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Abstract

Since the discovery of Penicillin (Fleming, 192B8)lactam compound&zetidin2-ones)represent an
important class of foumembered cyclic amide$Starting from the antimicrobial potency exerted by
naturally occurring bicyclic compounds (penicillins and cephalosporins), nowadays new variants with
monogyclic structure are showing new and specific biological activitiedactam compounds are still

the main agents used to treat bacterial infections, nevertheless the widespread emergence of resistance
antibiotics in pathogenic bacteria now represenseraus threat to global health, prompting to the
development of new antibacterial agents. During the last two decades researches demonstrated th
structur al mo di f i-lacdamms arenam effective tod fiwe discavery of innbvative
antibacterial compounds.

Recently new monocyclicdh-lactam compounds with an alkylidene moiety conjugated to a benzyl ester
in the C4 position of the ring were reported. In these derivatives the eeabdoon double bond directly
linked to the azetidinone comfed an increased aptitude toward riogening reactions leading to an
enhancement of abicterial potency against Grapositive pathogens?

Starting from this 4alkylideneazetidinone scaffoldye developech e wlackams that combimen one
molecule he antibacterial and the antioxidant activities, thus realizing dual active compounds with a
synergistic action for the potentimkeatment of chronic infections such as thoseystic fibrosis(CF)
pathology, where a persistent colonizatiordbyg-resigantpathogens is often associated with epithelial
damage by pulmonary oxidative str@sEhe novel derivatives werfeinctionalizedon the C3 side chain

of the b-lactam ringwith some natural polyphenols (caffeic, ferulic, or sinapic acid) fowatntg the
antioxidant potenc{fFigureAl). The new derivatives were tesiadvitro for antibacterial and antioxidant
activities including multidrugresistant straindrom CF patientsThe best candidates showed good
activities against multidrug resistant clinical isolates of MRSA (MI& rag/L) and TEAC (Trolox
Equivalent Antioxidant Capacity) values 2.5 times higher than those known for compounds currently
used as doxidants

Exploiting the 4alkylideneazetidinonescaffold the effect of a carbamate group walso exploreg®

since organic carbamates have frequently been employed as pharmaceuticals (e.g. Linezolid). The ne
molecules were designed to have an amshayl, or phenethytarbamate group on the C3 hydroxyethyl

side chair(Figure A2)andtested for their antibacterial efficacy against Giawsitive and Grarmegative
bacterial strainsOverall phenethycarbamates resulted selective antibacterials aganodti drugs
resistant Granpostive species wittMIC potengesof 2-4 mgL.

The efficacy agains®. aureusincluding methicillin resistant strains (MRSA)f some monocycli®-
lactams with an alkythio-group on the nitrogen atohas recently been reported, with tikenethylthio
substituent proving to be essential for antimicrobial acti/ifiherefore wedeveloped a library of
differentN-thio-substituted azetidinong€BigureA3) andstudied the loading of sonad these derivatives

on hydroxyapatite (HA) nanocrystals in order to get functionalized materials able to couple the bioactivity
of HA with the ant i blacamnstThe melvN-tpiccapefidinontfuncionalized t h
hydroxyapatites were then evaluated against GQuasitive and Grarmegative reference bacteria as well

as antibiotieresistant strains from clinical isolates ob&infrom surgical bone biopsieall tested



azetidinoneHA samples displayed a sifjonant antibacterial activity again$. aureusand E. coli,
resultingpromisingasnew functional biomateriaWwith enhanced antibacterial activity

1) o 2) Q
3)
(OH),Aryl )ko - WHLO
o 2
2 COOBn F R OAc

//];/\ /'//J;'/ACOOBn j;’/
NH N
NH “SR!

0] 0 o)

4-Alkylidene-polyphenolic-beta-lactams 4-Alkylidene-beta-lactam carbamates N-thio-substituted-beta-lactams
Figure A. General selected structuresbefactamcompoundsctive asantibacterias

Even ifazetidinones first attracted attention for their antibagtg@ropertiespver the past few decades
theb-lactamcorestructure offered a unique approach to the design and synthesis of new deriviiives w
di verse biological pr op elactam eompoundssdensonstratd Hiokgical o f
activity as inhibitors of a wide range of enzymésnong receptor ligands that are structurally based on
the b-lactam scaffold only few azetidinones ka been shown to exhibit activity against integrins.

|l ntegrins are heterodimeric U/ b tr ans-oetandoela ne
matrix interactions regulating crucial aspects of cellular functions, such as migration, adhesion,
differentiation, growth and survival. Because of the important roles of integrins and their ligands in
immune responses, leukocyte traffic, haemostasis, and cancer, their potential as a therapeutic target
now widely recognized

To date, most effortsdve focused on the development of small ligands that can modhtiadgins.
Peptidic and noipeptidic ligands that have been developed are all related to the minimal recognition
RGD (ArgGly-Asp) or MPUPA 4([(N-2-methylphenyl)ureidephenylacetyl) motifs present on
endogenosiextracellular matrix ECM) ligands of sora integrin classes

Recent research efforts have also focused on improving the pharmacological parameters of the synthet
ligands mainly by altering the polarity atite rigidity of the scafiolds. According to this, welesigned

and developed &brary of b-lactam derivatives that were specifically designed by a strubased
strategy to target RGDinding and leukocyte integrifsThe approach used for the design of the new
molecules was based on rationalization from known integrin ligands. The indaypoiet a
conformational constrain was obtained by the insertion obtlaetam scaffold, a rigid core that, by
reducing the conformational degrees of freedom, could favor directionaiovalent bonding for ligand
receptor recognition. The ring was irdiefunctionalized with different side chains bearing an acid and a
basic terminus to mimic the RGD peptide or the MPUPA mgitdy enhancing selectivity and
modulating the affinity toward the receptor

The biological activities of these new compoundsewnevaluated by investigating their effects on
integrinmediated cell adhesion in suitable cell lines expressing the RGD intelngl,bs, U,bs, Usby,

and Ubs, and leukocyte integrinkkb; and U by, A structureactivity analysis of this new series of
azetidinones allowed to identify structural elements associated with integrin selectivity and we obtained
selective and potent agists at a nanomolar level that could promote cell adhesion mediateésby

Ubs, Usba, or Uy integrin, as well as antagonists that were selective for R@iding integrins or
leukocyteintegrins(Figure B)
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Figure B. Selected structures @flactamcompoundsctive and selective as integrin ligands

Nowadays extensive fefts have been made to develggandsactiveas integrin antagonists, whereas
less attention has been paidthe discovery of agonists; neverttedantegrin agonists could open up
novel opportunities for therapeutics, which gain benefits to increase intigpr@ndent cell adhesion and
proliferation'® In fact, integrinagonistscould enhancthe effects of stem cellased therapiendinduce
human stem cells tdifferentiate According to this, we decided to exploit the agonist behavior of some
of our ligards to develop novdb-lactambased biomaterialas biocompatible scaffolds displaying an
enhanced adhesion ability toward stem c@lsth adsorption on hydroxyapatite (HA) nanocrystals and
loading on PLLA (polyL-lactic acid) nanofibers were successfully performedthadesultingmaerials
wereassayed toward integriandhuman mesenchymal stem cells (hMS@&diated adhesion.

These new insights into integrin functions reqdimebetter investigation of agonist and antagoeffects

on several integrimediatedorocessesuch as cell@hesionjnternalization and traffickinglrafficking

is a complex process through which the cell internalE@sl molecules or receptomsto the cytoplasm
through endocytosis mechanisraipwing a constant integrin recycling

According b this we evaluatedntegrininternalizaton with confocal microscopy analysis by means of
anintegrin transfected with a green fluorescence protein (GHBN these studies it emerged that our
agonistsynthetic compoundsould induce integrin internalition as well as fibronectin (FN), the
endogenous ligand, while antagonists prevented intéggernalization After these promising results,
we movedto the conjugation of the most active agonist candidaitbsfluorescent tagor evaluatinga
possibleinternalzation of the compound itselfsidethe cell

In particular,conjugation with two fluoroptre molecules (Rhodamine B and fluorescein isothiocyanate,
FITC) was performed on th&3 position ofazetidinone (Figure Cl)and thenew obtainedfluorese@nt
ligands maintained an integrin affinity as agameta micromolar levelPreliminarfluorescence bio
imaginginvestigationgevealed a possiblaternalization of theRhodamineconjugatedigand into the
cellular cytoplasm

Therefore, m order to degn a drugdelivery system that could entaelectively into cancer cslvia
endocytosisipon integrin bindingtwo cytotoxic molecules were incorporated on fbHactan scaffold
thus replacingthe fluorophore moietiesAccordingly, 5fluorouracil (5-FU) and Doxorubicinwere
conjugatedn the C3 hydroxyethyl chaafteran appropriateytotoxic derivatization and linker insertion
(Figure C2)
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Figure C. Selected structuref a b-lactamcompouncdconjugated with fluorophoseor cytotoxic drugs

From docking studiesn some selected derivatives among integrin ligamh@snerged how the receptor
active site could discriminate between two enantionmetseir binding mode, hence indicating that the
ligands could have differeiiological activities according to their specific absolute configuratide.
then decided to develop a biocatalytic protdool obtaining throughan enzymatic kinetic resolution
(KR) mediated by lipasean enantiomerically puff@lactam intermediatenecessarfor the development
of the racemic integrin ligasdibrary. In this way it was possible to obtain some selectagples of b-
lactamenantiomers with excellent enantiomeric excetsde tested in cell adhesion assg@sigure D)
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Figure D. Schematic strategy for the synthesis of ennatiomerically fplaetam integrin ligands through biocatalysis

As just demonstrated, ibcatalysis has becommowadaysa standard tool for the productiaf fine

chemicals and its application in the pharmaceutical field dominates heavily. In fact, the use of enzymes
or redox biocatalysts in synthetic organic chemistry processes is becoming an alternative way to obtair

enantiomerically pure products or féwetresolution of racematésleading to manwdvantages such as
mild work conditions, reduction of extrasteps and no toxic waste production.

To cite some developed applicatioreskinetic resolutionon ortho-substitutedbiphenyl compounds
mediated bylecaboxylasesvas studied for obtainirgnenantioselective synthesis of atropoisomensl
an amidation oxidative coupling mediated by laccase/TE&Eenin aqueousnediumwas perforned
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In the field of oxidation processeslectivity and sustainable ream conditions are key issues for the
development of new edoiendly methodologies for amine oxidation. Indeed, selectivity is often a critical
point because of the large number of possible prodants manysystemsstill need metatontaining
reagentand produce toxic or hazardous waskecording to this, we investigated some inorganic metal
free okidants for oxidation of amines, ahhlO4/TEMPO turned out to be the most efficient and selective
system for benzylamines oxidation to benzaldehydesua@gsorganic mediumiurthermore, xidation

of secondary amines gave selective oxidation on the benzylic portion thus realizing an oxidative
deprotection of th&l-benzyl group with an easy amine recovery.
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1. Introduction

This thesis is divided in three main chaptarsdrepors the researchwork perfamed duringmy three
yearPhD programmeunder the supervision of Prof. Daria Giacomini at Erepartment of Chemistry
University of Bologna

The main suject of this dissertation concertige design and synthesiénewc | asses of- mon
lactam compounds andein biological potential

b-lactamsin fact are really evergreen bioactive molecules, primarily known for their efficiency as
antibiotics butmore recentlyonsidered also fa greatnumberof diverseactivties.

The search for novel active azetidinone compounds has been deeply studied and pioneered within m
research group since more than 10 years, and with this thesis warknaedemonstrahg how a wide
structural variability on a fixed monocyclic am#hone scaffold could give rise to noveandidates
displaying different biological activities and innovatemisingapplicationgFigure 1.1)

Specifically, hapter 2 comprises the synthesisnew b-lactambasedantimicrobial agents against
multidrug-resistant pathogen€hapter 3conceris the designof novel b-lactamderivatives active as
integrin ligands Finally, Chapter 4 covers other more variegated projects including biocatalytic
approaches for the synthesis of enantiomerically pure azetidin@mel studies toward oxidative
processes mediated by enzymes or rife¢al oxidants.

The workperformed during a three montegchang period (fundd by a Marco &o gran) at Karl
Franzens Universr of Graz under the sepvision of Prof. Kurt Faber i@so included in this section.

In generalmy workdealtwith the design, synthesis and complete characterization nétheompounds
and functional materials includingpe release studieBiological assays on the dewpked molecules or
biomaterials wee conducted in collaboration with other research groapspecified in the ma body
text.

Antibacterial agents Substrates for
Chapter 2 Integrin ligands biocatalytic applications
Chapter 3 Chapter 4

Figure 1.1.Sketch of the possible applications of monocybliactam compounds described in thisdPthesis



2. Novelb-lactam compounds active as antibacterial
agents

2.1 Molecules with antibacterial activity

Theterm "antibiotic' comes from th@reek 'anti' (against) and 'bios’ (life) and was introduced by Selman
Waksman in 192 to indicate thossubstances produced by someroorganisms and characterized by
an antagonistic effect against the growth of other bacterial species, thus excludmgrainal origin
compounds Nowadays the term also refersdyntheticor semisynthetic compounds, obtained from
naturally occuring molecules apppriately modified by synthetic strategie®\ntibiotics are
distinguished in bacteriostatid plock thebacterial growtlpreventing its reproduction) and bactericides
(if directlykill the pathoges). The antibiotic molecules are cla#sil according to different mechanisms
of actionthat areclosely related to their chemical structaredspectrum bactivity:
1 Molecules acting as competitive inhibitors of enzymes involved in the synthesis and replication
of nucleic acids, i.e. sulfonades (Sulfamerazine), quinolones dhdixic acid) and
fluoroquinolones (Levofloxacin) (Figure 2.1

~
o0 N7 N.__N N N
SNTN L1 |
HoN

2

a b c

Figure 2.1. Sulfamerazine (a), Nalidixic acid (b), Levofloxacin (c)

91 Bacteriostatic mlecdes interfeing with protein synhesis, such as amiglycosides
(Streptomycin) macrolidegErythromycin)and tetracyclineéChlortetracycline) (Figure 2)2

Figure 2.2. Streptomycin (a), Erythromycin (b), Chlortetracycline (c)

1 Bactericidal moleculesnterfeiing with bacterial cell wallconstruction such as penicillins
(Methicillin), cephalosporins and carbapenemswith cell membraneconstruction such as
glycopeptids (Vancomycin or polymyxins (Colistin) (Figure 2.3).

10



Figure 2.3. Methicillin (a), Vancomycin (b), Colistin (c)

1 Molecules onstitutel by a lipidic portion connected to a peptide lipopeptides (Daptomycin)
(Figure 2.4), which displag unique mechanism of action, interacting directly withitheterial
cell membranandleading to theénhibition of proteirs and nucleic acids synthesiad thus tdhe
death of the cef.
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Figure 2.4. Daptomycin

1 Oxazolidinones, totalsynthesis compounds that are considered bacteriostatic with slow
bactericidal action. This class is currently represgkhbtea single commercial moleculénézolid
(LZD) (Figure 2.5.3 Linezolid acts as @rotein synthesis inhibitor by binding to peptidyl
transferase, an enzyme presentbawcterialribosomes responsibleif the process of mMRNA
translation Unlike most ofother protein synthesis inhibitomcting onthe elongation phase
linezolidexhibits a unique mechanism of action actingraninitiationstep ofprotein synthesié.
Nevertheless after a few yearsof its introduction and marketingbacterial strains of
Saphylococcus aureundEnterococcusesistant toihezolid havebeen evolved and spread
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Figure 2.5.Linezolid

2.2 b-lactam antibiotics

b-lactans are a large clagsf compounds characterized by thegamece of the atielin-2-one ring Since
their discovery and introductioim therapyby Alexander Fleming? b-lactam antibiotics proved to be
chemotherapeutics of incomparable effectiveness, with a broadwspeftactivity and low toxicity, still
representinghe main agnts fortreaing bacterialinfections®

Bicyclic b-lactam antibiotics were originallyivided into penicillinswheretheazetidinonds condensed
with a 5term thiazolidne ring('penam’ corpandcephalosporinsy h o slactarb nucleus is condensed
with a sixmembeed dihydrotiazinic ring. Nowadays all the semisynthetic variantsof the
aforementioned classdsrive from 6aminopenicillanic acid6-APA) and7-aminocephalosporanic acid
(7-ACA) as precursa. Otherb-lactambased families are represented ddgvams (or oxapenams),
clavemsand the most modern carkeqems(‘penan’ corg, containinga 2,3dihydropyrrole ring fged
with the azetidione (Figure 2.6

With thediscovery of monobactamise.monocyclicb-lactams, in the lat&97Gs, it was demonsttad for
the first time thathe antibacterial activitgf azetidinone compounds was not strictly retktio the typical
bicyclic structure of penicillins, ephalosporins or carbapenemtius making the search for new
mo n o ¢ y-lactam antibibtics extrenely active. By fay the only commercially availab@mpounds
Aztreonam(Figure 2.6), a monobactam showiregarkable specificity againG@ramnegative aerobic
bacterisand excel | ent -lacamasedt ance against b
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Figure 2.6. Structure variability ob-lactam compounds

The biological activity 6 b-lactam antibiotics is olsely linked to the intrinsic strain of the azetidinone
ring, due to the deformation of isg*-carbonbondangles lpwer than 109.9 andits eclipsed bonds
These structural features lead teemarkable reactivity of the amide grouip fact,the delocalization of
the nitrogenlone pair is prevented sindbe charge separation resonance struoiwoeld otherwise
presenttwo s hybridized atomson a four membered ringeadng to an extremely hindered planar
complex (Scheme 2.JaThe enhanced electrophilic character of the amide carbon atom renuers it
susceptible to nucleophilic attacgs/ing aconsequent opening of tleelactam ringthrough aclassic

nucleoplilic acyl substitution (Scheme 2.1b
o
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Scheme 2.1a) Revented amide resonancebifiactam rirg; b) nucleophilic acyl substition onb-lactam compounds

This mechanism igxtremey importantsinceit is involved in theantibacterial action exerted iy
lactans. As abovementionedthese molecules affect thetion of theenzymes responsible for theoss
linkers synthesisin peptidoglycan the main component of bacterial cell walReptidoglycan is a
heteropolymeable to confea high mechanidaesistance to the bacterial cell wall because @frasched
structure. 1l is constituted byan aminc-sugarpolymer (alternatingN-acetyl gucosaming NAG) andN-

13



acetyl muramic &id (NAM) monomergthat is in turn bound to a tetrapeptide sequehi&lé-(D)Glu-
(L)Lys-(D)Ala derivatized on théy/sineresidue with pentaglycine bridgé€Figure 2.Y.

N-Acetylglucosamine

N-Acetylmuramic acid

Pentaglycine
croes-link

Figure 2.7. Structureof peptidoglycanFigure adapted from réf.

One of the final stepshithe peptidoglycanbiosynthesis is the formation tfiese pentaglycinic units
catalysed byp,D-transpeptidase serine dependent enzyme belongintghpenicillin bindingproteins
(PBPs) PBPs constitute the bacterial target of penicillitibaotics that are responsible fdihe covalent
binding of atranspeptidasserine residue oh h dactédm carbonythrough an enzymatic nucleophilic
attack. A stablé®-lactamtranspeptidase complextisusobtainedeadingto an irreversible inhition of

the enzyme (Scheme 2.2)hen peptidoglycan synthess prevented, thexceedingnternal pessure
causgsthe lysis of the celhnd the consequedeathof the bacterium

u:|:
||I

Jjj/ ‘mf

COOH COOH

NH3@

Scheme 2.2Mechanism of antibacterial action exhibited by penidllon inhibiting the Penicillin Bding Proteins (PBB)

2.3 Antimicrobial resistance

Over the last 20 years, the phenomenon of antimicrobial resistance (AMR) has been raising dangerou

levels in all parts of the worltl,since the past decades have seen a dramatic increase inatmagenic
bacteria that are resistant toeoor multiple antibioticgFigure 2.8)
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Figure 2.8. Spread of antibacterial resistance against common antibi&iigsre adapted from réf.

Whereas antibiotic resistance was once largely confined to hospitals arédwngare facilities, it has
now emerged in community settingbhe main source of antibiotic resistance is paradoxically linked to
their use: resistance is indead inevitable phenomenon directly redat tobacterialeasy mutgenesis
that isgreatly amplified by the misand overuse ofantibiotics. In fact, broadpectrum antibiotics are
ofteninappropriatelyprescribednstead of those responsible for a spedfseaser evenunnecessarily
employedto treat viral infectionsin addition, antibiotics are also used iniagfture, aquaulture and
farm breeding favoring the onset of resistant bacterial strains. Therefore, a considerable quantity of
marketedfoodstuffs could be contaminated with antibietsistant bacteria that have been selected
duringanimaltreatment andan be trasmitted to humanthroughfood ingestion3

Examples of resistant bacteria of alole incidence aremethicillin-resistantStaphylococcus aureus
(MRSA),** vancomycinresistanStaphylococcusuaeus(VRSA) andvancomycinresistanEnterococci
(VRE)'® amongGram-positive pathogen®r Gramnegative bacilli such é8seudomonas aeruginosa
Escherichia colthat produce specific enzymes such as extesdpde ¢ t-lactamasdsHSBL).® Most

of the citedmicroorganismsare generally resistant to diverskasses of antimicrobial agents and are
therefore called muliesistant microorganismg.he first penicillinresistantStaphylococcus aureus
strains daté back to 1942; in order to constraeem penicillin was replaced with miicillin, but
resistance phenomena occurred soon afgonstthis antibiotic. From thewn for about four dcades
(from the earlyl94Gs to the late 1905), the pharmaceutical industry provided a steady ftdwew
antibiotics, including several agents with new mechanisastion!’ Neverthelesssincethen only two
new classes of antibioticsxazolidinones and lipopeptides, which iradthe already described linezolid
and aéptomycin, have been marketed in Europ&eat infections caused by multidrogsistant Gram
positive bacteria®® and meanwhile resistance among Granegative bacteria has been increasing
relentlessly, with only femew active antibacterial agents reaching the market in thddaatle (Figure
2.9).
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Figure 2.9 Antibacterial agerstdiscovery from 1930s to 2000s

In extreme cases, multidrugsistant bacteria are no longer susceptibny of the licensed antibacterial
agentpromptingt o mo v e t ocamtibiotid” era in fvlpch sommon infections and minor injuries
cannot be healef.The World Health OrganizatigfwVHO) has identified antimicrobial resistance as one

of the greatst threats to human health and has adopted a global action plan which outlines five
objectives?® to increase awareness of the problem with effective communication and education; to
strengthen knowledge on the mechanisms and on the spread of resistaaderéothe incidence of
infections and to optimize the use of antimicrobial agents, with particular attention being addressed tc
increasing investments for the development of new antimicrobial agents. In 2010, the Infectious Disease
Society of America (I3 A) | aunched the initiative A10 x 2
drugs?® More recently, he European commission adopted in 2017 a dedicated action plant agains
antimicrobial resistanc® This action boosted researdevelopment and innovatiohatshould provide

novel solutions and tools to prevent and treat infectious diseases, improve diagnosis, and control th
spread of AMR. The proposede s ear ch strategy covers the full
and animal health as well as ttede of the environment and taking into accountgherities set out in

the abovementioned WO global action plan on AMR

2.3.1 Resistance mechansm

New resistance mechanisms are emerging and spreading globally, threatening our ability to treat commo
infectious diseasé$.Various types of resistance can be digtished the natual or intrinsic resistance

is linked to the genetic, structural or physiological characteristics aéraonganism and ispecificfor
eachspecies? the acquired resistaninstead ariseBom genetic modifications through mutations or by
exchange of genetic materiaketween microorganisnts.It can be also described the endogenous
resistance, which igertically inherited only by the progeny through the duplication of rolmspmal

genes, and is rasincethe mutational eveasbccurat rather low frequencygenerallybetween 13 and

101°, Finally,the horipntal exogenous resistarisdinked to accessory genetic elements, which transfer
the genetic determinants of resista among bacteria also belonginglitéerent specie$?

As already described fParagraph 2.ltheantibacteriahction results from thiateracton of anantibiotic
agent ona specific vitalbiological mechanisnof the bacterial species, such as inhditiof cell wall
synthesis protein synthesis or nucleic acid replication. The mechanisms of resistance developed are
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essentially fourand rot infrequently the same pathogaray adopt more than oné¢hus increasing the
difficulty of pharmacological treatmén(Figure 2.11

Antibiotics
Sites of action Mechanisms of resistance
Agents that inhibit o \ Permeability barriers
DNA synthesis: ) \ -
* Fluoroquinclones (<] o 0 o °

O

Agents that inhibit
RNA polymerase: -
* Rifampin 2

)

Bactedial B8
cell wall
Antibioti target
modification
* Altered penicillin

binding proteins
* Altered DNA gyrase

Agents that inhibit
cell wall synthesis:
* Penicillins

» Cephalosporins

. Agents that bind to ribosomes Inactivating enzymes
E g:::;p:::g: and inhibit protein synthesis: * Blactamase
(vancomycin) * Aminoglycosides > A""“"Q""(M"
* Totracychines modifying enzymes
* Macrolides
» Clindamycin
» Chloramphenicol @ Antibiotic

* Linezolid

Figure 2.1Q Antibacterial resistance mechanisms and sites of action of common antilfi@io® adapted from réf.

1. Specific modification of the binding site, leading to the loss or decrease of affinity of the drug for its
targé. An example is constituted IWRSA strains which evolved after a few yesaafrom the introduction

of peniallines through a horizontal genetic mutation: the mutation encodes the synth&ds®?a
(penicillin bindingprotein 2a)that, replacinghe naturaD,D-transpeptidase (PBP)mpeds thetarget
antibiotic site interactioand prevergtpenicillins toexploit their function?®

2. Modification of the outer membrane, leading to a deerefthe bacterial walpermeability(typical
for Gramnegative baatria). In order to allowthe flow of essential componenthrough the outer
membrane, the bacterial cell produttes secalledporins that allow the diffusion of molecules, including
antibiotics, into the cytoplasm. Genetic mutatiomsdify the structureof the outer membraneroteins
leading to a permeability barrier that prevehts access of the antibiotic to its binding $ite.

3. Upregulation ofthe mechanisms controllinthe outflow of antibiotis. Instead of preventing the
penetration of antibioticento the active site, sommicroorganisms have developed an active efflux
mechanism, through efflux pumps, which expels thtéatics from the cytoplasrf

4. Enzymatt inactivation of the antibacterial ageby modification of its active portion. Thiss
undoubtety the nost effective mechanism dfacterid resistance; aypical example nvolvesMSSA
(Methicillin-susceptibleStaphylococcus aureubacterial strains anther product o n -lactamasges,
enzymea bl e of h vy dactam riggofipengillinsgiephalosporins and carbapenefscombat
theseresistah bacterial strains s p elactarmasecinhibitorsuch as Clavulanic acid, Tazobactam and
Sulbactamare administred in addition to thactual antibiotic molecules (Figure 2)11

17



O, 0 O o
N7 \
v N N\ 7,
=" \S)ﬁ N~ SN S
N\>_/ N o \=/ N\)/’//
* (o) ~ ~
© COOH COOH o COOH
a b c

Figure 2.11 Clavulanic acid (a), Tazobactam (b), Sulbactam (c)

2.4 Multi -target drugs and cystic fibrosis

The abovedescribedphenomena point to the need of new antibacterial agéhsta fight chronic
infections caused by multidrug resistant bacterial strains
Our understanding of the pathogenesis of diseases has advanced enormously in recent decades. A:
consequence, drug research aims mainly at achieving selectivity for a gigett*However, many
diseases are multifactorial and cannot be treated acting on a single biological target, since they depend ¢
multiple genetic factors, and sometimes also on environmental aspects. Drugs hitting a single target ma
be thus inadequateorf the treatment of diseases like neurodegenerative syndromes, diabetes,
cardiovascular diseases, and cancer, which involve multiple pathogenic .Fcfbes most famous
examples of multifactorial diseases are Alzheimer andi€Clygrosis (CF)
Facingthe e new chall enges, the principle of dédone m
in pharmaceutical and medicinal science since nowadays is how giving space to a new approach base
on Multi Target Drug Ligands (MTDL), firstly defined by Méliorre et alin 20082° in which a single
chemical compound is able to modulate multiple targets simultaneously, with superior efficacy and safety
profiles3! Not surprisingly, the MTDL strategy has now been incorporated in routine therapeutic drug
design®? and the considerable number of midtiget derivatives described in the last ten years points out
the growing confidence that this new approach could lead to better therapeutic solutiahe for
aforementionednultigenic diseases.
Clearly, the use of MIDLs presents bothdvantages and disadvantages. The benefits of using multiple
targeting lead drugs can be resurasdollows:

- asingle way of administration simplifies the assumption of the drug in comparison to the use of

different pharmaceuticals, preveng errors derived from a wrong posology;
- asingle pathway of metabolism and elimination drastically reduces the number of metabolites and
their side effects;

- therisk of interferences among different drugsvoided

- the production costs@substantidy decrease
Nevertheless, the following complications may be encountered:

- agreater difficulty in the design and synthesithefmolecule, due to its enhancainplexity;

- adiminished ange of applications linked tbe higher selectivity and specitigiof the drug.
In order to gain multtargeting in a single therapy solution, two approaches are possible: the selection of
molecules withanin-built capacity to act on two or more targets, and/or the combination of two or more
pharmacophores in a singt®lecule®!
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A valuable contribution in design and synthesis of new rtaitjet compoundsould arise in the
developmenbf dualactive molecules effective as antioxidant and antibacterial agents in the treatment of
chronic infections such as cysfibrosis, a severe genetic pulmonary disease. Ip&ients high levels

of systemic oxidative stress have belmtumented over the yeafsOxidative stress is generated by an
imbalance increase of ROS/RN@active oxygen speciesactivenitrogen speciestha can damage all
classes of cellular macromolecules as proteins, lipids and nucleic acids with strong effects mn huma
metabolic pathwaysausinghe onset of several disordetsch asirways inflammation and progressiv
epithelial tissue damag® In infectious conditions, the production BIOS by activated neutrophils
represents an important mechanism to kill bacteria but, whereas in healthy individuals it is properly
counteracted by endenous antioxidants agefitsn CF patients the defence systemsiaeffective and

an increased production of ROS may be associated with cell dysfunctions and disease prégression.

In addition,a persistent colonization by pathogenic bacteria o¢out$ patientand t was reported that

both oxidative stressandthe epeated use of antibacterial agents could contribute to the selettion
resistant bacterial strains, suchPagudomonas aerugino§acidence 43%) an8taphylococcus aureus
(incidence 73.1%3° A rise inS. aureusnfections has been reported in CF pasewith an increase in

the prevalence of highly virulent, methiciliesistansS. aureustrains®’

Lungs in CF patients afgenceexposed to a vicious cycle of infection, inflammation, and obstruction.
Interrupting this cycle with innovative agents ntiglow the disease progression, imprdwe quality of

life, anddelay respiratory failur&!

2.5 Development of monocyclib-lactam antibacterials

In this context a series ofonocyclicb-lactams active as antibacterial agents against resistant stiies
successfully realized during the last ten years by my research group. In particular, the newdg(ass of
oxoethylidene)azetidi2-ones(or 4-alkylidene azetidinones) has been develdp@tigure 2.12).

N. o

O

Figure 2.12 General structure of-dlkylideneazetidinones

The synthesis of these compounds was achidweda novel Lewis acid mediated reaction of
acyldiazocompounds with-dcetoxyazetidirR-ones. Using thisapproach, C3and Cl-substituted 4
alkylideneazetidir?-ones wereobtained depending on thstarting azetidinonend U-diazocarbonyl
compound. The products revedlageneralexcellent(Z) diastereoselection of thed@ouble boneven

if variableamounts of E) isomers could bebtained depending on timature ofthe C3 side chain, the
Lewis acid, and theb-lactam nitrogen protection. VT (variable temperatureNMR spectroscopic
experiments and Xay structural analysis of crystalline derivatives demondir#éite presence of an
intramolecular hydrogen bond (&) isomersdriving the stereochemical outcome of the reactfon

In these derivatives the carboarbon double bond directhinked to the azetidinone ringonfers an
increased aptitudeward ringopening reactionby suitable enzymesn this perspective, th€=C acts
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as an electromithdrawing group delocalizing the negative cige originated in the enzymelactam
complex (Scheme 2.3)

Scheme 2.3Ring-opening mechanism in-dlkylideneazetidinones by serirgependent enzyes

Over the years sevenaactions ofunctionalizations have been studied on this type of substratgsg

the substituents odifferent positions of the ring and evaluating how the structure variability could
influence the antibacterial activity exfiied by the relative compounéfs.

Many of the newly obtained-alkylideneazetidinonesesulted effective in bacterial inhibiticamowing

a significant potency againssistant Granpositive pathogen¥* Some examples are reported in Figure
2.13 togethewith the coresponding antibacterial activigxpressed as minimum inhibitory concentration
(MIC) in mgl/L.
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Figure 2.13 4-alkylideneazetidinone derivatives previously reportBelative antibacterial activitieesxpresed as MIC in md/ are
reported”-3%-¢
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Concerning the antibacterial activity, some structural features resulted particularly important for
valuable potencyit was observed thahe 4alkylidene function with aZ) stereochemistry favours the
biologicd activity compared toKE) stereoisomers if the nitrogen atom of fakctam is not substituted
(compoundl1.A vs 1.B);3® only alkylidenes with(E) stereochemistrgould be derivatized with a-N
thiomethyl group making the corresponding derivative moreiaechs antibacterial (compouridC).*°
Several esters conjugated to the double tawed beethen studiedamong these different substitutions,
the presence of a benzyl ester strongly improved the potency compared to the ethyl ester oxifiie carbo
acidt’ (see compounds.Dvs1.E and1.For 1.K vs1.L). Furthermore, it was observed that coupling a
phenolic ester witiN-methylthio4-alkylideneb-lactams resulted in inactivatigh hence showing the
need to include an unsubstitutbieH atom in these compoundseeinactive compoundl.G). A study
conducted by MarcharBrynaert*! aimed at determining the structural elemetsessary foab-lactam

to preseninhibitory activity, showed the importancetbe substituents on the @8sitionof the ring for
modulatingthe interaction with the specific binding site present on-Dadspeptidase In this regard,
various functionalizations have been ewxdéd,i.e. theintroduction of halogen®r apr ot ect ed
hydroxyethyl chaif® (compoundsl.A-1.F), as displayed forcarbapenenderivatives. Thienamycin
(Figure 2.14, a carbapenem antibiotishowsndeeda broad spectrum of action against important Gram
negative bacterial strainsxhibiting alsaqg o o d s t a b i-laciarhaes. Bhgediologisal properties
seemto beclosely related to thpresence of thBydroxyethyl chairthat isprobably able to preverie
recognition oflactanease’apenems by Db

OHy K NH,
N/ °
o
COOH

Figure 2.14 Thienamycin

Since n recent years there has been a growing attention ongaamed antimicrobials as an alternative

to antibiotics, for their efficacy and low tendency in developing bacterial resistanibe C3
hydroxyethyl side chain was riimer derivatized with some pladerived and differently substituted
benzoic acids’** (compoundsl.G-1.L), revealing in some cases prising antibacterial activiti€®
(compoundd..J-1.K).

It is also worth to mention th#te similar activities agastboth MRSA andSSA provide evidence that
PBP2adoes notepresent the biological target of these new azetidindradact, as it was previously
mentioned, bacterial resistance is adopted by MRSA througbdification of theb-lactam antibiotics
binding sitevia the synthesis oPBP2a t hat h a s -lattaonw, thasf noti alowibhgythe f o r
bactericidal action. For MSSA insteatthe resistance igbtainedby th e p r o d wlactamases thatf b
deact i wlactara coingoend through a ring openregction

In general, thectual markete®-lactamantibioticsgenerally display different acwrity on MRSA and

MSSA strainswith the latter being extremely lower thidne former.Therefore, thelerivatives in Figure

2.13 which showa comparable antazterial potengbetweenite two bacterial strainprobably actvith
analternative mechanism thdbesnotinvolve the interaction with the PBP2a protein.
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Also the presence of other electron withdrawing groups on the C4 position of the ring was éyaftfate
with the acetoxy moiety being suitable candidatelready present in some commercially available
azetidinones commonly employed fir e s y n t taetam derivativiegcdmpoundsl.M and 1.0,
Figure 2.15)

A thiomethyl derivatization ob-lactam nitrogen was perform@gigure 2.15) anchie combination oiN-
SMe andacetoxy groupn C4 positionclearly increased potenagainst Granpostive bacteriaover the
correspondingNH derivativeghat were completely inactiVe(compoundd..Nand1.Pvs1.M and1.0,
respectively)

OTBS OTBS
OAc OAc /'/,,' OAG /'/,,I OAG
;NH /I;N J;( J;r
o o” “sMe 5 NH 5 N\SMe
1M 1N 1.0 1.P

MICs > 128 mg/L MSSA MIC: 32-128 mg/L MICs > 128 mg/L MSSA MIC: 8-32 mg/L
MRSA MIC: 32-64 mg/L MRSA MIC: 32-64 mg/L

Figure 2.15 N-thiomehylatedb-lactan compoundgreviously reportedRelative atibacterial activitieexpressed as MIC in migiare
reported’

In particular,compoundL.P showed activity against MSSA, MRSA, a8depidermidiswhereashie C3-
unsubstituted analogueM showed activityagainst MSSA, MRSAE. faecalis andGramnegativeE.
coli.t’

The synthesiand the biological evaluation as antibacterial agents of saomecyclicazetidinonesvith

an alkylthio group on thé-lactamnitrogen wageported for the first tim@y Turos and cavorkers*
They alsoinvestigated a mechanism of action for these derivativbgch are thought tblock type I
fatty acid biosynthesis i8. aureughrough an initial transfer of tHé-alkylthio moiety from the nitrogen
atom onto a cellulatarget.In particular,b-lactam compoundshould react rapidly with coenzyme A
(CoA) to produce an alkyCoA mixed disulfide specieswhich then interferes with fatty acid
biosynthesig? In this perspedte the b-lactamsdeveloped byluroset al. appeared to act as prodrugs
without any special structural features needed foatti@ity, other than being relatively lipophilic and
able to servas a leaving group during nucleophilic attacksafphur (Schme 2.4.

R R2' RJ R2"
_— + Nu-SMe
N NH
(e <SMe e}
NuH

Schene 24. N-alkylthioazetidinones as thiomethyhnfer agents

Another suggesteghechanisnarises from a possiblielayed bacteriostatic effeexerted byN-thiolated
azetidinonsvia inhibition of protein biognthesisn bacteriaTherefore, the bacteriostatic activiund
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for N-thiomethylazetidinone$.N and1.P could suggest a mechanigfaction as thiomethylatinggents
such as that reported by Turos and colleagues

Finally, a small library ofN-thiomettylated b-lactans with an acetoxy group in C#as armed with
polyphenolic side chains in order tombire in one structure antiadant and antibacterial activites
two synergistic pharmacological properties that could provide new promising leads usaduerse
clinical conditionssuch as those displayed in cystic fibrosis patients

In Figure 2.16some examples ahese compoundare reportedwith the phenolic residue on the
hydroxyethyl side chain activatinghe antioxidant activityevaluated by TEAQTrolox Equivalent
Antioxidant Capacityjest.>®

SMe o SMe o) SMe
1.Q 1.R 1.8
MIC. range: 16-128 mg/L MIC range: 32-128 mg/L MIC range: 16-128 mg/L
TEAC 0037 mm0| eq TrO|OX TEAC 123 mmol eq Trolox TEAC 098 mm0| eq TrOlOX

Figure 2.16 b-lactamcompoung with antibacterial and antioxidant activitipseviously eported RelativeMIC rangesn mgL toward
MRSA strainsand TEAGDPPHvaluesexpressed as mmol eq. Trolox are repdfted

Amongb-lactamswith polyphenolic esters ddthydroxylethyl sidechain compoundl.Q with a syringic
moiety got scarce antioxidant potency, bammpoundsl.R and1.Sare good antioxidants (TEAC.23

and 0.98 mnal equiv. Troloxrespectively) Nevertheless, all derivatives displayed a discrete, but not
excellentantibacterial activity against MRSA strains (MI@sige 16128 mgL or 32128 mg/L)3%*

As a general trend, to activate the antioxidant potency oéstted compounds to a significant extent, the
presence of two or three phenolic OH groups is necessary, and the OH group on the C(3) of the phen
ring consideably improved the activity™

It is thenimportant to highlight tht in this class of monocyclib-lactam derivatives the antibacterial
potency is mainly activated by the presence of a good elesftbdrawing goup on the C4 position of

the ring such ast-alkylidene or 4-acetoxy moietis. Whenever such substituents were absent, as in
compoundd..T and1.U (Figure 2.17, the antibacterigbotency was completely lo$t

0O O

HO HO
HO . HO .
N\ N\
o) SMe e} SMe
1.T 1.U
MICs >128 mg/L MICs >128 mg/L

Figure 2.17. b-lactamcompound with unfunctionalized C4 position
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2.6 Dual active antibacterialantioxidant b-lactams

As part of an ongoing projech the synthesis of dutdrget monocycli®-lactams specifically designed

to addressesistantbacterial straisand to have amixidant activities we broadened the scope of the
previousy reportedstudies® by functionalizing the antibacterial cood 4-alkylidene-azetidirones with
different polyphenolic moietiedor efficiently combinng in one structure both antioxidant and
antibacterial activitie¢Chart 2.).4°

In designing the novel derivativespme structural featurdbat resulted particularlymportant fora
valuableantibacterialpotencywere insertedon the azetidinond.e. the alkylidene function with aZj
stereochemistrya benzyl esteon C4 positionandthe presence of amsubstiutedNH group Starting

from thisscaffold, different polphenolic moieties from sonm@antderivedbenzoic acidsvere inserted

on C3 position Moreover sincepolyphenols u b s t i-lactarhsepceserfited a decreased antioxidant
activity if compared with their corresponding polyhydroxybenzg#fese consideredhiat an extension

of the side chain linking the phenolic aromatic ring to the rest of the structure might provide a greater
exposue of the phenolic OH residuemodulatingthe antioxidant activity without distbing the
antibacterial potenc Relying on tle commonly occurring structuresmatural polyphenols, we identified

the C6C3 leitmotiv of hydroxginnamic acid¢such as coumaric, caffeic, ferulic, or singis promising
group*’ Hydroxycinnamic acidshave in fact been described as chaineaking aribxidants acting
through radical scavenging activity that is related to their hydrogen or electron donating capacity and tc
the ability to delocalize/stabilize the resulting phenoxyl radical within their strud¢tutee study of the
phenolprotection stategy, wealso considered the methylenedioxy moiety, present in many natural
producs, as an interesting substructure to be held in the target compounds for evaluating its antibacteria
activity (Chart 2.).

o)
Arylb’LL"lJ\O
/' . 2 >CO0BN
NH
o

1.a+j

/=0

SO O T L™
0 HO HO 0 HO

a b c d e f

OH

\“’—L: HOD/\}{ Mer@/\}{ MeO \“'—L:

[5 HO HO HO

g h i

OMe |

Chart 2.1. Novel b-lactam derivatived.aj designed to have a dual antibacteaatioxidant activity

24



2.6.1. Synthesis of azetidinones

All target compounds were prepared according tconvergent synthetic strategy that comprised the
preparation of the-Bydroxyetlyl-4-a | k y | HadtannAe obthinedwith a two-step protocol starting
from the commercially available (R,4R)-4-acetoxy3-[(1R)-1-(tert
butyldimethylsilyloxy)ethyl]azetidir2-one1.0 and benzyl diazoacetat®and a followingOTBS group
deprotection in @dic conditions. Thesterificationof alcoholA with polyphenolic acids duly protected
on the-OH groups yielded the target compounds after phenols deprotestien requiredScheme2.5).

