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Abstract 
 

Since the discovery of Penicillin (Fleming, 1928), ɓ-lactam compounds (azetidin-2-ones) represent an 

important class of four-membered cyclic amides. Starting from the antimicrobial potency exerted by 

naturally occurring bicyclic compounds (penicillins and cephalosporins), nowadays new variants with 

monocyclic structure are showing new and specific biological activities.1 b-lactam compounds are still 

the main agents used to treat bacterial infections, nevertheless the widespread emergence of resistance to 

antibiotics in pathogenic bacteria now represents a serious threat to global health, prompting to the 

development of new antibacterial agents. During the last two decades researches demonstrated that 

structural modifications of monocyclic ɓ-lactams are an effective tool for the discovery of innovative 

antibacterial compounds.  

Recently, new monocyclic ɓ-lactam compounds with an alkylidene moiety conjugated to a benzyl ester 

in the C4 position of the ring were reported. In these derivatives the carbon-carbon double bond directly 

linked to the azetidinone conferred an increased aptitude toward ring-opening reactions leading to an 

enhancement of antibacterial potency against Gram-positive pathogens.2-4 

Starting from this 4-alkylidene-azetidinone scaffold, we developed new ɓ-lactams that combined in one 

molecule the antibacterial and the antioxidant activities, thus realizing dual active compounds with a 

synergistic action for the potential treatment of chronic infections such as those in cystic fibrosis (CF) 

pathology, where a persistent colonization by drug-resistant pathogens is often associated with epithelial 

damage by pulmonary oxidative stress.5 The novel derivatives were functionalized on the C3 side chain 

of the ɓ-lactam ring with some natural polyphenols (caffeic, ferulic, or sinapic acid) for activating the 

antioxidant potency (Figure A1). The new derivatives were tested in vitro for antibacterial and antioxidant 

activities including multidrug-resistant strains from CF patients. The best candidates showed good 

activities against multidrug resistant clinical isolates of MRSA (MICs 2-8 mg/L) and TEAC (Trolox 

Equivalent Antioxidant Capacity) values 2.5 times higher than those known for compounds currently 

used as antioxidants. 

Exploiting the 4-alkylidene-azetidinone scaffold, the effect of a carbamate group was also explored,6 

since organic carbamates have frequently been employed as pharmaceuticals (e.g. Linezolid). The new 

molecules were designed to have an aryl, benzyl, or phenethyl-carbamate group on the C3 hydroxyethyl 

side chain (Figure A2) and tested for their antibacterial efficacy against Gram-positive and Gram-negative 

bacterial strains. Overall phenethyl-carbamates resulted selective antibacterials against multi drugs 

resistant Gram-positive species with MIC potencies of 2-4 mg/L.  

The efficacy against S. aureus, including methicillin resistant strains (MRSA), of some monocyclic ɓ-

lactams with an alkylthio-group on the nitrogen atom has recently been reported, with the N-methylthio 

substituent proving to be essential for antimicrobial activity.4 Therefore we developed a library of 

different N-thio-substituted azetidinones (Figure A3) and studied the loading of some of these derivatives 

on hydroxyapatite (HA) nanocrystals in order to get functionalized materials able to couple the bioactivity 

of HA with the antibacterial properties of the ɓ-lactams.7 The new N-thio-azetidinone-functionalized 

hydroxyapatites were then evaluated against Gram-positive and Gram-negative reference bacteria as well 

as antibiotic-resistant strains from clinical isolates obtained from surgical bone biopsies. All tested 
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azetidinone-HA samples displayed a significant antibacterial activity against S. aureus and E. coli, 

resulting promising as new functional biomaterials with enhanced antibacterial activity. 

 
Figure A. General selected structures of ɓ-lactam compounds active as antibacterials 

 

Even if azetidinones first attracted attention for their antibacterial properties, over the past few decades 

the ɓ-lactam core structure offered a unique approach to the design and synthesis of new derivatives with 

diverse biological properties. As a matter of fact, new ɓ-lactam compounds demonstrated biological 

activity as inhibitors of a wide range of enzymes.1 Among receptor ligands that are structurally based on 

the ɓ-lactam scaffold, only few azetidinones have been shown to exhibit activity against integrins. 

Integrins are heterodimeric Ŭ/ɓ transmembrane receptors that mediate dynamic adhesive cell-cell and cell-

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 is 

now widely recognized.8 

To date, most efforts have focused on the development of small ligands that can modulate integrins. 

Peptidic and non-peptidic ligands that have been developed are all related to the minimal recognition 

RGD (Arg-Gly-Asp) or MPUPA (4([(N-2-methylphenyl)ureido]-phenylacetyl) motifs present on 

endogenous extra-cellular matrix (ECM) ligands of some integrin classes. 

Recent research efforts have also focused on improving the pharmacological parameters of the synthetic 

ligands mainly by altering the polarity and the rigidity of the scaffolds. According to this, we designed 

and developed a library of ɓ-lactam derivatives that were specifically designed by a structure-based 

strategy to target RGD-binding and leukocyte integrins.9 The approach used for the design of the new 

molecules was based on rationalization from known integrin ligands. The incorporation of a 

conformational constrain was obtained by the insertion of the ɓ-lactam scaffold, a rigid core that, by 

reducing the conformational degrees of freedom, could favor directional non-covalent bonding for ligand-

receptor recognition. The ring was indeed functionalized with different side chains bearing an acid and a 

basic terminus to mimic the RGD peptide or the MPUPA moiety, for enhancing selectivity and 

modulating the affinity toward the receptor.  

The biological activities of these new compounds were evaluated by investigating their effects on 

integrin-mediated cell adhesion in suitable cell lines expressing the RGD integrins Ŭvɓ3, Ŭvɓ5, Ŭvɓ6, Ŭ5ɓ1, 

and ŬIIbɓ3, and leukocyte integrins Ŭ4ɓ1 and ŬLɓ2. A structure-activity analysis of this new series of 

azetidinones allowed to identify structural elements associated with integrin selectivity and we obtained 

selective and potent agonists at a nanomolar level that could promote cell adhesion mediated by Ŭvɓ3, 

Ŭvɓ5, Ŭ5ɓ1, or Ŭ4ɓ1 integrin, as well as antagonists that were selective for RGD-binding integrins or 

leukocyte integrins (Figure B).  
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Figure B. Selected structures of ɓ-lactam compounds active and selective as integrin ligands 

 

Nowadays extensive efforts have been made to develop ligands active as integrin antagonists, whereas 

less attention has been paid to the discovery of agonists; nevertheless integrin agonists could open up 

novel opportunities for therapeutics, which gain benefits to increase integrin-dependent cell adhesion and 

proliferation.10 In fact, integrin agonists could enhance the effects of stem cell-based therapies and induce 

human stem cells to differentiate. According to this, we decided to exploit the agonist behavior of some 

of our ligands to develop novel ɓ-lactam based biomaterials as biocompatible scaffolds displaying an 

enhanced adhesion ability toward stem cells. Both adsorption on hydroxyapatite (HA) nanocrystals and 

loading on PLLA (poly-L-lactic acid) nanofibers were successfully performed and the resulting materials 

were assayed toward integrin- and human mesenchymal stem cells (hMSCs)-mediated adhesion. 

These new insights into integrin functions required a better investigation of agonist and antagonist effects 

on several integrin-mediated processes such as cell adhesion, internalization and trafficking. Trafficking 

is a complex process through which the cell internalizes ECM molecules or receptors into the cytoplasm 

through endocytosis mechanisms, allowing a constant integrin recycling.11 

According to this, we evaluated integrin internalization with confocal microscopy analysis by means of 

an integrin transfected with a green fluorescence protein (GFP). From these studies it emerged that our 

agonist synthetic compounds could induce integrin internalization as well as fibronectin (FN), the 

endogenous ligand, while antagonists prevented integrin internalization. After these promising results, 

we moved to the conjugation of the most active agonist candidates with fluorescent tags for evaluating a 

possible internalization of the compound itself inside the cell. 

In particular, conjugation with two fluorophore molecules (Rhodamine B and fluorescein isothiocyanate, 

FITC) was performed on the C3 position of azetidinones (Figure C1) and the new obtained fluorescent 

ligands maintained an integrin affinity as agonists at a micromolar level. Preliminar fluorescence bio-

imaging investigations revealed a possible internalization of the Rhodamine-conjugated-ligand into the 

cellular cytoplasm. 

Therefore, in order to design a drug-delivery system that could enter selectively into cancer cells via 

endocytosis upon integrin binding, two cytotoxic molecules were incorporated on the ɓ-lactam scaffold, 

thus replacing the fluorophore moieties. Accordingly, 5-fluorouracil (5-FU) and Doxorubicin were 

conjugated on the C3 hydroxyethyl chain after an appropriate cytotoxic derivatization and linker insertion 

(Figure C2).  
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Figure C. Selected structure of a ɓ-lactam compound conjugated with fluorophores or cytotoxic drugs 

 

From docking studies on some selected derivatives among integrin ligands, it emerged how the receptor 

active site could discriminate between two enantiomers in their binding mode, hence indicating that the 

ligands could have different biological activities according to their specific absolute configuration. We 

then decided to develop a biocatalytic protocol for obtaining, through an enzymatic kinetic resolution 

(KR) mediated by lipases, an enantiomerically pure ɓ-lactam intermediate, necessary for the development 

of the racemic integrin ligands library. In this way it was possible to obtain some selected couples of ɓ-

lactam enantiomers with excellent enantiomeric excesses to be tested in cell adhesion assays (Figure D). 

   

 
 

Figure D. Schematic strategy for the synthesis of ennatiomerically pure ɓ-lactam integrin ligands through biocatalysis 

 

As just demonstrated, biocatalysis has become nowadays a standard tool for the production of 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 obtain 

enantiomerically pure products or for the resolution of racemates,12 leading to many advantages such as 

mild work conditions, reduction of extrasteps and no toxic waste production. 

To cite some developed applications, a kinetic resolution on ortho-substituted biphenyl compounds 

mediated by decarboxylases was studied for obtaining an enantioselective synthesis of atropoisomers, and 

an amidation oxidative coupling mediated by laccase/TEMPO system in aqueous medium was performed. 
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In the field of oxidation processes, selectivity and sustainable reaction conditions are key issues for the 

development of new eco-friendly methodologies for amine oxidation. Indeed, selectivity is often a critical 

point because of the large number of possible products, and many systems still need metal-containing 

reagents and produce toxic or hazardous wastes. According to this, we investigated some inorganic metal-

free oxidants for oxidation of amines, and NaIO4/TEMPO turned out to be the most efficient and selective 

system for benzylamines oxidation to benzaldehydes in aqueous-organic medium. Furthermore, oxidation 

of secondary amines gave selective oxidation on the benzylic portion thus realizing an oxidative 

deprotection of the N-benzyl group with an easy amine recovery.  
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1. Introduction 
 

This thesis is divided in three main chapters and reports the research work performed during my three 

year-PhD programme under the supervision of Prof. Daria Giacomini at the Department of Chemistry, 

University of Bologna.   

The main subject of this dissertation concerns the design and synthesis of new classes of monocyclic ɓ-

lactam compounds and their biological potential. 

ɓ-lactams in fact are really evergreen bioactive molecules, primarily known for their efficiency as 

antibiotics, but more recently considered also for a great number of diverse activities. 

The search for novel active azetidinone compounds has been deeply studied and pioneered within my 

research group since more than 10 years, and with this thesis work we aim at demonstrating how a wide 

structural variability on a fixed monocyclic azetidinone scaffold could give rise to novel candidates 

displaying different biological activities and innovative promising applications (Figure 1.1). 

 

Specifically, Chapter 2 comprises the synthesis of new b-lactam-based antimicrobial agents against 

multidrug-resistant pathogens. Chapter 3 concerns the design of novel ɓ-lactam derivatives active as 

integrin ligands. Finally, Chapter 4 covers other more variegated projects including biocatalytic 

approaches for the synthesis of enantiomerically pure azetidinones, and studies toward oxidative 

processes mediated by enzymes or metal-free oxidants. 

The work performed during a three months-exchange period (funded by a Marco Polo grant) at Karl 

Franzens University of Graz under the supervision of Prof. Kurt Faber is also included in this section. 

 

In general, my work dealt with the design, synthesis and complete characterization of the new compounds 

and functional materials including the release studies. Biological assays on the developed molecules or 

biomaterials were conducted in collaboration with other research groups, as specified in the main body 

text.  

 

 

Figure 1.1. Sketch of the possible applications of monocyclic ɓ-lactam compounds described in this PhD thesis 
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2. Novel ɓ-lactam compounds active as antibacterial 

agents 
 

2.1 Molecules with antibacterial activity 
 

The term 'antibiotic' comes from the Greek 'anti' (against) and 'bios' (life) and was introduced by Selman 

Waksman in 1942 to indicate those substances produced by some microorganisms and characterized by 

an antagonistic effect against the growth of other bacterial species, thus excluding non-microbial origin 

compounds.1 Nowadays the term also refers to synthetic or semi-synthetic compounds, obtained from 

naturally occurring molecules appropriately modified by synthetic strategies. Antibiotics are 

distinguished in bacteriostatic (if block the bacterial growth preventing its reproduction) and bactericides 

(if directly kill the pathogens). The antibiotic molecules are classified according to different mechanisms 

of action that are closely related to their chemical structure and spectrum of activity: 

¶ Molecules acting as competitive inhibitors of enzymes involved in the synthesis and replication 

of nucleic acids, i.e. sulfonamides (Sulfamerazine), quinolones (Nalidixic acid) and 

fluoroquinolones (Levofloxacin) (Figure 2.1).  

 

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

¶ Bacteriostatic molecules interfering with protein synthesis, such as aminoglycosides 

(Streptomycin), macrolides (Erythromycin) and tetracyclines (Chlortetracycline) (Figure 2.2).  

 

 

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

¶ Bactericidal molecules interfering with bacterial cell wall construction, such as penicillins 

(Methicillin), cephalosporins and carbapenems or with cell membrane construction, such as 

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

¶ Molecules constituted by a lipidic portion connected to a peptide i.e. lipopeptides (Daptomycin) 

(Figure 2.4), which display a unique mechanism of action, interacting directly with the bacterial 

cell membrane and leading to the inhibition of proteins and nucleic acids synthesis and thus to the 

death of the cell.2 

 

Figure 2.4. Daptomycin 

¶ Oxazolidinones, total-synthesis compounds that are considered bacteriostatic with slow 

bactericidal action. This class is currently represented by a single commercial molecule, linezolid 

(LZD) (Figure 2.5).3  Linezolid acts as a protein synthesis inhibitor by binding to peptidyl 

transferase, an enzyme present on bacterial ribosomes responsible for the process of mRNA 

translation. Unlike most of other protein synthesis inhibitors acting on the elongation phase, 

linezolid exhibits a unique mechanism of action acting on the initiation step of protein synthesis.4 

Nevertheless, after a few years of its introduction and marketing, bacterial strains of 

Staphylococcus aureus and Enterococcus resistant to linezolid have been evolved and spread. 
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Figure 2.5. Linezolid 

 

2.2 b-lactam antibiotics 
 

b-lactams are a large class of compounds characterized by the presence of the azetidin-2-one ring. Since 

their discovery and introduction in therapy by Alexander Fleming,5 ɓ-lactam antibiotics proved to be 

chemotherapeutics of incomparable effectiveness, with a broad spectrum of activity and low toxicity, still 

representing the main agents for treating bacterial infections.6 

Bicyclic ɓ-lactam antibiotics were originally divided into penicillins, where the azetidinone is condensed 

with a 5-term thiazolidine ring ('penam' core) and cephalosporins, whose ɓ-lactam nucleus is condensed 

with a six-membered dihydrotiazinic ring. Nowadays all the semi-synthetic variants of the 

aforementioned classes derive from 6-aminopenicillanic acid (6-APA) and 7-aminocephalosporanic acid 

(7-ACA) as precursors. Other ɓ-lactam-based families are represented by clavams (or oxapenams), 

clavems and the most modern carbapenems ('penem' core), containing a 2,3-dihydropyrrole ring fused 

with the azetidinone (Figure 2.6). 

With the discovery of monobactams, i.e. monocyclic ɓ-lactams, in the late 1970s, it was demonstrated for 

the first time that the antibacterial activity of azetidinone compounds was not strictly related to the typical 

bicyclic structure of penicillins, cephalosporins or carbapenems,7  thus making the search for new 

monocyclic ɓ-lactam antibiotics extremely active. By far, the only commercially available compound is 

Aztreonam (Figure 2.6), a monobactam showing remarkable specificity against Gram-negative aerobic 

bacteria and excellent resistance against ɓ-lactamases.8 
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Figure 2.6. Structure variability of ɓ-lactam compounds 

 

The biological activity of ɓ-lactam antibiotics is closely linked to the intrinsic strain of the azetidinone 

ring, due to the deformation of its sp3-carbon bond angles (lower than 109.5°) and its eclipsed bonds. 

These structural features lead to a remarkable reactivity of the amide group; in fact, the delocalization of 

the nitrogen lone pair is prevented since the charge separation resonance structure would otherwise 

present two sp2 hybridized atoms on a four membered ring leading to an extremely hindered planar 

complex (Scheme 2.1a). The enhanced electrophilic character of the amide carbon atom renders it more 

susceptible to nucleophilic attacks giving a consequent opening of the ɓ-lactam ring through a classic 

nucleophilic acyl substitution (Scheme 2.1b).  

 

 

Scheme 2.1. a) Prevented amide resonance in ɓ-lactam ring; b) nucleophilic acyl substitution on ɓ-lactam compounds 

 

This mechanism is extremely important since it is involved in the antibacterial action exerted by ɓ-

lactams. As above-mentioned, these molecules affect the action of the enzymes responsible for the cross-

linkers synthesis in peptidoglycan, the main component of bacterial cell wall.9 Peptidoglycan is a 

heteropolymer able to confer a high mechanical resistance to the bacterial cell wall because of its branched 

structure. It is constituted by an amino-sugar polymer (alternating N-acetyl glucosamine (NAG) and N-
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acetyl muramic acid (NAM) monomers) that is in turn bound to a tetrapeptide sequence (L)Ala-(D)Glu-

(L)Lys-(D)Ala derivatized on the lysine residue with pentaglycine bridges (Figure 2.7).  

 

 

Figure 2.7. Structure of peptidoglycan. Figure adapted from ref.10 

One of the final steps in the peptidoglycan biosynthesis is the formation of these pentaglycinic units 

catalysed by D,D-transpeptidase, a serine dependent enzyme belonging to the penicillin binding-proteins 

(PBPs). PBPs constitute the bacterial target of penicillin antibiotics that are responsible for the covalent 

binding of a transpeptidase serine residue on the ɓ-lactam carbonyl through an enzymatic nucleophilic 

attack. A stable ɓ-lactam-transpeptidase complex is thus obtained leading to an irreversible inhibition of 

the enzyme (Scheme 2.2); when peptidoglycan synthesis is prevented, the exceeding internal pressure 

causes the lysis of the cell and the consequent death of the bacterium. 

 

 

Scheme 2.2. Mechanism of antibacterial action exhibited by penicillins on inhibiting the Penicillin Binding Proteins (PBPs) 

 

2.3 Antimicrobia l resistance  
 

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

levels in all parts of the world,11 since the past decades have seen a dramatic increase in human-pathogenic 

bacteria that are resistant to one or multiple antibiotics (Figure 2.8).  
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Figure 2.8. Spread of antibacterial resistance against common antibiotics. Figure adapted from ref.12 

 

Whereas antibiotic resistance was once largely confined to hospitals and long-term care facilities, it has 

now emerged in community settings. The main source of antibiotic resistance is paradoxically linked to 

their use: resistance is indeed an inevitable phenomenon directly related to bacterial easy mutagenesis 

that is greatly amplified by the mis- and over-use of antibiotics. In fact, broad-spectrum antibiotics are 

often inappropriately prescribed instead of those responsible for a specific disease or even unnecessarily 

employed to treat viral infections. In addition, antibiotics are also used in agriculture, aquaculture and 

farm breeding, favoring the onset of resistant bacterial strains. Therefore, a considerable quantity of 

marketed foodstuffs could be contaminated with antibiotic-resistant bacteria that have been selected 

during animal treatment and can be transmitted to humans through food ingestion.13 

Examples of resistant bacteria of notable incidence are: methicillin-resistant Staphylococcus aureus 

(MRSA),14 vancomycin-resistant Staphylococcus aureus (VRSA) and vancomycin-resistant Enterococci 

(VRE)15 among Gram-positive pathogens, or Gram-negative bacilli such as Pseudomonas aeruginosa or 

Escherichia coli that produce specific enzymes such as extended-spectrum ɓ-lactamases (ESBL).16 Most 

of the cited microorganisms are generally resistant to diverse classes of antimicrobial agents and are 

therefore called multi-resistant microorganisms. The first penicillin-resistant Staphylococcus aureus 

strains dated back to 1942; in order to constrast them, penicillin was replaced with methicillin , but 

resistance phenomena occurred soon also against this antibiotic. From then on for about four decades 

(from the early 1940s to the late 1970s), the pharmaceutical industry provided a steady flow of new 

antibiotics, including several agents with new mechanisms of action.17 Nevertheless, since then only two 

new classes of antibiotics, oxazolidinones and lipopeptides, which include the already described linezolid 

and daptomycin, have been marketed in Europe to treat infections caused by multidrug-resistant Gram-

positive bacteria18  and meanwhile, resistance among Gram-negative bacteria has been increasing 

relentlessly, with only few new active antibacterial agents reaching the market in the last decade (Figure 

2.9). 
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Figure 2.9. Antibacterial agents discovery from 1930s to 2000s 

 

In extreme cases, multidrug-resistant bacteria are no longer susceptible to any of the licensed antibacterial 

agents prompting to move toward a ñpost-antibiotic" era in which common infections and minor injuries 

cannot be healed.10 The World Health Organization (WHO) has identified antimicrobial resistance as one 

of the greatest threats to human health and has adopted a global action plan which outlines five 

objectives:19 to increase awareness of the problem with effective communication and education; to 

strengthen knowledge on the mechanisms and on the spread of resistance; to reduce the incidence of 

infections and to optimize the use of antimicrobial agents, with particular attention being addressed to 

increasing investments for the development of new antimicrobial agents. In 2010, the Infectious Diseases 

Society of America (IDSA) launched the initiative ñ10 x 20ò aimed at developing new antibacterial 

drugs.20 More recently, the European commission adopted in 2017 a dedicated action plan against 

antimicrobial resistance.21 This action boosted research, development and innovation that should provide 

novel solutions and tools to prevent and treat infectious diseases, improve diagnosis, and control the 

spread of AMR. The proposed research strategy covers the full ñOne Healthò spectrum, addressing human 

and animal health as well as the role of the environment and taking into account the priorities set out in 

the above-mentioned WHO global action plan on AMR. 

 

2.3.1 Resistance mechanisms 

New resistance mechanisms are emerging and spreading globally, threatening our ability to treat common 

infectious diseases.10 Various types of resistance can be distinguished: the natural or intrinsic resistance 

is linked to the genetic, structural or physiological characteristics of a microorganism and is specific for 

each species;22 the acquired resistance instead arises from genetic modifications through mutations or by 

exchange of genetic material between microorganisms.23 It can be also described the endogenous 

resistance, which is vertically inherited only by the progeny through the duplication of chromosomal 

genes, and is rare since the mutational events occur at rather low frequency, generally between 10-7 and 

10-10. Finally, the horizontal exogenous resistance is linked to accessory genetic elements, which transfer 

the genetic determinants of resistance among bacteria also belonging to different species.24 

As already described in Paragraph 2.1, the antibacterial action results from the interaction of an antibiotic 

agent on a specific vital biological mechanism of the bacterial species, such as inhibition of cell wall 

synthesis, protein synthesis or nucleic acid replication. The mechanisms of resistance developed are 
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essentially four and not infrequently the same pathogen may adopt more than one, thus increasing the 

difficulty of pharmacological treatments (Figure 2.10). 

 

 

Figure 2.10. Antibacterial resistance mechanisms and sites of action of common antibiotics. Figure adapted from ref.25 

 

1. Specific modification of the binding site, leading to the loss or decrease of affinity of the drug for its 

target. An example is constituted by MRSA strains, which evolved after a few years from the introduction 

of penicillines through a horizontal genetic mutation: the mutation encodes the synthesis of PBP2a 

(penicillin binding-protein 2a) that, replacing the natural D,D-transpeptidase (PBP), impedes the target-

antibiotic site interaction and prevents penicillins to exploit their function.26 

 

2. Modification of the outer membrane, leading to a decrease of the bacterial wall permeability (typical 

for Gram-negative bacteria). In order to allow the flow of essential components through the outer 

membrane, the bacterial cell produces the so-called porins that allow the diffusion of molecules, including 

antibiotics, into the cytoplasm. Genetic mutations modify the structure of the outer membrane proteins 

leading to a permeability barrier that prevents the access of the antibiotic to its binding site.27 

3. Upregulation of the mechanisms controlling the outflow of antibiotics. Instead of preventing the 

penetration of antibiotics into the active site, some microorganisms have developed an active efflux 

mechanism, through efflux pumps, which expels the antibiotics from the cytoplasm.28  

4. Enzymatic inactivation of the antibacterial agent by modification of its active portion. This is 

undoubtedly the most effective mechanism of bacterial resistance; a typical example involves MSSA 

(Methicillin-susceptible Staphylococcus aureus) bacterial strains and their production of ɓ-lactamases, 

enzymes able of hydrolysing the ɓ-lactam ring of penicillins, cephalosporins and carbapenems. To combat 

these resistant bacterial strains, specific ɓ-lactamase inhibitors, such as Clavulanic acid, Tazobactam and 

Sulbactam, are administered in addition to the actual antibiotic molecules (Figure 2.11). 
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Figure 2.11. Clavulanic acid (a), Tazobactam (b), Sulbactam (c) 

 

2.4 Multi -target drugs and cystic fibrosis  
 

The above-described phenomena point to the need of new antibacterial agents able to fight chronic 

infections caused by multidrug resistant bacterial strains. 

Our understanding of the pathogenesis of diseases has advanced enormously in recent decades. As a 

consequence, drug research aims mainly at achieving selectivity for a given target.29 However, many 

diseases are multifactorial and cannot be treated acting on a single biological target, since they depend on 

multiple genetic factors, and sometimes also on environmental aspects. Drugs hitting a single target may 

be thus inadequate for the treatment of diseases like neurodegenerative syndromes, diabetes, 

cardiovascular diseases, and cancer, which involve multiple pathogenic factors.30 The most famous 

examples of multifactorial diseases are Alzheimer and Cystic Fibrosis (CF). 

Facing these new challenges, the principle of óone molecule, one targetô that has thoroughly been followed 

in pharmaceutical and medicinal science since nowadays is now giving space to a new approach based 

on Multi Target Drug Ligands (MTDL), firstly defined by Melchiorre et al in 2008,29 in which a single 

chemical compound is able to modulate multiple targets simultaneously, with superior efficacy and safety 

profiles.31 Not surprisingly, the MTDL strategy has now been incorporated in routine therapeutic drug 

design,32 and the considerable number of multi-target derivatives described in the last ten years points out 

the growing confidence that this new approach could lead to better therapeutic solutions for the 

aforementioned multigenic diseases.  

Clearly, the use of MTDLs presents both advantages and disadvantages. The benefits of using multiple 

targeting lead drugs can be resumed as follows: 

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

different pharmaceuticals, preventing errors derived from a wrong posology; 

- a single pathway of metabolism and elimination drastically reduces the number of metabolites and 

their side effects; 

- the risk of interferences among different drugs is avoided; 

- the production costs are substantially decreased. 

Nevertheless, the following complications may be encountered: 

- a greater difficulty in the design and synthesis of the molecule, due to its enhanced complexity; 

- a diminished range of applications linked to the higher selectivity and specificity of the drug. 

In order to gain multi-targeting in a single therapy solution, two approaches are possible: the selection of 

molecules with an in-built capacity to act on two or more targets, and/or the combination of two or more 

pharmacophores in a single molecule.31 
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A valuable contribution in design and synthesis of new multi-target compounds could arise in the 

development of dual-active molecules effective as antioxidant and antibacterial agents in the treatment of 

chronic infections such as cystic fibrosis, a severe genetic pulmonary disease. In CF patients high levels 

of systemic oxidative stress have been documented over the years.33 Oxidative stress is generated by an 

imbalance increase of ROS/RNS (reactive oxygen species/reactive nitrogen species) that can damage all 

classes of cellular macromolecules as proteins, lipids and nucleic acids with strong effects on human 

metabolic pathways, causing the onset of several disorders such as airways inflammation and progressive 

epithelial tissue damage.34 In infectious conditions, the production of ROS by activated neutrophils 

represents an important mechanism to kill bacteria but, whereas in healthy individuals it is properly 

counteracted by endogenous antioxidants agents,33 in CF patients the defence systems are ineffective and 

an increased production of ROS may be associated with cell dysfunctions and disease progression.35 

In addition, a persistent colonization by pathogenic bacteria occurs in CF patients and it was reported that 

both oxidative stress and the repeated use of antibacterial agents could contribute to the selection of 

resistant bacterial strains, such as Pseudomonas aeruginosa (incidence 43%) and Staphylococcus aureus 

(incidence 73.1%).36 A rise in S. aureus infections has been reported in CF patients, with an increase in 

the prevalence of highly virulent, methicillin-resistant S. aureus strains.37  

Lungs in CF patients are hence exposed to a vicious cycle of infection, inflammation, and obstruction. 

Interrupting this cycle with innovative agents might slow the disease progression, improve the quality of 

life, and delay respiratory failure.11 

 

2.5 Development of monocyclic ɓ-lactam antibacterials 
 

In this context a series of monocyclic ɓ-lactams active as antibacterial agents against resistant strains were 

successfully realized during the last ten years by my research group. In particular, the new class of 4-(2-

oxoethylidene)azetidin-2-ones (or 4-alkylidene azetidinones) has been developed38 (Figure 2.12). 

 

 

Figure 2.12. General structure of 4-alkylideneazetidinones 

 

The synthesis of these compounds was achieved by a novel Lewis acid mediated reaction of 

acyldiazocompounds with 4-acetoxyazetidin-2-ones. Using this approach, C3- and C4-substituted 4-

alkylideneazetidin-2-ones were obtained depending on the starting azetidinone and Ŭ-diazocarbonyl 

compound. The products revealed a general excellent (Z) diastereoselection of the C4 double bond even 

if variable amounts of (E) isomers could be obtained depending on the nature of the C3 side chain, the 

Lewis acid, and the ɓ-lactam nitrogen protection. VT (variable temperature) NMR spectroscopic 

experiments and X-ray structural analysis of crystalline derivatives demonstrated the presence of an 

intramolecular hydrogen bond in (Z) isomers driving the stereochemical outcome of the reaction.38 

In these derivatives the carbon-carbon double bond directly linked to the azetidinone ring confers an 

increased aptitude toward ring-opening reactions by suitable enzymes. In this perspective, the C=C acts 
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as an electron-withdrawing group delocalizing the negative charge originated in the enzyme-b-lactam 

complex (Scheme 2.3). 

 

 

Scheme 2.3. Ring-opening mechanism in 4-alkylidene-azetidinones by serine-dependent enzymes 

 

Over the years several reactions of functionalizations have been studied on this type of substrates varying 

the substituents on different positions of the ring and evaluating how the structure variability could 

influence the antibacterial activity exhibited by the relative compounds.39  

Many of the newly obtained 4-alkylidene-azetidinones resulted effective in bacterial inhibition showing 

a significant potency against resistant Gram-positive pathogens.39c Some examples are reported in Figure 

2.13 together with the corresponding antibacterial activity expressed as minimum inhibitory concentration 

(MIC) in mg/L.  

 

 

Figure 2.13. 4-alkylidene-azetidinone derivatives previously reported. Relative antibacterial activities expressed as MIC in mg/L are 

reported17, 39c-e 
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Concerning the antibacterial activity, some structural features resulted particularly important for a 

valuable potency: it was observed that the 4-alkylidene function with a (Z) stereochemistry favours the 

biological activity compared to (E) stereoisomers if the nitrogen atom of the ɓ-lactam is not substituted 

(compound 1.A vs 1.B);39b only alkylidenes with (E) stereochemistry could be derivatized with a N-

thiomethyl group making the corresponding derivative more active as antibacterial (compound 1.C).40 

Several esters conjugated to the double bond have been then studied; among these different substitutions, 

the presence of a benzyl ester strongly improved the potency compared to the ethyl ester or the carboxylic 

acid17 (see compounds 1.D vs 1.E and 1.F or 1.K vs 1.L). Furthermore, it was observed that coupling a 

phenolic ester with N-methylthio-4-alkylidene-ɓ-lactams resulted in inactivation,17 hence showing the 

need to include an unsubstituted-NH atom in these compounds (see inactive compound 1.G). A study 

conducted by Marchand-Brynaert,41 aimed at determining the structural elements necessary for a ɓ-lactam 

to present inhibitory activity, showed the importance of the substituents on the C3 position of the ring for 

modulating the interaction with the specific binding site present on D,D-transpeptidases. In this regard, 

various functionalizations have been evaluated, i.e. the introduction of halogens or a protected Ŭ-

hydroxyethyl chain39c (compounds 1.A-1.F), as displayed for carbapenem derivatives. Thienamycin 

(Figure 2.14), a carbapenem antibiotic, shows indeed a broad spectrum of action against important Gram-

negative bacterial strains, exhibiting also good stability against ɓ-lactamases. These biological properties 

seem to be closely related to the presence of the hydroxyethyl chain that is probably able to prevent the 

recognition of carbapenems by ɓ-lactamases.42 

 

 
 

Figure 2.14. Thienamycin 

 

Since in recent years there has been a growing attention on plant-derived antimicrobials as an alternative 

to antibiotics, for their efficacy and low tendency in developing bacterial resistance,11 the C3 

hydroxyethyl side chain was further derivatized with some plant-derived and differently substituted 

benzoic acids 17,39c (compounds 1.G-1.L), revealing in some cases promising antibacterial activities39c 

(compounds 1.J-1.K).  

It is also worth to mention that the similar activities against both MRSA and MSSA provide evidence that 

PBP2a does not represent the biological target of these new azetidinones.17 In fact, as it was previously 

mentioned, bacterial resistance is adopted by MRSA through a modification of the ɓ-lactam antibiotics 

binding site via the synthesis of PBP2a that has low affinity for ɓ-lactams, thus not allowing the 

bactericidal action. For MSSA instead, the resistance is obtained by the production of ɓ-lactamases that 

deactivate the ɓ-lactam compound through a ring opening reaction. 

In general, the actual marketed ɓ-lactam antibiotics generally display a different activity on MRSA and 

MSSA strains, with the latter being extremely lower than the former. Therefore, the derivatives in Figure 

2.13, which show a comparable antibacterial potency between the two bacterial strains, probably act with 

an alternative mechanism that does not involve 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 evaluated,17,39e 

with the acetoxy moiety being a suitable candidate already present in some commercially available 

azetidinones commonly employed for the synthesis of ɓ-lactam derivatives (compounds 1.M and 1.O, 

Figure 2.15). 

A thiomethyl derivatization on ɓ-lactam nitrogen was performed (Figure 2.15) and the combination of N-

SMe and acetoxy group on C4 position clearly increased potency against Gram-positive bacteria over the 

corresponding -NH derivatives that were completely inactive17 (compounds 1.N and 1.P vs 1.M and 1.O, 

respectively). 

 

 

Figure 2.15. N-thiomethylated ɓ-lactam compounds previously reported. Relative antibacterial activities expressed as MIC in mg/L are 

reported17 

 

In particular, compound 1.P showed activity against MSSA, MRSA, and S. epidermidis, whereas the C3-

unsubstituted analogue 1.M showed activity against MSSA, MRSA, E. faecalis, and Gram-negative E. 

coli.17  

The synthesis and the biological evaluation as antibacterial agents of some monocyclic azetidinones with 

an alkylthio group on the ɓ-lactam nitrogen was reported for the first time by Turos and co-workers.43 

They also investigated a mechanism of action for these derivatives, which are thought to block type II 

fatty acid biosynthesis in S. aureus through an initial transfer of the N-alkylthio moiety from the nitrogen 

atom onto a cellular target. In particular, ɓ-lactam compounds should react rapidly with coenzyme A 

(CoA) to produce an alkyl-CoA mixed disulfide species, which then interferes with fatty acid 

biosynthesis.44 In this perspective the ɓ-lactams developed by Turos et al. appeared to act as prodrugs 

without any special structural features needed for the activity, other than being relatively lipophilic and 

able to serve as a leaving group during nucleophilic attack on sulphur (Scheme 2.4). 

