?!.
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
cycle??. 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 bacteria®>. 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 biosynthesis?'?,

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)?.
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).

11
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Figure 8. Cell wall recycling in Gram-negative bacteria®®

Several models®” 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 thinner®.

12



Peptidoglycan fragments not reintroduced into the bacterial cell through recycling
cantrigger 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)?. Once activated NOD1 and NOD2 containing proteins (or peptidoglycan
recognition proteins PGRP) trigger an inflammatory response trough signaling
cascades?’. These cytosolic proteins are associated with several inflammatory
diseases such as asthma?® or Crohn’s disease?**° 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 PBPs'’. 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.

13



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 bb-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-y-D-Glu-m-A,pm (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-Apm or L-Lys of another peptide (DD-transpeptidase activity), the
structurally similar penicillin (Figure 9) durably binds with PBPs and therefore
disables their activities'’. Bacteria cannot survive as PBP-penicillin complex half-life

exceeds bacteria generation time.

a) b)
0 0

PNH o M—NH

R R

S Iy

: o] .
Y Y4
O/\OH O/\OH

Figure 9. Penicillin structure (a) compared to
D-Ala-D-Ala pentapeptide moiety (b).
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[.6. Antibiotics

Many antibiotics have been discovered and developed since Alexander Fleming
published his work on penicillin in 1929%. Some of them induce cell death
(bactericidal drugs) and others only inhibit cell growth (bacteriostatic drugs)3!. 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 targets®Z.

DNA Synthesis RNA synthesis Protein synthesis Cell wall synthesis
inhibitors inhibitors inhibitors inhibitors

e Fluoroquinolones e Rifamycins e Tetracyclines o (-lactams
e Trimethoprim — e Aminoglycosides o Glycopeptides
sulfamethoxazole e Macrolides e Glycolipopeptides
e Streptogramins o Lipopeptides
e Phenicols

Ciprofloxacine Rifampicin
(a fluoroquinolone) (a rifamycin)
OH O HOHO O (0]
5 NH
o )rg
H I_F OH o A
OH_N_ O//\OH
Doxicycline Penicillin G
(a tetracycline) (a p-lactam)

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 Il 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 bacteria®!. 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.

Fosfomycin
MurE MurD MurC MurB MurA
UDP-MurNAc-L-Ala-D-Glu-L-Lys ~———— <——— <———— UDPMurNAc ~<——— ~<——— UDPGIcNAC
D-Cycloserine Llys DGl LAl NADPH  PEP
ATP ATP ATP FADH,
—»DUIB MurF
D-Ala — > D-A\;E’-Ala Ramoplanin
D-Ala . D-Ala D-Ala
D-Ala D-Ala D-Ala
(i) Cytoplasm UDP-MurNAc- L-lys L- Lys . L-Lys - (aa),
pentapeptide D-Glu MurG D- GIu Fem ligases D-Glu
LAa  opgionac A aa'Ana LA
Uridylpeptides MraY MurNAc MU"NAC GlcNAc MurNAc GIcNAc

BTl
-;;;;; S

Flippase

MurNAc GlcNAc - MurNAc GlcNAc MurNAc GlcNAc
) Amphomycm Bacnracm L- AIa L- Ala Trans- L- AIa
(i) Tans. o, D-Glu D-Glu glycosylase  D-Glu
Penicillin _—» PeP / Liys—(aa), Llys—(aa), < L-lys-(aa),
p-Lactams D-Ala D-Ala D-Ala
Peptidoglycan D-Ala D-Ala D-Ala
cross-linking

Moenomycin T

Vancomycin
Glycopeptides

Figure 11. Antibiotics interfering with peptidoglycan biosynthesis*
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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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[.7. Resistance

|.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 (107).
About 2 x 10 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 (107 x 2 x 10%
= 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 day.

In addition to these random mutations, genotype and possibly phenotypes of a
bacteria can be altered by different mechanisms?:
- 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

3335 |t is estimated that antibiotic resistance

we are now in a post-antibiotic era
causes over 25 000 deaths each year in the European Union, with an estimated cost

of 1.5 billion € per year?.

Efflux pumps
E;E:Et:gfulsc seides Sequestration Decreased uptake
I TR
Macrolides Target protection glf antnbu:;m B‘I?Ctams )
Tetracyclines Tetracyclines Arz?r?selpclosei(jes Arn.lnolglyCOSIdes
Quinolones Quinolones ely Qo Quinolones
- Q

111111'1'111111'l'llulxllll'
YIIIAXHXXXX.XAXII“[IXXIIM

Target alterations
YYYYYYY Jetegeie Y Y B-lactams

o Aminoglycosides
Talrfget bydpass Target amplification Macrolides
Aminoglycosides Su. onam ?S Sulfonamides Fl inol
; Trimethoprim . § uoroquinolones
G‘chopelptldes Trlmethop.nm Tetracyclines
leamycn.ws Glycopeptides Rifamycins
Tetracyclines

Antibiotic inactivation
B-lactams

Figure 12. Bacterial resistance mechanisms®’.

