1.1- Antimicrobial agents

Compounds that eliminate or inhibit the developrmanbacteria, fungi, parasites or
viruses are called antimicrobials and respectivedferred to as antibacterial,
antifungal, antiprotozoal and antiviral ageftts. These chemicals used to treat
infectious diseases fall into two main categorieamely natural products and
chemotherapeutic agents. Natural products arendacp metabolites that are only
generated by certain microorganisms and are usuattye, elaborated organic
molecules that require complex enzymatic syntH@sisAlternately the group of
chemotherapeutic agents comprise of compounds hlaae been synthesised
chemically. A hybrid of these two categories exish which natural products that
have been chemically modified to alter particulaaracteristics and is referred to as
semi-synthetic antimicrobials.

Numerous antimicrobial agents are known; howevet,all of them can be used
vivo as in addition to their antimicrobial activity hean be toxic to human beins.
Antimicrobials have to be non-toxic, non-allergenieffective and selective,
chemically stable, active against possibly more nthane bacterium and
inexpensivé?! The ratio between the therapeutic effect andtolé effect in the
human body is described by the drugs therapeudiexigT1) "

Antimicrobial drugs (Figure 1.1) can have sever#fetent modes of action.
Penicillins (1) and cephalosporin2) act by interfering with the synthesis of cell
wall, while tetracyclines3d), macrolides 4), aminoglycosidesS) and phenicols6)
interrupt the synthesis of proteins and sulfonami{® and fluoroquinolones8j
obstruct DNA function$’
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Figure 1.1: Antimicrobial drugs: penicillinl); cephalosporin Z); the 4 rings of the basic tetracycline
structure B); clarithromycin, example of macrolidd)( streptomicyn, example of aminoglycosifg (

chloramphenicol §); sulfonamine structurery; fluoro-quinolone 8).

Antibacterial agents usually act by modifying theisture or the metabolic pathways
of bacteria. This may be achievei the creation of a bond with the cytoplasmic
membrane, through inhibition of protein or nucleacid biosynthesis or by
interference with cell wall synthedfs.

The group of antibacterial agents comprise of &otids, disinfectants and
antiseptics. Unlike disinfectants and antiseptcgibiotics exhibit selective toxicity
and exploit the biochemical features which differthe host and in the parasites,

damaging the microorganism, but leaving the hoslamage@ Disinfectants kill



bacteria but are unselective and can be toxic fammals and are not usedvivo.
Antiseptics are less poisonous: they are useddtpiout are toxic if ingested.
Bacteria are classified as either Gram-positivéscam-negative as determined by
the result of the Gram stain. Gram-positive bagteave a thick peptidoglycan layer
within the cell wall, so upon staining they becadaek blue or violet. Conversely
Gram-negative bacteria have only a thin peptidaglytayer and a further outer
membrane so they are rapidly decolorised by the s&coming red or pink. This
additional outer membrane gives Gram-negative bacte higher resistance to
antibiotics’ Antibacterial agents can be classified on thdsbatthe number of
bacteria they are active against. Those activenaghoth Gram-positive and Gram-
negative bacteria are named “broad spectrum”, whitse active against only one
kind of bacteria are named “narrow spectrum” ands¢hactive against only an
organism are named “limited spectruffi”.

There are two possible modes of action of antibsoti Bactericidal antibiotics, for
example penicillin ), act by either killing (or cleaving) the invadirayganism,
while bacteriostatic antibiotics, for example chlmphenicol §), are only able to
limit bacterial growth and replicatid®

In the 19" century the study of antibacterial agents becartemig of great interest
and the most important breakthrough was the disgowt penicillin 1). Several
researchers had observed that aerated LB medi& iprésence of penicillium mould
became much less turbid than that which was nobseg to the mould. The
Scottish bacteriologist Alexander Fleming was tinst fto understand that this was
due to the antibacterial property of penicillik).(

In the 1920s, Fleming realised that the penicilliomould modified the shape of the
colonies ofStaphylococcusp. and from this deduced that penicillium mould had
antimicrobial activity. He purified and studiedettsubstance isolated from the
mould, penicillin @), and found that it inhibited certain bacterialltores.
Importantly it including Staphylococcussp., Streptococcus pyrogeneand
Pneumococcus sgultures, was non toxic if used on human tissuesnicillin (1)
was administered as antibacterial agent for tts¢ fiime in 19408

Penicillin (1) and Cephalosporirg), isolated fromCephalosporiunmoulds, contain
planar 4-membered beta-lactam compounds, joinedntuher larger ring. They

inhibit the synthesis of bacterial cell walls, whiare fundamental for the growth of



bacteria. These cell walls mainly comprise of mimiycan®? formed by
polysaccharide cross-linked chains of alternatedcetyl-muramic acid (NAM9)
and N-acetyl-glucosamine (NAGJ10) providing chemical stability, mechanical
strength and rigidity, as shown in Figure 1.2. Dle¢a-lactams, irreversibly bind to
the enzyme as a “suicide inhibitor”. Eukaryotesnd® have peptidoglycans in their
cell walls, so they cannot bind these drugs, whiate little or no toxicity for human

beings.
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Figure 1.2: Peptidoglycan structure of bacteriallagall with N-acetyl-muramic acid (NAM) and

N-acetyl-glucosamine (NAGQ).*”!



1.2- Bacilysin & anticapsin

The dipeptide antibiotic bacilysinl), shown in Figure 1.3, also referred to as
tetaine on-alanyl-(2,3-epoxycyclohexanone-éjalanine, was discovered in 1949 in
Oxford. It was one of the first identified exanplef a natural pro-drug and one of
the simplest peptide antibiotics known. In 1987 ywarowska reported on the
anticancer activity of bacilysinl{). The reduced growth of tumor cells was

presumed to be the effect of impairing DNA and Réythesid"!

11
Figure 1.3: Bacilysin11), a simple dipeptide antibiotic.

Bacilysin (L1) is produced and excreted by certain strainBagfillus subtilis Alda
Gram-positive, catalase-positive bacterium commémiyd in soil*? ** 1*IBacilli
produce a broad spectrum of secondary metabaliteanajority of which are small
peptides with unusual components, synthesised ibosamally!*5"!

The structure of bacilysinll) in conjunction with its broad spectrum antibaietier
and antifungal activity was established by Walked #braham in 19787 A
dipeptide transport system carries bacilysii) (into the microorganism, where
intracellular peptidases hydrolyse it to produeanticapsin 12). andL-alanine {3)

as shown in Scheme 1171
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Scheme 1.1: The intercellular hydrolysis of badily§1) from which L-anticapsinl@) and L-alanine
(13) are produced.

Anticapsin (2) is a fermentation product and biologically actmetabolite isolated
from the culture filtrate oBtreptomyces griseoplanudt was discovered in 1970 by
the Lilly Research Laboratories (Eli Lilly and CéndianapolisUSA)as an epoxy-
keto-amino acid, C-terminal residue of bacilysif)(** 2* 2

Anticapsin @2) limits the formation of the hyaluronic acid cafesu@4), shown in

Figure 1.4, inStreptococcus pyogenes
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Figure 1.4: Hyaluronic acid¥4)

Streptococcus pyogenesiown in Figure 1.5, is a group A streptococcuag¥sand
Gram-positive bacterium. It is a very importantnfan pathogen that causes a
particularly wide spectrum of infections. GAS cakes the skin and mucosal
surfaces and can lead to several diseases, skhraat infections as well as more
dangerous, life-threatening disorders, includingrotizing fasciitis, streptococcal
toxics and Hock syndrome. These lead to comptinatincluding rheumatic fever,
rheumatic heart disease and acute glomerulo nephfihe capacity of GAS to adapt
and persist at a numerous tissue sites meansatfisgen can be very danger&s.
6



Figure 1.5: Streptococcus pyogenes: .a) ColonieStadptococcus pyogenes on blood agar exhibiting
beta (clear) hemolysis; and b) Streptococcus pyegdmacteria at 900x magnification.

A synthetic route to synthesise anticapdiR) (vas reported by Baldwiet al, and is

shown in Scheme 12
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Reagents and conditions: ) BDPSCI, imidazole, DMF; ii) KOSiMgbenzene, reflux, 1.5 h, acidic
work-up [NHCI (sat. ag. soln.)]; iii) oxalyl chloride, DM toluene -5°C to 10 °C 45 mins;
sodium 2-mercapto pyridine-N-oxide, DMAP, beezeB0 mins at r.t., addition of tert-
dodecanethiol, hv (200 W tungsten lamp) 2B<C 2.5 h; iv) Ts-bD, THF-H0, 24 h, r.t.; v)

MsCI, pyridine, 19 h, r.t.; vi) Nal, acetoneflux, 21 h; vii) (2R)-2,5-dihydro-2-isoprdg3,6-

dimethoxypyrazine, nBuLi, THF, -78°C; CuCNmids, 0 °C, -78°C then -21°C; -21 °C 24 h;

viii) 0.25 M HCI (aq), CHCN 100 mins, r.t.; acetic anhydride, pyridider5 h, r.t.; ix) NHF,
MeOH, 50 °C 18 h; x) mCPBA, CHLI2 h, r.t.; xi) TPAP, N-methyl morpholine-Niabx,
CH:CN , 1 h, r.t; xii) pronase E, phosphate buffe2:3 ratio of 0.1 M KQPO, and 0.1 M

N&DPO 4in D,0] pH 7.5, 30 °C, 3 h; acylase | from sp. agpkws immobilised on eupergrit C,

phosphate buffer [~2:3 ratio of 0.1 M KBPO, and 0.1 M NgDPO, in D,O] pH 7.5,30°C 30h

then cellulose chromatography (80 % aqueousp@ne2-ol as eluent).
Scheme 1.2: Stereocontrolled enantiospecific gt of the revised structure of anticap&i?)(
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Anticapsin (2) acts as -glutamine {5, figure 1.6) analogue, inhibiting Glucosamin-
6-phosphate synthase (GIcN-6-PS), an enzyme afsored to asL-glutamineb-
fructose-6-phosphate amidotransferadas enzyme is essential in the synthesis of
peptidoglycan cell walls in bacteria and chitinl egdlls in fungil*’*°42®! |nhibition

of this enzyme results in weakening of the celllsvaHigh internal osmotic pressure
leads to lysis of the cf®! Anticapsin {2) has been reported to strongly inhibit the
synthesis of GIuN-6-PS enzyme i coli and Staphylococcus aureusAnticapsin
(12) inhibition has also been demonstrated in the-foedl extracts from bacteria,
yeast and tumor cell&?*
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15
Figure 1.6: L-glutaminel5)

Wojciechowskiet al., superimposed two diasteroisomers of anticagh differing
only at the @-carbon in order to understand the importance efstereochemistry at
the y position, as shown in Figure 1.7. Theisomer (2-R) did not show any
significant activity with GIcN-6-PS, while th&isomer (2-S) has shown to be a
potent inhibitor of the enzyme.

To date, there have been no studies involving leeireg of the stereochemistry of

the epoxide or at the amine moiety to see if thengle affects the activity.
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Figure 1.7: Orthogonal view of the superimpositafrtwo diasteroisomers of anticapsit?j CyR-
isomer (2-R) and Q/S-isomer 12-S).
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Glucosamine-6-phosphate synthase

Figure 1.8: Glucosamine 6-phosphate synthase (@dRB)>°!

GIcN-6-PS, shown in Figure 1.8, is essential in $ksthesis of peptidoglycan cell
walls in bacteria and chitin cell walls in fudit®**?! GIcN-6-PS catalyses the
conversion of fructose 6-phosphate (Fru-6i1B) into glucosamine 6-phosphate
(Glu-6-P, 17) where glutamine 16), utilised as nitrogen source, is converted into

glutamic acid {8), as shown in Scheme 123.
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Scheme 1.3: The GIcN-6-PS catalysed conversiolutafrgine (5) and fructose 6-phosphat&f]
into glucosamine 6-phosphatk7j and glutamic acidi8) respectively.