 

Scheme 2.4. N-alkylthioazetidinones as thiomethyl-tranfer agents 

 

Another suggested mechanism arises from a possible delayed bacteriostatic effect exerted by N-thiolated 

azetidinones via inhibition of protein biosynthesis in bacteria. Therefore, the bacteriostatic activity found 
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for N-thiomethylazetidinones 1.N and 1.P could suggest a mechanism of action as thiomethylating agents 

such as that reported by Turos and colleagues.  

Finally, a small library of N-thiomethylated ɓ-lactams with an acetoxy group in C4 was armed with 

polyphenolic side chains in order to combine in one structure antioxidant and antibacterial activites as 

two synergistic pharmacological properties that could provide new promising leads useful in adverse 

clinical conditions such as those displayed in cystic fibrosis patients. 

In Figure 2.16 some examples of these compounds are reported, with the phenolic residue on the 

hydroxyethyl side chain activating the antioxidant activity, evaluated by TEAC (Trolox Equivalent 

Antioxidant Capacity) tests.39e  

 

 
 

Figure 2.16. b-lactam compounds with antibacterial and antioxidant activities previously reported. Relative MIC ranges in mg/L toward 

MRSA strains and TEAC-DPPH values expressed as mmol eq. Trolox are reported39e 

 

Among b-lactams with polyphenolic esters on 3-hydroxylethyl side-chain, compound 1.Q with a syringic 

moiety got scarce antioxidant potency, but compounds 1.R and 1.S are good antioxidants (TEAC 1.23 

and 0.98 mmol equiv. Trolox respectively). Nevertheless, all derivatives displayed a discrete, but not 

excellent, antibacterial activity against MRSA strains (MICs range 16-128 mg/L or 32-128 mg/L).39e  

As a general trend, to activate the antioxidant potency of the tested 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 phenyl 

ring considerably improved the activity.39d  

It is then important to highlight that in this class of monocyclic ɓ-lactam derivatives the antibacterial 

potency is mainly activated by the presence of a good electron-withdrawing group on the C4 position of 

the ring such as 4-alkylidene- or 4-acetoxy moieties. Whenever such substituents were absent, as in 

compounds 1.T and 1.U (Figure 2.17), the antibacterial potency was completely lost.45  

 

 

Figure 2.17. b-lactam compounds with unfunctionalized C4 position 
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2.6 Dual active antibacterial-antioxidant ɓ-lactams 
 

As part of an ongoing project on the synthesis of dual-target monocyclic ɓ-lactams, specifically designed 

to address resistant bacterial strains and to have antioxidant activities, we broadened the scope of the 

previously reported studies39 by functionalizing the antibacterial core of 4-alkylidene-azetidinones with 

different polyphenolic moieties for efficiently combining in one structure both antioxidant and 

antibacterial activities (Chart 2.1).46 

In designing the novel derivatives, some structural features that resulted particularly important for a 

valuable antibacterial potency were inserted on the azetidinone, i.e. the alkylidene function with a (Z) 

stereochemistry, a benzyl ester on C4 position and the presence of an unsubstituted-NH group. Starting 

from this scaffold, different polyphenolic moieties from some plant-derived benzoic acids were inserted 

on C3 position. Moreover, since polyphenol-substituted ɓ-lactams presented a decreased antioxidant 

activity if compared with their corresponding polyhydroxybenzoates,39d we considered that an extension 

of the side chain linking the phenolic aromatic ring to the rest of the structure might provide a greater 

exposure of the phenolic OH residues, modulating the antioxidant activity without disturbing the 

antibacterial potency. Relying on the commonly occurring structures in natural polyphenols, we identified 

the C6-C3 leitmotiv of hydroxycinnamic acids (such as coumaric, caffeic, ferulic, or sinapic) as promising 

group.47 Hydroxycinnamic acids have in fact been described as chain-breaking antioxidants acting 

through radical scavenging activity that is related to their hydrogen or electron donating capacity and to 

the ability to delocalize/stabilize the resulting phenoxyl radical within their structure. In the study of the 

phenol-protection strategy, we also considered the methylenedioxy moiety, present in many natural 

products, as an interesting substructure to be held in the target compounds for evaluating its antibacterial 

activity (Chart 2.1).  

 

 

Chart 2.1. Novel ɓ-lactam derivatives 1.a-j  designed to have a dual antibacterial-antioxidant activity 
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2.6.1. Synthesis of azetidinones 

All target compounds were prepared according to a convergent synthetic strategy that comprised the 

preparation of the 3-hydroxyethyl-4-alkylidene ɓ-lactam A, obtained with a two-step protocol starting 

from the commercially available (3R,4R)-4-acetoxy-3-[(1R)-1-(tert-

butyldimethylsilyloxy)ethyl]azetidin-2-one 1.O and benzyl diazoacetate,38 and a following -OTBS group 

deprotection in acidic conditions. The esterification of alcohol A with polyphenolic acids duly protected 

on the -OH groups yielded the target compounds after phenols deprotection, when required (Scheme 2.5). 

 

 

Scheme 2.5. Convergent synthesis of new 4-alkylidene-ɓ-lactams with polyphenolic residues 

 

The O-protected aryl acids were in turn prepared from their corresponding methyl esters exploiting a 

phenolic oxygen protection with chloromethylethylether (EOMCl) followed by alkaline hydrolysis 

(Scheme 2.6), according to what previously optimized for the O-protected caffeic acid 3.h.39e 

 

 

Scheme 2.6. Synthesis of O-protected phenolic acids 3.c-d, 3.f-g, and 3.i-j . Reagents and conditions: a) NaH, EOMCl, THF, 0 °C to rt, 2 

h; b) NaOH 5 M, THF/CH3OH 1:1, 40 °C, 4 h. Yields of isolated products are reported in brackets 

 

The EOM ether turned out to be an effective protecting group that can be easily inserted, and selectively 

removed at late stage of the synthesis with a mild procedure without damaging the ɓ-lactam ring in final 

compounds. The dioxymethylene group was inserted on suitable methyl esters (i.e. 2,3-dihydroxy-
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methyl-benzoate, 3,4-dihydroxy-methyl-benzoate and (E)-methyl 3-(3,4-dihydroxyphenyl)acrylate) with 

diiodomethane and potassium carbonate according to a procedure reported by Alam et al. (Scheme 2.7).48 
 

 

Scheme 2.7. Synthesis of methylenedioxy-protected acids 3.a,b,e. Reagents and conditions: a) CH2I2, K2CO3, DMF, 110 °C, 5 h; b) NaOH 

5 M, THF/CH3OH 1:1, 40 °C, 4 h. Yields of isolated products are reported in brackets 

 

The 3-hydroxyethyl side chain of ɓ-lactam A was then derivatized as phenolic or polyphenolic aromatic 

ester with the appropriate O-protected acid 3.a-j  by treatment with N,Nô-dicyclohexylcarbodiimide 

(DCC) and a catalytic amount of 4-dimethylaminopyridine (DMAP) in dichloromethane (Scheme 2.8) 

according to the well-known Steglich esterification.49 Yields were slightly affected by this step probably 

for the steric hindrance of the secondary alcohol group of intermediate A that could obstruct the 

nucleophilic attack on the acid-DCC adduct.  

Esters 4.c, 4.d, and 4.f-j  were finally treated with trifluoroacetic acid (TFA) to eliminate the EOM 

protection39e and afford the target ɓ-lactams 1.c, 1.d, and 1.f-j in quantitative yields (Scheme 2.8). 

 

 

Scheme 2.8. Synthesis of target compounds 1.a-j . Reagents and conditions: a) DCC, DMAP, CH2Cl2, 0 °C then rt, 16 h; b) CF3COOH, 

CH2Cl2, 0 °C then rt. Yields of isolated compounds are reported in brackets 

 

2.6.2 Antibacterial activity 

(in collaboration with Prof. C. E. A. Cocuzza and Dr. R. Musumeci, University of Milano) 

 

Antibacterial activity screening of compounds 1.a-j  was carried out against recent, well -characterized 

clinical isolates. Most of the bacterial strains were specifically selected to exhibit a multidrug-resistant 

phenotype against penicillins/cephalosporins, linezolid, or vancomycin. Antimicrobial activities of the 
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compounds are listed in Table 2.1, with potency being shown as minimum inhibitory concentration values 

(MICs) expressed in mg/L. Only MIC values equal to or less than 128 mg/L against corresponding 

bacterial species were reported as remarkable activities. Values ranging from 1-8 mg/L are to be 

considered very good and were highlighted in bold. Commercially available vancomycin (VA) and 

cefuroxime (FUR) were used as reference compounds (see Table 2.1).  

The in vitro antimicrobial susceptibility analysis indicated antibacterial activity only against Gram-

positive bacteria, while none of the tested compounds exhibited an appreciable antibacterial effect against 

studied Gram-negative bacteria (results not included in Table 2.1). However, the lack of activity of the 

tested compounds against Gram-negative bacteria confirmed a general trend of this class of monocyclic 

azetidinones as previously observed.17,39c,e This inefficiency could be due to a reduced uptake through the 

outer membrane of Gram-negative bacteria, and unfortunately, the presence of a cathecol moiety was not 

sufficient to allow bacterial cell penetration via the siderophore receptors of Gram-negative bacteria.50 

Another reason could find place in a possible deactivation mediated by ɓ-lactamases in the periplasmic 

space between outer and cytoplasmic membranes. 

Table 2.1 Antibacterial activity of new ɓ-lactam derivatives 1.a-j . Results are expressed as MIC values (mg/L) for compounds 1a-j , 

vancomycin (VA) and cefuroxime (FUR) as reference compounds 

Organism ID 1.a 1.b 1.c 1.d 1.e 1.f 1.g 1.h 1.i 1.j  VA FUR 

S. aureus ATCC 29213 2 16 2 16 >128 8 2 >128 4 >128 0.5 2 

S. aureus SAU-1 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. hominis Ŭ26 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. epidermidis 3226 8 >128 >128 16 >128 8 >128 >128 8 >128 1 0.5 

E. faecalis ATCC 29212 >128 >128 >128 128 >128 >128 >128 >128 >128 >128 2 >128 

E. faecalis 4150 >128 >128 >128 128 >128 64 >128 >128 8 >128 0.25 >128 

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

 

Notably, compounds 1.a, 1.f, and 1.i produced significant antibacterial activities against the tested Gram-

positive bacteria grouped in staphylococci with excellent MIC values between 2 and 8 mg/L. Other 

compounds, such as 1.b, 1.c, 1.g, and 1.j showed a selective activity towards some S. aureus and S. 

hominis resistant strains with MICs ranging from 1 to 16 mg/L. Compound 1.g showed the most 

promising activity against strains of S. aureus ATCC 29213, S. aureus SAU-1, and S. hominis Ŭ26, the 

latter two characterized by an extensive condition of multidrug resistance and high resistance to linezolid 

(MIC values 2, 1, and 2 mg/L, respectively). It is noteworthy that against S. aureus SAU-1 1.g was as 

active as vancomycin, whereas cefuroxime, a second-generation cephalosporin, was completely inactive.  
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Among the three methylenedioxy-derivatives, whilst 1.e was found completely inactive, 1.a showed a 

good and broad activity and 1.b with an oxygen atom at ortho position of the aromatic ring resulted in a 

selective activity against S. aureus ATCC 29213 and S. aureus SAU-1. The association of ortho 

substitution and selectivity was observed also comparing para-substituted 1.f (broad activity) and ortho 

substituted 1.g (more selective). The cathecol- and caffeoyl-derivatives 1.d and 1.h possessing two vicinal 

OH groups were less or no active, whereas monomethylether 1.i recovered an appreciable potency, as 

well as the coumaroyl derivative 1.f (against staphylococci MICs = 4-8 mg/L). Relying on the cinnamyl 

series, the most and the less lipophilic compounds 1.e and 1.h were both inactive, whereas compounds 

with an intermediate lipophilicity 1.f, 1.g, 1.i, and 1.j  showed good activities. Notably, only compounds 

1.f and 1.i showed some potency against E. faecalis strain (MIC values = 64 and 8 mg/L, respectively), 

while all other compounds exhibited an exclusively anti-staphylococcal activity. 

 

2.6.3 Antioxidant activity 

(in collaboration with Prof. G. Sacchetti, University of Ferrara) 

 

Antioxidant activity determination based on different approaches was carried out with the objective to 

ensure a better comparison of the results and cover a wider range of possible applications for the novel 

molecules. Therefore, the ɓ-lactam derivatives were subjected to TEAC (Trolox® equivalent antioxidant 

capacity) assay, based on the ability of the compounds to scavenge the DPPH (2,2-diphenyl-1-

picrylhydrazyl) and ABTS (2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid)) radical cations, 

compared to the same scavenging ability of Trolox®, a water-soluble derivative of vitamin E with potent 

antioxidant properties.51 

Compounds 1.b and 1.e were not tested because the absence of OH groups precluded from antioxidant 

activity, as obtained for 1.a (Table 2.2). The presence of a single phenolic group in derivatives 1.c, 1.f, 

and 1.g was not enough to give radical-scavenging ability and values obtained for these compounds are 

not significant for antioxidant applications, even though ferulic and sinapic esters exhibited a slightly 

better activity than the others, in line with previously reported results.39d,e The best performances were 

instead recorded with compounds 1.d and 1.h with a cathecol group; in DPPH assay they displayed 

antioxidant capacity 2.6 and 1.7 times higher than that expressed by 1 mmol of Trolox®, respectively. 

Analogously, 1.d and 1.h evidenced the same outcomes with ABTS test, even if with lower values, being 

however comparable with those expressed by active antioxidant natural compounds such as ascorbic acid 

and Ŭ-tocopherol.52  
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Table 2.2 Antioxidant activity of selected new ɓ-lactam derivatives based on DPPH and ABTS assays. Results are expressed as mmol of 

Trolox Equivalent Antioxidant Capacity (TEAC) ± Standard Deviation (SD) 

Comp. TEAC-DPPH 

 

TEAC-ABTS 

1.a 0.012 ± 0.001 nd 

1.c 0.007 ± 0.001 0.010 ± 0.001 

1.d 2.590 ± 0.220 1.300 ± 0.138 

1.f 0.003 ± 0.001 0.053 ± 0.006 

1.g 0.002 ± 0.001 0.143 ± 0.015 

1.h 1.670 ± 0.178 1.030 ± 0.110 

1.i 0.142 ± 0.015 0.284 ± 0.030 

1.j  0.191 ± 0.020 0.232 ± 0.025 

                                                                        nd = not detectable 

 

As an overall result, a number of novel compounds with good antibacterial activity against staphylococci, 

particularly multidrug-resistant clinical isolates of MRSA, have been discovered, with the best candidates 

showing impressive MIC activities of 2-8 mg/L and thus selectable for further in vivo evaluations. In 

addition, among the new compounds, two derivatives with a catechol moiety on the side chain revealed a 

strong antioxidant capacity in TEAC-DPPH and TEAC-ABTS assays being significantly more active than 

Trolox®. In particular molecule 1.d displayed a considerable dual antibacterial-antioxidant activity 

(Figure 2.18), reinforcing the idea that phytochemicals moieties can be used for the development of new 

alkylidene-ɓ-lactams with a synergistic action for the potential treatment of those infections where the 

oxidative stress could increase specific resistant variants.53  

 

 

Figure 2.18. Best candidate compound 1.d with potent antibacterial and antioxidant activities. MIC ranges in mg/L toward MRSA strains 

and TEAC-DPPH value expressed as mmol eq. Trolox are reported 
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2.7 Vectorization and in vivo biodistribution of a selected 4-alkylidene-ɓ-

lactam 
 

Firstly described in 1961,54 Methicillin-resistant Staphylococcus aureus represents one of the recently re-

prioritized ñsuperbugsò by WHO for investments in new drugs.55 Known at the beginning to be 

responsible of hospital outbreaks (healthcare associated MRSA, HA-MRSA),56 it mutated in 2000s its 

epidemiology into the community-associated MRSA (CA-MRSA) and more recently it differentiated 

another epidemiological phenotype associated with livestock exposure (LA-MRSA). The treatment is 

based on vancomycin and daptomycin as first-line agents,57 but their use is not without side effects, such 

as duration-dependent nephrotoxicity, slow bacterial killing, variable tissue penetration, and selection of 

MRSA strains with intermediate or high resistance.58 

Another threat with alarming increasing rates is S. aureus colonizing the airways and causing recurrent 

respiratory infections in cystic fibrosis patients. A grave peculiarity of S. aureus isolated from CF patients 

is indeed the growth modality through the selection of small colony variants (SCVs), whose phenotype 

may carry to an intrinsic antibiotic resistance profile without evoking the host immune response.59 

Treating such conditions necessitates frequent intravenous administrations of high-dose antibiotics, but, 

even with this aggressive treatment, complete eradication of infection is hard to achieve because of 

bacteria ability to form biofilms.  

Lungs are the primary gate for respiratory infections and hence for their treatment; they are characterized 

by a large surface area and a thin epithelium layer that could improve drug absorption and efficacy.60 

Moreover, lungs are highly perfused by blood allowing faster absorption of inhaled drugs and onset of 

action. Pulmonary drug delivery systems represent an applicable alternative to both oral and parenteral 

routes of administration, since bypassing hepatic metabolism and consequently lowering the 

administrated doses could reflect in side effect reduction and drug bioavailability enhancement.61 

In light of all these considerations, we decided to consider MRSA infections in difficult environments 

such as those related to chronic CF patients and selected the already reported compound 1.K  among the 

alkylidene-azetidinone series as potentially suitable for the eradication of such complex pathogens. It was 

then further investigated its antibacterial activity against multi drug-resistant S. aureus from CF clinical 

isolates and its cytotoxicity. In addition, a formulation of this derivative in solid-lipid-nanoparticles 

(SLNs) was evaluated together with a preliminar in vivo biodistribution study of the molecule itself and 

vectorized in nanoparticles (1.K-SLN). 

2.7.1 Synthesis of azetidinones 

The synthesis of the identified lead compound 1.K was previously reported39c (see Paragraph 2.5) and 

accomplished through the procedure reported in Scheme 2.9 optimized for a gram-scale preparation 

starting from the ̡-lactam intermediate A coupled with O-EOM-syringic acid.39e The new ̡ -lactam 1.k 

was identified to be a suitable internal standard for HPLC-MS-MS analysis of ex-vivo samples. 

Compound 1.k was obtained with a synthetic procedure similar to that developed for 1.K  but starting 

from O-EOM-vanillic acid (Scheme 2.9). Briefly, O-protected syringic and vanillic acids 3.K and 3.k 

were prepared from their corresponding methyl esters exploiting a phenolic oxygen protection with 

chloromethylethylether (EOM) followed by alkaline hydrolysis. The 3-hydroxyethyl side chain of ɓ-

lactam A was then coupled 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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Scheme 2.9. Synthesis of target ɓ-lactams 1.K and 1.k. Reagents and conditions: a) NaOH 5 M, THF/CH3OH 1:1, 40 °C, 4 h; b) DCC, 

DMAP, CH2Cl2, 0 °C then rt, 16 h; c) CF3COOH, CH2Cl2, 0 °C then rt, 6 h. Yields of isolated compounds are reported in brackets 

 

2.7.2 Formulation of SLNs for the loading of the lead compound   

(in collaboration with P. Gasco, Nanovector S.r.l.) 

 

SLNs were prepared by warm micro-emulsion technique.62 Several different excipients to load compound 

1.K in solid lipid nanoparticles were tested. After a preliminar screening, formulation based on a 

tripalmitin matrix was chosen for its stability in physiological buffers and for its high drug loading 

efficiency. The final formulation of 1.K-SLN resulted in an efficient drug incorporation into the lipid 

carriers, with a final drug loading value of 7.5% (weight to weight, drug to total lipids).  

The content of compound 1.K  in 1.K-SLN was determined by HPLC-UV analysis and its morphology 

was performed by Field Emission Scanning Electron Microscopy (FESEM) in collaboration with DISAT, 

Polytechnic of Turin, Italy (data not shown). 

 

2.7.3 Cytotoxicity and antibacterial activity  

(in collaboration with Prof. C. E. A. Cocuzza and Dr. R. Musumeci, University of Milano) 

 

The potential non selective toxicity of compound 1.K  and the encapsulated 1.K-SLN  was evaluated by 

cell viability assay performed in adenocarcinoma alveolar basal epithelial cells (A549). A549 cell line 

was chosen as suitable model of respiratory system for drug toxicity and targeting studies because of its 

high degree of morphological and functional differentiation in vitro.  

Results obtained with MTT cell viability assay showed about 25% cell death of A549 treated with the 

minor dose of compound 1.K  (40 mg/L), reaching 50% of cytotoxicity with a doubled dose (80 mg/L). 

These results are similar to those obtained with the standard compound 1.k (30% cell death of A549 

treated with 80 mg/L). However, 60% cell death was reached after treatment with compound 1.k at 120 

mg/L (Figure 2.19). 
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Figure 2.19. Cytotoxicity of compounds 1.K and 1.k against A549 cells 

 

In order to evaluate the cytotoxicity of the lead compound 1.K vehiculated in SLN, A549 were treated 

with increasing concentrations (20-80 mg/L) of 1.K-SLN (Figure 2.20). In parallel, the cytotoxicity of 

SLN lipid formulation alone was analyzed, treating the cells with unloaded SLNs. 1.K-SLN showed an 

increasing cytotoxic effect reaching the LC50 at 80 mg/L, as well as compound 1.K  alone. About 20-25% 

mortality was also observed in cells treated with SLNs alone independently to lipid concentrations 

administrated, probably due to the formulation of the nanoparticles. Hence, in in vitro studies, lipid and 

surfactant composition employed to constitute SLNs might interfere with cellular viability or MTT assay. 

  

 

Figure 2.20. Cytotoxicity of compound 1.K alone (black), vehiculated 1.K-SLN (dark grey), and SLN alone (light grey) 

 

Antibacterial activity of compound 1.K  alone compared to 1.K-SLN was evaluated with 96 S. aureus 

strains isolated from 58 chronically colonized CF pediatric patients followed up by the CF Regional 

Reference Centre, Fondazione IRCCS Cà Granda, Milano during 2011 to 2014. Out of the 96 strains, 80 

(83%) were identified as methicillin-resistant (MRSA) and 16 (17%) as methicillin-susceptible (MSSA). 

None were found to be vancomycin or linezolid resistant. 

From the antibacterial tests against representative MRSA and MSSA strains, compound 1.K  exhibited a 

MIC range of 2-32 mg/L, whereas vehiculated 1.K-SLN displayed a MIC range of 2->128 mg/L, 

including really promising values of 2-32 mg/L toward most of the tested bacteria. SLN alone were found 

to not possess antibacterial activity with MIC values >128 mg/L in any case. 
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2.7.4 Preliminar in vivo activity  

(in collaboration with G. Sancini, University of Milano) 

 

Biodistribution in mice of the lead compound 1.K  in the free form and in the vehicular form 1.K-SLN 

was preliminary evaluated through intratracheal (IT) instillation on two groups of mice, as previously 

described.63 The extracts from harvested samples of lungs, brain, liver, kidney, and spleen were analyzed 

by HPLC-MS-MS in the presence of the internal standard compound 1.k having a chemical structure 

similar to that of the lead compound 1.K  but a different molecular weight. The mass spectrum can be 

used to derive quantitative information on 1.K  by comparing the peak areas of the analyte (lead compound 

1.K) and of the internal standard 1.k. The first group of 5 mice (ID 1-5) was treated with the lead in 

vehicular form (1.K-SLN), the second group of mice (ID 6-10) was treated with the lead in the free form 

(1.K) . Biodistribution was evaluated in five major organs and accumulation amounts by aerosol 

administration were obtained. The results are reported in Table 2.3 expressed in nmoles/gram of the organ 

or sampled tissue. 

 
Table 2.3. Detected concentrations of compound 1.K in homogenate samples of mice lungs, brain, liver, kidney, and spleen by HPLC-

MS-MS analyses; ID1-5 were treated with 1.K-SLN, ID6-10 were treated with 1.K in its free form 

 

ID 

(mouse) 

Weight 

(g) 

Kidney 

(nmol/g) 

Liver 

(nmol/g) 

Lungs 

(nmol/g) 

Brain 

(nmol/g) 

Spleen 

(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 tissue 1.K  was not detected or cannot be quantitatively determined. The concentrations of the 
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vehiculated and free drug detected in tissues of different animals are graphically outlined in Figure 2.21. 

The lead compound 1.K  in the free form had the high concentration in lungs, whereas in the vehiculated 

form 1.K-SLN was more concentrated in kidneys, followed by liver.  

 

 

Figure 2.21.  Biodistribution data of the lead compound in its free (1.K) and vehicular form (1.K-SLN) 

 

 

The resulting diversified data opened the possibility for the lead compound to target different organs, 

according to its diverse formulation. In its free form, 1.K was able to reach the main biological target of 

pulmonary diseases such as CF, i. e. the lungs. In the vehiculated form instead, it was possible to mainly 

reach diverse (and usually more complicated to target) organs such as kidney and liver, both constituting 

a site of dangerous and hard-to-threat infections. 

 

 

2.8 Other antibacterial alkylidene ɓ-lactams 
 

In the last two decades, significant research on natural antimicrobial peptides (AMPs) demonstrated their 

potential as therapeutic candidates,64 being essential components of the innate immune system of all 

multicellular organisms.65 A hypothesized mechanism of action involves the permeabilization of the 

bacterial cell membrane that leads to cell death.66 The selectivity of AMPs toward bacterial cells 

compared to mammalian cells is mainly due to differences in the lipid components of the respective cell 

membranes. 

This particular interaction of AMPs renders bacterial resistance difficult to streghten, giving them a strong 

advantage over conventional antibiotics.67 However, their clinical development has been hampered due 

to their toxicity, poor bioavailability and low proteolytic stability.68 This led to the development of 

synthetic mimetics of antimicrobial peptides (SMAMPs), with the aim of overcoming the problems 

associated with AMPs while maintaining the essential characteristics for antimicrobial activity.69 One of 

the major design parameters for the development of SMAMPs is facial amphiphilicity (FA), since most 

AMPs fold into amphiphilic structures when they interact with the bacterial cell membrane. Natural 

AMPs in fact commonly bear both positive and hydrophobic groups into an amphiphilic structure, with 

the positive charge constituting the driving force for the electrostatic interaction between AMPs and the 

negatively charged bacterial membrane, and the lypophilic residues facilitating the insertion into the 

hydrophobic core.65 
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The systematic structure-activity relationship (SAR) studied on SMAMPs led to the evolution of 

numerous compounds with a direct antimicrobial activity and a reduced toxicity, some of which have 

already been included in clinical development.70 As an example, Thaker et al. 71 recently reported novel 

mimetic AMP derivatives with aromatic residues of benzene or naphthalene as hydrophobic core, whereas 

the ionic character was conferred through the introduction of ethanol- or propanol-amine chains directly 

linked to aromatic residues through an ether bond (Figure 2.22). The series of aryl-based SMAMPs that 

were designed via systematic tuning of hydrophobicity and cationic charge, exhibited a strong 

antibacterial potency while being non-toxic to host cells, with increasing activities on enhancing the 

number of the cationic amine chains. 72 

 

Figure 2.22. SMAMPs derivatives with potent antibacterial activities. MIC values in mg/L toward S. aureus and E. Coli strains are 

reported 72 

 

According to these results and aiming at the development of new compounds that could overcome 

bacterial resistance phenomena and switch the selectivity also towards Gram-negative pathogens, we 

designed two novel alkylidene-azetidinone compounds functionalizing the C3 position with phenolic 

residues linked to ethyl- and propyl-amines. The rational hypothesis took in account that the new 

derivatives could mimic, as far as possible, the specific activity of AMPs on bacterial membranes. In our 

case, the amphiphilic effect could arise from the positive charges on protonated primary amine terminals 

and from the presence of two aryl portions in the molecular scaffold (on C3 and C4 position of the ring), 

which could guarantee a hydrophobic character. 

 

2.8.1 Synthesis of azetidinones 

The synthetic strategy followed for the synthesis of the new alkylidene-ɓ-lactams 1.l and 1.m consisted 

in a convergent procedure comprising a final coupling reaction between ɓ-lactam intermediate A with an 

alcoholic functionality and two different benzoic carboxylic acids 3.l and 3.m, both characterized by a 

protected amine chain of different lengths linked to a para-phenolic group (Scheme 2.10). 
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Scheme 2.10. Convergent synthesis of new 4-alkylidene-ɓ-lactams 1.l and 1.m 

 

Preparation of ɓ-lactam A was already described; aryl acids 3.l and 3.m with an amine terminal 

functionality were synthesized from p-hydroxybenzoic methyl ester whose phenolic group was 

derivatized with ethanolamine and 3-bromopropylamine duly protected on the ïNH function with a Boc 

group. In particular, coupling with N-Boc-ethanolamine was performed via Mitsunobu reaction 

conditions73  mediated by triphenylphospine and diisopropylazadicarboxylate (DIAD) to give 2.l. 

Derivative 2.m instead was gained through a Williamson reaction74 with K2CO3 in DMF between N-Boc-

3-bromopropylamine and p-hydroxybenzoic methyl ester. The final stage comprised for both compounds 

2.l and 2.m an alkaline hydrolysis to obtain the free carboxylic acids 3.l and 3.m (Scheme 2.11). 

 

  

Scheme 2.11. Synthesis of carboxylic acids 3.l and 3.m. Reagents and conditions: a) PPh3, DIAD, THF, 0 °C then rt, 3h; b) K2CO3, 

DMF/H2O 10:1, 45 °C then rt, 30 h; c) NaOH 5 M, THF/CH3OH 1:1, 40 °C, 4 h. Yields of isolated products are reported in brackets 

 

The synthesized NH-protected benzoic acids 3.l and 3.m were then coupled with ɓ-lactam A through the 

already described Steglich esterification. Also in this case the resulting esters 4.l and 4.m were subjected 

to a deprotection reaction mediated by trifluoroacetic acid to eliminate the Boc group on the amine 

terminus and to afford the target ɓ-lactams 1.l and 1.m in quantitative yields (Scheme 2.12).  
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Scheme 2.12. Synthesis of target compounds 1.l and 1.m. Reagents and conditions: a) DCC, DMAP, CH2Cl2, 0 °C then rt, 16 h; b) 

CF3COOH, CH2Cl2, 0 °C then rt, 6 h. Yields of isolated compounds are reported in brackets 

 

 

2.8.2 Antibacterial activity 

(in collaboration with Prof. C. E. A. Cocuzza and Dr. R. Musumeci, University of Milano) 

 

Antibacterial activity tests of the new alkylidene-azetidinones 1.l and 1.m were performed against recent 

clinical isolates. Also in this case the bacterial strains are well-known for exhibiting a multidrug-resistant 

phenotype against penicillins/cephalosporins, linezolid, or vancomycin. Antimicrobial activities of the 

compounds are listed in Table 2.4 expressed as MICs in mg/L. Unfortunately, the insertion of a protonated 

amine terminus on the new derivatives was not able to furnish any appreciable antimicrobial activity 

against Gram-negative bacterial strains (data not shown). Nevertheless, a strong antibacterial potency was 

detected against various S. aureus and S. epidermidis resistant strains with MIC values ranging from 4 to 

32 mg/L and from 8 to 16 mg/L, respectively. In general, the presence of a longer amine side chain in 

compound 1.m was found to slightly improve the potency against the tested bacteria compared to 1.l. 
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Table 2.4. Antibacterial activity of new ɓ-lactam derivatives 1.l and 1.m. Results are expressed as MIC values (mg/L) for compounds 1.l 

and 1.m, vancomycin (VA) and cefuroxime (FUR) as reference compounds 

Organism ID 1.l 1.m VA FUR 

S. aureus ATCC 29213 128 16 0.5 2 

S. aureus FM80 32 32 1 >128 

S. aureus 44674 8 4 4 8 

S. aureus 69856 4 4 0.5 1 

S. hominis Ŭ26 128 >128 1 8 

S. epidermidis G1027 16 16 2 32 

S. epidermidis 3226 16 8 1 0.5 

E. faecalis ATCC 29212 >128 >128 2 >128 

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

 

 

2.9 Carbamate ɓ-lactams 
 

Searching for novel derivatives with antibacterial potency, we decided to insert a carbamate moiety on 4-

alkylidene-ɓ-lactam structure for exploring the effect of this new functional group on biological activity.75  

This choice reflects the properties of organic carbamates, which have frequently been employed as 

pharmaceuticals, such as, for instance, linezolid in the class of oxazolidinone antibiotics (Figure 2.23).76 

In recent years, several reports indicated that the carbamate linkage present in between the active 

pharmacophores of various synthetic or semisynthetic molecules increased their biological activities.77 

For instance, Stephen et al. recently described some analogues of ethyl-N-(2-phenethyl) carbamate as 

biofilm inhibitors of methicillin-resistant S. aureus strains.78 Moreover, considering bicyclic ɓ-lactams, 

Yoshizawa et al. reported for some cephalosporins with a carbamate derivatization on a pyridine group 

(Figure 2.23a) an enhanced antibacterial activity against resistant strains of MRSA and Pseudomonas 

aeruginosa compared to the underivatized analogue (Figure 2.23b). 79  A further example of 

cephalosphorin functionalization with a linezolid-like moiety was given by Yan et al. that obtained some 

cephalosporin-oxazolidinone conjugates linked by a carbamate function (Figure 2.23c). The new 

derivatives showed an antimicrobial activity that was comparable to that exhibited for cephalosphorin and 

oxazolidinone alone, but meanwhile displayed an enhanced resistance against ɓ-lactamases.80 
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Figure 2.23. Cephalosphorin-analogues with antibacterial activities. Structure of antibiotic Linezolid is also reported79,80 

 

For the development of this project we designed and synthesized 21 novel molecules bearing an aryl, 

benzyl, or phenethyl-carbamate moiety on C3 position of the ɓ-lactam ring, and also included in the new 

library two carbamates armed with a linezolid-like molecular fragment (Chart 2.2). 

 

 
Chart 2.2. New ɓ-lactam carbamate derivatives 5.a-u 

 

2.9.1 Synthesis of azetidinones 

The synthesis of the new carbamate library was carried out exploiting the reaction between alcohols 

and isocyanates81 and developed starting from ɓ-lactam A as common precursor, whose synthesis has 

already been described. For the development of a suitable method tailored for 4-alkylidene-ɓ-lactams, 
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we chose the condensation between the commercially available N-benzylisocyanate 6.a and 

alkylidene azetidinone A as model reaction (Table 2.5). Initially, a base-mediated reaction in CH2Cl2 

or acetonitrile (entries 1-4) was investigated,79 but potassium carbonate, triethylamine, or 4-

dimethylaminopyridine gave a mixture of several products in the crude.39b After liquid 

chromatography, carbamate 5.a was obtained only with DMAP as catalyst in very low yields (entry 

4). On the other hand, the uncatalyzed reaction did not proceed at all (entry 5). Then we attempted 

neat reaction conditions simply by mixing azetidinone A with the liquid isocyanate 6.a in the absence 

of any catalyst or solvent. In this case the reaction was very slow but selective and no by-products 

were detected. However, conversions were not complete and consequently, yields of 5.a were poor 

even on increasing the isocyanate equivalents (entries 6-8). However, encouraging results were 

obtained on enhancing the reaction temperature or under microwave (MW) irradiation82 (entries 8-

10). With MW a better result was obtained under a solvent-free condition rather than with 

chlorobenzene as a solvent (entries 9-10).  

Table 2.5. Study of the reaction conditions for the synthesis of 5.a 

 

Entry  Solvent 6.a (equiv) Catalyst (equiv) T (°C) Time (h) Yield (%)  

1 CH3CN 1.2 K2CO3(1.5) rt 3 - 

2 CH2Cl2 1.2 TEA (1.5) rt 3 traces 

3 CH2Cl2 1.2 TEA (1.5) rt 16 traces 

4 CH2Cl2 1.5 DMAP(0.1) rt 3 8 

5 CH2Cl2 1.5 - rt 6 traces 

6 - 1.5 - rt 19 23 

7 - 2.5 - rt 20 25 

8 - 1.5 - 40 7 50 

9 - 1.5 - MW 400W 40 min 56 

10 PhCl 1.5 - MW 400W 40 min 38 

11 CH2Cl2 1.1 Ti(OBu)4 (0.1) rt 20 20 

12 CH2Cl2 1.5 Ti(OBu)4 (0.1) rt 20 28 

13 CH2Cl2 1.1 TiCl4 (0.1) rt 19 16 

14 CH2Cl2 1.1 TiCl4 (0.1) rt 72 50 

15 CH2Cl2 1.5 TiCl4 (0.1) rt 20 35 

16 CH2Cl2 2 TiCl4 (0.1) rt 20 56 

17 CH2Cl2 1.5 TiCl4 (0.1) 40 6 91 

18 CH2Cl2 1.5 HCl (0.1) rt 20 27 
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The MW methodology was exploited with other two commercially available isocyanates, phenyl 

isocyanate 6.b and o-tolyl isocyanate 6.c, for giving the corresponding carbamates 5.b and 5.c that 

were successfully isolated in acceptable yields after flash-chromatography (Scheme 2.13). 