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 [3-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

use3338,

Bacillus licheniformis strain 749/ is also able to produce a p-lactamase (BlaP) coded
by blaP gene. When there is no penicillin, BlaP is only produced at a very low level.
The current model®® shows that in the absence of penicillin the bla divergon coding
for BlaP, BlaR1 and Blal is expressed at a low level (Figure 13a). BlaR1 is a membrane-
bound penicillin-binding receptor and Blal 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.

Without penicillin

Cell wall turnover
products

H,N-L-Ala-D-Glu-OH
Y m-A,pm-D-Ala-OH

YkfA

D-Ala-OH
(Blal), Blal H,N-L-Ala-D-Glu-OH
0 — e+ Y m-A,pm

YkfC
m-A,pm

H,N-L-Ala-D-Glu-OH

T 1 o';l,J |_£>P3 blal  blaR1 ﬂ YkfB

H,N-L-Ala-L-Glu-OH

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
guantities 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: HoN-L-Ala-y-D-Glu-m-Apm tripeptide resulting from the activity of YkfA is
hydrolyzed into y-D-Glu-m-A,pm dipeptide by activated BlaR1. This dipeptide
inactivates Blal dimer repressor so the divergon bla is expressed and production of

[-lactamase BlaP is triggered.

Penicillin
stress

With penicillin (<)
Increased cell wall
turnover

v HNLAIaDGIuOH
Y m-A,pm-D-Ala-OH

YkfA
D-Ala-OH

H,N-D-Glu-OH (Blal), Blal H,N-L-Ala-D-Glu-OH
YLm-a,pm > @@ —— e+e@ Y m-A,pm
YkfC
m-A,pm
H,N-L-Ala-D-Glu-OH
blaP blal blaR1
S YkfB
L> BlaP B-lactamase H,N-L-Ala-L-Glu-OH

Figure 13b. In the presence of penicillin, gene blaP is expressed.
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1.8. 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 *3C or °N 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. licheniformis®.

(CHPH]  (3C)

D(R) '/\ L(S) ¢
HOOCY\/YCOOH

NH, NH,
m-A,pm

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-A;pm and m-A;pm containing peptides.

Although m-A;pm 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-A;pm 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 bb-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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HOOC CO-D-Ala-OH HOOC CO-D-Ala-OH

H,N-D-Ala-H,N NH-y-D-Glu-L-Ala-NH, HoN NH-y-D-Glu-L-Ala-NH,
PEP1 PEP2
HOOC CO-p-Ala-OH
HOOC CO-D-Ala-H,N NH,
NH, NH-y-D-Glu
PEP3

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-A,pm (%H, 3H, *C) were reported from as early as the
1960’s%%%, The first total syntheses did not display any selectivity toward the meso
diastereoisomer. However, a notable preparation of tritiated m-A,pm was reported
in 1985 by Schott et al.*® (Scheme 1). It begins with a photochemically induced radical
chlorination of an existing m-A,pm, probably isolated from peptidoglycan. Chloro-m-
A,pm derivatives were then converted into [*H]m-A;pm by catalytic

dehydrohalogenation and reduction using tritium gas.

cl
HOOC\r)\v/\j/COOH

NH, NH,

] ]
HOOC COOH 2@ HOOC COOH b PHI ]
Y Y . Y —_ » HOOC COOH

NH NH NH, CI NH
2 z 2 2 HN [3H] NH,

Cl

HoocY\)\rCOOH

NH, NH,

Scheme 1. Tritiation of an existing m-A;pm (Schott et al.)*®.
(a) conc. HCl, Cl, hv, 70-80 °C; (b) T2 (1 atm), Pd/C (10 % wt).

Alongside, some efforts have also been made to isolate m-A;pm from the
peptidoglycan of bacteria grown in **C or *H enriched media®’. 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-A,pm and
m-Apm 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-A,pm or (2S,6R)-A;pm 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-A,pm, 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-A,pm, 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 1992%. His starting material was Garner’s
aldehyde, already containing the first chiral center of m-Aspm (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-A,pm.

It should also be noted that no carbon-13 substituted Garner’s aldehyde is
commercially available, although, such compounds could be prepared from
(13C)serine®. 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-A;pm.

Chen et al. followed a very similar approach in 2014%. 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)®°.