Amidotransferases, shown in Figure 1.9, use thegen of the amide of glutamine
(15) molecule in several biosynthetic reactions (exengd substrates are amino
acids, carbohydrates and nucleotides). Amidoteaasés contain two principal
domains, namely a glutaminase domain, responsibleeohydrolysis of glutamine
(15) to glutamic acid 18) and an ammonia, and synthetase (or synthase)idoma

responsible of the amination of the substf&te”

11



Figure 1.9: General amidotransferase structfffé.

In E. colithe enzyme structure confirms the usual homodonanganization of the
molecule. A 184 hydrophobic channel joins the domains and alldvesgassage of
ammonia. This transfer is also permitted bZ-#erminal decapeptide between the

domaing?”!

Mechanism of action of anticapsin

As previously mentioned, anticapsiii2) inhibits GIcN-6-PS inStreptococcus
Pyogenesby acting as an analogue of glutamiaB)( This enzyme is implicated in
the initial step of the biosynthesis of a precursbthe hyaluronic acidl4), named
uridine diphosphat®& acetyl glucosamine (UDRAcGIc, 19), shown in Figure
1.10. Anticapsin 12), inhibiting the enzyme, inhibits the formation loyaluronic
acid (14) capsules resulting in bacterial cell de'ath.

Hyaluronic acid {4) is a polysaccharide composed nglucuronic acid ana-N-
acetyl-glucosamine, alternatigl,4 andp-1,3 glycosidic bonds (Figure 1.4). The
hyaluronic acid 14) capsules are involved in the virulence of theaorgm and make
the bacteria resistant to attack by bacteriophali@wing it to go unnoticed by the

immune systenf=°

12
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Figure 1.10: Uridine diphosphate-N-acetyl glucosaen{l9).

The main step in the biosynthesis of Glu-6tP) (shown in Scheme 1.4, is the attack
of the thiol side-chain of an active site cysteofeglucosamine synthase, to the
carbonyl carbon of the glutamin&Sj. The ammonia generated from this reaction
then reacts with the keto-group of Fru-68)( After rearrangement of the imine
(21), Glu-6-P (7) is formed and the thioeste2Q) is hydrolyzed to regenerate the

active site and glutamic acid§).
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Scheme 1.4: Mechanism of formation of Glu-6B.(

The thiol group of active site cysteine of glucossnsynthase attacks its carbonyl
carbon through nucleophilic addition, resulting an irreversible alkylation after
13



migration of the sulfur onto the-carbon 22) and an intramolecular opening of the

epoxide ring 23), as shown in Scheme 1283!!
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Scheme 1.5: Mechanism of inactivation of GIcN-6-PS.

This hypothetical mechanism was derived from thiakstudies on non-biological
systems but not definite conclusion was drawn @nréactivity of the epoxyketone
containing natural products in the presence ofpinémes derivatives.

It has been shown that an equilibrium between apsin (2) and the hydrate form
(9-2-ammonio-3-((R,2S,6R)-5,5-dihydroxy-7-oxa-bicyclo[4.1.0]heptan-2-
yl)propanoate 24) in aqueous solution exists (Scheme ¥®)which has been used

to rationalize the ketone as most likely site ofcleaphilic attack in other

epoxyketone&™
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Scheme 1.6: Equilibrium between anticap4i?) @nd its hydrate form24).

1.3- Antibacterial resistance

Antibiotics are still an important topic in researgpanning several different fields,
including human and veterinary medicine; animaldéeagriculture; and the food
industry™™ The process to develop an antibiotic can be esiperand arduous, so
often large pharmaceutical companies abandon thiketaActions have to be taken
against the spreading of infections. It is dede&db improve the yields of synthetic
pathways to existing antibacterial agents but #l$® worth to try to find new agents.
This is especially true for those microorganisnrswibich no antibacterial agent has
yet been developed or for those that have develapéitacterial resistance. The
problem of the antibacterial resistance requires ¢bntinuous discovery of new
compounds as it depends on numerous variablesiding genetics factors, hormone
levels, nutritional statu's?

100,000 tons of antibiotics are synthesised wod@wannually?’ The overuse of
antibiotics, especially in the last two decades, influenced the ecology of bacteria
and over time bacteria have become resistant ta.threthe beginning of the 1960s
only 10 % of the bacterial strains were resistanpenicillin G, while in 2010 that
number has come close to 100%&Resistance may occur because of modification of
the active site of the target enzyme, incapabildy the antibiotic to access and

creation of enzymes that inactivate or destroyathéiotic.

15



One of the causes of antibacterial resistanceeisrtbdification that can occur at the
gene level, resulting in a greater affinity for géstrate or a smaller affinity for the
antibiotic. The access of a substrate can be ddr@eause of structural changes that
altered for instance the permeability of the antibithrough the bacterial membrane
or because the alteration of the gene code proaakechanism of expulsion of the
antibiotic. Another reason can be the lack of aigaar structural moiety that the
antibiotic needs in order to interact with the raamganism. Additionally, there is a
strong possibility that the bacteria can evolveivacimechanisms to destroy or
inactivating antibiotics. This has happened indhse of beta-lactanfs”

The random modification starts when a very tiny bemof bacteria become
genetically resistant to a given antibiotic. Ifeavin 100,000,000 cells, then that
single resistant bacterium will not die, but willumiply, generating a resistant
progeny. With time, this new resistant populatiail take the place of the previous
one!®! This capability of surviving increase significanttith the amount of bacteria
treated and with the quantity of antibiotic utilise

Sometimes, resistance is not generated from a namalatation, but from the random

acquisition of ‘resistance gené¥!
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1.4- Analogues of anticapsin

For the reasons mentioned above (Section 1.3) thlesis will discuss and explain
the synthesis of a novel antibacterial agegt2tammonio-3-((R,6R)-2-0x0-7-0xa-
3-aza-bicyclo[4.1.0]heptan-5-yl)propanoagd)( shown in Figure 1.11, an analogue

of anticapsin 12).

co

®0

25
Figure 1.11: (S)-2-ammonio-3-((1R,6R)-2-0x0-7-0xaza-bicyclo[4.1.0]heptan-5-yl)propanoate
(25), analogue of anticapsiri®).

The main difference between anticapsif)(and the novel moleculg) will be the
introduction of a nitrogen atom into the ring. Migen has been chosen to be inserted
into the ring as it is a constituent of moleculesimost every major drug class used
in pharmacology and medicine, including Leva§uif26), Omnicef® @7) and
Lamisil Oral® @8), shown in Figure 1.12. Levaquin®{), a fluoroquinolones drug,
is used to treat bacterial infections of the skinuses, kidneys, bladder, or prostate
and also to treat bacterial infections that causadhitis or pneumonia, and to treat
people who have been exposed to anthrax. Onthi¢2T) is a cephalosporin
antibiotic, used against acute flare-ups of chrdmmnchitis, middle ear infections,
throat and tonsil infections, pneumonia, sinusatiées and skin infections. Lamisil
Oral® (28), is an antifungal antibiotic and it works agaimstections caused by

fungus that affect the fingernails or toen&its.

17
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Figure1.12: Levaquifi (26); Omnicef (27); Lamisil Oral® (28).

Nitrogen is present, not only in organic nitrategl like nitroglycerinZ9), which is
utilized in cardiovascular medicit& but also in drugs derived also from plant, such
as alkaloids30) and morphine3l), shown in Figure 1.13.
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Figure 1.13: Nitroglicerine 29), ephedrine, example of alkaloigdj and morphine3l).

An example of analogue of anticapsif)-8-((1R,2S,6S)-7-oxa-bicyclo[4.1.0]heptan-
2-yl)-2-ammoniopropanoate3%), shown in Figure 1.14, has been synthesized by

Borowski and co-worker€” This is the anticapsin molecul®2j without the ketone
moiety.

18



Figure 1.14: (S)-3-((1R,2S,6S)-7-oxa-bicyclo[4.h&jtan-2-yl)-2-ammoniopropanoaté?f,

analogue of anticapsin without the ketone moiety.

A comparison of the activity of this analoguB2) with anticapsin 12), in E. coli, S.
cerevisaeandC. albicansfound that the keto group is not essential totimate the
amidotransferase enzyme, but without it, the agtidecreases significantly. So it is
possible that the proposed mechanism of inhibitglgwn in Scheme 1.5, is not
accurate. The ketone may be essential for bindutgnbt involved directly in the
inhibition. Another possibility is that the hydra4) stabilises binding in the active
site prior to inhibition or that this hydrate foes not exist within the active site.
The target analogu@X) in Figure 1.11 was chosen with the aim of makangattack
on the carbonyl and hydrolysis to form hydré24) (ess likely.

The anticapsin analogu@y) is a non-natural amino acid that could be biatatly
tested and compared to anticapdid) (

This kind of amino acid, even if not present inumaf can play a vital role in
understanding important protein conformations antractions, really useful to
design peptide-based therapeutic drugs. Once inptb&ein, natural amino acid
analogues can help in identifying structural andgctional domains, conformational
changes and protein-protein interactions withingtaein.

In order to synthesise the proposed molecut®),( the capability of the
diketopiperazine scaffold (1,4-disubstituted dikgperazine 2,5-dione, DKF33),
shown in Figure 1.15, has been exploited to geaenaiino acid.

19



33
Figure 1.15: 1,4-disubstituted diketopiperazine-8iéne 33).
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The retrosynthetic route is shown in the Scheme 1.7
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Scheme 1.7: Retrosynthetic approach to the syrtloéshe anticapsine analogu2sj.
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The starting materials38, 39, 40) are commercially available and lead to the target

activated compound after six steps. Once activateahpound 37) can be alkylated

to the DKP scaffold33) selectively. After deprotection and hydrolysise tresulting

amino acid can be selectively epoxidised, obtainthg desired heterocyclic

analogue.

This work will be discussed in more detail in tlkldwing chapters.
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2.1- Aim

The aim of this first part of the project is to #Hyesise 1,4-disubstituted
diketopiperazine 2,5-dione core (DK®g), shown inFigure 2.1.

33
Figure 2.1: General structure of 1,4-disubstitutdiletopiperazine 2,5-dion&3).

2.2- Introduction

Diketopiperazines, the smallest cyclic peptidesvkmoare very important in biology
and drug discovery as it is possible to obtain anaicids from them, rendering them
a possible substitute for common peptides. DKRslm used to stereoselectively
incorporate an amino acid functionality into a noole and be selectively
deprotected under mild condition using cerium amisnomitrate (CAN):!

These compounds have been found in both microsnefi and plant$ Like
many products of microbial secondary metabolisny $teow antimicrobial activity
against some organisfid and in nature they are usually synthesised frosmall
library of primary metabolites.

In nature there are three DKP isomers, 2,5 DEB), (3,5 DKP 41) and 5,6 DKP
(42) with the most prevalent being 2,5-DKP , Figur22>®! 2 5-DKP are also an

unwanted side products in the synthesis of oligtgeg!'®***?
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Figure 2.2: Three structural DKP isomers, 2,5 DK33), 3,5-DKP @1) and 5,6-DKP 42).

DKPs can generate amino acids or peptides throygtmolysis in appropriated
conditions, Figure 2.5831

They are also important building blocks for othéiral compounds and they have
potential applications in industry and medici{é>" Research in this area is

ongoing™'® For instance Pérez-Picaset al. recently reported an efficient

microwave assisted synthesis using a one-pot eyidis of Na-Boc-dipeptidyl tert-
buthyl esters43)!*” and Solliset al. describing the multicomponent Ugi reaction to

synthesize trisubstituted DKP4&4j, Figure 2.3

43 44

Figure 2.3: Example of dBoc-dipeptidyl esterd@) and example of chiral trisubstituted 2,5-
diketopiperazine44).