 

Scheme 2.13. Synthesis of ɓ-lactam carbamates 5.b and 5.c. Reagents and conditions: a) MW 400 W, neat, 40 min. Yields of isolated 

compounds are reported in brackets 

 

Since Feledziak et al. used Ti(OBu)4 and isocyanates for inserting a carbamate group on the C3-

hydroxyethyl chain of N-acylated ɓ-lactams,83 the synthesis of 5.a was evaluated under acid catalysis 

conditions (entries 11-18). Nevertheless, Ti(OBu)4 was not satisfying on 4-alkylidene-ɓ-lactams 

(entries 11-12), because of the formation of considerable amounts of the corresponding benzyl 

butoxycarbamate as by-product. The use of TiCl4 gave better results instead (entries 13-17), and with 

1.5 equivalents of isocyanate in CH2Cl2 at reflux temperature (entry 17) target compound 5.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 HCl 12M as catalyst was attempted (entry 18), 

but it resulted much less efficient than TiCl4. 

With the optimized conditions in hand, the scope of the reaction was then investigated. Since many 

aryl- or benzyl-isocyanates are not commercially available, we developed a method which allowed 

to synthesize isocyanates in situ starting from the corresponding amines, triphosgene, and TEA in 

dichloromethane (Scheme 2.14). In all cases the formation of isocyanates was confirmed through FT-

IR analysis by monitoring the intensity of the characteristic N=C=O stretching absorption at around 

2270 cm-1. The freshly prepared isocyanates were immediately reacted with alcohol A and TiCl4 in 

dichloromethane to yield the desired ɓ-lactam carbamates with generally good yields. 

 

Scheme 2.14. Synthesis of ɓ-lactam carbamates 5.d-t. Reagents and conditions: a) triphosgene, TEA, CH2Cl2, 0 °C then reflux, 3h; 

b) A, TiCl4 (10 mol%), CH2Cl2, rt, 18 h. Range of yields of isolated compounds are reported in brackets 

 

This method was applied to a series of commercially available anilines, benzylamines, and 

phenethylamines, except for linezolid-like amines 7.h and 7.p that were synthetized according to 

procedures reported in literature84 (Scheme 2.15).  
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Scheme 2.15. Synthesis of amines 7.h and 7.p. Reagents and conditions: a) DMSO, 75 °C, 2 h; b) H2, Pd/C, CH3OH, rt, 2 h; c) 

K2CO3, DMSO, 90 °C, 3 h; d) Red-Al, THF, 0 °C to rt, 3 h. Yields of isolated compounds are reported in brackets 

 

Amine 7.u was instead prepared in three steps starting from 4-aminobenzylamine after a careful 

strategy of protecting groups insertion.85 In case of the corresponding carbamate 8.u, the N-Boc 

protection was easily removed in the last synthetic step obtaining 5.u in very good isolated yields 

(Scheme 2.16). 

 

 

Scheme 2.16. Synthesis of ɓ-lactam carbamate 5.u. Reagents and conditions: a) triphosgene, TEA, CH2Cl2, 0 °C then reflux, 3 h; b) 

A, TiCl4 (10 mol%), CH2Cl2, rt, 18 h; c) TFA, CH2Cl2, 0 °C then rt. Yields of isolated compounds are reported in brackets 

 

2.9.2 Antibacterial activity 

(in collaboration with Prof. C. E. A. Cocuzza and Dr. R. Musumeci, University of Milano) 

 

Antibacterial activity screening of compounds 5.a-u was carried out against recent, well-

characterized clinical isolates. Gram-positive and Gram-negative bacterial pathogens used for the in 

vitro antimicrobial susceptibility testing included: Staphylococcus aureus, Staphylococcus hominis, 

Staphylococcus epidermidis, Enterococcus faecalis and Enterococcus faecium as Gram-positive 
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species, Klebsiella pneumoniae, Pseudomonas aeruginosa, and Escherichia coli as Gram-negative 

species, respectively. Some bacterial strains were expressly selected to exhibit a multidrug-resistant 

phenotype against amoxicillin, linezolid, or vancomycin. Antimicrobial activities of the compounds 

are listed in Table 2.6, with potency being expressed as minimum inhibitory concentration values 

(MICs) in mg/L. Only compounds demonstrating MIC values equal to or less than 128 mg/L against 

corresponding bacterial species were reported.  

 
Table 2.6. Antimicrobial activity for new carbamate azetidinones 5.a-u. Results are expressed as MIC values (mg/L) for compounds 

5.a-u, 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 SAU-1 G1027 Ŭ26 ATCC 

29212 

VRE2 

5.a 16 16 8 8 32 8 >128 >128 

5.e >128 >128 >128 >128 >128 >128 >128 32 

5.i >128 >128 >128 >128 128 8 >128 >128 

5.j  128 64 32 128 64 8 >128 >128 

5.k >128 128 128 >128 128 16 >128 >128 

5.l 32 32 32 64 16 4 >128 >128 

5.m >128 >128 >128 >128 128 16 >128 >128 

5.n >128 >128 >128 >128 >128 16 >128 >128 

5.o >128 >128 >128 >128 128 8\16 >128 >128 

5.p 32 >128 >128 32 >128 16 >128 >128 

5.q 128 64 64 128 64 16 >128 >128 

5.r  32 >128 >128 16 >128 32 >128 >128 

5.s 2 >128 >128 8 >128 >128 >128 >128 

5.t 32 >128 >128 4 >128 8 >128 >128 

5.u 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 case, antibacterial potency was observed only against Gram-positive bacteria, while none 

of the tested compounds exhibited significant activities against Gram-negative strains (data not 

shown). Promising potency against Gram-positive pathogens was observed for benzyl- and 

phenethyl-carbamates, whereas no activity was detected for aniline-carbamates (data not shown). In 

particular, compounds 5.a and 5.u with a benzyl-carbamate residue showed interesting and broad 

activities over the staphylococcal strains tested, especially for the resistant strains S. aureus 44674 

and SAU-1 (MICs = 8 mg/L). Moreover, 5.u demonstrated the best antimicrobial activity against the 
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multidrug resistant S. hominis Ŭ26 strain showing a MIC value of 2 mg/L. Among alkoxy-benzyl 

carbamates only compound 5.l retained some antibacterial activity against S. aureus (MICs = 32-64 

mg/L), whereas it showed potency against S. hominis (MIC = 4 mg/L). Chloro- and fluoro-aryl-

substituents lost activity, pointing out a requirement for an electron rich aryl fragment on the 

benzylamine. Between the compounds with a linezolid-like chain anchored on azetidinones, 5.h, 

belonging to the group of aniline-carbamates, was inactive, while 5.p showed some potency against 

S. aureus and S. hominis with MIC = 32 and 16 mg/L, respectively. 

As a general trend, the amine fragment of the carbamate considerably impacted on the antibacterial 

activity: only benzylamine or phenethylamine residues showed potency. A loss of flexibility of an 

aniline-carbamate compared with a benzyl- or phenethyl-carbamate could be an explanation for this 

general observation. This argument was supported also by considering the low potency of 5.k bearing 

a more steric demanding Ŭ-methyl-benzyl-carbamate and, consequently, a minor flexibility. On 

extending the chain length between the aryl fragment and the carbamate functional group, as in 

compounds 5.s and 5.t, the activity became more selective against S. aureus strains and with a more 

than valuable potency (MIC = 2 mg/L  and 4 mg/L respectively). Notably, 5.s and 5.t are more active 

than cefuroxime and linezolid against S. aureus SAU-1, a strain characterized by a MRSA phenotype 

responsible of resistance to cefuroxime; in addition compounds 5.a, 5.i, 5.j , 5.l, 5.t and 5.u resulted 

more active than linezolid against S. hominis Ŭ26, another strain possessing an important multidrug 

resistant (MDR) phenotype and resistant to linezolid.  

The working hypothesis on the different activities of benzyl-carbamate vs aniline-carbamate due to 

different conformations was tentatively investigated by NOESY experiments on compounds 5.d and 

5.j , chosen for a well-differentiated resonance pattern in the aromatic region. The observed NOE 

contacts for the two molecules are depicted in Figure 2.24. Azetidinone 5.d showed few contacts 

involving exclusively the two -NH groups. On the contrary 5.j  significantly showed more contacts, 

in particular between the benzyl ester fragment and the p-OMe-benzyl carbamate. This data could 

suggest a different spatial arrangement between the two compounds: 5.j  seemed 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 carbamate in 5.d seemed to prevent this possibility. 

 

Figure 2.24. Structures of azetidinones 5.d and 5.j . Dashed red lines indicate the available NOEs. Contacts at a distance less than 

four bonds were omitted 
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2.10 b-lactam based antibacterial biomaterials 
 

2.10.1 Biomaterials and hydroxyapatite (HA) 

 

A biomaterial is defined as a substance or a combination of substances 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, in order to verify, beyond the 

chemico-physical and mechanical properties, their applications in the biomedical field. From a 

technological point of view, an ideal biomaterial should have an excellent chemical stability, 

biocompatibility and biodegradability, absence of toxic/carcinogenic elements and the possibility of 

being repeatedly sterilized without degradation. 

Novel biomaterials86 could basically arise from: 

a) Materials of biological origin. Materials included in this area can be divided into soft tissues-

materials (animal valve prostheses), hard tissues-materials (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.87 Currently, polymeric materials are used in ophthalmology (contact lenses 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 calcium phosphates. 

c) Synthetic production of materials identical to biological materials. This field is still largely in 

research and experimentation phase; an example is constituted by artificial skin. 

d) Regeneration of biological materials. A possible solution to 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 in the number of age-

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 about 10%, a number which will significantly increase in the 

next future due to the continuous aging of the population.88 Aseptic loosening and infections represent 

the main causes of implant failure, and although surgical techniques and prophylactic systemic 

antibiotic therapy have significantly reduced infections, bacterial colonization of implants and 

medical devices is still a major problem. After colonization, bacteria may adhere to the surface of the 

bone or to the orthopedic implant producing a self-protective biofilm, which exhibits remarkable 

resistance against adverse agents, such as the host immune system and antibiotics.89 This is also 

obviously due to the intensive use of antibiotics, which has provoked bacterial resistance to many 

antimicrobial agents,90 but on the other hand the systemic administration of very potent antibiotics 

can provoke irreversible damages to other organs.91 

The mentioned problem of prosthesis bacterial colonization, which often requires removal of the 

infected implant, has prompted a number of studies aimed to design and develop antimicrobial surface 

coatings and biomaterials through functionalization with antibiotics. Most antibacterial agents, such 

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

the antimicrobial resistance of coatings containing classical antibiotics depends on the activity of the 
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drug on resistant strains and on its side-effects.92 The development of biomaterials able to act against 

a wide range of bacteria, including antibiotic resistant bacteria, is therefore of great importance.  

Due to their excellent biocompatibility and bioactivity, calcium orthophosphates are widely used for 

the preparation of biomaterials for hard tissues substitution and repair, including coatings for metallic 

implants, bone cements and scaffolds for regenerative medicine.93 To this aim, the most employed 

calcium phosphate is hydroxyapatite (HA), thanks to its similarity to the inorganic phase of bones. 

Hydroxyapatite is a naturally occurring mineral form of calcium apatite (Ca5(PO4)3(OH)), usually 

written as Ca10(PO4)6(OH)2 to denote that the crystal unit cell comprises two entities. HA is 

considered a bioactive, osteo conductive, non toxic and non immunogenic substance since it forms a 

strong chemical bond with bone tissue, being hence recognized as a good bone graft material. The 

biological performances of HA can be improved through functionalization with relevant ions and 

molecules.94 In particular, HA functionalized with silver nanoparticles, or doped with silver, copper 

and zinc ions has been reported to display antibacterial activity towards Gram-positive and Gram-

negative bacteria.95 HA has been also proposed as support for classical antibiotics 96 in order to obtain 

antibacterial materials without possible allergic reactions, due to the presence of metal ions.  

 

According to this, we explored the possibility to functionalize hydroxyapatite nanocrystals with some 

antibacterial b-lactam compounds with the aim to get new composite materials able to couple the 

bioactivity of HA with the antimicrobial properties of azetidinones, with relevance against resistant 

bacteria.97  

 

2.10.2 Synthesis of azetidinones 

 

Since the efficacy against methicillin resistant Staphylococcus aureus of selected azetidinones with 

an alkylthio-group on the b-lactam nitrogen has been recently reported39e (see Paragraph 2.5), we 

synthesized a series of new monocyclic N-thio-substituted b-lactams and studied their loading on 

hydroxyapatite (Chart 2.3). We chose azetidinones 1.M and 1.O as models for N-unsubstituted (-NH) 

compounds, N-methylthio-azetidinones (N-SCH3) 1.N and 1.P because they previously showed an 

interesting antibacterial activity against resistant strains,17 and N-phenylthio-azetidinones (N-SPh) 

1.V and 1.W as de novo compounds with an enhanced lipophilic character. It is important to highlight 

that the OTBS-hydroxyethyl side chain conferred a stronger lipophilic character to 1.O, 1.P, and 1.W 

compared to 1.M, 1.N, and 1.V.  

 

 

Chart 2.3. b-lactams loaded on HA nanocrystals 

https://en.wikipedia.org/wiki/Mineral
https://en.wikipedia.org/wiki/Apatite
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Azetidinones 1.M and 1.O are commercially available, the other compounds were synthesized 

according to the procedure depicted in Scheme 2.17. Contrary to what previously reported,17 a new 

optimized N-thiolation procedure was developed using dimethyl- or diphenyl-disulfide in the 

presence of thionyl chloride and triethylamine in dichloromethane at reflux. These milder reaction 

conditions allowed to isolate the target compounds after purifications by flash-chromatography from 

good to very good isolated yields. 

 

 

Scheme 2.17. Synthesis of N-thiosubstituted ɓ-lactams 1.N,P,V,W. Reagents and conditions: a) RôS-SR, SO2Cl2, TEA, CH2Cl2, 0 °C 

then reflux, 4 h. Yields of isolated compounds are reported in brackets 

  

2.10.3 Loading of azetidinones on HA 

Nanocrystalline HA used as adsorption substrate in this study was synthesized as previously 

reported98 in a well-crystallized single phase (cell parameters a= 9.428(2)Å, c= 6.881(1)Å, Ca/P = 

1.66, Surface Area= 55 ± 5 m2/g) with nanocrystals exhibiting mean dimensions of about 200 x 40 

nm. The synthesized HA is closer to bone mineral in crystal size and morphology and has been 

previously shown to promote osteoblast proliferation and differentiation.99  Moreover, these 

nanocrystals have been demonstrated to stimulate endothelial cell functions and biochemical 

pathways, suggesting that they could be successfully employed to promote angiogenesis, and in turn 

to rouse appropriate osteogenesis.100 

The adsorption study of azetidinones on HA nanocrystals was performed at first on compounds 1.M-

P chosen as models differentiated for polarity and solubility, and conducted in H2O or H2O/organic 

solvent 1:1 mixtures to study the effect of medium. Loading processes were set up in a parallel-

synthesis: briefly, HA nanoparticles were suspended in the medium and warmed to 40 °C under 

magnetic stirring. Azetidinone was then added to the suspension which was heated up to 70 °C. After 

4 hours the mixture was centrifugated: the solid functionalized HA-material was oven dried before 

the analyses, the supernatant aqueous solutions instead were collected and extracted with 

dichloromethane (DCM). The aqueous and organic phases were separately evaporated and analyzed 

to quantify the amount of unloaded azetidinones in the two layers. Results are expressed in Figure 

2.25 as loading efficiency % back-calculated from the added up residues obtained in DCM and H2O 

in comparison with the amount of azetidinones in the loading solution by means of the equation:  

ὒὉ
! Ò× Ò$#-

!
ρzππ 

where: LE = loading efficiency %; A = amount (g) of azetidinone in the loading 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. Compound 1.M was 

efficiently loaded (90%) with H2O/ethanol or H2O/THF 1:1 mixtures, whereas 1.N was loaded at a 

maximum of 56% efficiency in THF or in H2O/acetone and H2O/CH3CN mixtures. Compound 1.O 

was efficiently loaded in H2O, THF, or in aqueous mixtures as H2O/CH3CN and H2O/acetone; also 

1.P was more efficiently loaded in water or aqueous mixtures. The mixture H2O/acetonitrile was 

chosen as standard solvent to load b-lactams 1.N and 1.P despite the good efficiency obtained also 

with H2O/acetone, in order to avoid the possible formation of autocondensation products of acetone 

promoted by HA.101 Also the more lipophilic azetidinones 1.V and 1.W were loaded in H2O/CH3CN 

mixture with good efficiencies, i.e. 88% and 84%, respectively (Figure 2.25).  

 

 

 

Figure 2.25. Medium effect on loading of azetidinones 1.M-P on HA. Loading efficiency% (grey), azetidinone residue in DCM 

(white) and in the aqueous layer (blue) are reported 

 

The dependence on concentration and on polarity of the loading solution was investigated on the 

antibacterial azetidinones 1.N, 1.P and 1.V. Determination of the amount of the azetidinone loaded 

on HA was assessed by thermogravimetric analysis (TGA) on the dried 1.N-HA , 1.P-HA , and 1.V-

HA samples and data are reported in Table 2.7. The loading of 1.N on HA was higher at 0.14 M (9.5 

wt%, entry 1), as indicated by TGA measurement of the corresponding 1.N-HA sample, but from 

0.11 M to 0.06 M it remained almost constant (5.9-5.3 wt%, entries 2-4). Azetidinone 1.V showed a 

similar behavior with a 12.7 wt% loading at 0.15 M (entry 6) and 8.5-8.9 wt% at 0.11 and 0.06 M, 

respectively (entries 7-8). On the contrary, the loading of 1.P was nearly independent from 

concentration (5.8-4.8 wt%, entries 10-13).  

Variation of the medium polarity was obtained by changing the composition of H2O/acetonitrile 

mixtures in the loading solution. The loading was less affected by the medium polarity for the most 
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hydrophilic azetidinone 1.N, which was found to range from 9.5 wt% in a 1:1 mixture of H2O/CH3CN 

to 10 wt% in a 7:1 ratio (entries 1 and 5). The loading was instead considerably affected by the 

medium polarity for the more hydrophobic compounds 1.P and 1.V (entries 6 and 9 for 1.V, entries 

11 and 15 for 1.P). At constant concentration (0.075 M) of 1.P, the loading on HA was triplicated 

from acetonitrile alone to H2O/acetonitrile 7:1 mixture (from 5.0 to 15.1 wt%, entries 15 and 16). The 

more favored adsorption of azetidinone 1.P from a water enriched solution could be explained in 

terms of effect on the solute solvation: an increase of water content in the loading solution could 

destabilize the solvation of hydrophobic 1.P in acetonitrile that, consequently, could be more 

efficiently taken up by the adsorbent HA.102 Thanks to this effect, the amount of azetidinone loaded 

on HA could be properly controlled by changing the polarity of the loading solution, reaching values 

(up to 17 wt%) higher than other antibacterial agents loaded on apatites, and providing a better 

covering of the material. On considering that the employed HA has a surface area of 55 m2/g, it could 

be calculated, as an example, that 1.P could be adsorbed up to 500 mmol/g; this value is significantly 

higher than those reported for tetracycline (82 mmol/g)92 and for ampicillin (20mmol/g)103loaded on 

biomimetic HA. 

Table 2.7. Effects of solution concentration and polarity on loading of azetidinones 1.N, 1.P and 1.V on HA. Loading was evaluated 

through TGA analysis 

Entry  Comp. Conc. (M) Solvent Loading 

   H2O/CH3CNa wt % 

1 1.N 0.14 1:1 9.5 

2 1.N 0.11 1:1 5.9 

3 1.N 0.07 1:1 5.3 

4 1.N 0.06 1:1 5.3 

5 1.N 0.17 1.75:0.25 10.0 

6 1.V 0.15 1:1 12.7 

7 1.V 0.11 1:1 8.5 

8 1.V 0.06 1:1 8.9 

9 1.V 0.11 1.75:0.25 17.9 

10 1.P 0.15 1:1 5.5 

11 1.P 0.075 1:1 4.8 

12 1.P 0.060 1:1 5.8 

13 1.P 0.015 1:1 5.1 

14 1.P 0.075 1.5:0.5 11.0 

15 1.P 0.075 1.75:0.25 15.1 

16 1.P 0.075 0:1 5.0 
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2.10.4 Characterization of azetidinone-HA samples 

(in collaboration with Prof. A. Bigi, University of Bologna) 

 

After loading of N-thio-azetidinones on hydroxyapatites, a chemical, structural and morphological 

characterization of the new functionalized biomaterials was performed. In X-ray diffraction (XRD) 

experiments, all the composite samples showed similar patterns (Figure 2.26) with no peak shifts 

compared to the starting HA, suggesting that the crystal phase and the structure of the HA material 

were not affected by the presence of the b-lactam molecules.  

 

 

Figure 2.26. X-ray diffraction patterns of HA and composite samples 1.M-HA , 1.N-HA , 1.O-HA , 1.P-HA , 1.V-HA , 1.W-HA . The 

vertical bars at the bottom display the reference pattern of calcium hydroxyapatite 

 

ATR-FTIR spectra of azetidinone-HA samples are reported in Figure 2.27. The spectra displayed the 

O-H stretching and bending modes of hydroxyapatite at 3572 and 630 cm-1 respectively, the strong 

bands due to phosphate absorption in the 550-630 and 900-1100 cm-1 regions, and the bands typical 

of azetidinones whose functional groups could be recognized according to the bands position in the 

spectra. As an example, the band assignments for sample 1.P-HA  is reported (Figure 2.27, right): 

aliphatic C-H stretching vibrations in the 2900 cm-1 region, C=O stretching of b-lactam and acetoxy 

groups at 1790 and 1751 cm-1, respectively, and O-CO and Si-C stretching in the fingerprint region. 

Analysis of FT-IR spectra thus revealed that the molecular integrity of the adsorbed azetidinones was 

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 of samples 1.M-HA , 1.N-HA , 1.O-HA , 1.P-HA , 1.V-HA , 1.W-HA . Right: comparison 

between spectra of 1.P-HA , HA, and 1.P pure compound; assignments of the main bands are indicated 

 

Also solid state 1H and 13C NMR spectroscopy indicated that loading onto HA did not significantly 

alter the structure of b-lactams; in fact, resonance signals in 1H MAS NMR and 13C MAS NMR 

spectra performed for sample 1.P-HA  appeared at the same frequencies as those of 1.P in solution 

(data not shown). 

TEM images of different samples showed that azetidinone-HA composites were constituted of plate-

like crystals, coherently with the typical morphology of HA, which is characterized by crystals 

elongated along the c-axis direction. No significant morphological variation has been observed after 

azetidinone loading, as shown in Figure 2.28 for samples 1.N-HA  and 1.P-HA  compared with HA 

alone. 

 

Figure 2.28. TEM images of HA, 1.N-HA , and 1.P-HA  nanocrystals. Scale bar = 200 nm. All images have the same magnification 

 

2.10.5 Azetidinone release studies  

 

The in vitro release of azetidinones 1.N, 1.P, 1.V and 1.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 M at pH = 5.0 to mimic a pathological condition of a bacterial infection with a decreased 

pH due to the production of acidic metabolites by bacterial strains.104  

Since early attempts showed scarcely detectable amounts of azetidinones released in the aqueous 

solutions, which did not increase in the course of time (data not shown), it was observed 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 the compounds that poorly desorbed from apatite because of their low affinity 

for the aqueous solution.  

Results of the in vitro release studies of azetidinones-HA samples are reported in Figure 2.29 

expressed as cumulative released amounts in mol% over the refresh number. Release profiles of 1.N 

and 1.V in the three aqueous media showed a sort of initial burst release followed by a slower steady 

profile. 1.N-HA  sample released about 22% of the initial content of 1.N in the first two refreshes, 

with a low influence of the pH; interestingly, the release of 1.V instead was higher in acidic conditions 

thus affording a favorable pH responsiveness in case of bacterial infections. The initial burst of 1.N-

HA and 1.V-HA could be related to that portion of molecules adsorbed on the surface in direct contact 

with the aqueous medium, whereas those molecules that interacted more strongly with HA could be 

progressively released during the steady state. 

On the other hand, the release of azetidinones 1.P and 1.W was slower, probably due to their lower 

hydrophilicity that provided a slow diffusion in the aqueous solutions. It is however important to 

underline that a low release could be favorable for the maintenance of an active concentration of the 

molecule on HA, thus supplying an efficient antibacterial activity for a longer period. 

 

 

Figure 2.29. Release of azetidinones 1.N (ǅ blue), 1.P (ƶ green), 1.V (  ʉred), and 1.W (X violet) from 1.N-HA , 1.P-HA , 1.V-HA , 

1.W-HA  in aqueous solution (left), buffer solution at pH = 7.4 (center), buffer solution at pH = 4.5 (right) media. The cumulative 

release is reported as mol% over the refresh number 

 

2.10.6 Antibacterial activity 

(in collaboration with Prof. G. A. Gentilomi, University of Bologna) 

 

The in vitro antibacterial activity was studied for 1.N-HA , 1.P-HA , 1.V-HA  and 1.W-HA  samples 

(1.M-HA and 1.O-HA were excluded because commercial azetidinones 1.M and 1.O alone turned to 

be inactive as antibacterial agents).17 The antibacterial activity was examined towards Gram-positive 

and Gram-negative bacterial strains by KB disk diffusion test, in which the area of clear media around 

the disk indicates the degree of sensitivity of the strain expressed in millimeters (Table 2.8).  
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Table 2.8. Antibacterial activity of samples 1.N-HA , 1.P-HA , 1.V-HA , 1.W-HA expressed as diameter of the inhibition zone (in mm) 

± SD surrounding the azetidinone-HA samples against S. aureus and E. coli strains. Pure HA disks were used as negative controls; 

disks containing gentamicin (GMN) were used as positive control 

Sample b-lactam content 

wt % 

S. aureus 

ATCC 25923 

E. coli 

ATCC 25922 

1.N-HA 8.1 30 ± 1 27 ± 1 

1.P-HA 14.0 20 ± 1 14 ± 1 

1.V-HA 17.0 27 ± 1 12 ± 1 

1.W-HA 16.5 16 ± 1 11 ± 1 

HA  NAa NAa 

GMN  18 ± 1 19 ± 1 
                                                      a bacterial-free zone not appearing 

All tested azetidinone-HA samples displayed a significant antibacterial activity against both strains, 

particularly against S. aureus. Indeed the inhibition zone for all HA composites was bigger or equal 

to that of the positive control. All the samples showed activity also against E. coli even if they 

exhibited smaller active diameter values vs control, except for 1.N-HA that remarkably affected E. 

coli growth, yielding an inhibition zone wider than that obtained for gentamicin. The activities of 

1.N-HA and 1.P-HA  against S. aureus are in agreement with those exerted by the two molecules 

alone, which showed MIC ranges of 32-64 mg/L vs MRSA. Concerning the activity against Gram-

negative bacteria, the free azetidinone 1.N exhibitd a MIC range of 32-64 mg/L, whereas 1.P was 

completely inactive.17 The increased antibacterial activity of the composites 1.N-HA and 1.P-HA  

against E. coli could be due to an inherent higher local concentration of the ɓ-lactam on the solid HA, 

and consequently to a higher efficacy of the new functionalized HA materials. 

From antibacterial susceptibility testing against reference bacterial strains, 1.N-HA  emerged as that 

having the best profile, therefore its antibacterial efficacy was further assayed towards 10 clinical 

isolates (5 MSSA and 5 MRSA-SCV -small colony variants- strains) obtained from surgical bone 

biopsies and representative of bacterial strains currently encountered during osteomyelitis. The 

included strains were the main responsible for chronic and therapy-refractory infections despite 

systemic antimicrobial treatments, due to their reduced rate of metabolism, intracellular persistence, 

strong adhesion to implants and host tissues via biofilm extracellular matrix formation.105 Data 

reported in Table 2.9 indicated that 1.N-HA  strongly inhibited the bacterial growth of both 

methicillin-resistant and methicillin-susceptible clinical isolates of S. aureus from surgical bone 

biopsies, showing to be a very good candidate as a new functional biomaterial with enhanced 

antibacterial activity. Moreover, the obtained results for the new 1.N-HA  material confirmed some 

hypothesis on the mechanism of action of these N-thiolated-azetidinones, in particular it excluded the 

possibility that the Penicillin Binding Protein PBP2a, which is the resistance factor discriminant 

between MRSA and MSSA, could be the biological target. Nevertheless, it is important to highlight 

that the loading of 1.N on HA did not interfere in the mechanism at the root of its antibacterial action, 

since a similar activity on both MRSA and MSSA strains was previously observed also on the free 

azetidinone.   
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Table 2.9. Antibacterial activities of 1.N-HA  sample against clinical isolates expressed as diameter of the inhibition zone (in mm) ± 

SD surrounding azetidinone-HA sample; disks containing gentamicin (GMN) were used as positive controls 

Clinical isolate 1.N-HA GMN  

MSSA 1 38 ± 1 30 ± 1 

MSSA 2 28 ± 1 22 ± 1 

MSSA 3 28 ± 1 20 ± 1 

MSSA 4 33 ± 1 22 ± 1 

MSSA 5 30 ± 1 20 ± 1 

MRSA-SCV 1 30 ± 1 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 30 ± 1 20 ± 1 

 

 

2.10.7 Cytotoxicity tests  

(in collaboration with P. Torricelli, Istituto Ortopedico Rizzoli, Bologna) 

 

The cytotoxicity of samples 1.N-HA , 1.P-HA , 1.V-HA  and 1.W-HA  was tested using MG63 

osteoblast-like cell line, widely employed for biomaterial testing; cell proliferation and viability were 

assessed by colorimetric reagent test. Results at 48 hours and 72 hours of cultures are reported in 

Figure 2.30a, where values under 70% indicate cytotoxicity of the tested material. 1.P-HA , 1.V-HA  

and 1.W-HA  samples showed significant lower proliferation when compared to negative control 

(CTRï) at both 48 and 72 h, and their percentage of viability was always under 70%. On the contrary, 

cells grown in contact with 1.N-HA showed significant lower values at 48 hours, but at 72 h no 

significant difference in comparison with CTRï was found and percentage of viability was over 70% 

both at 48 h and 72 h. In a second test, amount of lactate dehydrogenase (LDH), which is released in 

culture medium by cells with damaged membranes, was evaluated (Figure 2.31b). The values 

measured in supernatants showed significant higher release in 1.P-HA , 1.V-HA and 1.W-HA  in 

comparison to CTRï at both experimental times. Also in this case instead, value for 1.N-HA was 

higher at 48 h, but it did not differ from CTRï at 72 h, showing an absent cytotoxicity towards MG63 

osteoblast-like cell line. 
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Figure 2.30. a) WST1 assay and b) LDH release of MG63 after 48 and 72 h of culture on 1.N-HA , 1.P-HA , 1.V-HA , 1.W-HA , 

samples and controls 

 

2.11 Other N-thio-substituted ɓ-lactams 
 

As already widely discussed, N-thio-substituted ɓ-lactams have been shown to exhibit an innovative 

bacteriostatic action mechanism with efficacy also on resistant strains.17 After the functionalization 

of hydroxyapatite with a series of N-methylthio and N-phenylthio-azetidinones resulting in excellent 

biomaterials with antibacterial activity against resistant pathogens,97 we decided to expand the library 

of these compounds for evaluating how diverse thio-substitutions on ɓ-lactam nitrogen could 

influence and modulate the antibacterial activity. In particular, 12 novel N-arylthio- and N-alkylthio- 

azetidinones were designed and synthetized (Chart 2.5) starting from commercially available 

compounds 1.M and 1.O.  
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Chart 2.5. Novel N-thio-substituted ɓ-lactams 9.a-f and 10.a-f 

 

2.11.1 Synthesis of azetidinones 

The novel N-thio-substituted ɓ-lactams were prepared according to the procedure already depicted in 

Paragraph 2.4.2 for compounds 1.N, 1.P and 1.V, 1.W (Scheme 2.18).  

  

Scheme 2.18. Synthesis of N-thiosubstituted ɓ-lactams 9a-f and 10a-f. Reagents and conditions: a) RôS-SR, SO2Cl2, TEA, CH2Cl2, 0 

°C then reflux, 4 h. Yields of isolated compounds are reported in brackets 

 

The results reported in Scheme 2.18 appeared rather discordant showing oscillating yields according 

to the starting substrate and the disulfide. A general worst reactivity emerged when the starting 

azetidinone 1.O was used: with the disulfide being equal in fact, yields appeared lower for C3 

substituted compounds compared to those obtained starting from azetidinone 1.N (see 9.a vs 10.a, 



 

 

57 

 

9.b vs 10.b, 9.c vs 10.c, etc..). A hypothesis for this reactivity trend could arise from a partial 

pyramidalization of the ɓ-lactam nitrogen, supported by computational studies that have been carried 

out on bicyclic ɓ-lactams and their binding angles.43 Presuming that a pyramidalization could be 

present also in compound 1.O, it would be conceivable a steric hindrance between the -

CH(OTBS)CH3 group in C3 position and the nitrogen lone pair, since the proton of the -NH group 

should arrange in an intramolecular hydrogen bond with the carbonyl group on the C4 (Figure 2.31). 

 

 

Figure 2.31. Spatial arrangement for starting compound 1.O 

 

This spatial arrangement could hence explain a less availability of the nitrogen lone pair for a 

nucleophilic attack on the disulfide, causing a lower reactivity of these derivatives compared to those 

with no substitution on C3. Since a 1H NMR coupling between -NH hydrogen and that on the C3 

position of the ring was observed, these two protons probably dispose on the same side of the lactam 

plane, supporting the hypothesis that the nitrogen lone-pair and the -OTBS group accordingly point 

on the other side. 

A second observation could account for a different reactivity of the disulphides; in most cases reaction 

yields are not in accordance with those previously reported for compounds 1.N, 1.P and 1.V, 1.W 

obtained from dimethyl or diphenyl disulfide, and even reactants with a similar structure, such as 

dipropyl disulfide or dibutyl disulfide, furnished in this case very divergent yields (see 9.e vs 9.f, 10.e 

vs 10.f). The best results were obtained with p-methoxyphenyl disulfide and benzothiazolyl disulfide 

(48% and 83% starting from substrate 1.M, 26% and 45% starting from substrate 1.O, respectively).  

In addition, in all the performed experiments, a residual presence of starting materials was evidenced: 

it was therefore hypothesized that the unreacted starting ɓ-lactam could be blocked in the formation 

of an intermediate N-chlorinated compound arising from the presence of reactive chloride ions or 

radicals in the reaction mixture formed in turn by a degradation of SO2Cl2. This species could be then 

decomposed to restore the starting material following an aqueous work-up or silica exposure. 

A tentative optimization of the reaction conditions was performed on compounds 9.a and 10.a as 

model substrates (data not 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 conditions or in chlorobenzene). Nevertheless, no 

improvements were detected with the newly employed conditions; even if the yields are in many 

cases not satisfying, a new library of N-thio-substituted ɓ-lactams was obtained with a straightforward 

one-step protocol starting from commercial available and not expensive azetidinones and disulfides. 

The novel compounds will be tested to evaluate their antibacterial properties against resistant strains 

of common pathogens. Moreover, from a preliminary study in collaboration with R. Schnell, 

Karolinska Institutet Stockholm, compound 1.N resulted active against a protease of Mycobacterium 
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tubercolosis. According to this, other selected N-thio-azetidinones are being tested and a further 

collaboration with P. Dal Monte, University of Bologna, aimed at assaying this class of ɓ-lactam 

derivatives against Mycobacterium tubercolosis from clinical isolates. Results are still being awaited 

and according to their effectiveness, an optimization procedure for the realization of this compound 

series could be performed in the future.  

 

 

2.12 Concluding remarks 
 

In this chapter innovative libraries constituted by new ɓ-lactam derivatives were reported, together 

with their synthesis and biological evaluation. Starting from the already pioneered 4-alkylidene or 4-

acetoxy azetidinone scaffolds, different functionalizations on C3 position of the ɓ-lactam ring were 

examined for modulating the antibacterial activity. 

At first, since oxidative stress could contribute to the selection of resistant bacterial strains, we 

designed some ɓ-lactams armed with phytochemical polyphenolic acids and investigated as dual 

target antibacterial-antioxidant derivatives. Compounds with a good antibacterial potency against 

multidrug resistant staphylococcal strains were found (MICs = 2-8 mg/L for the best candidates). 