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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MeOOC

D-serine

OMe
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le
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NH, BocN7<O
l f

OMe

MeOOC (R) S
NHR BocN7<O
R Cbz <Jg
l h
(R) (S)
MeOOC OH
NHCbz NHBoc
l i
MeOOC (R) (). COOH
NHCbz NHBoc

L-glutamic acid

OFEt
OFt
NN &
5] 0

EtOOC.(F) &

NH, BocN 7<O
l |
EtOOC.(R) S

BocN7<o

m

CbzHN

R ®)
EtOOC OH

NHCbz  NHBoc

ln

NHCbz

EtOOC.(R) (5. COOH

NHBoc

Scheme 2. Jurgens (1992)* and Chen (2014)°.

(a) PhsP=CHCHO, toluene, /A, 80%; (b) DIBAL, CH:Clz, 0°C, 60%; (c) PhsP, CBra, CH2Clz, 0°C, 95%; (d) n-BuLi, THF, -78°C,
95%; (e) 0.1M HCI, THF, H,0, 48%; (f) Ha, Pd/C, EtOAc, quant.; (g) Cbz-Cl, Et,0, NaHCOs, 84%; (h) p-TsOH, H,0, CH3OH,
91%; (i) PDC, DMF, 75%. (j) n-BuLi, THF, -78°C, 3h, 65%; (k) 0.5M HCI, THF, 0°C, 2h; (1) CbzCl, EtsN, CHaCls, rt, 2h, 70% (2
steps); (m) p-TsOH , H.0, MeOH, rt, 36h, 80%; (n) TEMPO, BAIB, CHzCl2, H20, rt, 1h, 72%.
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[1.2. Holcomb and Wang syntheses

Holcomb et al. (1994) started their chemical pathway from L-glutamic acid (readily
available in any stable isotopomer)®. 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 groups®. 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-A,pm in a single reduction step. As mentioned

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

L-glutamic acid L-glutamic acid
(e}
R~ R._~8).CO0t-Bu
o T
CbzN-/ NBoc,
R = COOH R = COOMe
R-CHO =P o R-CHO =X o
1 Il
MeOOC.__P~ MeOOC.__P~
\"OMe \"OMe
c \f OMe y \f OMe
BocHN CbzHN
O
MeOOC._- © MeOOC.__~ (5).COOt-Bu
BocHN  CbzN-° NHCbz  NBoc,
ld
o}
MeOOC.(R) ®) z
BocHN Csz\/O
le
MeOOC (R (5). COOCH,CH,TMS MeOOC.(R) (5).COOt-Bu
NHBoc  NHCbz NHCbz  NBoc,
Scheme 3. Holcomb (1994)°! and Wang (2001)%2.
(b) (1) BH3.5Mez, 0 —> 25°C (2) PCC, 25°C, 51% (2 steps); (c) KHMDS -78 —> 25°C, 75%; (d) H (40 psi),
[Rh(I)(NBD)2]ClO4.(S,5)-chiraphos, 25°C, 80% (3:1 R:S); (e) TMSCH,CH,OH, LIHMDS, 0°C, 53%. (x) DIBAL,
Et,0, -78°C, 91%; (y) DBU, CH,Cly, rt, 5.5h, 91%; (z) H2 (70 psi), [Rh(1)(COD)(R,R)-Et-DuPHOS]OTf, MeOH, 24h, 88%.
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[1.3. Hernandez synthesis

Hernandez and Martin reported a new preparation of m-A,pm from L-aspartic acid
in 2001%3. The key step of this synthesis is the introduction of the second asymmetric
carbon thanks to an Katsuki-Sharpless asymmetric epoxidation®® 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.

MeOOC” P~
/\
0 (5. COOM RMCOOMe
e a
L-aspartic acid —> W\r — NHBoc
NHBoc R =COOMe —
R = CH,OH
lc
o d © .0
HO.__~(A) (.cooMe _° ~ HO : (S.COOMe
(R)\‘/\/\‘/ \/\/\/\r
©
Ng NHBoc NHBoc
l e
#\Q f HOOC () (5.COOMe
o, My (S.COOMe —

NHCbz  NHBoc
N3 NHBoc

Scheme 4. Hernandez (2001)*3.
(a) benzene, 0°C, 89%; (b) DIBAL, -78°C, 85%; (c) Ti(i-PrO)a, (R,R)-(+)-DET, TBHP, CH.Cl,, -20°C, 82%; (d) NaNs,
NHaCl, MeOH/H,0 (8:1), reflux, 83%; () H.C=C(OMe)CHs, PPTS (cat.), CH,Clz, rt, 85%; (f) (1) Hz, Pd/C, EtOAG, rt,
(2) Cbz20, CH:Cly, rt, (3) MeOH, p-TsOH (cat.), (4) NalOs, Na2COs, KMnOa, dioxane/H20 (3:1), rt, 60% (4 steps).
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I1.4. Kawasaki synthesis

The synthesis reported by Kawasaki et al.>> in 2008 enforces a Julia-Kocienski
olefination®® 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 *C-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.