The synthesis of the 1,4 disubstituted DKP templsds also been used in the
synthesis of 2,6-diaminopimelic acid5) and derivatives of this amino acidb( 47),
shown in Figure 2.4, as well as in the synthedisaveral non-natural amino

acidst*®-2!!
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Figure 2.4: Structure of (2R, 6R) diaminopimeliéda@s); (2R, 7R) diaminosuberic acidf)
and(S,Sprtho-phenylene-bis-alanind?) .

The synthesis of DKP is widely described in litaratand is usually reported as a
four-steps “head to tail” synthesis, in which thestf step is the Shotten-Baum
reaction between phenylethyl amid8) and chloroacetyl chloridel9) as shown in
Scheme 2.1. The substitution of the other chlomvith a second molecule of
phenylethyl amine is followed by the attack of #mine to a second molecule of
chloroacetyl chloride. The cyclisation is completeen the amide nitrogen attacks
the electropositive carbon o to the carbonyl substituting the chlorine in tlaeng

position.

-
|O
C

i) Ph/\N)H o Ny
— 7 . H iii) H

:}Z

~

53 26



Reagents and conditions: i) &0, Acetone/HO; ii) Phenylethyl amine, ¥COs, EtOH; iii)
chloroacetyl chloride, N&Os;, Acetone/HO; iv) n-BulLi, THF, 0 °C.
Scheme 2.1: “Head to tail” four steps DKB3) synthesis.

In Paradisi’s laboratory DKP is the main scaffokkd to synthesize amino acids, as
shown in Scheme 23.This alternate synthetic strategy involves the aoyh of
the commercially available aming4) using chloro acetylchloridel9) leading to the
chloroacetamide5b) followed by the cyclisation of the latest to amhe the final

DKP (33).

27



120
®)

NH,
- S A
—
Cl al

N\ N
R H
Re 49 R{ 55
54 B o)
R 0 B
= Rq
X cl ) N
N
H N
Ry z
55 56 =
Ry 0 R

Reagents and conditions: i) DCM, TEA, -10 °C-r.h;2i) TEBA (10 mol %), NaOH, DCM, r.t., 48 h.
Scheme 2.2: Synthesis of DKI)(used in Paradisi’s laboratory.

2.3- Synthetic approach and discussion

The first step in the synthesis of substituted peB¥KP (56) is the preparation of
chloroacetamide5b) via the Schotten-Baumann reaction, the acylation ofathee
with the carboxylic acid chloride, as shown in Soke2.3. During the course of the
reaction one molecule of hydrochloric acid is progtliand so one equivalent of base
is used to neutralise it and to avoid the formatadnthe amine salt driving the
equilibrium. The reaction is very effective and ggeds with high yields. The crude
product of the reaction seems quite clean, evehowttpurification, but it has been
noticed that after silica gel chromatography coluiima yield of the successive step

in this sequence, namely the cyclisation with TEBAigher.
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R\\\" Cl \)I\CI — 0 5
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54(a, b) 49 55
aR=H;R=H
bR=CH; R = OCH
Reagents and conditions: i) DCM, TEA, -10 °C-2th.
Scheme 2.3: Acylation of the amiBd)(chloroacetamidesb)
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o

@

Iz

The problem with bifunctional molecules such aatdcetamides is their tendency
to polymerise under certain conditions, in factythee often isolated as side products
of peptide synthesiS:*° Usually high concentrations favour polymerisatiom high
dilutions favour cyclisatio® Reaction described in Scheme 2.4 seem to béytotal
selective towards the cyclisation.

The product %5) is recognisable from th&H-NMR spectrum (for instance for
compound55a, Figure 2.5 ) because of the characteristic pedkthe benzylic
protons at 7.39 and 7.26 ppm, of the nitrogen §@8, of the benzylic methylene at
4.50 ppm and of the methylenearto the carbonyl at 4.11 ppm.

6.0 55 56
f1 (ppm)

Figure 2.5:'H-NMR in CDC} of the benzyl-acetamids5a).
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The cyclisation of chloroacetamid85) shown in Scheme 2.4, was performed in the
presence of a phase transfer catalyst (PTC) touse®KPs %6) in very high yields
(70-90 %)

iy
@]
a0
@)

®)
Al

55 56
aR=H;R=H
bR=CH; R, = OCH
Reagents and conditions: i) DCM, acryloyl chlorid&BA (10 mol %), r.t., 48 h.
Scheme 2.4: Cyclisation of the ami&bab).

PTCs increase the rate of the reaction under noitdligions. The PTC employed in
this reaction was benzyltriethylammonium chlorid&BA). As it is soluble in both
aqueous and organic phases it allows the interadct@iween the two phases in a
heterogeneous system. Hydroxide ions (QHhe reactive anion of sodium
hydroxide (NaOH), the inorganic base, are contisiointroduced into the organic
phase in the form of lipophilic ion pairs, where tipophilic cations are supplied by
the catalyst®?® The concentration of the reacting anions in thganic phase
cannot exceed the concentration of the catalystr{@0%). The catalyst{) forms

a partial covalent bond with the hydroxyl ion oéthase, forming the active catalyst
(58) which, once in the organic phase, can deprotextamide nitrogen59) which
nucleophilically attacks the carbon on to another molecule of chloroacetamide
forming compound@0). The second deprotonation of the nitrogen (campdl)

and nucleophylic attack produce the DK¥)(as shown in Scheme 2.5.
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61

Scheme 2.5: Phase transfer catalysed D8J) gynthesis.

The 'H-NMR spectrum of compoundsga, Figure 2.6) shows the characteristics
peaks of the benzylic protons at 7.26-7.35, theglsirof the benzylic methylene is
now shifted to 4.6 ppm respect the previous specttnd the one of the methylene
in a to the carbonyl is now shifted to 1.6 ppm. In tbase of thepara
methoxybenzyl-diketopiperazine there is also thakpaf the methoxy group at 3.9
ppm
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Figure 2.6:'H-NMR in CDC} of the DKP 56a).

Further investigations have lead to the developroéatnew procedure for the one-
pot synthesis of substituted benzyl DK3B)( in which the PTCH7) is added to the

reaction from the beginning with NaOH as base, dingi the use of TEA, as shown
in Scheme 2.6" Chloroacetamides can be easily prepared from thesmonding

amine, as shown in Scheme 2.2, but they need gatidh before the cyclisation
step, which lengthens the overall synthetic proeessinevitably affects the overall
yield. The original method has been extended torjporate the synthesis of the

chloroacetamide and its selective cyclisation ia-pot under PT conditions.

A
O

NH,

A
R\\\ —_—

pd

R{

(@)
Tl

54 56
aR=H;R=H
bR=CH; R = OCH
CR=CH; R =H

Reagents and conditions: i)E&,Cl,0, DCM, NaOH (50 %),TEBA (10 mol %) 48 h.
Scheme 2.6: Phase transfer catalysed one-pot DKihayis £6).

2.4- Conclusions
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As already mentioned, DKPs33) are important in numerous research fields,
especially for their capability to generate amioals.

In this research project a one-pot synthesis ofdisdbstituted piperazine-2,5-dione
(33) has been developed employing a PBQ),(starting from a suitable amine and
chloroacetyl chloride49).

The development a one-pot procedure for the syisttedsorganic compound is an
important achievement. It allows the desired prodode obtained in a shorter time
period and without expensive purification whichusually required in a step-by-step
synthesis. In this specific case, the one-pot mhoe avoids the purification of the
on a silica gel chromatography column, becaus®#¥e core 83) is reached in only
one step using PTC5Y) and with a reaction selectivity towards the wation
rather than the polymerisation of chloroacetam&#g. (

With this easy procedure, starting from differeotnenercially available amine$4),

it is possible to obtain different typology of ldiubstituted piperazine-2,5-dione
(56), which can be hydrolysed to the correspondingnanaicid. Amino acids, both
natural and non natural, are useful building bloftksnumerous biological active
molecules and in the case of this research prdfextgoal is the synthesis of a
molecule with potentially antimicrobial activity9f2-ammonio-3-((R,6R)-2-0x0-7-

oxa-3-aza-bicyclo[4.1.0]heptan-5-yl)propanods)
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2.5- Experimental section

- N-benzyl-2-chloroacetamid&%a)™®

o 3.

To a stirred solution of benzyl amin®44, 1 g, 9.3 mmol) and triethylamin (TEA,
1.41 g, 13.6 mmol) in dichloromethane (DCM, 15 mdtf) -10 °C was added
chloroacetyl chloride49, 1,26 g, 11.2 mmol) dropwise. The solution wasvetd to

reach room temperature and after 2 hours was cdoléd’C before water (10 mL)

and 10 % HCI until neutralisation were added. ®hganic phase was removed
vacuoafter extracting the aqueous phase with EtOAc (dxmL). The combined
organic layers were dried over Mgsand concentrateith vacuoto produce a crude
brown solid that was purified by silica gel chroogaphy column
(EtOAc:Cyclohexane, 50:50) to produce a white sohd76 % vyield. Rf: 0.8,
Cyclohexane:EtOAc, 50:564 (400 MHz; CDC}): 7.39-7.26 (m, 5H, Ph), 6.86 (br.
s, 1H, NH), 451449 (d, J = 58, 2H, CHPh), 411
(s, 2H, CHCI); 166.00 (CO), 137.47 (Ph), 129.23 (Ph), 127PH), 44.45 (CkHN),
43.09 (CHCI).

- (S)-2-Chloro-N-(1-(4-methoxyphenyl)ethyl)acetami{@b)!

To a stirred solution ofg) 1-(4-methoxyphenyl)ethanaming4p, 0.7 g, 4.6 mmol)
and triethylamin (TEA, 0.97 mL, 6.9 mmol) in dichbonethane (DCM, 20 mL) at -
10 °C was added chloroacetyl chloridé9,(0.45 mL, 5.6 mmol) dropwise. The

solution was allowed to reach room temperatureadtest 2 hours was cooled to 0 °C
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before water (10 mL) and 10 % HCI until neutrali@gatwere added. The aqueous
phase was washed with EtOAc (3 x 15 mL), the oiayers were combined, dried
over MgSQ and concentratedh vacuoto produce a crude brown solid that was
purified by silica gel chromatography column (EtO8gclohexane, 50:50)
obtaining a white solid in 76 % yield:. Rf: 0.63yclohexane:EtOAc, 50:5@&y (600
MHz, CDCk) 7.29-7.24 (dJ = 6.8 Hz, 2H, Ph), 6.90-6.88 (@= 8.7, 2H, Ph), 6.73
(br. s, 1H, NH), 5.14-5.05 (m, 1H, CH), 4.05-3.99.J = 7.1 Hz, 2H, CH), 3.80 (s,
3H, OCH), 1.53-1.51 (dJ = 6.9 Hz, 3H, EisCH); &¢c (151 MHz, CDC}) 164.80
(CO), 159.06 (Ph), 134.42 (Ph), 127.31 (Ph), 114Rb), 55.29 (ChCl), 48.70
(CH30), 42.63 (CH), 21.51 @H3;CH); 50:50; HRMS (EIl): m/z calcd for
C11H14CINO,: 227.0713, found: 227.07119]F% — 89 (c 0.35, CHG); mp: 243-245
°C.

- 1,4-dibenzylpiperazine-2,5-dion86a)[3],*"

To a stirring solution of 2-chloro-N-(benzyl)acetdm (55a, 1.61 g, 7.0 mmol) in
DCM (20 mL) were added NaOH 50% (4.5 mL) and TEBAmtime (10 % mol).
The reaction was left for 48 hours, cooled dowg &€ and water (20 mL) and HCI
until neutralization were added. The aqueous phasewashed with DCM (3 x 20
mL), the organic phases were combined, dried withSh and concentrateth
vacuo The product was purifiedvia silica gel chromatographic column
(EtOAc:cyclohexane from 15:85 to 60:40) in 85 %dias a white solid.