OTBS OH

COOBN ref. 39c
2 Ohe 7 : . COOBn O
NH N3 > (OH) AryI
o
1.0 ;ﬁcoosn
(OH),Aryl—COOH >, (OP), Ary—COOH

1.a+
P = protecting groups

Scheme2 5. Convergehsyntheis of new 4alkylideneb-lactams with polyphenolic residues

The O-protected aryl acids welia turn prepared from their corresponding methyl esters exploiting a
phenolic oxygen protection with chloromethylethylether (ECiMfollowed by alkaline hydrolysis
(Scheme &), accordiy to what previously optimized fon¢ O-protected caffeiacid 3.h.3*

«-COOMe COOMe ~-COOH
A a |
(HOJE . EtO o@/ EtO\/O>nT P

2.c (91%) 3.c (62%)

2.d (50%) 3.d (90%)

(OMe),, (OMe)
N COOMe 8~ COOMe {_ X COOH

(HO)n—W P a_ EtO QN 0 JV

H=19 2f (98%) 3.f (95%)

’ 2.9 (82%) 3.9 (74%)

2 (89%) 3. (86%)

2 (99%) 3 (83%)

Scheme 2. Synthesis oD-protected phenolic acidcd, 3.f-g, and3.i-j. Reagents andonditions:a) NaH, EOMCI, THF, CC tort 2
h; b) NaOH 5M, THF/CHsOH 1:1, 40°C, 4 h Yields of isolated prductsarereported in brackets

The EOM ether turnedud to be an effective protectirggoup that can be easily insert@ehd selectively
removed atate stage of the synthesis with a mild procedure witdamaging thé-lactam ring in fina
compounds. The dioxymethylerggoup was inserted osauitable methyl esters (i.e. 2dthydroxy
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methyltbenzoate, 3:4lihydroxy-methytbenzoateand €)-methyl 3(3,4-dihydroxyphenyl)acrylafewith
diiodomethane and patsium carbonataccording to a procedureported by Alanet al.(Scheme2.7).48

HO o o
PG\ COOMe (r\\ COOMe (r\\ COOH
HO— — ol — ol
= N
2.a (67%) 3.a (89%)
2.b (98%) 3.b (87%)
Ho@/\vcoom a 0 X COOMe OD/\/COOH
— < — <
HO o] 0
2.e (89%) 3.e (81%)

Scheme2.7. Synthesis of methylenedioxyrotected acid8.a,b,e Reagents andonditions:a) CHlz, K2COs, DMF, 110 °G 5 i b) NaOH
5 M, THHCHsOH 1:1, 40°C, 4 h Yields of isolated pragtctsare reportedh brackets

The 3hydroxyethyl side chain di-lactamA was then derivatized as phenolic or polyphenolic aromatic
ester with the appropriat®-protected acid3.a-j by treatment withN , Midyclohexylcarbodiimide
(DCC) and a catalytic amount ofdimethylaminopyridine (DMAP) in dichloromethane (Schezf®
according to thevell-known Steglich esterificatiof? Yields were slightly affected by this step probably
for the steric hindranceof the secondary alcohol group oftermediateA that could obsuct the
nucleophilic attack othe acidDCC adduct.

Esters4.c, 4.d, and 4.f-j were finally treated with trifluoroacetic acid (TFAQ eliminate the EOM
protectiori®® and affordthe targeb-lactamsl.c, 1.d, and1.f-j in quantitative yield§Scheme2.8).

0 0
(OP)nAryI}l @ (OH)ArYI~+ 0
A a . Z>C00Bn " > CO0BN
* _> NH 2 NH
(OP),, Aryl—COOH o) O
1.a (33%) 4.F (58%) 1.¢,d,f (99%)
1.b (44%) 4.9 (65%)
4.c (41%) 4.h (38%)
4.d (37%) 4.0 (36%)
1.e (35%) 4. (38%)

Scheme2.8. Synthesis of target compounilsj. Reagents ancbnditions:a) DCC, DMAP,CH:Cl2, 0 °C therrt, 16 h b) CRCOOH,
CHzClz, 0 °C therrt. Yields of isolated copounds are reported in brackets

2.6.2 Antibacterial activity
(in collabaation with Prof. CE. A. Cocuzza and Dr. R. Musumeci, University of Mijano

Antibacterial activity screening of compountls-j was carried out against recewtgll-characterized
clinical isolatesMost of the bacterial strains were specifically selected to exhibit a mulrdeistant
phenotype against penicillins/cephalosporins, linezolid, or vancomycin. Antimicrobial activities of the
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compounds are listed in Bk 2.1, with potency being showas minimum inhibitory concentiah values
(MICs) expressed in mg/ Only MIC values equal to or less than 128 ingdgainst corresponding
bacterial species were reported remarkableactivities Values ranging from -B mg/L are to be
considered very good anaere highlighted in bold.Commercially available vancomycifyVA) and
cefuroxime(FUR) were usd as reference compoun@ee Table.1).

The in vitro antimicrobial susceptibility analysis indicated antibacterial agtioshly against Gram
positive bacteria, while none of the tested compounds exhibited an appreciable antibacterial effect again:
studied Grammegative bacteri@results not included in TabR1). However, the lack of activitpf the
tested compoundsgairst Gramnegativebacteriaconfirmed a generalénd of this class of monocyclic
azetidinone aspreviously observet ®¢This inefficiency could be due to a reduced uptake through the
outer membrane of Gramegative bacteria, andfortunately, the prgence of &athecol moiety was not
sufficient to allow bacterial cell penetratiota the siderophore receptors Gfamnegative bacteriz
Another reason could find place apossibledeactivation mediated Hylactamases in the periplasmic
space betweenuter and cytoplasmic membranes.

Table 2.1 Antibacterial activity of new b-lactam derivatived.aj. Results are expressed M$C values (ng/L) for compoundslaij,
vancomycin (VA) and cefurorie (FUR) as reference compounds

Organism ID la 1b 1c 1d le 1f 19 1.h 1i 1) VA FUR

S. aureuATCC 29213 2 16 2 16 >128 8 2 >128 4 >128 0.5 2
S. aureus SAU 2 2 2 16 >128 4 1 >128 4 8 1 >128
S. aureus 44674 4 >128 >128 8 >128 4  >128 >128 4 8 4 8
S. aureus 69856 8 >128 >128 4  >128 8 >128 >128 8 >128 0.5 1
S. aureus 39249 4 >128 >128 4 >128 4  >128 >128 8 8 2 2
S. homini 4 8 16 >128 128 4 2 >128 4 4 1 8
S. epidermidis G1027 4  >128 >128 16 >128 8 >128 >128 4 >128 2 32
S. epidermidig226 8 >128 >128 16 >128 8 >128 >128 8 >128 1 0.5
E. faecalisATCC 29212 >128 >128 >128 128 >128 >128 >128 >128 >128 >128 2 >128
E. faecalis4150 >128 >128 >128 128 >128 64 >128 >128 8 >128 0.25 >128

E.faecium VRE2  >128 >128 >128 128 >128 >128 >128 >128 >128 >128 >128 >128

Notably, compoundd4.a, 1.f, and1.i produced significant antibacterial actiggagainst the teste@dram
positive bacteria grouped staphylococciwith excellentMIC values between 2 and r8g/L. Other
compounds, such &sb, 1.c, 1.g, and1.,j showed a selective activity towards sofeaureusand S.
hominis resistant strains with MICs ranging frofinto 16 mgL. Compoundl.g showed the most
promisingactivity against strains @&. aureusATCC 29213,S. aureusSAU-1, andS. hominidP6, the
latter twocharacterized by an extensive coratitof multidrug resistancnd high resistance to éaolid
(MIC values 2, 1, and 2 mig/ respectively). It is noteworthy that agaif&staureusSAU-1 1.g was as
active as vancomycin, whereas cefuroxime, a sttgeneration cephalosporin, waaempletely inactive.
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Among the three methylenedioxierivatives,whilst 1.e wasfound completely inactivel.a showed a
good and broad activity aridb with an oxygen atom airtho positionof the aromatic ringesulted in a
selective activity againsb. aureusATCC 29213 andS. aureusSAU-1. The association obrtho
substitutionandselectivity was observed alsomparingpara-substitutedL.f (broad activity andortho
substituted..g (more selective)The cathecoeland caffeoyderivativesl.d and1.h possessing two vicinal
OH groupswere less or no active, whereamnomethylethef.i recoveed an appreciable potepcas
well as the coumaroyl derivativef (againststaphylococcMICs = 4-8 mgL). Relying on the cinnamyl
series, the most and the less lipophilic compounelsnd 1.h were both inactive, whereas compounds
with an internediate lipophilicityl.f, 1.g, 1.i, andl.,j showed good activitie®Notably, onlycompounds
1.f and1.i showed some poten@gainstE. faecalisstrain (MIC values = 64 andr@g/L, respectively),
while all other compounds exhibited an exclusively -@taiptylococcal activity.

2.6.3 Antioxidant activity
(in collabaation with Prof. G. Sacchetti, University of Ferrara

Antioxidant activity determination based on diat approaches was carried outhwthe objective to
ensure a better compson of the redis and covea wider rage of possible applications for thevel
molecules Therefore, thé-lactamderivatives wersubjected to TEAC (Trolox® equivalent antioxidant
capacity) assay, based on the ability of the compounds to scavenge the DPflipph@y2-1-
picrylhydrazyl) and ABTS (2,Zazinobis(3-ethylbenzothiazoliné-sulphonic acid)) radical cations,
compared to the same scavenging ability of Trolox®, a wsaikeible derivative of vitamin E with pent
antioxidant propertied'

Compoundsl.b and1.e were not tested becausethbsence of OH groups precludeam antioxidant
activity, as obtained fot.a (Table2.2). The presence @f single phenolic groum derivatives 1.c, 1.,
and1.g was not enough tgive radicalscavenging ability andalues okdined for tlesecompoundsre
not significant for antioxidant applications, even though ferulic and sinapic estatsteda slightly
better activitythan the others, in line witbreviously reportedesults®®¢ The best performances were
instead recated with compound4.d and 1.h with a cathecol groupin DPPH assaythey displayed
antioxidant capacity 2.6 and 1.7 timgherthan that expressed by 1 mnudl Trolox®, respectively
Analogously,1.d andl1.h evidenced the same outcomes with ABTS testnefiwith lower \alues, being
howevercomparable with thosexpressed bgctiveantioxidantnatural compoundsuch as ascorbic acid
a n dtoctpherof?
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Table 2.2 Antioxidant activty of selectechew b-lactam derivatives badeon DPPH and ABTS aags. Results are expressed as mmol of
Trolox Equivalent Antioxidant Capacitff EAC) + Standard Deviation (SD)

Comp. TEAC-DPPH TEAC-ABTS

la 0.012 £ 0.001 nd

lc 0.007 £0.001 0.010 +0.001
1d 2.590 + 0.220 1.300 + 0.138
1f 0.003 £0.001 0.053 +0.06
19 0.002 £ 0.001 0.143 +0.015
1h 1.670+0.178 1.030 +£0.110
li 0.142 £ 0.015 0.284 +0.030

1j 0.191 £ 0.020 0.232 + 0.025

nd = not detectable

As an overall resula numler of novel compounds with good antibacterial activity agaitagthylococgi
particularly multidrugresistantlinical isolates of MRSAhave been discovergdith the best candidates
showingimpressiveMIC activities of 2-8 mg/L and thus selectabler furtherin vivo evaluationsin
addition, among the new compount¥gp derivativeswith a catechol moietgn the sidehainrevealeda
strongantioxidant capacity iTEAC-DPPH and TEACGABTS assay#$eing significantly more active than
Trolox®. In particular molecule 1.d displayed a considerable dual antibactesiatioxidant activity
(Figure2.18), reinfordng the idea that phytochemicals moieties can be used for the development of new
alkylideneb-lactamswith a synergistic action for the potential treatmenthose infections where the
oxidative stress could increasgecific resistant variantd

1.d
MIC range: 4-16 mg/L
TEAC: 2.59 mmol eq. Trolox

Figure 2.18. Best candidate compourddd with potent antibacterial and antioxidant activitieBC ranges irmg/L toward MRSA frains
and TEAGDPPH valueexpresse@s mmol eq. Troloare reported
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2.7 Vectorizationand in vivo biodistribution of a selected 4alkylidene-b-
lactam

Firstly described in 196 Methicillin-resistanStaphylococcus aureuspresergone of the recently re
prioritized MHOUp eawvestmegts tnewbdrugsiWKnown at the beginning to be
responsible of hospital outbreaks (hkedtre assciated MRSA, HAMRSA),*¢ it mutated in 2000s its
epidemiology into the communigssociated MRSA (CMRSA) and more recently it differentiated
another epidemiological phenotype associatetth Wiwestock exposure (LAMRSA). The treatment is

based on vanconsin and @ptomycin as firstine agents/ but their use is not without side effects, such

as durdon-dependent nephrotoxicitglow bacterial killingyariable tissue penetration, aselection of

MRSA strains withintermediate or high resistant®.

Anothe threat with alarming increasing ratesSisaureusolonizing the airways and causing recurrent
respiratory infections in cystic fibrosis patients. A grave peculiarif. elureussolated from CF patients

is indeed the growth modality through the settof small colony variants (SCVs), whose phenotype
may carry to an intrinsic antibiotic resistance profile without evpkihe host immune response
Treating such conditions necessitates frequent intravenous administrations-db$ggantibiotics, by

even with this aggressive treatment, complete eradication of infection is hard to achieve because o
bacteria ability to form biofilms.

Lungs are the primary gate for respiratory infections and hence for their treatment; they are characterize
by a lage surface area and a thin epithelium layer that could wepdoug absorption and efficagy.
Moreover, lungs are highly perfused by blood allowing faster absorption of inhaled drugs and onset of
action. Pulmonary drug delivery systems represent an aplaiadternative to both oral and parenteral
routes of administrationsince bypassing hepatic mdtalism and consequently lowerinthe
administrated dosesuld reflectin side effect reduction anduty bioavailability enhancemeht.

In light of all these ansiderations, we decided to consider MRSA infections in difficult environments
such as those related to chronic CF patients and setbetaiieady reportedompoundLl.K amongthe
alkylideneazetidinone series as potentially suitable for the eradicatismch complex pathogens. It was

then further investigated its antibacterial activity against multi-desgstantS. aureusrom CF clinical
isolatesand its cytotoxicity. In addition, a formulation dhis derivativein solidtlipid-nanoparticles
(SLNs)was evaluated together with a prelimimawrivo biodistributionstudy of the moleculéself and
vectorizedn nanoparticlesl(K-SLN).

2.7.1 Synthesis @izetidinones

The synthesis of the identified lead compourid was previously reporté® (see Paragph 2.5) and
accomplished through the procedure reported in Schethep®imized for a grarscale preparation
starting from thé -lactam intermediat& coupled withO-EOM-syringic acid®® The new -lactam1.k

was identified to be a suitablaternal stadard for HPLECMS-MS analysis ofexvivo samples.
Compoundl.k was obtained with a synthetic procedure similar to that developed.fobut starting

from O-EOM-vanillic acid (Scheme 9). Briefly, O-protectedsyringic andvanillic acids3.K and 3.k

were preparedfrom their corresponding methyl esters exploiting a phenolic oxygen protection with
chloromethylethylether (EOMipllowed by alkaline hydrolysisThe 3hydroxyethyl side chain ofb-
lactamA was thencoupled with the protected aryl acids through an esterification reaction mediated by
DCC and DMAP, followed by EOM group deprotection in acid conditions.
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MeO COOH MeO COOMe MeO COOH
a
HOJQ/ T . OMOE —— OMOE /l;y/\COOBn b
R ref. 39e R ’

inai idR = 2.K: R =0OMe 3.K: R =0OMe
Syringic acid R = OMe
Vanillic acid R = H 2.k: R =H (99%) 3.k:R=H (51%)
EOM = ethoxymethyl

0
MeO
c ° 9
OMOE /' COOBn HO /'/ ~~ ~COOBn
R NH
O

4K:R= OMe
4.k:R=H (16%) 1.K: R = OMe
1.k: R = H (99%)

Scheme 2. Synthesis of targdi-lactamsl.K and 1.k. Reagents and condition9:aOH 5 M, THF/CHOH 1:1, 40 °C, 4 hb) DCC,
DMAP, CHClz, 0 °C thent, 16 hh ¢) CRRCOOH,CHClz, 0 °C therrt, 6 h.Yields of isolateccompoundsrereported in brackets

2.7.2Formulation of SLNs for the loading tvfe lead compound
(in collabaation with P. Gasco, Nanovector SY.I.

SLNs were prepared by warm mieemulsiontechnique®? Several different excipients to load compound
1.K in solid lipid nanoparticleswere tested. After a preliminar screening, formolatbased on a
tripalmitin matrix was chosen for its stability in physiological buffers and for its high drug loading
efficiency. The final formulation 0of.K-SLN resulted in an efficient drug incorporation into the lipid
carriers, witha final drug loadingalue of 75% (weight to weight, drug to total lipids).

The content of compountlK in 1.K-SLN was determined by HPL-OV analysis and its morphology
was performed by Field Emission Scanning Electron Microscopy (FESEM) in collaboration with DISAT,
Polytednic of Turin, Italy (data not shown).

2.7.3Cytotoxicityand antibacteriabctivity
(in collabaation with Prof. CE. A. Cocuzza and Dr. R. Musumeci, University of Milano

The potential non selective toxicity of compouh& and the encapsulatddk-SLN was evaluated by

cell viability assay performed iadenocarcinoma alveolar basal epithelial cells (A54849 cell line

was chosen as suitable model of respiratory sysemrug toxicity and targeting studiégcause oits

high degree of morphologitand functional differentiatiom vitro.

Results obtained with MTT cell viability assay showed about 25% cell death of A549 treated with the
minor dose of compountiK (40 mg/L), reaching 50% of cytotoxicity with @ubled dose (86hg/L).

These resultare similar to those obtained with the standard compduing30% cell death of A549
treated with 80ng/L). However, 60% cell death was reached after treatment with compduatl120

mg/L (Figure 2.19.
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Figure 2.19. Cytotoxicity of compound4.K and1.k againstA549 cells

In order to evaluat the cytotoxicity of the leadompoundl.K vehiculated in SLN, A549 were treated
with increasing concentrations (80 mg/L) of 1.K-SLN (Figure 2.®). In parallel, the cytotoxicity of

SLN lipid formulationalonewas analyzed, treating the cells with unloaded SUN§-SLN showedan
increasing cytotoxic effect reaching thedy@t 80 mgL, as well acompoundL.K alone About 2025%
mortality wasalso observed in cells treated with SLNs alone independently to tipittentrations
administratedprobably due to the formulation of the nanopartid#ence, inin vitro studies, lipid and
surfactant composition employed to constitute SLNs might interfere with cellular viability or MTT assay.

% cell viability

Cone. (mgL)
HMCoxp 1K M 1K-SLN SLN

Figure 2.2Q Cytotoxicity of compoundL.K alone (black), vehiculateHK-SLN (darkgrey),and SLN alonelight grey)

Antibacterial activity of compound.K alonecompared tdl.K-SLN was evaluatedwith 96 S. aureus

strains isolated from 58 chronically colonized CF pediatric patisilowed up by the CF Regional
Reference Centre, Fondazione IRCCS Ca Granda, Milano during 2011 to 2014. Out of the 96 strains, 8
(83%) were identified as methicilliresistant (MRSA) and 16 (17%) as methic#énsceptible (MSSA).

None were found todovancomycin or linezolid resistant.
From the antibacterial tests against representative MRSA and MSSA strains, corhpoertibited a

MIC range of 232 ng/L, whereas vehiculated.K-SLN displayed a MIC range of-2128 mg/L,
including really promising vlues of 232 mgL toward most of the tested bacteria. SLN alone were found
to not possess antibacterial activity with Mi@lues >128 md/in any case.
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2.7.4Preliminar in vivoactivity
(in collabaation with G. Sancini, University of Milaho

Biodistribution in mice of the lead compoudK in the free form and in the vehicular forhK-SLN

was preliminary evaluatedhroughintratracheal (IT) instillation otwo groups of miceas preiously
described® The extracts from harvested samples of lungsnpliger, kidney, and spleen were analyzed
by HPLGMS-MS in the presence of the internal standard compdukdhaving a chemical structure
similar to that of the lead compoudd but a different molecular weighthe mass spectrum can be
used to derivewpntitative information ofh.K by comparing the peak areas of the analyte (lead compound
1.K) and of the internal standafidk. The first group of 5 mice (ID-b) was treated with the lead in
vehicular form(1.K-SLN), the second groupf mice(ID 6-10) wastreated with the lead in the free form
(1.K). Biodistribution was evaluated in five major organs and accumulation amounts by aerosol
administration were obtaideThe results are reported infdle2.3expressed in nmolagiam of the organ

or sampled tissa

Table 2.3. Detectecconcentration®f compoundl.K in homogenate samples of mice lungs, brain, liver, kidney, and spleen by-HPLC
MS-MS analysesID1-5 were treated with.K-SLN, ID6-10 were treated with.K in its free form

ID Weight Kidney Liver Lungs Brain Spleen
(mouse) (9) (nmol/g) (nmol/g)  (nmol/g) (nmol/g) (nmol/g)
1 43.2 0.021 0.0066 0.0007 n.d. n.d.
2 40.5 0.031 0.0173 0.0006 n.d. n.d.
3 33.8 0.068 0.0119 0.0074 n.d. n.d.
4 34.9 0.005 0.0038 n.d. n.d. n.d.
5 37.3 0.067 0.0119 n.d. n.d. n.d
media 38 0.04 0.010 0.003 n.c n.c.
std dev. 3 0.03 0.005 0.004 n.c. n.c.
6 44.1 0.005 n.d. 0.0098 n.d. n.d.
7 33.2 n.d. 0.0015 0.0010 n.d. n.d.
8 25.9 0.002 n.d. 0.0097 n.d. n.d.
9 30.7 0.003 n.d. 0.0185 n.d. n.d.
10 30.4 n.d. n.d. 0.0149 n.d. n.d.
media 33 0.003 n.c. 0.011 n.c. n.c.
std dev. 7 0.002 n.c. 0.007 n.c. n.c.

n.d. =non detectable; n.c.=non calculable

After a single administration, the lead compound was mainly detected in kidney, liver, and lungs. In brain
and spleen tissueK was nd detected or cannot be quantitatively determifiée concentrationsf the
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vehiculated and free drudgtectedn tissues oflifferent ammals aregraphically outlinedn Figure 2.2.
The lead compoundl.K in the free form hathe high concentration inthgs, whereas in the vehiculated
form 1.K-SLN was more concentrated in kidnejsllowed by liver

B 1K3N
B 1.K-frez form

Eidney Liver Lungs

Figure 2.21 Biodistribution data of the lead compouindts free(1.K) andvehicular form(1.K-SLN)

The resultingdiversified data opened the poskipifor the lead compound to target different organs,
according to its diverse formulation. In its free forlr was able to reach the maiological target of
pulmonary diseasesuch as CH. e. the lungs. In the vehiculated form instead, it was plest mainly
reach diverse (and usually more complicated to target) organs skidmeg and liver, both constituting
a site of dangerous and hdddthreat infections.

2.8 Other antibacterial alkylidene b-lactams

In the last two decades, significaasearch on naturahaimicrobial peptides (AMPsJemonstrated their
potential as therapeutic candidatébeing essential componenbf the innate immune systeof all
multicellular organism&> A hypothesized mechanism of action involwas permeabilizabn of the
bacterial cell membranthat lead to cell death®® The selectivity of AMPs tward bacterial cells
compared tanammalian cells is mainly due to differences in the lipid componénite aespective cell
membranes.

This particularinteraction of AMPsrendesbacterial resistanadifficult to streghtengiving them a strong
advantage over conventional antibioffé$lowever, their clinical development has been hampered due
to their toxicity, poor bioavailability and low proteolytic stabilf§This led to the developent of
synthetic mimetics ofintimicrobial peptides (SMAMPSs), with the aim of overcomthg problems
associated wittAMPs while maintaining thessential characteristics fantimicrobial activity?® One of

the major design parameters fbe development of SMAMPs is facial amphiphilicity (FA), since most
AMPs fold into amphiphilic structures when they interact with taeterialcell membrane. Natural
AMPs in factcommonly beaboth positive and hydrophobic grouipgo anamphiphilic streture with

the positive chargeonstitutingthe driving force for the eleastatic interaction betweekMPs and the
negatively charged bacterial membraaad the lypophilc residues facilitabg theinserion into the
hydrophobiccore®
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The systematicstructureactivity relatiomship (SAR) studied on SMAMPIled to the evolutiorof
numerous compounds with direct antimicrobial activity and a reduced toxicity, some of which have
already been included in clinical developrnéhs an exampleThakeret al. ! recently reportedovel
mimetic AMP derivativesvith aromatic residues of benzene or naphthadereydrophobic coravhereas

the ionic character was conferred through the introduction of ethanpiopanclaminechainsdirectly
linked to aromatic redues through an ether bond (Fig@r22). The series of aryjhased SMAMPshat
were designedvia systematic tuning of hydrophobicity anchtionic charge, exhibited a strong
antibacteral potencywhile being noroxic to host cellswith increasing activigs on enhaning the
number of the cationic amine chaiffs.

® @
NHs, NH,
@ ® H\ KL
NH; NH; ® 0 o ®
KL KL HiN_~_O O~ _NH;
SONe g
o o HN" "0 O TONHY

o L ~ g
H2N/\/\O O/\/\NH? MIC (mg/L)

S. aureus 3.13
E. Coli 3.13
MIC (mg/L)
S. aureus 12.5
E. Coli 25

Figure 2.22. SMAMPs derivatives with potermintibacteriahctivities MIC values in ng/L towardS. aureusandE. Colistrains are
reported’?

According to theseesults and ianing at the development of nemompoundsthat could overcome
bacterialresistance phenomena asditch the selectivityalso towardsGramnegative pathogens, we
designed two novedlkylideneazetidinonecompounds functionalizinghe C3position with phenolic
residueslinked to ethyl and propylamines The rational hypothesi®ok in account thathe new
derivativescouldmimic, as far as possible, tepecificactivity of AMPs on bacterial membranes. In our
case, themphiphilic effectould arse from tke positive chargeon protonategbrimary amineterminals
and fromthe presence of two aryl portiomsthe moleculascaffold (on C3 and C4 positiai the ring),
which could guaranteetaydrophobic character.

2.8.1 Synthesis of azetidinones

The synthetic strategyflowed for the synthesis dlfie new alkylideneb-lactamsl.l and1.m consisted
in a convergent proceducemprising a final couplingeaction betweeh-lactamintermediateA with an
alcoholic functionality and two differefitenzoiccarboxylic acids3.l and3.m, both characterized by a
protected aminehainof different lengthdinked toa para-phenolic group$cheme2.10.
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P = protecting group

Scheme2.10. Convergehsynthesis of new-dlkylideneb-lacams1.land1.m

Preparation ofb-lactam A was already descrld; aryl acids 3. and 3.m with an amine terminal
functionality were synthesized fronp-hydroxybenzoic methyl ester whosehenolic group wsa
derivaized with ethanolamine andi@omopropylamineluly protected on theNH functionwith a Boc
group In particular, couplingwith N-Boc-ethanolaminewas performedvia Mitsunobu reaction
conditions” mediated by triphenylphospine and stipropylazadicarboxylate (DIAD) to give.l.
Derivative2.minstead was gained through a Williamson readfiaith K.COs in DMF betweerN-Boc-
3-bromopropyamine andp-hydroxybenzoic methyl estéfhe final stage comprisddr bothcompounds
2.1 and2.m analkaline hydrolysigo obtain the freearboxylic acid 3.l and3.m (Scheme2.11).

HO a COOH
“~"NHBoc /©/COOMe COOMe /©/
c
HO BocHN ﬁo — BocHN ﬁo

+
Br” " "NHBoc _> . 2.1: n=2 (44%) 3.: n=2 (96%)
2.m: n=3 (56%) 3.m: n=3 (87%)

Scheme2.11. Synthesis of carboxyliccids 3.1 and3.m. Reagents andonditions:a) PPl, DIAD, THF, 0°C thenrt, 3k b) K2COs,
DMF/H20 10:1, 45 °C thent, 30 h ) NaOH 5 M, THF/CHOH 1:1, 40°C, 4 h Yields of isolated productrereported in brackets

Thesynthesized NHprotectedbenzoicacids 3.1 and3.m were then coupled witb-lactamA through the
already described Steglich esterification. Also in this daseesultingesters4.l and4.m weresubjected
to a deprotection reaction mediated tbjluoroacetic acidto eliminate theBoc goup on the amine
terminusand toafford the targeb-lactamsl.| and1.m in quantitative yield¢§Scheme2.12).
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Scheme2.12. Synthesis of targetompoundd .| and1.m. Reaentsandconditions:a) DCC, DMAP,CH:Cl2, 0 °Cthenrt, 16 h b)
CRCOOH, CHzClz, 0 °C therrt, 6 h Yields of isolated copounds are reported in brackets

2.8.2 Antibacterial activity
(in collabaation with Prof. CE. A. Cocuzza and Dr. R. Musumeci, University of Mijano

Antibacterial activitytess of the new alkyliden@azetidinoned.| and1.mwere performegainst recent
clinical isolatesAlso in this caséhe bacterial strainsre weltknown forexhibiing a multidrugresistant
phenotype against penicillins/cephalosporins, linezolid, or vapcomAntimicrobial activities of the
compounds are listed in Tat#2el expressed as MICs in nig/Unfortunatly, the insertion of a protonated
amine terminus on the new derivativeas not able to furnishny appreciable antimicrobial activity
against Grm-negative bacterial strains (data not shown). Nevertheless, a strong antibacterial potency was
detected against vario®s aureuandS. gidermidisresistant strains with N values ranging from 4 to

32 ng/L and from 8 to 16ng/L, respectively. In genekathe presence of a longer amine side chain in
compoundl.mwas found to slightly improve the potency against thetelsacteria compared 1d.
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Table 2.4. Antibacterialactivity of new b-lactam derivatived.| and1.m. Results are expressadMIC values (ng/L) for compounddl.|
and1l.m, vancomycin (VA) and cefuromie (FUR) as reference compounds

Organism ID 1l 1.m VA FUR

S. aureuATCC 29213 128 16 0.5 2
S aureus FM80 32 32 1 >128
S. aureus 44674 8 4 4 8
S. aureus 6985 4 4 0.5 1
S.lomini s 128 >128 1 8
S. epidermidis G1027 16 16 2 32
S. epidermidig€226 16 8 1 0.5
E. faecalisATCC 29212 >128 >128 2 >128

E. faecium VRE 2 128 >128 >128 >128

2.9 Carbamate b-lactams

Searching fonovel derivatives with antibacterial potencye decided tanserta carbamate moiegn 4-
alkylidene-b-lactamstructure for exploring the effect of thisw functional group obiological activity’®
This choice reflects the properties of organic carbamatbgh have frequently been employed as
phamaceticals, such as, for instanc@ezdid in the class of oxazolidinorantibiotics(Figure 2.23.7°

In recent years, several reports indicated that the carbamate linkage present in between the acti
pharmacophores of various synthetic or semisyntmetiecules incresed their biological activitieg’
For instanceStephenret al. recentlydescribed some analogues of etNy{2-phenethyl) carbamate as
biofilm inhibitors of methicillinresistantS. aureusstrains’®Moreover, considering bicyclib-lactams,
Yoshizawaet al. reported for some cephalosporins with a carbamate derivatizatianpyridine group
(Figure2.233 an enhanced antibacterial activagainst resistant strains of MRSA aRdeudomonas
aeruginosa compared to the underivatized adogue (Figure 2.23b). ° A further example of
cephalosphorifunctionalization with aihezolid-like moietywas given byYan et al.thatobtained some
cephalosporiroxazolidinone conjugatenked by a carbamate functiofFigure 2.239. The new
derivativesshowed an antimicrobial activity that was cargble to that exhibited faephalosphorin and
oxazoldinonealone, but meanwhile displayad enhanced resance againgt-lactamase&’
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Figure 2.23 Cephalosphori-analoguesvith antibacteriahctivities Structure of antibiotic inezolidis alsoreported?8°

For the development of this projese designedaind synthdged 21novel molecuksbearingan aryl,
benzl, or phenethylcarbamate moiety on C3 positiohtheb-lactam ring, an@lso ncludedin the new
library two carbamates armed withiadzolidlike molecular fragmeniChart2.2).
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g
/" Z>CO0Bn
NH
o

5.a-u

O Qe O @NE\Q @Na@““z@

JogBvgs @*“@N@N @ F
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5.p 5.q 5.r 5.s

Chart 2.2. New b-lactam carbamate deatives5.a-u

2.9.1 Synthesis of azetidinones

The synthesis of the negarbamatdibrary was carried out exploiting the reactioatlveen alcohols

and isocyanatésand developedsa r t i n-lgctamA aseomrbon precursowhose gnthesis has

already been describeHor the development of a suitable method tailoredfalkglideneb-lactams,
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we chose the condensation between the commercially availdblenzylisocyanate.a and
alkylidene azetidinon@ as model reactiofTable2.5). Initially, a basemediated reaction in Gi€l
or acetonitrile (entries -4) was investigate®® but potassiumcarbonate, triethylamine, or- 4
dimethylaminopyridine gave a mixture of several products in the d&fidafter liquid
chromatography, carbamdiea was obtained only with DMAP astalyst in very low yieldgentry
4). On the other hand, the uncatalyzed reactidmdt proceed at alefitry 5). Then we attempted
neat reaction conditions simply by mixing azetidindneith the liquid isocyanaté.a in the absence
of any catalyst or solvent. In this case the reaction was very slow but selective angrodunts
were detected. However, conversions were not complete and consequently, yieddsere poor
even on increasing thesdcyanate equivahs ntries 68). However, encouraging results were
obtained on enhancing the reaction temperatutender microwave (MW) irradiatidf (entries 8
10). With MW a better result was obtained under a solfreet condition rather than with
chlorobenzenas asolvent(entries 910).

Table 2.5. Study of the reaction conditions for the synthesis.af

(0]
NCO
oH o
)/ catalyst H /'
"— >COOBnN + - . —Z>C00Bn
NH solvent

o T, time NH

A 6.a

0]

5.a

Entry Solvent 6.a (equiv) Catalyst (equiv) T (°C) Time (h) Yield (%)
1 CHsCN 1.2 K,COs(1.5) rt 3 -
2 CH:Cl, 1.2 TEA (1.5) rt 3 traces
3 CHCI; 1.2 TEA (1.5) rt 16 traces
4 CH.Cl, 1.5 DMAP(0.1) rt 3 8
5 CH:ClI; 15 - rt 6 traces
6 - 1.5 - rt 19 23
7 - 25 - rt 20 25
8 - 1.5 - 40 7 50
9 - 15 - MW 400W 40 min 56
10 PhCI 15 - MW 400W 40 min 38
11 CH.Cl, 1.1 Ti(OBu)4(0.1) rt 20 20
12 CH.Cl> 1.5 Ti(OBu)4(0.1) rt 20 28
13 CH.Cl> 1.1 TiCl4(0.1) rt 19 16
14 CH.Cl> 1.1 TiCl4(0.1) rt 72 50
15 CH.Cl> 1.5 TiCls(0.1) rt 20 35
16 CH:Cl 2 TiCl4(0.1) rt 20 56
17 CHCI; 15 TiCl4(0.1) 40 6 91
18 CHCI; 15 HCI (0.1) rt 20 27

40



The MW methodolog was exploited with other two commaegdly available isocyanategphenyl
isocyanates.b ando-tolyl isocyanates.c, for giving the corresponding carbamateb and5.c that
were successfully isolated in acceptable yields 8tishchromatography (Scheme 2)13

; ~ i
N
NCO H

o)
R .
R a . Z>CO0Bn
A+ —_— NH
o
6.b: R=H 5b: R=H (58%)
6.c: R = CH, 5.c: R=CHj (48%)

Scheme2.13. Synthesis ob-lactam carbamas.b and5.c. Reagents andonditions: aMW 400 W, neat, 40min. Yields of isolated
cormpounds are reported in brackets

SinceFeledziaket al. used Ti(OBu): andisocyanategor inserting acarbamategroup on the G3
hydroxyethyl chain oN-acylatedb-lactams®3the synthesis db.a was evaluated underidaatalysis
conditions éntries 1118). Nevertheless, Ti(OBu)vas not satisfying on -<alkylideneb-lactams
(entries 1112), because of the formation of considerable amounts of the corresponding benzyl
butoxycarbamate as fproduct. The use of Tichave letter results insteaeéiitries 1317), and with

1.5 equivalentsof isocyanate in CECl, at refluxtemperature (entry 1&arget compound.a was
obtained in excellent yields (91%) together with a relative decrease of the reaction time for a complete
consumption of the starting material (6h instead of 20h when the reaction was carried out at reflux
instead of room temperature). A reaction mediated by HCI 12Miadyst was attempteerftry 18),

but it resulted much less efficient than TiCl

With the optimized conditions in hand, the scope of the reaction was then investigated. Since many
aryl- or benzy-isocyanates are not commercially available, we developed a method which allowed
to synthesize isocyanat@s situ starting from the corresponding amines, triphosgene, T&#din
dichloromethane (Scheme 2)1in all cases the formation of isocyanates e@sfirmed through FT

IR analysis by monitoring the intensity of the characteristic N=C=0 stretching absorption at around
2270 cmt. The freshly prepared isocyanates were immediately reactecaleithol A and TiCl in
dichloromethane to yield the desifedactam carbamasewith generally good yields.

0

RHNJic')

a b /’:, /
R-NH, — |R-N=C=0| — = COOBn

NH

7.d-t - 0
6.d-t 5t
(52-84%)

Scheme2.14 Synthesis ob-lactam carbamas®.d-t. Reagents ancbonditions: a) triphosgene, TEA, GEl2, 0 °C therreflux, 3h;
b) A, TiCls (10 mol%), CHCI2, rt, 18h. Range of yields of isolated copounds are reported in brackets

This method was applied to a series of commercially available anilines, benzylamines, and
phenethylaminesexcept for linezolidike amines7.h and 7.p that were synthetized according to
procedurs reported initeraturé* (Scheme 2.15).
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(35%) 7.h (97%)

SR oY
(83%) 7.p (71%)

Scheme 2.15Synthesis of aminesh and7.p. Reagents ancondtions: a) DMSO, 75 °C, B;b) Hz, Pd/C, CHOH, rt, 2h; c)
K2COs, DMSO, 90 °C, 3; d) RedAl, THF, 0 °C tort, 3h. Yields of isolated compounds are reported in brackets

Amine 7.u was insteadpreparedn three steps starting fromaminobenzylamine after a careful
strategy of protecting groups insertithin case ofthe correspondingarbamate8.u, the N-Boc
protecton was easily removed in the lasyntheticstep obtaining.u in very good isolated yields
(Scheme 2.16

/@NHz ref. 85 /©/\NH
— BocHN
7.u

NHBoc

A+6.u /@f )
BocHN );(\COOB”

. l O 8u (55%)

) COOBn
Peate

CF3COO
5.u (96%)

Scheme 2.6. Synthesis ob-lactam carbamat®&.u. Reagents andonditions: a) triphosgene, TEA, GEl2, 0 °C therreflux, 3h; b)
A, TiCls (10 mol%), CHCI, rt, 18h; c) TFA, CHClIz, 0 °C thent: Yields of isolated compounds are reported in brackets

2.9.2 Antibacterial activity
(in collabaation with Prof. CE. A. Cocuzza and Dr. R. Musumeci, University of Mijano

Antibacterial activity screening of compoundsa-u was a@rried out against recent, well
characterized clinical isolates. Grgrositive and Grarmegative bacterial plaogens used for tha
vitro antimicrobial susceptibility testing include8taphylococcus aureuStaphylococcus hominis
Staphylococcus epidermigig&nterococcus faecaliand Enterococcus faeciuras Grarpositive
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speciesKlebsiella pneumonigdPseudompas aeruginosaandEscherichia colias Grarmnegative

species, respectively. Some bacterial strains were expressly selected to exhibit a rrekidtagt

phenotype against amoxicillin, linezolid, or vancomycin. Antimicrobial activities ofdhgounds

are listed in Table 2,68vith potency being expressed as minimum inhibitmogcentration values
(MICs) in mgL. Only mmpounds demonstrating MIC vatsequal to or les than 128 md/ against

corresponding bacteriapecies were reported

Table 26. Antimicrobial activity for new carbamate azetidinonestu. Results are expressed M#C values (ng/L) for compounds
5.au, linezolid (LZD) vancomycin (VA) and cefuroxime (FUR) as reference compounds

Comp. S. aureus S. epidermidis S. hominis E. faecalis E.faecium
ATCC 29213 69856 44674 SAU1 G1027 U226 ATCC VRE2
29212
5.a 16 16 8 8 32 8 >128 >128
5e >128 >128 >128 >128 >128 >128 >128 32
5. >128 >128 >128 >128 128 8 >128 >128
5] 128 64 32 128 64 8 >128 >128
5k >128 128 128 >128 128 16 >128 >128
51 32 32 32 64 16 4 >128 >128
5m >128 >128 >128 >128 128 16 >128 >128
5.n >128 >128 >128 >128 >128 16 >128 >128
5.0 >128 >128 >128 >128 128 8\16 >128 >128
5p 32 >128 >128 32 >128 16 >128 >128
549 128 64 64 128 64 16 >128 >128
5r 32 >128 >128 16 >128 32 >128 >128
5s 2 >128 >128 8 >128 >128 >128 >128
51t 32 >128 >128 4 >128 8 >128 >128
5u 16 16 8 32 16 2 >128 >128
LZD 2 1 2 16 32 16 2 32
FUR 2 1 8 >128 32 8 >128 >128
VA 0.5 0.5 4 0.5 2 1 2 >128

Also in this caseantibacterial potency was observed only against Grasitive bacteria, tile none

of the tested compounds exhibited significant activities against Gegptive strains (data not
showr). Promising potency against Gragositive patlbgens was observed for benzynd
phenethylcarbamateswhereas no activity wasetected for atine-carbamateg¢data not shown)n
particular, ompoundsb.a and 5.u with a benzylcarbamate residue showed interesting and broad
activities over the staphylococcal strains tesesghecially for the resistant strais aureust4674

and SAU1 (MICs = 8mg/L). Moreover5.u demonstrated the best antimicrobial activity against the
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multidrug resistanB. hoministR6 drain showing a MIC value of 2 mg/ Among alkoxybenzyl
carbamates only compouid retained some antibacterial activity agaifisaureugMICs = 3264

mg/L), whereas it showed potency agaissthominis(MIC = 4 mgL). Chloro- and fluorearyl-
substituents lost activity, pointing out a requirement for an electron rich aryl fragment on the
benzylamine. Between the compounds with a linezioke chain anchored on azetidinongd,
belonging to the group of anilirsarbamates, was inactive, whiigp showed some potency against

S. aureugindS. hominis wittMIC = 32 and 16 rg/L, respectively.

As a general trend, the amine fragment of the caab@amwonsiderably impacted on the antibacterial
activity: only benzylamine or phenethylamine residues showed potency. A loss of flexibility of an
aniline-carbamate compared with a benzyl phenethylcarbamate could ben explanation for this
general obseation. This argument was supported also by considering the low potehkybefaring

a more steric demandingmethytbenzytcarbamate and, consequently, a minor flexibility. On
extending the chain length between the aryl fragment and the carbamate functional group, as in
compound®b.sand5t, the activity became more selective agaisaureustrainsand witha more

than valuable potenc(C = 2 mg/L ard 4 ng/L respectively. Notably,5.sand5.t are more active

than cefuroxime and linezolid agair&taureu$SAU-1, a strain characterized byvlRSA phenotype
responsible of resistance to cefuroxjnmeadditon cmpounds.a, 5., 5, 5., 5t and5.u resulted

more ative than linezolid again§. hominid26, another straipossessingn important multidrug
resistant (MDR) phenotype and resistant to linezolid.

The working hypothesis on the different activities of bertaybamatess aniline-carbamatealue to
different conformations was tentatively investigd by NOESY experiments on compoubdkand

5, chosen for a weltlifferentiated resonangeattern in the aromatic regioithe observed NOE
contacts for the two ntecules are depicted in Figure22. Azetidinone5.d showed few contacts
involving exclusvely the two-NH groups. On the contrafyj significantly showed more contacts,

in particular between the benzyl ester fragment angi®dle-benzyl carbamate. This data could
suggest a different spatial arrangement between the two comp&yjnsisened to prefer a folded
conformation in which the two side chains get closer thanks to the more flexible benzyl amine residue,
whereas the more rigid aniline carbamaté.chseemed t@revent this possibility.

O 13

N—H

G”/’A\G “H
H 0

] :

NH © HH

"
a.d

Figure 2.24. Structures of azetidinonésd and5,j. Dashed red lines indicatiee available NOEs. Contacts at a distanse than
four bonds were omitted
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2.10b-lactam based antibacterial biomaterials

2.10.1 Biomaterials and hydroxyapatite (HA)

A biomaterial is defined as a substance or a combmaticubstances able to treat or replace any
tissue, organ or body function. The recently developed science of biomaterials is particularly
interested in the biological characterization of the new materials, gr ¢odverify, beyond the
chemicephysical and mechanical properties, their applications in the biomedical field. From a
technological point of view, an ideal biomaterial should have an excellent chemical stability,
biocompdibility and biodegradabilityabsene of toxic/carcinogenic elemerasid he possibility of

being repeatedly sterilized without degradation.

Novel biomaterial® couldbasically arise from:

a) Materals of biological origin. Miterials included in this area can be dividetb isoft tissues
materialganimal valve prostheses), haiskuesmaterials (human bones) and suture materials (fibrin
glue). However, the use of biological materials is limited to few applications, due to supply problems.
b) Artificial materials®’ Currently, polymeric materials are used in ophthalmology (coteases or
artificial corneas), but also in pharmacology, with the implementation of macromolecular systems for
controlled drug delivery. Interesting applications in the orthopedic field are also found in ceramic
materials, such as aluminum oxide or aaieiphosphates.

c) Synthetic production of materials identical to biological materials. This field is still largely in
research and experimentatiphase an example is constituted hytificial skin.

d) Regeneration of biological materials. A possible satuto the reconstruction of organs or parts

of body is to provide a support, with an appropriate biomaterial, on which the organism could recreate
the missing part.