N-N,
) I N
- sON
N. O O Ph
Cbz a (R (S
D-serine — O)(NCbz BocN7<)
O S)
L o — b
BocN7<
HOH,C (A © HOH,C (R ©
o o _¢ PO 0 % ho SOy
CbzHN HN\< ~ CbzHN HN ~ Y\
~ NHCbz  NH,
(0] (0]
l o
HOOC.(R) & MeOOC (R) & MeOOC (R) )
o ! o 9 0
CbzHN HN\< - CbzHN HN\‘< - CbzHN BocN\<
(0] (0] o
l h
BnOOC.(R) (5).COOH | BnOOC.(R) S i HOOC.R (s
- OH « OH
NHCbz  NHBoc NHCbz  NHBoc NHCbz  NHBoc
Scheme 5. Kawasaki (2008)>>.
(a) NaHMDS, THF, -70°C, 71%; (b) HCl 1M in MeOH; (c) triphosgene, EtsN, CH2Cl2, 22% (2 steps); (d) (1) Hz, Pd/C,
MeOH, (2) CbzCl, NaHCOs3, 1,4-dioxane/H20 (1:1), 82% (2 steps); (e) RuCls.nH20, NalO4, acetone/H,0 (1:1), 66%;
(f) AcCl, MeOH, 89%; (g) Boc,O, DMAP, EtsN, THF, 86%; (h) LiOH, THF/H,0 (3:1); (i) (1) Cs2COs, MeOH, (2) BnBr,
DMF, 83% (3 steps); (j) PDC, DMF, 86%.
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[1.5. Del Valle, Chowdhury and Saito syntheses

These three syntheses have a common key step: an olefin metathesis (steps ¢, g and
I, Scheme 6). All three groups opted for olefinic synthons already containing the

chiral centers present in m-A,pm.

Del Valle and Goodman chose a ring closing metathesis (RCM) ensuring almost
quantitative yields in their 2004 publication®’ (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-serine®® (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 2005°° (Scheme
6, middle). The m-Apm 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 3C-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-A;pm derivatives may be produced with different goals in mind (peptides,

(13C)m-Apm, (*H)m-Apm and [*Hlm-Azpm).
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Scheme 6. Del Valle (2004)>’, Chowdhury (2005)*° and Saito (2013)°® strategies.

(a) (1) PyBOP, EtsN, CH1Cly, (2) Ac20, pyridine, CH2Clz, 83% (2 steps); (b) Boc.O, DMAP, THF, 77%; (c) 2 mol% Grubbs 2
gen. cat., CH,Cly, reflux, 2h, 99%; (d) (1) LIOH 2M, THF, (2) Mel, K2COs, DMF; (e) Ha, 2mol% [Ir(COD)PyPCys]PFs, CHaCls,
56% (3 steps); (f) NaClO, NaClO2, TEMPO, MeCN, H20 (92%). (g) Grubbs 2"d gen. cat., 64%; (h) Hz, 3% Pt/C, EtOH, CH2Cl,
H20, 98%. (i) 5mol% Grubbs 2" gen. cat., 73%; (j) H2, PtO2, EtOAc, rt, 14h, 97%; (k) p-TsOH, H.0, MeOH, 81%; (I) NaClO,
NaClO,, TEMPO, MeCN, H,0.

35




11.6. Peptides

Several groups have reported

syntheses of m-A;pm containing

peptides and muropeptides. Some

prepared short peptides in
solution®%5157-61  while  others
inserted differentially or

orthogonally protected m-A;pm in
solid-phase peptide synthesis>**

(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, DrJ. Simon et al. proposed
a new methodology for the
synthesis of m-A;pm containing
peptides inspired by Chowdhury
cross-metathesis®®. Rather than
inserting an adequately protected
m-Apm 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

O/OOO\ NHFmoc

HOOC COOR;
FmocHN NHR,
O
COOR;

QQOQMJHAAK

NHFmoc NHRj

M

® ot e
H HN O NHR,
EO(NHFmoc

I l

COOH
HN.__O NH,

SO/NHZ

Scheme 7. SPPS of a m-A,pm containing
peptide (classical approach).

allylglycine into an m-A,pm (concept

illustration in Scheme 8).
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Scheme 8. SPPS of a m-A,pm containing peptide
via on-resin cross-metathesis.