Moreover, compounds bearing a catechol moiety on the side chain showed a strong anti-radical 

capacity against DPPH and ABTS, with TEAC values 2.5 times higher than those known for 

compounds currently used as antioxidants (Vi tamin E, citric acid).46 

Two of these derivatives were prepared in gram-scale as lead and standard compounds for a 

preliminary in vivo biodistribution study. Molecules were vectorized on solid lipid nanoparticles and 

the accumulation in mice of the lead compound in its free and vehicular form was evaluated by HPLC-

MS-MS of tissues and organs extracts. 

We then modified the C3 position with a phenolic benzoic acid linked to a positively charged amine 

terminus with the scope to partially mimic the amphiphilic behavior of antimicrobial peptides. Also 

in this case the derivatives were tested against resistant bacteria and found to strongly inhibit bacterial 

proliferation in S. aureus and S. epidermidis strains. 

In a second project we developed and optimized a two-step protocol for obtaining a new class of 

monocyclic-alkylidene-azetidinones armed on the C3 hydroxyethyl side chain with aniline-, benzyl- 

or phenethyl-carbamate moieties. All the new compounds were tested for their antibacterial efficacy 

against Gram-positive and Gram-negative recent clinical isolates including multidrug-resistant strains 

and a correlation was found between the biological activity and the N-substituent of the carbamate 

group. In particular, phenethyl-carbamate ɓ-lactams resulted the most active antibacterial agents 

against some selected strains, comprising linezolid-resistant isolates, with a MIC potency of 2-4 

mg/L.75  

 

In a parallel study aimed at the realization of novel composite biomaterials possessing antibacterial 

properties, we performed the loading of some monocyclic N-thio-substituted-b-lactams with a 

lipophilic character on nanocrystalline hydroxyapatite (HA). Functionalization of apatites with 

antibacterial agents active against resistant bacterial strains could be indeed very important for the 

elaboration of bioactive bone-repair materials. The synthesized azetidinones showed high affinity 

interactions with HA and could be loaded in good amounts by a proper choice of the polarity of the 
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loading solution, reaching values up to 17 wt%. The characterization of HA composites revealed the 

presence of intact b-lactams which could exert their biological activities, and data on cumulative 

release in aqueous solution showed different trends that can be related to the lipophilicity of the 

molecules and modulated by suitable groups on azetidinones. What is more important is that all the 

new ɓ-lactam-HA composites exhibited good antibacterial activity against reference Gram-positive 

and Gram-negative bacteria with 4-acetoxy-1-(methylthio)-azetidin-2-one-HA sample displaying the 

best activity and no cytotoxicity.97 The good results obtained could lead to new functional apatites 

with enhanced antibacterial properties able to prevent bone infections by resistant pathogens. 

According to this, novel ɓ-lactams with diverse N-thio-substitutions were synthesized and 

antibacterial tests are in due course.  

 

The most active candidates belonging to each class of the novel derivatives were collected in Figure 

2.32 together with their corresponding antibacterial activity46,75,97 to demonstrate how a structural 

variability on a fixed monocyclic azetidinone scaffold could give rise to novel promising candidates 

with strong antimicrobial potency against multidrug resistant strains suitable for a further in vivo 

evaluation.  

 

Figure 2.32. Best candidate compounds with potent antibacterial activities. MIC ranges in mg/L or in mm diameter inhibition zone 

toward different bacterial strains are reported46,75,97 
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2.13 Experimental Section 
 

2.13.1 General information 

 

Commercial reagents (reagent grade, >99%) were used as received without additional purification. Anhydrous 

solvents were obtained commercially. Deionized water was obtained from a Millipore analytical deionization 

system (MilliQ). All reactions were performed under an inert atmosphere (N2) unless unspecified. TLC: Merck 

60 F254 plates. Column chromatography: Merck silica gel 200-300 mesh. 1H and 13C NMR spectra were 

recorded with an INOVA 400 instrument with a 5 mm probe. 2D NOESY experiments were run using 200 ms 

mixing time. All chemical shifts are quoted relative to deuterated solvent signals (ŭ in ppm and J in Hz). Solid 

state NMR spectra were obtained on a 500MHz Agilent DD2 spectrometer by using a 22 ɛL rotor. The 13C and 
1H spectra were recorded at a MAS frequency of 6 kHz. Polarimetric Analyses were conducted on Unipol L 

1000 ñSchmidt-Haenschò Polarimeter at 598 nm. FTIR spectra: Brucker instrument, measured as films 

between NaCl plates or CH2Cl2 solutions for solid compounds; wave numbers are reported in cm-1. ATR-FTIR 

spectra: Alpha FT IR Bruker spectrometer with platinum ATR 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 cm-1, and 32 scans were averaged for each spectrum (scan range 4000ï450 cm-

1). The purities of the target compounds were assessed as being >95% using HPLC-MS. Elemental analysis 

were performed on a Thermo Flash 2000 CHNS/O Analyzer. HPLC-MS: Agilent Technologies HP1100 

instrument, equipped with a ZOBRAX-Eclipse XDB-C8 Agilent Technologies column; mobile phase: 

H2O/CH3CN, 0.4 mL/min, gradient from 30 to 80% of CH3CN in 8 min, 80% of CH3CN until 25 min, coupled 

with an Agilent Technologies MSD1100 single-quadrupole mass spectrometer, full scan mode from m/z = 50 

to 2600, in positive ion mode, ESI spray voltage 4500 V, nitrogen gas 35psi, drying gas flow 11.5mL/min, 

fragmentor voltage 20 V. TGA analysis was carried out heating under air stream from 40 °C at 10 °C/min in a 

TGA7 Perkin Elmer instrument. XRD patterns were collected by using a PANalytical XôPertPro diffractometer 

equipped with a fast solid state XôCelerator detector and a copper target (ɚ = 0.15418 nm). Data were acquired 

in the 9 ï 60° 2ⱥ interval, by collecting data for 50 s at each 0.05° step. For TEM investigations, 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 electron microscope operating at 80 kV was used.  

 

2.13.2 Synthetic general procedures 

General procedure for EOM-protection (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 oil) in THF (5 mL/mmol) at 0 °C under inert atmosphere. After 10 min a solution of 

chloromethylethylether (EOMCl) 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 the reaction was quenched with a 

saturated NaHCO3 solution until pH 10 at 0 °C and extracted with EtOAc (3 × 15 mL). The organic extracts 

were dried over Na2SO4 and concentrated to obtain the desired EOM-protected compound. The crude was 

purified by flash-chromatography when specified. 

General procedure for hydrolysis of methyl esters (GP2) 

A stirred solution of the desired methyl ester in a mixture of THF/CH3OH 4:1 (4 mL/mmol) was treated with 

5 M NaOH (1 mL/mmol). The reaction mixture was heated at 40 °C until consumption 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 cooled to 0 °C, adjusted to pH 5 with HCl 1M and then extracted with 
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EtOAc (3 × 15 mL). The collected organic layers were dried on Na2SO4 and concentrated to afford the 

corresponding carboxylic acid. 

General procedure for alcohol-acid coupling (GP3) 

To a solution of alcohol A (1 equiv) in CH2Cl2 (10 mL/mmol) under inert atmosphere, the desired acid (1.58 

equiv) and DMAP (0.2 equiv) were added. The mixture was then cooled to 0 °C and 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 reaction mixture was quenched with water at 0 °C and extracted with CH2Cl2 (3 × 15 

mL). The collected organic phases were dried on Na2SO4 and evaporated. The residue was treated with EtOAc 

(1 × 20 mL) at 0 °C and filtered to separate dicyclohexylurea precipitate. The solution was then evaporated 

and purified by flash-chromatography to afford the desired ɓ-lactam functionalized with O-protected 

polyphenolic residue. 

General procedure for EOM-deprotection or Boc-deprotection (GP4) 

A stirred solution of the O-EOM-protected or N-Boc-protected ɓ-lactam (1 equiv) in CH2Cl2 (18.5 mL/mmol) 

under inert atmosphere was treated with aliquots of trifluoroacetic acid at 0 °C every 60 min. After reaction 

completion (TLC monitoring), the solvent and the trifluoroacetic acid were evaporated. The crude was 

triturated with few drops of pentane to obtain the desired deprotected phenolic compound. 

General procedure for synthesis of isocyanates (GP5)  

A solution of the desired amine (0.375 mmol, 1 equiv) and triethylamine (105 µL, 0.75 mmol, 2 equiv) in 

anhydrous CH2Cl2 (3.75 mL) was stirred under inert atmosphere. The mixture was then cooled to 0 °C and 

bis(trichloromethyl) carbonate (223 mg, 0.75 mmol, 2 equiv) was added in one portion. The mixture was 

warmed to room temperature and then refluxed. The reaction was monitored through IR spectroscopy (N=C=O 

stretching at 2274 cm-1). After 3 h, the solvent was evaporated under vacuum avoiding any air exposure. The 

crude isocyanate was washed with anhydrous diethyl ether and filtered under nitrogen (5 × 4 mL) to remove 

the white precipitate, stored under inert atmosphere and immediately used. 

General procedure for synthesis of carbamates (GP6)  

A solution of alcohol A (40 mg, 0.15 mmol, 1 equiv) in anhydrous CH2Cl2 (1.5 mL) was stirred under inert 

atmosphere. The freshly prepared isocyanate (0.375 mmol, 2.5 equiv) diluted in anhydrous CH2Cl2 (1 mL) was 

then added. After 5 min of stirring, TiCl4 (1M in CH2Cl2, 15 µL, 0.015 mmol, 0.1 equiv) was added dropwise. 

After completion (TLC monitoring, 16 h) the mixture was quenched with water and extracted with CH2Cl2 (3 

× 10 mL). The combined organic extracts were dried over Na2SO4, filtered, concentrated under vacuum and 

purified by flash-chromatography (CH2Cl2/acetone 97:3 then 95:5) affording the desired carbamate as a waxy 

white solid. 

General procedure for the synthesis of thio-alkyl and thio-aryl ɓ-lactams (GP7) 

To a solution of the desired disulfide (1-1.25 equiv) in CH2Cl2 (2 mL) under inert atmosphere, a solution of 

SO2Cl2 (122 µL, 1.5 mmol, 1.5 equiv) in CH2Cl2 (2 mL) was added dropwise at 0 °C. After 10 minutes, the 

desired azetidinone (1 mmol, 1 equiv) was introduced followed by the dropwise addition of TEA (277 µL, 2 

mmol, 2 equiv). The mixture was stirred at reflux for 4 h, then cooled to room temperature, quenched with a 

saturated aqueous solution of NH4Cl (5 mL) and extracted with CH2Cl2 (3 × 15 mL). The combined organic 

extracts were dried over Na2SO4, filtered and concentrated in vacuum. The crude was purified by flash-

chromatography to yield the desired thio-alkylated or arylated ɓ-lactam. 
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2.13.3 Synthesis of dual active antibacterial-antioxidant ɓ-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 catalyst.106 Protected esters 2.a, 2.b, 2.e 

are known and were prepared by following a literature procedure;48 acids 3.a, 3.b, and 3.e are known; alcohol 

A, ester 2.h and acid 3.h were prepared as previously reported.39e 

 

Methyl 4-(ethoxymethoxy)benzoate (2.c) 

Following GP1, p-hydroxybenzoic acid methyl ester (395 mg, 2.60 mmol), NaH (208 mg, 5.20 mmol) and 

EOMCl (482 µL, 5.20 mmol) yielded compound 2.c as a colorless oil (502 mg, 91%). IR (film, cm-1) 2978, 

1720, 1607, 1510, 1435, 1279; 1H NMR (400 MHz, CDCl3) ŭ (ppm) 1.21 (t, J = 7.1 Hz, 3H), 3.72 (q, J = 7.1 

Hz, 2H), 3.87 (s, 3H), 5.26 (s, 2H), 7.05 (d, J = 8.9 Hz, 2H), 7.97 (d, J = 8.9 Hz, 2H); 13C NMR (100 MHz, 

CDCl3) ŭ (ppm) 15.0, 51.8, 64.5, 92.8, 115.6, 123.4, 131.4, 161.1, 166.7; ESI-MS (Rt = 8.8 min) m/z 211 

[M+H] +. 

Methyl 3,4-bis(ethoxymethoxy)benzoate (2.d) 

Following GP1, 3,4-dihydroxy-benzoic acid methyl ester (193 mg, 1.15 mmol), NaH (184 mg, 4.60 mmol) 

and EOMCl (427 µL, 4.60 mmol) yielded compound 2.d as a colorless oil (163 mg, 50%) after flash-

chromatography purification (cyclohexane/EtOAc 75:25). IR (film, cm-1) 2978, 1719, 1602, 1510, 1440, 1290; 
1H NMR (400 MHz, CDCl3) ŭ (ppm) 1.18 ï 1.25 (m, 6H),  3.72 ï 3.81 (m, 4H), 3.88 (s, 3H), 5.32 (d, J = 9.6 

Hz, 4H), 7.20 (d, J = 8.6 Hz, 1H), 7.66 ï 7.71 (m, 1H), 7.80 ï 7.83 (m, 1H); 13C NMR (100 MHz, CDCl3) ŭ 

(ppm) 15.0, 52.0, 64.5, 64.6, 93.6, 94.1, 115.1, 117.7, 123.9, 124.7, 146.6, 151.5, 166.6; ESI-MS (Rt = 9.5 

min) m/z 285 [M+H]+. 

(E)-methyl 3-(4-(ethoxymethoxy)phenyl)acrylate (2.f) 

Following GP1, methyl 3-(4-hydroxyphenyl)acrylate (523 mg, 2.93 mmol), NaH (235 mg, 5.88 mmol) and 

EOMCl (546 µL, 5.88 mmol) yielded compound 2.f as a colorless oil (701 mg, 98%). IR (film, cm-1) 2950, 

1714, 1634, 1604, 1511, 1434, 1230; 1H NMR (400 MHz, CDCl3) ŭ (ppm) 1.20 (t, J = 7.0 Hz, 3H), 3.70 (q, J 

= 7.0 Hz, 2H), 3.77 (s, 3H), 5.22 (s, 2H), 6.31 (d, J = 16.0 Hz, 1H), 7.02 (d, J = 8.7 Hz, 2H),  7.44 (d, J = 8.7 

Hz, 2H), 7.63 (d, J = 16.0 Hz, 1H); 13C NMR (100 MHz, CDCl3) ŭ (ppm) 15.0, 51.4, 64.4, 92.8, 115.6, 116.4, 

127.9, 129.5, 144.3, 159.1, 167.5; ESI-MS (Rt = 10.8 min) m/z 237 [M+H]+. 

(E)-methyl 3-(2-(ethoxymethoxy)phenyl)acrylate (2.g) 

Following GP1, methyl (2E)-3-(2-hydroxyphenyl)-2-propenoate (539 mg, 3.03 mmol), NaH (242 mg, 6.06 

mmol) and EOMCl (562 µL, 6.06 mmol) yielded compound 2.g as a colorless oil (584 mg, 82%) after flash-

chromatography (cyclohexane/EtOAc 70:30). IR (film, cm-1) 2961, 1716, 1636, 1601, 1511, 1448, 1251; 1H 

NMR (400 MHz, CDCl3) ŭ (ppm) 1.22 (t, J = 7.1 Hz, 3H), 3.75 (q, J = 7.1 Hz, 2H), 3.81 (s, 3H), 5.30 (s, 2H), 

6.50 (d, J = 16.2 Hz, 1H), 6.99 ï 7.03 (m, 1H), 7.19 (dd, J = 8.4, 0.8 Hz, 1H), 7.31 ï 7.35 (m, 1H), 7.53 (dd, J 

= 7.7, 1.6 Hz, 1H), 8.03 (d, J = 16.2 Hz, 1H); 13C NMR (100 MHz, CDCl3) ŭ (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, 167.8; ESI-MS (Rt = 9.4 min) m/z 237 [M+H]+. 

(E)-methyl 3-(4-(ethoxymethoxy)-3-methoxyphenyl)acrylate (2.i) 

Following GP1, methyl 3-(4-hydroxy-3-methoxyphenyl)acrylate (139 mg, 0.67 mmol), NaH (67 mg, 1.68 

mmol) and EOMCl (124 µL, 1.34 mmol) yielded compound 2.i as a colorless oil (159 mg, 89%). IR (film, cm-

1) 2923, 1702, 1637, 1582, 1510, 1461, 1256; 1H NMR (400 MHz, CDCl3) ŭ (ppm) 1.17 (t, J = 7.1 Hz, 3H), 

3.70 (q, J = 7.1 Hz, 2H), 3.74 (s, 3H), 3.85 (s, 3H), 5.25 (s, 2H), 6.28 (d, J = 15.9 Hz, 1H), 7.01 ï 7.13 (m, 
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3H), 7.58 (d, J = 15.9 Hz, 1H); 13C NMR (100 MHz, CDCl3) ŭ (ppm) 14.9, 51.4, 55.7, 64.3, 93.7, 110.2, 115.7, 

115.8, 122.0, 128.4, 144.5, 148.6, 149.6, 167.3; ESI-MS (Rt = 8.7 min) m/z 267 [M+H]+. 

(E)-methyl 3-(4-(ethoxymethoxy)-3,5-dimethoxyphenyl)acrylate (2.j ) 

Following GP1, methyl 3-(4-hydroxy-3,5-dimethoxyphenyl)acrylate (470 mg, 1.97 mmol), NaH (197 mg, 4.93 

mmol) and EOMCl (366 µL, 3.94 mmol) yielded compound 2.j  as a colorless oil (582 mg, 99%). IR (film, cm-

1): 2926, 1714, 1636, 1587, 1505, 1454, 1277; 1H NMR (400 MHz, CDCl3) ŭ (ppm) 1.13 (t, J = 7.1 Hz, 3H), 

3.72 (s, 3H), 3.79 (s, 6H), 3.81 (q, J = 7.1 Hz, 2H), 5.11 (s, 2H), 6.28 (d, J = 15.9 Hz, 1H), 6.68 (s, 2H), 7.53 

(d, J = 15.9 Hz, 1H); 13C NMR (100 MHz, CDCl3) ŭ (ppm) 14.8, 51.4, 55.8, 64.7, 96.4, 105.0, 116.9, 130.1, 

136.5, 144.7, 153.4, 167.1; ESI-MS (Rt = 8.2 min) m/z 297 [M+H]+. 

4-(ethoxymethoxy)benzoic acid (3.c) 

Following GP2, ester 2.c (210 mg, 1.00 mmol) yielded acid 3.c as a white solid (121 mg, 62%). Mp 118 ï 119 

°C; IR (film, cm-1) 3418, 2983, 1688, 1603, 1427, 1291; 1H NMR (400 MHz, CD3OD) ŭ (ppm) 1.19 (t, J = 7.1 

Hz, 3H), 3.72 (q, J = 7.1 Hz, 2H), 5.30 (s, 2H), 7.08 (d, J = 8.8 Hz, 2H), 7.96 (d, J = 8.8 Hz, 2H); 13C NMR 

(100 MHz, CD3OD) ŭ (ppm) 15.5, 65.5, 93.9, 116.7, 125.0, 132.7, 162.7, 169.7; ESI-MS (Rt = 5.9 min) m/z 

195 [M-H]+. 

3,4-bis(ethoxymethoxy)benzoic acid (3.d) 

Following GP2, ester 2.d (163 mg, 0.57 mmol) yielded acid 3.d as a waxy white solid (138 mg, 90%). IR (film, 

cm-1) 3404, 2976, 1687, 1599, 1512, 1443, 1296; 1H NMR (400 MHz, CDCl3) ŭ (ppm) 1.18 ï 1.24 (m, 6H), 

3.72 ï 3.80 (m, 4H), 5.31 (s, 2H), 5.34 (s, 2H), 7.22 (d, J = 8.6 Hz, 1H), 7.75 (d, J = 8.6 Hz, 1H), 7.88 (s, 1H); 
13C NMR (100 MHz, CDCl3) ŭ (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; ESI-MS (Rt = 10.0 min) m/z 288 [M+H2O]+. 

(E)-3-(4-(ethoxymethoxy)phenyl)acrylic acid (3.f) 

Following GP2, ester 2.f (236 mg, 1 mmol) yielded acid 3.f as a white solid (212 mg, 95%). Mp 152 ï 154 °C; 

IR (film, cm-1): 3424, 2973, 1670, 1627, 1603, 1511, 1429, 1264; 1H NMR (400 MHz, CDCl3) ŭ (ppm) 1.23 

(t, J = 7.1 Hz, 3H), 3.73 (q, J = 7.1 Hz, 2H), 5.26 (s, 2H), 6.33 (d, J = 15.9 Hz, 1H), 7.06 (d, J = 8.6 Hz, 2H), 

7.50 (d, J = 8.6 Hz, 2H), 7.74 (d, J = 15.9 Hz, 1H); 13C NMR (100 MHz, CDCl3) ŭ (ppm) 15.1, 64.5, 92.9, 

115.1, 116.5, 127.7, 130.0, 146.6, 159.5, 172.5; ESI-MS (Rt = 6.8 min) m/z 223 [M+H]+. 

(E)-3-(2-(ethoxymethoxy)phenyl)acrylic acid (3.g) 

Following GP2, ester 2.g (236 mg, 1 mmol) yielded acid 3.g as a waxy white solid (164 mg, 74%). IR (film, 

cm-1) 3419, 2974, 1677, 1634, 1601, 1510, 1435, 1271; 1H NMR (400 MHz, CD3OD) ŭ (ppm) 1.16 (t, J = 7.1 

Hz, 3H), 3.70 (q, J = 7.1 Hz, 2H), 5.27 (s, 2H), 6.49 (d, J = 16.2 Hz, 1H), 6.98 (t, J = 7.5 Hz, 1H), 7.15 (d, J = 

8.3 Hz, 1H), 7.30 (t, J = 7.8 Hz, 1H), 7.55 (d, J = 7.7 Hz, 1H), 8.01 (d, J = 16.2 Hz, 1H); 13C NMR (100 MHz, 

CD3OD) ŭ (ppm) 15.4, 65.6, 94.4, 116.0, 119.5, 122.9, 125.1, 129.3, 132.6, 141.4, 157.3, 170.7; ESI-MS (Rt 

= 7.0 min) m/z 221 [M-H]+. 

(E)-3-(4-(ethoxymethoxy)-3-methoxyphenyl)acrylic acid (3.i) 

Following GP2, ester 2.i (267 mg, 1 mmol) yielded acid 3.i as a white solid (217 mg, 86%). Mp 131 ï 133 °C; 

IR (film, cm-1) 3423, 2904, 1671, 1625, 1583, 1509, 1424, 1254; 1H NMR (400 MHz, CDCl3) ŭ (ppm) 1.22 (t, 

J = 7.1 Hz, 3H), 3.77 (q, J = 7.1 Hz, 2H), 3.91 (s, 3H), 5.32 (s, 2H), 6.33 (d, J = 15.9 Hz, 1H), 7.08 ï 7.21 (m, 

3H), 7.73 (d, J = 15.9 Hz, 1H); 13C NMR (100 MHz, (CD3)2CO) ŭ (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, 167.9; ESI-MS (Rt = 5.9 min) m/z 253 [M+H]+. 
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(E)-3-(4-(ethoxymethoxy)-3,5-dimethoxyphenyl)acrylic acid (3.j ) 

Following GP2, ester 2.j  (237 mg, 0.8 mmol) yielded acid 3.j  as a white solid (187 mg, 83%). Mp 110 ï 112 

°C; IR (film, cm-1) 3423, 2921, 1675, 1627, 1449, 1250; 1H NMR (400 MHz, (CD3)2CO) ŭ (ppm) 1.14 (t, J = 

7.1 Hz, 3H), 3.85 (q, J = 7.1 Hz, 2H), 3.90 (s, 6H), 5.10 (s, 2H), 6.50 (d, J = 15.9 Hz, 1H), 7.03 (s, 2H), 7.61 

(d, J = 15.9 Hz, 1H); 13C NMR (100 MHz, (CD3)2CO) ŭ (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, 168.2; ESI-MS (Rt = 6.4 min) m/z 283 [M+H]+. 

(R)-1-((S,Z)-2-(2-(benzyloxy)-2-oxoethylidene)-4-oxoazetidin-3-yl)ethylbenzo[d][1,3]dioxole-5-carboxylate 

(1.a) 

Following GP3, alcohol A (55 mg, 0.21 mmol) and acid 3.a (55 mg, 0.33 mmol) yielded compound 1.a as a 

waxy solid (28 mg, 33%) after flash-chromatography purification (CH2Cl2/acetone 99:1). IR (film, cm-1) 3286, 

2980, 1820, 1701, 1657, 1489, 1259; [Ŭ]20
D = ï 24 (c = 0.8, CH2Cl2); 1H NMR (400 MHz, CDCl3) ŭ (ppm) 

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

5.25 (s, 1H), 5.45 (quintet, J = 6.4 Hz, 1H), 6.04 (s, 2H), 6.83 (d, J = 8.2 Hz, 1H), 7.30 ï 7.39 (m, 5H), 7.42 

(d, J = 1.5 Hz, 1H), 7.62 (dd, J = 1.5, 8.2 Hz, 1H), 8.65 (bs, 1H); 13C NMR (100 MHz, CDCl3) ŭ (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, 

164.6, 166.6; ESI-MS (Rt = 10.1 min) m/z 427 [M+H2O]+. Found C, 64.72; H, 4.65; N, 3.40 %; C22H19NO7 

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

(R)-1-((S,Z)-2-(2-(benzyloxy)-2-oxoethylidene)-4-oxoazetidin-3-yl)ethyl benzo[d][1,3]dioxole-4-carboxylate 

(1.b) 

Following GP3, alcohol A (35 mg, 0.13 mmol) and acid 3.b (34 mg, 0.21 mmol) yielded compound 1.b as a 

waxy solid (24 mg, 44%) after flash-chromatography purification (CH2Cl2/acetone 99:1). IR (film, cm-1) 3287, 

2924, 1820, 1700, 1656, 1457, 1288; [Ŭ]20
D = ï 17 (c = 1.2, CH2Cl2);1H NMR (400 MHz, CDCl3) ŭ (ppm) 1.53 

(d, J = 6.4 Hz, 3H), 3.99 (d, J = 6.7 Hz, 1H), 5.17 (s, 2H), 5.29 (s, 1H), 5.46 (quintet, J = 6.4 Hz, 1H), 5.97  ï 

6.01 (m, 2H), 6.85 (t, J = 8.0 Hz, 1H), 6.96 (dd, J = 1.1, 7.7 Hz, 1H), 7.30 ï 7.38 (m, 6H), 8.67 (bs, 1H); 13C 

NMR (100 MHz, CDCl3) ŭ (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, 166.7; ESI-MS (Rt =10.0 min) m/z 427 [M+H2O]+. Found C, 

64.69; H, 4.74; N, 3.37 %; C22H19NO7 requires C, 64.54; H, 4.68; N, 3.42 %. 

(R)-1-((S,Z)-2-(2-(benzyloxy)-2-oxoethylidene)-4-oxoazetidin-3-yl)ethyl 4-(ethoxymethoxy)benzoate (4.c) 

Following GP3, alcohol A (39 mg, 0.15 mmol) and acid 3.c (47 mg, 0.24 mmol) yielded compound 4.c as a 

waxy solid (27 mg, 41%) after flash-chromatography purification (CH2Cl2/acetone 99:1). IR (film, cm-1) 3300, 

2926, 1821, 1702, 1656, 1606, 1509, 1270; [Ŭ]20
D = ï 10 (c = 1.1, CH2Cl2);1H NMR (400 MHz, CDCl3) ŭ 

(ppm) 1.22 (t, J = 7.0 Hz, 3H), 1.51 (d, J = 6.3 Hz, 3H), 3.73 (q, J = 7.0 Hz, 2H), 4.01 (d, J = 6.7 Hz, 1H), 5.15 

(d, JAB = 12.3 Hz, 1H), 5.19 (d, JAB = 12.3 Hz, 1H), 5.26 (s, 1H), 5.27 (s, 2H), 5.48 (quintet, J = 6.3 Hz, 1H), 

7.06 (d, J = 8.7 Hz, 2H), 7.32 ï 7.40 (m, 5H), 7.96 (d, J = 8.7 Hz, 2H), 8.67 (bs, 1H); 13C NMR (100 MHz, 

CDCl3) ŭ (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, 161.4, 164.6, 164.9, 166.7; ESI-MS (Rt = 10.9  min) m/z 457 [M+H2O]+.  

(R)-1-((S,Z)-2-(2-(benzyloxy)-2-oxoethylidene)-4-oxoazetidin-3-yl)ethyl-3,4-bis(ethoxymethoxy) benzoate 

(4.d) 

Following GP3, alcohol A (60 mg, 0.23 mmol) and acid 3.d (98 mg, 0.36 mmol) yielded compound 4.d as a 

yellow oil (44 mg, 37%) after flash-chromatography purification (CH2Cl2/diethyl ether 95:5). IR (film, cm-1) 

3287, 2976, 1822, 1704, 1658, 1603, 1509, 1263; [Ŭ]20
D = ï 12 (c = 0.6, CH2Cl2); 1H NMR (400 MHz, CDCl3) 

ŭ (ppm) 1.20 (t, J = 7.0 Hz, 3H), 1.21 (t, J = 7.0 Hz, 3H), 1.51 (d, J = 6.4 Hz, 3H), 3.72 ï 3.81 (m, 4H), 4.00 

(d, J = 6.7 Hz, 1H), 5.13 (d, JAB = 12.3 Hz, 1H), 5.18 (d, JAB = 12.3 Hz, 1H), 5.26 ï 5.33 (m, 5H), 5.43 (quintet, 
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J = 6.4 Hz, 1H), 7.20 (d, J = 8.6 Hz, 1H), 7.30 ï 7.35 (m, 5H), 7.65 (dd, J = 1.8, 8.6 Hz, 1H), 7.81 (d, J = 1.8 

Hz, 1H), 8.76 (bs, 1H); 13C NMR (100 MHz, CDCl3) ŭ (ppm) 14.99, 15.01, 18.2, 61.6, 64.5, 64.6, 66.1, 67.3, 

90.6, 93.5, 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; ESI-MS (Rt =  11.5 min) m/z 531 [M+H2O]+. 

(E)-(R)-1-((S,Z)-2-(2-(benzyloxy)-2-oxoethylidene)-4-oxoazetidin-3-yl)ethyl 3-(benzo[d][1,3]dioxol-5-

yl)acrylate (1.e) 

Following GP3, alcohol A (67 mg, 0.25 mmol) and acid 3.e (77 mg, 0.40 mmol) yielded compound 1.e as a 

waxy solid (38 mg, 35%) after flash-chromatography purification (CH2Cl2/acetone 98:2). IR (film, cm-1) 3286, 

2924, 1821, 1704, 1657, 1510, 1256; [Ŭ]20
D = + 9 (c = 1.0, CH2Cl2);1H NMR (400 MHz, CDCl3) ŭ (ppm) 1.46 

(d, J = 6.4 Hz, 3H),  3.95 (d, J = 6.8 Hz, 1H), 5.15 (d, JAB = 12.3 Hz, 1H), 5.18 (d, JAB = 12.3 Hz, 1H), 5.27 (d, 

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

1H), 6.98 ï 7.03 (m, 2H), 7.32 ï 7.37 (m, 5H), 7.59 (d, J = 15.9 Hz, 1H), 8.51 (bs, 1H); 13C NMR (100 MHz, 

CDCl3) ŭ (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, 166.7; ESI-MS (Rt = 10.4 min) m/z 392 [M-43]+. Found C, 

66.47; H, 4.89; N, 3.28 %; C24H21NO7 requires C, 66.20; H, 4.86; N, 3.22 %. 

(E)-(R)-1-((S,Z)-2-(2-(benzyloxy)-2-oxoethylidene)-4-oxoazetidin-3-yl)ethyl-3-(4-ethoxymethoxy) 

phenyl)acrylate (4.f) 

Following GP3, alcohol A (67 mg, 0.25 mmol) and acid 3.f (89 mg, 0.40 mmol) yielded compound 4.f as a 

waxy solid (67 mg, 58%) after flash-chromatography purification (cyclohexane/EtOAc 75:25). IR (film, cm-

1) 3286, 2924, 1821, 1704, 1658, 1454, 1256; 1H NMR (400 MHz, CDCl3) ŭ (ppm) 1.22 (t, J = 7.1 Hz, 3H), 

1.47 (d, J = 6.4 Hz, 3H), 3.73 (q, J = 7.1 Hz, 2H), 3.96 (d, J = 6.9 Hz, 1H), 5.14 (d, JAB = 12.3 Hz, 1H), 5.18 

(d, JAB = 12.3 Hz, 1H), 5.25 (s, 2H), 5.27 (s, 1H), 5.37 (quintet, J = 6.4 Hz, 1H), 6.29 (d, J = 15.9 Hz, 1H), 

7.04 (d, J = 8.7 Hz, 2H),  7.33 ï 7.38 (m, 5H), 7.47 (d, J = 8.7 Hz, 2H),  7.65 (d, J = 15.9 Hz, 1H), 8.44 (bs, 

1H); ESI-MS (Rt = 11.6 min) m/z 422 [M-43]+.  

4.2.19. (E)-(R)-1-((S,Z)-2-(2-(benzyloxy)-2-oxoethylidene)-4-oxoazetidin-3-yl)ethyl 3-(2-(ethoxymethoxy) 

phenyl)acrylate (4.g) 

Following GP3, alcohol A (40 mg, 0.15 mmol) and acid 3.g (40 mg, 0.18 mmol) yielded compound 4.g as a 

waxy solid (45 mg, 65%) after flash-chromatography purification (cyclohexane/EtOAc 75:25). IR (film, cm-

1) 3284, 2933, 1821, 1702, 1657, 1631, 1542, 1457, 1264; [Ŭ]20
D = ï 16 (c = 1.0, CH2Cl2); 1H NMR (400 MHz, 

CDCl3) ŭ (ppm) 1.21 (t, J = 7.1 Hz, 3H), 1.48 (d, J = 6.4 Hz, 3H), 3.74 (q, J = 7.1 Hz, 2H), 3.97 (d, J = 7.0 Hz, 

1H), 5.16 (d, JAB = 12.3 Hz, 1H), 5.20 (d, JAB = 12.3 Hz, 1H), 5.29 (s, 3H), 5.38 (quintet, J = 6.4 Hz, 1H), 6.48 

(d, J = 16.2 Hz, 1H), 7.01 (t, J = 7.5 Hz, 1H), 7.19 (d, J = 8.3 Hz, 1H), 7.32ï 7.36 (m, 6H), 7.53 (d, J = 7.7 

Hz, 1H), 8.06 (d, J = 16.2 Hz, 1H), 8.78 (bs, 1H); 13C NMR (100 MHz, CDCl3) ŭ (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; ESI-MS (Rt = 11.7 min) m/z 483 [M+H2O]+. 

(E)-(R)-1-((S,Z)-2-(2-(benzyloxy)-2-oxoethylidene)-4-oxoazetidin-3-yl)ethyl3-(3,4-bis(ethoxy methoxy) 

phenyl) acrylate (4.h) 

Following GP3, alcohol A (65 mg, 0.25 mmol) and acid 3.h (116 mg, 0.39 mmol) yielded compound 4.h as a 

yellow oil (51 mg, 38%) after flash-chromatography purification (CH2Cl2/diethyl ether 95:5). IR (film, cm-1) 

3266, 2973, 1820, 1701, 1655, 1638, 1510, 1251; [Ŭ]20
D = + 6 (c = 1.0, CH2Cl2); 1H NMR (400 MHz, CDCl3) 

ŭ (ppm) 1.20 ï 1.25 (m, 6H), 1.46 (d, J = 6.3 Hz, 3H), 3.73 ï 3.80 (m, 4H), 3.96 (d, J = 7.0 Hz, 1H), 5.14 (d, 

JAB = 12.4 Hz, 1H), 5.19 (d, JAB = 12.4 Hz, 1H), 5.27 (s, 1H), 5.30 (s, 2H), 5.31 (s, 2H), 5.37 (quintet, J = 6.3 

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

(bs, 1H); 13C NMR (100 MHz, CDCl3) ŭ (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, 115.6, 115.9, 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; 

ESI-MS (Rt = 12.1 min) m/z  557 [M+H2O]+. 

(E)-(R)-1-((S,Z)-2-(2-(benzyloxy)-2-oxoethylidene)-4-oxoazetidin-3-yl)ethyl 3-(4-(ethoxymethoxy)-3-

methoxyphenyl)acrylate (4.i) 

Following GP3, alcohol A (40 mg, 0.15 mmol) and acid 3.i (61 mg, 0.24 mmol) yielded compound 4.i as a 

waxy solid (27 mg, 36%) after flash-chromatography purification (CH2Cl2/acetone 98:2). IR (film, cm-1) 3287, 

2924, 1821, 1704, 1657, 1510, 1256; 1H NMR (400 MHz, CDCl3) ŭ (ppm) 1.22 (t, J = 7.1 Hz, 3H), 1.47 (d, J 

= 6.4 Hz, 3H), 3.77 (q, J = 7.1 Hz, 2H), 3.92 (s, 3H), 3.97 (d, J = 6.8 Hz, 1H), 5.14 (d, JAB = 12.3 Hz, 1H), 

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

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

1H), 8.47 (bs, 1H); 13C NMR (100 MHz, (CD3)2CO) ŭ (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; ESI-MS (Rt = 10.9 min) m/z 452 [M-43]+.  