Alternate strategy consists in starting from arisigy solution of benzyl amines4a,
0.51 mL, 4.66 mmol) in DCM (8 mL). NaOH 50% (3 n87.3 mmol) and drop-wise
chloroacetyl chloride (0.45 mL, 5.6 mmol) were atdidafter cooling the temperature
to -10 °C. The solution was allowed to warm slowdy room temperature. The
formation of the amide was monitored by TLC and eorthe amine had been

consumed, TEBA (10 % mol) was added gradually e\M&hours to the vigorous
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stirred solution. The reaction was quenched firstlth water (20 mL) and then
brought to pH 7 by the addition of 10 % HCI at 0. the DCM was removeth
vacuq the aqueous phase was washed with EtOAc (3 x 120 time organic phases
were combined, dried with Mg$and concentrateth vacuo The product was
purified via silica gel chromatographic column (EtOAc:cyclohexgrom 20:80 to
60:40) in 90 % vyield as a white solid. Rf: 0.39,clohexane:EtOAc, 50:5@y (300
MHz, CDCk) 7.38-7.23 (m, 10 H, Ph), 4.58 (s, 4H, ££H), 3.93 (s, 4H, CH#N); &c
(75 MHz, CDCI3) 163.2 (CO), 134.9 (Ph), 128.9 (P198.5 (Ph), 128.2 (Ph), 49.3
(CH2N), 49.2 (CHPh); mp: 175-176C; Anal.Calcd for GgH1gN20,: C, 73.45; H,
6.16; N, 9.52. Found: C, 73.38; H, 6.27; N, 9.43.

- 1,4-Bis[(9-1-(4-methoxyphenyl)ethyllpiperazine-2,5-diorisig)"*!

CH; ©O
z OCHj
N
N
H,CO T
O CH,

To a stirring solution of (S)-2-Chloro-N-(1-(4-mettyphenyl)ethyl)acetamidégb,
1.45 g, 6.4 mmol) in DCM (10 mL) were added NaOH®HM.0 mL) and TEBA
over time (10 % mol). The reaction was left for 4&urs, cooled down to 0 °C and
water (20 mL) and HCI until neutralization were add The aqueous phase was
washed with DCM (3 x 20 mL), the organic phasesemeosmbined, dried with
MgSaq, and concentratedn vacuo The product was purifiedria silica gel
chromatographic column (EtOAc:cyclohexane from 538 60:40) in 40 % yield as
a white solid.

Rf: 0.18, Cyclohexane:EtOAc, 50:58; (500 MHz; CDC}): 7.20-7.15 (m, 4H, Ph),
6.89—6.82 (m, 4H, Ph), 5.88 (4,= 7.1 Hz, 2H, CH), 3.81 (d, J = 16.5 Hz, 2H,
CH:N), 3.78 (s, 6H, CkD), 3.49 (dJ = 16.5 Hz, 2H, CbN), 1.50 (d,J = 7.2 Hz,
6H, CH3CH); 8y (126 MHz, CDCJ) 163.67 (CO), 159.25 (Ph), 130.19 (Ph), 128.52
(Ph), 114.05 (Ph), 55.20 (GN), 49.61 (CH), 44.45GH3CH), 15.21 (CHO); Anal.
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Calcd for GsH26N204: C, 69.09; H, 6.85; N, 7.32. Found: C, 68.95; H3619, 7.13.
a?% - 383.5 (c 0.65, CHG); mp: 98—99 °C.

- 1,4-Bis[(S)-1-phenylethyl]piperazine-2 ,5-dionsac)?”!

To a stirring solution of)-phenylethyl amineS4c, 1 mL, 7.86 mmol) in DCM (15
mL) were added NaOH 50% (5.3 mL), chloroacetyl od® @49, 0.75 mL, 9.4
mmol) dropwise, after cooling the temperature t@ °C. The solution was allowed
to warm slowly to room temperature. The formatidrihe amide was monitored by
TLC and once the amine had been consumed, TEBA%1@nol) was added
gradually over 48 hours to the vigorous stirredisoh. The reaction was quenched
firstly with water (20 mL) and then brought to pHy the addition of 10 % HCI at O
°C. The DCM was removeid vacuq the aqueous phase was washed with EtOAc (3
x 20 mL), the organic phases were combined, drighd MigSq, and concentrateith
vacuao The product was purifiedvia silica gel chromatographic column
(EtOAc:cyclohexane from 20:80 to 60:40) in 40 %ldgias a white solid. Rf: 0.15;
oy (500 MHz, CDCYJ) 7.56-7.16 (m, 10 H, Ph), 5.95 (q, 2Hs 7.1 Hz, CH), 3.86 (d,
2H,J = 16.7 Hz, CH), 3.52 (d, 2H, = 16.7 Hz, CH)), 1.54 (d,J = 7.1 Hz, 6H):3c
(126 MHz, CDCI3) 163.8 (CO), 138.3 (Ph), 128.8 (FI8.1 (Ph), 127.3 (Ph), 50.1
(CH:N), 44.7 (CH); 15.1 (Ch); mp: 108-110°C; HRMS (El): m/z calcd for
CooH2oN205: 322.1681, found: 322.16931F% — 319.1 (c 2.2, CHG).
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3.1- Aim

The aim of this second part of the project is totkgsise the side chain of tHg)-@-
ammonio-3-((R,6R)-2-0x0-7-0xa-3-aza-bicyclo[4.1.0]heptan-5-yl)prapate 25).

HN

2
Figure 3.1: (S)-2-ammonio-3-((1R,6R)-2-0x0-7-0xaz&-bicyclo[4.1.0]heptan-5-
yl)propanoate Z5).

(63}

3.2- Introduction

This side chain of our target analog@®)(was chosen in order to render the attack
on the carbonyl carbon and the hydrolysis to forparate @4) less likely, as
explained in the Section 1.4. Methyl amir@)(and methyl propiolate4Q) were
chosen as starting materials as they are commigr@shilable and enabled the
synthesis of a six-member ring with an amide fuordlity @-lactame like). Many
pharmaceuticals contain a nitrogen atom, it wasyteted that the introduction of a
nitrogen into this six-member ring would potenyallead to interesting novel
activity.

The reaction pathway initially attempted involvedsteps, as shown below in
Scheme 3.1.

This synthetic strategy involves the conjugate taldiof the commercially available
methyl amine ¢2) to methyl propiolate40) to produce compound3d). This was
followed by an aza-anulation with acryloyl chlori¢@8) to product thed-lactone
(64). Reduction of the heterocyclic olefin leads te firoduction of compound®%)

which was then further reduced to the correspondiieghol €6). The next step
40



involved the substitution of the alcoholic moietytiwthe iodine one, leading to the
compound §8) passing through the mesylated compoun. (6

(0]

o
o
HaC
L -
NH,CH OCH _
. s OCHs
HaC—N
¢ H
o
64

OCHj

62 40 63
(o] 0 (0]
HiC HLC H3C
’ \N ’ \N ’ \N
- —_— —_—
I
[e) OCH3 OH O_ﬁ_CHg
(0]
65 66 67
(0]
H3C
3 \N
B ——
|
68

Scheme 3.1: Pathway for the synthesis of 5-(iodwyt)et-methylpiperidin-2-onéa8).
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3.3- Synthetic approach and discussion

The first step of the synthetic route was the fdroma of the E)-methyl 3-
(methylamino)acrylate6@) obtained by the conjugate addition of methylam(i6®
to methyl propiolate40). This reaction gave a mixture of diasteroisomera ratio
of approximately 70:30 (Scheme 3.2), with a yield’d %. At this point it was not
possible to accurately determine which diasteroeonad been formed in majority,
however the specifics of the ratio are discussdéoMbelhe methyl aminet) is very
volatile, with a boiling point of -6 °C, so the sti®@n is performed at -10 °C. The
reaction was carried out under nitrogen to avo&greferential addition of water to

the triple bond.

o)
i)
NH,CH; ? OCH ———»

HsC—N

OCHs

62 40 63
Reagents and conditions: i) THF, -10 °C, 2 h.

Scheme 3.2: Conjugate addition of methyl am@2® 1o methyl propiolate4Q) to obtainenamine
(63)

The proposed mechanism of this reaction is shodowhe&scheme 3.3: The lone pair
of the amine §2) attacks the triple bond of methyl propiolaté0) and after
rearrangement to a diene intermedid&i®),(this leads to the formation of the two
diesteroisomers of enamine [B3]] and [Z-63)].
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CHs H
> H OCH
%\ OCH3 \N/ ocH, OCH3 . 3

HaC——NH; H H3C——HN H H,——CHjs

62 40 69 E-63 Z-63

Scheme 3.3. Mechanism of the reaction of methiylea®2) and methyl propiolatedQ), viadiene
(69) producing enamine [E6Q)] and [Z-(63)].

The product of this reaction6) degrades on silica gel but the conversion is
quantitative as shown by tHel-NMR spectrum of the crude and no purification is
required (Figure 3.2). The spectrum shows tharoteprotonsas a quartet for those

to the nitrogenat approximately7.55 ppm and 6.59 ppm for diastereoisomeerand b
respectively. The other alkene protons in thetmosa to the carbonyl carbon are shown as
a doublet of doublets at approximately 4.74 ppm 4d® ppm for diasterecisomeasandb
respectively. The recognisable broad peak of than& group occurs at 4.55 ppm. The
characteristic singlets of the methoxy protons\asable at 3.67 ppm (diastereoisonagr
and 3.64 ppm (diastereoisomb), with a doublet for the methyl group bonded te th

nitrogen, at around 2.97 ppm (diastereoisomemnd 2.78 ppm (diastereoisonadr

F 100

. Lol AL

F-20

Figure 3.2:'H-NMR in CDC}, f the enamine6Q).
The creation of the methyl 1-methyl-6-oxo-1,4,%6&dhydropyridine-3-carboxylate
(64) proceedsvia an aza-annulation reaction of the enamif8) (and acryloyl
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chloride @8),? as shown in Scheme 3.4. The presence of the @eafithdrawing
ketone and ester functionalities enhance signifigahe efficiency and selectivity of
the annulation§’

The overall yield of this reaction was relativebyM, 47 %. This was possibly due to
only one of the two diasteroisomers reacting; ssedictate that theis isomer Z-63)

is more likely to cyclise than theans isomer E-63). From this speculation it was
postulated that it was theis siomer EZ-63) that had been synthesised in
approximately 70% previously (Schemes 3.2 andRldyre 3.2) Furthermore, TLC
evaluation of the reaction showed several sideymntsg denoted by the visualisation
of many different spots meaning that the reacti@s wot very clean. To avoid the
addition of water to the double bond of enamié®) @nd its nucleophilic attack on

the carbonyl functionality of the acryloyl chlorid@8), the reaction was performed

(o]
i H,C
NG
i) N
—_—
OCHs
\
rﬁc———u
O
64

under nitrogen.

OCH,

63
Reagents and conditions: i) THF, GEHCOCI, reflux, 2 h.

Scheme 3.4: Aza-annulation reaction between ena(@8)eand acryloyl chloride 38).

The mechanism of the aza-annulation reaction haeen fully elucidated but a
proposed mechanism is shown below (Scheme 3.H)allyy the double bond of the
enamine §3) attacks the alkene functionality of acryloyl afide (38), which
consequently rearranges to give the foi@) @nd then 71). The chlorine is a good
leaving group and the lone pair of the nitrogenlgagtacks the carbonylic carbon
generating the etherocyclé?). The last rearrangement ofl allows the formation
of (64).
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Scheme 3.5: Mechanism of aza-annulation.