37




38



Chapter

Results and discussion

39



‘uedA|3opndad

J0 syuswigeuy apndad pue wdy-w(H,] ‘wdoy-w(?H,) ‘wdey-w 9314 jo uonesedaid ay) Joj A3a3ells |BIBUID *T BWIAYIS

aupA|B|A|e BaudA|BIAUIA
YYHN CYHN

auIoA|B AH mm_ooo\_/\/ . /x/ooof HV auIuoIyIaW-a

i

wdevy-w-oipAysp

L o-a 4 2
HO-BlY-a-wdly-w-e|y-a-wdly-w II\ZF\/EH_/_/
HOOO.  NPH ®4000 "000'd

a % ﬁ
wdéy-w aaly
4 4
o 0w I \ Sy
2N _._zE/.\Iz#l/\/\oFoo on HOOO OOOH

H a:
HOOO_ N S LA
a: 1 g "O00H L[ O-a-BIV-1NH ) [ N1O-A-BIV-T-NH
© 0 HO-elv-a-wddy-w HO-Blv-a-wdly-w-ely-a-N°H
Ho: Ho:

H N H N
oooo . jzmz oooo X jzmz
o) o N°H
b
O“™NH a/H N°H 07 ™NH a/H HN" Y0

HOOO._ HN HOOO._ HN
ar i\fl/ooo: a7 41/L/L/ooo:

- (0] aH - (0] aH

40



[11.1. Strategy

As a reminder, the first goal of this work is the preparation of non-radioactive and
radioactive isotope-containing meso-diaminopimelic acid: m-A,pm, (*Hz)m-A.pm,

[BH]-m-A.pm and (33C)m-Apm.

The second goal is the synthesis of m-A;pm and (*H,)m-A;pm 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-A,pm 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-A,pm derivatives
obtained by cross metathesis, especially for peptide synthesis purposes. Depending
on the targeted peptide, either orthogonally or differentially protected m-A,pm 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 II1.5.b protecting groups choice).

Syntheses of free m-Apm, (*Hz)m-A;pm and [*H]m-A;pm will only differ in the
catalytic reduction conditions of a common cross-metathesis dehydro-m-A;pm 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 (**C)allylglycine from (1-*3C)glycine. We opted for (R)-VG and
(13C)(S)-AG synthons.

HOOCY\/\‘BCOOH R100C._~x_~_3COORg4
H,N NH, — NHR,  NHR,
(13C)m-Aypm (13C)dehydro-m-Azpm

7

R,00C +  Su_~_'3COOR,
D-methionine oS :> (1-13C)glycine
NHR, NHR,
vinylglycine (13C)allylglycine

Scheme 2. General strategy for the preparation of (3*C)m-A,pm.

The first part of this chapter will focus on the preparation of AG and (**C)AG
synthons. The second part will describe the synthesis of the VG synthons. Then,
syntheses of free and protected m-A,pm will be discussed. The last subchapter will

discuss peptides syntheses.
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111.2. Allylglycine and (*3C)allylglycine preparation

111.2.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 catalyst®®
(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 dialkylation®”®8, Due to the relatively high price tag of (1-3C)glycine (172 €/g), all

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

€/g).

FCOOPG
X 13CO0PG O N 13COOH
NN — 7 —

NHPG g NH,

(1-13C)allylglycine
derivative Schiff base (1-13C)glycine

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

111.2.b) Preparation of Schiff bases

In order to prepare the desired natural isotopic abundance and carbon-13
substituted Schiff bases 5 and (*3C)5, glycine tert-butyl esters 4 and (**C)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 (1-3C)glycine (*3C)1 with similar

yields (96%).
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*COOt-Bu
(*COOFH d O P N(

NHR,
Ry=H Ry=H O
Ri=H Ry;=Cbz
R; =t-Bu R, =Cbz
Ry =tBu R,=H

O T o

5

AOON=

Scheme 4. Preparation of Schiff bases 5 and (*3C)5.
(a) Cbz-Cl, NaOH, toluene, 0 °C to rt, 96%; (b) t-BuOH, DCC, DMAP, CH2Cl2, 93%;
(c) Hz2 (5 bar), Pd/C, HCI, MeOH; (d) Ph2C=NH, CHCl2, anh. MgS0a, 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 *H NMR as well as carbon-carbon couplings
on 3C NMR (in addition to a hundred times more intense than usual peak for the
carbon-13 substituted atom). NMR couplings observed on (*3C)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).