(E)-(R)-1-((S,Z)-2-(2-(benzyloxy)-2-oxoethylidene)-4-oxoazetidin-3-yl)ethyl 3-(4-(ethoxymethoxy)-3,5-

dimethoxyphenyl)acrylate (4.j ) 

Following GP3, alcohol A (40 mg, 0.15 mmol) and acid 3.j  (68 mg, 0.24 mmol) yielded compound 4.j  as a 

waxy solid (30 mg, 38%) after flash-chromatography purification (CH2Cl2/acetone 98:2). IR (film, cm-1) 3289, 

2925, 1736, 1649, 1584, 1504, 1454; 1H NMR (400 MHz, CDCl3) ŭ (ppm) 1.21 (t, J = 7.1 Hz, 3H), 1.47 (d, J 

= 6.4 Hz, 3H), 3.87 (s, 6H), 3.88 (q, J = 7.1 Hz, 2H), 3.97 (d, J = 6.7 Hz, 1H), 5.15 (d, JAB = 12.3 Hz, 1H), 

5.18 (d, JAB = 12.3 Hz, 1H), 5.19 (s, 2H), 5.28 (s, 1H), 5.38 (quintet, J = 6.4 Hz, 1H), 6.32 (d, J = 15.9 Hz, 

1H), 6.75 (s, 2H), 7.33 ï 7.36 (m, 5H), 7.61 (d, J = 15.9 Hz, 1H), 8.56 (bs, 1H); 13C NMR (100 MHz, CDCl3) 

ŭ (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, 128.2, 128.4, 128.7, 130.0, 

135.7, 136.8, 145.9, 152.0, 153.6, 164.5, 165.7, 166.7; ESI-MS (Rt = 11.5 min) m/z 543 [M+H2O]+. 

(R)-1-((S,Z)-2-(2-(benzyloxy)-2-oxoethylidene)-4-oxoazetidin-3-yl)ethyl 4-hydroxybenzoate (1.c) 

Following GP4, ɓ-lactam 4.c (27 mg, 61 µmol) treated with TFA (126 µL, 1.68 mmol) yielded compound 1.c 

as a yellow oil (23 mg, 99%). IR (film, cm-1) 3304, 2982, 1818, 1697, 1662, 1608, 1592, 1269;  [Ŭ]20
D = ï 5 (c 

= 1.0, CH2Cl2); 1H NMR (400 MHz, CDCl3) ŭ (ppm) 1.51 (d, J = 6.3 Hz, 3H), 4.02 (d, J = 6.5 Hz, 1H), 5.14 

(d, JAB = 12.0 Hz, 1H), 5.19 (d, JAB = 12.0 Hz, 1H), 5.30 (d, J = 1.7 Hz, 1H), 5.47 (quintet, J = 6.3 Hz, 1H), 

6.83 (d, J = 7.2 Hz, 2H), 7.31 ï 7.40 (m, 5H), 7.89 (d, J = 7.2 Hz, 2H), 8.67 (bs, 1H); 13C NMR (100 MHz, 

CDCl3) ŭ (ppm) 18.0, 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, 167.0; ESI-MS (Rt = 8.6  min) m/z 399 [M+H2O]+. Found C, 66.20; H, 4.90; N, 3.58 % C21H19NO6 

requires C, 66.13; H, 5.02; N, 3.67 %. 

(R)-1-((S,Z)-2-(2-(benzyloxy)-2-oxoethylidene)-4-oxoazetidin-3-yl)ethyl 3,4-dihydroxybenzoate (1.d) 

Following GP4, ɓ-lactam 4.d (36 mg, 70 µmol) treated with TFA (210 µL, 2.85mmol) yielded compound as a 

yellow oil 1.d (27 mg, 99%). IR (film, cm-1) 3356, 2925, 1815, 1694, 1657, 1604, 1524, 1293; [Ŭ]20
D = ï 13 (c 

= 0.9, CH3OH); 1H NMR (400 MHz, (CD3)2CO) ŭ (ppm) 1.48 (d, J = 6.4 Hz, 3H), 4.22 (d, J = 6.3 Hz, 1H), 

5.14 (d, JAB = 12.4 Hz, 1H), 5.20 (d, JAB = 12.4 Hz, 1H), 5.25 (s, 1H), 5.42 (quintet, J = 6.3 Hz, 1H), 6.89 (d, 

J = 8.3 Hz, 1H), 7.29 ï 7.50 (m, 7H), 9.89 (bs, 1H); 13C NMR (100 MHz, (CD3)2CO) ŭ (ppm) 18.4, 62.4, 65.9, 

67.8, 90.4, 115.8, 117.2, 122.5, 123.4, 128.8, 128.9, 129.2, 137.8, 145.7, 151.1, 154.2, 165.5, 166.3, 166.6; 

ESI-MS (Rt = 8.8 min) m/z 415 [M+H2O]+. Found C, 63.49; H, 4.85; N, 3.56 %; C21H19NO7 requires C, 63.47; 

H, 4.82; N, 3.52 %. 
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(E)-(R)-1-((S,Z)-2-(2-(benzyloxy)-2-oxoethylidene)-4-oxoazetidin-3-yl)ethyl 3-(4-hydroxyphenyl) acrylate 

(1.f) 

Following GP4, ɓ-lactam 4.f (50 mg, 107 µmol) treated with TFA (85 µL, 1.13 mmol) yielded compound 1.f 

as a yellow oil (43 mg, 99%). IR (film, cm-1) 3405, 3286, 2929, 1819, 1650, 1515, 1453, 1257; [Ŭ]20
D = + 6 (c 

= 1.0, CH2Cl2); 1H NMR (400 MHz, CDCl3) ŭ (ppm) 1.46 (d, J = 6.4 Hz, 3H), 3.75 (bs, 1H), 3.97 (d, J = 6.6 

Hz, 1H), 5.15 (d, JAB = 12.4 Hz, 1H), 5.19 (d, JAB = 12.4 Hz, 1H), 5.28 (s, 1H), 5.37 (quintet, J = 6.4 Hz, 1H), 

6.25 (d, J = 15.9 Hz, 1H), 6.84 (d, J = 8.5 Hz, 2H), 7.33 ï 7.38 (m, 5H), 7.40 (d, J = 8.5 Hz, 2H), 7.62 (d, J = 

15.9 Hz, 1H), 8.53 (bs, 1H); 13C NMR (100 MHz, CDCl3) ŭ (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, 166.7; ESI-MS (Rt = 8.9 min) m/z 

364 [M-43]+. Found C, 67.71; H, 5.13; N, 3.38 %; C23H21NO6 requires C, 67.80; H, 5.20; N, 3.44 %.  

(E)-(R)-1-((S,Z)-2-(2-(benzyloxy)-2-oxoethylidene)-4-oxoazetidin-3-yl)ethyl 3-(2-hydroxyphenyl)acrylate 

(1.g) 

Following GP4, ɓ-lactam 4.g (38 mg, 82 µmol) treated with TFA (120 µL, 1.60 mmol) yielded compound 1.g 

as a yellow oil (33 mg, 99%). IR (film, cm-1) 3386, 3282, 2934, 1822, 1702, 1662, 1629, 1604, 1458, 1249; 

[Ŭ]20
D = ï 14 (c = 1.0, CH2Cl2); 1H NMR (400 MHz, (CD3)2CO) ŭ (ppm) 1.45 (d, J = 6.3 Hz, 3H), 4.16 (d, J = 

6.6 Hz, 1H), 5.15 (d, JAB = 12.5 Hz, 1H), 5.19 (d, JAB = 12.5 Hz, 1H), 5.28 (s, 1H), 5.37 (quintet, J = 6.3 Hz, 

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

ï 7.40 (m, 5H), 7.59 (d, J = 7.6 Hz, 1H), 8.02 (d, J = 16.1 Hz, 1H), 9.84 (bs, 1H); 13C NMR (100 MHz, CDCl3) 

ŭ (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; ESI-MS (Rt = 11.7 min) m/z 406 [M-H]+. Found C, 67.99; H, 5.12; N, 3.43 %; 

C23H21NO6 requires C, 67.80; H, 5.20; N, 3.44 %.  

(E)-(R)-1-((S,Z)-2-(2-(benzyloxy)-2-oxoethylidene)-4-oxoazetidin-3-yl)ethyl 3-(3,4-dihydroxyphenyl) acrylate 

(1.h) 

Following GP4, ɓ-lactam 4.h (44 mg, 82 µmol) treated with TFA (490 µL, 6.56 mmol) yielded compound 1.h 

as a yellow oil (34 mg, 99%). IR (film, cm-1) 3331, 2925, 1816, 1698, 1657, 1604, 1515, 1260; [Ŭ]D
20 = + 11 

(c = 0.6, CH3OH); 1H NMR (400 MHz, (CD3)2CO) ŭ (ppm) 1.43 (d, J = 6.4 Hz, 3H), 4.14 (d, J = 6.5 Hz, 1H), 

5.15 (d, JAB = 12.5 Hz, 1H), 5.19 (d, JAB = 12.5 Hz, 1H), 5.26 (s, 1H), 5.33 (quintet, J = 6.4 Hz, 1H), 6.28 (d, 

J = 15.9 Hz, 1H), 6.87 (d, J = 8.2 Hz, 1H), 7.03 (dd, J = 1.6, 8.2 Hz, 1H), 7.16 (d, J = 1.6 Hz, 1H), 7.30 ï 7.40 

(m, 5H), 7.56 (d, J = 15.9 Hz, 1H),9.85 (bs, 1H); 13C NMR (100 MHz, (CD3)2CO) ŭ (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; ESI-MS (Rt = 8.9 min) m/z 441 [M+H2O]+. Found C, 65.29; H, 5.04; N, 3.23 %; C23H21NO7 

requires C, 65.24; H, 5.00; N, 3.31 %.  

(E)-(R)-1-((S,Z)-2-(2-(benzyloxy)-2-oxoethylidene)-4-oxoazetidin-3-yl)ethyl 3-(4-hydroxy-3-

methoxyphenyl)acrylate (1.i) 

Following GP4, ɓ-lactam 4.i (20 mg, 40 µmol) treated with TFA (150 µL, 2.02 mmol) yielded compound 1.i 

as a yellow oil (17 mg, 99%). IR (film, cm-1) 3397, 3293, 2930, 1819, 1702, 1659, 1514, 1454, 1267; [Ŭ]20
D  = 

+ 13 (c = 1.0, CH2Cl2); 1H NMR (400 MHz, CDCl3) ŭ (ppm) 1.46 (d, J = 6.3 Hz, 3H), 3.93 (s, 3H), 3.96 (d, J 

= 6.8 Hz, 1H), 5.14 (d, JAB = 12.4 Hz, 1H), 5.18 (d, JAB = 12.4 Hz, 1H), 5.28 (s, 1H), 5.37 (quintet, J = 6.3 Hz, 

1H), 6.26 (d, J = 15.9 Hz, 1H), 6.92 (d, J = 8.1Hz, 1H), 7.03 (s, 1H), 7.06 (d, J = 8.1Hz, 1H), 7.31 ï 7.39 (m, 

5H), 7.62 (d, J = 15.9 Hz, 1H), 8.53 (bs, 1H); 13C NMR (100 MHz, CDCl3) ŭ (ppm) 18.0, 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; ESI-MS (Rt = 9.2 min) m/z 394 [M-43]+. Found C, 66.92; H, 5.35; N, 3.15 %; C24H23NO7 requires 

C, 65.90; H, 5.30; N, 3.20 %.  
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(E)-(R)-1-((S,Z)-2-(2-(benzyloxy)-2-oxoethylidene)-4-oxoazetidin-3-yl)ethyl 3-(4-hydroxy-3,5-

dimethoxyphenyl)acrylate (1.j ) 

Following GP4, ɓ-lactam 4.j  (30 mg, 57 µmol) treated with TFA (210 µL, 2.85 mmol) yielded compound 1.j  

as a yellow oil (26 mg, 99%). IR (film, cm-1) 3398, 3286, 2923, 1819, 1702, 1657, 1514, 1457, 1255; [Ŭ]20
D = 

+ 11 (c = 1.0, CH2Cl2); 1H NMR (400 MHz, CDCl3) ŭ (ppm) 1.46 (d, J = 6.4 Hz, 3H),  3.92 (s, 6H), 3.97 (d, J 

= 6.8 Hz, 1H), 5.14 (d, JAB = 12.4 Hz, 1H), 5.18 (d, JAB = 12.4 Hz, 1H), 5.28 (s, 1H), 5.38 (quintet, J = 6.4 Hz, 

1H), 6.27 (d, J = 15.8 Hz, 1H), 6.77 (s, 2H), 7.33 ï 7.36 (m, 5H), 7.60 (d, J = 15.8 Hz, 1H), 8.54 (bs, 1H); 13C 

NMR (100 MHz, CDCl3) ŭ (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, 166.7; ESI-MS (Rt = 9.0 min) m/z 424 [M-43]+. 

Found C, 64.31; H, 5.41; N, 2.94 %; C25H25NO8 requires C, 64.23; H, 5.39; N, 3.00 %.  

2.13.4 Synthesis of alkylidene-ɓ-lactams for vectorization and in vivo biodistribution  

Alcohol A, compounds 1.K, 2.K, 3.K and 4.K were prepared as previously reported.39e Starting benzoic acid 

methyl esters are known and were prepared according to reported procedures with methanol and sulfuric acid 

as catalyst.106  

methyl 4-(ethoxymethoxy)-3-methoxybenzoate (2.k) 

Following GP1, methyl 4-hydroxy-3-methoxybenzoate (898 mg, 4.93 mmol), NaH (256 mg, 6.4 mmol) and 

EOMCl (594 µL, 6.4 mmol) yielded compound 2.k as a yellow oil (1.183 g, 99%). IR (film, cm-1) 3409, 2952, 

1712, 1598, 1513, 1435, 1293; 1H NMR (400 MHz, CDCl3) ŭ (ppm) 1.23 (t, J = 14.4 Hz, 3H), 3.78 (q, J = 

14.0 Hz, 2H), 3.90 (s, 3H), 3.94 (s, 3H), 5.35 (s, 2H), 7.21 (d, J = 17.2 Hz, 1H), 7.57 (d, J = 4.0 Hz, 1H), 7.65 

(dd, J = 3.6, 16.8 Hz, 1H); 13C NMR (100 MHz, CDCl3) ŭ (ppm) 14.7, 51.5, 55.6, 64.2, 93.3, 112.2, 114.4, 

123.0, 123.5, 148.8, 150.4, 166.3; ESI-MS (Rt = 7.4 min) m/z 241 [M+H] +. 

4-(ethoxymethoxy)-3-methoxybenzoic acid (3.k) 

Following GP2, ester 2.k (1.183g, 4.93 mmol) yielded acid 3.k as a white solid (568 mg, 51%). Mp 133 ï 135 

°C; IR (film, cm-1) 3396, 3048, 2962, 2901, 1681, 1590, 1458, 1426, 1279; 1H NMR (400 MHz, CD3OD) ŭ 

(ppm) 1.24 (t, J = 7.2 Hz, 3H,), 3.79 (q, J = 6.8 Hz, 2H), 3.96 (s, 3H), 5.38 (s, 2H), 7.25 (d, J = 8.4 Hz, 1H), 

7.63 (d, J = 1.6 Hz, 1H), 7.75 (dd, J = 1.6, 8.4 Hz, 1H); 13C NMR (100 MHz, CDCl3) ŭ (ppm) 15.0, 56.0, 64.7, 

93.7, 112.8, 114.6, 122.9, 124.3, 149.1, 151.4, 171.9; ESI-MS (Rt = 11.1 min) m/z 225 [M-H]-. 

(R)-1-((S,Z)-2-(2-(benzyloxy)-2-oxoethylidene)-4-oxoazetidin-3-yl)ethyl-4-(ethoxymethoxy)-3-

methoxybenzoate (4.k)  

Following GP3, alcohol A (83 mg, 0.32 mmol) and acid 3.k (115 mg, 0.51 mmol) yielded compound 4.k as a 

colorless oil (24 mg, 16%) after flash-chromatography purification (CH2Cl2/CH3CN from 98:2 to 95:5). IR 

(film, cm-1) 3295, 2980, 1822, 1704, 1658, 1601, 1511, 1268, 1217; [Ŭ]D = + 14 (c = 0.4, CH2Cl2); 1H NMR 

(400 MHz, CD3OD) ŭ (ppm) 1.22 (t, J = 7.2 Hz, 3H), 1.52 (d, J = 6.4 Hz, 2H,), 3.77 (q, J = 7.2 Hz, 2H), 3.90 

(s, 3H), 4.02 (d, J = 6.4 Hz, 1H), 5.15 (d, JAB = 12.4 Hz, 1H), 5.19 (d, JAB = 12.0 Hz, 1H), 5.28 (s, 1H), 5.34 

(s, 2H), 5.48 (quintet, J = 6.4 Hz, 1H) 7.20 (d, J = 8.0 Hz, 1H), 7.32 ï 7.37 (m, 5H), 7.54 (d, J = 2.0 Hz, 1H), 

7.61 (dd, J = 2.0, 8.8 Hz, 1H), 8.70 (bs, 1H); 13C NMR (100 MHz, CDCl3) ŭ (ppm) 15.0, 18.1, 55.9, 61.6, 64.6, 

66.1, 67.1, 90.6, 93.6, 112.4, 114.7, 123.2, 123.4, 128.3, 128.5, 135.7, 149.2, 151.0, 152.2, 164.6, 165.0, 166.6; 

ESI-MS (Rt = 10.0 min) m/z 487 [M+H2O]+. 

(R)-1-((S,Z)-2-(2-(benzyloxy)-2-oxoethylidene)-4-oxoazetidin-3-yl)-ethyl-4-hydroxy-3-methoxybenzoate (1.k) 

Following GP4, ɓ-lactam 4.k (22 mg, 47 µmol) treated with TFA (83 µL, 1.08 mmol) yielded compound 1.k 

as a waxy solid (19 mg, 99%). IR (film, cm-1) 3379, 2933, 2852, 1819, 1699, 1659, 1597, 1514, 1282, 1220; 

[Ŭ]D = + 11 (c = 0.3, CH2Cl2); 1H NMR (400 MHz, CDCl3) ŭ (ppm) 1.52 (d, J = 6.4 Hz, 2H), 3.91 (s, 3H), 4.02 
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(d, J = 6.0 Hz, 1H), 5.15 (d, JAB = 12.0 Hz, 1H), 5.19 (d, JAB = 12.0 Hz, 1H), 5.28 (s, 1H), 5.48 (quintet, J = 

6.0 Hz, 1H) 6.94 (d, J = 8.4 Hz, 1H), 7.33-7.37 (m, 5H), 7.51 (s, 1H), 7.60 (d, J = 8.4 Hz, 1H) 8.73 (bs, 1H); 
13C NMR (50 MHz, CDCl3) ŭ (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, 150.4, 152.2, 164.7, 165.0, 166.7; ESI-MS (Rt = 8.3 min) m/z 429 [M+H2O]+. 

2.13.5 Synthesis of other antibacterial alkylidene-ɓ-lactams 

Alcohol A was prepared as previously reported.39e Starting benzoic acid methyl ester is known and was 

prepared according to reported procedures with methanol and sulfuric acid as catalyst.107 N-Boc-protected 

ethanolamine 108 and bromopropylamine 109 were synthetized according to procedures reported in literature. 

Spectroscopic data are in accordance with those reported. 

Methyl 4-(2-((tert-butoxycarbonyl)amino)ethoxy)benzoate (2.l) 

To a solution of N-Boc-ethanolamine (145 mg, 0.9 mmol, 1 equiv) in THF (6.4 mL) under inert atmosphere, 

p-hydroxybenzoic acid methyl ester (164 mg, 1.08 mmol, 1.2 equiv) and triphenylphosphine (354 mg, 1.35 

mmol, 1.5 equiv) were added. The mixture was then cooled to 0 °C and DIAD (0.3 mL, 1.35 mmol, 1.5 equiv) 

was added; the system was allowed to reach room temperature in 15 min and left under stirring. After 3 h (TLC 

monitoring) the reaction mixture was quenched with a solution of NaOH 1M and extracted with EtOAc (3 × 

10 mL). The collected organic phases were dried on Na2SO4 and evaporated. The crude was then purified by 

flash-chromatography (CH2Cl2/acetone 90:10) to afford the desired compound 2.l as a waxy white solid (116 

mg, 44%). 1H NMR (400 MHz, CDCl3) ŭ (ppm) 7.89 (d, J = 8.8 Hz, 2H), 6.81 (d, J = 8.8 Hz, 2H), 5.22 (bs, 

1H), 3.99 (t, J = 5.2 Hz, 2H), 3.79 (s, 3H), 3.47 (d, J = 5.0 Hz, 2H), 1.37 (s, 9H); 13C NMR (100 MHz, CDCl3) 

ŭ (ppm) 166.5, 162.1, 155.7, 131.4, 131.1, 122.6, 113.8, 79.3, 67.1, 51.6, 39.7, 28.1; ESI-MS (Rt = 9.5 min) 

m/z 196 [M-Boc+2H]+. 

Methyl 4-(3-((tert-butoxycarbonyl)amino)propoxy)benzoate (2.m) 

To a solution of p-hydroxybenzoic acid methyl ester (160 mg, 1.05 mmol, 1 equiv) in DMF (2 mL) under inert 

atmosphere, H2O (0.2 mL) and K2CO3 (363 mg, 2.63 mmol, 2.5 equiv) were added. The mixture was stirred 

at room temperature for 20 minutes and gradually warmed to 45 °C. N-Boc-bromopropylamine (377 mg, 1.58 

mmol, 1.5 equiv) was then added and the system was left under stirring at rt. After 30 h (TLC monitoring) the 

reaction mixture was quenched with water extracted with EtOAc (3 × 10 mL). The collected organic phases 

were dried on Na2SO4 and evaporated. The crude was then purified by flash-chromatography 

(cyclohexane/EtOAc 75:25) to afford the desired compound 2.m as a waxy white solid (182 mg, 56%). 1H 

NMR (400 MHz, CDCl3) ŭ (ppm) 7.92 (dd, J = 8.7, 1.1 Hz, 2H), 6.85 (dd, J = 8.7, 1.1 Hz, 2H), 4.91 (bs, 1H), 

4.01 (t, J = 5.2 Hz, 2H), 3.83 (s, 3H), 3.33 ï 3.22 (m, 2H), 1.99 ï 1.90 (m, 2H), 1.39 (s, 9H); 13C NMR (100 

MHz, CDCl3) ŭ (ppm) 166.7, 162.4, 155.9, 131.4, 122.5, 113.9, 79.0, 65.7, 51.7, 37.6, 29.4, 28.3; ESI-MS (Rt 

= 10.9 min) m/z 210 [M-Boc+2H]+. 

4-(2-((tert-butoxycarbonyl)amino)ethoxy)benzoic acid (3.l) 

Following GP2, ester 2.l (116 mg, 0.39 mmol) yielded acid 3.l as a waxy white solid (105 mg, 96%). 1H NMR 

(400 MHz, CDCl3) ŭ (ppm) 8.05 (d, J = 8.8 Hz, 2H), 6.94 (d, J = 8.8 Hz, 2H),4.98 (bs, 1H), 4.10 (t, J = 5.1 

Hz, 2H), 3.57 (d, J = 5.0 Hz, 2H), 1.46 (s, 9H); 13C NMR (100 MHz, CD3OD) ŭ (ppm) 169.7, 164.2, 158.6, 

132.8, 124.3, 115.2, 80.3, 68.2, 40.9, 28.7; ESI-MS (Rt = 7.1 min) m/z 182 [M-Boc+2H]+. 

4-(3-((tert-butoxycarbonyl)amino)propoxy)benzoic acid (3.m) 

Following GP2, ester 2.m (175 mg, 0.56 mmol) yielded acid 3.m as a waxy white solid (146 mg, 87%). 1H 

NMR (400 MHz, (CD3)2CO) ŭ (ppm) 7.98 (d, J = 8.9 Hz, 2H), 7.01 (d, J = 8.8 Hz, 2H), 6.12 (bs, 1H), 4.14 (t, 

J = 6.4 Hz, 2H), 3.28 (q, J = 6.4 Hz, 2H), 1.98 (quintet, J = 6.4 Hz, 2H), 1.40 (s, 9H); 13C NMR (100 MHz, 
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CDCl3) ŭ (ppm) 167.5, 163.8, 156.8, 132.5, 123.6, 115.0, 78.5, 66.6, 38.1, 30.4, 28.6; ESI-MS (Rt = 7.8 min) 

m/z 196 [M-Boc+2H]+. 

(R)-1-((S,Z)-2-(2-(benzyloxy)-2-oxoethylidene)-4-oxoazetidin-3-yl)ethyl 4-(2-((tert-

butoxycarbonyl)amino)ethoxy)benzoate (4.l) 

Following GP3, alcohol A (63 mg, 0.24 mmol) and acid 3.l (107 mg, 0.38 mmol) yielded compound 4.l as a 

yellow oil (57 mg, 45%) after flash-chromatography purification (CH2Cl2/diethyl ether 95:5). IR (film, cm-1) 

2973, 2926, 1820, 1700, 1656, 1605, 1252; [Ŭ]20
D = + 2 (c = 0.9, CH3OH); 1H NMR (400 MHz, CDCl3) ŭ 

(ppm) 8.55 (bs, 1H), 7.95 (d, J = 8.9 Hz, 2H), 7.40 ï 7.29 (m, 5H), 6.90 (d, J = 8.9 Hz, 2H), 5.46 (quintet, J = 

6.4 Hz, 1H), 5.25 (s, 1H), 5.16 (q, JAB = 12.3 Hz, 2H), 4.98 (bs, 1H), 4.07 (t, J = 5.1 Hz, 2H), 4.01 (d, J = 6.8 

Hz, 1H), 3.59 ï 3.52 (m, 2H), 1.51 (d, J = 6.4 Hz, 3H), 1.45 (s, 9H); 13C NMR (100 MHz, CDCl3) ŭ (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, 61.6, 39.9, 28.3, 18.0; ESI-MS (Rt = 11.7 min) m/z 425 [M-Boc+2H]+. 

2-(4-(((R)-1-((S,Z)-2-(2-(benzyloxy)-2-oxoethylidene)-4-oxoazetidin-3-

yl)ethoxy)carbonyl)phenoxy)ethanaminium 2,2,2-trifluoroacetate (1.l) 

Following GP4, ɓ-lactam 4.l (57 mg, 0.11 mmol) treated with TFA (594 µL, 5.28 mmol) yielded compound 

1.l as a yellow oil (58 mg, 99%). IR (film, cm-1) 3424, 2958, 2926, 1816, 1689, 1656, 1607, 1252; [Ŭ]20
D = + 

8 (c = 0.9, CH3OH); 1H NMR (400 MHz, CD3OD) ŭ (ppm) 7.96 (d, J = 8.3 Hz, 2H), 7.42 ï 7.24 (m, 5H), 7.06 

(d, J = 8.4 Hz, 2H), 5.44 (quintet, J = 6.3 Hz, 1H), 5.22 (s, 1H), 5.16 (q, JAB = 12.5 Hz, 2H), 4.30 (t, J = 4.6 

Hz, 2H), 4.13 (d, J = 5.9 Hz, 1H), 3.40 (t, J = 4.6 Hz, 1H), 1.47 (d, J = 6.3 Hz, 3H); 13C NMR (100 MHz, 

CD3OD) ŭ (ppm) 167.9, 167.6, 166.4, 163.5, 154.3, 138.0, 134.0, 132.7, 129.5, 129.1, 129.1, 124.3, 115.5, 

91.1, 68.6, 66.6, 65.5, 62.5, 40.1, 18.3; ESI-MS (Rt = 2.3 min) m/z 425 [M-TFA+H]+. 

(R)-1-((S,Z)-2-(2-(benzyloxy)-2-oxoethylidene)-4-oxoazetidin-3-yl)ethyl 4-(3-((tert-

butoxycarbonyl)amino)propoxy)benzoate (4.m) 

Following GP3, alcohol A (50 mg, 0.19 mmol) and acid 3.m (89 mg, 0.30 mmol) yielded compound 1.m as a 

yellow oil (48 mg, 46%) after flash-chromatography purification (CH2Cl2/diethyl ether 95:5). IR (film, cm-1) 

2972, 2927, 1821, 1701, 1656, 1606, 1254; [Ŭ]20
D = ï 2 (c = 1.0, CH3OH); 1H NMR (400 MHz, CDCl3) ŭ 

(ppm) 8.74 (bs, 1H), 7.94 (d, J = 8.8 Hz, 2H), 7.42 ï 7.28 (m, 5H), 6.89 (d, J = 8.8 Hz, 2H), 5.46 (quintet, J = 

6.4 Hz, 1H), 5.25 (s, 1H), 5.16 (q, JAB = 12.4 Hz, 2H), 4.77 (bs, 1H), 4.06 (t, J = 6.0 Hz, 2H), 4.01 (d, J = 6.8 

Hz, 1H), 3.32 (d, J = 6.1 Hz, 2H), 2.05 ï 1.95 (m, 2H), 1.50 (d, J = 6.4 Hz, 3H), 1.44 (s, 9H); 13C NMR (100 

MHz, CDCl3) ŭ (ppm) 166.7, 165.0, 164.7, 162.8, 156.0, 152.2, 135.7, 131.7, 128.6, 128.3, 128.2, 122.0, 114.2, 

90.5, 79.3, 67.0, 66.1, 65.9,61.6, 37.8, 29.6, 28.4, 18.1; ESI-MS (Rt = 12.0 min) m/z 439 [M-Boc+2H]+. 

3-(4-(((R)-1-((S,Z)-2-(2-(benzyloxy)-2-oxoethylidene)-4-oxoazetidin-3-yl)ethoxy)carbonyl)phenoxy)propan-

1-aminium 2,2,2-trifluoroacetate (1.m) 

Following GP4, ɓ-lactam 4.m (45 mg, 0.09 mmol) treated with TFA (300 µL, 2.70 mmol) yielded compound 

1.m as a yellow oil (46 mg, 99%). IR (film, cm-1) 3424, 2925, 2855, 1818, 1690, 1664, 1255; [Ŭ]20
D = + 2 (c = 

0.7, CH3OH); 1H NMR (400 MHz, CD3OD) ŭ (ppm) 7.95 (d, J = 8.9 Hz, 2H), 7.43 ï 7.25 (m, 5H), 7.01 (d, J 

= 8.9 Hz, 2H), 5.43 (dt, J = 11.7, 5.9 Hz, 1H), 5.22 (s, 1H), 5.16 (q, JAB = 10.0 Hz, 1H), 4.19 (t, J = 5.6 Hz, 

2H), 4.14 (d, J = 5.9 Hz, 1H), 3.16 (t, J = 7.2 Hz, 2H), 2.17 (dt, J = 12.9, 6.3 Hz, 2H), 1.48 (d, J = 6.4 Hz, 3H); 
13C NMR (100 MHz, CD3OD) ŭ (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, 62.6, 38.4, 28.2, 18.4; ESI-MS (Rt = 2.5 min) m/z 439 [M-

TFA+H]+. 
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2.13.6 Synthesis of ɓ-lactam carbamates 

Isocyanates 6.a-c and amines 7.a, 7.d-t are commercial; compounds A, 7.h, 7.p and 7.u were synthesized 

following already reported procedures.39e,84,85 

Benzyl(Z)-2-((S)-3-((R)-1-((benzylcarbamoyl)oxy)ethyl)-4-oxo azetidin-2-ylidene)acetate (5.a) 

To a solution of alcohol A (29 mg, 0.11 mmol, 1 equiv) in anhydrous CH2Cl2 (1.1 mL) under inert atmosphere, 

commercial benzylisocyanate 6.a (20 µL, 0.17 mmol, 1.5 equiv) and TiCl4 (1M in CH2Cl2, 11 µL, 0.011 mmol, 

0.1 equiv) were added dropwise. The mixture was then refluxed for 6 h. After completion (TLC monitoring) 

the mixture was quenched with water and extracted with CH2Cl2 (3 × 10 mL). The combined organic extracts 

were dried over Na2SO4, filtered, concentrated under vacuum and purified by flash-chromatography 

(cyclohexane/EtOAc 50:50) affording carbamate 5.a as a waxy white solid (40 mg, 91%). IR (film, cm-1) 3330, 

1818, 1699, 1657; [Ŭ]20
D = + 1 (c = 1.0, CH2Cl2); 1H NMR (400 MHz, CDCl3) ŭ (ppm) 1.41 (d, J = 6.4 Hz, 

3H), 3.89 (d, J = 6.4 Hz, 1H), 4.36 (d, J = 5.9 Hz, 2H), 5.07 (bt, J = 5.9 Hz, 1H), 5.16 (s, 2H), 5.21 (quintet, J 

= 6.4 Hz, 1H), 5.25 (s, 1H), 7.22 ï 7.40 (m, 10H), 8.59 (bs, 1H); 13C NMR (100 MHz, CDCl3) ŭ (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; 

ESI-MS m/z 412 [M+H2O]+. Found C, 67.02; H, 5.63; N, 7.08 %; C22H22N2O5 requires C, 66.99; H, 5.62; N, 

7.10 %.  

Benzyl(Z)-2-((S)-4-oxo-3-((R)-1-((phenylcarbamoyl)oxy)ethyl) azetidin-2-ylidene)acetate (5.b) 

A mixture of alcohol A (27 mg, 0.10 mmol, 1 equiv) and commercial phenylisocyanate 6.b (16 µL, 0.15 mmol, 

1.5 equiv) was subjected to microwave irradiation (400 W, 40 min) under stirring. The crude was directly 

purified by flash-chromatography (cyclohexane/EtOAc 60:40) affording carbamate 5.b as a waxy white solid 

(22 mg, 58%). IR (film, cm-1) 3314, 1815, 1698, 1658; [Ŭ]20
D = + 13 (c = 1.0, CH2Cl2); 1H NMR (400 MHz, 

CDCl3) ŭ (ppm) 1.46 (d, J = 6.4 Hz, 3H), 3.96 (d, J = 6.0 Hz, 1H), 5.18 (s, 2H), 5.27 (quintet, J = 6.4 Hz, 1H), 

5.29 (s, 1H), 6.72 (bs, 1H), 7.07 (t, J = 7.3 Hz, 1H), 7.28 ï 7.40 (m, 9H), 8.61 (bs, 1H); 13C NMR (100 MHz, 

CD3CN) ŭ (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; ESI-MS m/z 337 [M-43]+. Found C, 66.39; H, 5.28; N, 7.34 %; C21H20N2O5 requires C, 

66.31; H, 5.30; N, 7.36 %.  

Benzyl(Z)-2-((S)-4-oxo-3-((R)-1-((o-tolylcarbamoyl)oxy)ethyl) azetidin-2-ylidene)acetate (5.c) 

Following what reported for compound 5.b, alcohol A (21 mg, 0.08 mmol, 1 equiv) and commercial o-

tolilisocyanate 6.c (15 µL, 0.12 mmol, 1.5 equiv) yielded carbamate 5.c as a waxy white solid (15 mg, 48%). 

IR (film, cm-1) 3293, 1807, 1694, 1640; [Ŭ]20
D = + 28 (c = 1.0, CH2Cl2); 1H NMR (400 MHz, CDCl3) ŭ (ppm) 

1.47 (d, J = 6.4 Hz, 3H), 2.25 (s, 3H), 3.96 (d, J = 6.2 Hz, 1H), 5.18 (s, 2H), 5.24 ï 5.31 (m, 2H), 6.43 (bs, 

1H), 7.03 ï 7.21 (m, 3H), 7.32 ï 7.40 (m, 5H), 7.70 ï 7.72 (m, 1H), 8.58 (bs, 1H); 13C NMR (100 MHz, CDCl3) 

ŭ (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; ESI-MS m/z 351 [M-43]+. Found C, 66.90; H, 5.63; N, 7.09 %; C22H22N2O5 requires C, 66.99; 

H, 5.62; N, 7.10 %.  