The spectrum shows the distinctive singlet of tledimc proton at 7.27 ppm, in part
hidden by the peak of chloroform. The singletlwd thethoxy group is observed at
3.75 ppm, with the singlet of the methyl group, ted to the nitrogen, at 3.15 ppm.
The four aliphatic protons of the heterocycle apmesaa multiplet at 2.61 ppm, as
shown in Figure 3.3.
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Figure 3.3:'H-NMR in CDC} of the product of the aza-annulatids¥).

Compound §4) was then reduceda palladium catalysed hydrogenation to produce
the racemic methyl 1-methyl-6-oxopiperidine-3-carydate ©5), as shown in
Scheme 3.6, in 85 % yield. This reaction has t@dérormed very carefully under
strictly anhydrous conditions as both hydrogen patladium can react violently
with water. This reduction was first attemptedngsNaBH, (and then LiBH) as
reducing agents. This was performed in an endeaweosimultaneously reduce the
double bond of the heterocycle and of the estectiom, to produce compounés).
Neither of these hydrides was strong enough toaedbe double bond, so this
methodology was not further pursued and the reductvas carried out in two

separate steps.
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o OCHj; G OCH,

64 65
Reagents and conditions: i) EtOH,,HPc/C, r.t., 12 h.
Scheme 3.6: Hydrogenation of compoudd) (o give compound
(65).

The *H-NMR spectrum of compound) is now much more complicated than the
starting material of the reaction, compouid)( The reduction of the olefin means
that the heterocycle looses the planar charadteriassociated with $mybridised
carbons. The interactions of axial and equatgsratons round the flexible ring
mean that all the signals, apart from the methyl erethoxy group (singlets), are
multiplets (Figure 3.4).

[ 450
F-400
k350

300

F 100

T T T T T T T T T T
38 37 3.6 35 3.4 33 3.2 EX 3.0 2.9 2.8
1 (ppm)

T T T T T T T T T
27 26 25 2.4 23 22 2.1 2.0 19

Figure 3.4:'H-NMR in CDC}, of the product of the hydrogenaticssy.

For an easy identification of the signals, numbbave been assigned to the
heterocycle atoms/8), as shown in Figure 3.5. Starting from the lodweguencies

we find two multiplets relative to the GHp, two multiplets of the methylene 6, a
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multiplet of the proton 4 and around 3.5 ppm thdtiplets of the protons 3 (less
shielded because next to the nitrogen)

As expected, the peak of the alkene proton is redgmt anymore.

o OCH;

73
Figure 3.5: Compoundsb) in which heterocycle atoms have been assigned ensfibr ease of

identification.

Lactame §5) was then reduced further. LiBMvas used to reduce the ester function
to 5-(hydroxymethyl)-1-methylpiperidin-2-onesg) in 60 % yield, as shown in
Scheme 3.7. Again the reaction was carried onrumittegen flow, because hydride

reacts violently with water.

o) OCH, OH

65 66

Reagents and conditions: i) THF,LIBH) °C-r.t., 12 h.
Scheme 3.7: Reduction of the ester function tohalicG6).

Comparing the spectrum of this purified alcohg8)( Figure 3.6, to that of the ester
(65), figure 3.4, it is observed that the signal af thethoxy group (3.6 ppm) is no
longer present. Additionally the generation of JOHl in place of the ester has led to
the creation of new multiplets at approximately 8@l 3.4 ppm. The large peak at

3.4 is due to residual methanol in the sample.
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Figure 3.6:'H-NMR in CROD of the alcohol§g) .

The next step in the proposed synthesis was theaege of the alcohol functionality
in (66) with iodine to create compoun@8, Scheme 3.8). The alcohol functionality
iIs not exchanged directly with iodine, but the teac proceeds via the mesylate
intermediate §7). The reactions are performed in this way as mesysate better
leaving group than the hydroxyl and it activates éiicohol 66) thus increasing the
final yield of compound@8). Mesylation is usually carried out with TEA inCIM.

In this instance compoun@8g) was insoluble in DCM so pyridine was used as both
base and solvent for the reaction leading to 80€Xtly Mesyl chloride reacts readily
with water, producing the methanesulfonic acidre¢fme the reaction is performed
under anhydrous conditions.

The mesylate compounds®) did not require purification before iodination to
produce 5-(iodomethyl)-1-methylpiperidin-2-or@8) in 83 % yield.

[0} O (0]

HaC
\N N N

OH O——S——CHj3 I

66 67 68

Reagents and conditions: i) Py,gE0,S, 0 °C- refluz,2 h; ii) acetone, Nal, reflux, 5 h.
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Scheme 3.8: Exchange of the alcol@@)) (with the iodide §8).

The *H-NMR spectrum of compound&, Figure 3.7) does not differ significantly
from the alcohol spectrunt§), Figure 3.6, but the peaks are slightly shifted to
higher frequencies, due to a difference in the tedeegativity of the iodine

compared to the alcoholic moiety

R
8 & & 8 5 g 3 & &

Mo b ow

2.8 2.7 2.6
1 (ppm)

Figure. 3.7:'H-NMRin CROD of the iodo-compoun@§) .

At this stage the side chaib8) was ready to be coupled with the previously
prepared substituted benzyl diketopiperazine cb8 @s shown in Scheme 1.7 in
Section 1.4, however this coupling, with LHMDS, wassuccessfully and only

starting materials and a complex mixture of sidedpcts were isolated. This

unsuccessful coupling was unexpected as similactioss had been performed

successfully many times using several differenylating agents including methyl

iodide (74), ethyl iodide 75) and benzyl iodine7g), Figure 3.8.

|
|
e - /\, ©/\
75 76

74
Figure 3.8: Alkilating agents.
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When investigating the possible reasons for thsuacessful coupling, the reaction
of the iodo-compound6@) and LHMDS was examined, as shown in Scheme 3.9.
After purification by silica gel column chromatogtey compound?7) was isolated,
derived from an intramolecular cyclisation and é@hation of iodine.

The isolation of this compound{) from the reaction is not entirely surprising las t
protons in thex position to the carbonyl carbon are very acidid #re iodine is very
reactive. However, the strain of a four-member fuged to a six-member ring was
thought to be unfavoured. Interestingly, this prdwas not isolated during the

coupling with the diketopierazine moiety.

68 77
Reagents and conditions: i) THF, LHMDS,.

Scheme 3.9: Reaction @3] in presence of the only base.

It is possible that the problems observed durirgdbupling are due to the fact that
the enolate on the diketopiperaziid8)(is quenched by the formation of a second
enolate on the alkylating group9), as shown in Figure 3.9 and as will be discussed

more in detail in chapter 4.

©  Li
3 | Te
R H HSC\N X
R
o} [
78 79

Figure 3.9: Competitive enolate forms in the reastof coupling between compoui@@) and DKP
(33).
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If this happens faster than the alkylation reagtioa product is isolated. At this
stage, after the unsuccessful coupling it was @elctd investigate a new synthetic 8
step strategy, as shown below in Scheme 3.10.

By protecting the nitrogen with an easily removapéa-methoxy benzyl group,
instead of the methyl group, it was envisaged that amide carbon could be
protected as lactimB{) thus making the protons of tlueposition significantly less
reactive, shown in Scheme 3.10.

This synthetic strategy up to the formation of tieinated compound8p) is
identical to what previously reported in Scheme. 3tlinvolves the conjugate
addition of the commercially available methoxyphemmine 39) to methyl
propiolate 40) to produce the enamine forr&0j followed by an aza-anulation with
acroyl chloride 88) to produce the heterocycl8l). Reduction of the heterocyclic
olefin leads to compound@Z) which was then further reduced to the relativ®labl
(83). The next step involved the substitution of thkmholic moiety with the iodide,
leading to the compound®) passing through the mesylated compoud#).(The
lodo-compound §5) was deprotected at the amide nitrogé6) (using cerium
ammonium nitrate (CAN) to allow in the next steg throtection of the carbonyl
(87).
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OCHj

o)
OCHj3
? OCH3 |
H,CO N
H
HoN
40 39
o)
—_— ’ _—
HaCO
HsCO
o OCHs OCHg
g\
o
HaCO HaCO
o—s—CH3
83 84

p

o) o)
Q\N HN N =
H,CO
I I |

87
Scheme 3.10: Alternative pathway for the synthafdise lateral chain&7).

The first step of this new synthetic route is agaiconjugate addition, this time
between the more hindered amine, methoxyphenyl@i@8), and methyl propiolate
(40).
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OCHs

O
1 . : |
é OCH3
H3CO N
H
80

OCH,

H,N

40 39
Reagents and conditions: i) THF, -10 °C, 2h.

Scheme 3.11: Reaction of formation of the enanm@gtirough conjugate addition.

In the 'H-NMR spectrum (Figure 3.10) again are visible ff@aks of both the
diasteroisomers of methyl 3-(4-methoxybenzylamiop)ate, E-(80)] and [Z-(80)],
formed by the reaction (rati&:Z is again approximately 70:30). This reaction
proceeds very well, with 99 % yield and does najune purification. In the
spectrum the characteristic protons of the phepyplear at approximately 7 ppm,
split in two groups because of tpara-methoxy group that shields the two protons
that are in the ortho position relative to the m&thgroup. At 7.6 ppm and 6.8 ppm
we can see the peaks of the protons of the dourld bloser to the carbonyl carbon
(cis andtrans), with the alkene protons closer to the nitrogeouoring as doublets at
4.8 ppm {rans) and 4.6 ppmdis). The methylene protons of the benzyl group are
observed at 4.4 ppm and 4.2 ppm. Finally the chariatic singlets of the methoxy
groups appear at 3.9 ppm and 3.7 ppm., for theorgtimoieties of the benzylic and

ester groups respectively.
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Figure 3.10:*H-NMR in CDC} of the enamines().

Methyl 1-(4-methoxybenzyl)-6-ox0-1,4,5,6-tetrahyplyadine-3-carboxylate 81)
was produced by a reaction between enam@® &nd acryloyl chloride 38), as
shown in Scheme 3.12.

OCHjz /O/\N
)
—_—
HN HaCO N

H5CO
80 81
Reagents and conditions: i) THF, gEHCOCI, r.t., 12h.

Scheme 3.12 Aza-annulation reaction.

The reaction between enamir@) and acryloyl chloride3g) is not as clean as that
previously described for enamin@3j. The six-membered ring-lactam-like 81) is
isolated in only 33 % vyield. Several side prodweése observed by TLC and again
it is suggested that only one of the two isomérscts, was reactive. Th&#H-NMR
spectrum, Figure 3.11, shows the distinctive sigridhe alkene proton at 7.3 ppm,

as a singlet, with the two groups of the phenyltqme at approximately 7.3 ppm.
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The singlet of the protons of the benzylic methglgmoup is observed at 4.7 ppm.
The singlets of the methoxy groups, respectivelyth@ one bonded to the phenyl
ring and for that which forms the ester group ate3® ppm and 3.7 ppm
respectively. Finally at 2.6 ppm the signal of tloerr aliphatic protons of the
heterocycle can be recognised.

JM il A

50
1 (ppm)

Figure 3.11:*"H-NMR in CDC} of the six-membered ring witB1).

The double bond of the six-membered ring deltaalactike @1) was then reduced
via palladium catalysed hydrogenation to produce nieth{@#-methoxybenzyl)-6-

oxopiperidine-3-carboxylaté), as shown in Scheme 3.13, with a yield of 86 %.

0 0
/O/\N /O/\N
)
EE——
HCO X H,CO
o o) OCH,

OCH,

81 82
Reagents and conditions: i) EtOH,;,HPd/C,r.t., 12h.
Scheme 3.13: Hydrogenation of compou@) (o give compound().
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The 'H-NMR spectrum for methyl 1-(4-methoxybenzyl)-6-gigeridine-3-
carboxylate §2) again had become more complicated than the reganiaterial of
this reaction §1) as the reduction of the olefin has decreased plaar
characteristics of the molecule and the axial agaatorial protons interact more
producing more multiplets (signals between 2 angp#). This was a previously
observed phenomenon, with compoué8)( as shown in Figure 3.12.