B 2 CHH 2
@@ i AL g
% J\ JHH =5.8Hz \_ 1
C OH
M TN "L
O wm"wwwmww’r
3.70 3 66 3.62 43.0 42.5 42.0
ppm ppm
2 s oz (°0)2 . :
? ? ? | | JHC 5.8Hz ; 3
N JHH =5.8Hz v ‘ !
| | |
\ | |
v M\ o C | |
] | C o o
JCC 58.8 Hz o)
3.70 3.66 3.62 43.0 42.5 42.0
ppm ppm

Figure 1. Comparison of NMR signals of CHy, in 2 and (*3C)2.

Hq of (13C)2 appears as a triplet due to similar Jus and Juc in tH NMR. Cq appears as a doublet in 13C NMR.
Spectra taken in DMSO-ds on a 400MHz Bruker instrument.
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Tert-butyl protection of the carboxylic group was tested using Steglich’s
esterification®. Two carbodiimides were considered for this reaction: EDCl 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. (}3C)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 (*3C)3.

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

#  P(H)) ‘ Solvent ‘ V:;i:':tg Catalyst (quantity) Duration Yield
1 | 1-3bar | THF THF Pd/C 5% wet (1%) 5h <1%
2 | 3bar THF THF Pd/C 10% dry (1%) 18 h 4%

3 | S5bar THF MeOH Pd/C 10% dry (1%) 120 h 23%
4 | 5bar MeOH MeOH Pd/C 10% dry (1%) 120 h 37%
5 | 5bar MeOH + 1.0 equiv. HOAc MeOH Pd/C 10% dry (1%) 120 h 56%
6 | 5bar MeOH + 0.48 equiv. H2SO4 MeOH Pd/C 10% dry (2%) 2h 95%
7 | 5bar MeOH + 0.95 equiv. HC 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 imine’®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 MgS0, 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 (*3C)4 and allowed the formation of (**C)5 with a satisfying
94% yield over two steps. Carbon-13 substituted Schiff base (**C)5 was prepared on
an over 10 g scale from (1-*C)glycine (*3C)1 with an overall yield of 84% over four

steps.

I11.2.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-A,pm)”3
or [*F]fluoro-L-DOPA”*7®, 6-[*8F]fluoro-L-tyrosine’® and 6-[*¥F]fluoro-L-m-tyrosine’®,
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 catalysts®® (Figure 2).
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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 procedure’’ 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.

L R e %f

cinchonidine

7b

Scheme 5. Preparation of catalyst 7b.
(a) Hz (5 bar), Pd/C (10%, dry), rt, 97%; (b) 9-chloromethylanthracene, toluene, N2, 95 °C, 72%; (c) BnBr, NaOH
50%, CH,Cly, 0 °C, 72%.

X
*COOt-Bu *COOt-Bu
( a b

_N N —_— \/Y*COOFBU
= | NHR
= c
10 (R = Fmoc)
5 8 9(R=H) <
d 11 (R =Cbz)

Scheme 6. Preparation of AG derivatives 10, (**C)10 and 11.
(a) CH2=CH-CH»-Br, 7b, KOH 50%, toluene/CH.Cl, 10:1, -20°C, 95%; (b) citric acid, H,O/THF; (c) Fmoc-OSu,
THF/H20 65% (2 steps); (d) Cbz-Cl, Na.COs, toluene, 0°C to rt, % (55%, 2 steps).

PTC alkylations of Schiff bases 5 and (**C)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 (**C)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-0t-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 (*3C)9 was directly converted into (**C)(S)-FmocNH-AG-Ot-Bu (*3C)10 on
a 5 g scale (yield = 65% from (**C)8 to (*3C)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, (*3C)10 and 11.
Compounds 10 and (*3C)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 (*3C)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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[11.3. 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 reported’®* 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).7°~

81

MeOOC.__~
(o) . NHCbz
c I thermolysis
R400C S ~ MeOOC S . - 16
NHR, NHCbz MeOOC
=
12 Ry=H R,=H a 15
13 Ry=H R,=Cbz % 2 NHCbz
14 Ry =Me R,=Cbz DHB
Scheme 7. Synthesis of vinylglycine precursor 15.

(a) CbzCl, NaOH 1M, toluene, 0 °C to rt, 97%; (b) TMSCI, MeOH, rt, 94%; (c) NalOs, 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 derivative®2. 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.”®
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 Liege) 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 2015%

(publication attached in Chapter VII).