The increased life expectancy in developed countries has led to a serious rise mhibe aftage
related musculoskeletal disorders and hence, to an increasing demand of materials for the repair and
substitution of damaged tissues, including orthopedic implants for joint replacement. At present,
implant premature failures amount to abou¥al @& number which will significantly increase in the
next future due to the continuous aging of the popul&fidseptic loosening and infections represent

the main causes of implant failure, and althougyrgical techniques and prophylactic systemic
antibiotic therapy have significantly reduced infections, bacterial colonization of implants and
medical devices is still a major probleAfter colonization, bacteria may adhere to the surface of the
bone or to the orthopedic implaptoducing a selprotective biofilm, which exhibits remarkable
resistance against adverse agest&h as the host immune systamd antibiotic$® This is also
obviouslydue tothe intensive use of antibiotics, which has provoked bacterial resistance to many
antimicrobial agent® but on the other hanthe systemic administration of very potent antibiotics
can provoke irreversible damage other organ$!

The mentionedproblemof prosthesis bacterial colonizatiowhich often requires removal of the
infected implant, has promptechamber of studies aimed to design and develop antimicrolfatsu
coatings and biomaterialkrough functionalization with artiotics. Most antibacteai agents, such

as silver, chlorhexidine and nitric oxide display adverse side effects and/or lownely, whereas

the antimicrobial resistance of coatings containing classical antibiotics depends on the activity of the
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drug o resistant strains and on sisleeffects®? The development of biomateriaible to act against

a wide range of bacteria, ingling antibiotic resistant bacteriathereforeof great importance

Due to their excellent biocompatibility and bioactivity, calcium orthophosphatesdel/ used for

the preparation of biomaterials for hard tissues substitution and repair, inatodiinggs for metallic
implants, bone cements and scaffolds for regenerative me&iciioethis aim the most employed
calcium phosphate is hydroxyapatite (HA), thanks to its similarity to the inorganic phase af bone
Hydroxyapatiteis a naturally occumig mineralform of calcium apatite(Cas(PQu)3(OH)), usually
written as Ca(PQy)s(OH). to denote that the crystal unit c&lomprises two entitiesHA is
considered a bioactive, osteo conductive, non toxic and non immunogenic substance sinceaiit forms
strorg chemical bond witlibone tissugbeinghencerecognizedas a good bone graft materidhe
biological performanceof HA can be improved througfunctionalization withrelevant ions and
molecules” In particular, HA functionalized with silver nanoparticles, or doped with silver, copper
and zinc ions has been reported to display antibacterial activity towardspesiime and Gram
negative bacteri& HA has beemlso proposeds support for classical antibiotf®sn order to obtain
antibacterial materials without possible allergic reactidos to the presence of metal ions.

According to thisye explored the possibiljtto functionalizenydroxyapatitenanocrystals with some
antibacterialb-lactam compoundwith the aim to get new composite materialde to couple the
bioactivity of HA with the antimicrobial properties azetidinoneswith relevarce againstresistant
bacteria®

2.10.2 Synthesis of azetidinones

Since the efficacygainst meticillin resistantStaphylococcus aureus selectedazetidinonesvith

an alkylthiogroup on theb-lactam nitrogernas beenecentlyreported® (see Paragraph 2.5)e
syntheszed a series ohew monocyclicN-thio-substitutedob-lactamsand studied their loading on
hydroxyapatite (Chaf.3). We chose azetidinonésM and1.0 as models foN-unsubstituted-NH)
compoundsN-methylthicazetidinonegN-SCHs) 1.N and 1.P because theyrpviously showed an
interesting antibacterial activity against resistant strdimsd N-phenylthicazetidinonesN-SPh)

1.V and1.W asde novacompoundsvith an enhanced lipophilic character. It is important to highlight
that the OTBShydroxyethylside dain conferrec gronger lipophilic character tb.O, 1.P, and1.W
comparedo 1.M, 1.N, andl1.V.

OAc OAc OAc
/I;N(H ;N\ /I/:N\

0 (0] SCH3 (e} SPh
1.M 1.N 1.V

OTBS OTBS OTBS
/',,,‘ OAc /' OAc /' OAc
(0] o SCH3 o SPh
1.0 1.P 1.W
Chart 2.3. b-lactamdoaded on HA nanocrystals
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Azetidinones1l.M and 1.0 are commercially availablehe other compoundsere synthesized
according to th grocedure depicted in Scheme 2.Contrary to whapreviouslyreported.’ a new

optimized N-thiolation procedurewas developedusing dimethyl or diphenyidisulfide in the

presace of thionyl chloride and triethylamine dichloromethanet reflux Thesemilder reaction

conditionsallowed to isolate the target compoundgiapurificatons by flashkchromatography from
goodto very goodsolatedyields

R OAc a R OAc
B ———
o o SR
1.M: R = H 1.N: R = H, R' = CHj (77%)
1.0: R = -CH(OTBS)CHs 1.V: R = H, R' = Ph (87%)

1.P: R = -CH(OTBS)CH; R' = CHj (84%)
1.W:R = -CH(OTBS)CHj R’ = Ph (75%)

Scheme2.17. Synthesis oN-thiosubsituted b-lactamsl.N,P,V,W. Reagents andonditions: aR 8-SR, SQClz, TEA, CH:Cl2, 0 °C
thenreflux, 4h. Yields of isolated copounds are reported in brackets

2.10.3 Loading of azetidinones on HA

Nanocrystalline HA used as adsorption substrate in this staly synthesized as previously
reported®in awell-crystallized single phasedll parameters= 9.428(2)A,c= 6.881(1)A, Ca/P =

1.66, Surface Area= 55 + 5%fg) with nanocrystal®xhibiting mean dimensions of about 200 x 40

nm. The synthesizedHA is closerto bone mineraln crystal size and morphology and Haeen
previously shown to promote osteoblasbliferation and differentiatior?® Moreover, these
nanocrystals have been demonstrated to stimulate endothelial cell functions and biochemical
pahways,suggesing that they could be successfully employed to promote angiogenesis, and in turn
to rouse appropriate osteogenésfs.

The adsorption studyf azetidinones on HA nanocrystalas performed at first ccompound 1.M-

P chosen as models differerted forpolarity and solubilityandconducted in KO or HO/organic
solvent 1:1 mixtures to study the effect of medilrnading processes weset up in a parallel
synthesis: brieflyHA nanoparticles were suspendedtlire mediumand warmed talO °C under
magneic stirring. Azetidinonavasthenaddedo the suspension which whasaed up to 70C. After

4 hoursthe mixture was centrifugatethe solid functionalized HAnaterial was oven driebefore
the analyses,the supernatant aqueowsolutions instead were collected and extracted with
dichloromethanéDCM). The aqueous and orgambases were separately evegied and analyzed
to quantifythe amount of unloaded azetidimes in the two layers. Resulteeaexpresset Figure
2.25 as loading efficiency %ackcalculated from the added up residues obtained in DCM atd H
in comparison with the amount of azetidnes in the loading solution by meanshaf equation:

I Ox O$ #-

00 | Zp T

where:LE = loading efficiency %; A = amount (g) of azetidinone in tregliag solution; rw = residue
(g) of azetidinone in water extract, rDCM = residue (g) of azetidinone in dichloromethane extract.
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The loading was found to be dependent on the azetidinones and on the medium. Cdniyoveasl
efficiently loaded (9%) with H.O/ethanol or HO/THF 1:1 mixtures, wheredsN was loaded at a
maximum of 5646 efficiency in THF or in HO/acetone an#l2O/CHCN mixtures Compoundl.O
was efficiently loaded in ¥O, THF, or in aqueous mixtures as@iCH:CN andH>O/acetone; also
1.P was moreefficiently loaded in water or aqueous mixtures. The mixtw®/kcetonitrile was
chosen as standard solvent to I@alkctamsl.N and1.P despite the goodfficiency obtained also
with H>O/acetone, in order to avoid the possible formation of autocondmmgabducts of acetone
promoted by HAL! Also the more lipophilic azetidinondsv and1.W were loaded in HD/CH;CN
mixture with good efficiencies.e. 88% and 844, respectively (Figure 25).
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Figure 2.25. Medium effect on loading of azetidinone#/1-P on HA. Loading efficiency% (grey), azetidinone residue in DCM
(white) and in the aqueous layer (bl reported

The dependence on concentration and on polarity of the loading solution was investigated on the
antibacterialzetidinoned..N, 1.P and1.V. Determination of the amount of the azetidinone loaded
on HA was assessed Hyermogravimetric analysis (TGA) on the drietN-HA, 1.P-HA, and1.V-

HA samplesand datare reported imable2.7. The loading ofi.N on HA was higher at 0.14 M (9.5
wt%, enty 1), asindicated by TGA measuremeat the corresponding.N-HA sample but from

0.11 M to 0.06 M it remained almost atant (5.95.3 wt%, entries 2). Azetidinonel.V showed a
similar behaviowith a 12.7 wt%doadingat 0.15 M(entry 6)and 8.58.9 wt% at 0.11 and.06 M,
respectively (entries -8). On the contrary, the loading df.P was nearly independerftom
concentratior{5.8-4.8 wtb, entries 1aL3).

Variation of themedium polarity was obtained hphanging the composition ¢i>O/acetonitrile
mixturesin the loading solution. The loading was less affected by the medium polarity for the most
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hydrophilicazetidinonel.N, which was found toangefrom 9.5 wt% in a 1:1 mixture of #/CHsCN

to 10 wt% in a 7:1 ratio (entriesdnd 5. The loading wasnsteadconsiderably affected by the
mediumpolarity for the more hydrophobicompounddl.P and1.V (entries 6 and 9 fat.V, entries

11 and 15 forl.P). At constant concentratigi®.075 M) of1.P, the loading on HA was triplicated
from acetonitrile aloneotH>O/acetonitrile 7:1 mixturéfrom 5.0 to 15.1v%, entries 15 and )6The
more favoredadsorption of azetidinong.P from a water enriched solution coub@ explained in
terms of effecion the solute solvation: an increase of water content in thenpadiutioncould
destabilize the solvation of hydrophobilcP in acetonitrile that, consequently, could be more
efficiently taken up by the adsorbent H&.Thanks to this effect, the amount of azetidinone loaded
on HA could be properly controllday changngthe polarity of the loading solutipneaching values
(up to 17 wt% higher thanother antibacterial agents loaded on apaties, providing a better
covering of the material. On considering thatehgloyedHA has a surface area of 5%/ it could

be calculated, as an example, th&could beadsorbed up to 50@mol/g; this value is significantly
higher than those reported for tetracycline §®2ol/g)°? andfor ampicillin (20mmol/g)!®3oaded on
biomimetic HA

Table 2.7 Effects of solution concentiian and polarity on loading of azetidinone#l, 1.Pand1.V on HA. Loading wagvaluated
through TGA analysis

Entry Comp. Conc. (M) Solvent Loading
H>O/CHsCN? wt %

1 1.N 0.14 11 9.5
2 1.N 0.11 11 59
3 1.N 0.07 11 53
4 1.N 0.06 11 53
5 1.N 0.17 1.75:0.25 10.0
6 1V 0.15 11 12.7
7 1v 0.11 11 8.5
8 1v 0.06 11 8.9
9 1v 0.11 1.75:0.25 17.9
10 1.P 0.15 11 5.5
11 1.P 0.075 11 4.8
12 1.P 0.060 11 5.8
13 1.P 0.015 11 5.1
14 1.P 0.075 1.5:0.5 11.0
15 1.P 0.075 1.75:0.25 151
16 1.P 0.075 0:1 5.0
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2.10.4 Characterization ofzetidinoneHA samples
(in collabaation with Prof. A. Bigi, University of Bologha

After loading ofN-thio-azetidinone onhydroxyapatitesa chemical, structurand morphological
characterization of the mefunctionalizedbiomaterialsvas performed. In Xay diffraction ¥RD)
experiments, lathe composite samples showed similar pattéfigure 2.26) with no peak shifts
compared to the starting HAuggesting that the crystal phase and the structure défAhmaterial
werenot affected by the presencetbéb-lactam molecules.
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Figure 2.26. X-ray diffraction pattens of HA and composite samples1-HA, 1.N-HA, 1.0-HA, 1.P-HA, 1.V-HA, 1W-HA. The
vertical bars at the bottom display the reference pattecalcium hydroxyapatite

ATR-FTIR spectra oazetidinoneHA samplesare reported in Figur2.27. The spectra displagthe
O-H stretching and bending modes of hydroxyapatite at 3572 and 63@espectively, the strong
bands due to phosphate absorptiothe 550630 and 9061100 cmt' regions and the bands typical
of azetidinons whosefunctional groupsould be ecognized according to the bambsition in the
spectra. As an examplthe band assignments feamplel.P-HA is reported (Figure 272 right):
aliphatic GH stretching vibrations in the 2900 ¢mregion, C=0 stretching df-lactam and acetoxy
groups at 1790 and 1751 dmespectively, and @O and SiC stretching in the fingerprint region
Analysis ofFT-IR spectra thus revealed that the emnilar integriy of the adsorbed azetidinonessva

fully preserved in the composites and no modification of the bands was observed upon absorption on
HA.
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Figure 2.27. Left: ATR-FTIR spectra ofamplesl.M-HA, 1.N-HA, 1.0-HA, 1.P-HA, 1.V-HA, 1.W-HA. Right: comparison
between spectra dfP-HA, HA, and1.P pure compound; assignmemtsthe main bands are indicated

Also solid state'H and**C NMR spectroscopyndicatedthat loading onto HA id not significantly

alter the structure db-lactams in fact resmance signals iftH MAS NMR and *C MAS NMR
spectraperformed for samplé.P-HA appeared at the same frequencies as thosdPan solution

(data not shown)

TEM images oflifferent samples shadthat azetidinondd1A composites we constituted of plate

like crystals, coherently with the typical morphology of HA, which is characterized by crystals
elongated along theaxis direction. No significant morphological variation has been observed after

azetidinone loading, as shown in Fig@&.@8for samplesl.N-HA and1.P-HA compared wittHA
alone

Figure 2.28. TEM images of HA1.N-HA, and1.P-HA nanocrystals. Scale bar200 nm. All imges have the same magnification

2.10.5 Azetidinonaelease studies

Thein vitro release of azetidinondsN, 1.P, 1.V and1.W from the corresponding functionalized HA
samples was evaluated by HPLC analysis. Three aqueous media were tested: deionized water (water
MilliQ), phosphate buffer 0.1 M at pH = 7.4 as a model for a physiological pH condition, and acetate
buffer 0.1 Mat pH =5.0to mimic a pathological condition of a bacterial infection with a decreased

pH due to the production of acidic metabolites by bacterial stt¥ins.

Since arly attempts showed scarcely detectable amounts of azetidinones released in the aqueous
solutions which did not increase in the@grse of time (data not shown), it walsserved that only a
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refresh of the aqueous solution allowed a new release of the molecules. This fact could be due to the
lipophilic character of theompounds thgtoorly desrbed from apatite because of their low affinity

for the aqueous solution.

Results of thein vitro release studiesf azetidinoneddA samples are reportein Figure 2.29
expressed as cumulative reledsenounts in mol%ver the refresh numbeRelease prdes of 1.N

andl.V in the three aqueous media showed a sort of initial burst release follgveeslower steady
profile. 1.N-HA sample released about 22% of the initial conterit. Nfin the first two refreshes,

with a low influence of the pHnterestngly, the release df.V insteadvas highein acidic conditions

thus affording a favorable pH responsiveness in case of bacterial infections. The initial huxst of

HA and1.V-HA could be related to that portion of molecules adsorbed on the surfacircdntact

with the aqueous medium, whereas those molecules that iettnaate strongly with HAcould be
progressively released during the steady state.

On the other handheé release of azetidinong&d and1.W was slower, probably due to their lower
hydrophilicity that providd a slow diffusion in the aqueous solutsort is howeverimportant to
underline that a low release could be favorable for the maintenance of an active concentration of the
molecule on HAthus supplying an efficient antibadtdractivity for a longer period.
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Figure 2.29 Release of azetidinondsN( Dz bl.P( e) .,g r levesnred), and1.W (X violet) from1.N-HA, 1.P-HA, 1.V-HA,
1.W-HA in aqueous solutiofieft), buffer solution at pH: 7.4 (center), buffer solution at pH4.5(right) media.The cumuléive
release is reported as robver the efresh number

2.10.6 Antibacterialactivity
(in collabaation with Prof. G.A. Gentilomi, University of Bologha

Thein vitro antibacterial activity was studied farN-HA, 1.P-HA, 1.V-HA and1.W-HA samples
(1.M-HA andl1.0-HA were excludethecauseommecial azetidinone4.M and1.0 aloneturned to
beinactive as antibacterialgent}.!’ The antibacterial activity was examineavards Grarpositive
and Gramnegative bacterial straify KB disk diffusion testin which thearea of clear media around
the dsk indicates the degree of sensitivity of the steaipressed in millimete§able 2.8.
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Table 2.8 Antibacterial activityof sampled.N-HA, 1.P-HA, 1.V-HA, 1.W-HA expressed adiameter of the inhibition zone (in mm)
+ SD surroundingthe azetidinoe-HA samples agains$. aureusaindE. coli strains. Pure HA disks were used as negative controls;
disks containing gentamicin (GMN) were usegasitivecontrol

Sample b-lactam content S. aureus E. coli
wt % ATCC 25923 ATCC 25922
1.N-HA 8.1 301 271
1.P-HA 14.0 20+1 14+1
1.V-HA 17.0 27+1 12+1
1.W-HA 16.5 161 11+1
HA NA?2 NA?2
GMN 18+1 19+1

abacterialfree zone not appearing

All tested azetidinon¢lA samples displayed a sifioant antibacterial activity against both strains,
particularly agains®. aureusindeed the inhibibn zone for all HA composites wdigger or equal
to that of thepositive control All the samples showed activity also agaikstcoli even if they
exhbited smaller active diameter valuescontrol, except fod.N-HA that remarkably affectel.
coli growth, yielding an inhibition zone wider than that obtained for gentamicin. The activities of
1.N-HA and1.P-HA againstS. aureusarein agreement with thseexerted by the two molecules
alone which showed MIC ranges of 3 mg/Lvs MRSA. Concerning the activity against Gram
negative bacteria, the free azetidindnd exhibitd a MIC range of 354 mg/L, wheread.P was
completely inactivé’ The increasedantibacterial activity of the compositésN-HA and 1.P-HA
againste. colicould be due to an inherent higy local concentration of tiielactam on the solid HA,
and consequently to a higher efficacy of the new functionalized HA materials.

From antibacteial susceptibility testing against reference bacterial straiNsHA emerged as that
having the best profilehereforeits antibacterial efficacy was further assayed towards 10 clinical
isolates (SMSSA and 5 MRSASCYV -small colony variantsstrains)obtained from surgical bone
biopsies and representative of bacterial strains currently encountered during osteoripelitis.
included strains we the main responsible for chronic atiabrapyrefractory infections despite
systemic antimicrobial treatmentfue to their reduced rate of metabolism, intracellular persistence,
strong adhesion to implants and host tissuiasbiofilm extracellular matrix formatiof% Data
reported in Table 2.9ndicatad that 1.N-HA strongly inhibitedthe bacterial growth of both
methicillin-resistant and methicillisusceptible clinical isolates &. aureusfrom surgical bone
biopsies, showing to be a very good candidate as a new functional biomaterial with enhanced
antibacterial activityMoreover, he obtainedresuls for the nev 1.N-HA materialconfirmed some
hypothesis on the mechanism of action of tiéskiolatedazetidinones, in particular it excludithe
possibility that the Penicillin Binding Protein PBP2a, which is the resistance factor discriminant
between MRSA and MSSAould be the biological targéfeverthelesst is important to lghlight

that the loading of.N on HA didnot interferan the mechanism at the root of its antibacterial action
since asimilar activity on both MRSA and MSSA strains was previouslyeoledalsoon the free
azetidinone
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Table 2.9 Antibacterial activitieof 1.N-HA sampleagainst clinical isolatesxpressed as diameter of the inhibition zone (in mm)
SD surroundingazetidinoneHA sample disks containing gentamic{i@MN) were used agositive controls

Clinical isolate 1.N-HA GMN
MSSA 1 38z+1 301
MSSA 2 28+1 22+1
MSSA 3 28+1 20+ 1
MSSA 4 331 22+1
MSSA 5 301 20+ 1

MRSA-SCV 1 301 20+ 1

MRSA-SCV 2 28+1 21+1

MRSA-SCV 3 34+1 24+ 1

MRSA-SCV 4 25+1 21+1

MRSA-SCV 5 301 20+ 1

2.10.7 Cytotoxicity tests

(in collabaation with P. Torricelli, Istituto Ortopedico Rizzoli, Bologna

The cytotoxicity of sampled.N-HA, 1.P-HA, 1.V-HA and 1.W-HA was tested using MG63
osteoblastike cell line, widelyemployed for biomaterial testingelt proliferation and viability were
assessed by colorimetric reagent t&&tsults at 4&oursand 72 loursof cultures are reported in
Figure2.30a, where alues under A indicate cytotoxicity ofhetested materiafl.P-HA, 1.V-HA
and 1.W-HA samplesshowed significant lower proliferation when comparechégative control
(CTRI) at both 48 and 72 h, and their percentdgeability was always under 2@. On the contrary
cells grown in contact witi.N-HA showed signiftant lower values at 48ohrs, but at 72 mo
significant difference in comparison with CTR/as found andgrcentage of viability as over 70%
both at 4&h and 72 h. In a second teamount of lactate dehydrogenak®H), which isreleased in
culture medum by cells with damaged membranegas evaluated (Figure 2131 The values
measured in supernatants showed significant higher releds®-iA, 1.V-HA and 1.W-HA in
comparison to CTRat both experimental timegalso in this case insteadale for1l.N-HA was
higher at 48 hbut it didnot differ from CTR at 72 h, showing an absemytotoxicity towardsViG63
osteoblastike cell line
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Figure 2.30. a) WST1 assay and) LDH releaseof MG63 after 48 and 72 of culture onl.N-HA, 1.P-HA, 1.V-HA, 1W-HA,
samples and cont®l

2.110ther N-thio-substituted b-lactams

As alreadywidely discusse@dN-thio-s u b s t Hactanms éale been shown to exhibit an innovative
bacteriostatic action mechanism with efficacy also on resisteains'’ After the functiorlization

of hydroxyapatite with a series NfmethylthioandN-phenylthicazetidirones resulting in excellent
biomaterials with antibacterial activiagainst resistant pathogetisve decided to expante library

of these compoundfor evaluating how dierse thiesubstitutions onb-lactam nitrogen could
influence and modulate the antibacterial activiilyparticular,12 novelN-arylthio- andN-alkylthio-
azetidinones were designed and synthetigétart 2.9 starting from comercially available
compoundd.M and1.0.
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Chart 2.5. Novel N-thio-substitutedb-lactams9.a-f and10.af

2.11.1 Synthesis of azetidinones

The novelN-thio-substituted-lactams were prepared according tophecedure already depicted in
Paragrapi?.4.2for compoundsl1.N, 1.P and1.V, 1.W (Scheme2.18).

R OAc R OAc
a
0o (0] S—
1.M: R=H 9.a:R'=Bn R=H (40%)
1.0. R=.CHOTBS)CH,  9b:R'=(p-OMe)Ph R=H (65%)
9.c:R'=BT R=H (83%)
9.d: R'=iPr R=H (28%)
9.e:R' = Pr R=H (66%)
9.f:R'=Bu R=H (45%)
10.a: R' = Bn R = -CH(OTBS)CH5 (18%)
10.b: R' = (--OMe)Ph R = -CH(OTBS)CH; (26%)
10.c: R' = BT R = -CH(OTBS)CH3 (41%)
10.d: R' = iPr R =-CH(OTBS)CH3 (21%)
10.e:R'=Pr R =-CH(OTBS)CHj3 (37%)
10.f: R' = Bu R = -CH(OTBS)CH5 (14%)

Scheme2.18. Synthesis oN-thiosubstituted-lactams9a-f and10af. Reagents ancbnditions: aR 6-SR, SQCIz, TEA, CH:CI2, 0
°C thenreflux, 4h. Yields of isolated copounds are repatl in brackets

The resultgeported in Scheme Bhppeaedrather discordant showirascillaing yieldsaccording
to the startingsubstrate and the disulfidé& general worst reactivitgmerged whernhe starting
azetidinonel.O was ugd: with the disulfile being equal in facyields appeared lower for C3
substituted compounds comparedhoseobtained starting from azetidinodeN (see9.avs10.a
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9.b vs 10.b, 9.c vs 10.G etc..). A hypothesis for this reactivity trend could arise from a partial
pyramialization oftheb-lactam nitrogen, supported bgmputational studiegdathave been carried
out on bicyclic b-lactans and their bindingingles® Presuming that @yramidaization could be
presentalso in compound1.O, it would be conceivable a stericindrance betweenthe -
CH(OTBS)CH groupin C3 positionandthe nitrogerione pair, since the proton of thé\H group
should arrange in antramolecular hydrogen bomdth the carbonyl group on the QRBigure2.31).

O-Si ’%
/ \
Figure 2.3. Spatial arrangement for starting compoun@

This spatial arrangement could henegplain a less availability of the nitrogen lone pair for a
nucleophilic attack on the disulfide, causinigwaer reactivity of thesderivativescompared to those
with no substitution on & Since a'lH NMR coupling betweeaNH hydrogenand that on the &
position of the ringvas observedhese two protongrobablydisposeon the same side of thactam
plane supporting the hypothesis ththe nitrogen longair and the-OTBS groupaccordinglypoint
onthe other side
A second observation could account for a differeattivity of the disulphidesn most caseseaction
yields arenot in accordancwith those previously reported foompoundsl.N, 1.Pand1.V, 1.W
obtained from dimethyl odiphenyl disulfide and een reactarst with a similar structuresuch as
dipropyl disulfide odibutyl disulfide,furnished in this caseerydivergent yield¢see9.evs9.f, 10.e
vs10.1). The best results wenbtainedwith p-methox/phenyl disulfide andenzothiazolyl dislfide
(48% and 83% starting frosubstratel.M, 26% and45% starting fronsubstratel.O, respectively.
In addition,in all theperformedexperimentsaresidualpresence of starting matesalas evidenced:
it wasthereforehypothesized that thenreactedtartingb-lactamcould be blocked in the formation
of an intermediateN-chlorinated compoundrising from the presence of reactisf@loride ions or
radicalsin the reaction mixture formed in turn by a degtaoh of SQCI». This speciesould be then
decomposeto restore the startingaterialfollowing anagueousvork-up or silicaexposure.
A tentative optimization of the reaction conditions was performed on comp&uadsd 10.aas
model substratgglata mt shown) the number of equivalents of disulfide, base and sulfuryl chloride
were tentatively varied, together with an elongation of reaction times or modification in the heating
system (MW irradiation was attempted in neat cood# or in chlorobenzeneNevertheless, m
improvements were detected with the newly employed condijteves if the yields are in many
cases not sefying, a new library oN-thio-substituted-lactams was obtained with a straightforward
onestep protocol starting from commelkavailable and not expensive azetidinones and disulfides.
The noel compounds will be tested évaluate their antibacterial properties against resistant strains
of common pathogens. Moreover, from a preliminary study in collaboration with R. Schnell,
Karolinska Institutet StockholpcompoundL.N resulted active against a proteasdgtobacterium
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tubercolosis According to this, other selectédithio-azetidinones are being tested and a further
collaboration with P. Dal Monte, University of Bologna, afirat assaying this class bflactam
derivatives againgtlycobacterium tubercolosfsom clinical isolates. Results are still being awaited

and according to their effectiveness, an optimization procedure for the realization of this compound
series could bperformed in the future.

2.12Concluding remarks

In this chapter innovative librariesonstituted by nevi-lactamderivatives were reported, together
with their synhesis and biological evaluatioBtarting from the already pioneeréalkylideneor 4
acetoxy azetidinonscaffolds, differentfunctionalizationson C3 position of he b-lactam ring were
examired for modulating the antibacterial activity.

At first, sinceoxidative stress could contribute to the selection of resistant bacterial swains,
designed someé-lactans armed withphytochemical polyphenolic acids and investigated as dual
targetantibacterialantioxidantderivatives Compounds with a good antibacterial potency against
multidrug resistant staphylococcal strains were fo(MtCs = 2-8 mg/L for the best candidates)
Moreover, compoundbearinga catechol moiety on the siddain showeda strongantiradical
capacity against DPPH and ABTS, with TEAC values 2.5 times higher than those known for
compounds currentlysed as antioxidant¥itamin E, citricacid)#®

Two of these derivativesvere prepared in graiscale as lead anstandard compound®r a
preliminaryin vivo biodigribution study. Molecules were vectorized on solid lipid nanopartaiels

the accumulatiom miceof the lead conpound in itdree andsehicula form wasevaluatedy HPLG
MS-MS of tissues and orgamxtracts

We then modifiedite C3positionwith a phenolicbenzoic acid linked to a pasiely charged amine
terminuswith the scope to partially mimic the amphiphitiehavior of antimicrobial peptides. Also
in this case thderivatives were tested agat resistant bacterand found to strongly inhibit bacterial
proliferationin S. aureugndS. epidermidistrains.

In a second projeate developed and optimized a tvgtep protocol for obtaining a new class of
monocyclicalkylidere-azetidinone armedon the G hydroxyethyl side chaiwith aniline-, benzy}

or phenethylcarbamatenoieies All the new compounds were tested for their antibacterial efficacy
against Granpositive and Granmegative recent clinical isolates incladimultidrugresistant strains
anda correlatiorwas foundbetween the biological activity and thesubstituent othe carbamate
group. In particularphenethylcarbamateb-lactamsresulted the most active antibacterial agents
against some selected strains, comprising linezekistant isolateswith a MIC potency of 2
mg/L.”

In a parallelstudyaimed atthe realization of novel composite biomaterials possessingaaterial

properties, we performed theading of some monocyclic N-thio-substituteeb-lactams with a

lipophilic character on nanocrystalline hydroxyapafitéd). Functionalization ofapatiteswith

antibacterial agents active agdinssistant bacterial istins could be indeed vemnportant for the

elaboration of bioactive borrepair materialsThe synthesizedhzetidinones showed highfiaity

interactions with HA andould be loaded in good amounts by a proper choice of the polarity of the
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loading solutbn, reaching values up to 1Wt%. The characterization fA composites revealed the
presence of intadb-lactams which could exert their biological activitiesd dita on cumulative
release in aqueous solution stealdifferent trends thatan be relatedo the lipophilcity of the
molecules ananodulated by suitable groups azetidinons. What is more important is that all the

new b-lactamHA compositeexhibitedgood antibacterial activity against referer@eampositive

and Gramnegative bacteriith 4-acetoy-1-(methylthio}azetidin2-oneHA sampledisplayng the

best activity andho cytotoxicity®’ The good resultsbtainedcoud lead to new functional apatites

with enhanced antibacterial properties able to prevent bone infections by resistant pathogens.
According to this, novel b-lactams with diverse N-thio-substitutios were synthesized and
antibacterial tests are in due cairs

The most active candidates belonging tcheglass of the novelerivatives were collected in Figure
2.32 together with their corresponding antibactesativity*®">°" to demonstrate how a structural
variability on a fixed monocyclic azetidinoneadtold could give rise to novel promising candidates
with strong antimicrobial potency against multidrug resistant strains suitable for a fartieo

evaluation.
0 0]
1Y 3 o (T3
o) /;J;/\COOBn HaN 0 'Jﬁ—fcoosn
NH NH
o (0]
1.m

1.a
MIC range: 2-8 mg/L MIC range: 4-32 mg/L

MeO
”J\o OAc /HA
/' Z>CO0Bn O)/:N\SMe
NH

© 1.N-HA

5.s
. MRSA MIC range: 25-38 mm
MIC 1 2-8 mg/L
range mg (diameter of the inhibition zone)

Figure 2.32 Best candidate compousidith potent antibcterial activitiesMIC ranges in rg/L or in mm diameter inhibition zone
toward different bacteriatrainsarereported®7>°7
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2.13Experimental Section
2.13.1 General information

Commercial reagents (reagent grade, >99%) were used as dewittveut additional pufication. Anhydrous
solventswere obtained commerciallfpeionized water was obtained from a Millipore analytical deionization
system (MilliQ).All reactions were performed under an inert atmosphefeuflless unspecified.LC: Merck

60 Fs4 plates. Column chromatography: Merck silica gel -200 mesh!H and *C NMR spectra were
recorded with an INOVA 400 instrument with a 5 mm pr&i@ NOESY experiments were run using 200 ms
mixing time.All chemical shifts are quoted relativedeuteraté s ol vent si gJdinaHg)sSolid G i n
state NMR spectra were obtained on a 500MHz Agileg®P ect r omet er by uCiamlg a 2
'H spectra were recorded at a MAS frequency kiH&. Polarimetric Analyses were conducted on Unipol L
1000 A Salkemisckcthd Pol ari meter at 598 nm. FTIR spec
between NaCl plates or GEI; solutions for solid compounds; wave numbers are reported in&RR-FTIR

spectra: Alpha FT IR Bruker spectrometer with platindTR single reflection diamond module. As reference,

the background spectrum of air was collected before the acquisition of each sample spectrum. Spectra were
recorded with a resolution of 4 dimand 32 scans were averaged for each spectrum (scan €450 cm

1. The purities of the target compounds were assessed as being >95% usinlSBPE@mental analysis

were performed on a Thermo Flash 2000 CHNS/O Analyzer. HREC Agilent Technologies HP1100
instrument, equipped with a ZOBRAKclipse XDBC8 Agilent Technologies column; mobile phase:
H>O/CH:CN, 0.4 mL/min, gradient from 30 to 80% of EN in 8 min, 80% of CECN until 25 min, coupled

with an Agilent Technologies MSD1100 singjeadrupole mass spectrometer, full scan mode from mz =5

to 2600,in positive ion modeESI spray voltage 4500 V, nitrogen gas 35psi, drying gas flow 11.5mL/min,
fragmentor voltage 20 V. TGA analysis was carried oatihg under air stream from 40 °C atX@'min in a

TGA7 Perkin Elmer instrument. XRD patternswereedallt ed by using a PANalytica
equi pped with a fast solid state Xo6Celerator dete
in the 97 60° 24 interval, by collecting data for 50 s at each 0.05° step. For TEM igedistis, a small

amount of powder was dispersed in ethanol and submitted to ultrasonication. A drop of the calcium phosphate
suspension was transferred onto holey carbon foils supported on conventional copper microgrids. A Philips
CM 100 transmission elgain microscope operating at 80 kV was used.

2.13.2 Synthetic general procedures
General procedure for EOMrotection (GP1)

A solution of the desired methyl ester (1 equiv) in THF (1.5 mL/mmol) was added dropwise to a suspension
of NaH (60% in mineral gjlin THF (5 mL/mmol) at 0C under inert atmosphere. After 10 min a solution of
chloromethylethylether (EOMCI) in THF (2.2 mL/mmol) was added dropwise and the reaction mixture was
allowed to warm to room temperature and monitored by TLC. After 2 h thdomraes quenched with a
saturated NaHCg&solution until pH 10 at OC and extracted with EtOAc (815 mL). The organic extracts

were dried over N&Q, and concentrated to obtain the desired Eftected compound.hE crude was
purified by flashchromatgraphy when specified.

General procedure for hydrolysis of methyl esters (GP2)

A stirred solution of the desired metlgster in a mixture of THEZH;OH 4:1 (4 mL/mmol) was treated with

5 M NaOH (1 mL/mmol). The reaction mixture was heated &C40ntil csmsumption of the starting material.

At completion(4 h, TLC monitoring) EtOAc (10 mL) was added and the organic phase was separated and
discarded. The aqueous phase was then cooletiOpatljusted to pH 5 with HCI 1M drthen extracted with
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EtOAc (3 x 15 mL). The collected organic layers were dried onS@a and concentrated to afford the
corresponding carboxylic acid.

General procedure for alcohalcid coupling (GP3)

To a solution of alcohdh (1 equiv) in CHCI, (10 mL/mmol) under inert atmosphere, thesired acid (1.58

equiv) and DMAP (0.2 equiv) were added. The mixture was then cooletiGafd DCC (1.58 equiv) was
added; the system was allowed to reach room temperature in 15 min and left under stirring overnight. After 16
h (TLC monitoring) the raction mixture was quenched with water &00and extracted with Gi&l, (3 x 15

mL). The collected organic phases were dried of8Raand evaporated. The rdge was treated with EtOAc

(1 x 20 mL) at 0 °Cand filtered to separate dicyclohexylurea preatgi. The solution was then evaporated

and purified by flaskthromatography tcafford the desiredb-lactam functionalized with O-protected
polyphenolic residue.

General procedure for EOMeprotectioror BocdeprotectionGP4)

A stirred solution of th€©-EOM-protectedor N-Boc-protectedb-lactam(1 equiv)in CH.Cl; (18.5 mL/mmol)
under inert atmosphemgas treated with aliquots of trifluoroacetic acid &every 60 min. After reaction
completion (TLC monitoring), the solvent and the trifluoroacetic acid were evapoiidiedcrude was
triturated with few drops of pentanedbtain tre desireddeproteatd phenolic compound

General procedure for synthesis of isocyanates (GP5)

A solution of the desired amine (0.375 mmol, 1 equiv) and triethylamine (105 pL, 0.75 mmol, 2 equiv) in
anhydrous CELCl, (3.75 mL)was stirred undeinert atmosphere. The mixtureaw then cooled to 8C and
bis(trichloromethyl) carbonate (223 mg, 0.75 mmol, 2 equiv) was added in one portion. The mixture was
warmedto room temperaturand then refluxed. The reaction was monitored through IR spectroscopy (N=C=0
stretching at 2274 ch). After 3h, the solvent was evaporated under vacuum avoiding any air exposure. The
crude isocyanateraswashed with anhydrous diethyl ettaerd filtered under nitrogen 64 mL) to remove

the white precipitate, stored undeertatmosphere and immedéady used.

General procedure for synthesis of carbamates (GP6)

A solution of alcoho/A (40 mg, 0.15 mmol, 1 equiv) in anhydrous £ (1.5 mL) was stirred under inert
atmosphere. The freshly prepared isocyanate (0.375 mmol, 2.5 equiv) diluted in anfydi@l$l mL) was
then added. After 5 min of stirring, TiJLM in CHClz, 15 pL, 0.015 mmol, 0.1 equiv) was added dropwise.
After completion (TLC monitoring, 16 h) the mixture was quenched with water and extracted with (H

x 10 mL). The combinedrganic extracts were dried over 188, filtered, concentrated under vacuum and
purified by flashchromatography (Ckl./acetone 97:3 then 95:5) afforditige desired carbamate as a waxy
white solid

General procedure for the synthesis of thlkyl and tho-aryl b-lactams (GP7)

To a solution of the desired disulfide-1125 equiv) in CHCl» (2 mL) under inert atmosphera solution of
SOCl> (122 pL, 1.5 mmol, 1.5 equiv) in GBI, (2 mL) was added dropwise atG. After 10 minutes, the
desired azetidinone (1 mmdl equiv)was introduced followed by the dropwise addition of T&&7 L, 2
mmol, 2 equiv).The mixture was stirred at reflux forrdthencooled to room temperaturguenched with a
saturated aqueous solution of MH (5 mL) and extracted witH.Cl, (3 x 15 mL). Thecombined organic
extractswere dried over NgSQ, filtered and concentrated in vacuum. The crude was purified by flash
chromatography to yield thedesiredthio-alkylated or arylate@-lactam.
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2.13.3 Synthesis of dual active antibacteraadtioxidantb-lactams

Starting polyhydroxy benzoic and polyhydroxy cinnamic methyl esters are all known and were prepared
according to reported procedures with methanol and sulfuric acid as t¥éfystected esterg.a, 2.b, 2.e

are known and were prepared by daling a literaturgprocedure®® acids3.a, 3.b, and3.e are known; alcohol

A, ester2.h and acid3.h were prepred as previouslseported®

Methyl 4(ethoxymethoxy)benzogi@&c)

Following GP1,p-hydroxybenzoic acid methyl ester (395 mg, 2.60 mmol), NaH (208 mg, 5.20 mmol) and
EOMCI (482 uL, 5.20 mmol) yielded compougd as a colorless oil (502 mg, 91%R (film, cm?) 2978,

1720, 1607, 1510, 1435, 12781 NMR (400 MHz, CDCJ) U (ppm) 1.21 (tJ= 7.1 Hz, 3H), 3.72 (q1= 7.1

Hz, 2H), 3.87 (s, 3H), 5.26 (s, 2H), 7.05 Jd; 8.9 Hz, 2H), 7.97 (d] = 8.9 Hz, 2H);**C NMR (100 MHz,
CDCl) U (ppm) 15.0, 51.8, 64.5, 92.8, 115.6, 123.4, 131.4, 161.1, 1I66MYIS (R: = 8.8 min)m/z 211
[M+H] "

Methyl 3,4bis(ethoxymethoxy)benzodfed)

Following GP1,3,4-dihydroxy-benzoic acid methyl ester (193 mg, 1.15 mmol), NaH (184 mg, 4.60 mmol)
and EOMCI (427 pL, 4.60 mmol) yielded compoufid as a colorles oil (163 mg, 50%) after flash
chromatography prification (cyclohexane/EtOAc 75:29R (film, cntt) 2978, 1719, 1602, 1510, 1440, 1290;
'H NMR (400 MHz, CDCJ) U (ppm) 1.18 1.25 (m, 6H), 3.72 3.81 (m, 4H), 3.88 (s, 3H), 5.32 (@ 9.6

Hz, 4H), 7.20 (d,) = 8.6 Hz, 1H), 7.66 7.71 (m, 1H), 7.80 7.83 (m, 1H);**C NMR (100 MHz, CDQ) U
(ppm) 15.0, 52.0, 64.5, 64.6, 93.6, 94.1, 115.1, 117.7, 123.9, 128, 151.5, 166.ESFMS (R = 9.5

min) m/z285 [M+H]".

(E)-methyl 3(4-(ethoxymethoxy)phenyl)acrylaiaf)

Following GP1, methyl §4-hydroxyphenyl)acrylate (523 mg, 2.93 mmol), NaH (235 mg, 5.88 mmol) and
EOMCI (546 pL, 5.88 mmol) yielded compou@d as a colorless oil (701 mg, 98%). IR (film, €n2950,
1714, 1634, 1604, 1511, 1434, 1239:NMR (400 MHz, CDCJ) ti (ppm) 1.20 (t,) = 7.0 Hz, 3H), 3.70 (q]
=7.0 Hz, 2H), 3.77 (s, 3H), 5.22 (s, 2H), 6.31J¢,16.0 Hz, 1H), 7.02 (dl = 8.7 Hz, 2H), 7.44 (d]= 8.7

Hz, 2H), 7.63 (dJ = 16.0 Hz, 1H);*C NMR (100 MHz, CDGJ) U (ppm) 15.0, 51.4, 64.4, 92.8, 165116.4,
127.9, 129.5, 144.3, 159.1, 16 7EBIMS (R: = 10.8 min)m/z237 [M+H]".

(E)-methyl 3(2-(ethoxymethoxy)phenyl)acrylai2g)

Following GP1, methyl (B)-3-(2-hydroxyphenyh2-propenoate (539 mg, 3.03 mmol), NaH (242 mg, 6.06
mmol) and EOMCI (5621L, 6.06 mmol) yielded compouritig as a colorles oil (584 mg, 82%) after flash
chromatography (cyclohexane/EtOA@:30). IR (film, cntt) 2961, 1716, 1636, 1601, 1511, 1448, 126i;
NMR (400 MHz, CDCJ) U (ppm) 1.22 (tJ = 7.1 Hz, 3H), 3.75 (g1 = 7.1 Hz, 2H), 3.81 (s, 3H), 5.30 (s, 2H),
6.50 (d,J = 16.2 Hz, 1H), 6.99 7.03 (m, 1H), 7.19 (dd} = 8.4, 0.8 Hz, 1H), 7.3L 7.35 (m, 1H), 7.53 (dd}

= 7.7, 1.6 Hz, 1H), 8.03 (d,= 16.2 Hz, 1H)23C NMR (100 MHz, CDC}) U (ppm) 15.1, 51.6, 64.6, 93.2,
114.8,118.3, 121.7, 124.0, 128.4, 131.5, 140.1, 156.2, I63B4S (R: = 9.4 min)m/z237 [M+H]".