MQMMD

T T T T T T T T T T T T T T T T T T T T T T T T T T T T
74 72 70 68 66 64 62 60 S8 56 54 52 S0 48 46 44 42 40 38 36 34 32 30 28 26 24 22 20
ppm.

Figure 3.12:*"H-NMR in CDC} of the six-membered ring without after reductiéihe double bond
(82).

For an easy identification of the signhals, numbbeve been assigned to the
heterocycle atoms38), as shown in Figure 3.13. Starting from the loWequencies
we find two multiplets relative to the methylenetlwp multiplets of the protons 6, a
multiplet of the proton 4 and around 3.4 ppm thdtiplets of the protons 3, more
shielded because closest to the nitrogen. ArouBdpfm there are the signal
(doublet of doublet) of the benzylic GH

The signal of the olephinic proton is no more Jisib
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HaCO

o) OCH3

88

Figure3.13: Compoundd) in which heterocycle atoms have been assignedersior ease of

identification.

The ester function was reduced with LiB produce 5-(hydroxymethyl)-1-(4-
methoxybenzyl)piperidin-2-one88) in 85 % yield. This shows a significant
improvement in yield compared to the reduction@hpound §6) that was 60 % of

yield. The reason of the improvement was proballg tb the better solubility of

compound 83).
0 0
N ) N
I
—_—

H3CO H3CO

o) OCHg OH

82 83

Reagents and conditions: i) THF, LiBH °C-r.t., 16 h.
Scheme 3.14: Reduction of the ester func@®2hto alcohol 83).

Several differences can be observed when compahisg'H-NMR spectrum in
Figure 3.14 with the previous one. The protonsheflienzylic methylene (4.6 ppm)
now appear as a singlet, whereas they previousiyroed as a doublet of doublet
Furthermore the large singlet of the ester methanoyety of compound82) has
disappeared and in its place two new multipletagiroximately 4.6 ppm can be
seen. These are representative of the new methgleated by the reduced ester’s

carbonyl carbon.
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Figure 3.14:*H-NMR in CDC} of the alcohol &3).

Before the exchange of the alcohol of compous®) (vith the iodine, it was first
activated by substituting with a better leavingugronamely mesylate to produce
compound &4), as shown in Scheme 3.15. This reaction proceaadd with 93 %
yield, better than that of the previously synthedicompound &7, 80 %). The
iodination of compound86) was performed using sodium iodide in acetoneaiig
this reaction gave a high yield (80 %), and theralgield for these two steps was
78 %.

vaengvaclEyvae

H3CO

83 84 85
Reagents and conditions: i) DCM, TEA, -10 °C-0.6,h; ii) acetone, Nal, reflux, 4 h.
Scheme 3.15: Exchange of the alcohol with the @din

The 'H-NMR spectrum of compound$) does not differ significantly from the
spectrum of the alcoho88, Figure 3.1% as shown in Figure 3.15.
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Figure 3.15:'"H-NMR in CDC} of the iodo-compound$).

Cerium ammonium nitrate (CAN), in acetonitrile amdter (3:2), was used to
deprotect the amide functionality of compou8)(as a method by which to obtain
(86), as shown in scheme 3.16. This is one of the nestd reactions of deprotection
for the methoxy-benzyl group. This reaction proaskth 41 % yield. After 2 hours
starting material was still present. It has beedtto leave the reaction over night in
order to increase the yield, but the product deamsag.

Because of its high oxidative ability, its goodudulity in a wide number of organic
solvents and its low toxicity, CAN is largely used oxidative reagent also to
deprotect ethefd) chemoselective catalytic deprotection of acetald ketald*®
TBMDS and TIPS groupd The mechanism seems to proceed through radicals

intermediate, but it's not completely known.

H3CO

85 86
Reagents and conditions: i) CAN, ¢EN/H,0, r.t.,2.30 h.
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Scheme 3.16: Reaction of deprotection of compo84)dq give compoundg).

The'H-NMR spectrum proves that the compound is theemected §6) since the
broad peak of the amine is visible in Figure 3.16.8 ppm and the peaks of the

methoxybenzyl group (previously present at7.2, 8.8,and 3.8 ppm, Figure 3.16)
are disappeared.

A § h MMMHM o

4.0 38 3.6
1 (ppm)

Figure 3.16:*H-NMR in CDC}, of the iodo-compound).

The protection of the amide functionality of theldacompoundg6) has been made
via formation of the relative ethyl ether through tinigoxonium tetrafluoroborate, as
shown in Scheme 3.17 achieving compoudid).(The aim is to avoid the formation

of enolate, possible side product in the reactibonoampling with the DKP 33, see

o) 0)
HNH)? l\ﬁg
| |

86

87
Reagents and conditions: i) B&XBF;, DCM, r.t.,16 h.

chapter 4).
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Scheme 3.17: Reaction of protection of the carbonyl

After purification in chromatography column stagimmaterial was recovered.
Probably the reaction can be pushed further ingrgdke yield leaving the reaction

stirring for more than 16 hours.

3.4- Conclusions

The side chain 87) has been synthesised with the aim of couplindoitthe
diketopiperazine core3B), reaction that will be discussed in the next ¢chagdodine
is fundamental for this reaction as it is a gooavieg group that is suitable for
alkylating electropositive carbons, such as the iane a position to the carbonyl
of DKP (33).

The methoxyphenyl ethyl group bonded to the nitnogéthe heterocycle8b) was
selected due to its ease of cleavagethe CAN reaction. The final step in this
synthetical strategy was the protection of the adrbonyl functional grouB6)
which avoids the possible formation of the enol@® during the coupling. The
synthesis of the iodo-compound@9) has been successful, but further research is
necessary to improve the vyields, especially thdiggtton and the protection of the

carbonyl 87).

3.5- Experimental section

- (E)-Methyl-3-(methylamino)acrylateb8)

OCHs

HaC—N
N H
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To a stirred solution of methyl propiola#d( 2.5 mL, 29.9 mmol) in anhydrous THF
(15 mL) was added methyl aminé2( 16.5 mL, 2M, 33 mmol) at -10 °C. After 2
hours the reaction was concentraitedacuo to yield a viscous yellow liquidg) in
75 % yield, which was used in subsequent reactati®ut further purification. Rf:
0.36, (Cyclohexane:EtOAc, 50:5@); (400 MHz; CDC}): 7.60-7.53 (m, 1H, CHN,
diasteroisomers Z) and 6.63-6.56 (m, 1H, CHN, drassomers E), 4.74 (d, 1Hd,=
13.2 Hz,CHC, diasteroisomers Z) and 4.49 (d, IH; 8.0 Hz,CHC, diasteroisomers
E), 4.55 (br. s, 1H, NH), 3.67 (s, 3H, &} diasteroisomers Z) and 3.64 (s, 3H,
CH30O, diasteroisomers E); 2.97 (d, 3H= 5.0 Hz, CHN, diasteroisomers Z) and
2.78 (d, 3HJ =5.1 Hz, CHN, diasteroisomers E¢¢ (100 MHz, CDC}): 171.2 (CO,
diasteroisomers Z), 169.9 (CO, diasteroisomers &, CHCO, diasteroisomers Z),
150 (CHCO, diasteroisomers E), 85.CHNH, diasteroisomers Z), 81@KNH,
diasteroisomers E), 50.4(G@, diasteroisomer E), 50.0 (@B, diasteroisomer Z),
34.7 (CHNH, diasteroisomer Z) 30.0 (GNH, diasteroisomer E); HRMS:
calculated for GHgNO, 115.0633, found 115.0636.
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- Methyl 1-methyl-6-0x0-1,4,5,6-tetrahydropyridiBecarboxylate §4)

H3C

4

o OCHj

To a stirred solution ofH)-methyl-3-(methylamino)acrylaté8, 0.99 g, 8.6 mmol)
in anhydrous THF (10 mL) under nitrogen was addmglayl chloride 388, 0.77 mL,
9.47 mmol). After 5 hours reflux the reaction mid was washed with saturated
NaHCQG; (10 mL) before EtOAc (10 mL) was added. The fraxt were separated
and the aqueous phase was extracted with EtOAc2@ mL). The organic layers
were combined, dried over Mgg@nd concentrateid vacuoto yield a crude yellow
oil, purified by silica gel column chromatographigtQAc:hexane, range 85:15 to
70:30) to afford the bright yellow crystal64) in 47% vyield. Rf: 0.36,
Cyclohexane:EtOAc, 50:5@G (400 MHz; CDC}): 7.27 (s, 1H, CH), 3.75 (s, 3H,
CH30), 3.15 (s, 3H, CBN); 2.65-2.55 (m, 4HCH,CH,); oc (100 MHz, CDCY):
170.0 (COO0), 166.7 (CO), 140.8 (CHN), 108CH(C), 51.5 (CHO), 34.6 (CHN),
30.7 CH,CO), 20.0 CH,CH,); mp: 74-76 °C; HRMS: calculated forgld;:NO3
169.0739, found gH11NO3 169.0739.
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- Methyl 1-methyl-6-oxopiperidine-3-carboxylatgb)

HaC

o OCHs

To a stirred solution of methyl 1-methyl-6-oxo-54-tetrahydropyridine-3-
carboxylate(64, 2.1 g, 12.4 mmol) in EtOH (30 mL) under nitrogeeres added
NaCO;s (3.12 g, 37.3 mmol) and Pd/C (1.3 g, 12.2 mmatie fiydrogen was added
as a gas through hydrogen balloon. The reaction lefa®vernight and the solid
Pd/C was removed by filtration in fluted paper. T8@ution was concentrated
vacuq the resulting crude oil was purified by silical g@lumn chromatography
(cyclohexane:EtOAc, 60:40) to afford a clear oil88 % yield. Rf: 0.15, EtOAc
100%:;dy (400 MHz; CDCI3) 3.73 (s, 3H, G&), 3.56-3.44 (m, 2H, Cil), 2.96 (s,
1H, CHN), 2.88-2.80 (m, 1H, CH), 2.52 -2.46 (m, 2EK,CO), 2.42-2.35 (m, 2H,
CH,CO), 2.18-2.12 (m, 2HCH,CH,), 2.03-1.96 (m, 2HCH,CH,); dc(100 MHz,
CDCl) 172.7 (COO), 169.0 (CO), 52.3 (@B), 50.5 (CHN), 38.8 (CH),
34.8(CHN), 30.6 CH.CO), 24.0 CH.CH,); HRMS: calculated for §H;3NOs
171.0895, found 171.0895.
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- 5-(hydroxymethyl)-1-methylpiperidin-2-onég)

H3C
3\

4

OH

To a stirring solution of methyl 1-methyl-6-oxopigkne-3-carboxylategb, 0.52g,
2.9 mmol) in anhydrous THF (8 mL) under nitrogemsvadded LiBlR (2.9 mL, 5.8
mmol) at -10 °C. The reaction was allowed to ret@hroom temperature and was
stirred overnight. Water and HCI| 1M were addedider to quench the reduction
agent and to neutralise the solution. Water wagnaéff at the freezing drier
machine and the powder obtained was purifiea silica gel chromatographic
column (MeOH:DCM 1:10) achieving a slightly yelldiguid in 60% vyield. Rf: 0,43
(MeOH:EtOAc 1:3);64 (400 MHz; CROD) 3.58-3.51 (m, 2H, C}DH), 3.44-3.40
(m, 1H, CHN), 3.22-3.14 (m, 1H, CHN), 2.94 (s, 3H, CBN), 2.44-2.29 (m, 2H,
CH,0), 2.10 -2.00 (m, 1H, CH), 1.91-1.86 (m, 168H,CH,), 1.57-1.47 (m, 1H,
CH,CHy); é6c (100 MHz; CROD), 169.0 (CO), 52.3 (Ci), 50.5 (CHOH), 38.8
(CH), 34.8 (CHN), 30.6 (CHO), 24.0 CH,CH,); HRMS: calculated for @4;3NO,
143.0946, found 143.0944.
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- 5-(iodomethyl)-1-methylpiperidin-2-on&g)