Vint=1.7 mL

10 °C 1000 psi

(0]
M
MeOOG S 000
NHR NHR
15 R=Cbz 16 R =Cbz
17 R =Fmoc 18 R =Fmoc

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?), flow rate = 1 mL.min, 1.0 equiv. DMAC. Back
Pressure Regulator (BPR) ensures that superheated toluene remains liquid.
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[1l.4. m-A,pm syntheses

I11.4.a) Differentially protected m-A;pm syntheses

With these three allylglycine (AG) (10, (**C)10 and 11) and two vinylglycine (VG) (16
and 18) synthons in hand, we were ready to perform cross-metatheses to get
dehydro-m-A,pm 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-A,pm containing peptides PEP1
and PEP2 using solid phase supported peptide synthesis (SPPS) with the Fmoc

strategy (see subchapter 111.5.b).

x COOt-Bu
NHFmoc
10 H
a MeOOC X COOtBu b  MeOOC COOR;
—_—
NHCbz  NHFmoc R.HN  *H  NHFmoc
19 g
MeoocY\ ¢ [C20 Ry=tBuR,=H 7 22 Rp=Cbz
21 Ry=H Ry=H
NHCbz
23 R, =Boc
16 e

Scheme 9. Preparation of differentially protected m-A,pm 22, (H2)22, 23 and (*H,)23.
(a) 1 equiv. 10, 3 equiv. 16, 20 mol% Grubbs 2" gen. cat., CH2Cls, reflux, N2, 75%; (b) 20: Hz (1 bar), Pd/C (10% wt, dry),
HCI, H20/THF 1:5, rt; (2H2)20: D (1 bar), Pd/C (10% wt, dry), DCl, D2O/THF 1:5, rt; (c) TFA, 93% (2 steps); (d) CbzCl,
NaHCOs, THF, 49%; (e) Boc20, NaHCOs, 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 vyields 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-A,pm 19.
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Table 2. Optimization of the cross-metathesis step.

Homodimer Dehydro-m-Azpm
AG-AG 19
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.

s COO¢t-Bu
NHFmoc
10 COOt-Bu
M t-B - t-B
eO0C 2 COOt-Bu . FmocHNW COOt-Bu
NHCbz NHFmoc NHFmoc
dehydro-m-Ajpm homodimer AG-AG
MeOOC . 19
NHCbz
16

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

It should be noted that the alkene function of dehydro-m-A;pm derivatives is very
prone to isomerization in alkaline conditions such as the ones used in peptide
synthesis®® (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
(*H,)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-A,pm
23 and (*H;)23 or to reprotect using Cbz-Cl to afford differentially protected m-Azpm
22 and (?H,)22.

base
ROOC ™ COOR ROOC - COOR
/
NHR NHR NHR NHR

dehydro-m-Apm isomerized
dehydro-m-Aspm

Scheme 11. Isomerization of dehydro-m-A,;pm
derivatives in alkaline conditions

54




A second cross metathesis (depicted in Scheme 12) was performed between
(5)-CbzNH-AG-0t-Bu 11 and (R)-FmocNH-VG-OMe 18 specifically to access cross-

linked peptidoglycan fragments such as PEP3 (see subchapter 111.5.b).

S COOt-Bu
NHCbz
1
a MeOOC s COOR c MeOOC COOCH
NHFmoc NHCbz NHFmoc NHR
24 R =tBu 26 R=H
MeOOC\‘/% 25 R=H < P 27 R=Boc < d
NHFmoc

18

Scheme 12. Preparation of differentially protected m-A,pm 27.
(a) 1 equiv. 11, 2 equiv. 18, 20 mol% Grubbs 2" gen. cat., CHCly, reflux, N2, 49%; (b) H2 (5 bar), Pd/C (10%, dry),
THF, rt; (c) THF, rt; TFA, CH2Cly, rt; (d) 1.2 equiv. Boc20, 3.0 equiv. EtsN, CH2Clz, 90% (3 steps).

At first, dehydro-m-A,pm 19 was foreseen as a free m-A,pm, (*H,) m-A,pm and
[BHlm-Apm 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 l1l.4.d) (**C)m-Apm
synthesis section). Such conditions are not conceivable for the preparation of
tritiated [*H]m-A,pm. Hence, it was necessary to prepare another dehydro-m-A,pm
derivative with a better suited set of protecting groups to obtain to free m-A,pm,

(?H2)m-Azpm and [2H]m-Apm.
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[11.4.b) Free m-Apm and (2H,)m-Apm 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-A,pm derivative easier to
deprotect and to reduce in order to synthesize free m-Apm 30, (*H,)m-A,pm (*H,)30
and [*Hlm-A,pm [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).