Benzyl(Z)-2-((S)-3-((R)-1-(((4-methoxyphenyl)carbamoyl)oxy) ethyl)-4-oxoazetidin-2-ylidene) acetate (5.d) 

Following GP5 and GP6 carbamate 5.d was obtained in a 52% yield (32 mg, 0.08 mmol). IR (film) 3054, 

1824, 1708, 1656; [Ŭ]20
D = + 23 (c = 1.0, CH2Cl2); 1H NMR (400 MHz, CDCl3) ŭ (ppm) 1.44 (d, J = 6.4 Hz, 

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

1H), 6.83 (d, J = 8.9 Hz, 2H), 7.28 ï 7.37 (m, 7H), 8.76 (bs, 1H); 13C NMR (100 MHz, CDCl3) ŭ (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; 

ESI-MS m/z 367 [M-43]+. Found C, 64.21; H, 5.46; N, 6.81 %; C22H22N2O6 requires C, 64.38; H, 5.40; N, 6.83 

%. 
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Benzyl(Z)-2-((S)-3-((R)-1-(((3,5-dimethoxyphenyl)carbamoyl) oxy)ethyl)-4-oxoazetidin-2-ylidene) acetate 

(5.e) 

Following GP5 and GP6 carbamate 5.e was obtained in a 53% yield (35 mg, 0.08 mmol). IR (film, cm-1) 3317, 

1819, 1699, 1659; [Ŭ]20
D = + 20 (c = 1.0, CH2Cl2); 1H NMR (400 MHz, CD3CN) ŭ (ppm) 1.38 (d, J = 6.4 Hz, 

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

= 2.2 Hz, 1H), 6.63 (d, J = 1.9 Hz, 2H), 7.30 ï 7.37 (m, 5H), 8.03 (bs, 1H), 9.27 (bs, 1H); 13C NMR (100 MHz, 

CD3CN) ŭ (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; ESI-MS m/z 397 [M-43]+. Found C, 62.81; H, 5.50; N, 6.34 %; C23H24N2O7  requires C, 

62.72; H, 5.49; N, 6.36 %.  

Benzyl(Z)-2-((S)-4-oxo-3-((R)-1-(((4-(trifluoromethyl)phenyl) carbamoyl)oxy)ethyl)azetidin-2-ylidene) 

acetate (5.f)  

Following GP5 and GP6 carbamate 5.f was obtained in a 76% yield (51 mg, 0.11 mmol). IR (film, cm-1) 3308, 

1809, 1694, 1654; [Ŭ]20
D = + 17 (c = 1.0, CH2Cl2); 1H NMR (400 MHz, CD3CN) ŭ (ppm) 1.41 (d, J = 6.4 Hz, 

3H), 4.02 (d, J = 6.0 Hz, 1H), 5.22 (quintet, J = 6.4 Hz, 1H), 5.16 (s, 2H), 5.30 (s, 1H), 7.33 ï 7.38 (m, 5H), 

7.57 ï 7.62 (m, 4H), 8.15 (bs, 1H), 9.05 (bs, 1H); 13C NMR (100 MHz, CD3CN) ŭ (ppm) 17.8, 61.7, 65.5, 67.8, 

89.8, 114.7 (q, J = 103 Hz), 118.3, 126.2 (q, J = 3.9 Hz), 126.3, 128.1, 128.2, 128.7, 136.9, 152.6, 153.2, 165.6, 

166.4; ESI-MS m/z 405 [M-43]+. Found C, 59.02; H, 4.28; N, 6.24 %; C22H19F3N2O5 requires C, 58.93; H, 

4.27; N, 6.25 %.  

Benzyl(Z)-2-((S)-3-((R)-1-(((3-fluorophenyl)carbamoyl) oxy)ethyl)-4-oxoazetidin-2-ylidene) acetate (5.g) 

Following GP5 and GP6 carbamate 5.g was obtained in a 53% yield (32 mg, 0.08 mmol). IR (film, cm-1) 3407, 

1810, 1693, 1656; [Ŭ]20
D = + 21 (c = 1.0, CH2Cl2); 1H NMR (400 MHz, CD3CN) ŭ (ppm) 1.39 (d, J = 6.4 Hz, 

3H), 4.01 (d, J = 6.1 Hz, 1H), 5.16 (s, 2H), 5.19 (quintet, J = 6.4 Hz, 1H), 5.28 (s, 1H), 6.75 ï 6.80 (m, 1H), 

7.13 (dd, J = 8.2, 1.0 Hz, 1H), 7.25 ï 7.38 (m, 7H), 8.14 (bs, 1H), 9.17 (bs, 1H); 13C NMR (100 MHz, CD3CN) 

ŭ (ppm) 18.6, 62.5, 66.4, 68.4, 90.6, 106.3 (d, J = 25.9 Hz), 110.3 (d, J = 21.4 Hz), 115.0, 128.9, 129.0, 129.5, 

131.3 (d, J = 9.7 Hz), 137.7, 141.4 (d, J = 11.1 Hz), 153.4, 154.0, 163.9 (d, J = 220 Hz), 166.7, 167.2; ESI-MS 

m/z 355 [M-43]+. Found C, 63.28; H, 4.80; N, 7.01 %; C21H19FN2O5 requires C, 63.31; H, 4.81; N, 7.03 %.  

Benzyl(Z)-2-((S)-3-((R)-1-(((3-fluoro-4-morpholinophenyl) carbamoyl)oxy)ethyl)-4-oxoazetidin-2-

ylidene)acetate (5.h)  

Following GP5 and GP6 carbamate 5.h was obtained in a 72% yield (52 mg, 0.11 mmol). IR (film, cm-1) 3419, 

1813, 1719, 1694, 1657; [Ŭ]20
D = + 38 (c = 1.0, CH3OH); 1H NMR (400 MHz, CDCl3) ŭ (ppm) 1.46 (d, J = 6.4 

Hz, 3H), 3.09 (s, 4H), 3.87 ï 3.93 (m, 4H), 3.97 (d, J = 5.9 Hz, 1H), 5.18 (s, 2H), 5.25 ï 5.31 (m, 2H), 6.69 

(bs, 1H), 6.96 ï 7.01 (m, 2H), 7.34 ï 7.41 (m, 6H), 8.51 (bs, 1H); 13C NMR (100 MHz, CDCl3) ŭ (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; ESI-MS m/z 440 [M-43]+. Found C, 62.11; H, 5.43; N, 8.67 %; 

C25H26FN3O6 requires C, 62.10; H, 5.42; N, 8.69 %. 

Benzyl(Z)-2-((S)-3-((R)-1-(((4-methylbenzyl)carbamoyl)oxy) ethyl)-4-oxoazetidin-2-ylidene) acetate (5.i)  

Following GP5 and GP6 carbamate 5.i was obtained in a 69% yield (42 mg, 0.10 mmol). IR (film, cm-1) 3315, 

1810, 1693, 1654; [Ŭ]20
D  = ï 1 (c = 1.1, CH2Cl2); 1H NMR (400 MHz, CDCl3) ŭ (ppm) 1.40 (d, J = 6.4 Hz, 

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

5.22 (quintet, J = 6.4 Hz, 1H), 5.26 (s, 1H), 7.10 ï 7.17 (m, 4H), 7.34 ï 7.38 (m, 5H), 8.79 (bs, 1H); 13C NMR 

(100 MHz, CDCl3) ŭ (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; ESI-MS m/z 426 [M+H2O]+. Found C, 67.72, H, 5.93; N, 6.85 %; 

C23H24N2O5 requires C, 67.63; H, 5.92; N, 6.86 %.  
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Benzyl(Z)-2-((S)-3-((R)-1-(((4-methoxybenzyl)carbamoyl)oxy) ethyl)-4-oxoazetidin-2-ylidene) acetate (5.j )  

Following GP5 and GP6 carbamate 5.j  was obtained in a 63% yield (40 mg, 0.09 mmol). IR (film, cm-1) 3329, 

1811, 1692, 1654; [Ŭ]20
D = + 1 (c = 1.0, CH2Cl2); 1H NMR (400 MHz, CDCl3) ŭ (ppm) 1.39 (d, J = 6.4 Hz, 

3H), 3.77 (s, 3H), 3.88 (d, J = 6.3 Hz, 1H), 4.28 (d, J = 5.3 Hz, 2H), 5.07 (bt, J = 5.4 Hz, 1H), 5.16 (s, 2H), 

5.19 (quintet, J = 6.5 Hz, 1H), 5.25 (s, 1H), 6.84 (d, J = 8.4 Hz, 2H), 7.19 (d, J = 8.4Hz, 2H), 7.32 ï 7.37 (m, 

5H), 8.73 (bs, 1H); 13C NMR (100 MHz, CDCl3) ŭ (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, 166.6; ESI-MS m/z 442 [M+H2O]+. Found C, 

65.12; H, 5.71; N, 6.59 %; C23H24N2O6 requires C, 65.08; H, 5.70; N, 6.60 %.  

Benzyl(Z)-2-((3S)-3-((1R)-1-(((1-(4-methoxyphenyl)ethyl) carbamoyl) oxy)ethyl)-4-oxoazetidin-2-

ylidene)acetate (5.k) 

Following GP5 and GP6 carbamate 5.k was obtained in a 69% yield (45 mg, 0.10 mmol). IR (film, cm-1) 3317, 

1819, 1698, 1658; [Ŭ]20
D  = ï 24 (c = 1.2, CH2Cl2); 1H NMR (400 MHz, CDCl3) ŭ (ppm) 1.41 (d, J = 5.6 Hz, 

3H), 1.44 (d, J = 7.6 Hz, 3H), 3.75 (s, 3H), 3.85 (d, J = 6.2 Hz, 1H), 4.77 (bt, J = 6.4 Hz, 1H), 5.07 (d, J = 7.2 

Hz, 1H), 5.12 ï 5.17 (m, 3H), 5.21 (s, 1H), 6.83 (d, J = 8.2 Hz, 2H), 7.21 (d, J = 8.2 Hz, 2H), 7.29 ï 7.38 (m, 

5H), 8.82 (bs, 1H); 13C NMR (100 MHz, CDCl3) ŭ (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, 166.7; ESI-MS m/z 456 

[M+H2O]+. Found C, 65.65; H, 5.96; N, 6.37 %; C24H26N2O6 requires C, 65.74; H, 5.98; N, 6.39 %.  

Benzyl(Z)-2-((S)-3-((R)-1-(((3,4-dimethoxybenzyl)carbamoyl) oxy)ethyl)-4-oxoazetidin-2-ylidene)acetate (5.l) 

Following GP5 and GP6 carbamate 5.l was obtained in a 75% yield (51 mg, 0.11 mmol). IR (film, cm-1) 3356, 

1819, 1700, 1657; [Ŭ]20
D = + 1 (c = 1.0, CH2Cl2); 1H NMR (400 MHz, CDCl3) ŭ (ppm) 1.39 (d, J = 6.4 Hz, 

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

2H), 5.20 (quintet, J = 6.1 Hz, 1H), 5.24 (s, 1H), 6.67 ï 6.81 (m, 3H), 7.32 ï 7.36 (m, 5H), 8.72 (bs, 1H); 13C 

NMR (100 MHz, CDCl3) ŭ (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, 166.6; ESI-MS m/z 472 [M+H2O]+. Found C, 

63.55; H, 5.78; N, 6.16 %; C24H26N2O7 requires C, 63.43; H, 5.77; N, 6.16 %.  

Benzyl(Z)-2-((S)-3-((R)-1-(((4-chlorobenzyl)carbamoyl)oxy) ethyl)-4-oxoazetidin-2-ylidene) acetate (5.m) 

Following GP5 and GP6 carbamate 5.m was obtained in a 69% yield (45 mg, 0.10 mmol). IR (film, cm-1) 

3329, 1810, 1691, 1649; [Ŭ]20
D = + 2 (c = 1.1, CH2Cl2); 1H NMR (400 MHz, CDCl3) ŭ (ppm) 1.39 (d, J = 6.3 

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

Hz, 2H), 7.25 (d, J = 8.0 Hz, 2H), 7.31 ï 7.39 (m, 5H), 8.83 (bs, 1H); 13C NMR (100 MHz, CDCl3) ŭ (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; ESI-MS m/z 446 [M+H2O]+. Found C, 61.60; H, 4.95; N, 6.52 %; C22H21ClN2O5 requires C, 61.61; H, 

4.94; N, 6.53 %. 

Benzyl(Z)-2-((S)-3-((R)-1-(((2-chlorobenzyl)carbamoyl)oxy) ethyl)-4-oxoazetidin-2-ylidene) acetate (5.n)  

Following GP5 and GP6 carbamate 5.n was obtained in a 59% yield (38 mg, 0.09 mmol). IR (film, cm-1) 3318, 

1819, 1699, 1658; [Ŭ]20
D = + 1 (c = 1.0, CH2Cl2); 1H NMR (400 MHz, CDCl3) ŭ (ppm) 1.39 (d, J = 6.4 Hz, 

3H), 3.89 (d, J = 6.4 Hz, 1H), 4.44 (d, J = 6.2 Hz, 2H), 5.16 (s, 2H), 5.19 ï 5.26 (m, 3H), 7.19 ï 7.21 (m, 2H), 

7.33 ï 7.37 (m, 7H), 8.67 (bs, 1H); 13C NMR (100 MHz, CDCl3) ŭ (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, 166.7; ESI-MS m/z 

446 [M+H2O]+. Found C, 61.74; H, 4.96; N, 6.52 %; C22H21ClN2O5 requires C, 61.61; H, 4.94; N, 6.53 %.  
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Benzyl(Z)-2-((S)-3-((R)-1-(((4-fluorobenzyl)carbamoyl)oxy) ethyl)-4-oxoazetidin-2-ylidene) acetate (5.o) 

Following GP5 and GP6 carbamate 5.o was obtained in a 69% yield (43 mg, 0.10 mmol). IR (film, cm-1) 3330, 

1817, 1697, 1656; [Ŭ]20
D = + 1 (c = 1.0, CH2Cl2); 1H NMR (400 MHz, CDCl3) ŭ (ppm) 1.40 (d, J = 6.4 Hz, 

3H), 3.89 (d, J = 6.3 Hz, 1H), 4.31 (d, J = 5.8 Hz, 2H), 5.08 (bt, J = 5.9 Hz, 1H), 5.16 (s, 2H),  5.20 (quintet, 

J = 6.4 Hz, 1H), 5.24 (s, 1H), 6.96 ï 7.00 (m, 2H), 7.21 ï 7.24 (m, 2H), 7.33 ï 7.40 (m, 5H), 8.61 (bs, 1H); 
13C NMR (100 MHz, CDCl3) ŭ (ppm) 18.1, 44.4, 61.7, 66.2, 67.4, 90.5, 115.5 (d, J = 21.5 Hz), 128.2, 128.3, 

128.6, 129.1 (d, J = 9.1 Hz), 133.9, 135.8, 152.1, 155.1, 162.2 (d, J = 240 Hz), 164.6, 166.6; ESI-MS m/z 430 

[M+H2O]+. Found C 63.96, H 5.11, N 6.77 %; C22H21FN2O5 requires C 64.07, H 5.13, N 6.79 %. 

Benzyl(Z)-2-((S)-3-((R)-1-(((3-fluoro-4-morpholinobenzyl) carbamoyl)oxy)ethyl)-4-oxoazetidin-2-

ylidene)acetate (5.p)  

Following GP5 and GP6 carbamate 5.p was obtained in a 74% yield (55 mg, 0.11 mmol). IR (film, cm-1) 3329, 

1814, 1696, 1658; [Ŭ]20
D = + 4 (c = 1.2, CH2Cl2); 1H NMR (400 MHz, CDCl3) ŭ (ppm) 1.39 (d, J = 6.1 Hz, 

3H), 3.03 (s, 4H), 3.84 (s, 4H), 3.88 (d, J = 6.0 Hz, 1H),  4.26 (s, 2H), 5.13 ï 5.28 (m, 5H), 6.86 ï 6.94 (m, 

3H), 7.16 ï 7.35 (m, 5H), 8.80 (bs, 1H); 13C NMR (100 MHz, CDCl3) ŭ (ppm) 18.0, 44.1, 50.8, 61.6, 66.1, 

66.8, 67.3, 90.4, 115.4 (d, J = 21.3 Hz), 118.7 (d, J = 3.2 Hz), 123.4 (d, J = 3.0 Hz), 128.1, 128.3, 128.6, 133.0 

(d, J = 7.4 Hz), 135.8, 139.1 (d, J = 9.0 Hz), 152.2, 155.1, 155.5 (d, J = 240 Hz), 164.9, 166.6; ESI-MS m/z 

498 [M+H]+. Found C, 62.75; H, 5.68; N, 8.44 %; C26H28FN3O6 requires C, 62.77; H, 5.67; N, 8.45 %.  

Benzyl(Z)-2-((S)-3-((R)-1-(((benzo[d][1,3]dioxol-5-ylmethyl) carbamoyl)oxy)ethyl)-4-oxoazetidin-2-

ylidene)acetate (5.q) 

Following GP5 and GP6 carbamate 5.q was obtained in a 76% yield (50 mg, 0.11 mmol). IR (film, cm-1) 3301, 

1819, 1701, 1656; [Ŭ]20
D = ï 3 (c = 1.1, CH2Cl2); 1H NMR (400 MHz, CDCl3) ŭ (ppm) 1.39 (d, J = 6.4 Hz, 

3H), 3.88 (d, J = 6.3 Hz, 1H), 4.19 ï 4.29 (m, 2H),  5.13 ï 5.22 (m, 4H), 5.24 (s, 1H), 5.91 (s, 2H), 6.71 ï 6.76 

(m, 3H), 7.31 ï 7.37 (m, 5H), 8.82 (bs, 1H); 13C NMR (100 MHz, CDCl3) ŭ (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; 

ESI-MS m/z 456 [M+H2O]+. Found C, 63.33; H, 5.08; N, 6.38 %; C23H22N2O7 requires C, 63.01; H, 5.06; N, 

6.39 %.  

Benzyl(Z)-2-((S)-3-((R)-1-(((4-nitrobenzyl)carbamoyl)oxy) ethyl)-4-oxoazetidin-2-ylidene) acetate (5.r ) 

Following GP5 and GP6 carbamate 5.r  was obtained in a 66% yield (44 mg, 0.10 mmol). IR (film, cm-1) 3322, 

1817, 1699, 1657; [Ŭ]20
D  = + 5 (c = 1.1, CH2Cl2); 1H NMR (400 MHz, CDCl3) ŭ (ppm) 1.41 (d, J = 6.2 Hz, 

3H), 3.91 (d, J = 6.0 Hz, 1H), 4.45 (d, J = 5.9 Hz, 2H), 5.17 (s, 2H), 5.19 ï 5.23 (m, 1H), 5.25 (s, 1H), 5.33 

(bt, J = 5.6 Hz, 1H), 7.33 ï 7.38 (m, 5H), 7.42 (d, J = 8.3 Hz, 2H), 8.15 (d, J = 8.3 Hz, 2H), 8.71 (bs, 1H); 13C 

NMR (100 MHz, CDCl3) ŭ (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; ESI-MS m/z 457 [M+H2O]+. Found C, 60.04; H, 4.82; N, 9.54 %; 

C22H21N3O7 requires C, 60.13; H, 4.82; N, 9.56 %.  

Benzyl(Z)-2-((S)-3-((R)-1-(((4-methoxyphenethyl)carbamoyl) oxy)ethyl)-4-oxoazetidin-2-ylidene)acetate (5.s) 

Following GP5 and GP6 carbamate 5.s was obtained in a 84% yield (55 mg, 0.13 mmol). IR (film, cm-1) 3302, 

1819, 1700, 1658; [Ŭ]20
D = ï 8 (c = 1.2, CH2Cl2); 1H NMR (400 MHz, CDCl3) ŭ (ppm) 1.37 (d, J = 6.3 Hz, 

3H), 2.74 (t, J = 6.8 Hz, 2H), 3.34 ï 3.43 (m, 2H), 3.77 (s, 3H), 3.86 (d, J = 6.6 Hz, 1H), 4.77 (bt, J = 5.4 Hz, 

1H),  5.12 ï 5.21 (m, 3H),  5.24 (s, 1H), 6.84 (d, J = 8.2 Hz, 2H), 7.09 (d, J = 8.2 Hz, 2H), 7.32 ï 7.37 (m, 

5H), 8.72 (bs, 1H); 13C NMR (100 MHz, CDCl3) ŭ (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, 166.7; ESI-MS m/z 456 [M+H2O]+. Found 

C, 65.82; H, 6.00; N, 6.38 %; C24H26N2O6 requires C, 65.74; H, 5.98; N, 6.39 %. 
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Benzyl(Z)-2-((S)-3-((R)-1-(((3,4-dimethoxyphenethyl) carbamoyl)oxy)ethyl)-4-oxoazetidin-2-ylidene)acetate 

(5.t)  

Following GP5 and GP6 carbamate 5.t was obtained in a 57% yield (40 mg, 0.09 mmol). IR (film, cm-1) 3355, 

1819, 1701, 1657; [Ŭ]20
D = ï 5 (c = 1.2, CH2Cl2); 1H NMR (400 MHz, CDCl3) ŭ (ppm) 1.37 (d, J = 6.3 Hz, 

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

(m, 3H),  5.23 (s, 1H), 6.69 ï 6.80 (m, 3H), 7.32 ï 7.36 (m, 5H), 8.67 (bs, 1H); 13C NMR (100 MHz, CDCl3) 

ŭ (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; ESI-MS m/z 486 [M+H2O]+. Found C, 64.13; H, 6.04; N, 5.87 

%; C25H28N2O7 requires C, 64.09; H, 6.02; N, 5.98 %.  

Benzyl(Z)-2-((S)-3-((R)-1-(((4-((tert-butoxycarbonyl)amino)benzyl)carbamoyl)oxy)ethyl)-4-oxoazetidin-2-

ylidene)acetate (8.u) 

Following GP5 and GP6 carbamate 8.u was obtained in a 55% yield (42 mg, 0.08 mmol). IR (film, cm-1) 3334, 

1812, 1698, 1657; [Ŭ]20
D = ï 3 (c = 1.1, CH2Cl2); 1H NMR (400 MHz, CDCl3) ŭ (ppm) 1.39 (d, J = 6.4 Hz, 

3H), 1.51 (s, 9H), 3.87 (d, J = 6.4 Hz, 1H), 4.27 ï 4.29 (m, 2H), 5.05 (bt, J = 4.8 Hz, 1H), 5.16 (s, 2H), 5.20 

(quintet, J = 6.4 Hz, 1H), 5.24 (s, 1H), 6.47 (bs, 1H), 7.16 (d, J = 8.2 Hz, 2H), 7.25 (d, J = 8.2 Hz, 2H), 7.32 ï 

7.40 (m, 5H), 8.62 (bs, 1H); 13C NMR (100 MHz, CDCl3) ŭ (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, 164.8, 166.7; ESI-MS m/z 

527 [M+H2O]+. 

4-(((((R)-1-((S,Z)-2-(2-(benzyloxy)-2-oxoethylidene)-4-oxoazetidin-3-

yl)ethoxy)carbonyl)amino)methyl)benzenaminium 2,2,2-trifluoroacetate (5.u)  

Following GP4, ɓ-lactam 8.u (42 mg, 0.08 mmol, 1 equiv) treated with TFA (184 µL, 2.4 mmol) yielded 

compound 5.u as a colorless oil (40 mg, 96%). IR (film, cm-1) 3356, 1815, 1701, 1655; [Ŭ]20
D  = ï 14 (c = 1.0, 

CH3OH); 1H NMR (400 MHz, CD3OD) ŭ (ppm) 1.36 (d, J = 6.4 Hz, 3H), 3.95 (d, J = 6.7 Hz, 1H), 4.09 ï 4.17 

(m, 2H), 5.10 (quintet, J = 6.4 Hz, 1H), 5.17 (s, 2H), 5.24 (s, 1H), 6.64 (d, J = 8.1 Hz, 2H), 7.00 (d, J = 8.1 Hz, 

2H), 7.29 ï 7.38 (m, 5H); 13C NMR (100 MHz, CD3CN) ŭ (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, 166.8, 167.3; ESI-MS m/z 410 [M-TFA+H]+. 

Found C, 55.40; H, 4.63; N 8.00 %; C24H24 F3N3O7 requires C, 55.07; H, 4.62; N, 8.03 %. 

2.13.7 Development of ɓ-lactam-based antibacterial biomaterials 

2.13.7.1 Loading of azetidinones  

 

The loading of azetidinones on HA was conducted in H2O (method A) or H2O/organic solvent mixtures 

(method B). Loading processes were set up in a parallel-synthesis fashion with a Carousel 6 reaction station 

using two necks round bottom flasks (50 mL) with a water-cooled aluminum head. This 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 optimization steps. Method A: 200 

mg of HA nanoparticles were suspended in 2 mL of H2O and warmed at 40 °C under magnetic stirring. 

Azetidinone (50 mg) was added in one portion to the suspension which was then warmed up to 70 °C. Reaction 

mixtures were controlled via TLC on the supernatant solution for monitoring the starting azetidinone 

disappearance. After 4 h the mixture was quantitatively transferred with 1 mL of H2O/CH3CN (1:1) in an open 

test tube and centrifugated for 1 min at 700 rpm. The solid phase was perfectly separated and the supernatant 

aqueous phase was collected and extracted with dichloromethane (1 × 3 mL). The aqueous and organic phases 

were separately evaporated and analyzed to quantify the unloaded azetidinone and its distribution in the two 

phases. Data were expressed as loading efficiency% back-calculated from the added up residues obtained in 

DCM and H2O in comparison with the amount of azetidinones in the loading solution by the equation: 
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ὒὉ=[Aī(rw+rDCM)]A1z00 where: LE = loading efficiency%; A = amount (g) of azetidinone in the loading 

solution; rw = residue (g) of azetidinone in water extract; rDCM = residue (g) of azetidinone in 

dichloromethane (DCM) extract.  

The solid functionalized HA material was oven dried at 35 °C for 24 h, and kept in dessicator (CaCl2) for 24 

h before the analyses. Method B: 200 mg of HA nanoparticles were suspended in 1 mL of H2O and warmed at 

40 °C under magnetic stirring, then azetidinone (50 mg) was solubilized in 1 mL of organic solvent and added 

to the suspended HA, then the mixture was warmed at 70 °C under stirring for 4 h. Reaction mixtures were 

controlled via TLC on the supernatant solution for monitoring 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 and 800 °C for each loaded sample and that 

measured for pristine HA. Moreover, the determination was also performed through the evaluation of the 

intensity of the adsorption band of C=O at 1790 cm-1. 

2.13.7.2 In vitro release 

 

The release profiles of azetidinones loaded on HA were investigated in H2O Milli Q, buffer phosphate (0.1 M, 

pH = 7.4), and buffer acetate (0.1 M, pH = 5.0). Samples of azetidinones 1.N-HA (8.1% of loaded azetidinone, 

TGA measurement), 1.V-HA (12.6 %), 1.P-HA (15.7 %), and 1.W-HA (10.9 %) were used for the in vitro 

release study. In a 10 mL test tube an azetidinone-HA sample (50 mg) was suspended in 2.5 mL of the aqueous 

solutions H2O Milli Q, buffer phosphate (0.1 M, pH = 7.4), or buffer acetate (0.1 M, pH = 4.5). Experiments 

were conducted at 37 °C in thermostat with sampling and refresh of the aqueous solution after 1, 2, 3, 6, 8, 24, 

30 h. At each time point, the solution was centrifugated (1 min, 700 rpm), the supernatant was separated and 

the released concentration of the azetidinone was determined by HPLC-UV analysis. The solid was incubated 

again with a fresh solution of the specific medium (2.5 mL). The release of samples 1.N-HA and 1.P-HA were 

also studied in buffer acetate at pH = 5.0 by a once-a-day refresh for 9 days with the procedure and analyses 

above described. Linear calibration curves for the HPLC-UV analysis of azetidinones in supernatant solutions 

were established at 210 nm (column: Phenomenex Gemini C18, 3 ɛm, 100 x 3mm, flow 0.4 mL/min, T = 30 

°C); parameters for 1.N: Rt = 3.9 min H2O/CH3CN = 80:20 in the region of concentration from 3 to 0.15 mM; 

for 1.V: Rt = 5.3 min H2O/CH3CN = 60:40 in the region of concentration from 2.5 to 0.05 mM; for 1.P: Rt = 

12.2 min from H2O/CH3CN = 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 H2O/CH3CN = 30:70 in the region of concentration from 1 to 0.05 mM.  

 

2.13.7.3 Synthesis of N-thio-substituted-azetidinones  

 

Azetidinones 1.M and 1.O are commercially available. 

4-Acetoxy-1-(methylthio)-azetidin-2-one (1.N) 

Following GP7, dimethyldisulfide (113 ɛL, 1.25 mmol) was reacted with 4-acetoxy-azetidin-2-one 1.M (129 

mg, 1 mmol) yielding compound 1.N as a yellow oil (169 mg, 77%) after purification by flash-chromatography 

(cyclohexane/EtOAc 80:20). IR (film, cm-1) 3341, 3200, 1790, 1752, 1393, 1213; 1H NMR (400 MHz, CDCl3) 

ŭ (ppm) 2.15 (s, 3H), 2.47 (s, 3H), 3.03 (dd, J = 15.3, 1.6 Hz, 1H), 3.38 (dd, J = 15.3, 4.2 Hz, 1H), 6.10 (dd, J 

= 4.2, 1.6 Hz, 1H); 13C NMR (100 MHz, CDCl3) ŭ (ppm) 20.9, 22.8, 46.3, 78.8, 167.9, 170.1; ESI-MS (Rt = 

2.3 min) m/z 176 [M+H]+, 198 [M+Na]+.  

4-acetoxy-1-(phenylthio)-azetidin-2-one (1.V) 

Following GP7, diphenyldisulfide (218 mg, 1 mmol) was reacted with 4-acetoxy-azetidin-2-one 1.M (129 mg, 

1 mmol) yielding compound 1.V as a yellow oil (206 mg, 87%) after purification by flash-chromatography 
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(cyclohexane/EtOAc 80:20). IR (film, cm-1) 3059, 2923, 2850, 1785, 1754, 1585, 1355, 1287; 1H NMR (400 

MHz, CDCl3) ŭ (ppm) 1.99 (s, 3H), 3.10 (dd, J = 1.2, 15.3 Hz, 1H), 3.42 (dd, J = 4.3, 15.3 Hz, 1H), 6.19 (dd, 

J = 1.2, 4.2 Hz, 1H), 7.50 ï 7.27 (m, 5H); 13C NMR (100 MHz, CDCl3) ŭ (ppm) 20.6, 46.2, 78.6, 128.6, 129.2, 

136.0, 167.2, 170.0; ESI-MS (Rt = 10.2 min) m/z 238 [M+H]+, 260 [M+Na]+. 

(2R, 3R)-3-(-1-(t-butyldimethysilyloxy)ethyl)-4-acetoxy-1-(methylthio)-azetidin-2-one (1.P) 

Following GP7, dimethyldisulfide (90 ɛL, 1 mmol) was reacted with (2R,3R)-3-((R)-1-((tert-

butyldimethylsilyl)oxy)ethyl)-4-oxoazetidin-2-yl acetate 1.O (287 mg, 1 mmol) yielding compound 1.P as a 

yellow oil (280 mg, 84%) after purification by flash-chromatography (cyclohexane/EtOAc 90:10). IR (film, 

cm-1) 2955, 2929, 2856, 1792, 1751, 1251; 1H NMR (400 MHz, CDCl3) ŭ (ppm) 0.03 (s, 3H), 0.05 (s, 3H), 

0.84 (s, 9H), 1.26 (d, J = 6.4 Hz, 3H), 2.13 (s, 3H), 2.45 (s, 3H), 3.17 (dd, J = 2.9, 1.4 Hz, 1H), 4.21 (dq, J = 

6.3, 2.9 Hz, 1H), 6.21 (d, J = 1.3 Hz, 1H); 13C NMR (100 MHz, CDCl3) ŭ (ppm) -5.1, -4.5, 17.9, 21.0, 22.2, 

22.8, 25.7, 63.9, 66.3, 80.2, 169.3, 169.8; ESI-MS (Rt = 12.3 min) m/z 356 [M+Na]+, 234 [M+H]+.  

(2R,3R)-3-(-1-(t-butyldimethysilyloxy)ethyl)-4-acetoxy-1-(phenylthio)-azetidin-2-one (1.W) 

Following GP7, diphenhyldisulfide (218 mg, 1 mmol) was reacted with (2R,3R)-3-((R)-1-((tert-

butyldimethylsilyl)oxy)ethyl)-4-oxoazetidin-2-yl acetate 1.O (287 mg, 1 mmol) yielding compound 1.W as a 

yellow oil (297 mg, 75%) after purification by flash-chromatography (cyclohexane/EtOAc 90:10). IR (film, 

cm-1) 2955, 2929, 2856, 1793, 1758, 1472, 1257; [Ŭ]D
20  = ï 16 (c = 1.0, CH2Cl2). 1H NMR (400 MHz, CDCl3) 

ŭ (ppm) -0.01 (s, 3H), 0.03 (s, 3H), 0.80 (s, 9H), 1.24 (d, J = 6.4 Hz, 1H), 1.94 (s, 3H), 3.26 (dd, J = 1.4, 3.3 

Hz, 1H), 4.21 (dq, J = 3.4, 6.3 Hz, 1H), 6.32 (d, J = 1.2 Hz, 1H), 7.24ï7.49 (m, 5H); 13C NMR (100 MHz, 

CDCl3) ŭ (ppm) -5.13, -4.52, 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; 

ESI-MS (Rt = 13.5 min) m/z 364 [M+H]+, 386 [M+Na]+. 

2.13.8 Synthesis of other N-thio-substituted ɓ-lactams  

1-(benzylthio)-4-oxoazetidin-2-yl acetate (9.a) 

Following GP7, dibenzyldisulfide (246 mg, 1 mmol) was reacted with 4-acetoxy-azetidin-2-one 1.M (129 mg, 

1 mmol) yielding compound 9.a as a yellow oil (100 mg, 40%) after purification by flash-chromatography 

(cyclohexane/EtOAc 75:25). IR (film, cm-1) 3085, 3061, 2960, 2923, 1779, 1751, 1429, 1225; 1H NMR (400 

MHz, CDCl3) ŭ (ppm) 7.40 ï 7.27 (m, 5H), 5.62 ï 5.57 (m, 1H), 4.13 (d, J = 12.7 Hz, 1H), 3.93 (d, J = 12.7 

Hz, 1H), 3.23 (dd, J = 15.3, 4.1, Hz, 1H), 2.92 (d, J = 15.3 Hz, 1H), 2.04 (s, 3H); 13C NMR (100 MHz, CDCl3) 

ŭ (ppm) 169.8, 167.8, 135.2, 129.3, 128.6, 127.7, 78.9, 46.1, 42.9, 20.7; ESI-MS (Rt = 7.7 min) m/z 252 

[M+H] +, 269 [M+H2O]+. 

1-((4-methoxyphenyl)thio)-4-oxoazetidin-2-yl acetate (9.b) 

Following GP7, p-methoxyphenyldisulfide (278 mg, 1 mmol) was reacted with 4-acetoxy-azetidin-2-one 1.M 

(129 mg, 1 mmol) yielding compound 9.b as a yellow oil (174 mg, 65%) after purification by flash-

chromatography (cyclohexane/EtOAc 75:25). IR (film, cm-1) 3065, 3008, 2963, 2942, 1780, 1754, 1591, 1493, 

1288; 1H NMR (400 MHz, CDCl3) ŭ (ppm) 7.58 ï 7.53 (m, 2H), 6.89 ï 6.84 (m, 2H), 6.11 (dd, J = 4.2, 1.6 

Hz, 1H), 3.80 (s, 3H), 3.30 (dd, J = 15.2, 4.2 Hz, 1H), 3.00 (dd, J = 15.2, 1.6 Hz, 1H), 2.03 (s, 3H);  13C NMR 

(100 MHz, CDCl3) ŭ (ppm) 170.1, 167.4, 160.9, 134.8, 126.2, 114.7, 78.1, 55.4, 45.9, 20.7; ESI-MS (Rt = 7.8 

min) m/z 268 [M+H]+. 

1-(benzo[d]thiazol-2-ylthio)-4-oxoazetidin-2-yl acetate (9.c) 

Following GP7, 2,2ô-dithiobis(benzothiazole) (333 mg, 1 mmol) was reacted with 4-acetoxy-azetidin-2-one 

1.M (129 mg, 1 mmol) yielding compound 9.c as a yellow oil (243 mg, 83%) after purification by flash-

chromatography (cyclohexane/EtOAc 75:25). IR (film, cm-1) 2925, 2853, 1798, 1755, 1467, 1428, 1279; 1H 
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NMR (400 MHz, CDCl3) ŭ (ppm) 7.87 (d, J = 8.1 Hz, 1H), 7.78 (d, J = 8.1 Hz, 1H), 7.43 (dd, J = 8.1, 1.2 Hz, 

1H), 7.32 (dd, J = 1.2, 8.1Hz, 1H), 6.39 (dd, J = 4.4, 1.8 Hz, 1H), 3.64 (dd, J = 15.6, 4.4 Hz, 1H), 3.26 (dd, J 

= 15.6, 1.8 Hz, 1H), 2.10 (s, 3H); 13C NMR (100 MHz, CDCl3) ŭ (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; ESI-MS (Rt = 8.2 min) m/z = 295 [M+H]+. 