(E)-methyl 3(4-(ethoxymethoxy3-methoxyphenyl)acrylat@.i)

Following GP1, methyl §4-hydroxy-3-methoyphenyl)acrylate (139 mg, 0.67 mmol), NaH (67 mg, 1.68
mmol) and EOMCI (124 pL, 1.34 mmol) yielded compowidas a colorless oil (159 mg, 89%). IR (film, tm
1y 2923, 1702, 1637, 1582, 1510, 1461, 1266NMR (400 MHz, CDCJ) U (ppm) 1.17 (tJ = 7.1 Hz,3H),
3.70 (9,J = 7.1 Hz, 2H), 3.74 (s, 3H), 3.85 (s, 3H), 5.25 (s, 2H), 6.28 &15.9 Hz, 1H), 7.01 7.13 (m,
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3H), 7.58 (d,) = 15.9 Hz, 1H)3C NMR (100 MHz, CDGJ) Ui (ppm) 14.9, 51.4, 55.7, 64.3, 93.7, 110.2, 115.7,
115.8, 122.0, 128.4, 144.5,8.6, 149.6, 167.FESFMS (R = 8.7 min)m/z267 [M+HT".

(E)-methyl 3(4-(ethoxymethoxy3,5-dimethoxyphenyl)acrylat@.)

Following GP1, methyl §4-hydroxy-3,5-dimethoxyphenyl)acrylate (470 mg, 1.97 mmol), NaH (197 mg, 4.93
mmol) and EOMCI (366 L, 3.99mol) yielded compoung,j as a colorless oil (582 mg, 99%). IR (film,tm
1): 2926, 1714, 1636, 1587, 1505, 1454, 12AH/NMR (400 MHz, CDCJ) U (ppm) 1.13 (tJ = 7.1 Hz, 3H),
3.72 (s, 3H), 3.79 (s, 6H), 3.81 @+ 7.1 Hz, 2H), 5.11 (s, 2H), 6.28 @@= 15.9 Hz, 1H), 6.68 (s, 2H), 7.53
(d, J=15.9 Hz, 1H)C NMR (100 MHz, CDG) U (ppm) 14.8, 51.4, 55.8, 64.7, 96.4, 105.0, 116.9, 130.1,
136.5, 144.7, 153.4, 167.ESIMS (R: = 8.2 min)m/z297 [M+H]".

4-(ethoxymethoxy)benzoic a¢glc)

Following GP2, este2.c (210 mg, 1.00 mmol) yielded ac#k as a white solid (121 mg, 62%). Mp 11819
°C; IR (film, cm®) 3418, 2983, 1688, 1603, 142291;'H NMR (400 MHz, CROD) U (ppm) 1.19 (tJ=7.1
Hz, 3H), 3.72 (gJ = 7.1 Hz, 2H), 5.30 (s, 2H), 7.08 (@= 8.8 Hz, 2H), 7.96 (d] = 8.8 Hz, 2H);*C NMR
(100 MHz, CROD) U (ppm) 15.5, 65.5, 93.9, 116.7, 125.0, 132.7, 162.7, 169.7M5S(R = 5.9 min)m/z
195 [M-HJ".

3,4-bis(ethoxymethoxy)benzoic a€Rid)

Following GP2, este2.d (163 mg, 0.57 mmol) yielded acBd as a waxy white solid (138 mg, 90%). IR (film,
cnl) 3404, 2976, 1687, 1599, 1512, 1443, 12866NMR (400 MHz, CDCJ) U (ppm) 1.181 1.24 (m, 6H),

3.721 3.80(m, 4H), 5.31 (s, 2H), 5.34 (s, 2H), 7.22 Jd& 8.6 Hz, 1H), 7.75 (d] = 8.6 Hz, 1H), 7.88 (s, 1H);

13C NMR (100 MHz, CDQ) U (ppm) 15.0, 64.6, 64.7, 93.6, 94.1, 115.0, 118.2, 123.0, 125.5, 146.6, 152.2,
171.6; ESIMS (R: = 10.0 min)m/z288 [M+H:O]".

(E)-3-(4-(ethoxymethoxy)phenyl)acrylic adilf)

Following GP2, este2.f (236 mg, 1 mmol) yielded acRIf as a white solid (212 mg, 95%). Mp 16254°C;
IR (film, cm): 3424, 2973, 1670, 1627, 1603, 1511, 1429, 138MNMR (400 MHz, CDCJ) U (ppm) 1.23
(t, J= 7.1 Hz, 3H), 3.73 (q] = 7.1 Hz, 2H), 5.26 (s, 2H), 6.33 (@= 15.9 Hz, 1H), 7.06 (dl = 8.6 Hz, 2H),
7.50 (d,J = 8.6 Hz, 2H), 7.74 (d] = 15.9 Hz, 1H);**C NMR (100 MHz, CDGJ) U (ppm) 15.1, 64.5, 92.9,
115.1, 116.5, 127.7, 130.0, 146169.5, 172.5; ESMS (R; = 6.8 min)m/z223 [M+H]".

(E)-3-(2-(ethoxymethoxy)phenyl)acrylic adqiglg)

Following GP2, este?.g (236 mg, 1 mmol) yielded aciglg as a waxy white solid (164 mg, 74%). IR (film,
cni?) 3419, 2974, 1677, 1634, 1601, 1510, 14351;'"H NMR (400 MHz, CROD) U (ppm) 1.16 (tJ=7.1
Hz, 3H), 3.70 (qJ) = 7.1 Hz, 2H), 5.27 (s, 2H), 6.49 @ 16.2 Hz, 1H), 6.98 (1] = 7.5 Hz, 1H), 7.15 (d] =
8.3 Hz, 1H), 7.30 () = 7.8 Hz, 1H), 7.55 (d]= 7.7 Hz, 1H), 8.01 (d] = 16.2 Hz, 1H)*C NMR (100 MHz,
CDsOD) u (ppm) 15.4, 65.6, 94.4, 116.0, 119.5, 122.9, 125.1, 129.3, 132.6, 141.4, 157.3, 170/5 (5!
= 7.0 min)m/z221 [M-H]*.

(E)-3-(4-(ethoxymethoxy3-methoxyphenyl)acrylic aci.i)

Following GP2, este2.i (267 mg, 1 mmol) yielded acRli as a whi¢ solid (217 mg, 86%). Mp 131133°C;

IR (film, cmt) 3423, 2904, 1671, 1625, 1583, 1509, 1424, 13%NMR (400 MHz, CDCJ) U (ppm) 1.22 (t,
J=7.1Hz, 3H), 3.77 (q] = 7.1 Hz, 2H), 3.91 (s, 3H), 5.32 (s, 2H), 6.33J4,15.9 Hz, 1H), 7.08 7.21 n,
3H), 7.73 (dJ = 15.9 Hz, 1H)X3C NMR (100 MHz, (CB).CO) U (ppm) 15.4, 56.2, 64.9, 94.6, 111.9, 117.3,
117.4,123.0, 129.8, 145.5, 149.7, 151.4, 16HSI-MS (R; = 5.9 min)m/z253 [M+H]".
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(E)-3-(4-(ethoxymethoxy3,5-dimethoxyphenyl)acrylic aci8.j)

Following GP2, este?.j (237 mg, 0.8 mmol) yielded acBj as a white solid (187 mg, 83%). Mp 10Q12

°C; IR (film, cnt?) 3423, 2921, 1675, 1627, 1449, 1259;NMR (400 MHz,(CD3).CO) U (ppm) 1.14 (tJ =

7.1 Hz, 3H), 3.85 (g = 7.1 Hz, 2H), 30 (s, 6H), 5.10 (s, 2H), 6.50 (@= 15.9 Hz, 1H), 7.03 (s, 2H), 7.61
(d, J = 15.9 Hz, 1H);¥3C NMR (100 MHz, (CR).CO) U (ppm) 15.4, 56.2, 64.9, 94.6, 111.9, 117.2, 117.3,
123.0, 129.7, 145.5, 149.7, 151.4, 16&3}-MS (R = 6.4 min)m/z283 [M+H]".

(R)-1-((S,Z)2-(2-(benzyloxyR-oxoethylideneX-oxoazetidin3-yl)ethylbenzo[d][1,3]dioxoleb-carboxylate
(1.a)

Following GP3, alcohoh (55 mg, 0.21 mmol) and acila (55 mg, 0.33 mmol) yielded compoutd as a

waxy solid (28 mg, 33%) after flasthromabgraphy purification (CkCl./acetone 99:1). IR (film, cr) 3286,

2980, 1820, 1701, 1657, 1489, 1259 =i 24 (c = 0.8, CKCl,); '"H NMR (400 MHz, CDCJ) U (ppm)

1.50 (d,J = 6.4 Hz, 3H), 4.00 (d] = 6.8 Hz, 1H), 5.14 (dJas = 12.3 Hz, 1H), 5.19 (dlas = 12.3 Hz, 1H),

5.25 (s, 1H), 5.45 (quinted,= 6.4 Hz, 1H), 6.04 (s, 2H), 6.83 @@= 8.2 Hz, H), 7.307 7.39 (m, 5H), 7.42
(d,J=1.5Hz, 1H), 7.62 (ddl = 1.5, 8.2 Hz, 1H), 8.65 (bs, 1HfC NMR (100 MHz, CDQJ) U (ppm) 18.0,

61.6, 66.2,67.3,90.6,101.8,108.1, 109.5, 123.5, 125.6, 128.2, 128.3, 128.6, 135.7, 147.8, 151.9, 152.1, 164.5,
1646, 166.6; ESMS (R = 10.1 min)m/z427 [M+HQO]*. Found C, 64.72; H, 4.65; N, 3.40 %;38:1sNO;

requires C, 64.54; H, 4.68; N, 3.42 %.

(R}1-((S,2)2-(2-(benzyloxyR-oxoethylidenef-oxoazetidin3-yl)ethyl benzo[d][1,3]dioxoled-carboxylate
(1.b)

Following GP3, alcohah (35 mg, 0.13 mmol) and ac®lb (34 mg, 0.21 mmol) yielded compoutd as a

waxy solid (24 mg, 44%) after flasthromatography purification (Gi8l./acetone 99:1)R (film, cm?) 3287,

2924, 1820, 1700, 1656, 1457, 12B42% =7 17 (c = 1.2, CkCl,);*"H NMR (400 MHz, CDC}) ti (ppm) 1.53
(d,J=6.4 Hz, 3H), 3.99 (d] = 6.7 Hz, 1H), 5.17 (s, 2H), 5.29 (s, 1H), 5.46 (quintet,6.4 Hz, 1H), 5.97i

6.01 (m, 2H), 6.85 (t) = 8.0 Hz, 1H), 6.96 (ddl = 1.1, 7.7 Hz, 1H)7.307 7.38 (m, 6H), 8.67 (bs, 1H)C

NMR (100 MHz, CDC}) U (ppm) 18.3, 61.5, 66.1, 67.7, 90.7, 101.8, 112.4, 112.5, 121.3, 122.5, 128.2, 128.3,
128.6, 135.8, 148.7, 148.8, 152.2, 163.2, 164.6, 1&SFMS (R =10.0 min)m/z427 [M+HO]*. Found C,

6469; H, 4.74; N, 3.37 %,; £H1dNO7 requires C, 64.54; H, 4.68; N, 3.42 %.

(R}1-((S,2)2-(2-(benzyloxyR-oxoethylideneX-oxoazetidir3-yl)ethyl 4(ethoxymethoxy)benzodiec)

Following GP3, alcohoh (39 mg, 0.15 mmol) and acRIc (47 mg, 0.24 mmol) yided compound!.c as a
waxysolid (27 mg, 41%) after flasthromatography purification (Gi8l./acetone 99:1)R (film, cm?) 3300,

2926, 1821, 1702, 1656, 1606, 1509, 1% =1 10 (c= 1.1, CHCly);*"H NMR (400 MHz, CDC}) i

(ppm) 1.22 (tJ= 7.0 Hz, 3H), 1.51 (d] = 6.3 Hz, 3H), 3.73 (g] = 7.0 Hz, 2H), 4.01 (d] = 6.7 Hz, 1H), 5.15

(d, Jag = 12.3 Hz, 1H), 5.19 (dlag = 12.3 Hz, 1H), 5.26 (s, 1H), 5.27 (s, 2H),&@uintet,J = 6.3 Hz, 1H),

7.06 (d,J = 8.7 Hz, 2H), 7.32 7.40 (m, 5H), 7.96 (d] = 8.7 Hz, 2H), 8.67 (bs, 1H}*C NMR (100 MHz,

CDCl) U (ppm) 15.0, 18.1, 61.6, 64.6, 66.2, 67.1, 90.6, 92.8, 115.8, 122.9, 128.2, 128.3, 128.6, 131.6, 135.8,
152.2,18.4, 164.6, 164.9, 166.7; ESIS (R = 10.9 min) m/z457 [M+HO]".

(R}1-((S,Z}2-(2-(benzyloxyR-oxoethylideneX-oxoazetidin3-yl)ethyt 3,4-bis(ethoxymethoxy) benzoate
(4.d)

Following GP3, alcohah (60 mg, 0.23 mmol) and ac®Id (98 mg, 0.36 mmol) iglded compound.d as a
yellow oil (44 mg, 37%) after flasbhromatography purification (GRBl./diethyl ether 95:5). IR (film, crf
3287, 2976, 1822, 1704, 1658, 1603, 1509, 1p8%5 =1 12 (c = 0.6, CHCI,); '"H NMR (400 MHz, CDCJ)
U (ppm) 1.20 (tJ = 7.0 Hz, 3H), 1.21 () = 7.0 Hz, 3H), 1.51 (d] = 6.4 Hz, 3H), 3.72 3.81 (m, 4H), 4.00
(d,J=6.7 Hz, 1H), 5.13 (dlas = 12.3 Hz, 1H), 5.18 (dlag = 12.3 Hz, 1H), 5.26 5.33 (m, 5H), 5.43 (quintet,
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J=6.4 Hz, 1H), 7.20 (d] = 8.6 Hz, 1H), 7.30 7.35 (m, 5H), 7.65 (dd] = 1.8, 8.6 Hz, 1H), 7.81 (d,= 1.8

Hz, 1H), 8.76 (bs, 1H}*C NMR (100 MHz, CDGJ) U (ppm) 14.99, 15.01, 18.2, 61.6, 64.5, 64.6, 66.1, 67.3,
90.6, 935, 94.0, 115.1, 117.7, 123.3, 124.7, 128.2, 128.3, 128.6, 135.7, 146.7, 151.7, 152.2, 164.7, 164.8,
166.6; ESIMS (Ri= 11.5 min)m/z531 [M+H.0]".

(E)-(R)}1-((S,Z2)2-(2-(benzyloxyR-oxoethylideney-oxoazetidir3-yl)ethyl 3(benzol[d][1,3]dioxot5-
ylacrylate (1.€)

Following GP3, alcohoh (67 mg, 0.25 mmol) and acRle (77 mg, 0.40 mmol) yielded compoudg as a

waxy solid (38 mg, 35%) after flasthromatography purification (Gi8l./acetone 98:2). IR (film, crf) 3286,

2924, 1821, 1704, 1657, 1510, $28]%% = + 9 (c= 1.0, CHCI2);*H NMR (400 MHz, CDCJ) ti (ppm) 1.46
(d,J=6.4 Hz, 3H), 3.95 (d]= 6.8 Hz, 1H), 5.15 (dlas = 12.3 Hz, 1H), 5.18 (dlas = 12.3 Hz, 1H), 5.27 (d,

J = 0.6 Hz, 1H), 5.36 (quintef,= 6.4 Hz, 1H), 6.01 (s, 2H), 6.23,(@= 15.9 Hz, 1H), 6.81 (d] = 7.9 Hz,

1H), 6.98i 7.03 (m, 2H), 7.32 7.37 (m, 5H), 7.59 (d] = 15.9 Hz, 1H), 8.51 (bs, 1H¥C NMR (100 MHz,

CDCl) u (ppm) 18.0, 61.5, 66.2, 66.7, 90.6, 101.6, 106.5, 108.5, 115.2, 124.7, 128.2, 128.3, 128.5, 128.6,
135.7, 145.5, 148.3, 149.8, 152.1, 164.7, 165.9, 166.ZMSJR: = 10.4 min)m/z392 [M-43]*. Found C,

66.47; H, 4.89; N, 3.28 %;4H>1NO; requires C, 66.20; H, 4.86; N, 3.22 %.

(E)-(R)1-((S,Z)2-(2-(benzyloxyR-oxoethylidenef-oxoazetidir3-yl)ethyt 3-(4-ethoxymethoxy)
phenyl)acrylatg4.f)

Following GP3, alcohoA (67 mg, 0.25 mmol) and acRif (89 mg, 0.40 mmol) yielded compouAd as a
waxy solid (67 mg, 58%) after flasthromatography yrification (cyclohexane/EtOAc 75:29R (film, cnt
1) 3286 2924, 1821, 1704, 1658, 1454, 1256;NMR (400 MHz, CDCJ) U (ppm) 1.22 (tJ = 7.1 Hz, 3H),
1.47 (d,J=6.4 Hz, 3H), 3.73 (gq] = 7.1 Hz, 2H), 3.96 (d] = 6.9 Hz, 1H), 5.14 (dJas = 12.3 Hz, 1H), 5.18
(d, Jag = 12.3 Hz, 1H), 5.25 (s, 2H), 5.27 ()1 5.37 (quintet,) = 6.4 Hz, 1H), 6.29 (d) = 15.9 Hz, 1H),
7.04 (d,J=8.7 Hz, 2H), 7.33 7.38 (m, 5H), 7.47 (d] = 8.7 Hz, 2H), 7.65 (d] = 15.9 Hz, 1H), 8.44 (bs,
1H); ESIMS (R:=11.6 min)m/z422 [M-43]".

4.2.19. (B)(R)1-((S,Z)2-(2-(benzloxy)2-oxoethylideneX-oxoazetidin3-yl)ethyl  3(2-(ethoxymethoxy)
phenyl)acrylat€4.g)

Following GP3, alcohoh (40 mg, 0.15 mmol) and acRig (40 mg, 0.18 mmol) yielded compoudd) as a

waxy solid (45 mg, 65%) after flasthromatography purificatio(cyclohexane/EtOAc 75:2b IR (film, cnmt

1) 3284, 2933, 1821, 1702, 1657, 1631, 1542, 1457, 10F4%; Ei 16 (c = 1.0, CKCLL); *H NMR (400 MHz,

CDCl) G (ppm) 1.21 (tJ=7.1 Hz, 3H), 1.48 (d] = 6.4 Hz, 3H), 3.74 (q] = 7.1 Hz, 2H), 3.97 (d] = 7.0 Hz,

1H), 5.16 (dJas = 12.3 Hz, 1H), 5.20 (dlag = 12.3 Hz, 1H), 5.29 (s, 3H), 5.38 (quintét 6.4 Hz, 1H), 6.48
(d,J=16.2 Hz, 1H), 7.01 (1) = 7.5 Hz, 1H), 7.19 (d) = 8.3 Hz, 1H), 7.327.36 (m, 6H), 7.53 (1= 7.7

Hz, 1H), 8.06 (dJ = 16.2 Hz, 1H), 8.78 (bs, 1H}3C NMR (100 MHz, CDGJ) Ui (ppm) 15.0, 18.1, 61.5, 64.5,

66.1, 66.8,90.5,93.2,114.9, 117.7,121.7, 123.7, 128.2, 128.3, 128.4, 128.6, 131.7, 135.8, 141.0, 152.3, 156.2,
164.7, 166.1, 166.7; ESIS (R:= 11.7 min)m/z483 [M+H,0]".

(E)-(R}1-((S,Z}2-(2-(benzyloxyR-oxoethylidae)4-oxoazetidin3-yl)ethyl3(3,4-bis(ethoxy methoxy)
phenyl) acrylat€4.h)

Following GP3, alcohoh (65 mg, 0.25 mmol) and ackih (116 mg, 0.39 mmol) yielded compou#dh as a
yellow oil (51 mg, 38%) after flasbhromatography purification (GRl./diethyl ether 95:5). IR (film, cr)

3266, 2973, 1820, 1701, 1655, 1638, 1510, 1p41% = + 6 (c = 1.0, ChCl,); *"H NMR (400 MHz, CDCJ)

U (ppm) 1.2Gi 1.25 (m, 6H), 1.46 (d] = 6.3 Hz, 3H), 3.73 3.80 (m, 4H), 3.96 (d] = 7.0 Hz, 1H), 5.14 (d,

Jag = 12.4 Hz, 1H), 5.19 (dlas = 12.4 Hz, 1H), 5.27 (s, 1H), 5.30 (s, 2H), 5.31 (s, B87 (quintetJ = 6.3

Hz, 1H), 6.29 (dJ = 15.9 Hz, 1H), 7.12 7.19 (m, 2H), 7.32 7.37 (m, 6H), 7.61 (d] = 15.9 Hz, 1H), 8.66

(bs, 1H);"*C NMR (100 MHz, CDGJ) U (ppm) 15.0, 15.1, 18.0, 61.5, 64.5, 64.6, 66.2, 66.8, 90.6, 93.7, 94.0,
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115.5, 115.6115.9, 123.1, 123.5, 128.2, 128.3, 128.6, 135.7, 145.5, 147.4, 149.5, 152.1, 164.7, 165.9, 166.7;
ESFMS (R:= 12.1 min)m/z 557 [M+H;0]".

(E)-(R}1-((S,Z2)2-(2-(benzyloxyR-oxoethylideneyi-oxoazetidinr3-yl)ethyl 3(4-(ethoxymethoxy3-
methoxyphenyl)aglate (4.i)

Following GP3, alcohoA (40 mg, 0.15 mmol) and acR®li (61 mg, 0.24 mmol) yielded compoudd as a

waxy solid(27 mg, 36% after flashchromatography purification (Gi8l./acetone 98:2). IR (film, cr) 3287,

2924, 1821, 1704, 1657, 1510582'H NMR (400 MHz, CDGJ) U (ppm) 1.22 (tJ = 7.1 Hz, 3H), 1.47 (d]

= 6.4 Hz, 3H), 3.77 (q) = 7.1 Hz, 2H), 3.92 (s, 3H), 3.97 (@= 6.8 Hz, 1H), 5.14 (dJas = 12.3 Hz, 1H),

5.18 (d,Jas = 12.3 Hz, 1H), 5.28 (s, 1H), 5.32 (s, 2H), 5.38 (quintet,6.4 Hz, 1H), 6.29 (d] = 15.9 Hz,

1H), 7.06 (s, 1H), 7.07 (d,= 8.1 Hz, 1H), 7.18 (d]1 = 8.1 Hz, 1H), 7.33 7.37 (m, 5H), 7.64 (d] = 15.9 Hz,

1H), 8.47 (bs, 1H)*C NMR (100 MHz, (CR).CO) U (ppm) 15.4, 18.4, 56.2, 62.3, 65.0, 66.0, 67.5, 90.4,

94.6, 111.8, 116.5, 117.2, 123.5, 128.8, 129.0, 129.3, 129.5, 137.8, 146.2, 151.4, 153.5, 154.2, 166.2, 166.4,
166.7;ESFMS (R:= 10.9 min)m/z452 [M-43]".

(E)-(R}1-((S,Z2)2-(2-(benzyloxyR-oxoethylideneyt-oxoazetidir3-yl)ethyl 3(4-(ethoxymethoxy3,5
dimethoxyphenyacrylat@.j)

Following GP3, alcohoA (40 mg, 0.15 mmol) and acRlj (68 mg, 0.24 mmol) yielded compouAd as a
waxy solid (30 mg, 38%) after flasthromatography purification (Gi8l./acetone 98:2). IR (film, crf) 3289,
2925, 17361649, 1584, 1504, 145%1 NMR (400 MHz, CDCJ) U (ppm) 1.21 (tJ= 7.1 Hz, 3H), 1.47 (d]
= 6.4 Hz, 3H), 3.87 (s, 6H), 3.88 (@= 7.1 Hz, 2H), 3.97 (d] = 6.7 Hz, 1H), 5.15 (dJas = 12.3 Hz, 1H),
5.18 (d,Jas = 12.3 Hz, 1H), 5.19 (s, 2H), 5.28 (&), 5.38 (quintet) = 6.4 Hz, 1H), 6.32 (d] = 15.9 Hz,
1H), 6.75 (s, 2H), 7.3B 7.36 (m, 5H), 7.61 (d] = 15.9 Hz, 1H), 8.56 (bs, 1H¥C NMR (100 MHz, CDGJ)
a (ppm) 15.0, 17.9, 56.1, 61.5, 62.1, 65.0, 66.2, 66.8, 90.7, 96.6, 105.3, 116.5,1283812,128.7, 130.0,
135.7, 136.8, 145.9, 152.0, 153.6, 164.5, 165.7, 166.ZMER:= 11.5 min)m/z543 [M+H,O]*.

(R)-1-((S,Z)2-(2-(benzyloxyR-oxoethylidenef-oxoazetidir3-yl)ethyl 4hydroxybenzoatél.c)

Following GP4 p-lactam4.c (27 mg, 61 umb) treated with TFA (126 L, 1.68 mmol) yielded compound

as a yellow oil (23 mg, 99%IR (film, cm®) 3304, 2982, 1818, 1697, 1662, 1608, 1592, 126F% =1 5 (c

= 1.0, CHCL,); *H NMR (400 MHz, CDCH4) U (ppm) 1.51 (dJ = 6.3 Hz, 3H), 4.02 (d] = 6.5 Hz, 1H), 5.14

(d, Jas = 12.0 Hz, 1H), 5.19 (dlas = 12.0 Hz, 1H), 5.30 (d] = 1.7 Hz, 1H), 5.47 (quintef,= 6.3 Hz, 1H),

6.83 (d,J = 7.2 Hz, 2H), 7.31 7.40 (m, 5H), 7.89 (d] = 7.2 Hz, 2H), 8.67 (bs, 1H}¥*C NMR (100 MHz,

CDCl) U (ppm) 180, 61.6, 66.5, 67.1, 91.0, 115.4, 121.5, 128.2, 128.4, 128.7, 132.1, 135.4, 152.1, 160.6,
165.6, 165.7, 167.ESFMS (R = 8.6 min) m/z399 [M+H,O]*. Found C, 66.20; H, 4.90; N, 3.58 %:81sNOs
requires C, 66.13; H, 5.02; N, 3.67 %.

(R)-1-((S,Z)2-(2-(benzyloxyj2-oxoethylidenef-oxoazetidinr3-yl)ethyl 3,4dihydroxybenzoatél.d)

Following GP4 p-lactam4.d (36 mg, 70 umol) treated with TFA (210 uL, 2.85mmol) yielded compound as a
yellow oil 1.d (27 mg, 99%). IR (film, cnd) 3356, 2925, 1815, 1694, 1657, 1604, 1524, 109%p =7 13 (c

= 0.9,CHsOH); *H NMR (400 MHz, (CR).CO) U (ppm) 1.48 (dJ = 6.4 Hz, 3H), 4.22 (d] = 6.3 Hz, 1H),

5.14 (d,Jas = 12.4 Hz, 1H), 5.20 (dlag = 12.4 Hz, 1H), 5.25 (s, 1H), 5.42 (quintét; 6.3 Hz, 1H), 6.89 (d,
J=8.3 Hz, 1H), 7.29 7.50 (m, 7H), 9.89 (bs, 1H¥C NMR (100 MHz, (CR).CO)l (ppm) 18.4, 62.465.9,

67.8, 90.4, 115.8, 117.2, 122.5, 123128.8, 128.9, 129.2, 137.8, 145.7, 151.1, 154.2, 165.5, 166.3, 166.6;
ESFMS (R:= 8.8 min)m/z415 [M+H,O]*. Found C63.49 H, 4.85 N, 3.56%; C,:H1sNO7 requires C, 63.47;

H, 4.82; N, 3.52 %.
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(E)-(R}1-((S,Z2)2-(2-(benzyloxyR-oxoethylideneX-oxoazetidin3-yl)ethyl  3(4-hydroxyphenyl) acrylate
.

Following GP4 p-lactam4.f (50 mg, 107 umol) treated with TFA (85 pL, 1.13 mmol) yielded compduind
as a yellow oil (43 mg, 999 IR (film, cn®) 3405, 3286, 2929, 1819, 1650, 1515, 1453, 1297%[= + 6 (C

= 1.0, CHCI); 'H NMR (400 MHz, CDCJ) U (ppm) 1.46 (dJ = 6.4 Hz, 3H), 3.75 (bs, 1H), 3.97 {@= 6.6

Hz, 1H), 5.15 (dJas = 12.4 Hz, 1H), 5.19 (dlae = 12.4 Hz, 1H), 5.28 (s, 1H), 5.37 (quintét; 6.4 Hz, 1H),
6.25 (d,J = 15.9 Hz, 1H), 6.84 (d1 = 8.5 Hz, 2H), 7.33 7.38 (m, 5H), 7.40 (d] = 8.5 Hz,2H), 7.62 (dJ =
15.9 Hz, 1H), 8.53 (bs, 1H)}*C NMR (100 MHz, CDGJ) U (ppm) 18.0, 61.5, 66.3, 66.6, 90.7, 114.4, 115.9,
126.6, 128.2, 128.4, 128.6, 130.1, 135.7, 145.7, 152.1, 158.4, 164.9, 166.2, 166/8 &5+ 8.9 min)m/z
364 [M-43]". Found C, 67.71; H, 5.13; N, 3.38 %382:NOs requires C, 67.80; H, 5.20; N, 3.%4.

(E)-(R}1-((S,Z2)2-(2-(benzyloxyR-oxoethylideney-oxoazetidir3-yl)ethyl 3(2-hydroxyphenylacrylate
(1.9

Following GP4 p-lactam4.g (38 mg, 82 umol) treated with TFA (120 uL, 1.60 mmol) yielded compdumd

as a yellow oil (33 mg, 99% IR (film, cm?) 3386, 3282, 2934, 1822, 1702, 1662, 1629, 1604, 1458, 1249;
[U%% =7 14 (c = 1.0, CEClp); *H NMR (400 MHz, (CR),CO) U (ppm)1.45 (d,J = 6.3 Hz, 3H), 4.16 (d] =

6.6 Hz, 1H), 5.15 (dJae = 12.5 Hz, 1H), 5.19 (dlag = 12.5 Hz, 1H), 5.28 (sH), 5.37 (quintet,) = 6.3 Hz,

1H), 6.64 (d,J= 16.1 Hz, 1H), 6.89 (1= 7.4 Hz, 1H), 6.97 (d] = 8.1 Hz, 1H), 7.26 (t] = 7.4 Hz, 1H), 7.30

i 7.40 (m, 5H), 7.59 (d] = 7.6 Hz, 1H), 8.02 (d] = 16.1 Hz, 1H), 9.84 (bs, 1H¥C NMR (100 MHz, CDG))

d(ppm) 18.0, 61.5, 66.4, 66.8,90.9, 116.3, 117.0, 120.6,121.2, 128.2,128.4, 128.6,129.1, 131.8, 141.6, 152.1,
155.5, 165.7, 166.9, 167.1; EBIS (R;= 11.7 min)m/z406 [M-H]*. Found C, 67.99; H, 5.12; N, 3.43 %;
C23H21NOg requires C, 67.80; H, 5.20;,18.44 %.

(E)-(R}1-((S,Z2}2-(2-(benzyloxyR-oxoethylideney-oxoazetidin3-yl)ethyl 3(3,4-dihydroxyphenyl) acrylate
(1.h)

Following GP4 p-lactam4.h (44 mg, 82 umol) treated with TFA (490 pL, 6.56 mmol) yielded compdLind

as a yellow oil (34 mg, 99% IR (film, cnt?) 3331, 2925, 1816, 1698, 1657, 1604, 1515, 12§9%9= + 11

(c = 0.6,CHs;OH); 'H NMR (400 MHz, (CR).CO) U (ppm) 1.43 (dJ = 6.4 Hz, 3H), 4.14 (d] = 6.5 Hz, 1H),

5.15 (d,Jas = 12.5 Hz, 1H), 5.19 (dlas = 12.5 Hz, 1H), 5.26 (s, 1H), 5.33 (quintét 6.4 Hz, 1H), 6.28 (d,

J=15.9 Hz, 1H), 6.87 (dl= 8.2 Hz, 1H), 7.03 (ddl = 1.6, 8.2 Hz, 1H), 7.16 (d,= 1.6 Hz, H), 7.30i 7.40

(m, 5H), 7.56 (dJ = 15.9 Hz, 1H),9.85 (bs, 1H}*C NMR (100 MHz, (CR).CO) U (ppm) 18.5, 62.3, 66.0,

67.5, 90.4, 115.1, 115.3, 116.4, 122.7, 127.4, 128.8, 129.0, 129.3, 137.8, 146.3, 146.5, 149.0, 154.2, 166.2,
166.4, 166.7; ESMS (R(= 8.9 min)m/z441 [M+HQO]*. Found C, 65.29; H, 5.04; N, 3.23 %;382:NO;

requires C, 65.24; }6.00; N, 3.31 %.

(E)-(R)1-((S,Z)2-(2-(benzyloxyR-oxoethylideneX-oxoazetidin3-yl)ethyl 3(4-hydroxy3-
methoxyphenyl)acrylatg..i)

Following GP4 p-lactam4.i (20 mg, 40 pumol) treated with TFA (150 pL, 2.02 mmol) yielded compduind

as a yellow d (17 mg, 99%. IR (film, cnT) 3397, 3293, 2930, 1819, 1702, 1659, 1514, 1454, 10B% [=

+ 13 (c = 1.0, CkLCl,); *H NMR (400 MHz, CDCY) U (ppm) 1.46 (dJ = 6.3 Hz, 3H), 3.93 (s, 3H), 3.96 (#,

= 6.8 Hz, 1H), 5.14 (dlas = 12.4 Hz, 1H), 5.18 (dlas = 12.4 Hz, 1H), 5.28 (s, 1H), 5.37 (quintét 6.3 Hz,

1H), 6.26 (dJ = 15.9 Hz, 1H), 6.92 (d] = 8.1Hz, 1H), 7.03 (s, 1H), 7.06 (@= 8.1Hz, 1H), 7.31 7.39 (m,

5H), 7.62 (dJ = 15.9 Hz, 1H), 8.53 (bs, 1H}*C NMR (100 MHz, CDGJ) U (ppm) 180, 56.0, 61.5, 66.2,

66.7, 90.7, 109.3, 114.6, 114.7, 123.5, 126.7, 128.2, 128.4, 128.7, 146.0, 146.7, 148.2, 152.1, 164.7, 166.1,
166.4, 166.7; ESMS (R:=9.2 min)m/z394 [M-43]". Found C, 66.92; H, 5.35; N, 3.15 %uE,3NO; requires

C, 65.90; H, 5.6; N, 3.20 %.
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(E)-(R}1-((S,Z2)2-(2-(benzyloxyR-oxoethylideney-oxoazetidin3-yl)ethyl 3(4-hydroxy3,5
dimethoxyphenyl)acrylatd..j)

Following GP4 p-lactam4.j (30 mg, 57 umol) treated with TFA (210 L, 2.85 mmol) yielded compduind

as a yellow oil (26 mg, 99%IR (film, cnt?) 3398, 3286, 2923, 1819, 1702, 1657, 1514, 1457, 19F%: E

+11 (c = 1.0, CKCly); *H NMR (400 MHz, CDQJ) U (ppm) 1.4 (d,J = 6.4 Hz, 3H), 3.92 (s, 6H), 3.97 (#,

=6.8 Hz, 1H), 5.14 (dlas = 12.4 Hz, 1H), 5.18 (dlas = 12.4 Hz, 1H), 5.28 (s, 1H), 5.38 (quintét 6.4 Hz,

1H), 6.27 (dJ = 15.8 Hz, 1H), 6.77 (s, 2H), 7.337.36 (m, 5H), 7.60 (d] = 15.8 Hz, 1H)8.54 (bs, 1H):C

NMR (100 MHz, CDCY¥) U (ppm) 18.0, 56.4, 61.6, 62.1, 66.2, 66.6, 90.7, 105.2, 114.9, 125.6, 128.3, 128.4,
128.7,135.7, 137.3, 146.1, 147.2, 152.1, 160.0, 164.6, 165.9, 166MFIEHB = 9.0 min)m/z424 [M-43]".

Found C, 64.31; H, 5.41; N, 2.94 %;s8,sNOsg requires C, 642, H, 5.39; N, 3.00 %.

2.134 Synthesis adilkylideneb-lactamsfor vectorization and in vivbiodistribution

Alcohol A, compoundsl.K, 2.K, 3.K and4.K wereprepared as previoustgported®® Startingbenzoic acid
methyl estes are known and wepgepaed according to reported procedures with methanol and sulfuric acid
as catalyst®®

methyl 4(ethoxymethoxy3-methoxybenzoai@.k)

Following GP1,methyl 4hydroxy-3-methoxybenzoate (898 mg, 4.93 mmdpH 256 mg, 6.4mmol) and
EOMCI (594 L, 6.4 mmo) yielded compoun@.k as ayellow oil (1.183 g, 99%)IR (film, cm) 3409, 2952,
1712, 1598, 1513, 1435, 1298 NMR (400MHz, CDCEk) U (ppm) 1.23 (t,J = 14.4Hz, 3H), 3.78 (¢J =

14.0Hz, 2H), 3.90 (s, 3H), 34(s, 3H), 5.35 (s, 2H), 7.21 (@= 17.2Hz, 1H), 7.57 (dJ=4.0Hz, 1H), 7.65
(dd,J = 3.6, 16.8Hz, 1H);*C NMR (100 MHz, CDCk) U (ppm) 14.7, 51.5, 55.6, 64.2, 93.3, 122114.4,
123.0 123.5, 148.8, 150.4, 166.3; E®E (R = 7.4min) m/z241 [M+H] *.

4-(ethoxymethoxy3-methoxybenzoic aci@®.k)

Following GP2, este2.k (1.183g, 4.93 mmoNielded acid3.k as a white solid368 mg, 51%). Mp 1337 135
°C; IR (film, cm) 3396, 3048, 2962, 290 1681, 1590, 1458, 1426, 1278 NMR (400 MHz, CROD) U
(ppm)1.24 (t,J = 7.2Hz, 3H,), 3.79 (qJ = 6.8Hz, 2H), 3.96 (s, 3H), 5.38 (s, 2H), 7.25 Jd; 8.4Hz, 1H),
7.63 (dJ=1.6Hz, 1H), 7.75 (ddJ = 1.6, 8.4Hz, 1H); *C NMR (100 MHz, CECCls) Ui (ppm)15.0, 56.0, 64.7,
93.7,112.8, 114.6, 122.9, 1241319.1, 151.4, 171, ESFMS (R = 11.1min) m/z225 [M-H]".

(R)-1-((S,Z)2-(2-(benzyloxyR-oxoethylidenef-oxoazetidir3-yl)ethyt4-(ethoxymethoxy3-
methoxybenzoaid k)

Following GP3, alcohoh (83 mg, 032 mmol) and acid.k (115 mg, 0.5Immol) yielded compound .k as a
colorless oil (24 mg, 8%) after flaskchromatography purification (GEIl./CH:CN from 98:2to 95:5. IR
(film, cm™) 3295, 2980, 1822, 1704, 1658, 1601, 1511, 1268,;1217= + 14 (c = 0.4 CH.CL,); '"H NMR
(400MHz, CD:0D) t (ppm) 1.22 (tJ = 7.2Hz, 3H), 1.52 (dJ = 6.4Hz, 2H), 3.77 (q,J = 7.2Hz, 2H), 3.90
(s, 3H), 4.02 (dJ = 6.4Hz, 1H), 5.15 (dJas = 12.4Hz, 1H), 5.19 (d,Jss = 12.0Hz, 1H), 5.28 (s, 1H), 58
(s, 2B, 5.48 (quintetJ = 6.4Hz, 1H) 7.20 (d,J = 8.0Hz, 1H), 7.32 7.37 (m, 5H), 7.54 (d] = 2.0Hz, 1H),
7.61 (ddJ=2.0, 8.8Hz, 1H), 8.70 (bs, 1H**C NMR (100MHz, CDCE) Ui (ppm)15.0, 18.1, 55.9, 61.6, 64.6,
66.1,67.1,90.6,93.6,112414.7, 123.2, 123.4, 128.3, 128.5, 135.7, 149.2, 13522, 164.6, 165.0, 166.6;
ESFMS (R = 10.0min) m/z487 [M+H.0]".

(R)-1-((S,Z)2-(2-(benzyloxyR-oxoethylidenef-oxoazetidir3-yl)-ethyt4-hydroxy3-methoxybenzoatd .k)

Following GP4 p-lactam4.k (22 mg, 47umol) treated with TFA (83 uL, 1.081mol) yielded compound.k
as awaxy solid (19mg, 999. IR (film, cmt) 3379, 2933, 2852, 1819, 1991659, 1597, 1514, 1282, 1220;
[Up = +11(c= 0.3 CH:Cly); *H NMR (400MHz, CDCk) li (ppm) 1.52 (dJ) = 6.4Hz, 2H), 3.91 (s, 3H), 4.02
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(d,J=6.0Hz, 1H), 5.15 (d,Jas = 12.0Hz, 1H), 5.19 (d,Jas = 12.0Hz, 1H), 5.28 (s, 1H 5.48 (quintetJ =
6.0Hz, 1H) 6.94 (d,J = 8.4Hz, 1H), 7.337.37 (m, 5H), 7.51 (s, 1H), 7.60 @z 8.4Hz, 1H) 8.73 (bs, 14

13C NMR (50MHz, CDCE) Ui (ppm)18.1, 56.0, 61.7, 66.2, 67.1, 90.6, 111.8, 114.2, 121.7, 124.3, 128.2, 128.3,
128.6, 135.7, 146.4, 150.152.2, 164.7, 165.0, 166 HSFMS (R = 8.3min) m/z429 [M+H,Q]".

2.135 Synthesis ofther antibacterial alkyliden®-lactams

Alcohol A was prepared as previouslyeported® Startingbenzoic acid methyl estés known and was
prepared according to reported procedures with methanol and sulfuric acid as.tdtdlgstc-protected
ethanolaminé® and bromopropylaminé®were synthetized accordjrto procedures reported in literature.
Spectroscopic data are in accordance with those reported.

Methyl 4(2-((tert-butoxycarbonyl)amino)ethoxy)benzogid)

To a solution oN-Boc-ethanolaming145 mg, 0.9 mmol, 1 equiv) in THF (6.4 mL) undeert atmaphere,
p-hydroxybenzoic acid methyl esték64 mg, 1.8 mmol, 1.2equiv)and triphenylphosphine (354 mg, 1.35
mmol, 1.5 equiv) were added. The mixture was then cooled@oad DIAD (0.3 mL, 1.35 mmol, 1.5 equiv)
was added; the system was allowed talhgaom temperature in 15 mindhleft under stirring. After 8 (TLC
monitoring) the reaction mixture was quenched \itsolution of NaOH 1M and extradtevith EtOAcC (3%
10mL). The collected organic phases were dried os8Raand evaporatedhe crudewas therpurified by
flash-chromatographyCH,Cl./acetone 90:1o afford the desiredompound.l as a waxy white solid (116
mg, 44%) *H NMR (400 MHz, CDCJ) U (ppm) 7.89 (d,J = 8.8 Hz, 2H), 6.81 (d] = 8.8 Hz, 2H), 5.22 (bs,
1H), 3.99 (tJ=5.2 Hz 2H), 3.79 (s, 3H), 3.47 (d,= 5.0 Hz, 2H), 1.37 (s, 9H}*C NMR (100 MHz, CDGJ)

U (ppm) 166.5, 162.1, 155.7, 131.4, 131.1, 122.6,8,1®.3, 67.1, 51.6, 39.7, 28.1; B85 (R = 95 min)
m/z196 [M-Boc+2HT.

Methyl 4(3-((tert-butoxycarbonyl)aming@yropoxy)benzoaté?.m)

To a solution op-hydroxybenzoic acid methyl estdi60 mg, 1.05 mmol, 1 equiv) in DMF (2 mL) under inert
atmosphereiH,0 (0.2 mL) andK>COs; (363 mg, 2.63 mmol, 2.5 equiv) were addéde mixture wastirred

at momtemperaturéor 20 minutes and gdually warmed to 48C. N-Boc-bromopropylaming377 mg, 1.58
mmol, 1.5 equiv) wathenaddedandthe system was left under stirriagrt After 30 h (TLC monitoring) the
reaction mixture was quenched wiklaterextracted with EtOAc (& 10 mL). The collected organic phases
were dried on N#&O, and evaporated. The crude was then purified by fthsbmatography
(cyclohexan#EtOAc 75:29 to afford the desired compourdm as a waxy white solid1l82 mg, 566). *H
NMR (400 MHz, CDCJ) i (ppm)7.92 (dd,J = 8.7, 1.1 Hz, 2H), 6.85 (dd,= 8.7, 1.1 Hz, 2H), 4.91 (bs, 1H),
4.01 (t,J = 5.2 Hz, 2H), 3.83 (s, 3H), 3.333.22 (m, 2H), 997 1.90 (m, 2H), 1.39 (s, 9H})C NMR (100
MHz, CDCk) U (ppm) 166.7, 162.4, 155.9, 131.4, 122.5, 113.9, B&{T, 51.737.6, 29.4, 28.3; ES (R
=10.9min) m/z210 [M-Boc+2HT.