Nopooot HOOC COOH
NHCbz V NH,  NH,
11 30
a  R00C._~ COOR,
>
NHCbz  NHCbz R
2H
" 28 R, =Me R, = t-Bu HOOC COOH
000~ 20 R =H R,=H =P
NHCbz NHp2H  NH,
16 (H2)30

Scheme 13. Preparation of free m-Apm and (?Hz)m-Axpm.
(a) 1 equiv. 11, 2 equiv. 16, 10 mol% Grubbs 2" gen. cat., CH,Cly, reflux, N2, 40%; (b) HCI 2 mol/L, 1,4-dioxane,
reflux, 100%; (c) H2 (5 bar), Pd black, THF/H20 1:4, 100% (d) D2 (5 bar), Pd black, THF/D,0 1:4, 100%.

First, dehydro-m-A,pm 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-A;pm, 30. H, reductions of dehydro-
m-A;pm 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 (*H;)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 AIken.e
reduction

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

2 5 bar THF/H,0 4:1 5mL Pd black 2h 1/2 none

3 5 bar THF/H.0 1:1 5mL Pd black 2h 1/2-2/2 partial

4 5 bar THF/H.0 1:4 5mL Pd black 2h 2/2 total

HOOC Cooﬂ
\‘/\/\‘/

HOOC . COOH NHCbz ©NH, , HOOC. .~ 000H
NH

—_—
NHCbz  NHCbz o 2 NHz
(ole]e} N COOH
29 30
3 Z

Scheme 14. Precipitation of catalytic reduction intermediates in solvents with lesser
proportions of water prevents total deprotection and reduction of dehydro-m-A,pm
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
solvents®®. A rapid exchange between the D, gas and the surrounding H,0 molecules
occurs at the catalyst surface resulting in HD and H; reductions. To avoid this issue,
the experiment was simply conducted in D,0 instead of H,0 (step d, Scheme 13) and

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

190.9 192.8 192.8

193.9

193.9
192.1 190

187.9 196.8 187.8 IA | 196.0 187.8  191.8 ’

T T T T T T T T T T T T T
190 195 190 195 190 195
m/z m/z m/z

Figure 4. Isotopic profiles of 30, [2H]30 and (?H)30
(ESI-MS, positive mode).

57




Several separation methods of m-A;pm diastereoisomers for the determination of
their diastereomeric ratio (dr) have been reported® 2, 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 column®’. This derivatization process (Scheme 15) also
has the advantage of introducing chromophores in the structure, therefore easing
the detection of the different stereocisomers of A,pm: (S,S)-, (R,R)- and (R,S)-A,pm or
m-A;pm. The chirality of the L-cysteine moiety allows for the separation of (S,5) and
(R,R) enantiomers. The results of these analyses are shown in Figure 5. The higher
amount of (§,5)-stereoisomer highlights a loss of stereoselectivity on the (R)-side of
dehydro-m-A,pm. However, NMR analysis of (*°H2)30 does not show a deuteration of

Cu(R), which would result from the reduction of an isomerized dehydro-m-A,pm.

HOOC COOH
o1 96 3CCOHN NHCOCH3

HOOC COOH
Y Y — HOOC ’COOH
NH, NH.

Scheme 15. OPA/NAC derivatization of m-A,pm.
A solution prepared from K;B407.4H.0, OPA and NAC was added to solutions of 30 and (*H2)30
following procedure described by McKerrow®’.
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Figure 5. Chromatograms of OPA/NAC derivatized 30 and (*H,)30.

58



'H NMR spectra integrations confirm the labelling and the small amount of (S,S) and
(R,R) diastereoisomers found by HPLC (Figure 6). *C-APT NMR spectra display some
particularities of deuterium substituted compounds such as carbon-13 — deuterium
couplings in CHDs (Ca/sHD), orientation switch (CasH; — CasHD) and chemical shift
variation due to the introduction of deuterium atoms (C; and Cs, C; and Cs have

different chemical shifts in (2H,)30).

B I4 C,&C, C,&C, C,
HOOC C C C,0O0H
1\ / 3\ / 5 I(':/ 7
STy 6., -~
Wil / AR
TONH, ! ,, NH, 7~ Diastereoisomers
f2 (RR) &(S.S)

J2 .
C,&C,

T T T T T
C, c
(3Hx)30 . f 3 \ /

HOOC1\D Co_ / L/C7OOH
.”_f\*\‘"' - Jon= 10
LN ﬂ / \<>28DHZI
NH. NH,
_________________ --" T T T
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S
— ™M
) —
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Figure 6. Highlights from NMR spectra of 30 and (*H,)30.
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[11.4.c) [BHlm-A,pm 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 & I’Energie 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.

pressure sensors

RN

© O oz
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1

Fischer-Porter
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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 UT; 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 T,
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 N, 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
T,0 as a solvent to maximize specific activities is not an option. High pressures of T,
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 H,O0 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-A;pm without the requirement of any further purification (entry 19).
These last conditions were repeated with a slightly shorter reaction time due to
s