HaC

zZ

To a stirring solution of 5-(hydroxymethyl)-1-metpiperidin-2-one 6, 0.2 g, 1.4
mmol) in anhydrous pyridine (15 mL) was added sloahd at 0 °C mesyl chloride
(0.21 mL, 1.82 mmol)After allowing the solution to reach the room temgpere it
was brought to reflux for 3 hours and concentratedacuo The crude brown oil
(0.25 g, 1.13 mmol) was dissolved in acetone (15 arid was added Nal (0.51 g,
3.39 mmol). The solution was brought to reflux 4onours, the solvent was removed
in vacuq brine was added (10 mL) and the mixture was eta¢cawith DCM (4 x 15
mL). The crude brown oil was purified by silica gehromatography column
(DCM:MeOH 10:1) achieving 62 % vyield over two stepd: 0,5 (MeOH:EtOAc
1:3); 84 (400 MHz; CDC}) 3.59-3.49 (m, 1H, CH), 3.48-3.41 (m, 2H, ChN),
3.25-3.14 (m, 1H, CH), 2.96 (s, 3H, ChN), 2.55-2.34 (m, 2HCH,CO), 2.32-2.21
(m, 1H,CH), 2.00-1.93 (m, 1H, CH,C), 1.73-1.57 (m, 1HCH,CH,); & (100 MHz;
CDCl) 169 (CO), 52.3 (ChkN), 50.5 (CHI), 38.8 (CH), 34.8 (CkN), 30.6
(CH,CO), 24.0 CH.CH,); HRMS: calculated for €H;o,NOI 252.9964, found
252.9973.
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- (E)-Methyl 3-(4-methoxybenzylamino)acrylat@0)

| OCH,

H3C04©7N
H

The procedure was the same used to synthesise coohi3), employing methyl propiolate
(40, 1.5 mL, 17.8 mmol) this time with 4-methoxybenayhine 89, 2.32 mL, 17.84 mmol)
instead of methyl amines®), achieving(E)-Methyl 3-(4-methoxybenzylamino)acrylate
(80) as a white solid iP9 % yield. Rf: 0.35, Cyclohexane:EtOAc, 50:5); (400
MHz; CDCI3) 8.07 (br. s, 1H, NH), 7.59-7.54 (dbs 13.3 Hz,J = 8.0 Hz, 1H, CH-
CO, diasteroisomers E ), 7.23-7.15 (m, 2H, PhR-®.86 (m,2H, Ph), 6.71-6.65 (dd,
J=13.1 Hz,J = 8.1 Hz, 1H, CH-CO, diasteroisomers Z), 4.83-4d2 = 13.3 Hz,
1H, CH-N, diasteroisomers E), and 4.54-4.52 {d,= 8.1 Hz, 1H, CH-N,
diasteroisomers Z), 4.29-4.28 @= 5.9 Hz, 2H, CHPh, diasteroisomer Z), 4.13-
4.14 (d,J = 7.7 Hz, 2H, CHPh, diasteroisomer E); 3.8 &= 1.8 Hz,J = 3.79 Hz,
3H, CHO), 3.66 (s, 3H, CBCO, diasteroisomer E), 3.64 (s, 3H, D,
diasteroisomer Z)pc (100 MHz, CDCJ) 171.1 (COO), 170.1 (CO), 159.3 (Ph),
152.3 CHNH), 130.6 (Ph), 128.7 (Ph), 114.3 (Ph), 8831CO, disteroisomer E),
82.6 CHCO, disteroisomer Z), 55.4 (GAPH), 52.0 CH30CO) , 50.3 (CKHNH);.
HRMS: calculated for GH1sNO3; 221.1052, found 221.1043.
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-  Methyl 1-(4-methoxybenzyl)-6-0x0-1,4,5,6-tetrahyiolyaddine-3-carboxylate

(81)
/O/\N
HsCO X

o) OCH,

The procedure followed is the same used to syrtbesbmpound&d), using as starting
material acryloyl chloride 38, 1.59 mL, 19.6 mmol) and(E)-Methyl 3-(4-
methoxybenzylamino)acrylat€¢80, 3.94g, 17.82 mmol) achieving after silica gel
chromatography column (EtOAc:Cyclohexan from 15t8520:80) a yellow oil in 33 %
yield. Rf: 0.58, Cyclohexane:EtOAc, 50:50%; (400 MHz; CDCI3) 7.27 (s, 1H,
CH), 7.21-7.18 (dJ = 10.2 Hz,J = 8.2 Hz, 2H, Ph), 6.88-6.85 (m, 2H, Ph), 4.67 (s,
2H, CH,Ph) 3.79 (s, 3H,CkD), 3.72 (s, 3H, CEN); 2.62 (s, 4HCH,CH,); 6¢ (100
MHz, CDCk) 169.9 (COO0), 167.0 (CO), 159.3 (Ph), 139.5 (CHINQ.3 (Ph), 128.7
(Ph), 114.2 (Ph), 108.CHCO), 55.5 (CHPh), 51.8 (CBOPh), 49.5 CH;0CO),
30.9 CH,CO), 20.2 CH.CH,); HRMS: calculated for ¢gH,/NO4 275.1158; found
CgH11NO3 275.1171.
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- Methyl 1-(4-methoxybenzyl)-6-oxopiperidine-3-carlytate 82)

HaCO

o OCHs

The procedure used to achieve methyl 1-(4-methaxayde6-oxopiperidine-3-
carboxylate 82) was the same used to synthesise compobiid jut starting from
methyl 1-(4-methoxybenzyl)-6-oxo-1,4,5,6-tetrahymydine-3-carboxylate &1,
1.59 g, 5.7 mmol). The obtained clear oil was penlifoy silica gel chromatography
column (EtOAc 100%) in 86 % vyield. Rf: 0.34, EtOAT00%; oy (400 MHz;
CDCI3) 7.20-7.19 (dJ = 7.0 Hz, 2H, Ph), 6.86-6.84 (d,= 8.6 Hz, 2H, Ph), 4,65-
4,61 (dd,J = 14.4, Hz, 4.1 Hz, 2H, CiFh), 4,46-4,43 (dd] = 14.4 Hz, 3.8 Hz, 2H,
CH,Ph), 3.79 (s, 3H,C#D), 3.66 (s, 3H, CEN); 3.44-3.36 (m, 4H, CH), 2.80-2.72
(m, 2H, CHN), 2.61-2.55 (m, 1H, C§DH), 2.49-2.42 (m, 2H, Ci€0), 2.14-2.10
(m, 1H,CH,CHy), 2.02-1.94 (m, 1HCH,CH,), éc (100 MHz, CDC}) 172.8 (COOQ),
169.0. CO), 159.1 (Ph), 129.6 (Ph), 128.9 (Ph), 114.1 (BB)3 (CHOPh), 52.3
(CHzPh), 49.6 (CHO), 48.0 (CHN), 39.1 (CH), 30.8 @H.CO), 24.0 CH,CHy,);
HRMS: calculated for ¢€H10NO,4 277.1314, found 277.1325.
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- 5-(hydroxymethyl)-1-(4-methoxybenzyl)piperidin-2®(83)

HaCO
OH

The same procedure used to synthe€i§eH{as been used also for compouds) 6-
(hydroxymethyl)-1-(4-methoxybenzyl)piperidin-2-one, using methyl 1-(4-
methoxybenzyl)-6-oxopiperidine-3-carboxylat®?( 0.94 g, 3.4 mmol) as starting
material, but this time with a different work oM¥ater and HCI 1M were added. The
organic layer was separated and the water wasctadravith EtOAc (4 x 20 mL).
The organic layers were combined and dried over ®g&oncentrateth vacuoand
purified by silica gel chromatography column (EtOMeOH 95:5) obtaining a
slightly yellow oil in 85 % vyield. Rf: 0,4 (MeOH:EXAc 5:95); 6y (400 MHz;
CD;0D) 7.20-7.18 (dJ = 8.6 Hz, 2H, Ph), 6.86-6.83 (d= 8.5 Hz, 2H, Ph), 4.52 (s,
2H, CH-Ph), 3.79 (s, 3H, C#DPh), 3.60-3.56 (m, 2H, GN), 3.51-3.46 (m, 2H,
CHzN), 3.33-3.29 (m, 1H, C}D), 3.02-2.96 (m, 1H, CiD), 2.58-2.51 (m, 2H, CH
CO), 2.46-2.37 (m, 2H, CHCO), 2.05-1.98 (m, 1H, CH), 1.91-1.86 (m, 2H,
CH,CHy), 1.56-1.46 (m, 2HCH,CH,); 6c (100 MHz; CROD) 169.6 (CO), 158.7
(Ph), 129.4 (Ph), 129.3 (Ph), 114.0 (Ph), 64.7 {@Ph), 55.1 (ChkPh), 49.8
(CH,OH), 49.1 (CHN), 36.2 (CH), 31.1 ¢H,CO), 23.8 (CHCH); HRMS:
calculated for @H;90NO3 249,1365, found 249.1376.
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- 5-(iodomethyl)-1-(4-methoxybenzyl)piperidin-2-orgs)

oge

H3CO

To a stirring solution of 5-(hydroxymethyl)-1-(4-thexybenzyl)piperidin-2-one3g,
0.7 g, 2.8 mmol) in anhydrous DCM (10 mL) were atidé&EA (0,61 mL, 4.35
mmol) and Mesyl chloride (0.27 mL, 3.48 mmol), afteoling down the solution to
-10 °C. The reaction was left over night, quenchwitthi water and the organic layer
was separated. Brine (10 mL) was added and theoagughase was washed with
EtOAc (5 x 20 mL). The organic layers were combindded over MgS® and
concentratedh vacuoachieving a dark yellow oil in 93 % yield. Compal(84) was
dissolved in acetone (10 mL) and Nal (1 g, 6.75 Wmams added. The reaction was
refluxed for 2 hours and then stirred overnighg tiay after it was refluxed for further two
hours. Acetone was removédvacuq water was added (10 mL) and extracted with EtOAc
(5 x 20 mL). The organic layers were combined, diriwer MgSQ and concentrateth
vacuo The crude orange oil was purified by silica ghlamatography column (EtOAc
100%) achieving dark yellow oilwith a yield of 80 %Rf: 0,65 (MeOH:EtOAc 5:95);

dn (400 MHz; CROD) 7.22-7.20 (dJ= 8.6 Hz, 2H, Ph), 6.88-6.86 (d,= 8.6 Hz,
2H, Ph), 4.62-4.47 (q] = 14.4 Hz, 2H, CkPh), 3.81 (s, 3H, C#DPh), 3.38-3.34
(m, 2H, CHNH), 3.14-3.06 (m, 1H, CHl), 2.99-2.94 (m, 2H, ChNH), 2.61-2.54
(m, 2H,CH,CO), 2.50-2.41 (m, 2HCH,CO), 2.06-1.99 (m, 2H, CH andHzCH,),
1.66-1.55 (m, 1H, 8,CH,); éc (100 MHz; CQXOD) 169.0 (CO), 159.0 (Ph), 129.6
(Ph), 128.9 (Ph), 114.0 (Ph), 55.2 (§{tHPh), 52.0 (CkN), 49.4 (CHPh), 36.1 (CH),
30.7 (CHCO), 28.0 CH, CHy,), 7.9 (CHI); HRMS: calculated for gHisINO>
359,0382, found 359,0391.