4-(2-((tert-butoxycarbonyl)amino)ethoxy)benzoic ad)

Following GP2, este2.l (116 mg, 0.39 mmol) yielded acill as a waxy white solid (105 mg, 96%Hj NMR
(400 MHz, CDCY) U (ppm) 8.05 (dJ = 8.8 Hz, 2H), 6.94 (d] = 8.8 Hz, 2H),4.98 (bs, 1H), 4.10 {= 5.1
Hz, 2H), 3.57 (dJ = 5.0 Hz, 2H), 1.46 (s, 9H}*C NMR (100 MHz, CROD) U (ppm) 169.7, 164.2, 158.6,
132.8, 124.3115.2, 80.3, 68.2, 40.9, 28.7; HES (R. = 7.1min) m/z182 [M-Boc+2H]".

4-(3-((tert-butoxycarbonyl)amino)propoxy)benzoic a¢sdm)

Following GP2, este2.m (175 mg, 0.56 mmol) yielded acBim as a waxy white solid (146 mg, 87%
NMR (400 MHz, (CR3)2CO) u (ppm) 7.98 (dJ = 8.9 Hz, 2H), 7.01 (d] = 8.8 Hz, 2H), 6.12 (bs, 1H), 4.14 (t,
J=6.4 Hz, 2H), 3.28 (q] = 6.4 Hz, 2H), 1.98 (quinted,= 6.4 Hz, 2H), 1.40 (s, 9H}*C NMR (100 MHz,
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CDCL) Ui (ppm) 167.5, 163.8, 156.8, 132.5, 123.6, 0138.5, 66.6, 38.1, 30.4, 28.6; H8S (R = 7.8 min)
m/z196 [M-Boc+2HT.

(R}1-((S,2}2-(2-(benzyloxyR-oxoethylidenef-oxoazetidin3-yl)ethyl 4(2-((tert-
butoxycarbonyl)amino)ethoxy)benzoédd)

Following GP3, alcohoh (63 mg, 0.24 mmol) and acill (107 mg, 0.38 mmol) yielded compouad as a

yellow oil (57 mg, 45%) after flashhromatography purification (GBl./diethyl ether 95:5). IR (film, crh

2973, 2926, 1820, 1700, 1656, 1605, 178#% = + 2 (c= 0.9, CHOH); 'H NMR (400 MHz, CDCJ) i

(ppm) 8.55 (bs, 1H), 7.95 (A= 8.9 Hz, 2H), 7.40 7.29 (m, 5H), 6.90 (d] = 8.9 Hz, 2H), 5.46 (quinted,=

6.4 Hz, 1H), 5.25 (s, 1H), 5.16 (@ = 12.3 Hz, 2H), 4.98 (bs, 1H), 4.07 Jt= 5.1Hz, 2H), 4.01 (dJ=6.8

Hz, 1H), 3.59 3.52 (m, 2H), 1.51 (d] = 6.4 Hz, 3H), 1.45 (s, 9H}*C NMR (100 MHz, CDGJ) U (ppm)
166.7,164.9, 164.7, 162.6, 155.8, 152.2, 135.7, 131.7, 128.6, 128.3, 128.2, 122.3, 114.2, 90.5, 79.7, 67.4, 67.1,
66.1, 61.639.9, 28.3, 18, 0ESFMS (R; = 117 min) m/z425 [M-Boc+2H]'.

2-(4-(((R)1-((S,2)2-(2-(benzyloxyR-oxoethylideney-oxoazetidin3-
yl)ethoxy)carbonyl)phenoxy)ethanaminium 2Rifuoroacetate(1.l)

Following GP4 b-lactam4.1 (57 mg, 0.11 mmol) treatadith TFA (594 uL, 5.28 mmol) yielded compound

1.1 as a yellow oil (58 mg, 99% IR (film, cnit) 3424, 2958, 2926, 1816, 1689, 1656, 1607, 1A9%% = +

8 (c=0.9, CHOH); *H NMR (400 MHz, CROD) U (ppm) 7.96 (dJ = 8.3 Hz, 2H), 7.42 7.24 (m, 5H), 106

(d,J = 8.4 Hz, 2H), 5.44 (quintef,= 6.3 Hz, 1H), 5.22 (s, 1H), 5.16 (@s = 12.5 Hz, 2H), 4.30 (t] = 4.6

Hz, 2H), 4.13 (d,J = 5.9 Hz, 1H), 3.40 (t) = 4.6 Hz, 1H), 1.47 (d) = 6.3 Hz, 3H);**C NMR (100 MHz,
CDsOD) u (ppm) 167.9, 167.6, 166.463.5, 154.3, 138.0, 134.0, 132.7, 129.5, 129.1, 129.1, 124.3, 115.5,
91.1, 686, 66.6, 65.5, 62.5, 40.1, 18.3; B86 (R = 2.3 min) m/z425 [M-TFA+H]".

(R)-1-((S,Z)2-(2-(benzyloxyR-oxoethylidene¥-oxoazetidir3-yl)ethyl 4(3-((tert-
butoxycarbonyl)emino)propoxy)benzoatd.m)

Following GP3, alcohoh (50 mg, 0.19 mmol) and ac&m (89 mg, 0.30 mmol) yielded compoufidn as a
yellow oil (48 mg, 46% after flashchromatography purification (GBl/diethyl ether 95:5)IR (film, cm?)
2972, 2927, 18211701, 1656, 1606, 1258]1%% =1 2 (c= 1.0, CHsOH); 'H NMR (400 MHz, CDCJ) U
(ppm) 8.74 (bs, 1H), 7.94 (d= 8.8 Hz, 2H), 7.42 7.28 (m, 5H), 6.89 (d] = 8.8 Hz, 2H), 5.46 (quinted,=
6.4 Hz, 1H), 5.25 (s, 1H), 5.16 (@s = 12.4 Hz, 2H), 4.7Tbs, 1H), 4.06 (t) = 6.0 Hz, 2H), 4.01 (d] = 6.8
Hz, 1H), 3.32 (dJ = 6.1 Hz, 2H), 2.0% 1.95 (m, 2H), 1.50 (d] = 6.4 Hz, 3H), 1.44 (s, 9H}*C NMR (100
MHz, CDCE) ti(ppm) 166.7, 165.0, 164.7, 162.8, 156.0, 152.2,135.7, 131.7, 128.6, 12831228), 114.2,
90.5, 79.3, 67.0, 66.1, 8561.6, 37.8, 29.6, 28.4, 18.1; B85 (R = 12.0 mir) m/z439 [M-Boc+2H]T".

3-(4-((R}1-((S,2}2-(2-(benzyloxyR-oxoethylidenef-oxoazetidin3-yl)ethoxy)carbonyl)phenoxy) propan
1-aminium 2,2,Zrifluoroacetate(1.m)

Following GP4 p-lactam4.m (45 mg, 0.09 mmol) treated with TFA (300 pL, 2.70 mmol) yielded compound
1.mas a yellow oil (46 mg, 99%IR (film, cm) 3424, 2925, 2855, 1818, 1690, 1664, 138F8% = + 2 (c=

0.7, CHOH); *H NMR (400 MHz, CROD) i (ppm) 7.95 (dJ = 89 Hz, 2H), 7.43 7.25 (m, 5H), 7.01 (d]

= 8.9 Hz, 2H), 5.43 (di) = 11.7, 5.9 Hz, 1H), 5.22 (s, 1H), 5.16 gz = 10.0 Hz, 1H), 4.19 (§ = 5.6 Hz,

2H), 4.14 (dJ=5.9 Hz, 1H), 3.16 (11 = 7.2 Hz, 2H), 2.17 (d = 12.9, 6.3 Hz, 2H), 1.48 (d,= 6.4 Hz, 3H);

13C NMR (100 MHz, CROD) U (ppm) 167.9, 167.5, 166.5, 164.1, 154.3, 138.0, 132.8, 132.7, 129.5, 129.1,
129.0, 123.7, 115.4, 115.2, 91.1, 68.5, 66.6, 66.4, 624, 28.2, 18.4; ESMS (R = 25 min) m/z439 [M-
TFA+H]".
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2.13.6 Synthesis fb-lactam carbamates

Isocyanate$.a-c and amine<.a, 7d-t are commercial; compounds, 7.h, 7.p and 7.u were synthesized
following already reportegrocedureg®8+8°

Benzyl(2)2-((S)3-((R)-1-((benzylcarbamoyl)oxy)ethyf)-oxo azetidin2-ylidene)acetaté5.a)

To asolution of alcohoA (29 mg, 0.11 mmol, 1 equiv) in anhydrous £ (1.1 mL) under inert atmosphere,
commercial benzylisocyanabea (20 L, 0.17 mmol, 1.5 equiv) and TiGLM in CHCl, 11 pL, 0.011 mmol,
0.1 equiv) were added dropwise. The mixture was then refluxed foAfein.completion (TLC monitoring)
the mixture was quenched with water and extracted witsOGHKI3 x 10 mL). The combined organic extracts
were dried over N&Q,, filtered, concentrated under vacuum and purified by ftdsbmatogaphy
(cyclohexane/EtOAB0:50) affording carbamatg.aas a waxy white solid (40 mg, 91%). IR (film, €n8330,
1818, 1699, 1657]%% = + 1 (c = 1.0, CkCl,); *H NMR (400 MHz, CDCJ) Ui (ppm) 1.41 (d,J = 6.4 Hz,
3H), 3.89 (dJ = 6.4 Hz, 1H), 4.36 (d] = 5.9 Hz, 2H), 5.07 (bt] = 5.9 Hz, 1H), 5.16 (s, 2H), 5.21 (quintat,
= 6.4 Hz, 1H), 5.25 (s, 1H), 7.227.40 (m, 10H), 8.5906, 1H);**C NMR (100 MHz, CDQJ) U (ppm) 18.1,
45.1,61.7, 66.2, 67.3,90.6, 127.5, 127.6, 128.3, 128.4, 128.6, 128.7, 135.8, 138.0, 152.0, 155.1, 164.7, 166.7;
ESFEMS m/z412 [M+HO]*. Found C, 67.02; H, 5.63; N, 7.08 %;.8,:N-0Os requires C, 66.99; H5.62; N,
7.10 %.

Benzyl(Z2)2-((S)4-oxo-3-((R)-1-((phenylcarbamoyl)oxy)ethyl) azetidhylidene)acetaté€5.b)

A mixture of alcohoA (27 mg, 010 mmol, 1 equiv) and commercial phenylisocya6di€16 L, 0.15 mmol,

1.5 equiv) was subjected to microwaweadiation (400 W, 40 min) under stirring. The crude was directly
purified by flashchromatography (cyclohexamgOAc 60:40 affording carbamatB.b as a waxy white solid

(22 mg, 58%). IR (film, cm) 3314, 1815, 1698, 1658Jf% = + 13 (c = 1.0, CkCl2); *H NMR (400 MHz,

CDCl) U (ppm) 1.46 (dJ = 6.4 Hz, 3H), 3.96 (d] = 6.0 Hz, 1H), 5.18 (s, 2H), 5.27 (quintdt; 6.4 Hz, 1H),

5.29 (s, 1H), 6.72 (bs, 1H), 7.07 Jt= 7.3 Hz, 1H), 7.28 7.40 (m, 9H), 8.61 (bs, 1H)}*C NMR (100 MHz,

CDsCN) U (ppm) 18.7, 62.5, 66.3, 68.2, 90.6, 119.6, 124.1, 128.9, 129.0, 129.5, 129.8, 137.7, 139.5, 153.6,
154.1, 166.6, 167.2; ESIS m/z337 [M-43]". Found C, 66.39; H, 5.28; N, 7.34 %38,0N.0s requires C,

66.31; H, 5.30; N, 7.36 %.

Benzyl(Z)2-((S)4-oxo-3-((R)-1-((o-tolylcarbamoyl)oxy)ethyl) azetidid-ylidene)acetatés.c)

Following what reported for compourtgdb, alcoholA (21 mg,0.08 mmol, 1 equiv) and commerciad
tolilisocyanates.c (15 pL, 0.12 mmol, 1.5 equiv) yielded carbama.c as a waxy white solid (15 mg, 48%).

IR (film, cm) 3293, 1807, 1694, 1640;Jf% = + 28 (¢ = 1.0, CkCl,); *H NMR (400 MHz, CDCJ) Ui (ppm)

1.47 (d,J = 6.4 Hz, 3H), 2.25 (s, 3H), 3.96 @@= 6.2 Hz, 1H), 5.18 (s, 2H), 5.245.31 (m, 2H), 6.43 (bs,

1H), 7.03i 7.21 (m, 3H), 7.32 7.40 (m, 5H), 7.70 7.72 (m, 1H), 8.58 (bs, 1HYC NMR (100 MHz, CDGJ)

a(ppm) 17.7, 18.0, 61.6, 66.2, 67.7, 90.6, 124.6, 126.8, 128.2, 128.4, 128.6, 130.5, 135.3, 135.8, 151.9, 159.3,
164.6, 166.6; ESMS m/z351 [M-43]". Found C, 66.90; H, 5.63; N, 7.09 %;3-:82:N.Os requires C, 66.99;

H, 5.62; N,7.10 %.

Benzyl(2)2-((S)3-((R)-1-(((4-methoxyphenyl)carbamoyl)oxy) ethgtpxoazetidin2-ylidene) acetat€s.d)

Following GP5 and GP6 carbamdiel was obtained in a 52% yield (32 mg, 0.08 mmd&R (film) 3054,

1824, 1708, 16561]%% = + 23 (¢ = 1.0CHCl,); *H NMR (400 MHz, CDCJ) U (ppm) 1.44 (d,) = 6.4 Hz,

3H), 3.77 (s, 3H), 3.94 (d,= 5.9 Hz, 1H), 5.18 (s, 2H), 5.25 (quintét; 6.4 Hz, 1H), 5.29 (s, 1H), 6.68 (bs,

1H), 6.83 (dJ = 8.9 Hz, 2H), 7.28 7.37 (m, 7H), 8.76 (bs, 1H¥C NMR (100 MHz, CDC}) ti (ppm) 17.9,

55.5, 61.7, 66.2, 67.6, 90.6, 114.3, 120.7, 128.2, 128.3, 128.6, 130.4, 135.8, 152.0, 152.1, 156.3, 164.8, 166.7;
ESFMS m/z367 [M-43]". Found C, 64.21; H, 5.46; N, 6.81 %:;-8,,N.O¢ requires C, 64.38; H, 5.40; N, 6.83

%.
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Bereyl(Z)2-((S)}3-((R)1-(((3,5-dimethoxyphenyl)carbamoyl) oxy)ethgfpxoazetidir2-ylidene) acetate
(5.6

Following GP5 and GP6 carbamé&te wasobtained in a 53% yiel(B5 mg, 0.08 mmol). IR (film, cr) 3317,

1819, 1699, 16591]%% = + 20 (c = 1.0, E:Cly); *"H NMR (400 MHz, CRCN) i (ppm) 1.38 (d,J = 6.4 Hz,

3H), 3.72 (s, 6H), 3.99 (d,= 6.1 Hz, 1H), 5.15 (s, 2H), 5.17 (quintdt 6.4 Hz, 1H), 5.27 (s, 1H), 6.19 {,

= 2.2 Hz, 1H), 6.63 (d]= 1.9 Hz, 2H), 7.30 7.37 (m, 5H), 8.03 (bs, 1H),Z (bs, 1H)*C NMR (100 MHz,

CDsCN) t(ppm) 18.5, 55.8, 62.3, 66.3, 68.1, 90.5, 95.9, 97.6, 128.8, 128.9, 129.3, 137.5, 141.2, 153.4, 153.9,
161.9, 166.7, 167.1; ESNIS m/z397 [M-43]". Found C, 6381; H, 5.50; N, 6.34 %; £H2.N.0O; requires C,

62.72; H 5.49; N, 6.36 %.

Benzyl(Z2)2-((S)4-oxo-3-((R)-1-(((4-(trifluoromethyl)phenyl) carbamoyl)oxy)ethyl)azetiditylidene)
acetate(51)

Following GP5 and GP6 carbam&téwas obtained in a 76% yield (51 mg, 0.1ab). IR (film, cn?) 3308,
1809, 1694, @54; [J?% = + 17 (c = 1.0, CEkLCly); *H NMR (400 MHz, CRCN) i (ppm) 1.41 (d,J = 6.4 Hz,

3H), 4.02 (dJ = 6.0 Hz, 1H), 5.22 (quinted,= 6.4 Hz, 1H), 5.16 (s, 2H), 5.30 (s, 1H), 7i33.38 (m, 5H),
7.571 7.62 (m, 4H), 8.15 (bs, 1H), 9.05 (bs, 1HE NMR (100 MHz, CRCN) Ui (ppm) 17.8, 61.7, 65.5, 67.8,
89.8,114.7 (= 103 Hz), 118.3, 126.2 (4~ 3.9 Hz), 126.3, 128.1, 128.2, 128.7, 136.9, 152.6, 153.2, 165.6,
166.4; ESIMS m/z405 [M-43]*. Found C, 59.02; H, 4.28; N, 6.24 %;3:81sFN20s requires C58.93; H,
4.27; N, 6.25 %.

Benzyl(2)2-((S)}3-((R)-1-(((3-fluorophenyl)carbamoyl) oxy)ethyd}oxoazetidin2-ylidene) acetat€5.q)

Following GP5 and GPéarbamaté&.g was obtained in a 53% yield (32 mg, 0.08 mmol). IR (film;}x 8407,
1810, 1693, 16561J%% = + 21 (c = 1.0, CkLCly); *H NMR (400 MHz, CRCN) i (ppm) 1.39 (d,J = 6.4 Hz,
3H), 4.01 (dJ = 6.1 Hz, 1H), 5.16 (s, 2H), 5.19 (quintét 6.4 Hz, 1H), 5.28 (s, 1H), 6.756.80 (m, 1H),
7.13 (ddJ=8.2, 1.0 Hz, 1H), 7.267.38 (m, 7H), 8.144s, 1H), 9.17 (bs, 1H}*C NMR (100 MHz, CQCN)
U (ppm) 18.6, 62.5, 66.4, 68.4, 90.6, 106.3)(d,25.9 Hz), 110.3 (d] = 21.4 Hz), 115.0, 128.9, 129.0, 129.5,
131.3 (dJ=9.7 Hz), 137.7, 141.4 (d= 11.1 Hz), 153.4, 154.0, 163.9 (5 220 Hz), 16.7, 167.2; ESMS
m/z355 [M-43]". Found C, 63.28; H, 4.80; N, 7.01 %1819FN-Os requires C, 63.31; H, 4.81; N, 7.03 %.

Benzyl(2)2-((S)3-((R)-1-(((3-fluoro-4-morpholinophenyl) carbamoyl)oxy)ethyhoxoazetidir2-
ylidene)acetaté5.h)

Following GP5and GP&arbamaté&.h was obtained in a 72% yield (52 mg, 0.11 mmol). IR (film;}x8419,

1813, 1719, 1694, 1657)Jf% = + 38 (c = 1.0, CkDH); *H NMR (400 MHz, CDCJ) Ui (ppm) 1.46 (d,) = 6.4

Hz, 3H), 3.09 (s, 4H), 3.8i7 3.93 (m, 4H), 3.97 (d] = 5.9 Hz, 1H), 5.18 (s, 2H), 5.255.31 (m, 2H), 6.69

(bs, 1H), 6.96 7.01 (m, 2H), 7.34 7.41 (m, 6H), 8.51 (bs, 1H¥C NMR (100 MHz, CDGJ) ti (ppm) 17.9,

51.2, 61.6, 66.2, 66.9, 67.6, 90.8, 107.8, 108.1, 114.6, 119.1, 128.3, 128.4, 128.7, 132.7, 135.7, 151.7, 152.0,
155.6 (d,J = 246 Hz), 164.5, 166.6; E®IS m/z 440 [M-43]". Found C, 62.11; H, 5.43; N, 8.67 %;
CasH26FN3sOs requires C, 62.10; H, 5.42; N, 8.69 %.

Benzyl(2)2-((S)}3-((R)-1-(((4-methylbenzyl)carbamoyl)oxy) ethBoxoazetidin2-ylidene) acetat€s.i)

Following GP5 and GPéarbamaté.i was obtained in a 69% yield (42 mg, 0.10 mmol). IR (film;}x8815,

1810, 1693, 1654{J%*% =i 1 (c = 1.1, CHCL,); *H NMR (400 MHz, CDCJ) ti (ppm) 1.40 (d,) = 6.4 Hz,

3H), 2.31 (s, 3H), 3.88 (dl = 6.4 Hz, 1H), 4.31 (d) = 5.7 Hz, 2H), 5.09 (bt) = 5.2 Hz, 1H), 5.17 (s, 2H),

5.22 (quintet) = 6.4 Hz, 1H), 5.26 (s, 1H), 7.107.17 (n, 4H), 7.34 7.38 (m, 5H), 8.79 (bs, 1H}C NMR

(100 MHz, CDC¥) u (ppm) 18.1, 21.0, 44.8, 61.7, 66.1, 67.2, 90.4, 127.5, 128.2, 128.3, 128.6, 129.3, 135.0,
135.8, 137.2, 152.3, 155.1, 165.0, 166.7;-MS m/z426 [M+H,O]". Found C, 67.72, H, 5.93; 16,85 %;
C23H24N20s requires C, 67.63; H, 5.92; N, 6.86 %.

72



Benzyl(2)2-((S)3-((R)-1-(((4-methoxybenzyl)carbamoyl)oxy) ethipxoazetidir2-ylidene) acetaté€s,))

Following GP5 and GP6 carbam&tgwas obtained in a 63% yie(d0 mg, 0.09 mmol). IR (fin, cnTt) 3329,
1811, 1692, 1654J%% = + 1 (c = 1.0, CELCL,); *H NMR (400 MHz, CDCJ) U (ppm) 1.39 (dJ) = 6.4 Hz,

3H), 3.77 (s, 3H), 3.88 (d,= 6.3 Hz, 1H), 4.28 (d] = 5.3 Hz, 2H), 5.07 (bt) =5.4 Hz, 1H), 5.16 (s, 2H),
5.19 (quintet,) = 6.5 Hz, 1H), 5.25 (s, 1H), 6.84 (@= 8.4 Hz, 2H), 7.19 (d) = 8.4Hz, 2H), 7.32 7.37 (m,

5H), 8.73 (bs, 1H}**C NMR (100 MHz, CDGJ) U (ppm) 18.1, 44.5,55.2, 61.7, 66.1, 67.2, 90.4, 114.0, 128.1,
128.3, 128.6, 128.9, 130.2, 135.8, 152.2, 155.1, 159.0, 164.8, 166-8tF8Iz442 [M+HO]*. Found C,
65.12; H, 5.71; N, 6.59 %;H.4N.Os requires C, 65.08; H, 5.70; N, 6.60 %.

Benzyl(2)2-((3S)3-((1R)1-(((1-(4-methoxyphenyl)ethyl) carbamoyl) oxy)ethAdxoazetidin2-
ylidene)acetaté5 k)

Following GP5 and GP6 carbamatk was obtained ia 69% yield45 mg, 0.10 mmol). IR (film, crf) 3317,
1819, 1698, 1658{]%% =i 24 (c = 1.2, CKCly); *H NMR (400 MHz, CDCJ) i (ppm) 1.41 (dJ) = 5.6 Hz,
3H), 1.44 (dJ= 7.6 Hz, 3H), 3.75 (s, 3H), 3.85 @+ 6.2 Hz, 1H), 4.77 (bt] = 6.4 Hz, 1H), 5.07 (d]=7.2

Hz, 1H), 5.12 5.17 (m, 3H), 5.21 (s, 1H), 6.83 (@ 8.2 Hz, 2H), 7.21 (d] = 8.2 Hz, 2H), 7.29 7.38 (m,
5H), 8.82 (bs, 1H)**C NMR (100 MHz, CDGJ) U (ppm) 17.9, 22.1, 50.1, 55.2, 61.7, 66.1, 67.0, 90.3, 113.7,
113.9, 126.6, 127.0, 128.1, 128.2, 128.6, 135.2, 135.8, 152.3, 154.3, 158.7, 165.0:-36613;m/z 456
[M+H20]". Found C, 65.65; H, 5.96; N, 6.37 %348:6N20O¢ requires C, 65.74; H, 5.98; N, 6.39 %.

Benzyl(2)2-((S)3-((R)-1-(((3,4-dimethoxybenzyl)carbamoyl) oxy)ethpxoazetidin2-ylidene)acetatés |)

Following GP5 and GP6 carbam&tkwas obtained in a 75% yield (51 mg, 0.11 mmi&)(film, cnm?) 3356,

1819, 1700, 1657; & = + 1 (c = 1.0, CECLL); *H NMR (400 MHz, CDCJ) U (ppm) 1.39 (d,]) = 6.4 Hz,

3H), 3.84 (s, 6H), 3.88 (d,= 6.3 Hz, 1H), 4.28 (d] = 5.7 Hz, 2H), 5.09 (bt] = 5.5 Hz, 1H), 5.12 5.18 (m,

2H), 5.20 (quintet) = 6.1 Hz, 1H), 5.24 (s, 1H), 6.676.81 (m, 3H), 7.32 7.36 (m, 5H), 8.72 (bs, 1H¥C

NMR (100 MHz, CDCY) U (ppm) 18.1, 44.9, 55.7, 55.8, 61.7, 66.1, 67.2, 90.4, 110.8, 111.1, 119.8, 128.2,
128.3, 128.6, 130.6, 135.7, 148.4, 149.1, 155.1, 164.9, 152.2, 166:8tF8Iz472 [M+HO]*. Found C,
63.55; H, 5.78; N, 6.16 %;xH26N-O; requires C, 63.43; H, 5.77; N, 6.16 %.

Benzyl(2)2-((S)3-((R)-1-(((4-chlorobenzyl)carbamoyl)oxy) etmAyoxoazetidir2-ylidene) acetat€5.m)

Following GP5 and GP6arbamates.m was obtained in a 69% yield% mg, 0.10 mmol)IR (film, cm?)

3329, 1810, 1691, 1649Jf% = + 2 (c = 1.1, ChkCly); *H NMR (400 MHz, CDCY) i (ppm) 1.39 (d,) = 6.3

Hz, 3H), 3.88 (dJ = 6.3 Hz, 1H), 4.29 (d] = 5.9 Hz, 2H), 5.16 5.20 (m, 4H), 5.24 (s, 1H), 7.17 @= 8.0

Hz, 2H), 7.25 (d,J = 8.0 Hz, 2H), 7.31 7.39 (m, 5H), 8.83 & 1H);*C NMR (100 MHz, CDQ) U (ppm)

18.1, 44.3, 61.6, 66.2, 67.4, 90.4, 128.2, 128.3, 128.4, 128.6, 128.8, 133.3, 135.7, 136.7, 152.2, 155.2, 165.0,
166.7; ESIMS m/z446 [M+HO]". Found C, 61.60; H, 4.95; N, 6.52 %;8,:CIN.Os requires C, 61.61; H,

4.94; N, 6.53 %.

Benzyl(2)2-((S)}3-((R)-1-(((2-chlorobenzyl)carbamoyl)oxy) etmdyoxoazetidir2-ylidene) acetat€s.n)

Following GP5 and GP6 carbamé&ta was obtained in a 59% yiel8& mg, 0.09 mmol). IR (film, crf) 3318,
1819, 1699, 1658{]% = + 1 (¢ = 1.0, CECly); '"H NMR (400 MHz, CDCJ) & (ppm) 1.39 (d,J) = 6.4 Hz,
3H), 3.89 (dJ = 6.4 Hz, 1H), 4.44 (d] = 6.2 Hz, 2H), 5.16 (s, 2H), 5.19%.26 (m, 3H), 7.19 7.21 (m, 2H),
7.331 7.37 (m, 7H), 8.67 (bs, 1H)*C NMR (100 MHz, CDQ) U (ppm) 18.1, 43.0, 61.7, 66.2, 67.4, 90.5,
127.1, 128.2, 128.3, 128.6, 129.0, 129.5, 129.7, 133.4, 135.5, 135.8, 152.1, 155.1, 164.8, E665/MESI
446 [M+HO]*. Found C, 61.74; H, 4.96; N, 6.52 %;,82:CIN2Os requires C, 61.61; H, 4.94; N, 6.53 %.
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Bereyl(Z)2-((S)3-((R)-1-(((4-fluorobenzyl)carbamoyl)oxy) ethyfyoxoazetidir2-ylidene) acetaté5.0)

Following GP5 and GP6 carbamé&te was obtained in a 69% yie{d3 mg, 0.10 mmol). IR (film, crf) 3330,
1817, 1697, 1656J%% = + 1 (c = 1.0, CELCL,); *H NMR (400 MHz, CDCJ) U (ppm) 1.40 (d)J) = 6.4 Hz,
3H), 3.89 (dJ = 6.3 Hz, 1H), 4.31 (d] = 5.8 Hz, 2H), 5.08 (bt] = 5.9 Hz, 1H), 5.16 (s, 2H), 5.20 (quintet,
J=6.4 Hz, 1H), 5.24 (s, 1H), 6.967.00 (m, 2H), 7.21 7.24 (m, 2H), 7.33/ 7.40 (m, 5H)8.61 (bs, 1H);
13C NMR (100 MHz, CDGJ) U (ppm) 18.1, 44.4, 61.7, 66.2, 67.4, 90.5, 115.9 & 21.5 Hz), 128.2, 128.3,
128.6, 129.1 (dJ = 9.1 Hz), 133.9, 135.8, 152.1, 155.1, 162.2)(€ 240 Hz), 164.6, 166.6; E®IS m/z 430
[M+H20]*. Found C 63.96, H 5.11, N 6.P8; C,2H21FN,Os requires C 64.07, H 5.13, N 6.79 %.

Benzyl(2)2-((S)}3-((R)-1-(((3-fluoro-4-morpholinobenzyl) carbamoyl)oxy)ethyiboxoazetidin2-
ylidene)acetaté5 .p)

Following GP5 and GP6 carbamé&tp was obtained in a 74% yield (55 mg, 0.11 mmi&)(film, cnmt) 3329,
1814, 1696, 1659; & = + 4 (c = 1.2, CEKCL,); *H NMR (400 MHz, CDCJ) U (ppm) 1.39 (dJ = 6.1 Hz,
3H), 3.03 (s, 4H), 3.84 (s, 4H), 3.88 (= 6.0 Hz, 1H), 4.26 (s, 2H), 5.135.28 (m, 5H), 6.86 6.94 (m,
3H), 7.161 7.35 (m, 5H), 8.80 (bs, 1H}*C NMR (100 MHz, MCls) U (ppm) 18.0, 44.1, 50.8, 61.6, 66.1,
66.8, 67.3,90.4, 115.4 (d= 21.3 Hz), 118.7 (d1 = 3.2 Hz), 123.4 (dJ = 3.0 Hz), 128.1, 128.3, 128.6, 133.0
(d,J=7.4 Hz), 135.8, 139.1 (d,= 9.0 Hz), 152.2, 155.1, 155.5 (@= 240 Hz), 164.9, 166.®SFMS m/z
498 [M+H]*. Found C, 62.75; H, 5.68; N, 8.44 %;s8,sFNsOs requires C, 62.77; H, 5.67; N, 8.45 %.

Benzyl(2)2-((S)}3-((R)-1-(((benzo[d][1,3]dioxot5-yImethyl) carbamoyl)oxy)ethyfl-oxoazetidin2-
ylidene)acetaté5.q)

Following GP5 and GP6 daamates.q was obtained in a 76% yield (50 mg, 0.11 mmi&)(film, cnmt) 3301,

1819, 1701, 1654; ¥ =i 3 (c = 1.1, CHCl); *H NMR (400 MHz, CDCJ) i (ppm) 1.39 (d,) = 6.4 Hz,

3H), 3.88 (d,J= 6.3 Hz, 1H), 4.19 4.29 (m, 2H), 5.18 5.22 (m, 4H), 5.24 (s, 1H), 5.91 (s, 2H), 6i78.76

(m, 3H), 7.311 7.37 (m, 5H), 8.82 (bs, 1H¥C NMR (10 MHz, CDCE) Ui (ppm) 18.0, 44.8, 61.6, 66.1, 67.2,

90.4, 101.0, 108.1, 108.2, 120.8, 128.2, 128.3, 128.6, 132.0, 135.8, 146.9, 147.8, 152.3, 155.1, 165.0, 166.7;
ESFMS m/z456 [M+HO]*. Found C, 63.33; H, 5.08; N, 6.38 %3382:N.0; requires C, 63.01; H5.06; N,

6.39 %.

Benzyl(2)2-((S)3-((R)-1-(((4-nitrobenzyl)carbamoyl)oxy) ethyf}oxoazetidir2-ylidene) acetaté5.r)

Following GP5 and GP6 carbamé&te was obtained in a 66% yield (44 mg, 0.10 mmi&)(film, cm?) 3322,

1817, 1699, 165T; ¥ =+ 5 (c = 1.1, CkCly); 'H NMR (400 MHz, CDCJ) Ui (ppm) 1.41 (d,) = 6.2 Hz,

3H), 3.91 (dJ = 6.0 Hz, 1H), 4.45 (d] = 5.9 Hz, 2H), 5.17 (s, 2H), 5.195.23 (m, 1H), 5.25 (s, 1H), 5.33
(bt,J=5.6 Hz, 1H), 7.33 7.38 (m, 5H), 7.42 (d] = 8.3 Hz, 2H)8.15 (d,J = 8.3 Hz, 2H), 8.71 (bs, 1HyC

NMR (100 MHz, CDCY¥) U (ppm) 18.1, 44.3, 61.6, 66.2, 67.6, 90.5, 123.9, 127.9, 128.2, 128.4, 128.6, 135.7,
145.7, 147.3, 152.0, 155.3, 164.8, 166.6;-MS m/z457 [M+H.O]*. Found C, 60.04; H, 4.82; N, 9.54 %;
C22H21N30; requires C, 60.13; H, 4.82; N, 9.56 %.

Benzyl(2)2-((S)}3-((R)-1-(((4-methoxyphenethyl)carbamoyl) oxy)etApxoazetidir2-ylidene)acetat€s.s)

Following GP5 and GP6 carbam&tewas obtained in a 84% yield (55 mg, 0.13 mmi&)(film, cm?) 3302,
1819, 1700, 1659; ¥ =i 8 (c = 1.2, CHCly); *H NMR (400 MHz, CDCJ) i (ppm) 1.37 (d,) = 6.3 Hz,
3H), 2.74 (tJ = 6.8 Hz, 2H), 3.34 3.43 (m, 2H), 3.77 (s, 3H), 3.86 (@~ 6.6 Hz, 1H), 4.77 (bt} = 5.4 Hz,

1H), 5.12i 5.21 (m, 3H), 5.24 (s, 1H), 6.84 @@= 82 Hz, 2H), 7.09 (dJ = 8.2 Hz, 2H), 7.32 7.37 (m,
5H), 8.72 (bs, 1H)}**C NMR (100 MHz, CDGJ) U (ppm) 18.1, 35.0, 42.3, 55.2, 61.7, 66.2, 67.1, 90.4, 114.0,
128.2,128.3,128.6, 129.7, 130.5, 135.8, 152.3, 155.0, 158.2, 164.9, 16eWS B$1456 [M+HO]*. Found

C, 65.82; H, 6.00; N, 6.38 %;(26N20Os requires C, 65.74; H, 5.98; N, 6.39 %.
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Benzyl(2)2-((S)}3-((R)-1-(((3,4-dimethoxyphenethyl) carbamoyl)oxy)etiddxoazetidin2-ylidene)acetate
(51)

Following GP5 and GP6 carbam&tewas obtainedh a 57% yield40 mg, 0.09 mmol). IR (film, crf) 3355,

1819, 1701, 1657J%% =1 5 (c = 1.2, CHCly); *H NMR (400 MHz, CDCJ) i (ppm) 1.37 (d,) = 6.3 Hz,

3H), 2.74 (tJ= 7.1 Hz, 2H), 3.38 3.43 (m, 2H), 3.83 3.87 (m, 7H), 4.79 (bt]= 5.6 Hz, 1H), 5.13 5.19

(m, 3H), 5.23 (s, 1H), 6.606.80 (m, 3H), 7.32 7.36 (m 5H), 8.67 (bs, 1H%}*C NMR (100 MHz, CDGJ)

U (ppm) 18.1, 35.6, 42.3, 55.7, 55.8, 61.7, 66.2, 67.1, 90.4, 111.4, 111.8, 120.7, 128.2, 128.3, 128.6, 131.0,
135.7, 147.7, 149.0, 152.3, 155.0, 164.9, 166.6;NESm/z486 [M+HO]". Found C, 64.13; H, 6.0, 5.87

%; CasH2sN20O7 requires C, 64.09; H, 6.02; N, 5.98 %.

Benzyl(2)2-((S)3-((R)-1-(((4-((tert-butoxycarbonyl)amino)benzyl)carbamoyl)oxy)etidyt)xoazetidin2-
ylidene)acetat¢8.u)

Following GP5 and GP6 carbam&a was obtained in a 55% yie{d2mg, 0.08 mmol). IR (film, cnk) 3334,
1812, 1698, 1657*% =i 3 (c = 1.1, CHCI); *H NMR (400 MHz, CDCJ) i (ppm) 1.39 (d,) = 6.4 Hz,
3H), 1.51 (s, 9H), 3.87 (d,= 6.4 Hz, 1H), 4.27 4.29 (m, 2H), 5.05 (bt] = 4.8 Hz, 1H), 5.16 (s, 2H), 5.20
(quintet,J = 6.4 Hz, 1H), 5.24 (s, 1H), 6.47 (bs, 1H),&(#,J = 8.2 Hz, 2H), 7.25 (d] = 8.2 Hz, 2H), 7.32
7.40 (m, 5H), 8.62 (bs, 1H}*C NMR (100 MHz, CDGJ) U (ppm) 18.2, 28.3, 44.6, 61.7, 66.2, 67.3, 80.6,
90.5, 114.0, 118.7, 128.2, 128.3, 128.6, 132.6, 135.8, 137.8, 152.2, 152.7, 155.1, 164.&SH86S/m/z
527 [M+HQO]".

4-(((((R)1-((S,2)2-(2-(benzyloxyR-oxoethylideney-oxoazetidin3-
yl)ethoxy)carbonyl)amino)methyl)benzenaminium 2{@fRioroacetate(5.u)

Following GP4,b-lactam8.u (42 mg, 0.08 mol, 1 equiv) treated with TFA (184 L, 2rmimol) yielded
compoundb.u as a colorlessil (40 mg, 96%)IR (film, cm?) 3356, 1815, 1701, 1655}f% =i 14 (c = 1.0,
CH;OH); *H NMR (400 MHz, CROD) i (ppm) 1.36 (dJ = 6.4 Hz, 3H), 3.95 (d] = 6.7 Hz, 1H), 4.09 4.17

(m, 2H), 5.10 (quintet] = 6.4 Hz, 1H), 5.17 (s, 2H), 5.24 (s, 1H), 6.64)d,8.1 Hz, 2H), 7.00 (dl = 8.1 Hz,
2H), 7.291 7.38 (m, 5H);*3C NMR (100 MHz, CRCN) U (ppm) 18.8, 44.6, 62.7, 66.4, 68.1, 90.6, 122.4,
129.0, 129.1, 129.2, 129.4, 129.5, 131.6, 137.8, 154.2, 156&8,1167.3; ESMS m/z410 [M-TFA+H]*.
Found C, 55.40; H, 4.63; N 8.00 %;4824 FsN3O; requires C, 55.07; H, 4.62; N, 8.03 %.

2.13.7 Development db-lactambased antibacterial biomaterials

2.137.1 Loading of azetidinones

The loading of azetidinonesnadHA was conducted in 4 (method A) or HO/organic solvent mixtures
(method B). Loading processes were set up in a pasgifehesis fashion with a Carousel 6 reaction station
using two necks round bottom flasks (50 mL) with a wataled aluminum head'his apparatus is well

suited to keep constant some experimental conditions, such as stirring and warming, important parameters in
heterogeneous phase processes, and, moreover, it improved and speeded up optimizatiethsid@s200

mg of HA nanopaitles were suspended in 2 mL ob® and warmed at 40C under magnetic stirring.
Azetidinone (50 mg) was added in one portion to the suspension which was then warmed°@p Rea@tion

mixtures were controlledria TLC on the supernatant solution fanontoring the starting azetidinone
disappearance. After 4 h the mixture was quantitatively transferred with 1 miO6CH:CN (1:1) in an open

test tube and centrifugated for 1 min at 700 rpm. The solid phase was perfectly separated and the supernatant
aqueais phase was collected and extracted with dichloromethan® ({iL). The aqueous and orgamubases

were separately evaporated and analyzed to quantify the unloaded azetidinone and its distribution in the two
phases. Data weexpressed as loading effioe®o backcalculated from the added up residues obtained in
DCM and HO in comparison with the amount of azetidinones in the loading solution by the equation:
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00=[ AT ( r w+ r1ID@MMEre} LA = loading efficien®p; A = amount (g) of azetidinone in the loading
solution; rw = residue (g) of azetidinone in water extract; rDCM = residue (g) of azetidinone in
dichloromethan¢DCM) extract.

The solid functionalize¢HA material was oven dried at 3& for 24 h, and kept in dessicator (CgGbor 24

h before the analyseslethod B:200 mg of HA nanoparticles were suspended in 1 mL.6f #hd warmed at
40°C under magnetic stirring, then azetidinone (50 mg) was saediln 1 mL of organic solvent and added

to the suspended HA, then the mixture was warmed &CAhder stirring for 4 h. Reaction mixtures were
controlledvia TLC on the supernatant solution foronitoring the starting azetidinone disappearance. The
work-up procedure was the same as for Method A.

Loading amount of the azetidinone molecules on HA was evaluated through thermogravimetric analysis as
difference between the total weight loss measured between 38 an@ 890each loaded sample and that
measued for pristine HA. Moreover, the determination was also performed through the evaluation of the
intensity of the adsorption band of C=0 at 1790'cm

2.13.7.2 In vitro release

The release profiles of azetidinones loaded on HA were investigate®@iMHi Q, buffer phosphate (0.1 M,

pH = 7.4), and buffer acetate (0.1 M, pt3.0). Samples of azetidinon&sN-HA (8.1% of loaded azetidinone,
TGA measurement).V-HA (12.6 %),1.P-HA (15.7 %), andL.W-HA (10.9 %) were used for the vitro
release studynla 10 mL test tube an azetidinedé sample (50 mg) was suspended in 2.5 mL of the agueous
solutions HO Milli Q, buffer phosphate (0.1 M, pH = 7.4), or buffer acetate (0.1 MzpEb). Experiments
were conducted at 3T in thermostat with sampling anefresh of the aqueous solution after 1, 2, 3, 6, 8, 24,
30 h. At each time point, the solution was tedéimgated (1 min, 700 rpm}he supernatant was separated and
the released concentratiof theazetidinone was determined by HRUY analysis. The sddi was incubated
again with a fresh solution of the specific medium (2.5 mL). The release of sdmslds and1.P-HA were

also studied in buffer acetate at pFb8 by a oncea-day refresh for 9 daywith the procedure and analyse
above described. Lineaalibration curves for the HPL-OV analysis of azetidinones inganatant solutions
were established at 210 nm (column: Phenomenex Gemini G18, B00 x 3mm, flow 0.4 /min, T = 30

°C); parameters fal.N: Rt = 3.9 min HO/CH:CN = 80:20 in the regioaf concentration from 3 to 0.15 mM,;

for 1.V: Rt = 5.3 min HO/CHsCN = 60:40 in the region of concentration from 2.5 to 0.05 mM1fBrRt =

12.2 min from HO/CH;CN = 80:20 to 20:80 in 8 min, in the region of concentration from 1 to 0.225 mM; for
1.W: Rt= 7.1 min HO/CH:CN = 30:70 in the region of concentration from 1 to 0.05 mM.

2.137.3 Synthesis oN-thio-substituteebzetidinones

Azetidinonesl.M and1.0 are commarially available
4-Acetoxyl-(methylthio)azetidir2-one(1.N)

Following GP7,dimeth | di sul fi de (113 €L, -acet@pazetdmdiongl.MNES r e ac
mg, 1 mmol) yielding compountiN as a yellow 0i(169 mg 77%) after purification by flasithromatography
(cyclohexane/EtOAc 80:20). IR (film, ch3341, 3200, 1790, 1752393, 1213'H NMR (400 MHz, CDCJ))

d (ppm) 2.15 (s, 3H)153, 26HMH),(3838 (dd3-H53, 4.2Hz, QHY, 6.00dad,
=4.2,1.6 Hz, IH{®*C NMR (100 MHz,CDG) 4 (ppm) 20.9, 22.8;MS4R= 3, 7¢
2.3 min)m/z176 [M+H]*, 198 [M+NaJ.