1-(isopropylthio)-4-oxoazetidin-2-yl acetate (9.d) 

Following GP7, diisopropyldisulfide (125 ɛL, 1 mmol) was reacted with 4-acetoxy-azetidin-2-one 1.M (129 

mg, 1 mmol) yielding compound 9.d as a yellow oil (57 mg, 28%) after purification by flash-chromatography 

(cyclohexane/EtOAc 75:25). IR (film, cm-1) 2965, 2927, 1783, 1753, 1373, 1227; 1H NMR (400 MHz, CDCl3)  

ŭ (ppm) 6.06 (dd, J = 4.2, 1.6 Hz, 1H), 3.39 (dd, J = 15.4, 4.2 Hz, 1H), 3.23 (sept, J = 6.7 Hz, 1H), 3.01 (dd, J 

= 15.4, 1.6 Hz, 1H), 2.12 (s, 3H), 1.26 (d, J = 6.7 Hz, 3H), 1.23 (d, J = 6.7 Hz, 3H); 13C NMR (100 MHz, 

CDCl3) ŭ (ppm) 170.0, 168.8, 79.4, 46.1, 41.6, 21.5, 21.1, 20.8; ESI-MS (Rt = 6.0 min) m/z 204 [M+H]+, 226 

[M+Na]+. 

4-oxo-1-(propylthio)azetidin-2-yl acetate (9.e) 

Following GP7, propyldisulfide (141 ɛL, 1 mmol) was reacted with 4-acetoxy-azetidin-2-one 1.M (129 mg, 1 

mmol) yielding compound 9.e as a yellow oil (134 mg, 66%) after purification by flash-chromatography 

(cyclohexane/EtOAc 75:25). IR (film, cm-1) 2965, 2934, 1785, 1755, 1375, 1290; 1H NMR (400 MHz, CDCl3) 

ŭ (ppm) 6.04 (dd, J = 4.1, 1.5 Hz, 1H), 3.36 (dd, J = 15.3, 4.1 Hz, 1H), 2.99 (dd, J = 15.3, 1.5 Hz, 1H), 2.78 ï 

2.64 (m, 2H), 2.11 (s, 3H), 1.70 ï 1.59 (m, 2H), 0.99 (t, J = 7.4 Hz, 3H); 13C NMR (100 MHz, CDCl3) ŭ (ppm) 

170.0, 168.4, 79.1, 46.2, 41.0, 21.9, 20.8, 12.9; ESI-MS (Rt = 6.3 min) m/z 204 [M+H]+, 226 [M+Na]+. 

1-(butylthio)-4-oxoazetidin-2-yl acetate (9.f) 

Following GP7, butyldisulfide (190 ɛL, 1 mmol) was reacted with 4-acetoxy-azetidin-2-one 1.M (129 mg, 1 

mmol) yielding compound 9.f as a yellow oil (36 mg, 17%) after purification by flash-chromatography 

(cyclohexane/EtOAc 75:25). IR (film, cm-1) 2960, 2931, 1785, 1754, 1374, 1226; 1H NMR (400 MHz, CDCl3) 

ŭ (ppm) 6.07 ï 6.04 (m, 1H), 3.37 (dd, J = 15.3, 4.1Hz, 1H), 3.00 (dd, J = 15.3, 1.4 Hz, 1H), 2.83 ï 2.68 (m, 

2H), 2.13 (s, 3H), 1.61 (m, 2H), 1.48 ï 1.35 (m, 2H), 0.90 (t, J = 6.7 Hz, 3H); 13C NMR (100 MHz, CDCl3) ŭ 

(ppm) 170.0, 168.4, 79.2, 46.2, 38.7, 30.6, 21.5, 20.9, 13.5; ESI-MS (Rt = 7.7 min) m/z 235 [M+H2O] +. 

(2R,3R)-1-(benzylthio)-3-((R)-1-((tert-butyldimethylsilyl)oxy) ethyl)-4-oxoazetidin-2-yl acetate (10.a) 

Following GP7, dibenzyldisulfide (246 mg, 1 mmol) was reacted with (2R,3R)-3-((R)-1-((tert-

butyldimethylsilyl)oxy)ethyl)-4-oxoazetidin-2-yl acetate 1.O (287 mg, 1 mmol) yielding compound 10.a as a 

yellow oil (74 mg, 18%) after purification by flash-chromatography (cyclohexane/EtOAc 80:20). IR (film, cm-

1) 2955, 2929, 2886, 2856, 1790, 1754, 1471, 1375, 1222; [Ŭ]D
20 = ï 10 (c = 1.0, CH2Cl2); 1H NMR (400 MHz, 

CDCl3) ŭ (ppm) 7.35 ï 7.29 (m, 5H), 6.09 (d, J = 1.4 Hz, 1H), 4.15 ï 4.10 (m, 1H), 4.04 (q, JAB = 12.4 Hz, 

2H), 3.14 (dd, J = 3.8, 1.4 Hz, 1H), 2.03 (s, 3H), 1.22 (d, J = 6.3 Hz, 3H), 0.84 (s, 9H), 0.05 (s, 3H), 0.02(s,3H); 
13C NMR (100 MHz, CDCl3) ŭ (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, 17.8, -4.4, -5.1; ESI-MS (Rt = 14.4 min) m/z 432 [M+Na]+.                                                                                                                                                                                                                                                                                                                                          

(2R,3R)-3-((R)-1-((tert-butyldimethylsilyl)oxy)ethyl)-1-((4-methoxyphenyl)thio)-4-oxoazetidin-2-yl acetate 

(10.b) 

Following GP7, p-methoxyphenyldisulfide (278 mg, 1 mmol) was reacted with (2R,3R)-3-((R)-1-((tert-

butyldimethylsilyl)oxy)ethyl)-4-oxoazetidin-2-yl acetate 1.O (287 mg, 1 mmol) yielding compound 10.b as a 

yellow oil (111 mg, 26%) after purification by flash-chromatography (cyclohexane/EtOAc 90:10). IR (film, 

cm-1) 2955, 2930, 2895, 2856, 1788, 1757, 1494, 1250; [Ŭ]D
20 = ï 13 (c = 1.0, CH2Cl2); 1H NMR (400 MHz, 

CDCl3)  ŭ (ppm) 7.58 ï 7.55 (m, 2H), 7.00 ï 6.78 (m, 2H), 6.25 (d, J = 1.4 Hz, 1H), 4.16 (qd, J = 6.3, 3.5 Hz, 

1H), 3.80 (s, 3H), 3.18 (dd, J = 3.5, 1.4 Hz, 1H), 2.01 (s, 3H), 1.20 (d,  J = 6.3 Hz, 3H), 0.76 (s, 9H), 0.01 (s, 
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3H), -0.05 (s, 3H); 13C NMR (100 MHz, CDCl3) ŭ (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, -4.6, -5.2; ESI-MS (Rt = 14.2 min) m/z 448 [M+Na]+. 

(3R)-1-(benzo[d]thiazol-2-ylthio)-3-((R)-1-((tert-butyldimethylsilyl)oxy)ethyl)-4-oxoazetidin-2-yl acetate 

(10.c) 

Following GP7, 2,2ô-dithiobis(benzothiazole) (333 mg, 1 mmol) was reacted with (2R,3R)-3-((R)-1-((tert-

butyldimethylsilyl)oxy)ethyl)-4-oxoazetidin-2-yl acetate 1.O (287 mg, 1 mmol) yielding compound 10.c as a 

yellow oil (187 mg, 41%) after purification by flash-chromatography (cyclohexane/EtOAc 90:10). IR (film, 

cm-1) 3064, 2954, 2929, 2856, 1802, 1762, 1469, 1428, 1255; [Ŭ]D
20 = ï 5 (c = 0.9, CH2Cl2); 1H NMR (400 

MHz, CDCl3) ŭ (ppm) 7.87 (d, J = 8.0 Hz, 1H), 7.78 (d, J = 8.0 Hz, 1H), 7.43 (dd, J = 8.0, 1.1Hz, 1H), 7.32 

(dd, J = 8.0, 1.1 Hz, 1H), 6.45 (d, J = 1.6 Hz, 1H), 4.39 ï 4.31 (m, 1H), 3.45 (dd, J = 4.1, 1.6 Hz, 1H), 2.07 (s, 

3H), 1.31 (d, J = 6.3 Hz, 3H), 0.87 (s, 9H), 0.11 (s, 3H), 0.08 (s, 3H); 13C NMR (100 MHz, CDCl3) ŭ (ppm) 

169.6, 168.1, 167.8, 153.7, 135.3, 126.3, 124.7, 122.3, 121.0, 81.3, 66.9, 64.6, 25.6, 22.1, 20.0, 17.8, -4.4, -

5.1; ESI-MS (Rt = 15.2 min) m/z 453 [M+H]+. 

(2R,3R)-3-((R)-1-((tert-butyldimethylsilyl)oxy)ethyl)-1-(isopropylthio)-4-oxoazetidin-2-yl acetate (10.d) 

Following GP7, isopropyldisulfide (125 ɛL, 1 mmol) was reacted with (2R,3R)-3-((R)-1-((tert-

butyldimethylsilyl)oxy)ethyl)-4-oxoazetidin-2-yl acetate 1.O (287 mg, 1 mmol) yielding compound 10.d as a 

yellow oil (96 mg, 27%) after purification by flash-chromatography (cyclohexane/EtOAc 40:60). IR (film, cm-

1) 2958, 2929, 2857, 1791, 1754, 1461, 1375, 1222; [Ŭ]D
20 = ï 18 (c = 1.0, CH2Cl2); 1H NMR (400 MHz, 

CDCl3) ŭ (ppm) 6.21 (d, J = 1.4 Hz, 1H), 4.22 (qd, J = 6.3, 3.2 Hz, 2H), 3.23 (sept, J = 6.7 Hz, 1H), 3.19 (dd, 

J = 3.2, 1.4 Hz, 1H), 2.13 (s, 3H), 1.28 (d, J = 6.7 Hz, 3H),  1.24 (d, J = 6.3, 3H), 1.23 (d, J = 6.7 Hz, 3H), 

0.85 (s, 9H), 0.06 (s, 3H), 0.04 (s, 3H); 13C NMR (100 MHz, CDCl3) ŭ (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, 17.9, -4.5, -5.0; ESI-MS (Rt = 13.6 min) m/z 384 [M+Na]+. 

(2R,3R)-3-((R)-1-((tert-butyldimethylsilyl)oxy)ethyl)-4-oxo-1-(propylthio)azetidin-2-yl acetate (10.e) 

Following GP7, propyldisulfide (141 ɛL, 1 mmol) was reacted with (2R,3R)-3-((R)-1-((tert-

butyldimethylsilyl)oxy)ethyl)-4-oxoazetidin-2-yl acetate 1.O (287 mg, 1 mmol) yielding compound 10.e as a 

yellow oil (133 mg, 37%) after purification by flash-chromatography (cyclohexane/EtOAc 90:10). IR (film, 

cm-1) 2958, 2931, 2884, 2857, 1790, 1753, 1462, 1362, 1224; [Ŭ]D
20 = ï 14 (c = 1, CH2Cl2); 1H NMR (400 

MHz, CDCl3) ŭ (ppm) 6.17 (d, J = 1.2 Hz, 1H), 4.19 (qd, J = 6.3, 3.2 Hz, 1H), 3.17 ï 3.13 (m, 1H), 2.77 ï 

2.62 (m, 2H), 2.11 (s, 3H), 1.71 ï 1.58 (m, 2H), 1.21 (d, J = 6.3 Hz, 3H), 0.98 (t, J = 7.3 Hz, 3H), 0.83 (s, 9H), 

0.04 (s, 3H), 0.01 (s, 3H); 13C NMR (100 MHz, CDCl3) ŭ (ppm): 169.7, 80.9, 66.3, 64.0, 41.1, 25.6, 22.2, 22.0, 

20.9, 17.8, 12.9, -4.6, -5.1; ESI-MS (Rt =13.7 min) m/z = 384 [M+Na]+. 

(2R,3R)-3-((R)-1-((tert-butyldimethylsilyl)oxy)ethyl)-1-(butylthio)-4-oxoazetidin-2-yl acetate (10.f) 

Following GP7, butyldisulfide (190 ɛL, 1 mmol) was reacted with (2R,3R)-3-((R)-1-((tert-

butyldimethylsilyl)oxy)ethyl)-4-oxoazetidin-2-yl acetate 1.O (287 mg, 1 mmol) yielding compound 10.f as a 

yellow oil (51 mg, 14%) after purification by flash-chromatography (cyclohexane/EtOAc 90:10). IR (film, cm-

1) 2958, 2931, 2858, 1791, 1754, 1463, 1376, 1224; [Ŭ]D
20 = ï 16 (c = 0.9, CH2Cl2); 1H NMR (400 MHz, 

CDCl3) ŭ (ppm) 6.18 (d, J = 1.2 Hz, 1H), 4.20 (qd, J = 6.3, 3.2 Hz, 1H), 3.17 ï 3.15 (m, 1H), 2.73 (m, 2H), 

1.66 ï 1.53 (m, 2H), 1.47 ï 1.32 (m, 2H), 1.22 (d, J = 6.3 Hz, 3H), 0.89 (t, J = 7.3 Hz, 4H), 0.83 (s, 9H), 0.04 

(s, 3H), 0.02 (s, 3H); 13C NMR (100 MHz, CDCl3) ŭ (ppm) 169.7, 81.0, 66.4, 64.0, 38.8, 30.6, 25.6, 22.2, 21.5, 

20.9, 17.8, 13.5, -4.5, -5.1; ESI-MS (Rt = 15.1 min) m/z = 398 [M+Na+]. 
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3. Novel ɓ-lactam compounds active as integrin ligands 
 

3.1 Multifaceted activities of ɓ-lactam compounds 
 

Azetidinone derivatives first attracted attention for their antibacterial properties, but during the last 

two decades researches convincingly demonstrated that structural modifications of monocyclic ɓ-

lactams with specific substituents was an effective procedure for the detection of varied 

pharmacological effects different from antibacterial activity.40 In fact, the azetidinone core-structure 

could be considered a privileged structure having two specific structural features that are of interest 

with regard to biological activity: i) a constrained four-membered cyclic amide which could easily 

undergo ring-opening reactions by nucleophilic residues in the active sites of enzymes; ii)  a rigid core 

structure that, by reducing the conformational degrees of freedom, could favor and actually enhance 

directional non-covalent bonding for ligand-receptor recognition.110 

 

3.1.1 b-lactams as enzyme inhibitors 

As a matter of fact, over the past few decades diverse azetidinone derivatives demonstrated biological 

activity as inhibitors of a wide range of enzymes.111 

For example, 3-chloro-azetidinones were mainly evaluated as antibacterials, as above mentioned, but 

some derivatives showed activities as anti-inflammatory and analgesic agents.112 Activities of 3-

amino-azetidinones were instead related to the presence of the same substituent of natural penicillins 

and cephalosporins. They showed to behave as inhibitors of cathepsins, 113 proteasome114 and 

vasopressin115 (Figure 3.1).  

 

 
 

Figure 3.1. 3-chloro and 3-amino-azetidinones as enzyme inhibitors37 

 

The already described class of 4-alkylidene-azetidinones, besides the aforementioned antibacterial 

activity, has been investigated against matrix metallo proteases (MMPs) as gelatinases inhibitors and 

against human leucocyte elastase (HLE)39a,116 (Figure 3.2).  
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Figure 3.2. 4-alkylidene-azetidinones as enzyme inhibitors40 

 

Moreover, N-acylation of the azetidinone ring represented an effective way to activate monocyclic ɓ-

lactams towards nuclephilic ring-opening reactions, gaining enzymatic inhibitors with different 

biological targets such as porcine pancreas elastase (PPE) and HLE,117 platelet aggregation,118 

prostate specific antigen, 119  human fatty acid amide hydrolase (hFAAH), 120  and human 

cytomegalovirus protease (HMCV)121 (Figure 3.3).  

 

 
  

Figure 3.3. N-acyl-azetidinones as enzyme inhibitors40 

 

N-thiolated ɓ-lactams, beyond the already described antibacterial activity, were evaluated as 

antifungal,122 apoptosis inducers,123 and selective histone deacetylases (HDAC) inhibitors124 (Figure 

3.4).  

 

 
 

Figure 3.4. N-thiolated-azetidinones as enzyme inhibitors40 

 

More recently, new ɓ-lactam lipopeptides have been described to inhibit a bacterial signal 

peptidase,125 and advances have been reported regarding the use of ɓ-lactams as antagonists of 

cholesterol absorption.126 Moreover, some azetidinones have been shown to be antagonists of heat 

shock protein 90,127 and some of their derivatives were antithrombotic agents.128 
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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 mentioned above were closely linked to the presence of the highly reactive four-membered 

lactam ring, which, if conveniently substituted on its three positions, could represent a valuable source 

of molecular diversity.40 

 

3.1.2 b-lactams as integrin ligands 

Among receptor ligands that are structurally based on the ɓ-lactam core, only few azetidinones have 

been shown to exhibit activity against integrins, which are a complex family of cellular receptors.129 

 

3.1.2.1 Integrins 

 

Integrins are heterodimeric transmembrane proteins structurally constituted by a non-covalent 

association of Ŭ and ɓ subunits. Both subunits are type I transmembrane glycoproteins that contain a 

relatively large extracellular domain, a single transmembrane domain, and a short cytoplasmic tail130 

(Figure 3.5).  

 
 

Figure 3.5. Integrin structure131 

 

In mammals, 18 Ŭ-subunits and 8 ɓ-subunits assemble into 24 different integrins, each exhibiting a 

distinct binding affinity to particular ligands132 (Figure 3.6). The Ŭ-subunits have the greatest 

influence on ligand-binding specificity and define different integrin families. Integrins may recognize 

collagen (Ŭ1, Ŭ2, Ŭ10, and Ŭ11), laminin (Ŭ3, Ŭ6, and Ŭ7), inflammatory ligands (Ŭ4, ŬL, ŬM, ŬX, and ŬD) 

and RGD (arginine-glycine-aspartic acid) motifs (ŬIIb, ŬV, Ŭ5, and Ŭ8). In particular RGD integrins 

bind different ECM (extracellular matrix) proteins such as, among the others, vitronectin, fibronectin 

fibrinogen and plasminogen.133 Conversely, leukocyte integrins recognizing inflammatory ligands 

bind proteins containing LDV (leucine-aspartic acid-valine) or related sequences such as LDT 

(leucine-aspartic acid-threonine) and IDS (isoleucine-aspartic acid-serine).  
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Figure 3.6. Classification of the 24 integrin heterodimers according to the combination of Ŭ and ɓ subunits, their specific ligands, or 

cell type. Figure adapted from ref. 134 

 

Integrins are basically adhesion receptors that mediate dynamic adhesive cell-cell and cell-matrix 

interactions,135 but they can overall regulate crucial aspects of cellular functions, including migration, 

adhesion, differentiation, growth and survival, by communicating bidirectional signals between the 

extracellular and intracellular environments.136 Integrins are normally inactive with low affinity for 

their endogenous ligands, but they undergo rapid activation upon various stimuli.137 Activation occurs 

when membrane-bound proteins increase the affinity of ectodomains for extracellular ligands, 

promoting cell adhesion and modulating intracellular signalling cascades (inside-out signalling).138 

But as bidirectional receptors, integrins, upon ligand binding in the extracellular matrix, transmit 

outside-in signals into the cell (Figure 3.7). 

 

 
Figure 3.7. Integrin outside-in and inside-out signalling. Figure adapted from ref. 139 

 

The ligand-binding site forms a region at the intersection of Ŭ and ɓ subunits and contains a metal 

ion-dependent adhesion site (MIDAS), able to bind Asp, Glu, or carboxylic acid residues in ligands. 

In RGD-binding integrins for example, Arg of RGD binds the Ŭ-subunit while Asp coordinates to the 

Mg2+ ion in the MIDAS. The binding of endogenous ligands to integrins recruits several cellular 

components and modulates intracellular signalling cascades, especially those leading to the activation 

of focal adhesion kinase (FAK) and mitogen-activated protein kinase (MAPK) pathways that play a 

crucial role in the regulation of numerous cell functions.140 
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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 structural conformations of the two subunits Ŭ and ɓ, and distinct 

conformations are crucial for regulating both inside-out and outside-in cell signalling.141 Structural 

studies (crystallography, NMR and electron microscopy) have revealed three possible states for 

integrins: a bent, an extended-closed, and an extended-open conformations (Figure 3.8), 

corresponding respectively to a low affinity, an activated, and an activated together with ligand 

integrin conformers.142  

 

 
Figure 3.8. Three integrin conformational states. Figure adapted from ref. 134 

 

Integrin capacity to activate, integrate and distribute information identifies this family of adhesion 

receptors as valuable drug targets.143 In fact, integrins are involved in immune responses, leukocyte 

traffic, haemostasis, and their potential as a therapeutic target is now widely recognized.137 In 

particular, among the integrin superfamily, Ŭvɓ3 and Ŭ5ɓ1 classes have been implicated in tumor 

development playing a pivotal role in the formation of new blood vessels and being overexpressed 

on activated endothelial cells in physiological and pathological angiogenesis.144 In addition, a4b1/7 

and aL/Mb2 have been implicated in the regulation of inflammation and immune functions, and aIIbb3 

has been involved in platelet aggregation.133 

 

3.1.2.2 Integrin 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 made to discover and develop integrin ligands for use in clinical applications.145 

Pharmacologically, ligands can be classified according to their action at the receptor. Agonists are 

compounds that mimic the signalling of endogenous compounds binding to receptors; antagonists 

instead block the receptor interaction with endogenous agonists without inducing any activation and 

signal transduction. In addition, ligands defined partial agonists possess less ability to activate the 

receptor and the associated signal transduction, while inverse agonists are able to stabilize the receptor 

in its inactive conformation. A ligand can also be defined allosteric if it modulates receptor activity 

acting on a topographically distinct position from the site of activity or ligand binding. Recently, it 

has been recognized that not all agonists behave in the same manner, introducing the hypothesis of 

biased agonism for integrins.146 

To date, many researches have focused on the development of small molecules or antibodies able to 

mainly inhibit integrins and up to now, a large number of peptidic and non-peptidic ligands for Ŭvɓ3 

and Ŭvɓ5 receptor have been developed, which are all related to the minimal recognition motif RGD 

(Arg-Gly-Asp) present on ECM proteins.147 Despite the great expectations, antagonists of Ŭvɓ3, Ŭvɓ5 
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and Ŭ5ɓ1 integrins that have entered clinical trials as antiangiogenic agents for cancer treatment, have 

generally been unsuccessful. As an example, the well-known Cilengitide (Figure 3.9a), a small RGD-

containing cyclic pentapeptide developed by Kessler148, has been studied in clinical phase III for 

glioblastoma and in phase II for other types of cancers. Nevertheless, its addition to temozolomide 

chemo-radiotherapy failed to be effective with the consequence that this agent was not further 

developed. Actually, no anticancer drug targeting integrins has been approved yet. 

 

As already mentioned, the interest in developing new integrin antagonists is widely recognized; less 

attention was instead turned to those ligands that could promote integrin activity, maybe for avoiding 

a possible activation of angiogenesis and tumor growth. However, several studies have suggested that 

small molecules that act as integrin agonists may open novel opportunities for therapeutics, which 

gain benefits to increase rather than decrease integrin-dependent adhesion. These include an agonist 

of aMb2 integrin149 that ameliorates kidney transplantation,150 an agonist of aLb2 integrin that inhibits 

lymphocyte trans-endothelial migration,151 and an agonist of a4b1 integrin that induces progenitor 

cell adhesion.152 Gupta et al. also reported that small agonist molecules could reduce leukocyte 

migration, tissue accumulation and inflammatory injury.153 Another important example concerns the 

chemoresistance in melanoma that involved a loss of integrin-mediated adhesion; in this case, 

stimulation of integrin signalling by agonists significantly improved the response to chemotherapy.154 

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

an integrin antagonist could be converted to an agonist that could promote cell adhesion and modulate 

intracellular signalling pathways. 

 

 
 

Figure 3.9. Previously reported ɓ-lactams as integrin ligands155, 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 Aizpurua et al. embedded an azetidinone scaffold in cyclic peptides or 

pseudopeptides containing the RGD recognition motif or a RGD-like sequence (Figure 3.9b).129 The 
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incorporation of a conformational constrain, such as the introduction of an unsaturated b-amino acid 

or a ɓ-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, 

constitutes per se a site of conformational restriction with a b-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 group.155 

A preliminary study on the synthesis of three new azetidinones 1-3 as potential integrin ligands 

(Figure 3.9c) 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 carboxylic acid and a basic moiety, as in the RGD sequence. The 4-

amidobenzylamine residue was chosen as a basic terminus that was directly linked to the ɓ-lactam 

nitrogen atom as in urea derivatives, and a carboxylic acid was located on the C4 side chain and 

differently spaced from the ring. The C3 position was not substituted in order to mimic the methylene 

residue of glycine in the RGD peptide. The two side chains anchored on the ɓ-lactam provided a 

favourable alignment on the receptor, thus meeting the crucial requirements for integrin affinity. 

When these new molecules were tested on cell lines K562 (human erythroleukemia expressing Ŭ5ɓ1 

integrin) and SK-MEL-24 (human malignant melanoma expressing Ŭvɓ3 integrin), a concentration-

dependent enhancement of fibronectin-mediated adhesion was observed. In particular, ɓ-lactam 1 

displayed a higher affinity toward Ŭ5ɓ1 integrin (EC50 12 nM) and ɓ-lactam 2 was more selective for 

integrin Ŭvɓ3 (EC50 11 nM), both resulting agonist ligands. Compound 3 instead was around 1000 

times less effective.155 

 

3.1.2.3 Integrin activation: internalization, trafficking and endocytosis 

 

The term "integrin activation" defines the transition of integrins from a bent-closed to an extended-

open conformation that, as aforementioned, could be induced by both cytoplasmic events (inside-out 

activation) and extracellular factors such as the interaction with a ligand (outside-in activation).132b 

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 clustering, trafficking and endocytosis.156 

Although extensive research within the integrin field has elucidated key signal transduction pathways 

as being involved in integrin-mediated cellular behavior, it is only relatively recently that the 

importance of integrin trafficking in modulating cellular function has been demonstrated.157 

 

Integrin clustering is defined as the interaction between adjacent integrins to form hetero-oligomers 

incited by several factors: inside-out 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 constraints, which leads 

to the diffusion of integrins on the membrane.139 

Integrin trafficking is regulated by members of the Ras-associated binding (Rab) family of small 

GTPases, which function as molecular switches regulating vesicular transport in eukaryotic cells.158 

It can be globally defined as a process consisting of a complex intracellular internalization, through 

which integrin heterodimers are endocytosed into the cytoplasm by modifying the shape of the plasma 

membrane, and are later exocytosed back to the cell surface.157  
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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 classified as clathrin-dependent endocytosis (CDE) or clathrin-

independent endocytosis (CIE), whereby CIE describes several distinct endocytic routes (Figure 

3.10).159 Cell surface receptors are endocytosed by one of these routes, but it is also possible that a 

given type of integrin could follow more than one pathway depending on regions within a cell, cell 

conditions, and cell type.160 

Clathrin-mediated endocytosis, the best-characterised internalisation route, involves the recruitment 

of small vesicles that have a crystalline coat made up of a complex of proteins associated with the 

cytosolic protein clathrin, called clathrin-coated pit (CCP).161 In contrast, less is known about the 

mechanisms involved in CIE, and, in particular, how cargoes are recruited. Caveolae are the most 

common reported non-clathrin-coated plasma membrane buds which exist on the surface of many, 

but not all, cell types. 162  Caveolar-mediated endocytosis is mediated by small flask-shaped 

invaginations, caveolae, in the membrane, consisting of the cholesterol-binding protein caveolin and 

glycolipids.163  

 

 
 

Figure 3.10. Integrin trafficking depicting the two main pathways of internalization, clathrin-mediated and caveolar, and the 

pathways of recycling. Figure adapted from ref 164 

 

Once internalized, integrins are 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 Rab4-dependent manner (the short loop) or further trafficked to the 

perinuclear recycling compartment (PNRC) before being recycled through Rab11-dependent 

mechanisms (the long loop)165 (Figure 3.10). Integrin trafficking therefore provides a constant supply 

of "new" receptors, regulating integrin population on the cell surface through cycles of 

endo/exocytosis.166  
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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 overexpress integrin receptors and their signal transduction occurs in an anomalous 

way;167 an alteration in the mechanisms regulating endocytosis could therefore contribute to the 

invasive capacity of these cells.168 

Despite the internalization of integrins regulate many cellular processes, such as migration and 

adhesion, especially in many pathological conditions,169 very little is known about the mechanism of 

internalization of integrin-bound RGD peptides,170 and if integrin agonists and antagonists could 

mediate trafficking processes in a different way.  

 

3.2 Development of a new integrin-ligand library  
 

3.2.1 Synthesis of azetidinones 

 

As described in Paragraph 3.1.2.2, my research group recently reported the synthesis of three 

derivatives, two of which exhibited good affinity and specificity towards Ŭvɓ3 and Ŭ5ɓ1 integrin 

classes being active as agonists at a nanomolar level.155 

After these first promising biological data, we expanded the scope of the work and developed a library 

of new monocyclic ɓ-lactam derivatives (Chart 3.1). Similarly to what previously reported, we 

decided to exploit the possibility of using only a ɓ-lactam 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 compounds were specifically designed by a structure-based strategy to target 

particular classes of integrins.171 Biological activity, indeed, is always related to the residues present 

on the ɓ-lactam scaffolds and in this case we suitably modified the amine and the carboxylic acid side 

chains with a wider structural variability, with the aim to enhance selectivity and to modulate the 

efficacy against the receptor. 
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Chart 3.1. Novel ɓ-lactam compounds 4-21 designed to target integrins 

 

Of the various integrin ligands explored by others, we were particularly interested in the antagonists 

reported by Tolomelli et al.172 They found that a 4-aminobenzylamide residue was an effective Arg 

mimetic with an increased affinity for avb3 and a5b1 integrins, whereas the presence of a 4([(N-2-

methylphenyl)ureido]-phenylacetyl (MPUPA) motif greatly enhanced bioactivity and specificity for 

a4b1 integrins.173 

We then chose to install a 4-aminobenzylamido- or its isomeric 4-aminomethylphenylamido- residue 

on the N1 nitrogen atom of the azetidinone via a condensation reaction with isocyanates (Figure 3.11). 

These two isomeric substitutions were selected to evaluate the influence of the basicity of the amine 

terminus; in this case we compared benzylamine and aniline residues.174 

The carboxylic acid function which could coordinate at the metal ion-dependent adhesion site 

(MIDAS) of the ɓ-subunit of integrins175 was placed on the C4 side chain of the azetidinone. In detail, 

b-lactams 4-7 (Chart 3.1) were designed with a C4 carboxylic acid residue, as either a free acid or 

dipeptide, and compounds 8-21 with a C4 acetic acid residue, as either a free acid, ester or dipeptide. 

In dipeptide derivatives, two amino acids glycine or b-alanine were chosen for their un-substituted 

flexible chains and coupled with the azetidinone carboxylic acid.  
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Essentially, a panel of 18 new azetidinones was synthesized starting from two commercially available 

compounds, L-aspartic acid and 4-acetoxyazetidinone. The general synthetic approach is depicted in 

Figure 3.11. Compounds 4-7 were prepared starting from L-aspartic acid, cyclization to give azetidin-

2-one 4-carboxyester, insertion of the imide by condensation with an isocyanate, and C4 side chain 

elongation via a peptide coupling procedure. The C4 acetic acid derivatives 8-21 were synthesized 

from the commercially available 4-acetoxyazetidinone with a Reformatsky reagent and 

bromoacetates.176 Again, the imido group was obtained with the appropriate isocyanate and peptide 

coupling gave higher molecular weight derivatives. 

 

Figure 3.11. Substituent variations and synthetic strategies for ɓ-lactams 4-21 

 

A careful strategy for protecting the carboxylic acid and the amine terminus was developed in order 

to preserve the ɓ-lactam ring throughout the synthesis, and in particular in the final deprotection step. 

Particular attention was paid to specific combinations of temporary or permanent protecting groups 

to achieve full or partial deprotection depending on the requirements of the synthetic strategy. The 

synthesis of compounds 4-21 is described in detail in Schemes 3.1-3.4. 

The 4-carboxylic-azetidin-2-one benzyl ester 22 was obtained in a two-step procedure starting from 

L-aspartic acid as previously reported155 (Scheme 3.1). Treatment of 22 with NaHMDSA in THF at 

ï78 °C and tert-butyl(4-(isocyanatomethyl)phenyl)carbamate 23, freshly prepared with triphosgene, 

gave 24. Hydrogenolysis yielded the corresponding acid 25 and final treatment with trifluoroacetic 

acid furnished compound 5 as a trifluoroacetate salt.  

Compound 26 was obtained from 22 with the commercially available o-tolyl isocyanate in acetonitrile 

and potassium carbonate. Subsequent hydrogenolysis gave 4 in good yields. The carboxylic acid 4 

was coupled with glycine benzylester or b-alanine benzylester to give compounds 27 and 28, 

respectively. Finally, azetidinones 6 and 7 were obtained from 27 and 28 by hydrogenolysis.  
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Scheme 3.1. Synthesis of ɓ-lactams 4-7. Reagents and conditions: a) NaHMDSA, tert-butyl(4-(isocyanatomethyl)phenyl)carbamate 

23, THF, -78 °C, 1 h; b) H2, Pd/C (10%), THF/CH3OH 1:1, rt, 2 h; c) TFA, CH2Cl2, 0 °C then rt, 24 h; d) K2CO3, o-tolyl isocyanate, 

CH3CN, rt, 2 h; e) oxalylchloride, TEA, CH2Cl2, glycine benzylesterĀHCl, DMAP, rt, 16 h; f) oxalylchloride, TEA, CH2Cl2, b-

alanine benzylesterĀPTSA, DMAP, rt, 16 h. Yields of isolated compounds are reported in brackets 

 

The syntheses of b-lactams 8-21 included a common origin: a substitution reaction on 4-acetoxy 

azetidinone 1.M by a Reformatsky reagent as outlined in Scheme 3.2. Methyl-, ethyl-, or benzyl-

bromoacetates were treated with an excess of metallic Zn in THF to furnish the corresponding 

Reformatsky reagents which were then coupled with 4-acetoxyazetidin-2-one to give 4-acetate-

azetidin-2-one esters 29, 30, and 13 in good overall yields after flash-chromatography. Treatment of 

the three esters with o-tolylisocyanate under basic conditions provided the imido-azetidinones 10, 11, 

and 12. ȸ-lactams 8 and 9 were then obtained by hydrogenolysis from 13 and 12, respectively. The 

azetidinone 9 was instead subjected to peptide coupling with glycine benzylester or b-alanine 

benzylester with 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) as coupling reagent, TEA, 

and a catalytic amount of dimethylaminopyridine (DMAP) to give intermediates 38 and 39, which 

were deprotected by hydrogenolysis to give 17 and 19, respectively (Scheme 3.2).  
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Scheme 3.2. Synthesis of ɓ-lactams 8-13, 17, and 19. Reagents and conditions: a) K2CO3, o-tolyl isocyanate, CH3CN, rt, 2 h; b) H2, 

THF/CH3OH 1:1, Pd/C (10%), rt, 2 h; c) EDC, TEA, DMAP, b-alanine benzylesterĀPTSA, CH2Cl2, 0 °C then rt, 16 h; d) EDC, TEA, 

DMAP, glycine benzylesterĀPTSA, CH2Cl2, 0 °C then rt, 16 h. Yields of isolated compounds are reported in brackets 

 

A N1-side chain was inserted on azetidinone 13, which had been previously deprotonated at -78 °C 

with sodium hexamethyl disilylamide (NaHMDSA), by means of tert-butyl(4-

(isocyanatomethyl)phenyl) carbamate 23 (Scheme 3.3), which was obtained in turn from 4-N-Boc-

aminobenzylamine and triphosgene. Hydrogenolysis of the resulting adduct 31 gave 32, which in turn 

provided compound 15 after treatment with trifluoroacetic acid. Azetidinone 36 was obtained by a 

similar procedure in two steps starting from 13 and tert-butyl-4-isocyanatobenzylcarbamate 34. 