72



- 5-(iodomethyl)piperidin-2-one36)

HN

To a stirring solution of 5-(iodomethyl)-1-(4-mettybenzyl)piperidin-2-ong85, 0.2
g, 0.56 mmol) in CBCN/H,O 3:2 (10 mL) was added cerium ammonium nitrate
(CAN, 0.92 g, 1.68 mmol). The reaction was stirfed 2:30 hours. CECN was
removedin vacuq and the aqueous phase was washed with DCM (5mL)0The
organic layers were combined, dried over MgS@ncentratetch vacuoand purified
in silica gel chromatography column (from cycloheXstOAc 20:80 to
EtOAc:MeOH 95:5) in a yield of 41 % as a pale brownlid. Rf: 0,24
(MeOH:EtOAc 5:95)34 (400 MHz; CROD) 5.80 (br. s, 1H, NH), 3.54-3.51 (@=
12.2 Hz, 1H, CEN), 3.24-3.13 (m, 2H, CH), 3.10-3.06 (m, 1H, CkN), 2.51-2.34
(m, 2H, CHCO), 2.08-2.00 (m, 2H, CH areH,CH,), 1.70-1.60 (m, 1HCH,CH,);
d¢c (100 MHz; CRROD) 171.3 (CO), 47.8 (Cl), 35.6 (CH), 29.9 (CkCO), 27.7
(CH; CHp), 7.8 (CHI); mp: 90-92 °C; HRMS: calculated forgB10INO 238,9807,
found 238,9809.
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- 6-ethoxy-3-(iodomethyl)-2,3,4,5-tetrahydropyridif8y)

g

O

To a stirring solution of Boron trifluoride triethgtharate (0.1 mL, 0.79 mmol) in
anhydrous EOD (5 mL) and nitrogen flow epichlorohydrine was edddropwise
(0.05 mL, 0.63 mmol). The reaction was refluxeddae hour and after cooling it to
room temperature, it was stirred for a further hallowing the formation of the pale
brown salt triethyloxonium trifluoroborate. Undeitragen flux, the solvent was
filtered out and once the salt was dry compow8g] (.87 g, 0.36 mmol) was added
afrer been dissolved in anhydrous DCM (6 mL). Té&ction was stirred over night,
neutralized with a solution of N@O; (8 mL). The organic layer was separated, the
aqueous phase was washed with EtOAc (3 x 10 mle, atyanic phases were
combined, dried over MgSQconcentratedh vacuoand purified through silica gel
chromatography (EtOAc) obtaining a brown liquid anyield of 32 % . Rf: 0.63
(MeOH:EtOAC 5:95).
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4.1- Aim
The aim of this last part of the project is the @img between the DKP cor&gc),
and the novel side chai®g and 87) described in Chapters 2 and 3 respectively,
followed by the hydrolysis of the substituted DKBre&e 66¢) in an effort to
synthesise amino aci@g).

4.2- Introduction

The treatment of bacterial or fungal infectionsais ongoing challenge in modern
medicine. Both fungi and mammals are eukaryoted sm achieving a good
selective toxicity is not easy or straightforwardzor this reason the enzymatic
pathways leading to the formation of fungal andtéaal cell walls have became an
important target for drugs.

An example of such a targetlisglutamine 15), involved in the transfer of ammonia
in the isomerisation of Fru-6-R&) to Glu-6-P 17), a reaction catalysed by GIcN-6-
PS, shown previously in Scheme 3.

This reaction is the first step in the pathway Iegdo the formation of the activated
form of N-acetylD-glucosamine, namely 5’-diphospho-N-acetyl-D-gluanome (9,
UDP-GIcNAc, Figure 11).

This nucleotide sugar is essential for the biosgsithof biomacromolecules such as
bacteria peptidoglycan, fungal chitin and mammadjeicoproteins.

Many bacteria use the products of the biosyntheitway to synthesise hyaluronic
acid capsules which surrounds their cell walls arfdch are connected with the
infectious procesé:’

The absence of GIcN-6-PS has different consequandasnan beings than in either
fungi or bacteria. Mammals rapidly express thigyeme with a long half life and the
relatively long life of mammalian cells means thaleficiency of the enzyme has no
lasting effects. Conversely, the absence of GldRES6can be lethal to bacteria
resulting in morphological changes and ultimatedyl tysis!” These behavioural
differences allow for a selective toxicity. GICNF® has already been a target for a
potential drug to be used in the treatment of dizdf@ bowel diseas® and fungal

infections!”!
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Considering that high specificity is a fundamermtsphect of a rational drug design, it
is important to understand the mechanism by whichnhibitor operates and to
determine the crucial functionalities and interags to achieve selectivity and

optimal activity.

4.3- Synthetic approach and discussion

The coupling between the substituted benzyl DK ¢8c) and the side chairb®)
was madevia alkylation using lithium bis(trimethyl)silyl amid@LHMDS, 90) as
base. The metallation of the DKB6€) was carried out in THF at -20°C and then
guenched with the iodo-derivativég), as shown in Scheme 4.1, but unfortunately
no coupling product89) was recovered. TLC analysis of the crude reaamnoxture
showed four different spots, the two most intenseresponded to the starting

materials recovered after silica gel chromatogragiymn.

s Q i CHs
E ch\ H
PN N ;
Ph N ; i) E o
N Ph ii)
\-/
o H,

56¢ 68 89
Reagents and conditions: i) anhydrous THF, LHMDOS, °C, 1 h; ii) anhydrous THF, 3-((1-methyl-
6-oxopiperidin-3-yl)methyl)-1,4-bis((S)-1-phenyld}piperazine-2,5-dion€68), -78 °C, 2 h.
Scheme 4.1: Reaction investigating the alkylatibthe DKP 66¢) with iodo-derivativeg68), in an
effort to synthesise substituted DK3D)

Ollin

The same reaction was attempted using an alteepdégs hindered base, namely

butyl lithium (BuLi), but this lead to the same ués
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It is difficult to understand the reason why th@ipling was unsuccessful. Similar
reactions with other iodo-derivatives have beerigoered successfully many times
in the Paradisi laboratory (Figure 3.8).

The general mechanism of the alkylation of DK®)(is described in Scheme 4.2.
The first step, the deprotonation of the DKI3)(proceeds very quickly, typically
within 30 minutes and 1 hour. The second stepalkgation, takes between 1 and 2
hours. In this instance, the coupling of the DIBcf with iodo- derivativg68), the
reaction was left overnight to see if any productaf product could be detected,

unfortunately nothing was observed.

Q 8 ® |
Ny (|:H3 CHg
R CHs CH
(—\ Si< R H S||/ 3
G/ CH3 \CH3
N\ CHa > HN CH,
R Li Si/\ R \ /
® | CHs S|'\CH
CHj le) CHs
33 90 78 91
@i e
o) o
/\ .,
R H R—r‘l R
 — R
92
R R
% o}
78 93

Scheme 4.2: Mechanism of alkylation of DKB) (with LHMDS 0).

The protons in the position to the carbonyl carbon of the iodo-comub(68) are
very reactive and so in an effort to avoid the tiegtian at this site, it was decided to
attempt to couple a substituted benzyl DKBc] with an alternative iodo-derivative

(87) in which the carbonyl functionality was protecteals shown in Scheme
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4.3.

S
. ] .
By DU 4
o) %Hs o) %H3
56¢c 87 94

Reagents and conditions: i) anhydrous THF, LHMOS, °C, 1 h. ii) anhydrous THF, 3-((6-ethoxy-
2,3,4,5-tetrahydropyridin-3-yl)methyl)-1,4-bis((5)phenylethyl)piperazine-2,5-dion&7,
-78 °C, 2 h.
Scheme 4.3: Reaction investigating the alkylatibthe DKP $6c¢) with iodo-derivative(87), in an
effort to synthesise substituted DK,

TLC analysis of the reaction mixture after 2 an@rewafter 16 hours showed only

starting materials, which were recovered aftecaijel chromatography column.

4.4- Conclusions

It is important to understand the mechanisms bycwlainticapsini2) enters in the
active site of GIcN-6-PS and inhibits this enzyfikese kind of studies are useful in
the development of antimicrobial drugs. In théeh&cyclic analogue of anticapsin
(25), which has been the target molecule of this mebeproject, the ketone moiety
has been replaced with an amide functionalitys kmvisaged that any attack on the
carbonyl moiety and the subsequent hydrolysis tonfthe hydrate 24) are less
likely in the heterocyclic analogue of anticapsi®)( compared to anticapsiid).
This analogue2b) could help to understanding whether the propasedhanism,
previously shown in Scheme 1.4, is corf&ct.

In order to synthesise the target molec8) (the coupling of substituted benzyl
diketopiperazine56c) and two different kinds of iodo-dervied side cisi68 and
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87) were investigated. DKPS3J) are very interesting because of their ability to
generate different kinds of amino acids after algi and hydrolysis. Unfortunately

the alkylations were unsuccessful and only stantiagerials were recovered.

4 .5- Future work

Further investigations are required to explain vlgse reactions failed and to find
alternative means by which to synthesise alkyl&8iKés.

Upon production of the alkylated DKP&(and94) from the coupling of a side chain
to the DKP coreq6c) a few subsequent steps shall be required torotheai desired
amino acid 25), shown in Scheme 4.4, and test its biologicalivagt as an
antimicrobial agent. Depending on the outcome as¢h biological tests it is
envisaged that a series of different antaicapsadogies will be synthesised in a
similar manner,via coupling of a side chain with the DKP core, fortfer

investigations.

o o
N
HN HIN 1y,
e . ‘\\\\\<o
hydrolysis oxidation
rRe M.  J  memeeeee- t = o Y - > o
~y deprotection
° e
N o ©
R
NH
o C
o
o4 35 25

Scheme 4.4: Hydrolysis of the alkylated DKB) o produce 2-ammonio-3-(6-oxopiperidin-3-
yl)propanoate 25) via 2-ammonio-3-((1R,6R)-2-0x0-7-0xa-3-aza-bicfkll.0lheptan-5-
yl)propanoate 85).
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4.6- Experimental section

3-((1-methyl-6-oxopiperidin-3-ylmethyl)-1,4-bis((3 -
phenylethyl)piperazine-2,5-dior{89)

To a stirred solution of DKP56c, 0.2 g, 1.02 mmol) in anhydrous THF (15
mL) under nitrogen at -20 °C was added LHMDS (0m6R, 1.02 mmol)
dropwise. After 1 hour the reaction was cooled @ -°C before 5-
(iodomethyl)-1-methylpiperidin-2-on€68, 0.16 g, 1.02 mmol) was added.
After stirring overnight water (10 mL) was addeddaaqueous phase
extracted with EtOAc (4 x 15 mL). The combined argdayers were dried
over MgSQ, concentratedin vacuo and purified via silica gel
chromatography column (EtOAc/Cyclohexane from 1@®80:50) to isolate
only the starting materials (0.13 g of DKBc and 0.094 of iodo-compound
68) and minute quatities of two undentified compounds
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- 3-((6-ethoxy-2,3,4,5-tetrahydropyridin-3-ylYmethylY4-bis((S)-1-
phenylethyl)piperazine-2,5-dior{é4)

N =z
CHs 0
Ph/\N
N Ph
\/
o CH,

To a stirred solution of DKIB6c, 0.087 g, 0.27 mmol) in anhydrous THF (5
mL) under nitrogen at -20 °C was added LHMDS (0.8, 8.3 mmol)
dropwise. After 1 hour the reaction was cooled-78 °C before iodo
compound NAME!97, 0.072 g, 0.27 mmol) was added. After two hours
water (10 mL) was added and the aqueous phasextrasted with EtOAC

(4 x 15 mL). The combined organic layers were drimeer MgSQ,
concentratedn vacuo and purifiedvia silica gel chromatography column
(EtOAc/Cyclohexane from 10:90 to 50:50) to isolaialy the starting
materials (0.076 g of DKB6c and 0.026 of iodo-compourtd).
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