4-acetoxyl-(phenylthio)azetidin2-one(1.V)

Following GP7, diphenyldisulfide (218 mg, 1 mmol) was reacted withetoxyazetidin2-onel.M (129 mg,
1 mmol) yielding compound.V as a yellowoil (206 mg,87%) after prification by flashchromatography
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(cyclohexane/EtOAc 80:20). IR (film, cth3059, 2923, 2850, 1785, 1754, 1585, 1355, 138TNMR (400
MHz,CDCk) U (ppm) 1. 99=12s153H3, HH),3.423(dd1=04.3(153Hz, 1H), 6.19 (dd,

J=1.24.2Hz, 1H), 7.50 7.27 (m, 5H)®*C NMR (100 MHz,CD&) U0 (ppm) 20.6, 46.

136.0, 167.2, 170.0; ESIIS (R = 10.2 min)m/z238 [M+H]", 260 [M+Na.
(2R, 3R)3-(-1-(t-butyldimethysilyloxy)ethyl-acetoxyl-(methylthio)azetidin2-one(1.P)

Foll owi ng GP7, di met hyl di sul fide (2RBR}3-((R)-L-((tert 1
butyldimethylsilyl)oxy)ethyl}4-oxoazetidin2-yl acetatel.O (287 mg, 1 mmol) yielding compouridP as a
yellow oil (280 mg,84%) after purification by flasithromatography (cyclohexane/EtOAc 90:10). IR (film,
cnrl) 2955, 2929, 2856, 1792, 1751, 1251;NMR (400 MHz, CDCY) (ppm)0.03 (s, 3H), 0.05 (3H),
0.84 (s, 9H), 1.26 (dl = 6.4 Hz, 3H), 2.13 (s, 3H), 2.45 (s, 3H), 3.17 @d,2.9, 1.4 Hz, 1H), 4.21 (dd,=
6.3, 2.9 Hz, 1H), 6.21 (d/= 1.3 Hz, 1H)*C NMR (100 MHz, CDG)) U (54,p416)17.9, 21.0, 22.2,
22.8, 25.7, 63.9, 66.3, 80.269.3, 169.8; ESMS (R = 12.3 min)m/z356 [M+Na], 234 [M+H]".

(2R,3R)3-(-1-(t-butyldimethysilyloxy)ethyll-acetoxyl-(phenylthio)azetidin2-one (1.W)

Following GP7, diphenhyldisulfide (218 mg, 1 mmol) was reacted WRR,3R}3-((R)-1-((tert
butyldimethylsilyl)oxy)ethyl}4-oxoazetidir2-yl acetatel.O (287 mg, 1 mmol) yielding compouridW as a
yellow oil (297 mg,75%) after purification by flasishromatography (cyclohexane/EtOAc 90:10). IR (film,
cml) 2955, 2929, 2856, 1793, 1758, 1472, 128]%% =7 16 (c = 1.0, CHCl,). '"H NMR (400 MHz, CDCJ)
i ( p@Ohys, 3H), 0.03 (s, 3H), 0.80 (s, 9H), 1.24)d,6.4 Hz, 1H), 1.94 (s, 3H), 3.26 (db= 1.4, 3.3
Hz, 1H), 4.21 (dg, = 3.4, 6.3Hz, 1H), 6.32 (d,) = 1.2 Hz, 1H), 7.247.49 (m, 5H); *C NMR (100 MHz,

CDClk) u (5Aax-4mH2,17.8,20.6,22.2, 25.6, 64.1, 66.1, 80.8, 128.2, 128.9, 129.1, 136.3, 169.1, 169.8;

ESFMS (R = 13.5 min)m/z364 [M+H]*, 386 [M+Na].
2.13.8 Synthesis of other-Mio-substituted-lactams
1-(benzylthio)4-oxoazetidin2-yl acetate(9.a)

Following GP7, dibenzyldisulfide (246 mg, 1 mmol) was reacted wiahetoxyazetidin2-onel.M (129 mg,
1 mmol) yielding compoun@®.a as a yellow oil (100 mg,0%) after purification by flasichromatography
(cyclohexane/Et@c 75:25). IR (film, cmt) 3085, 3061, 2960, 2923, 1779, 1751, 1429, 13253yMR (400
MHz, CDCk) U (ppm) 7.40i 7.27 (m, 5H), 5.62 5.57 (m, 1H), 4.13 (d) = 12.7 Hz, 1H), 3.93 (d] = 12.7
Hz, 1H), 3.23 (dd) = 15.3, 4.1, Hz, 1H), 2.92 (d= 15.3 Hz, 1H), 2.04 (s, 3HY*C NMR (100 MHz, CDG))
U (ppm) 169.8, 167.8, 135.2, 129.3, 128.6, 127.79,786.1, 42.9, 20.7; E®NS (Rt= 7.7 min)m/z 252
[M+H]*, 269 [M+H:0]".

1-((4-methoxyphenyl)thied-oxoazetidir2-yl acetatg(9.b)

Following GP7 p-methoxyphenyldisulfide (278 mg, 1 mmol) was reacted wititdtoxyazetidin2-onel.M
(129 mg, 1 mmol) yikling compound9.b as a yellow oil (174 mg, 65%) after purification by flash

chromatography (cyclohexane/EtOAc 75:25). IR (film;§18065, 3008, 2963, 2942, 1780, 1754, 1591, 1493,

1288;H NMR (400 MHz, CDCJ) U (ppm) 7.58i 7.53 (m, 2H), 6.89 6.84 (m, 2H), 6.11 (dd] = 4.2, 1.6
Hz, 1H), 3.80 (s, 3H), 3.30 (dd= 15.2, 4.2 Hz, 1H), 3.00 (dd~= 15.2, 1.6 Hz, 1H), 2.03 (s, 3H)*C NMR
(100 MHz, CDC}¥) ti (ppm) 170.1, 167.4, 160.9, 134.8, 126.2, 114.7,,/A5M4, 45.9, 20.7; E9MS (R=7.8
min) m/z268 [M+H]".

1-(benzold]thiazol2-ylthio)-4-oxoazetidir2-yl acetatg(9.c)

Following GP7,2 , -dithiobis(benzothiazole333 mg, 1 mmol) was reacted witkadetoxyazetidin2-one
1.M (129 mg, 1 mmol) yielding ecopound9.c as a yellow oil (243 mg, B%) after purification by flash
chromatography (cyclohexane/EtOAc 75:28).(film, cmt) 2925, 2853, 1798, 1755, 1467, 1428, 12¥D;
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NMR (400 MHz, CDC}) Ui (ppm) 7.87 (d,J = 8.1 Hz, 1H), 7.78 (d] = 8.1 Hz, 1H), 7.43 (dd = 8.1, 1.2 Hz,
1H), 7.32 (dd,J = 1.2, 8.1Hz, 1H), 6.39 (dd,= 4.4, 1.8 Hz, 1H), 3.64 (dd,= 15.6, 4.4 Hz, 1H), 3.26 (dd,

= 15.6, 1.8 Hz, 1H), 2.10 (s, 3HFC NMR (100 MHz, CD@) Ui (ppm) 20.6, 46.8, 79.0, 121.1, 122.4, 124.9,
126.4, 135.2, 153.5, 166.8, 166.9, 169.8;-ES! (R = 8.2 min)m/z= 295 [M+HF-.

1-(isopropylthio}4-oxoazetidir2-yl acetate(9.d)

Following GP7, diisopropyldisulfidele5¢L, 1 mmol) was reacted with-@cetoxyazetidin2-onel.M (129
mg, 1 mmol) yielding compour@ld as a yellow oil (57 mg, &%) after purification by flaskkchromatography
(cyclohexane/EtOAc 75:25R (film, cm?) 2965, 2927, 1783, 1753, 1373, 1247NMR (400 MHz, CDC))
U (ppm) 6.06 d,J=4.2, 1.6 Hz, 1H), 3.39 (dd,= 15.4, 4.2 Hz, 1H), 3.23 (sept= 6.7 Hz, 1H), 3.01 (dd]
= 15.4, 1.6 Hz, 1H), 2.12 (s, 3H), 1.26 (ds 6.7 Hz, 3H), 1.23 (d) = 6.7 Hz, 3H);**C NMR (100 MHz,
CDCl) u (ppm) 170.0, 168.8, 79.4, 46.1, 41.6, 225.1, 20.8; ESMS (R = 6.0 min)m/z204 [M+H]*, 226
[M+Na]".

4-oxo-1-(propylthio)azetidin2-yl acetatg(9.€)

Following GP7, propyldisulfidel@d1eL, 1 mmol) was reacted withakcetoxyazetidin2-onel.M (129 mg, 1
mmol) yielding compoun®.e as a yellw oil (134 mg, %) after purification by flaskkchromatography
(cyclohexane/EtOAc 75:25)R (film, cm?) 2965, 2934, 1785, 1755, 1375, 12949NMR (400 MHz, CDCY)
U (ppm) 6.04 (ddJ = 4.1, 1.5 Hz, 1H), 3.36 (dd,= 15.3, 4.1 Hz, 1H), 2.99 (dd= 153, 1.5 Hz, 1H), 2.78
2.64 (m, 2H), 2.11 (s, 3H), 1.701.59 (m, 2H), 0.99 (1] = 7.4 Hz, 3H)**C NMR (100 MHz, CDGJ) U (ppm)
170.0, 168.4, 79.1, 46.2, 41.0, 21.9, 20.8, 12.9;MSI(R = 6.3 min)m/z204 [M+H]*, 226 [M+Na].

1-(butylthio)4-oxoazetilin-2-yl acetatg(9.f)

Following GP7, butyldisulfidel©0¢L, 1 mmol) was reacted with-@cetoxyazetidin2-onel.M (129 mg, 1
mmol) yielding compound®.f as a yellow oil (36 mg, 7%) after purification by flaskchromatography
(cyclohexane/EtOAc 75:25R (film, cm) 2960, 2931, 1785, 1754, 1374, 1226]NMR (400 MHz, CDCY)
U (ppm) 6.071 6.04 (m, 1H), 3.37 (dd] = 15.3, 4.1Hz, 1H), 3.00 (dd,= 15.3, 1.4 Hz, 1H), 2.882.68 (m,
2H), 2.13 (s, 3H), 1.61 (m, 2H), 1.48L.35 (m, 2H), 0.90 (J = 6.7 Hz, 3H);*C NMR (100 MHz, CDQJ) U
(ppm) 170.0, 168.4, 79.2, 46.2, 38.7, 30.6, 21.5, 20.9, 13.5¥IBYR = 7.7 min)m/z235[M+H,0] *.

(2R,3R)1-(benzylthio)3-((R)-1-((tert-butyldimethylsilyl)oxy) ethy}-oxoazetidin2-yl acetatg(10.a)

Following GP7, dibenzyldisulfide (246 mg, 1 mmol) was reacted wi{BR,3R}3-((R)-1-((tert-
butyldimethylsilyl)oxy)ethyl}4-oxoazetidir2-yl acetatel.O (287 mg, 1 mmol) yielding compouri®.aas a
yellow oil (74 mg, B%) after purification by flasishromatography (cycleexane/EtOAc 80:20). IR (film, cm

1) 2955, 2929, 2886, 2856, 1790, 1754, 1471, 1375, 1PR2°E 1 10 (c = 1.0, CECLL); '"H NMR (400 MHz,
CDCl) U (ppm) 7.35 7.29 (m, 5H), 6.09 (d] = 1.4 Hz, 1H), 4.15 4.10 (m, 1H), 4.04 (qJas = 12.4 Hz,

2H), 3.14 (ddJ = 3.8, 1.4 Hz, 1H), 2.03 (s, 3H), 1.22 Jd; 6.3 Hz, 3H), 0.84 (s, 9H), 0.05 @), 0.02(s,3H);

13C NMR (100 MHz, CDQ) U (ppm) 169.8, 169.2, 134.9, 129.4, 128.6, 127.7, 81.1, 66.3, 64.3, 43.5, 25.6,
22.1,20.8,17.84.4,-5.1; ESIMS (R = 14.4 min)m/z432 [M+NaJ.

(2R,3R)3-((R)>-1-((tert-butyldimethylsilyl)oxy)ethy]-((4-methoxyphenyl)thied-oxoazetidin2-yl  acetate
(10.b)

Following GP7,p-methoxyphenyldisulfide (278 mg, 1 mmol) was reacted Wi&R,3R}3-((R)-1-((tert-
butyldimethylsilyl)oxy)ethyl}4-oxoazetidin2-yl acetatel .O (287 mg, 1 mmol) yielding compourid.bas a
yellow oil (111 mg, 26%) after purification by flasiiromatography (cyclohexane/EtOAc 90:1®.(film,
cnt?) 2955, 2930, 2895, 2856, 1788, 1757, 1494, 12929=1 13 (c = 1.0, CKCI,); *H NMR (400 MHz,
CDCls) U (ppm) 7.58 7.55 (m, 2H), 7.00 6.78 (m, 2H), 6.25 (d] = 1.4 Hz, 1H), 4.16 (qdl = 6.3, 3.5 Hz,
1H), 3.80 (s, 3H), 3.18 (dd,= 3.5, 1.4 Hz, 1H), 2.01 (s, 3H), 1.20 (@ 6.3 Hz, 3H), 0.76 (s, 9H), 0.01 (s,
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3H), -0.05 (s, 3H)C NMR (100 MHz, CDGJ) i (ppm) 170.0, 168.7, 160.8, 134.7, 126.4, 114.6, 80.3, 66.1,
64.0, 55.4, 25.6, 22.2, 20.8, 17-8,6,-5.2; ESIMS (R = 14.2 min)m/z448 [M+Na]".

(3R)1-(benzo[d]thiazol2-ylthio)-3-((R)-1-((tert-butyldimethylsilj)oxy)ethyl}4-oxoazetidin2-yl acetate
(10.9

Following GP7,2 , -@itbiobis(benzothiazolef333 mg, 1 mmol) was reacted wiAR,3R}3-((R)-1-((tert
butyldimethylsilyl)oxy)ethyl}4-oxoazetidin2-yl acetatel.O (287 mg, 1 mmol) yielding compourdd.cas a
yellow oil (187 mg, 4%) after purification by flasishromatography (cyclohexane/EtOAc 90:1®.(film,
cmt) 3064, 2954, 2929, 2856, 1802, 1762, 1469, 1428, 12h$°E i 5 (c = 0.9, CHCly); *H NMR (400
MHz, CDCk) u (ppm) 7.87 (dJ = 8.0 Hz, 1H), 7.78 (d] = 8.0 Hz, 1H), 7.43 (dd] = 8.0, 1.1Hz, 1H), 7.32
(dd,J=8.0, 1.1 Hz, 1H), 6.45 (d, J = 1.6 Hz, 1H), 43831 (m, 1H), 3.45 (ddl= 4.1, 1.6 Hz, 1H)2.07 (s,
3H), 1.31 (dJ = 6.3 Hz, 3H), 0.87 (s, 9H), 0.11 (s, 3H), 0.08 (s, 3fQ;NMR (100 MHz, CDGJ) U (ppm)
169.6, 168.1, 167.8, 153.7, 135.3, 126.3, 124.7, 122.3, 121.0, 81.3, 66.2568.22.1, 20.0, 17.84.4,-
5.1; ESIMS (R = 15.2 min)m/z453 [M+H]".

(2R,3R)3-((R)}-1-((tert-butyldimethylsilyl)oxy)ethy]-(isopropylthio}4-oxoazetidin2-yl acetate(10.d)

Following GP7, isopropyldisulfide 15 €L, 1 mmol) was reacted with(2R,3R}3-((R)-1-((tert
butyldimethylsilyl)oxy)ethyl}4-oxoazetidi-2-yl acetatel O (287 mg, 1 mmol) yielding compourid.das a
yellow oil (96 mg, 27%) after purification by flaginromatography (cyclohexane/EtOAc 40:8B)(film, cnr

1) 2958, 2929, 2857, 1791, 1754, 1461, 1375, 1242%=1i 18 (c = 1.0, CKCL); *H NMR (400 MHz,
CDCls) G (ppm) 6.21 (dJ = 1.4 Hz, 1H), 4.22 (qd} = 6.3, 3.2 Hz, 2H), 3.23 (se@~ 6.7 Hz, 1H), 3.19 (dd,
J=3.2,1.4 Hz, 1H), 2.13 (s, 3H), 1.28 (&= 6.7 Hz, 3H), 1.24 (d] = 6.3, 3H), 1.23 (dJ = 6.7 Hz, 3H),
0.85 (s, 9H), @6 (s, 3H), 0.04 (s, 3H}*C NMR (100 MHz, CDGJ) U (ppm) 170.2, 169.8, 81.3, 66.4, 64.1,
41.6, 29.7, 25.7, 22.2, 21.8, 21.01, 20.99, 1'4.9,-5.0; ESIMS (R = 13.6 min)m/z384 [M+NaJ.

(2R,3R)3-((R)-1-((tert-butyldimethylsilyl)oxy)ethydl-oxo-1-(propylthio)azetidir2-yl acetatg(10.€

Following GP7, propyldisulfide 141 €L, 1 mmol) was reacted with(2R,3R}3-((R)-1-((tert
butyldimethylsilyl)oxy)ethyl}4-oxoazetidir2-yl acetatel.O (287 mg, 1 mmol) yielding compourid.eas a
yellow oil (133 mg, 3%) after purifcation by flaskchromatography (cyclohexane/EtOAc 90:1®.(film,
cmt) 2958, 2931, 2884, 2857, 1790, 1753, 1462, 1362, 12P£°E i 14 (c = 1, CHCly); *H NMR (400
MHz, CDCk) i (ppm) 6.17 (dJ = 1.2 Hz, 1H), 4.19 (qd] = 6.3, 3.2Hz, 1H), 3.17i 3.13 (m, 1H), 2.77
2.62 (m, 2H), 2.11 (s, 3H), 1.711.58 (m, 2H), 1.21 (d1 = 6.3 Hz, 3H), 0.98 ()= 7.3 Hz, 3H), 0.83 (s, 9H),
0.04 (s, 3H), 0.01 (s, 3HYC NMR (100 MHz, CDGJ) ti (ppm): 169.7, 80.9, 66.3, 64.0, 41.1, 25.6, 22220,
20.9, 17.8, 12.94.6,-5.1; ESIMS (R =13.7 min)m/z= 384 [M+Na.

(2R,3R)3-((R)-1-((tert-butyldimethylsilyl)oxy)ethy]-(butylthio)}4-oxoazetidir2-yl acetate(10.f)

Following GP7, butyldisulfide 190 ¢L, 1 mmol) was reacted with(2R,3R}3-((R)-1-((tert
butyldimethylsilyl)oxy)ethyl}4-oxoazetidir2-yl acetatel.O (287 mg, 1 mmol) yielding compourid.f as a
yellow oil (51 mg, 8%) after purification by flaskshromatography (cyclohexane/EtOAc 90:1B)(film, cnr

1) 2958, 2931, 2858, 1791, 1758463, 1376, 1224{Jp* =1 16 (c = 0.9, CKCly); *H NMR (400 MHz,
CDCls) U (ppm) 6.18 (d,J = 1.2 Hz, 1H), 4.20 (qd] = 6.3, 3.2 Hz, 1H), 3.17 3.15 (m, 1H), 2.73 (m, 2H),
1.661 1.53 (m, 2H), 1.47 1.32 (m, 2H), 1.22 (d] = 6.3 Hz, 3H), 0.89 (1) = 7.3 Hz, 4H), 0.83s, 9H), 0.04

(s, 3H), 0.02 (s, 3H}¥C NMR (100 MHz, CDG)) Ui (ppm) 169.7, 81.0, 66.4, 64.0, 38.8, 30.6, 25.6, 22.2, 21.5,
20.9, 17.8, 13.54.5,-5.1; ESIMS (R = 15.1 min)m/z= 398 [M+Nd].
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3. Novelb-lactam compounds active as integrin ligands

3.1 Multifaceted activities of b-lactam compounds

Azetidinone derivatives first attracted attention for their antibacterial propertiedubng the last

two decades researches convincingly demonstrated that structural modifications of motfiecyclic
lactams with specific substituents waan effective procedure for the detection of varied
pharmacological effects different froantibacterial activity® In fact, the azetidinone costructure

could be considered a privileged structure hawng specific stuctural features that are of interest
with regard to biological activity) a constrained foumembered cyclic amide which could easily
undergo ringopening reactions by nucleophilic residues in the active sites of enzi)naasgid core
structure thatby reducing the conformational degrees of freedom, could favor and actually enhance
directional norcovalent bonding for liganrteceptor recognitioh'®

3.11 pb-lactams as enzyme inhibitors

As a matter of fachver the past few decaddiserse azetidinamderivatives demonstrated biological
activity as inhibitors of a wide range of enzymés.

Forexample, Ehloro-azetidinones we mainly evaluated as antibacterials, as above mentioned, but
some derivatives showed activities as -amfiammatory and analg& agentst'? Activities of 3
amincazetidinones we instead related to the presence of the same subsofueitiral penicillirs

and cephalosporins. They showed to behaseinhibitors of cathepsiné® proteasomé** and
vasopressift® (Figure 3.).
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Figure 3.1 3-chloro and 3aminaazetidinons as enzyme inhibito?$

The already described class ehkylidene-azetidinones, besides the aimentioned antibacterial
activity, has been investigated against matrix metalleepsss (MMPS) as gelatinases inhibitors and
against huran leucocyte elastase (HI¥'1 (Figure 3.2.
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Figure 3.2 4-alkylideneazetidinons as enzyme inhibitof8

Moreover,N-acylation ofthe azetidinone ring representad effective way to activate monocydtic
lactams towards nuclephilic rirgpening reactionsgaining enzymatic inhibitors with different
biological targets such agorcine pancreaslastase (PPE) and HLE’ platelet aggregatigh'®
prostate specific antigeA!® human fatty acid amide hydrolas§hFAAH), 2° and human

cytomegalovirus protease (HMCY/} (Figure 3.3.
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platelet aggregation inhibitor

Figure 3.3 N-acylazetidinone as enzyme inhibitof8

N-thiolated b-lactams, beyond the already described antibacterial activity, were evaluated as
antifungal 1?2 apoptosis inducerfg®and selective histone destylases (HDAC) inhibitoté* (Figure

3.4).

O,N pn—N
o \© MeO, .~ Ph N
’,, N N O
/l/:‘\j\ 0"  'SMe N

apoptosis inducer antifungal HDAC inhibitor
HDACG6: >1000uM
HDACS: 11.6 uyM

Figure 3.4 N-thiolatedazetidinons as enzyme inhibitof8

More recently, newb-lactam lipopeptides have been describedirthibit a bacterial signal
peptidase’?® and advances have been reported regarding the ugelaatams as antagmts of
cholesterol absorptiott® Moreover,some azetidinones have been shown to be antagonisesabf
shock protein 982" and some of their divatives wee antithrombotic agentg®
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Among the cited monocyclic azetidinones, some molecules successfully reached an advanced level
of preclinical or early clinical studies. It is important to underline that the important biological
activities mentionedbove were closely linked to the presence of the highly reactivarfeorbered

lactam ringwhich, if conveniently substituted on its three positiamild represera valuable source

of molecular diversity?°

3.12 p-lactams as integrin ligands

Among reeptor ligands that are structurally basedtheb-lactam core, onlyew azetidinones have
been shown to exhibit activity against integrins, which are a complex family of cellular redéptors.

3.12.1 Inteqgrins

Integrins are heterodimeric transmembrametgins structurally constituted by a narovalent
association of U and b subunits. Both subunit
relatively large extracellular domain, a single transmembrane domain,simut cytoplasmic tai®

(Figure 3.5.

ol-domain Bl-domain
Headpiece :
B-propeller Hybrid
Thigh PSI
................................................... Knee
Tailpiece Calf-1 EGF repeats 1-4

Calf-2

Transmembrane domains [ ER0 E0E0Y

Cytoplasmic
domains

Figure 3.5. Integrin structuré&?

|l n ma mmad wsh u nli8t -subumits dssenblebinto 24 different integriesch exhibiting a
distinct binding affinity to particular ligand$*? (Figure 3.6. T h e-sublinits have the greatest
influence onigandbinding specificity and define different integrin families. Integrins may recognize
col |l aageloU( &md U amisiliamd UUnf |l ammas g thyx, Uiagladn dUs
and RGD érginineglycine-aspartic acid mo ti, fv,4J, U @ g). th pasticularRGD integrins

bind different ECM(extracellular matrixproteins such as, among the others, vitronectin, filmtome
fibrinogen and plasminogéh® Conversely, leukocyte integrins recognizing inflammatory ligands
bind proteins containg LDV (leucineaspartic aciéraline) or related sequences such as LDT
(leucineaspartic acighreonine) and IDS (isoleuciraspartic acieserine).
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Figure 3.6. Classification of the 24 integrin heterodimecgarding to the combination &f a rsutunits, their specific ligands, or
cell type Figure adapted from ref3*

Integrins are basically adhesion receptors that mediate dynamic adhesiv@l egltl celtmatrix
interactions'® but they can overatkgulate crucial aspects of cellular functidns|uding migration,
adhesion, differentiation, growth and survival, by communicating bidirectional signals between the
extracellular and intracellular environmett8integrins are normally inactive with low affinity for
their endogenous ligands, but theydergo rapid actian upon various stimuli®” Activation occurs
when membranbound proteins increase the affinity of ectodomains for extracellular ligands
promoing cell adhesion and moduiaty intracellular signHing cascadeginsideout sgnaling).t®
But as bidirectional receptors, integringon ligand nding in the extracellular matrixransmit
outsidein signatinto the cell (Figure 3)7

Cell adhesion

and migration and
ECM assembly

Ligand ?
Integrin drst

Outside-in Inside—out
signalling signalling
! Outside
Plasma
membrane

cO ////
G Y
/;. J
/4 }
¢/ Talin Inside

Cell polarity, survivial and proliferation,
cytoskeletal structure and gene expression

Figure 3.7. Integrin outsiden and insideout signalling Figure adapted from rel#®

The ligandbindng site forms a region at tcongirsamdtadr sec
ion-dependent adhesion site (MIDAS), able to bind Asp, Glu, or carboxylic acid residues in ligands.
In RGD-binding integrins for exampléyrg of RGD bing  t -subunitivhie Aspcoordinates to the

Mg?* ion in the MIDAS. The binding of endogenous ligands to integrins recruits several cellular
components and modulates intracellular siigmgcascades, especially those leading to the activation

of focal adhesion kinase (FAKnd mitogeractivated protein kinase (MAPK) pathways that play a
crucial role in the regulation of numerous cell functiéfis.
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The ability of integrins to bind and associate with various components of the ECM or soluble ligands
largely depends on the structa | conf ormations of the two s
conformations are crucial for regulating both insie and outsiden cell signalling** Structural

studies (crystallography, NMR and electron microscopy) have revealed three possibléostates
integrins a bent, an extendedosed, and an extendegen conformations (Figure 3,8
corresponding respectively to a low affinity, an activated, and an activated togethdiganth

integrin conformers*?
’! ‘ ligand
cell memonrane
a |3
' & 19 4 [

bent-closed extended-closed extended-open

Figure 3.8 Threeintegrinconformationabtates. Figure adapted from ref. 134

Integrin capacity to activate, integrate and distribute informadtentifies this family of adhesion
receptors as valuable drug targétdin fact,integiins are involved inmmune responses, leukocyte
traffic, haemostsis and their potential as a therapeutic gat is now widely recognized’ In
particular among the integrin superfamily,bda n d&b; dlasss have been implicated in tumor
development playing a pivotal role in the faton of new blood vessetnd béng overexpressed
on activated endothelial cells in physiologicatigrathological angiogenesi¥ In addition,asb/7
andaymb2 have been implicated in the regulation of inflammation and immune functionayisnd
hasbeen involvd in platelet aggregatin 133

3.1.22 Inteqrin ligands

The tight regulation of integrin signalling is paramount for normal physiological functions and a mis
regulated integrin activity is associated with several pathological conditions. Therefore, extensive
efforts have been atle to discover and develop integrin ligands for use in clinical applicaffons.
Pharmacologically, ligands can be classified according to their action at the receptor. Agonists are
compounds that mimic the signalling of endogenous compounds binding ptorscentagonists

instead block the receptor interaction with endogenous agaitibut inducing any activation and

signal transduction. In addition, ligands defined partial agonists possess less ability to activate the
receptor and the associated sigremsduction, while inverse agonists are able to stabilize the recepto

in its inactive conformatiorA ligand can also be defined allosteric if it modulates receptor activity
acting on a topographically distinct position from the site of activity @nligbindingRecently, it

has been recognized that not all agonists behave in the same manner, introducing the hypothesis of
biased agonism for integrirt4®

To date, many researches have focused on the development of small molecules or aalileotiies

mainly inhibit integrinsand p to now, a large number of peptidicandyme pt i di ¢ vbsi gand
a n @bs receptor have been developed, which are all related to the minimal recognition motif RGD

(Arg-Gly-Asp) present on ECM protei§ Despite the gréaex p e ct at i ons , /b &lfst agor
8 4



a n @by indegrins that have entered clinical trials as antiangiogenic agents for cancer treatment, have
generally been unsuccessful. As an example, thekmelivn Glengitide Figure 3.9), a small RGD
containing cytic pentapetide developed by Kesslé? has been studied in clinical phase Il for
glioblastoma and in phase Il for other types of cancers. Neverthiseaddition to temozolomide
chemeradiotherapy failed to be effective with the constpe that thisagent was nofurther
developedActually, no anticancer drug targeting integrins has been appreted

As already mentioned, the interest in developing new integrin antagonists is widely recognized; less
attention was instead turned to those ligandisdbald promote integrin activity, maybe for avoiding

a possible activation of angiogenesis and tumor growth. Howsaeeral studies have suggested that
small molecules that act as integrin agonists m@an novel opportunities for therapeutics, which

gan benefits to increase rather than decrease intelgpendent adhesiomhese include an agonist

of ambz integrint*®that ameliorates kidney transplantatfétan agonist o b integrin that inhibits
lymphocyte transndothelial migratioA®and an agonistf asb: integrin that induces progenitor

cell adhesiort> Guptaet al. also reported that small agonist molecules could reduce leukocyte
migration, tissue accumulati and inflammatory injury®® Another important example concetthg
chemoresistance in melama thatinvolved a loss of integrirmediated adhesion; in this case,
stimulation of integrin signalling by agonists significantly improvedé&sponse to chemotherapy

These latter studies suggest that, using small molecules or modifying the sedsenakk peptides,

an integrin antagonist could be converted to an agonist that could promote cell adhesion and modulate
intracellular signding pathways.

a) 0 b) o) H/©

CF,C00

Figure 3.9 Previouslyreportedb-lactams as integrin ligant®§, and Cilengitide (a)

Recent research efforts have tentatively improved the pharmacological parameters of the developed
derivatives mainly by altering their polarity and rigidity. Among several heterocyclic structures,
Palomo et al. and Aizpuruaet al. emkedded an azetidinone scaffold in cyclic peptides or
pseudopeptides containing the RGD recognition moti RGDlike sequence (Figure 2p'?°The
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incorporation of a conformational constrain, such as the introduction of an unsatueai®ao acid

or ab-lactam scaffold in a cyclic structure, was in general intended to enhance selectivity and
modulate the affinity toward the receptor. In particular the azetidinone ring, as widely discussed,
constituteger sea site of conformationakstriction with @-amino acid moiety in a cyclic structure.
According to this, the ability of azetidinones, not inserted into cyclopeptides, to target integrins was
recently evaluated by my research grétip.

A preliminary study on the synthesis of three new azetidindrg@ss potenal integrin ligands

(Figure 3.@) was reported. The approach used was based on rationalization from known integrin
ligands and the novel molecules were designed with the azetidinone as a rigid cyclic central core,
with two arms holding a carboxgl acid and a basic moiety, as in the RGD sequence. The 4
ami dobenzyl amine residue was chosen adactan basi
nitrogen atom as in urea derivatives, and a cgilmacid was located on thed4Gside chain and
differently spaced from the ring. The C3 position was not substituted in order to mimic hiyke et
residue of glycine in th&GD peptide. The two side chains anchored onbtleetam provided a
favourable alignment on the receptor, thus meeting the cmegairements for integrin affinity.
When these new mol ecules were tested onshicel |l
integrin) and SKMEL-2 4 ( human mal i gnan t/bzintegting a concantraionp r e s
dependent enhancement of fibroleme di at ed adhesi on wadactantdser v e
di splayed a hi gfiiategringdBGh1 2 i rt M)-lactam@svasunoréselective for

i nt e ¢s(ECsh 11LhM), both resulting agonist ligand€ompound3 instead was around 100

times less effective?®

3.1.2.3 Integrin activation: internalization, trafficking and endocytosis

The term "integrin activation" defines the transition of integrins from a-d&lesed to an extended

open conformatiothat, as aforementioned, colddinduced by both cytoplasmic events (insalé
activation) and extracellular factors such as the interaction witraadi¢outsiden activation)'3®

The interaction with the ligand not only activates the integrin itself, but also induces a series of
important processes for cellular activity such as integrin clusteraifjicking and endocytosi$®

Although extensive research within the integrin field has elucidated key signal transduction pathways
as being involved in integrimediated cellular behavioit is only relatively recently that the
importance of integrin trafficking in modulating cellular ftioa has been demonstrated

Integrin clustering is defined as the interaction between adjacent integrins to formdtgiemers
incited by severaldctors: insideout signals that stimulate the recruitment of multivalent protein
complexes in the cytoplasmic domain, interaction with ligands in the extracellular domain,
homodimerization in the transmembrane domain or release from cytoskeletal casthaoht leads

to the diffusion ®integrins on the membrari&’

Integrin trafficking is regulated by members of the fRasociated binding (Rab) family of small
GTPases, which function as molecular switches regulating vesiculardraimspukaryotic cds.>

It can be globally defined aspaocess consisting of a complex intracellular internalization, through
which integrin heterodimers are endocytosed into the cytodigsmodifying the shape of the plasma
membrane, and atater exocytosed back to thellcsurface*®’
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Endocytosis is in fact characterized by the internalization of protein receptors from the plasma
membrane into internal membrane compartments before sorting to different cellular locations.
Generally, endocytic processes are classifiedasrin-dependent endocytosis (CDE) or clathrin
independent endocytosis (C|Byhereby CIE describes several disti endocytic routes (Figure
3.10.1%% Cell surface receptors are endocytosed by one of these routes, lalsit ®sdile that a

given typeof integrin could follow more than one pathway depending on regions within a cell, cell
conditions, and cell typt°

Clathrirmediated endocytosis, the bebaracterised internalisation route, involves the recruitment
of small vesicles that have a cry$ited coat made up of a complex of proteins associated with the
cytosolic protein clathrin, cakieclathrincoated pit (CCPY®!In contrast, less is known about the
mechanisms involved in CIE, and, in particular, how cargoes are recruited. Caveolae avstthe m
common reported necdlathrin-coated plasma membrane buds which exist on the surfacengf ma
but not all, cell types®? Caveolarmediated endocytosis is mediated by small fisiskped
invaginations, caveolae, in the membrane, consisting of the choldsitaiting protén caveolin and
glycolipids 16

Integrin trafficking

Clathrin mediated Caveolar

Sp1 (PKE/GSK.3p)
VB3 (PKB/GSK-3f)
64 (PKBIGSK.3)

Clathrin-coay ' Short loop
vesicle ll RAB4 Caveosome
’\ L o
% endosome
Long loop /

RAB11

Adaptor proteins

PNR Clathrin

Nucleus fj  Caveolin, Lipid rafts

Figure 3.10Q Integrin trafficking depicting the two main pathways of internalization, clatmediated and caveolar, and the
pahways of recyclingFigure adapted from ré$*

Once internalized, integrinsre predominantly recycled back to the plasma membrane. Following
endocytosis, integrins travel to early endosomes from which they can either be returned directly to
the plasma membrane in a Ratependent manner (the short loop) or further traffickechéo t
perinuclear recycling compartment (PNRC) befdreing recycledthrough RablXependent
mechanisms (the long lodp) (Figure 3.10. Integrin trafficking therefore provides a constant supply

of "new" receptors regulating integrin population on the cell sface throughcycles of
endo/exocytosis®®
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Understanding the molecular mechanisms of integrin trafficking is pivotal for monitoring tumor
progression and for the development of anticancer drugs. Several studies indeed demonstrated that
tumor cells overexgess integrinreceptos and their signal transductiatcurs in an anomalous
way; %" an alteration in thenectanisms regulating endocytosis coulerefore contribute to the
invagve capacity of these celt§®

Despite the internalization of integrins regulatany cellular processes, such as migration and
adhesion, especially inany pathological condition$® very little is known about the mechanism of
internalization ofintegrinbound RGD peptides®and if integrin aonists and antagonists could
mediate traftking processes a different way

3.2Development of a new integridligand library

3.2.1 Synthesis of azetidinones

As described inParagraph 3.1.2,2ny research group recently reported the synthesis of three
derivatives, two of which exhibited gdaaffinity and specificity toward&lbs and Usb; integrin
classes being active as aigis at a nanomolar leveP

After these first ppmising biological data, we expanded the scope of the wordearedloped a librgr

of new monocyclicb-lactam derivatives (Chart 3.1). Similarly to whategwiously reported, we
decided to exploit the possibility of using onlpdactam core to obtain a constrained molecule that
could favor complexation with the receptor, excluding the insertion of an azetidinone ring in cyclic
peptides. The novel compound®re specifically designed by a structin@sed strategy to target
particular classes of integrin&. Biological activity, indeed, is always related to the residues present
o n tldctam draffoldand in this case we suitably modified the aminetaedarboxylic acid side
chains with a wider structural variabiljtwith the aim to enhance selectivity and to modulate the
efficacy against the receptor.
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Chart 3.1. Novel b-lactam compound4-21 designed to target integrins

Of the various integrin ligands explored by others, we were particularly interested in the antagonists
reported by Tolomellet al'”? They found that a-aminobenzyamide residue was an effective Arg
mimetic with an increased affinity fabs andasbs integins, whereas the presence of a M{¥
methylphenyl)ureidephenylacety{MPUPA) motif greatly enhanced bioactivity and specificity for

ab integrinst’

We then bose to install a-<aminobenzydmido or its isomeric 4aminomethybhenylamide residue

on the N1 nitrogen atom of the azetidinonaa condensation reaction with isocyanates (Figurg 3.1
These two isomeric substitutions were selected to evaluate the influence of the basicity of the amine
terminus; in this case we compared benzylamine anchamisidues’*

The carboxylic acid function which could coordinate at the metaldependent adhesion site

( MI DAS) -sobinit bf mtegrifis®was placed on the C4 side chain of the azetidinone. In detail,
b-lactams4-7 (Chart 3.1) were designed wighC4 carboxyliacid residue, as either a free acid or
dipeptide, and compoun@s21 with a C4 acetic acid residue, as either a free acid, ester or dipeptide.
In dipeptide derivatives, two amino aciglycine orb-alaninewere tosen for theiun-substituted
flexible chansand @upled with he azetidinone carboxylic acid
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Essentially, a panel of 18 new azetidinones was synthesized starting from two commercially available
compoundsl-aspartic acid and-dcetoxyazetidinone. The general synthetic approach is depicted in
Figure 3.1. Compoundd-7 were prepared starting fromdspartic acid, cycation to give azetidin

2-one 4carboxyester, insertion of the imide by conggimh with an isocyanate, andiGide chain
elongationvia a peptide coupling procedure. Thd &ceticacid derivatives8-21 were synthesized

from the ©mmercially available -4cetoxyzetidinone with a Reformatsky reagent and
bromoacetate!’® Again, the imido group was obtained with the appropriate isocyanate and peptide
coupling gave higher molecular wetgterivatives.

R: -COOH COOH
CH,COOH “ffo
CH,COOR O W'T‘(N\/\COOH
o

ca Kfﬁ

59 4

peptide coupling peptide coupling

Q substltutlon \
/N/Hn\COOH 0 reaction MCOOH

H o OAc

S e, % —

/ y—NH O NH, / 0]

ring-closure O acylation M

L-aspartic acid 4-acetoxy
acylation , . 8-21 azetidin-2-one

Figure 3.11. Substituent variations and synthetic strategieffactams4-21

A careful strategy for protecting the carboxylic acid and the amine terminus was developzs

top r e s e r-haactamtirg éhrolghout the synthesis, and in particular in the final deprotection step.
Particular attention was paid tpexific combinations of temporary or permanent protecting groups
to achieve full or partial deprotection depending on the requirements of the synthetic strategy. The
synthesis of compounds21is described in detail in Schemes-3.4.

The 4carboxylicazetidin-2-one benzyl este22 was obtained in a twetep procedure starting from
L-aspartic acid as previously repatt® (Scheme 3.1). Treatment 22 with NaHMDSA in THF at

178 °C andtert-butyl(4-(isocyanatomethyl)phenyl)carbama® freshly prepared ith triphosgene,
gave24. Hydrogenolysis yielded the corresponding d@%dand final treatment with trifluoroacetic
acid furnished compourtsias a trifluoroacetate salt.

Compound®6was obtained fror@2with the commercially availabletolyl isocyanaten acetonitrile

and potassium carbonate. Subsequent hydrogenolysisAgavgood yields. The carboxylic aci#l

was coupled with glycine benzylester lbralanine benzylester to give compour@is and 28,
respectivelyFinally, azetidinone$ and7 were obtained fror27 and28 by hydrogenolysis.

90
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Scheme 3.1Synthesiof b-lactams4-7. Reagents and conditiore: NaHMDSA tert-butyl(4-(isocyanatomethyl)phenyl)carbamate
23, THF,-78°C, 1h;b) H, PdC (10%), THF/CHOH 1:1, rt, 2h; c) TFA, CHClz, 0°C then rf 24 h;d) K2COs, o-tolyl isocyanate,
CHsCN, rt, 2 h; e) oxalylchloride, TEA, CEClz, glycine benzylest@dCl, DMAP, rt, 16 h; f) oxalylchloride, TEA, CHClIy, b-
alanine benzylest®TSA, DMAP, rt, 16h. Yields of isolated compounds are reported in brackets

The syntheses df-lactams8-21 included a common origina substitution reaction ofracetoxy
azetidinonel.M by a Reformatsky reagent as outlined in Sché® Methyt, ethyt, or benzy
bromoacetates were treated with an excess of metallic Zn in THF to furnish the corresponding
Reformatsky reagents which were then coupled witicetoxyazetidif-one to give 4acdate
azetidin2-one ester29, 30, and13in good overall yields after flasthromatography. Treatment of
the three esters withtolylisocyanate under basic conditions provided the iraketidinoned 0, 11,
and12 dalactams8 and9 were then obtained by hydrogenolysis fraBiand12, respectively. The
azetidinone9 was insteadsubjected to peptide coupling with glycine benzylesteb-@anine
benzylester withl-ethyl-3-(3-dimethylaminopropyl)carbodiimidéEDC) as @upling reagent, TEA,
and a catalytic amount of dimethylaminopyridfiEMAP) to giveintermediate88 and 39, which
were deprotected by hydrogenolysis to diveand19, respectively (Scheme 3.2).
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Scheme 3.2Synthesis ob-lactams8-13, 17, and19. Reagents and conditiors) K2COgs, o-tolyl isocyanate, CECN, rt, 2 hy b) He,
THF/CHsOH 1:1, Pd/C(10%), tt, 2 h; ¢) EDC, TEA, DMAP b-alanine benzylest&#TSA, CHCl», 0°C thenrt, 16h; d) EDC, TEA,
DMAP, glycine benzylestd@®TSA, CHCIz, 0 °C thenrt, 16 h. Yields of isolated compounds are reported in brackets

A N1-side chain was inserted on azetidind®ewhich had been previously deprotonated/&t°C
with  sodium hexamethyl disilylamide (NaHMDSA), by means dert-butyl(4-
(isocyanatomethyl)phenyl) carbam&® (Scheme 3), which was obtained in turn frodN-Boc
aminobenzylamine and triphosgene. Hydrogenolysis of the resulting &ddyate32, which in turn
provided compoundb5 after treatment with trifluoroacetic acidzetidinone36 was obtained by a
similar procedure in two steps starting frdi8 and tert-butyl-4-isocyanatobenzylcarbama8.
Treatment of36 with commercially availabl®-tolylisocyanate and triethylamine ga®%é which in
turn provided azetidinon&6 by hydrogenolysis. Compouridt was gained in two steps frob3 by
condensation with commercially availattlenzyl isocyanate and hydrogenolysis.
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Scheme 3.3Synthesis ob-lactamsl4-16. Reagents and conditiores} NaHMDSA tert-butyl(4-
(isocyanatomethyl)phenyl)carbam&® THF,-78°C, 1h; b) H, Pd/C(10%), THF/CHOH 1:1, rt, 2h; c) TFA, CHCl2, 0°C then
rt, 24 h;d) K2CGOs, benzylisocyanate, GEN, rt, 2 it €) NaHMDSA, tert-butyl 4-isocyanatobenzylcarbamad, THF,-78 °C, 1h;

f) TEA, o-tolylisocyanate, OC then rt, 2h. Yields of isolated compounds are reported in brackets

Azetidinonesl8 and 20 instead resulted from carboxylic ac3@ by peptide coupling with gtine
benzyl ester db-alanine benzyl ester, respectively (Scheme 3.4). When intermetliated42 were
subjected to a twstep procedure consisting of hydrogenolysis and treatment with TFA for the final
deprotection, compounds and20 were obtained in very good yields effminar hydrogenolysis of
compound35 gave intermediate44, which, via peptide coupling withb alanine benzylester,
hydrogenolgis and treatment with TFA, yieldélde final compoun@1 (Scheme 3.4).
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Scheme 3.4Synthesiof b-lactamsl8, 20, and21. Reagents and conditiores: DCC, TEA, DMAP, CHCIz, glycine

benzylestePTSA, 0°C to rt, 16h; b) Hp, Pd/C(10%), THF/CHOH 1:1, rt, 2h; c) TFA, CHClz, 0°C then rt, 24 hg) DCC, TEA,
DMAP, b-alanine benzylest®TSA, CHClz, 0°C to rt, 16h. Yields of isolated compounds are reported in brackets

3.2.2 Biological evaluations
(in collaboration with Prof. SM. Spampinato and Dr. M. Baiula, University of Bologna)

3.22.1 Cell adhesion and solghase binding assays

To invedigate the activity and selectivity profiles of the noldactam derivatives, we performed
adhesion assays with different cell lines expressing the RGD integiigsa.bs, avbs, asb:1 and

aubbsz or leukocyte integrinasb: andaLbz. In these assays, cells were seeded onto plates coated with
specific endogenowsibstrates (fibronectin, fibrinogen, VCAMor ICAM-1) and allowed to adhere

before the number of adherent cells was determined in the presence of increasing concentrations of
the testedb-lactams compounds (1x3®M - 1x10* M); their ability to increas or inhibit cell
adhesion mediated by the endogenous integrin ligand was evaluated. In particular, those compounds
that inhibited cell adhesion were referred to as antagonists, whereas compounds that increased cell
adhesion were considered to be agonists.

Compoundss, 10, 11, 12, 13, 16, and18 resultedcompletely inactive in adhesion assggatanot
shown); the othetb-lactam derivatives resulted effective in eaflhesion tests and are summarized

in Table 3.1, together with the preferential selectivity of each compound for one integrin class over
the others assayed. The peptideSM-Arg-Gly-Asp-Thr-Pro-OH (47), Ac-Asp-Arg-Leu-Asp-Ser
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OH (48),}'2 cyclo(-Arg-Gly-Asp-D-PheVal) (49),1"" (N-[[4-[[[(2-methylphenyl)amino]carbonyl]
amino}phenyllacetyljl-leucyH-aspartydl-valyl-I-proline 60) (BIO-1211)}"8and Tirofiban $1)"°
were included as reference ligands for the werimtegrins assayed.

Table 3.1.Effects of activeb-lactam compounds on RGBinding and leukocyte integrimediated cell adhesion. Data are presented

as EGo for agonists (in bold), and as 36for antagonists (nM). Values represent the mean + SD of three independent experiments
carried out in quadruplita

RGD-binding integrins Leukocyte integrins Preferencial

selectivity
Comp. SK-MEL -24/ MCVF7/Fg HT :29/FN K5§2/FN HI;L/Fg Jurkat/ Jurkat/
FN Ubs Ubs Wb, U b3 VCAM -1 ICAM -1
Ubs Uib, U b,
1 55.0 £ 0.04 5.09+ 0.07 167+ 6 120+ 0.02 > 5000 > 5000 2410+ 64 Ubsa n db; C
agonist agonist agonist agonist antagonist
2 110+ 0.03 505+ 17 > 5000 763 £0.08 > 5000 > 5000 > 5000 Ubs
agonist agonist agonist
3 > 5000 > 5000 > 5000 365 +0.08 > 5000 > 5000 > 5000 U,
agonist
5 > 5000 > 5000 > 5000 5250 +1.2 > 5000 8.8+0.8 > 5000 by
antagonist antagonist
15 71.7£0.5 > 5000 > 5000 445+26 > 5000 5740+1.7 0.39+0.02 Ub,andbs C
antagonist agonist antagonist antagonist
20 > 5000 > 5000 > 5000 1050 + 17 > 5000 > 5000 > 5000 b,
antagonist
21 > 5000 > 5000 > 5000 6.7+0.6 1563 + 69 > 5000 > 5000 b,
agonist
8 40.9+0.8 376 +15 > 5000 1031+ 35 311+35 > 5000 1627 + 23 Ub;
antagonist agonig agonist agonist antagonist
14 > 5000 > 5000 > 5000 417 +6 > 5000 > 5000 > 5000 Usby
antagonist
4 352+7 > 5000 > 5000 158+ 4 > 5000 1.39+0.04 > 5000 Ub,
antagonist antagonist antagonist
7 active ligand > 5000 > 5000 > 5000 > 5000 > 5000 > 5000 Ubs
9 > 5000 > 5000 > 5000 > 5000 > 5000 129+0.6 > 5000 Ub,
agonist
17 > 5000 > 50 > 5000 9.9+0.1 > 5000 > 5000 > 5000 b,
agonist
19 187 +3 670+ 24 44.4+0.8 49.0+2.9 > 5000 17.4+0.8 > 5000 Ub,
agonist agonist antagonist agonist antagonist
47 9255+6.3 34.2+0.7 > 5000 0.62 £0.09 > 50 nd nd
antagonist antagonist antagonist
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48 25+3 2278 +0.07 > 5000 > 5000 > 5000 nd nd

antagonist antagonist
50 nd nd nd nd nd 8.6+15 0.84 +0.19
antagonist antagonist
49 146 + 43 16.0+1.3 3696 + 38 nd nd nd nd
antagonist antagonist antagonist
51 nd nd nd nd 9.4+0.8 nd nd

antagyonist

aData preliminarily reported in rdf55;nd = not determined.

With regard tdJ,bs integrin, no structural variation improved fibroneetrediated cell adhesion, and

the previously reportéef compoundsl and2 confirmed to be the most active agonists toward this
class. Among the new derivatives, azetidinohBsand 8, which have aher a less basic aniline
terminus {5) or a carboxylic acid terminus alor),(reduced cell adhesion mediatedbiys integrin

and thus displayed antagonist activity. To notice, comp@unith an acidic terminus di -alanine
andan ureidoMPUPA motif was considered an active ligand but showed a peculiar behavior: at low
concentrations (I8 - 107 M) it behaved as antagonist while it actasl an agonist at higher
concentrations (I®- 10* M). According to this, recently Van Agthoven al.have desdbed a wild

type fibronectin (WtFN10) that binds and activaté®s integrin whereas a higaffinity mutant
(hFN10), carrying substitutions adjacent to the RGD sequence, behaves as a pure antagonist as it
favors an inactive conformation of the integiif.

Interestingly, a shorter acidic side chain, asampound4, adedas a low potent antagonist, whereas

a longer one, as ih9, switched the activity to agonism.

Compoundsland8act ed as agoni sts i n .uieategrin. With hegasditoo n a
U/bs integrin, 1 and 19 were the most effective in cell aglion assayst behaved as an agonist
whereass9was an antagoni st. This | att efsinteggmafbatund
it boundt osb: & n db; ittegrin with similar activities.

With regard toUsb; integrin, compound4, 21, and17 appeared to be the most potent agonists at
promoting cell adhesion, with EEvalues of 12.0, 6.7 and 9.9 nM, respectively. Moreo&ignd
17were relatively smevercti ve aglhei sitst é @rshiys as
mediated celadhesion was observed only at a micromolar range for a few derivatives with a short
carboxylic acid terminus on C4, and a less basMBUPA residue on the nitrogatom(5, 14, and

4). Interestingly,compounds3 and5, despite a low potency for treeb1 receptor, showed opposite
activities, in thaB wasan agonist wheredswas an antagonist of cell adhesion. A similar result was
observed foR0and21: the former, with an aniline residue, was a weak antagonigtXI®00 nM)
whereas the latter, withl@enzylamine terminus, was a strong agonists(E®.7 nM).

A more basic amine terminus (benzylamsaniline residues) tended to favor agonist behavior (see,

for instance], 2, and3 vs5, 15, and20), although thesb-lactams could act as electrostatic clamps

for asb: or avbs integrins, like the RGD peptide (see modeling sectidhaaagraph 2.3). Onthe

other hand, the presence of an acidic terminus alone with a suitable chain length could allow a
favorable interaton at the MIDAS, hence affecting cell adhesion. In fact, edi@r$l, 12, and13,
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which lacled these characteristicayere conpletely inactive toward alintegrins, as well as
compoundd 6 and18 with longer side chains.

All the selected lactam componds were inactive for integraninbs, apart azetidinongthat showed
only a low affinity incell adhesion assay (BE€311 nM), acting as an agonist.

The investigation was extended also to leukocyte integubsanda b, Compound$ and4 with

a short carboxylic acid terminus or either a less basic or no amine residue efficiently interacted with
asb1 integrin by inhibiting VCAM1-mediated cell adhesion with d¢€values of 8.8 and 1.39 nM,
respectively. Reptang the amine terminus withMPUPA residue led to an increased activity at a
nanomolar level also for derivatives #and19. Whilst 19 revealed to be an antagonist, compound

9, which isa homolog of4 at the C4position was an effective and very sefiwe agonist of cell
adhesion mediated Hyb; integrin €Cso = 12.9 nM) this activity was found to decrease with an
increase irside chairthe length(see compouné vs17).

In this series of nevib-lactam derivatives, it wveahard to find a correlation between the activities
toward asb: andasb; integrins: most of thé-lactams that were active toward the former integrin
were inactive toward the latter. Compoutftis an exception in this sense, because it showed similar
potencies for opposite activities: agonist towagll: (ECso = 49 nM), but artagonist towardasb:
(ICs0=17.4 nM).

Concerningh-lactam activity towar@bz integrin, onlyl5showed excellent activity as an antagonist
at subnanomolar concentrations (G 0.39 nM), despite it was not selective toward the other
integrins assayed.

The abilities of the nely found agonisb-lactamsto increase cell adhesion were tested in absence of
fibronectin forUsb; or VCAM-1  f 4bstintedsin. For this purpose, the adhesion of K562 and Jurkat
E6.1 cells was evaluated in wells that had been pusly coated by passive adsorption with each

novel agmist under investigation 20 g / L) . R ebgianr tdei gagganmagonibtss, 17, 19,
and21linduced a significant concentratioiependent increase in K562 cell adhesion, as observed for
fibronedin (Figure 312A). Preincubation of K562 cells with éRGDfV) (49) (1uM), a weltkknown
antagonist of RGD integriné? significantly reduced cell adhesion mediated by azetidinbfesd

19 but not byl7 and21 (Figure 312A). These results could sugges t taetamslb and19 may

bind the MIDAS site, an effect prevented byRGDfV) (49). Converselyl7 and21 might bind to

an allosteric site since cell adhesion mediated by these compounds was preserved even in the presenc
of c(-RGDfV) (49).

In addtion, compound, which ist h e  a@bpagonist,Gignificantly augmented Jurkat E6.1 cell
adhesion, similarly to VCAML (Figure 312B).

Prei ncubation with a neuta raintgin sobgnitsa(tOtgil)bloctegd a g a |
the augmented aédhs i on o f K562 or Jur-laceam agbnestdd 17,c1@ 21l s i n
and9 respectively (Figure 32A and B). These results confirmttht cell adhesion mediated by the

n e wlactam agonists effectively and specificallyatved Usby a n dby itdegrins, respectively.
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Figure 3.12. A) K562 cell adhesion to wells coated with fibronectin (FN) or agoni§sl(, 19, 21) directly coated into wells by
passive adsorption is increased in a concentralgpendent manner. Picubation with aneuttai zi ng anti body agai
integrin subunit blocked the augmented eslbn of K562 cells induced Hylactam agonists. Psiacubation with a cilengitide
analog e(RGDfV) significantly reduced cell adhesion mediatedlByand19whereas it was not efféee to influence cell adhesion
induced byl7 and21; B) Jurkat E6.1 cell adhesion of VCA or agonis® is significantly increased. Piacubation with a
neutralizing antibody against the U4 i nt eglsindocedsbfp-taciam® t bl ock

The most interesting-lactam compounds behaving as integrin ligands in cell adhesion assays above
described, were further characterized in sphése competitive integrin binding assays on isolated
integrins set up foavbs, avbs, avbs, asbi, aipbs, andaibz, whereas affinity t@sb; was evaluated

by a scintillation proximitybinding assay (SPA). Interestingly, the assayed compounds showed
affinity values and selectivity that agoesith the data found in cell adhea assayseported in Table
3.1(data not shown); an exception was compo8itttat, in comparison to cell adhesion assays, was
20 times more potemsaybz and 370 times more potevd a,bs in solidphase binding assays (data

not shown).

3.2.2.2 Effects of selectEh-lactams on integrimediated ERK phosphorylation

Intracellular signaling generated by the interaction of extracellular matrix components with selected
integrins involves second messengétdncluding extracellular signakgulated kinases 1 and 2
(ERK1/2). The effects ob-lactams that most strongly affecteb; integrinrmediated cell adhesion

were evaluated on ERK1/2 phosphorylation in K562 c8dectedazetidinoneghat behaved as
agonists incell adhesion assayi.e. 15 17, 19, and 21, significantly increased ERKZ1/2
phosphorylation when added alone to cells; moreoué&r, 19, and 21 increased ERK1/2
phosphorylation in a concentratiolependent manner (Figurel3A and B). Converselythe Usb;
integrin antagonis# reduced ERK1/2 phosphorylationduced by fibronectin in a concentration
related manner (FigureIRC).
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Figure 3.13. Effects of selectefi-lactams on ERK1/2 phosphorylation mediated by integrin expressed in K562 cells),/)
Agonistsl5, 17, 19 and21 significantly increased ER1/2 phosphorylationC) Compound4 prevented FNnduced phosphorylation
of ERK1/2 in aconcentratiordependent manner

b-lactam9, a selectivekb; integrin agonist, when added alone to Jurkat E6.1 cells, strongly and
significantly increased ERK1/2 phosplylation in comparison to vehicleeated cells (Figure
3.14A). In Jurkat E6.1 cells exposed to VCAM a significant increase in ERK1/2 phosphorylation
was detected, and piecubation withb-lactam antagonis 5, and19 caused a significant decrease

in VCAM-1-mediated ERK1/2 phosphorylation (Figuré4B and C);moreoverazetidinone$ and

19 were effective in a concentratiaependent manner.
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Figure 3.14. Effects of selectefi-lactams on ERK1/2 phosphorylation mediated iyt integrin expresseih Jurkat E6.1 cells. A
b-lactam agonis® significantly increased ERK1/2 phosphorylatid), C) Azetidinonest, 5, and19 prevented VCAMI-induced
phosphorylation of ERK1/2 in @oncentratiordependent manner
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3.22.3 Effects on sel ¢ t dadtanbto HUTS-21 epitope exposure

As already mentioned, integrins exist in three major conformations: an inactive or bent conformation,
an intermediatectivity conformation and a highctivity open conformatiof®? Conformational
changes in integrin subunits cam imonitored using conformatiespecific antibodies that recognize

a specific epitope that is exposed only in a defined structural conform&tion.

To determine whether the binding of these beactams tdb; integrincouldalter its conformation,

we used the HUTR1(PE) monoclonal antibody (mAb), comprising the fluorophore reporter
phycoerithrin (PE), that recognizes a LIBS (liganduced binding site) epitope masked on inactive
integrin butexposed upon agonist binding or partial integrin activation. This mAb was added to the
cells, and cells were then analyzed by flow cytometry. As expected, the binding of MGAddced

a conformati onal isueuaitthataasgted nmexpire of the HUTSEL editope

and increased antibody binding (Figur&s. Similarly, agonis® significantly increased HUT-31
antibody binding in a concentratiafependent manneConversely, it e 4b; @ntagonist compounds

4 and5 significantly and in a aacentratioarelated manner reduced the exposure of H2T®pitope
measured as mAb binding (Figurel3.) . Taken together, t-lactasne d at
act i nfgagmists may induce changesiimegrin conformation, leading to its activatjomhile

Ukb1 antagonists may promote inactive or intermedaatievity conformations.
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Figure 3.15. Binding of HUTS21 antibody to Jurkat E6.1 cells in the presence of different concentrations of thdawams.
Antagonists4 and5 significantly reducd exposure of the HUT31 epitope, whilé-lactam agonis® increased the binding of
HUTS-21 mAb to Jurkat E6.1 cells in @oncentratiordependent manner

3.2.3 Molecular Modeling
(in collaboration with Prof. LBelvisiandDr. M. Civera, University of Milao)

The binding mode of representatibelactam derivatives tdlbs integrin was investigated by a
docking approach that was previously developed and successfully applied to the study of small
libraries of cyclic and linear RGD peptidomimeti®4 The Glide®® program V4.5 was used for
docking calculations and the crystal structure of the extracellular segment of inidgyrim a
complex with the cyclic pentapeptide Cilengitide (PDB code 1t%@®)as used as a reference model

for interpretation of the results.
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The Glide docking protocol was appliedxdactam derivatived and15, which contain the san@4
acetic acid and &enzylamine and aniline basic moiety, respectively, in order to generate
computational models of interaction with the ligardding siteof Ubs integrin. Although the
specific role of a more basic amine terminus (benzylamsramniline residues) in favoring agonist
behavior on the basis of rigjrotein docking calculations is hard to discussyas possible to
examine the effect of tHeasic moiety on the ability of the ligand to form an electrostatic clamp and
to reproduce the crystallographic binding mode of Cilengitide.

Docking runs starting from both enantiomers of compdliptbduced poses that conserved the key
polar interactionsbserved in the Xay complexof Cilengitide U/bs integrin In the calculated poses
the ligand carboxylate group waoordinated to the metal cationthe MIDAS region of thebs
subunit, and the ligand benzylamine moiety forms salt bridgpeftitl interactions with the negatively
charged side chairf Asp218 in theay subunit (Figure 36). Further stabilizing interactions ocoea

in docking poses of compourid involving the formation of hydrogen bonds between the ligand
carboxylate group and the backbone amide hydrogen of Asn215 and Tyrl22hruthie and
between thé-lactam carbonyl and th®-Arg214 side chain. Rinrgtacking or a 3shaped interaction
between the ligand aromatic group and @h€lyr178 side chain wsalso observed in the binding
modes calculated for compoutd
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Figure 3.16. Docking pose of compoundR)-1 (grey carbon atoms) in the crystal structure of the extracellular domBifzof
integrin @ unit cyan,b unit orange) overlaid on the bound conformation of Cilengitide (green carbon atoms). Only selected integrin
residues inglved in interactions with the ligand are shown. The metal ion at MIDAS is shown as a magenta CPK sphere.
Intermolecular hydrogen bonds are shown as dashed lines

Docking runs starting from the two enantiomers of compdiuijaroduced rather different ressiltin

the calculated poses dR)}15, the acid and basic pharmacophoric groupsdiite an electrostatic
clamp and interaetlwith charged regions of the receptor binding site. Nevertheless, a poor fit with
the receptebound structure of Cilengitide wabserved, mainly for the aniline basic moiety (Figure
3.17), which formed a distorted Hoond with the negatively charged carboxylateagfAsp218.
Similar to what observed for compouhdone carboxylate oxygen dR)-15 was coordinated to the
MIDAS metal cation, while the second carboxylate oxygen fedmil-bonds with the backbone
amides of Asn215 and Tyr122 in theunit. Further stabilizing interactions observed in the binding
modes of R)-15 involved an H-bond between thke-lactam carbonyl and th&-Arg214 side chain,

and ringstacking between the ligand aromatic group anctkgyrl78 side chain.
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In the calculated poses @){15instead, the electrostatic clampsaften lost and the ligand engdge
in interactions only with thb-subunit. In particwdr, the coordination of the ligandroxylate to the
MIDAS cation wa retained, while the aniline moiety malvéoward theb-chain, driven by
hydrophobic interactionglata not shown
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Figure 3.17. Docking pose of compound)-15 (grey carbon atoms) ite crystal structure of the extracellular domaitug
integrin @ unit cyan,b unit orange) overlaid on the bound conformation of Cilengitide (green carbon atoms). Only selected integrin
residues involved in interactions with the ligand are shownniétal ion at MIDAS is shown as a magenta CPK sphere.
Intermolecular hydrogebonds are shown as dashed lines

This latter study highlights how docking poses originated from oppas#stiemers of the same
compoundoroducel distinct conformations and conseptly distinct binding modes of the molecule
on the receptor. This evidence could suggest the need of further investigatithesconfiguration
at C4 position of théb-lactam ring for evaluating how it could bevolved in integrin affinity and
recognition.

3.30ther b-lactam based integrin ligands

As descibed in detail in the previousaPagraplB.2, we developed a library @klactam derivatives

that were specifidly designed for targeting RGBinding and leukocyte integrin§he design of the

new compounds revealed to be successful siogbtained selective and potent agonists that could
promote cell adhesigand antagonists that could inhibit integrin funcsiolm general a benzylamine
terminus appeared to favora@gst behavior and this supportdte hypothesis that these néw
lactams could act as an electrostatic clamp on the receptor, as suggestéeldojar docking studies

at Ubs integrin'™* Neverthelessit was not always immediate to understand how the modifications
inserted on the side chains of thiactam scaffolccould influence the activity on the receptor and a
razionalization on agonist or antagonist behaviour of the derivaiwasscontrived.In fact, an
opposite activity wain some caseshown by the same compound according to the class assayed
betweenwo derivatives differing in their molecular structure for a single carbon atom. For a better
formulation of an effective structure activity relationship on these compounds, a series of new
derivatives was designed and realized. In particular, the objedftithes study was to identify the
structural elements that could be considered essential for preserving integrin activity. For realizing
this new small library, compounds were deprived from some functional groupstrudeired from

their cyclic scaffall compared to those already reported. The novel targets are reported in Chart 3.2.
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3.3.1 Synthesis of azetidinones

Compounds$2-55 were designed with a single side chain for verifying that bathathd and the
amine terminals we needed for an effectiativity as integrin ligands. Notably, compourifs54
haveonly an acid residue on the C4 position of the ring with diffecbatn lengthsin compoundb3

a GC double bond was additionally inserted for evaluating the effect of a more rigid structbee on
alignment with the receptor. Compoub8instead lackdthe acid terminus carrying only the amine
group on thé-lactam nitrogenln derivatives56 and58 we wanted to evaluate if the absence of an
o-tolylurea group could influence the activity on the receptor and the amine function was hence
removed in the N1 side chain. In another casepilaetam ring was repted by a Serm proline

ring (compound?) or removed at all (open compouriand60), in order to demonstrate if a cyclic
rigid scaffold was necessary for integrin recognition. DerivatiVB$s64 belongd to a series of
enantiomerically pure compoundynthesized in order to evaluate how the stereocented coud
influence the activityThe stereoselectivity was switched compared to reportepa@anals of the.-
seriesthat in most of theases resulted very potent in cell adhesion assays. As showiddiaking
studies on compountl5 in fact, different interactions on the receptor were detected for opposite

enantiomers of the sansempound.’
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Chart 3.2. b-lactam based integrin ligan82-64 designed for evaluating tleeucial moieties for receptor recognition

The synthetic strategies adopted for the new derivatives are reported in the folBoWvarges 3.5
3.9. From4-carboxylicazetidinr2-one benzyl este22, whose syrtiesis was already discussed in
Paragraph 3.2, hydrogenolis in standard conditions yielded the corresponding carboxyliGacid
Treatment o2 with o-toluoylchloride, TEA and catalytic DMAP instead furnished intermediéate
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in good yields with a newly inserted amide moiety. It was in turn deprdtéctgive compoun&8
with a free acid functionality (Scheme 3.5).

COOBn COOH
Hao =
O %52 (99%)
J
COOBn coon

@ 0
(86%) 8 (91%)

Scheme 3.5Synthesis ob-lactams52 and58. Reagents and conditiores} H, PdC (10%), THF/CHOH 1:1, rt, 2h; b)o-
toluoylchloride, TEA, DMAP, CHCIz, 0°C then rt, &h. Yields of isolated compounds are reported in brackets

The synthesis of derivativé8-54 and56 share 4acetoxyazetidin2-onel.M as a common substrate
(Scheme 3.6). Compoul@was gainedia an alkylidene formation mediated by benzyl diazoacetate
and stoichiometridtatium tetrachloriddollowed by ahydrogenolyic procedure®3°€A substitution
reaction @ 4-acetoxyzetidinone by a Reformatsky reagent gave intermediadtas previously
outlined!™ It was then treated witb-toluoylchloride in basic conditions to gain the imido group in
derivative66 tha was subjected to a hydrogensil/reaction leadintp compound6. When a direct
hydrogenolysis orl3 was performed, compourgl7 was yielded and further reacted with DCC,
glycine benzylester, TEA and DMAP to give a side chain elongation on C4. The benzyl ester group
on molecules8 was finally removed in aer to obtain derivative4.

Target compoun&5 was instead realized in a simple one step procedure starting from cciaime
2-azetidinone and-tolylisocyanate in basic conditions. Reactions with potassium carbonate or
triethylamine were attempted, busteonger base (NaMDSA) at low temperature was required for
yielding 55, even if with poor yields (Scheme 3.6).
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OAc ref. 38 /~COOH
NH
NH 1.M ref. 39e

o
o 53
l ref. 155
COOBn Ca COOBn COOH
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l b 6 (77%) 99%
__coosn __/COOH
COOH ¢
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NH /l/j/\X< 54 91%)
© 67 (99%) 68 (91%) ©1%)

d
—_—
o o }/—NH
na
55 (42%)
Scheme 3.6Synthesis ob-lactams53-56. Reagents and conditiors: o-toluoylchloride, TEA, DMAP, CHCIz, 0 °C then rt, 1&;

b) Hz, PAC (10%), THF/CHOH 1:1,1t,2h;c) DCC, TEA, DMAP, gl y:Cli 0°€ thenrg b6h;y)loe st er AHC
tolylisogyanate, NaHMDSA, THR78°C, 1h. Yields of isolated compounds are reported in brackets

Derivative 70 was obtained in good yields frorbenzytL-prolinate trifluoroacetate sa@9 after

substrate desalification with TEA and reaction wetholylisocyanate. Compoun@d was in turn
obtained after an esterification with benzylic alcohol on commeXeBdc-L-proline and a following
Boc deprotection with trifluoroacetic act’ A final hydrogenolgis on compoundO yielded target
57 quantitatively (Scheme 3.7).

ref.188

O‘COOH BN O?DCOOBn o JNH T )N

Boc
69

70 (72%) 57 (99%)

Scheme 3.7Synthesis ob-lactam57. Reagents and conditis:a) o-tolylisocyanate, TEA, CkClz, 1t, 4h; b) Hz, Pd/C(10%),
THF/CHsOH 1:1, rt, 2h. Yields of isolated compounds are reported in brackets

Not cyclic derivative$9 and60 were obtained with a two stgpotocol afte hydrogenoysis on the
corresponding benzyl esters and72, which were subjected to a nitrogen derivatization mediated
by TEA ando-tolylisocyanate on the starting glycinefalanine benzyl esters. An excess of TEA
was utilized for unprotect the amimeoiety present as chlorohydrate or trifluoroacetate salt in the
commercial formulations of the aminoacids (Scheme 3.8).
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COOBnN COOBnN b COOH
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Scheme 3.8Synthesis ob-lactams59-60. Reagentsrad conditionsa) o-tolylisocyanate, TEA, CkClz, rt, 4h; b) He, Pd/C(10%y),
THF/CHsOH 1:1, rt, 2h. Yields of isolated compounds are reported in brackets

Compound$1-64 arose fronD-aspatrtic acid that, according to a literature procedure, was previously
di-benzylated with benzylic alcohop-toluenesulfonic acid and cyclohexane a DeanrStark
apparatus® It was then performed a cyclization wigrt-butylmagnesium chloride after @m situ
nitrogen atom protection with trimethylsilylchloride and TEAThe seformed b-lactam73 was
used as a starting material for obtaining elass b-lactam derivativesas follows: a direct
hydrogenolgis on 73 gave acid61; treatment witho-tolylisocyanate and triethylaminestead
furnished compound4 in good yields. Subsequenydrogenolysis resulted in targé® that was
further coupled withb-alanine benzylester to yield the higher molecular weight derivatbve
Azetidinone63 was then obtained froifb by hydrogenolysis.

Finally, intermediat&6 was gained through a reaction compound3 mediated by NaHMDSA in
THF at -78 °C and tert-butyl(4-isocyanatobenzylcarbamat&8y, freshly preparedn situ with
triphosgere and TEA from the relativamine. Hydrogenolysis gave the corresponding @ciend
final treatment with trifluoroeetic acid furnished compour@#l as a trifluoroacetate salt (Scheme
3.9).
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Scheme 3.9Synthesis ob-lactams61-64. Reagents and conditions: a3, Pd/C(10%), THF/CHOH 1:1, rt, 2h; (b) o-
tolylisocyanate, TEA, CbkClo, 1t, 4h; ) oxalylchloride, TEA, CHCl2, b-alanineba z y | e st er AP T ShAd) NaBWDSR,, rt,
tert-butyl 4-isocyanatobenzylcarbaméa@d, THF,-78°C, 1h; € TFA, CHClz, 0°C then rt, éh. Yields of isolated compounds are
reported in brackets

3.3.2 Biological evaluations
(in collaboration with Prof. SM. Spampinato and Dr. M. Baiula, University of Bologna)

The ability of the new jands to modulate cell adhesion was in this case limited to K562 (expressing
Ukbs integrin), SKMEL-2 4 (e x pvsd snstiemgg i W) and J u bkimtagrinE 6 . 1
cellular linesto immobilized fibronectin (FN) and vascular cell adhesion molet [¢CAM-1),
respectively. Results of cell adhesion assays are reported in Table 3.2. As already discussed these cel
models are widely used to investigate potential ligands capable of influencing cell adhesion mediated
by the aforenentionedintegrins!®® Structure similarity amonghe ateadydescribedderivativest’t

and the novel compounds were considered for evaluate how the lack of a structural porfien or a
lactam scaffold modification coultdaveinfluencel the activity as integrin ligands. For a better
comparison, some of the previous described structures are reported in Fi§ure 3.

107



]

COOH COOH N/\/COOH
H H
(e} N @ O \n/ (@) H
o) NHg 4 © 70
S

3 CF,C00

H
N._COOH
/,;'/\COOH /,;'\'l/\ﬁOOH N O
NH o }
o o N NH
s 0
o 17

Figure 3.18. b-lactam ntegrin ligand already describeahd used as a comparison for the newly synthesized derivatives

8 9

In compound3an alkylidene moiety was inserted for evaluating the effect of a more rigid structure
compared to derivative with a single bond on Cé-lactam53 displayed a good activity oblbs

integrin behaving as an agonist. The same behavior was maintaitikoh fout with a lower potency;
activity was instead switched to antagonisibi class but with a negligible potency. To notioe
comparisoncompound showed a promotion of Bedhesion towardlsb; and an inhibition toward

U,bs. Derivativess4 and55 havea single side chain, the amine moiety for compdashand the acid
terminus for55. Compoundb4 showed basically no activity in the adhesion tests: only a low affinity
for b1 as an agonist was detected, showing that the acid portion on C4 is fundamental for switching
on the recognition with the receptor. Similarly compo&bdlisplayed a poor potency &Bb; class

as an antagonist, really lower than that displayed by congpbuimvith the same chain on C4 but

with an additional amine terminus on N1. MoleclB&sand58 could be compared respectively with

9 and4, being designed with an amide group on N1 position instead of a ureidic functionality. In this
case,58 preserved # ability as an antagonist dib; but lost potency omlbs and Uib; that was
instead displayed bg. On the other side, compouB6 showed a low potenaynly towardUsb; but

lost activity onUsby, in contrast tad that was a selective agonist ofisthatter class. Both the new
derivatves were less effective compareddtand9 revealing the importance of an amine group on
the side chain for modul at e t h e59ard60iveraptannedwi t h
to be the netyclic form of compoundd and9. Both the new dévatives lost activity orhb; class,

toward which the corresponding cychelactams were selective and potent ligands. Surprisingly,
they gained activity toward the RGbBtegrin family of Ubs (as both strong agonists) atkbs (as

weak antagonist fa89 and weak agonist f@0). In this case the open form of the molecules could

be an option for influence the selectivity, but the potency is anyway decreased, probably for the loss
of a side chain alignment when a cyclic core structure is missing. The insertion of a proline ring as
costrained scaffold (compourd) revealed to be promising since it acted as an agonist (conversely
to b-lactam4) for all the integrin assayed but was overall effectivéldn with a potency of 10 nM,
revealing to be the most active compound of this new series.

Opposite enantiomef? and61 derived from a cyclization ot.- or D-aspartic acid respectivelgnd
showed opposite effects also in cell adhesion mediatedlby integrins, with52 being an agonist
and61an antagonist @& micromolar level. Activity was anyway in both cases reduced in comparison
with compound8 with a longer acidt side chainshowing that52 and61 were probably too little
ligands for interact properly with the integrin binding site. Also compo#l$3 and 64 are
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enantiomerically pure at G&R configuration)deriving fromD-aspartic acid. To notice, compound
62 displayed no awovity at all in cell adhesion tests; its enantiomevas instead an antagonist toward
U/bs, Usby andWsby integrin classes. CompouB8was inactive otilbs integrins unlike its enantiomer
7 that was an active ligand toward this family. WHilevas completely inactive osbi, derivative
63 showed a discrete selectivity on this class inibitimg cell adhesion. Also compoung4
completely lackdthe activity that was on contrary promoted by its enanti@asra modest agonist
on Usha. In general we could assume that for this series of compdahdsl) the R configuration at
C4 stereocentewas detrimental for integrin activity andnly S enantiomes wereadive in the
receptorrecognition Following this consideration, we decided to performeazymatickinetic
resolution on some of the racemic C4 acetid a@rivatives ¢ompound® and17) for evaluating if
the active enantiomer could increase the potency in cell adhesion assays (see Chapter 4).

Table 3.2.Effects ofb-lactam compoundS2-64 on RGDbinding and leukocyte integrmediated cell adhesion. Data are presented
as EGo for agonists (in bold), and asd§for antagonists (nM)Values represent the meafthree independent experiments carried
out in quadrupliate

Comp. SK-MEL -24/ FN K562/FN Jurkat/ VCAM -1

Ubs U, Uiy
52 1560 nt > 5000
agonist
53 76 6480 255
agonist antagonist agonist
54 > 5000 1110 > 5000
antagonist
55 > 5000 > 5000 976
agonist
56 > 5000 419 > 5000
antagonist
57 2880 140 10
agonist agonst agonist
58 > 5000 42 > 5000
antagonist
59 85 3512 > 5000
agonist antagonist
60 30 5760 > 5000
agonist agonist
61 1079 > 5000 > 5000
antagonist
62 > 5000 > 5000 > 5000
63 > 5000 97 > 5000
antagonist
64 > 5000 > 5000 > 5000

nt = not tested
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Further investigatiomon the mostactive b-lactam compoundare planned in order to show if they
could influence intracellular signalling activated by endogenous integrin agamsstiescriéd for
previously descried agonist compoundé' Specifically compound 57 confirmed its agonist
behaviorsince asignificant increasement in ERK1/2 phosphorylation was detected when added alone
to cells (data not showngignalling tests on compoun83, 58-60 are still in course.

3.4 Studies on integrin internalization mediated byb-lactam compounds
(in cdlaboration with Prof. SM. Spampinato and Dr. M. Baiula, University of Bologna)

As already outhed in Paragraph 3.1.2.8ntegrin trafficking and internalization are important
mechanisms adopted by cells for regulating integxitracellular matrix irgractions, but the effext
exerted bysynthetic integrin ligands on endocytosis mechanisms are still unclear.

Having in hands some novel derivatives activenssgrin agoniss or antagonis, we decided to
investigate how these ligands could eventuattynmote or inhibit trafficking processes. Therefore,
integrin internalization mediated by the developed syntHetmctams was evaluated through
confocal microscopy analysis usirEK293 cell lines expressing fluorescébtintegrin. For these
experimentsaplasmid ofik integrin fused with an Enhanced Green Fluorescent Protein (BGEP)
transfectedn HEK293 cells (Figure 39), and its expression was monitored with fluorescence
microscopy.Control cellsexpresed fluorescentls integrin that wa localizd primarily on cell
membrane.Following fibronectin (FN) exposure @1 ¢ g / aftdr )15 minutesintegrin was
internalized into the cytoplasmma consequently the cell appeaceanpletely greertolored (Figure
3.19).

3 HEK293 cells
Integrin a-EGFP /.—-\ !
plasmid = — T -
FN 10pg/'mi
(15 mun)

Control cells Fibronectin-treated cells
(+ay integrin-EGFP) (15 min)

Cirl FN (10 pg/mL)

Figure 3.19. Plasmid mediatetranser and expression & integrin fused with Enhanced Green Fluorescent Protein (EGFP). O
the | eft: Cont rEGKFP); ondahe tight: fibrenEcEmedted telsi © i o g 15min)

The same behavior was found when the cells were treatedfittagonist compoun@1, able to
promote internalization in a 1fofdibwmgtmeexposira at i (
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of 21 from 15 minutes to 4 hours was conducted and demonstrated the evolution of the progressive
integrininternalization(Figure 3.3).

Ctrl

Figure 3.20. Confocal microscopy analysis of HEK293 cells expressing fluoregBeintegrin: internalization mediated bib:
agonist21in time course experiment

Conversely, b antagonist compound showed to prevent integrin endaoesis mediated by
fibronectin. As shown in Figure 3.2n fact, the fluorescence remathconfined along the cell
membrane and the internalization svehibited,in both absence and presewédibronectin

1 uhHFN

Figure 3.21. Confocal microscopy analysis BIEK293 cells expressing fluorescéilit integrin: internalization inhibited bysba
antagonistompound4 (15 min), in absence (left) and in preserfdght) of fibronectin(FN 7 10 mg/mL)

3.5Fluorescentb-lactam compounds

Since it resulted from fluesscence microscopy thttie develope agonistligands could induce
integrin internalization, we decided twetter investigate the behavior of these compounds in the
trafficking process. Thereforere developed some novielorescent derivatives conjugating the most
potent agonists among thodsabvered with fluorescent tags. In this way their role in internalization
processes could be in turn studied with confocal microscopy for evalufativegligand itself could
beinternalized into the cellia endocytosigogether with the integrin
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3.5.1 Imaging and biocimaging

Imaging is a technique that allswo detect an area @i organism or of a cell not visible from the
outside, by means of fluorescent molecules present in the sample. Fluorescent molecules are widely
used as analytical and diagtio tools in various research fields, spacing from molecular and cellular
biology to biochemistry, biophysichjotechnology and medicit€® This remarkable development

is due to their high sensitivity, which allows the visualization of biological commound
physiological conditions, to their high spatial and temporal resolution, which allows to analyze the
dynamic processes of cell signal transductiond # their norinvasiveness® Fluorescence is in

fact useful for cellular monitoring both vitro and in vivo permitting for example to investigate the
structure and dynamics of proteins, the variation of conformations induced upon ligand binding, the
interactions between proteprotein and proteimucleic acid, the protein trafkeng and the
enzymaticactivity.'9! Fluorescence labelling can be extended over a wide range of wavelengths (non
NIR or NIRT near infrared region) using semiconductor nanocrystals, fluorescent proteins, or organic
moleculest®® One of the main strategy for bioimaging is the coajiom between small fluorophores

and a ligand. For a specific and selective detection of the desired target molecule (associated with
tumor cells for example), the ligand combined with the fluorescent dye has to be exclusively
recognized by such targ&t Usually, ligands employed for bieimaging are small molecules,
peptides, antibods and aptamers, able to bancholecule or a proteinith a specific affinity toward

cellular receptors, cancer antigens, enzymes deiwacids (Figure 3.32%

Q.

Fluorophore Ligand ' Cellular target
+  Non-NIR +  Organic +  Enzymes
+ NIR molecules »  Nucleic acids
+  Peptides +  Receptor
*  Aptamers proteins
*  Proteins *  Specific
+  Antibodies antigens

Figure 3.22. Conjugation between a fluorophore and a speligfandfor a cellular targetas a suitable model for bimaging

3.5.2 Fluorophores

In recent years, detection based on fluorescence techniques has received special attention and notable
progress habeen made in both fluorescence instrumentation and synthesis of new fluorophores.
Fluorophores dr fluorochromeskare fluorescent chemical compounds that caemé light upon

light excitation.Theytypically areplanar or cyclic molecules with many ll$amdcontain gveral
combined aromatic group® The orginic fluorophores are classified accordingheir increasing
absorption and emission wdeegths when conjugatedr complexed with an analyte. Compounds
providing fluorescence from the nealtraviolet to approximately 500 nm include oxobenzopyrans,
naphthofurans, oligothiophenes, 4fienanthroliné,6-diones, benzooxadiazoles, dansyl chloride,
naphthalene 2;8icarboxaldehyde, and -@ropionyt2-(dimethylamino)naphthalene. Organic
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fluorescent lable emitting between 500 nm and the nigdirared (ca. 900 nm) comprise fluoresceins
(including biarsenical dyes), rhodamines, -difluoro-4-bora3a,4adiazas-indacenes (BODIPY

dyes) squaraines, and cyaniné8

Before selecting a suitabRuorophore, sme intrinsic features need to be considered, i.e. their
absorption and emission wagafth, their emission intensifgalculated as the product of the molar
extinction coeffi ci en trsollbiliyard stabtitg® agdite presente of i e |
appropriate chemical functions that could allow a conjugation with small molecules, amino acids,
proteins or spcific ligands'®’ Another factor to consider when choosing a specific fluorophore is the
solvent; the fluorescence of a molecule gafactbe switched on or off according to the different
solvent.

For our purpose,we selected two fluorophores among thesimemployed for biocimaging,e.
fluorescein isothiocyanat&lTC), with a green light emissiéf and Rhodamine Byith a red light
emission® (Figure 3.3). Both compounds are commercially available, easy to handle and derivatize,
and stable in cellular edlitions. FITC is easily accessible asae toits absorption wavelength (492

nm) does not interfere with the absorption of cellular proteins and does not requiisicaeil
microscopic toolg°° Rhodamine B in turn is a lowost fluorophore widely usedebause of its high
photostability and cheastability in aqueous medf&! Moreover, emitting in the near infrared region,
Rhodamine B can be widely exploitéat biological applications®?

\
(-

N 0

S=c

FITC Rhodamine B
(Aex 492 nm; Aem 518 nm) (Lex 553 nm; Lem 627 nm)

Figure 3.23. Structures of FITC ahRhodamine B. Excitation and emission wavelengths are reported

3.5.3 Development di-lactamfluorophoreconjugates

3.5.3.1 Synthesis of azetidinones

In our case three novel derivatives bearing a fluorophore moiety (Rhodamine B or FITC) were
realized,overfunctionalizing the structures of compour@lsind 17 that resulted the most potent
agoni st shatnodmattegtin diasses, respectivély(Figure 3.2).
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Figure 3.24. Design of new fluorescent compourtassa onpreviously reported agonibtlactamsd and17

For the realization of the new fluorescent derivatives, an appropriate comrbdextdm(1.0) was
selected as starting material for having @#@positionof the ringalready functionalized witlan
oxygen protected hydroxgthyl group.This b-lactam scaffoldvas suitably modifie@n C4 and N1
for obtaining the acid antiebasic terminal functionalities required for preserving the activity toward
integrin receptorsThe C3 position in thetating mateial wasinsteadexploited as useful anchoring
point for the conjugation with theelectedluorophore. Rhodamine B (compound8 and79) was
directly inserted on the hydroxyl functionality; in compoui®the side chain on C4 was strategically
elongatd with a glycine residue, for hopefully promoting the affinity tonadifferent integrin class
(see compoundi7 vs9). Compound0 instead wasonjugated with fluoresceirend an extra spacer
was inserted, since the derivatization with the isothiocyagaiap of FITC required an amine
terminalin the molecular scaffolScheme 3.10).

/’;l;'/\COR
H
o N77/N

0

78 (R = OH) \ OH
79 (R = NHCH,COOH) /V OTBS OTBS
) COOBn /’ OAC
Y COOH = Rhodamine B N H 1 COOBn /”/u,
p— pr—
o S o N :Z & \H ;NH
0 81 %10
OMN&& / 83
H )

Ye-NCS =FITC
Scheme 3.10Synthetic strategy for compound 79 and80
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The synthesis of altargets called fora nucleopilic substitution reaction ro the commercially
availableb-lactaml.0, by a suitable Reformatskj reagent, obtained in turn from benzyl bromoacetate
and zinc in excess. The same proceduiready describetbr 4-acetoxyazetithone1l.M as starting
materal' " was followed pbtaining despite a major hindrance betsubstrate, a good reproducibility
and even better yield¥he resulting ompound81 was then acylated dhe b-lactam nitrogen with

the commercially available-tolylisocyanate in order to inserthe bag moiety necessary for
modulating the affinity toward integrinreceptos. The reaction was firstly attempted with the
optimized conditions found for the correspamgli C3underivatized b-lactam i.e. potassium
carbonate in CECN.1"* Since the obtained yields were unsatisfying, the stronger base NaHMDSA i
THF at-78 °C was employed, but also in this case the target compound was affordeldls lower
than 30%; much dtter results were gained with triethylamine in 2CH at room temperature.
Moreover, when the equivalents of isocyanat¥e increasedp to 5 and contextuallyhe solvent
volumewas reducedor enhancinghe isocyanate concentratismompoundd2 was isolagd with a
93% yield (Scheme 3.11).

OTBS

oTBS OTBS J
COOBn
. oae J J;,Acoosn ) ;KH
— NH — N
/I;N(H G o T
%40 81 (80%) o
82 (93%)

Scheme 3.11Synthesis ob-lactams81 and82; Reagents and conditiors: 1. Zn, TMSCI, benzylbromoacetate, THF, @thenrt,
3 h; 2.(2R,3R)-3-((R)-1-((tert-butyldimethylsilyl)oxy)ethyl}4-oxazetidine2-yl acetate THF, O °C themt, 3 h; b) o-tolylisocyanate,
TEA, CHClz, rt, 16 h. Yields of isolated compounds are reported in brackets

Subsequently, théert-butyldimethylsilyl groupon the C3 side chaiwas removed under acidic
conditions, using a complex of boron trifluoride diethyl etherate &C,0as already reported in
Chapter 2for alkylidene derivative&® The reaction is fast and selective, and alc@3pbbtained in
good yields, constituted a common intermediate for achieving the three target fluorescent compounds.
For the synthesis af8 and79, the free hydroxyl gramof 83 was exploited fothedirectinsertion of

the fluorophorenediated by standardagents DCC and DMAP. Agsterification with the carboxylic
acid functionof Rhodamine B was planned, but, erder to test the reactivity of the substrate,
coumarin 3carboxylic acidwas previouslyestedas a modelith Steglich esterification conditions.
The process revealed to be quite efficient, and the same proceduhemwapeated with Rhodamine

B. In this case, the conversion was never complete, even usimgatents in equimolar ratio or
increasing the reaction times. Nevertheleassmpound85 was isolated with a 60% yield after
purification by flash-chromatography. The column was conducteith a gradient elution of
EtOAC/CH3OH mixture for allowing a separan between the target and the starting Rhodamine B,
both very polar compounds in the form of sodium salts (Scheme 3.12).
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83 (91%)
84: R* = coumarin 3-carboxylic acid (50%)
85: R* = Rhodamine B (60%)

Scheme 3.12Synthesis ob-lactams84 and85; Reagentsnd conditionsa) boron trifuoride diethylethergt€HsCN, 0 °C thenrt, 2
h; b) DCC, TEA, DMAP,coumarin 3carboxylic acid or Rhodamine, EH:Cl2, 0°C thenrt, 16 h. Yields of isolated compounds are
reported in brackets

The final synthetic step comprised a standarg¢&dlyzed hydrogenolysis for restoring the terminal
acid moiety necessary for the interaction with the integrin receptor (Scheme 3.13).

N(
~ @v
©

85 78 (92%)

Scheme 3.13Synthesis of targét-lactam78. Reagents and conditiorey Hz, Pd/C (10%), THF/CHOH 1:1, rt, 2h. Yields of
isolated compount reported in brackets

Synthesis of target compoufi® (Scheme 3.14) kept in account the elongation of the side chain on
C4 position with a glycineesidue. Compoun82 was therefore subjected to the deprotection of the
benzyl ester functiowia hydrogenolgisyielding 86, followed by a reaction with glycine benzyl ester
under standard peptidic coupling conditions to give interme@iatét this stag of the synthesis,

the alcohol group on the C3 side chain was restored with the aforementioned cofidieomediate

88), andthe coupling with Rhodamine B weaerformed, this time with lowsjields due topoor
solubility of the crude A final hydrogewlysis on compoun@9 for removing the Chenzyl ester
yielded the target produ@®in good yields.
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Scheme 3.14Synthesis of targdt-lactam79. Reagents and conditioresy H, Pd/C(10%), THF/CHOH 1:1, rt, 2h; b) DCC, TEA,
DMAP, gl yci ne b gh D3Clthersttlehr chdared trifuorideddiethyletherat€HCN, 0 °C thenrt, 2 iy d) DCC,
TEA, DMAP, Rhodamine BCH:CIz, 0 °C thenrt, 16h. Yields of isolated compousdarereported in brackets

Finally, for the synthesis of compou8@, attempts of a direct reaction of FITC on the hydroxyl group
of alcohol 832%3 revealed unsuccessful. It is indeed reported that isothio@smmaact nearly
exclusively with amine functionalities to givhet corresponding thioure#¥ In order to insert the
requiredterminal amine groupve proceeded withraesterification reactiobetweeralcohol83 and
commercialN-Boc-b-alanne, and obtained compoun®0 in excellent yelds. At this stage90
displayed two orthogonal protectingroups: affirst, deprotection oN-Boc-amine was carried out
with an exess of trifluoroacetic acicompound9l). As already discussed for theaction with
Rhodamine B, the coupling was initially tested with a model substrate, benzyl isothiodgahate
case in order to verify the reactivity and the operative conditidie reaction wasimply mediated

by an excess of TEA and isothiocyanatel proceeed with good yields after flasthromatography
(compound92). When the oupling was performedvith FITC in the same conditionghe crude
mixtureresulteddifficult to purify, due to the similar retention factors of the target comp&@rashd

the residual FITCon silica gel The reaction gave better results when attempted with a
substoichiometric amount of isothiocyanate; in this way the purification step was avoided and the
target compoun83 was quantitatively yielded (Scheme 3.15).
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92: R*= benzylisothiocyanate (58%)
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Scheme 3.15Synthesis ob-lactam92 and93. Reagents and conditions: a) Balanine benzyl esteDCC, DMAP, CHCIz, 0°C
then rt, 16h; b) TFA, CHCl2, 0°C then rt, 16h; ¢) benzyisocyanater FITC, TEA, CHCly, rt, 4h. Yields of isolated compousd
arereported in brackets

The benzyl ester deprotection at C4 was first attempted with classical hydrogenolysis conditions, but
the presence of a sulfur atom inetstarting material deactivateds suspectk the palladium
catalyst?®® leading to a null convsion. Also attempts i remotionin basic conditions (solution of
NH4OH 25% inCH3zOH?® or K.COs in CHsOH?") were unsuccessful.

We then decided to geotect the benzyl estgroup beforeinserting the fluorophorewhen the
hydrogenolysis reaction waconductd on intermediat®1, the corresponding acié¥4 was gained

with low yields (Scheme 3.16). Therefore we tried a previydsogenolysis reaanon intermediate

90 (to give b-lactam95), followed bythe Boc groupleprotetion; with this strategycompoundd4

was gained with quantitative yields in both steps (Scheme 3.16). The coupling with fluorescein
isothiocyanate was finally performedtag last step of the synthesis ahd target compour8Dwas
obtained after an acid woitlkp and a purification by columchromatography that was required to
reach a purity up to 95% to HPLXZS.

o}
OJ\/\NHBOC
/‘ ”'J;'Acoosn
N H
o N

o
20

/;’;‘/\COOH ®go|e\ 80 (58%)
N H

Scheme 3.16Synthesis of targdt-lactam80. Reagents and cortitins:a) TFA, CHCl2, 0°C then rt, 161; b) Hz, Pd/C (10%),
THF/CHsOH 1:1, rt, 2h; c) FITC, TEA, CHClz, rt, 16h. Yields of isolated compousdarereported in brackets
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3.5.3.2 Spectrophotometrievaluations
(in collaboration with Prof. P. CeroniUniversity of Bologna)

Once that the target compounds were obtaameticompletely characterizegljalitative fluorescence
spectroscopy experimentvereconducted in order to verify if the fluorophore properties could be
affeced by the conjugation with thé-lactam scaffolds. Excitation and emission spectra of
compounds78, 79 and 80 are reported in Figure ®2together with thie relative maximum
wavelengtis. If compared with the valuagported for Rhodamine B methyl esté(aex = 558 nm,
dm= 585 nm) ad for FITC (ex = 492 nm, &m = 518 nm),?*°it was possible to assume that no
significant variations inhte fluorophore properties coulie underlined after the coupling with the
synthetic ligandssince the compared values araall cases in perfect accauace. Considerinthe
molar extinction coefficients, compound8 (69706 M!cmat 556 nm in methanol) ant® (79901
M-cmtat 559 nm in methanolere comparable tilie valuereported for Rhodamine B methyl ester
(83000 M*cmtat 555 nm in methanolYo notice, the replacement of tiiee carboxylategroupof
Rhodamine B 106000 M!cm! at 545 nm in ethandf’with a methyl estedecreased th molar
extinction coefficient!! Compound80 insteadpresented a molar extinction coefficient (4826 M
cmtat 480 nm in methanol) that resulted extremelydothan the valuesported for FITC (7300
M-1cmlat 94 nm in aqueous buffer, pE9),2*? thus probably causinigw fluorescenceroperties

of the moleculeéhat could constitute an issue in the furthieynedconfocal microscopy analgs.
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Figure 3.25. Excitation and emission spectrafefactams78, 79 and80. Relative concentrations and solvent (in brackets) are
reported below the structures
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3.5.3.3 Biological evaluations
(in collaboration with Prof. SM. Spampinato and Dr. M. Baiula, University of Bologna)

Cell adhesion assays

The ability of the new fluorescent compound8, 79 and 80 to modulate the adhesion of specific
integrinexpressing cells has been testederestingly, all the compound®sulted agonist and
showed a concentratiadependent enhancement in fibronegtindated adhesion of K562
(expressindkbi) or Jurkat E6.{expressindkb) cells (Figure 3.8). In particular p-lactam78 was
the mospotent in enhancing cell adhesioro w a4, showihg sukmicromolar affinity (EGo= 0.55

£ M,)also displaying a comparable activity df: (ECso= 0 .M3. Eompound79insteadshowed

a preferential selectivity o gb: integin classpresentinga remarkable nanomolactivity (EGso=
20.5 nM. The obtained activity trend reflectechat was previously described for the relative C3
nonsubstitutecb-lactans. In fact, compoun@ displayed a selectivity towatdib: while compound
17 with a longer glycinederived C4 side chain was active onlylah: Finally, FITC-compounds0
was the lespotentin adhesion assaywven ifanywaydispgayedsomeaffinity toward sband by
integrins (ECso=11.1¢ Mand 411¢ Mrespectively.

H
78 é 79 80

Agonist Agonist Agonist
a5[31(EC50=_0.33 uM) 5P, (ECso = 20.5 nM) osfy (ECso=11.1 uM)
a4B; (ECs0= 0.55 uM) 4B (ECso = 1.45 uM) 4B (ECso=41.1 uM)

Figure 3.26. Structures of targdi-lactams78, 79 and80 and results of celhdhesion assays. Values ofdz@re reported in brackets

Even if the noel fluorescent derivativegenerallylacked in adhesion abilityompared to their nen
fluorescem analoguesswitching from nanomolar to micromolar rangewas impressive that they
preserved a good activity despite theiuchincreased moleculacomplexty. Moreover, since an
agonist behavior was mainteuh, the novel compounds were considered promisingvestigating
the roleof the ligandsn internalization and other integrmediateccellularprocesses.

Confocal microscopy analysis

Studies on th@romotion of integrin internalizatiomediatedby the novel synthesized derivatives

are in due coues by confocal microscopy analgsePreliminary results on compour™® that
displayedagood ct i vi ty i n pr omo tsbiimtggrins aeeporteddhlrigusei38 n t 0\
The experiment was carried out as described in Para@dgly me ans of a grseen f
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integrin transfected on HEK cell$n this casealso the red fluorescence was consideffed
monitoring if theRhodamindigand was corfined on thecell membraneyisible inside the cell, or

not present at all.

Switching on the green lighty inontreated HEK cells the fluorescenagginated bylsintegrinwas
localized on the membrane surface and in the endoplasmic reti¢edemtnol). In cells treated with
compound78 instead the green fluorescence svaisible inside the cell, clearly showing that the
agonist ligand could promote integrin internalization. When the red fluorescence was activated, in
nontreated HEK cells fluorescence absent, asxpected. In presence a8 instead, the red
fluorescencaliffused inside the cell that appeamampletely reecolored, possibly indicating the
internalizationof the compound into the cytoplasfurther microscopy images should be recorded
in order to have a more clear idea on the effect exerted by our ligdrahdts eventualedective
internalization intooverexpressingntegrin cells Compounds/9 and 80 should also be tesdein
confocal microscopy analyseTo notice, molecul80 with agreen fluorophores not suitable for an
experiment coducted with a greeintegrin, since it would ndte possible to discriminate teeurce

of the fluorescencéf arising from the integrin or from the ligand this casgthe analysis could be
perfamed with norfluorescent HEK cells (for evaluating the internalization of the ligand alone), or
with cells transfe&d with a red integrin (fagvaluatingoothintegrirs and ligandnternalization).

Non-treated cells (ctr) Comp.78-treated cells

a)

b)

c)

Figure 3.27. Confocal microscopy analysis of HEK293lsexpressing fluoresceh integrin. On the leftcolumm ont r ols cel | s
integrinGFP); on the right column: compoufé-treated cells0°M);a)mer ge of bl u esintegrin)andeed) , gr ee
(compound78) fluorescence; b) green fluorescence; ¢) red fluorescence
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3.6 Cytotoxic b-lactam compounds

3.6.1 Cytotoxic agentand Targeted drug delivery systems

The term&ytotoxicdrefers toany drugable todamage or kill cellshroughcell divisioninhibition,

and therefore, ipotentially useful for anticancer chemotherapy

Cytotoxic drugs include:

- alkylating agentswhich act by forming covalent bonds with DNA a@mdpreventingts replication.

- antimetabolites, which block or alter one or more metabolic pathways involved in DNA synthesis.
- cytotoxic antibioticsyhich prevent the division of mammalian cells.

- plant derivatives\inca alkaloids, taxanes, camptothegjnghich actspecifically on microtubules.

Antibiotic and antimetabolitelasses represetite most employed drugs f@hemotherapy.

Cytotoxic antibiotis exert their effect by direct action on DNAmong them Doxorubicin (Figure
3.28a), which belongs the anthracycline familyacts as an intercalating agdmy,inserting between
theDNA bases and inhibiting thesynthesis. The major cytotoxic effebgwever, is exerted with an
inhibitory action on topoisomerase Il, an enzyme whose activity is definitely increased in diseased
cells. This enzyme must ensure that, during DNA replication, a rotatiomsoamund the replicating

fork in orderto prevent he neesynthesized DNA tdoecone irreversibly entangled. This rotation
occurs by first producing amcision in both DNA strands, and théxy restoring theirintegrity.
Doxorubicin stabilizes the DNAopoisomerase 1l complex immediately after incisionckiog the
following processIn addition to the common side effects, Doxorubicin can cause cumulative and
dosedependent damage to myocardipmvokingarhythmias and heart failure, probably dueto
freeradicalsformation?!3

Amongthe antimetabolite drggnstead5-fluoro uracil(5-FU) (Figure 3.28h)thanks to itstructural
similarity to uracil can be incorporated infoNA with consequenalterations ints functionalities

5-FU prevents cell proliferation biyrreversibleinhibition of the enzyme thyidylase synthetase
responsible for the synthestd thymidine, essential in turrfor DNA formation Some of its
derivaives functionalized in ll andbr N3 positionsof the pyrimdine ring also displayed promising
featuresfrom both apharmacokinetic and pharmacodynamic point of vievieirng exploited as b

FU prodrugs'* The main undesirable effects of this cytotoxic agent are gastrointestinal epithelial
damage and myelotoxicity.

Figure 3.28 Examples of cytotoxic agents) Doxorubicin; b) Sluorouracil

Nowadays conventional antrcancer therapies, such as chemotheramyld not guarantee a
selectivty towards tumoucells, resulihg in numerous side effects and acute toxicities ezsiibed
in the aforementioned examgs of Doxorubicin and-BU. Therefore,the need to develop new
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selectivetherapieghat could effectively targgtimaur cellswith the lowest possiblxicity toward
heathy cells isungently required® In the last decade, several research groups foaused on the
development offitargeted drug delivery systems (TDBDswith the aim of maximizingthe
effectivenessf the drug whilst rmimizing side effectsby means of a selectiwensporif the drug
into the diseased cells. Generally, TDDs consistaaraerligandand a cytotoxic agentpupledby
a suitable linkefFigure 3.29).

Cellular

Cytotoxic | Ligand target

Figure 3.29 General structure of a targeted drug delivery system

The carrier is thaportionresponsible fothe selective delivery of the drug inside the diseased cell
Some crucial points such as chemicghthesis, kinetic parametemyidity of the conjugate to the
target cell, and tissue penetrati@me necessary for obtainiag efficient carrierThe linker, on the
other hand, is a molecular portitmatallows an appropriate distance between the cytotoxic and the
carrier. The linkr is usually coupled to theytotoxic/carriemportionsthrough amide or ester bonds
even if also ethers, thioethers, triazoles or other groups are frequently employed. In gendgal, a
bonds are less susceptible to hydrolysis under ptogga! conditiong!® while ester bonds can be
more easily hydrolysed by enzymes such as lipases or esterases. If the stability of the conjugated
system is sufficient t@pproach theiblogical targetthe hydrolysis of the linker can guarantee a
controlled release of the drug within soéllular compartments. Thuthe linker structurecould
define the exaatleavagepoint betweerthe carrier andhe cytotoxic agent, mediated by internal or
external stinuli. In this way, the drug is inactive during transport, but extremely effective once the
diseased cell is reachét

Following this approactdifferent types of TDDs have been ééyed, depending on the carrier:

- Cytotoxic conjugates to nanocarriers.
Thedevelopment of drug delivery systems based on nanopariticiggresenting real revaltion in
thetherapeutic fielgf'® due totheir large surface area agdod morphological variabilitthat lead to
excellent pharmacokineticgpod passive accumulati@t the site of interest andcreased effect of
permeation and retentioMoreover the use of naraarriers allows an easier uptake by the diseased
cells and therefore an increase ie tffectiveness of the drd¢’ The most common example arises
from magneic nanoparticles (MNPsyvidely used to transport and store the drug in diseased cells by
an external magnetic field, withoaffecting healthy cells. Moreover, thesurface can be easily
functionalized with bioactive molecules by covalent bonds or ploédig the presence of pores.

- Cytotoxicconjugatego antibodies
Monodonal antibodies are consideraghossible vehicle for selective drug transpgirtcetheir high
binding specificity couldavor a selective accumulation of the drug at Hitectedsite Specifically,
the ability to release the cytotoxic agent ongarthe tumair derives from the presence, oancer
cells, of a specific antigen recognized by the antib&in if several factormit the use of these
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conjugatessuch ashe difficult internalization of the antibodieecent studies have shown that some
antibodycytotoxic conjugates, while not internalizinghuld allow a good transport of thgrug in
the extracellular spactllowed by the intern&ation of the cytotoxic residiedone This mechanism
also generates spectator effedn thecellsin proximity.?2°

- Cytotoxic conjugates to peptides
Since nany tumarr cells havebeen shown to overexpress peptidexlingreceptorsthese peptides
revealeda promising carrier role inatgeted delivery system#n developing peptideytotoxic
conjugates, the selectepeptide should interact strictly with the precise subtypereceptor
overexpressed itmmourcells andthelinked cytotoxicdrug must not influence the binding properties
with the reeptor, nor the specificit$? The peptideuponbindingwith the receptor, is internalized
inside the cytoplasm by crossing thedl enembraneandthe cytotoxicportion is then released after
the cleavage othe linker(Figure 3.30) Favourably,a small amounbf the conjugated is required
since peptidegenerallydisplaya very high affinitytoward the receptor in the nanolar rangein
addition,the cytotoxic agvity of a peptideconjugate coulélsobe increased by attacking more than
one cytobxic agent to the peptide carridihe most representative class of peptidajugates ibased
on theRGD sequence, which, as already descriliedhe smallest ligand recognized hgtegrin
receptors overexpressed in some tunoells.

peptide  cleavage site  drug

endosome/lysosome

Figure 3.30. Mechanism of action of a peptigstotoxic conjugateFigure adapted from re217

3.6.2 Development of cytotoxdonjugates

Having in hands some peptitike (pseudopeptideslerivatives that showed an high affinity toward
integrin receptors, and considey the promisingfluorescence studiepossibly indiating an
internalization of outigands in overexpressingtegrin cells, we decided to realize some ligand
cytotoxic-conjugates using thig-lactam agonist derivatives as carriers. It is important tauine
that in this case theompoundsvere designed as possibly exerting a doaggo action in order to
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selectively deliver the cytotoxic portion intaancer cell through integrin internalizati@ur scope
was then to provoke an endocytosis of therendrug conjugate upohinding with the integrin
receptor without the linker being necessarily cleavatside or inside the celb release the free
cytotoxic agent. Preliminary studies were then aimed at thea&ah of the conjugated systethe
study of an appropriate linkeand its eventual cleavage conditions will be addressedntly, only

if the system as such will nbe found tcexert a cytotoxic a@in.

Two novel azetidinon€lrug conjugates were therefore desdn @mmercial Sfluorouracil and
Doxorubicin were selected as suitableotgkic agents, anfi-lactam83 was employed as synthetic
precurso. The cytotoxic residus were inserted at thielactam C3 position, henceeplaéng the
previously insertefluorophore moietiegFigure 3.3).

Figure 3.31 b-lactam derivaties conjugated with a cytotoxic residofes-fluorouracil (96) andDoxorubicin 97)

The choice of functional groups in tlmnjugated system wacrucial for the incorporation of
cytotoxic residues Doxorubicin was introduced as such, whilefl&rouracil was further
functionalized on the more reactive nitrogen with bromoacetic acid to @&uaiith an acid terminus
easily anchorable on thelactam fragment. The-Bydroxyethyl side chaiimn compound83 was
derivatized with an appropriate linker for allowing the conjugation with the relative cytotoxic portion.
Accordingly, a carboxylic acid and an amine were inserted as two different tefomciidnal groups

for allowing the reaction with Doxorubicin amine terminal and fluorouracil acetic acid, respectively.
The amine function was introduced as repomearagrapt.5.3.1through a simple coupling with
N-Boc-b-alanine and its following deptection with TFA(compound1). The acid portion instead
was obtained/ia an esterification with glutaric anhydriqeompound99). In both casesfter the
coupling with cytotoxicsthe last synthetic step involved the C4 benzyl ester hydrogenolysis for
obtaining the free acid functionalitecessaryor integrin binding (Scheme 3.17).
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Scheme 3.17Synthetic strategy for theynthesis ofonjugaed b-lactamcytotoxics 96 and97

As already perfaned for the conjugation Wi fluorescent tags, also inithcasethe reactivity of

uracils was previously investigatading the availableo cytotoxics-bromouracilas a modeFirstly,

a N-alkylation with bromoacetic acichediated by potassium hydroxide as a strong base anddeati

to 60°C??2was performed on uracil (Scheme 3.18}er anacid workup, 5-bromouracil acetic acid
precipitated as a white solid and was isolated in a 60% yield. Analogously, the reaction was repeated
with 5-fluorouracil, but in this cas@o precipitatavas formed after the acid work up and the product
was isolated by lyophilisatiofollowed by flashchromatography. The purification step greatly
affected the yield, prob&pbecause the target compoundswextremely polar and scarcely eluted

from the chromtography columnDifferent methods have been tested, varying reaction times,
temperaturand workups but the formatin ofthe producprecipitate was nevabserved

X

X
O °vY, o
HN. NH —— HNYNQJ\OH
T 5
X = Br. F 100: X = Br (59%)
98: X = F (23%)

Schene 3.18 Synthesis of uracil derivativé¥8 and100. Reagents and conditions: a) bromoacetic acid, KO, d0°C then rt, 16
h. Yields of isolated compounds are reported in brackets

Once that the uracil partner was obtained, the convergent synthesis proceeded with a peptide coupling
between the amingroup ofintermediate91 and the acid group of theacikcompound 98 or 100

The reaction was conducted with the already reported Steglietfieation conditions afteamine

salt deprotectionf 91 in basic conditionso give10lor 102 Both DCC and&EDC have been tested
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ascarboxylic acid activatar the latterfurnishedslightly better yields, probably for theomplete
elimination of tke resulting ureidic byroductin the extractionwork-up. Anyway, due to theery

poor solubility of the reactioarudein common organic solvents solventmixtures the yield of this
step was poor, and will require a furtrggatimization.Thetarget compound96 or 103were obtained
by a final hydrogenolysis reaction in standard conditiovith rather quantitativeyields for both
bromeo and fluoreuradl derivatives(Schene 3.19.

o
)K/\CFgcoo o o)
\) X
NHj % J\A kN )J\/\ /U\/N
N o b
ﬁCOOB” Yo N > /' Eooen — /' oot
N hil
bg 0
o)
100: X = Br
98: X = F
101: X = Br (35%) 103: X = Br (89%)
102: X = F(21% 96: X = F (97%)

Schenre 3.19 Synthesis ob-lactams96 and103 conjugated with uracil derivativeReagents and conditiorssy EDC, TEA, DMAP,
CH2Cl2, 0°C to rt, 16h; b) Hz, Pd/C (10%), THF/CHOH 1:1, rt, 2h. Yields of isolated compounds are reported in brackets

Conjugation with cytotoxic Doxorubicin required instead an acid function to be coupled with.
Therefore, as already anticipated, a coupling between the aletdaibm83 and glutaric anhydride
was performed undemild conditions inexcellentyields An acid workup and a liquidiquid
extraction gained the desired acid targ@tithout the need of flasbhhromatography purification.

At this stage the cytotoxicesidue was inserted; Doxorubicin (DOX) displayseay intense red
colour, due to the high conjugation of itstracyclic systemand thereforé is also clied "red dev"

or "red death". e reaction was conducted in a very small scaleDamabrubicinwashandled with

the appropriate precautions because ofstteng cytotoxic charactercommonly exploited for
chemotherap treatments The primary aminefunction of Doxorubicin was coupled with the
carboxylic acidlinker previously inserted o the b-lactam scaffold; theeactionoccurredin the
presence of HBTUWhexafluorophosphatbenzotriazoletetramethyluronium) and OPEA (N,N-
diisopropylethylamine) After 16 hours the conversion resulted complete and the target- DOX
conjugate 104 was obtained #&br liquidliquid extraction in quantitative yield$?® Finally,
hydrogenolysis was performeddve compoun®7 with afree acidfunctionfor integrin recognition
(Schene 3.20.

o o o 0 o 0
oH PP I N
J, 0 OH o NH-DOX 0 NH-DOX
< COOBn } 3
;r H a A ';[;fcoosn e coosn c e COOH
le} 7]/N [ N H | "
o le} 7]/N o 7]/N
0 o
83
99 (95%) 104 (99%) 97 (99%)

NH,-DOX = Doxorubicin NH,-DOX = Doxorubicin

Schene 3.20 Synthesis ob-lactam97 conjugated with DoxorubicinReagents and conditiores} glutaric anhydrideTEA, DMAP,

CHzClz, rt, 16 h; b) Doxorubicin, HBTU, DIPEACH:ClI>, rt, 16h; c) Hz, Pd/C (10%), THF/CHOH 1:1, rt, 2h. Yields of isolated
compounds are reported in brackets
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3.6.3 Bidogical evaluations
(in collaboration with Prof. SM. Spampinato and Dr. M. Baiula, University of Bologna)

Unexpected results arised fromheesion and cytotoxicity tesperformed on azetidin@conjugates
96 and97. Surprisingly, in ceHadhesion assay®th derivatives resulteghtagonisbnasb; integrirs

at a micromolar level. A intermediate analogue of this series, compdmdearing the free at
functionality on C4 positiorand theb-alanine linker protected with a Boc groupas tested as a
mocel. In fact, the three compoun8s, 96 and97 share a commofor similan derivaization at C3
position witha linker coupledo the carrier antb the drug portiomvith an ester and an amidic group,
respectively Also compound95 displayed an antagonibehaviour, even if towardsb; integrins
(while was inactive om4b1). Further tests are still in course for studying the adhesi®6 afid 97
onasb; class.

0
/(')J\/\NHBOC
jug
o
0
95
Antagonist . Antagonist Antagonist
asP (ECso = 14.4 nM) 4B (ECso = 2.99 uM) a4B; (ECs0=0.13 uM)

a4B; (ECso > 5000 nM)
Figure 3.32 Structures oEompound®5, 96 and97 and results of celhidhesion assays.allies of EGo are reported in brackets

The resulting antagonist behaviouwf the three compoundsas in contrast withthat previously
detectedfor the C3 unsubstituteccompound9 and for the fluorescent derivative§8-80 that
demonstratethsteadan agorst behaviouon asb: integrins(see Paragraph 3.5.3.3) comparison
of the concentrationesponse curveshowing thedifferenteffects ofaforementioned compounds
cell adhesions reported in Figure 3.33. In particular, compouBdg8, 96, and97 were compared,
sincethey share thé-lactam scaffold, and in particular the acid aneo-tolyl terminus at C4 and
N1 positions, which g thought to be responsible for the interaction with the receptor.
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Figure 3.33 Compound® and78 enhanced fibronectimedat ed adhesi on t o Jusdbiintedrin(ef6e. 1 cel |
column); compound86 and97 diminished fibronectime di at ed adhesi on t o sintedim(tightE6. 1 c el
column). Results are expresseithe number of cells attachiedm quadruplicate wells and repeated at least three times

Nevertheless, an influence of the C3 side chain on integrin activity resulted evident, and, apart
compound9 that had a free C3 positiob;lactam78 was prepared with aester bondo link the
carrierand the fluorophore. It was therefore thougjiat the presence aflinker with an amide group

could influence integrin activity switching it to antagonist.

According to this, two possible examples of ligands with a minimal linker portion andmviber-
esterlinker were designed for a conjugation witkflGorouracil to evaluate the veridicity of the
aforementionedypothesis (Figure 3.34). The synthesis of the compounds is still underway. The
conjugation with Doxorubicin revealed not suitable for #igsking method, as rtecessarilyequired

an amide bond for linking the primary amine group of the cytotoxic on the carrier.
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Figure 3.34 Structures of conjugateHlactamfluorouracil compounds designed to potefitigoromote an agonist behaviour

Corcerning cytotoxic assay we assessed by cytofluorimetry the percentage of Jurkat cells
(overexpressingasb: integrins) in early apoptosis after exposure to different concentrations of
conjugated compoundd6 and 97, or to the reference cytotoxic drug, doxorubicin [doxo] er 5
fluorouracil [5-FU], as a positive contrébr 72 hourqFigure 3.%). Both target compounds resulted
inactive as cytotoxic at any tested concentration, conversely to their relative positive contsols. Th
result is quite unsatisfactoyut in line withthe activity displayed b96and97in cell adhesion tests.

In fact, as already demonstrated, an antagonist behaviour implied the inhibition of integrin
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internalizaton process, and consequently interzationof the compound itself. If the conjugates are
not able to be internalized in the cell, they could consequently not explicate their cytotoxic potental.
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Figure 3.35 Cytotoxic assays evaluatirtiye earlyapoptosis ofurkat cellsipon exposure of ecopound<96 and97, and relative
positive controls (8-u and Doxo) for 72 hours

3.7 Loading of b-lactam integrin ligands on Sr-hydroxyapatite

As already widely discussed, among the libraryp-ddctams recently developed, some derivatives
were found to strongly promote cell adhesion mediated by integrins at a nanomoldrtlevel
According to thisand to the good results achieved with the realization of novel hydroxyapatite
biomaterials witrenhanced antibacterial actiiffseeParagrapl2.10), we decided to further expand

this project byloading some agonistb-lactam derivatives on strontiuenriched hydroxyapatite
nanocrystals (SHA) throughabsorpion. This recently initiated study agdat realizing a functional
biomaterial for bone regeneration able to repair bone lesidosopport the implantation of artificial
prostheses, stimulatingelgrowth of bone cells ithe proximity of the substitutiomaterial.

In fact, mating an artificial material with a thin layer of HA resulted an effective apprtieth
provided good biocompatibility anoisieoconductivity to the materi&t* Biological tess on diferent

cell lines (mainlyhuman mesenchymal stem cebsd osteobladike cells) revealed that calcium
phosphate coatings could improve cell adhesion, proliferation and different@tioromoting bone
regeneratiort?® Cellular responset® an inplanted biomaterial involvéighly complexchemice
biological processes linkedbtdifferent surface propertié® Recent studies have shown that-cell
substrate interactions are associated with surface topography, porosity, chemical and elemental
composition dissolution behavior, and nrac and micresurface structuré?’ These physico
chemical characteristics can be properly manipulated in order to promote a clinical integration of the
implant with the surrounding cells and tissué® An example concerns cati@gnor anionic
substitutions in the apatgewhich is possible thanks ttheir high staldity and flexibility. Among
divalent cations that can replace calcium in HA structure, strontium has aroused a considerable
biologic interest, being present in the emal phase of the bone and overall being able to increase the
number of osteoblasts, redumene resorptioand stimulatdone formatiorf?°

In order to obtain better biological performancas$yydroxyapatitematerialenriched with a 10%
content of strontion cationg(Sr-HA) has been synthesizedd employed for the loading of suitable
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b-lactam derivativesThree agonist azetidinonesl, 9 and 17 were chosen for their structural
variability and for their specificity towardifferent integrin classes in enhancing cell adhesion; the
preferemial integrin classand the corresponding B&values in ceHadhesiorassays are reported in
Figure 3.36 Compound4 instead, being an antagonist of integrin activity, was evaluated as negative
control. The synthesis of tHelactam derivatives was carried out as describedaragraptB8.21

with excellet reproducibility!’* An appropriate loading studyf the four moleculesn SkHA was
developed, together with an evaluation of the compound release in miiffeygeous media. A
completecharacterization of the materials as well as biological testsediirial loaded samplesre
actuallyin due course bfrof. A. Bigi, University of Bolognaand P Torricelli, Istituto Ortopedico
Rizzoli.
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Agonist Agonist Agonist Antagonist
ECsq (a4B1) 12.9 nM ECsq (a5B81) 9.9 nM ECsg (ayB5) 5.1 nM ICs5q (04B1) 1.39 NnM

Figure 3.36.b-lactam compounds, 4, 9 and17 absorbed on Shydroxyapatite. E€or ICso values of their activity as agonists or
antagonis{of specific integringare reported

3.7.1 Loading of azetidinones on-BA

The loading of azetidinones on-BA nanocrystalsvas carried out in D or HO/organic solvent
mixtures to evaluate ghmediumeffecton the loading. bD/acetonitrile mixtures were chosen as
standard solvent following the good resultistatned in the previously descedd study with
antibacterialb-lactams?’ The experimental procedure used for the loading process was nearly
analogue to that reported fdthioalkylated azetidinone¥.In brief, the appropriate-lactam was
firstly dissolved in theeaction solvent, then $tA wasadded. The systemas stirred for 4 hours at
room temperature, then the reaction mixture was quantitatively transferred and centrifuged: the
supernatant was collected to determine the recovery of the unlbddetm while the solid phase
(constitutingthe functionalized®r-HA) wasovendried andurther analysed ancharacteried

The amount of the loaddalactam compoundésweight %) on S-HA was determined through
thermogravimetric analysis (TGA). Compouridsnd9 were chosen as models due to their different
N1 deivatization and consequetipophilicity. Loading of compoundgl and 17 was instead
performed by far only in thkest conditions found for the other derivatiy&able 3.3)
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Table 33. Effects of solution concentration and polarity on loading of airetitesl, 4, 9 and17 on SFrHA. Loading wasevaluated
through TGA analysis

Entry Comp. Solvent Loading (wt%)
1 9 H20/CHs:CN 1:3 53
3 9 H20/ CHCN 3:1 12.9
4 9 H20/ CH:CN 10:1 144
5 9 CHsCN 9.0
6 9 H20/ CHsCN 1:1 24.0

(double amount 09)

7 9 H20/EtOH 3:1 15.1
8 9 H20/THF 3:1 14.3
9 1 H20/ CHCN 1:5 8.4
10 1 H20/ CHCN 1:1 4.5
11 1 H20/ CHsCN 1:5 8.1
(triple amount ofl)
12 1 H20/ CHCN 1:5 4.4
70°C
13 1 H20 7.2
14 1 THF 5.8
15 1 H20O/EtOH 1:5 6.6
16 4 H20/ CHsCN 3:1 6.5
17 17 H20/ CHCN 3:1 9.1
17 17 H20/ CHCN 3:1 4.9
60°C
18 17 H20/EtOH 3:1 4.9
60°C

A variation of the medium polarity was obtained by changing @/ &tetonitrié ratio in the loading
solution. From the data reported in Table 3t3emergedthat the loading amaou of compound®
increasd at enhaniag of solvent polarity(Entries 14), with percentages ranging from 5.3% (with
H>O/CHzCN 1:3) to 14.4% (with O/ CH3CN 10:1).This couldbe rationalizedonsidering that the
molecue is moderately apolar and very affi to acetonitrileand thus preferentially avoet the
binding with HA when the solvent wapredominantly composed of the organic phase. However,
when the loading was carried out in acetonitrile alone, a good uptake from the solution was observed
(9%, enty 5). To notice, a loading experiment of compo8nd water alone was not conducted due

to its tdal insolubility. An additional tesin H-O/CHsCN 1:1solutionwas performed witla doubled
amount ofb-lactam9, anda correspoding tripledloading value ompared to the standard condition
was obtained24%, entry 6). A change in the organic solvent was attempted, hence including 3:1
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agueous mixtures with ethanol and tetrahydrofuran (entries 7 and 8, respectively). In both cases no
substantial variations ithe loading amount of compour®dwere detected in comparison with the
corresponding BHO/CH3CN mixture. The amount of compourddabsorped on StHA could be
therefore easily controlled using a water/organic solvent mixture of suitable polarity, pernathing b
mediumlow (5-9%) and high (24%) loadingsn order to assess whether the presence of Sr on HA
could influence the loading, an experiment was carried out eHACasing the same conditions
reported m entry 3 In this case a loading value of 12.8% vadained, demonstrating théhe
replacement of Strontium in €4A did not affect the absorptiarf theb-lactam compounds.

Conversely with what detected for compohthe loading on SHA of compoundLl settledaround
mediumlow loadings (59%) without reaching values superior to 10% in none of the attempted
conditions. As a gemal trend, its loading deeasedvith the increase of the solvent polarity (entries

9 and 10); in this casedeed, the molecules more polar and affine to the aqueous mediang
hence prefeadto remain in solutiogwith a higher water contenAn increase in the loading value
was not observed when the amount of compduwnas tripled compared to the standard conditions
(8.1%,entry 11), and even a tentative to perform the experiment at higher tempedaturesallow

to improve the quantity of the absorbed molecule, that msisaddecreased to 4.4% (entry 12). The
absorptiorwas also carried out using only®, and a god loadingpercentage (7.2%) was observed
(entry 13). Since it was not possible to conduct an experiment in acetonitrile alone due to the
insolubility of compaind 1, tetrahydrofurarwas tested (entry 14put onlya relatively low loadig
(5.8%) was achieved.ially, on employingthe mixture HO/EtOH 1:5 6.6%, entry 15),the
absorbed amount was only slightly incregse®! acetonitrile demonstrated in thise#&s allow the
higher loadings.

After thesescreenings, the loading on-BA was performed also with compoundigand17. Being
structurally similar td, the loading o# was carried outvith the conditions described in entry 3.
Neverthelesghe loading bcompound showed a halved valué.6%,entry 16) compared with that
found for compoun@®.

Concerning compound? instead,standard HO/CH3CN 3:1 conditiongentry 3)did not allow a
complete solubilization of the moleculierefore, data reported intey 17 simply correspontb a
heterogeneous mixture of two solids (%A and compoundl7) and are negligible. It was then
necessary to suitably modify the loading methanld compound17 was dissolved in a greater
guantity of solvenat a higher temperate (60°C). Different solvent mixtures were attempted, but
without showing any loading variatiord.9%,entries 18 and 19).

In corclusion,b-lactam molecules we adsorbed on S1A as a function of their partition coefficient
between the solid phase and the loading solvertj/ Sm fact competd with the solvent for the
recruitment ob-lactams, whictwas found tdedependnton thesolventmixture polarity.

3.7.2 Characterization oazetidinoneSr-HA samples

The new azetidinontunctionalized StHA composites were characterized by ATR spectroscopy that
furnishedimportant informatios on the interactions established between the orgaaieaules and
the apatite.In fact, from the comparson betweerthe spectra of the composites amfdthe pure
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molecules, the idappearancef the peaks related to the stretching of @#eacid groupand of the

COof the dimer, typical of carboxylic acids the solid state, was noticed.

As shown in Figure 3.3Y indeed, the spectrum of the functionaliZe&r-HA evidencedhat the

band corresponding to acid C=€retchingat 1715 cm‘was no longer observembmpared to that of

9 along as well as the 1309 chpeak relative tahe CO stretching of the dimeZonversely, two

new intense bands at 1570 ¢mnd 1440 cm appeaed and were attributed to the asymmetric and
symmetric stretching of a carboxylate CxE@spectiely. This evidence demonstratiadtcompound

9 was probablyabsorpted on the materilirough anionic interaction established between the
carboxylic function of the molecule and the cationic species present on HA. The other characteristic
signals of compounfl remaired unaltered upoadsorptim on HA.

A 2000 1800 1600 1400 1200 1000 800 800 400 B 2000 1300 1600 1400 1200 1000 300 600 o0

Transmittance %

Wavenumber cm-

Figure 3.37. A) comparison betweeATR-spectra 0B-Sr-HA and9 pure compound in the region 26800 cmt; B) comparison
betweenATR-spectra ofl-Sr-HA and1 pure compound in the region 26800 cm*

The other three compounils4 and17 showedonly a partial disappearance of the peak related to the
carboxylic acidC=0 stretching and a partial appeaot bandselated tathe carboxylate species,
probably prowng that the binding with SHA was weaker than that existing for compoudhis

fact could also explaithe lower values of loadings detected for compoundsand17 compared to

9 (see Table 3)3 As an example, ATR spectra BiSr-HA compositeand compound. alone were
reported in Figee 3.3B. In 1-Sr-HA spectrum, the peakorreponding to thecid carbonyl at 703

cmit and to the dimer barat 1324 crit werestill presenteven if with a lower intensity compared to
that displayed for moleculg alone.Neverthelessthe band at 1680 cincould be assignedo the
C=0 ureidicstretding associated with the stretchiafa carboxylate species. As a resfitactam

1 probablyexhibited only a partial carboxylate formatiopon absorption on HAand an interaction
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betweenthe ammonium saltuhctionin the moleculeandthe negativelycharged phosphate groups
on HA surface had to be also considered

3.7.3 Azetdinone release study

The in vitro release of azetidinones from the corresponding functionalizédASsamples was
evaluated by HPLC analysis in different agueous media mimic¢kiegphysiological environment
Experiments were conducted at 7 in thermotat with sampling and refresh of the solution at set
time intervalsas already explained ithe previously reported study At each time point, the
supernatant was separated and the concentration dflgased-lactamwas determined by HPL-C

UV analysis after an appropriate construction of calibration curves for each compound. The HA
samplewasthenincubated again with a fresh solution of the specific medrafresh). Some of the
results were seléed and sumarized in Figure 3.38xpressed as cumulative release in mol% (of
the total loaded amount) over the refresh number.

Since previous evaluations of HA biomaterials demonstrated that an excessive concentfation of
lactam molecules could be cytotoXgeeParagraph 2.10.7}he release studies were performed on
samples displaying aederate compound loadinige. 12.9% fo®-Sr-HA, 8.4% forl-Sr-HA, 6.5%

for 4-Sr-HA and 4.9% foll 7-Sr-HA.
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Figure 3.38. a) release of azetidinon&# red) and1 ( 0 o r )drongesr-HA and1-Sr-HA in aqueous solutiordft) andacetate
buffer solution at pH 5.0right) media b) release of azetidinon@g# red,1(Xorangd,4( z gre¥y7\ 0 &dh d@3r, from
HA, 1-Sr-HA, 4-Sr-HA, and17-Sr-HA in physological solution(left) andphosphatéuffer solution at pH 7.4r{ght) media.The

cumulative release is reportesi mol % over the refresh number and evaluated through HPLC analysis

In general, he release profilesonfirmed what was observed in the loading study, shpvan
dependence between tamount of the released molecule per refresh asdltbility in the medium.
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