Treatment of 36 with commercially available o-tolylisocyanate and triethylamine gave 37, which in 

turn provided azetidinone 16 by hydrogenolysis. Compound 14 was gained in two steps from 13 by 

condensation with commercially available benzyl isocyanate and hydrogenolysis.  
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Scheme 3.3. Synthesis of ɓ-lactams 14-16. Reagents and conditions: a) NaHMDSA, tert-butyl(4-

(isocyanatomethyl)phenyl)carbamate 23, THF, -78 °C, 1 h; b) H2, Pd/C (10%), THF/CH3OH 1:1, rt, 2 h; c) TFA, CH2Cl2, 0 °C then 

rt, 24 h; d) K2CO3, benzylisocyanate, CH3CN, rt, 2 h; e) NaHMDSA, tert-butyl 4-isocyanatobenzylcarbamate 34, THF, -78 °C, 1 h; 

f) TEA, o-tolylisocyanate, 0 °C then rt, 2 h. Yields of isolated compounds are reported in brackets 

 

Azetidinones 18 and 20 instead resulted from carboxylic acid 32 by peptide coupling with glycine 

benzyl ester or b-alanine benzyl ester, respectively (Scheme 3.4). When intermediates 40 and 42 were 

subjected to a two-step procedure consisting of hydrogenolysis and treatment with TFA for the final 

deprotection, compounds 18 and 20 were obtained in very good yields. Preliminar hydrogenolysis of 

compound 35 gave intermediate 44, which, via peptide coupling with b-alanine benzylester, 

hydrogenolysis and treatment with TFA, yielded the final compound 21 (Scheme 3.4). 
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Scheme 3.4. Synthesis of ɓ-lactams 18, 20, and 21. Reagents and conditions: a) DCC, TEA, DMAP, CH2Cl2, glycine 

benzylesterĀPTSA, 0 °C to rt, 16 h; b) H2, Pd/C (10%), THF/CH3OH 1:1, rt, 2 h; c) TFA, CH2Cl2, 0 °C then rt, 24 h; d) DCC, TEA, 

DMAP, b-alanine benzylesterĀPTSA, CH2Cl2, 0 °C to rt, 16 h. Yields of isolated compounds are reported in brackets 

 

3.2.2 Biological evaluations 

(in collaboration with Prof. S. M. Spampinato and Dr. M. Baiula, University of Bologna) 

 

3.2.2.1 Cell adhesion and solid-phase binding assays 

 

To investigate the activity and selectivity profiles of the novel b-lactam derivatives, we performed 

adhesion assays with different cell lines expressing the RGD integrins avb3, avb5, avb6, a5b1 and 

aIIbb3 or leukocyte integrins a4b1 and aLb2. In these assays, cells were seeded onto plates coated with 

specific endogenous substrates (fibronectin, fibrinogen, VCAM-1 or ICAM-1) and allowed to adhere 

before the number of adherent cells was determined in the presence of increasing concentrations of 

the tested ɓ-lactams compounds (1×10-10 M - 1×10-4 M); their ability to increase 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.  

Compounds 6, 10, 11, 12, 13, 16, and 18 resulted completely inactive in adhesion assays (data not 

shown); the other b-lactam derivatives resulted effective in cell-adhesion 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 peptides H-Gly-Arg-Gly-Asp-Thr-Pro-OH (47), Ac-Asp-Arg-Leu-Asp-Ser-
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OH (48),172a cyclo(-Arg-Gly-Asp-D-Phe-Val) (49),177 (N-[[4-[[[(2-methylphenyl)amino]carbonyl] 

amino]-phenyl]acetyl]-l-leucyl-l-aspartyl-l-valyl-l-proline (50) (BIO-1211)178 and Tirofiban (51)179 

were included as reference ligands for the various integrins assayed. 

Table 3.1. Effects of active ɓ-lactam compounds on RGD-binding and leukocyte integrin-mediated cell adhesion. Data are presented 

as EC50 for agonists (in bold), and as IC50 for antagonists (nM). Values represent the mean ± SD of three independent experiments 

carried out in quadruplicate 
 

 RGD-binding integrins Leukocyte integrins Preferencial 

selectivity 

Comp.  SK-MEL -24/ 

FN 

Ŭvɓ3 

MCF7/Fg 

Ŭvɓ5 

HT-29/FN 

Ŭvɓ6 

K562/FN 

Ŭ5ɓ1 

HEL/Fg 

ŬIIbɓ3 

Jurkat/ 

VCAM -1 

Ŭ4ɓ1 

Jurkat/ 

ICAM -1 

ŬLɓ2 

 

1 55.0 ± 0.04a 

agonist 

5.09 ± 0.07 

agonist 

167 ± 6 

agonist 

12.0 ± 0.02a 

agonist 

> 5000 > 5000 2410 ± 64 

antagonist 

Ŭvɓ5 and Ŭ5ɓ1 

2 11.0 ± 0.03a 

agonist 

505 ± 17 

agonist 

> 5000 763 ± 0.08a 

agonist 

> 5000 > 5000 > 5000 Ŭvɓ3 

3 > 5000a > 5000 > 5000 365 ± 0.05a 

agonist 

> 5000 > 5000 > 5000 Ŭ5ɓ1 

5 > 5000 > 5000 > 5000 525.0 ± 1.2 

antagonist 

> 5000 8.8 ± 0.8 

antagonist 

> 5000 Ŭ4ɓ1 

15 71.7 ± 0.5 

antagonist 

> 5000 > 5000 44.5 ± 2.6 

agonist 

> 5000 574.0 ± 1.7 

antagonist 

0.39 ± 0.02 

antagonist 

ŬLɓ2 and Ŭvɓ3 

20 > 5000 > 5000 > 5000 1050 ± 17 

antagonist 

> 5000 > 5000 > 5000 Ŭ5ɓ1 

21 > 5000 > 5000 > 5000 6.7 ± 0.6 

agonist 

1563 ± 69 > 5000 > 5000 Ŭ5ɓ1 

8 40.9 ± 0.8 

antagonist 
376  ± 15 

agonist 

> 5000 1031 ± 35 

agonist 

311 ± 35 

agonist 

> 5000 1627 ± 23 

antagonist 

Ŭvɓ3 

14 > 5000 > 5000 > 5000 417 ± 6 

antagonist 

> 5000 > 5000 > 5000 Ŭ5ɓ1 

4 352 ± 7 
antagonist 

> 5000 > 5000 158 ± 4 
antagonist 

> 5000 1.39 ± 0.04 
antagonist 

> 5000 Ŭ4ɓ1 

7 active ligand > 5000 > 5000 > 5000 > 5000 > 5000 > 5000 Ŭvɓ3 

9 > 5000 > 5000 > 5000 > 5000 > 5000 12.9 ± 0.6 

agonist 

> 5000 Ŭ4ɓ1 

17 > 5000 > 5000 > 5000 9.9 ± 0.1 

agonist 

> 5000 > 5000 > 5000 Ŭ5ɓ1 

19 187 ± 3 

agonist 
670 ± 24 

agonist 

44.4 ± 0.8 
antagonist 

49.0 ± 2.9 

agonist 

> 5000 17.4 ± 0.8 
antagonist 

> 5000 Ŭ4ɓ1 

47 925.5 ± 6.3 

antagonist 

34.2 ± 0.7 

antagonist 

> 5000 0.62 ± 0.09 

antagonist 

> 5000 nd nd  
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48 25 ± 3 
antagonist 

2278 ± 0.07 
antagonist 

> 5000 > 5000 > 5000 nd nd  

50 nd nd nd nd nd 8.6 ± 1.5 

antagonist 

0.84 ± 0.19 

antagonist 

 

49 146 ± 43 

antagonist 

16.0 ± 1.3 

antagonist 

3696 ± 38 

antagonist 

nd nd nd nd  

51 nd nd nd nd 9.4 ± 0.8 
antagonist 

nd nd  

a Data preliminarily reported in ref 155; nd = not determined. 

 

With regard to Ŭvɓ3 integrin, no structural variation improved fibronectin-mediated cell adhesion, and 

the previously reported155 compounds 1 and 2 confirmed to be the most active agonists toward this 

class. Among the new derivatives, azetidinones 15 and 8, which have either a less basic aniline 

terminus (15) or a carboxylic acid terminus alone (8), reduced cell adhesion mediated by Ŭvɓ3 integrin, 

and thus displayed antagonist activity. To notice, compound 7 with an acidic terminus of b-alanine 

and an ureido MPUPA motif was considered an active ligand but showed a peculiar behavior: at low 

concentrations (10-10 - 10-7 M) it behaved as antagonist while it acted as an agonist at higher 

concentrations (10-6 - 10-4 M). According to this, recently Van Agthoven et al. have described a wild 

type fibronectin (wtFN10) that binds and activates ŬVɓ3 integrin whereas a high-affinity mutant 

(hFN10), carrying substitutions adjacent to the RGD sequence, behaves as a pure antagonist as it 

favors an inactive conformation of the integrin.180 

Interestingly, a shorter acidic side chain, as in compound 4, acted as a low potent antagonist, whereas 

a longer one, as in 19, switched the activity to agonism. 

 

Compounds 1 and 8 acted as agonists in cell adhesion assays towards Ŭvɓ5 integrin. With regard to 

Ŭvɓ6 integrin, 1 and 19 were the most effective in cell adhesion assays: 1 behaved as an agonist 

whereas 19 was an antagonist. This latter compound was the most potent towards Ŭvɓ6 integrin albeit 

it bound to Ŭ5ɓ1 and Ŭ4ɓ1 integrin with similar activities.  

With regard to Ŭ5ɓ1 integrin, compounds 1, 21, and 17 appeared to be the most potent agonists at 

promoting cell adhesion, with EC50 values of 12.0, 6.7 and 9.9 nM, respectively. Moreover, 21 and 

17 were relatively selective agonists for Ŭ5ɓ1 over the other integrins assayed. The inhibition of Ŭ5ɓ1-

mediated cell adhesion was observed only at a micromolar range for a few derivatives with a short 

carboxylic acid terminus on C4, and a less basic or MPUPA residue on the nitrogen atom (5, 14, and 

4). Interestingly, compounds 3 and 5, despite a low potency for the a5b1 receptor, showed opposite 

activities, in that 3 was an agonist whereas 5 was an antagonist of cell adhesion. A similar result was 

observed for 20 and 21: the former, with an aniline residue, was a weak antagonist (IC50 >1000 nM) 

whereas the latter, with a benzylamine terminus, was a strong agonist (EC50 = 6.7 nM). 

A more basic amine terminus (benzylamine vs aniline residues) tended to favor agonist behavior (see, 

for instance, 1, 2, and 3 vs 5, 15, and 20), although these b-lactams could act as electrostatic clamps 

for a5b1 or avb3 integrins, like the RGD peptide (see modeling section at Paragraph 3.2.3). On the 

other hand, the presence of an acidic terminus alone with a suitable chain length could allow a 

favorable interaction at the MIDAS, hence affecting cell adhesion. In fact, esters 10, 11, 12, and 13, 
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which lacked these characteristics, were completely inactive toward all integrins, as well as 

compounds 16 and 18 with longer side chains. 

All the selected b lactam compounds were inactive for integrin aIIbb3, apart azetidinone 8 that showed 

only a low affinity in cell adhesion assay (EC50 311 nM), acting as an agonist. 

The investigation was extended also to leukocyte integrins a4b1 and aLb2. Compounds 5 and 4 with 

a short carboxylic acid terminus or either a less basic or no amine residue efficiently interacted with 

a4b1 integrin by inhibiting VCAM-1-mediated cell adhesion with IC50 values of 8.8 and 1.39 nM, 

respectively. Replacing the amine terminus with a MPUPA residue led to an increased activity at a 

nanomolar level also for derivatives for 9 and 19. Whilst 19 revealed to be an antagonist, compound 

9, which is a homolog of 4 at the C4 position, was an effective and very selective agonist of cell 

adhesion mediated by Ŭ4ɓ1 integrin (EC50 = 12.9 nM); this activity was found to decrease with an 

increase in side chain the length (see compound 9 vs 17). 

In this series of new b-lactam derivatives, it was hard to find a correlation between the activities 

toward a4b1 and a5b1 integrins: most of the b-lactams that were active toward the former integrin 

were inactive toward the latter. Compound 19 is an exception in this sense, because it showed similar 

potencies for opposite activities: agonist toward a5b1 (EC50 = 49 nM), but antagonist toward a4b1 

(IC50 = 17.4 nM). 

Concerning ɓ-lactam activity toward aLb2 integrin, only 15 showed excellent activity as an antagonist 

at subnanomolar concentrations (IC50 = 0.39 nM), despite it was not selective toward the other 

integrins assayed.  

The abilities of the newly found agonist ɓ-lactams to increase cell adhesion were tested in absence of 

fibronectin for Ŭ5ɓ1 or VCAM-1 for Ŭ4ɓ1 integrin. For this purpose, the adhesion of K562 and Jurkat 

E6.1 cells was evaluated in wells that had been previously coated by passive adsorption with each 

novel agonist under investigation (2-10 mg/L). Regarding Ŭ5ɓ1 integrin, ɓ-lactam agonists 15, 17, 19, 

and 21 induced a significant concentration-dependent increase in K562 cell adhesion, as observed for 

fibronectin (Figure 3.12A). Pre-incubation of K562 cells with c(-RGDfV) (49) (1µM), a well-known 

antagonist of RGD integrins,177a significantly reduced cell adhesion mediated by azetidinones 15 and 

19 but not by 17 and 21 (Figure 3.12A). These results could suggest that ɓ-lactams 15 and 19 may 

bind the MIDAS site, an effect prevented by c(-RGDfV) (49). Conversely, 17 and 21 might bind to 

an allosteric site since cell adhesion mediated by these compounds was preserved even in the presence 

of c(-RGDfV) (49).  

In addition, compound 9, which is the only Ŭ4ɓ1 agonist, significantly augmented Jurkat E6.1 cell 

adhesion, similarly to VCAM-1 (Figure 3.12B).  

Pre-incubation with a neutralizing antibody against the Ŭ5 or Ŭ4 integrin subunits (10 mg/L) blocked 

the augmented adhesion of K562 or Jurkat E6.1 cells induced by ɓ-lactam agonists 15, 17, 19, 21, 

and 9 respectively (Figure 3.12A and B). These results confirmed that cell adhesion mediated by the 

new ɓ-lactam agonists effectively and specifically involved Ŭ5ɓ1 and Ŭ4ɓ1 integrins, respectively. 
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Figure 3.12. A) K562 cell adhesion to wells coated with fibronectin (FN) or agonists (15, 17, 19, 21) directly coated into wells by 

passive adsorption is increased in a concentration-dependent manner. Pre-incubation with a neutralizing antibody against the Ŭ5 

integrin subunit blocked the augmented adhesion of K562 cells induced by ɓ-lactam agonists. Pre-incubation with a cilengitide 

analog c-(RGDfV) significantly reduced cell adhesion mediated by 15 and 19 whereas it was not effective to influence cell adhesion 

induced by 17 and 21; B) Jurkat E6.1 cell adhesion of VCAM-1 or agonist 9 is significantly increased. Pre-incubation with a 

neutralizing antibody against the Ŭ4 integrin subunit blocked the augmented adhesion of Jurkat E6.1 cells induced by ɓ-lactam 9 

 

The most interesting b-lactam compounds behaving as integrin ligands in cell adhesion assays above 

described, were further characterized in solid-phase competitive integrin binding assays on isolated 

integrins set up for avb3, avb5, avb6, a5b1, aIIbb3, and aLb2, whereas affinity to a4b1 was evaluated 

by a scintillation proximity-binding assay (SPA). Interestingly, the assayed compounds showed 

affinity values and selectivity that agreed with the data found in cell adhesion assays reported in Table 

3.1 (data not shown); an exception was compound 8 that, in comparison to cell adhesion assays, was 

20 times more potent vs avb3 and 370 times more potent vs avb5 in solid-phase binding assays (data 

not shown). 

 

3.2.2.2 Effects of selected ɓ-lactams on integrin-mediated ERK phosphorylation 

 

Intracellular signaling generated by the interaction of extracellular matrix components with selected 

integrins involves second messengers,181 including extracellular signal-regulated kinases 1 and 2 

(ERK1/2). The effects of ɓ-lactams that most strongly affected Ŭ5ɓ1 integrin-mediated cell adhesion 

were evaluated on ERK1/2 phosphorylation in K562 cells. Selected azetidinones that behaved as 

agonists in cell adhesion assays, i.e. 15, 17, 19, and 21, significantly increased ERK1/2 

phosphorylation when added alone to cells; moreover, 17, 19, and 21 increased ERK1/2 

phosphorylation in a concentration-dependent manner (Figure 3.13A and B). Conversely, the Ŭ5ɓ1 

integrin antagonist 4 reduced ERK1/2 phosphorylation induced by fibronectin in a concentration-

related manner (Figure 3.13C). 
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Figure 3.13. Effects of selected ɓ-lactams on ERK1/2 phosphorylation mediated by Ŭ5ɓ1 integrin expressed in K562 cells. A), B) 

Agonists 15, 17, 19 and 21 significantly increased ERK1/2 phosphorylation; C) Compound 4 prevented FN-induced phosphorylation 

of ERK1/2 in a concentration-dependent manner 

 

b-lactam 9, a selective Ŭ4ɓ1 integrin agonist, when added alone to Jurkat E6.1 cells, strongly and 

significantly increased ERK1/2 phosphorylation in comparison to vehicle-treated cells (Figure 

3.14A). In Jurkat E6.1 cells exposed to VCAM-1, a significant increase in ERK1/2 phosphorylation 

was detected, and pre-incubation with ɓ-lactam antagonists 4, 5, and 19 caused a significant decrease 

in VCAM-1-mediated ERK1/2 phosphorylation (Figure 3.14B and C); moreover, azetidinones 5 and 

19 were effective in a concentration-dependent manner. 

 

 

Figure 3.14. Effects of selected ɓ-lactams on ERK1/2 phosphorylation mediated by Ŭ4ɓ1 integrin expressed in Jurkat E6.1 cells. A) 

b-lactam agonist 9 significantly increased ERK1/2 phosphorylation; B), C) Azetidinones 4, 5, and 19 prevented VCAM-1-induced 

phosphorylation of ERK1/2 in a concentration-dependent manner 
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3.2.2.3 Effects on selected ɓ-lactams to HUTS-21 epitope exposure  

 

As already mentioned, integrins exist in three major conformations: an inactive or bent conformation, 

an intermediate-activity conformation and a high-activity open conformation.182 Conformational 

changes in integrin subunits can be monitored using conformation-specific antibodies that recognize 

a specific epitope that is exposed only in a defined structural conformation.183  

To determine whether the binding of these new ɓ-lactams to Ŭ4ɓ1 integrin could alter its conformation, 

we used the HUTS-21(PE) monoclonal antibody (mAb), comprising the fluorophore reporter 

phycoerithrin (PE), that recognizes a LIBS (ligand-induced binding site) epitope masked on inactive 

integrin but exposed 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 VCAM-1 induced 

a conformational rearrangement in the ɓ1 subunit that resulted in exposure of the HUTS-21 epitope 

and increased antibody binding (Figure 3.15). Similarly, agonist 9 significantly increased HUTS-21 

antibody binding in a concentration-dependent manner. Conversely, the Ŭ4ɓ1 antagonist compounds 

4 and 5 significantly and in a concentration-related manner reduced the exposure of HUTS-21 epitope 

measured as mAb binding (Figure 3.15). Taken together, these data suggest that novel ɓ-lactams 

acting as Ŭ4ɓ1 agonists may induce changes in integrin conformation, leading to its activation, while 

Ŭ4ɓ1 antagonists may promote inactive or intermediate-activity conformations. 

 

Figure 3.15. Binding of HUTS-21 antibody to Jurkat E6.1 cells in the presence of different concentrations of the new ɓ-lactams. 

Antagonists 4 and 5 significantly reduced exposure of the HUTS-21 epitope, while ɓ-lactam agonist 9 increased the binding of 

HUTS-21 mAb to Jurkat E6.1 cells in a concentration-dependent manner 

 
3.2.3 Molecular Modeling 

(in collaboration with Prof. L.Belvisi and Dr. M. Civera, University of Milano) 

 

The binding mode of representative b-lactam derivatives to Ŭvɓ3 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 peptidomimetics.184 The Glide185 program V4.5 was used for 

docking calculations and the crystal structure of the extracellular segment of integrin Ŭvɓ3 in a 

complex with the cyclic pentapeptide Cilengitide (PDB code 1L5G)186 was used as a reference model 

for interpretation of the results. 



 

 

101 

 

The Glide docking protocol was applied to b-lactam derivatives 1 and 15, which contain the same C4 

acetic acid and a benzylamine and aniline basic moiety, respectively, in order to generate 

computational models of interaction with the ligand-binding site of Ŭvɓ3 integrin.  Although the 

specific role of a more basic amine terminus (benzylamine vs aniline residues) in favoring agonist 

behavior on the basis of rigid-protein docking calculations is hard to discuss, it was possible to 

examine the effect of the basic 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 compound 1 produced poses that conserved the key 

polar interactions observed in the X-ray complex of Cilengitide- Ŭvɓ3 integrin. In the calculated poses, 

the ligand carboxylate group was coordinated to the metal cation in the MIDAS region of the b3 

subunit, and the ligand benzylamine moiety forms salt bridge/H-bond interactions with the negatively 

charged side chain of Asp218 in the av subunit (Figure 3.16). Further stabilizing interactions occurred 

in docking poses of compound 1, involving the formation of hydrogen bonds between the ligand 

carboxylate group and the backbone amide hydrogen of Asn215 and Tyr122 in the b unit, and 

between the b-lactam carbonyl and the b3-Arg214 side chain. Ring-stacking or a T-shaped interaction 

between the ligand aromatic group and the av-Tyr178 side chain was also observed in the binding 

modes calculated for compound 1. 

 

Figure 3.16. Docking pose of compound (R)-1 (grey carbon atoms) in the crystal structure of the extracellular domain of Ŭvɓ3 

integrin (a 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 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 compound 15 produced rather different results. In 

the calculated poses of (R)-15, the acid and basic pharmacophoric groups acted like an electrostatic 

clamp and interacted with charged regions of the receptor binding site. Nevertheless, a poor fit with 

the receptor-bound structure of Cilengitide was observed, mainly for the aniline basic moiety (Figure 

3.17), which formed a distorted H-bond with the negatively charged carboxylate of av-Asp218. 

Similar to what observed for compound 1, one carboxylate oxygen of (R)-15 was coordinated to the 

MIDAS metal cation, while the second carboxylate oxygen formed H-bonds with the backbone 

amides of Asn215 and Tyr122 in the b unit. Further stabilizing interactions observed in the binding 

modes of (R)-15 involved an H-bond between the b-lactam carbonyl and the b3-Arg214 side chain, 

and ring-stacking between the ligand aromatic group and the av-Tyr178 side chain. 
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In the calculated poses of (S)-15 instead, the electrostatic clamp was often lost and the ligand engaged 

in interactions only with the b-subunit. In particular, the coordination of the ligand carboxylate to the 

MIDAS cation was retained, while the aniline moiety moved toward the b-chain, driven by 

hydrophobic interactions (data not shown). 

 

 

Figure 3.17. Docking pose of compound (R)-15 (grey carbon atoms) in the crystal structure of the extracellular domain of Ŭvɓ3 

integrin (a 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 shown. The metal ion at MIDAS is shown as a magenta CPK sphere. 

Intermolecular hydrogen bonds are shown as dashed lines 

This latter study highlights how docking poses originated from opposite enantiomers of the same 

compound produced distinct conformations and consequently distinct binding modes of the molecule 

on the receptor. This evidence could suggest the need of further investigations on the configuration 

at C4 position of the ɓ-lactam ring for evaluating how it could be involved in integrin affinity and 

recognition. 

 

3.3 Other ɓ-lactam based integrin ligands 
 

As described in detail in the previous Paragraph 3.2, we developed a library of ɓ-lactam derivatives 

that were specifically designed for targeting RGD-binding and leukocyte integrins. The design of the 

new compounds revealed to be successful since we obtained selective and potent agonists that could 

promote cell adhesion, and antagonists that could inhibit integrin functions. In general a benzylamine 

terminus appeared to favor agonist behavior and this supported the hypothesis that these new b-

lactams could act as an electrostatic clamp on the receptor, as suggested by molecular docking studies 

at Ŭvɓ3 integrin.171 Nevertheless, it was not always immediate to understand how the modifications 

inserted on the side chains of the ɓ-lactam scaffold could influence the activity on the receptor and a 

razionalization on agonist or antagonist behaviour of the derivatives was contrived. In fact, an 

opposite activity was in some cases shown by the same compound according to the class assayed, or 

between two 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 objective of this 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 groups or de-structured from 

their cyclic scaffold 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 52-55 were designed with a single side chain for verifying that both the acid and the 

amine terminals were needed for an effective activity as integrin ligands. Notably, compounds 52-54 

have only an acid residue on the C4 position of the ring with different chain lengths. In compound 53 

a C-C double bond was additionally inserted for evaluating the effect of a more rigid structure on the 

alignment with the receptor. Compound 55 instead lacked the acid terminus carrying only the amine 

group on the ɓ-lactam nitrogen. In derivatives 56 and 58 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 case, the ɓ-lactam ring was replaced by a 5-term proline 

ring (compound 57) or removed at all (open compounds 59 and 60), in order to demonstrate if a cyclic 

rigid scaffold was necessary for integrin recognition. Derivatives 61-64 belonged to a series of 

enantiomerically pure compounds, synthesized in order to evaluate how the stereocenter on C4 could 

influence the activity. The stereoselectivity was switched compared to reported compounds of the L-

series that in most of the cases resulted very potent in cell adhesion assays. As shown from docking 

studies on compound 15 in fact, different interactions on the receptor were detected for opposite 

enantiomers of the same compound.171 

 

Chart 3.2. b-lactam based integrin ligands 52-64 designed for evaluating the crucial moieties for receptor recognition 

 

The synthetic strategies adopted for the new derivatives are reported in the following Schemes 3.5-

3.9. From 4-carboxylic-azetidin-2-one benzyl ester 22, whose synthesis was already discussed in 

Paragraph 3.2.1, hydrogenolysis in standard conditions yielded the corresponding carboxylic acid 52. 

Treatment of 22 with o-toluoylchloride, TEA and catalytic DMAP instead furnished intermediate 65 
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in good yields with a newly inserted amide moiety. It was in turn deprotected to give compound 58 

with a free acid functionality (Scheme 3.5). 

 

Scheme 3.5. Synthesis of ɓ-lactams 52 and 58. Reagents and conditions: a) H2, Pd/C (10%), THF/CH3OH 1:1, rt, 2 h; b) o-

toluoylchloride, TEA, DMAP, CH2Cl2, 0 °C then rt, 6 h. Yields of isolated compounds are reported in brackets 

 

The synthesis of derivatives 53-54 and 56 share 4-acetoxyazetidin-2-one 1.M as a common substrate 

(Scheme 3.6). Compound 53 was gained via an alkylidene formation mediated by benzyl diazoacetate 

and stoichiometric titatium tetrachloride followed by a hydrogenolytic procedure.38,39e A substitution 

reaction on 4-acetoxyazetidinone by a Reformatsky reagent gave intermediate 13 as previously 

outlined.171 It was then treated with o-toluoylchloride in basic conditions to gain the imido group in 

derivative 66 that was subjected to a hydrogenolysis reaction leading to compound 56. When a direct 

hydrogenolysis on 13 was performed, compound 67 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 molecule 68 was finally removed in order to obtain derivative 54.  

Target compound 55 was instead realized in a simple one step procedure starting from commercial 

2-azetidinone and o-tolylisocyanate in basic conditions. Reactions with potassium carbonate or 

triethylamine were attempted, but a stronger base (NaHMDSA) at low temperature was required for 

yielding 55, even if with poor yields (Scheme 3.6). 
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Scheme 3.6. Synthesis of ɓ-lactams 53-56. Reagents and conditions: a) o-toluoylchloride, TEA, DMAP, CH2Cl2, 0 °C then rt, 18 h; 

b) H2, Pd/C (10%), THF/CH3OH 1:1, rt, 2 h; c) DCC, TEA, DMAP, glycine benzylesterĀHCl, CH2Cl2, 0 °C then rt, 16 h; d) o-

tolylisocyanate, NaHMDSA, THF, -78 °C, 1 h. Yields of isolated compounds are reported in brackets 

 

Derivative 70 was obtained in good yields from benzyl-L-prolinate trifluoroacetate salt 69 after 

substrate desalification with TEA and reaction with o-tolylisocyanate. Compound 69 was in turn 

obtained after an esterification with benzylic alcohol on commercial N-Boc-L-proline and a following 

Boc deprotection with trifluoroacetic acid.187 A final hydrogenolysis on compound 70 yielded target 

57 quantitatively (Scheme 3.7). 

 

 

Scheme 3.7. Synthesis of ɓ-lactam 57. Reagents and conditions: a) o-tolylisocyanate, TEA, CH2Cl2, rt, 4 h; b) H2, Pd/C (10%), 

THF/CH3OH 1:1, rt, 2 h. Yields of isolated compounds are reported in brackets 

 

Not cyclic derivatives 59 and 60 were obtained with a two step-protocol after hydrogenolysis on the 

corresponding benzyl esters 71 and 72, which were subjected to a nitrogen derivatization mediated 

by TEA and o-tolylisocyanate on the starting glycine or ɓ-alanine benzyl esters. An excess of TEA 

was utilized for unprotect the amine moiety present as chlorohydrate or trifluoroacetate salt in the 

commercial formulations of the aminoacids (Scheme 3.8).  
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Scheme 3.8. Synthesis of ɓ-lactams 59-60. Reagents and conditions: a) o-tolylisocyanate, TEA, CH2Cl2, rt, 4 h; b) H2, Pd/C (10%), 

THF/CH3OH 1:1, rt, 2 h. Yields of isolated compounds are reported in brackets 

 

Compounds 61-64 arose from D-aspartic acid that, according to a literature procedure, was previously 

di-benzylated with benzylic alcohol, p-toluenesulfonic acid and cyclohexane in a Dean-Stark 

apparatus.188 It was then performed a cyclization with tert-butylmagnesium chloride after an in situ 

nitrogen atom protection with trimethylsilylchloride and TEA.155 The so-formed ɓ-lactam 73 was 

used as a starting material for obtaining the D-class ɓ-lactam derivatives as follows: a direct 

hydrogenolysis on 73 gave acid 61; treatment with o-tolylisocyanate and triethylamine instead 

furnished compound 74 in good yields. Subsequent hydrogenolysis resulted in target 62 that was 

further coupled with ɓ-alanine benzylester to yield the higher molecular weight derivative 75. 

Azetidinone 63 was then obtained from 75 by hydrogenolysis.  

Finally, intermediate 76 was gained through a reaction on compound 73 mediated by NaHMDSA in 

THF at -78 °C and tert-butyl(4-isocyanatobenzylcarbamate) 34, freshly prepared in situ with 

triphosgene and TEA from the relative amine. Hydrogenolysis gave the corresponding acid 77 and 

final treatment with trifluoroacetic acid furnished compound 64 as a trifluoroacetate salt (Scheme 

3.9).  
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Scheme 3.9. Synthesis of ɓ-lactams 61-64. Reagents and conditions: a) H2, Pd/C (10%), THF/CH3OH 1:1, rt, 2 h; (b) o-

tolylisocyanate, TEA, CH2Cl2, rt, 4 h; c) oxalylchloride, TEA, CH2Cl2, ɓ-alanine benzylesterĀPTSA, DMAP, rt, 16 h; d) NaHMDSA, 

tert-butyl 4-isocyanatobenzylcarbamate 34, THF, -78 °C, 1 h; e) TFA, CH2Cl2, 0 °C then rt, 6 h. Yields of isolated compounds are 

reported in brackets 

 

3.3.2 Biological evaluations 

(in collaboration with Prof. S. M. Spampinato and Dr. M. Baiula, University of Bologna) 

 

The ability of the new ligands to modulate cell adhesion was in this case limited to K562 (expressing 

Ŭ5ɓ1 integrin), SK-MEL-24 (expressing Ŭvɓ3 integrin) and Jurkat E6.1 (expressing Ŭ4ɓ1 integrin) 

cellular lines to immobilized fibronectin (FN) and vascular cell adhesion molecule-1 (VCAM-1), 

respectively. Results of cell adhesion assays are reported in Table 3.2. As already discussed these cell 

models are widely used to investigate potential ligands capable of influencing cell adhesion mediated 

by the aforementioned integrins.155 Structure similarity among the already described derivatives171 

and the novel compounds were considered for evaluate how the lack of a structural portion or a ɓ-

lactam scaffold modification could have influenced the activity as integrin ligands. For a better 

comparison, some of the previous described structures are reported in Figure 3.18. 
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Figure 3.18. b-lactam integrin ligands already described and used as a comparison for the newly synthesized derivatives171 

 

In compound 53 an alkylidene moiety was inserted for evaluating the effect of a more rigid structure 

compared to derivative 8 with a single bond on C4. b-lactam 53 displayed a good activity on Ŭvɓ3 

integrin behaving as an agonist. The same behavior was maintained for Ŭ4ɓ1 but with a lower potency; 

activity was instead switched to antagonist on Ŭ5ɓ1 class but with a negligible potency. To notice for 

comparison, compound 8 showed a promotion of cell adhesion toward Ŭ5ɓ1 and an inhibition toward 

Ŭvɓ3. Derivatives 54 and 55 have a single side chain, the amine moiety for compound 54 and the acid 

terminus for 55. Compound 54 showed basically no activity in the adhesion tests: only a low affinity 

for Ŭ4ɓ1 as an agonist was detected, showing that the acid portion on C4 is fundamental for switching 

on the recognition with the receptor. Similarly compound 55 displayed a poor potency on Ŭ5ɓ1 class 

as an antagonist, really lower than that displayed by compound 17 with the same chain on C4 but 

with an additional amine terminus on N1. Molecules 56 and 58 could be compared respectively with 

9 and 4, being designed with an amide group on N1 position instead of a ureidic functionality. In this 

case, 58 preserved its ability as an antagonist on Ŭ5ɓ1 but lost potency on Ŭvɓ3 and Ŭ4ɓ1 that was 

instead displayed by 4. On the other side, compound 56 showed a low potency only toward Ŭ5ɓ1 but 

lost activity on Ŭ4ɓ1, in contrast to 9 that was a selective agonist on this latter class. Both the new 

derivatives were less effective compared to 4 and 9 revealing the importance of an amine group on 

the side chain for modulate the affinity with the receptor. ñOpenò derivatives 59 and 60 were planned 

to be the not-cyclic form of compounds 4 and 9. Both the new derivatives lost activity on Ŭ4ɓ1 class, 

toward which the corresponding cyclic ɓ-lactams were selective and potent ligands. Surprisingly, 

they gained activity toward the RGD-integrin family of Ŭvɓ3 (as both strong agonists) and Ŭ5ɓ1 (as 

weak antagonist for 59 and weak agonist for 60). 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 (compound 57) revealed to be promising since it acted as an agonist (conversely 

to ɓ-lactam 4) for all the integrin assayed but was overall effective on Ŭ4ɓ1 with a potency of 10 nM, 

revealing to be the most active compound of this new series. 

Opposite enantiomers 52 and 61 derived from a cyclization of L- or D-aspartic acid respectively, and 

showed opposite effects also in cell adhesion mediated by Ŭvɓ3 integrins, with 52 being an agonist 

and 61 an antagonist at a micromolar level. Activity was anyway in both cases reduced in comparison 

with compound 8 with a longer acidic side chain, showing that 52 and 61 were probably too little 

ligands for interact properly with the integrin binding site. Also compounds 62, 63 and 64 are 
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enantiomerically pure at C4 (R configuration) deriving from D-aspartic acid. To notice, compound 

62 displayed no activity at all in cell adhesion tests; its enantiomer 4 was instead an antagonist toward 

Ŭvɓ3, Ŭ5ɓ1 and Ŭ4ɓ1 integrin classes. Compound 63 was inactive on Ŭvɓ3 integrins unlike its enantiomer 

7 that was an active ligand toward this family. While 7 was completely inactive on Ŭ5ɓ1, derivative 

63 showed a discrete selectivity on this class in inhibiting cell adhesion. Also compound 64 

completely lacked the activity that was on contrary promoted by its enantiomer 3 as a modest agonist 

on Ŭ5ɓ1. In general we could assume that for this series of compounds (61-64) the R configuration at 

C4 stereocenter was detrimental for integrin activity and only S enantiomers were active in the 

receptor recognition. Following this consideration, we decided to perform an enzymatic kinetic 

resolution on some of the racemic C4 acetic acid derivatives (compounds 9 and 17) for evaluating if 

the active enantiomer could increase the potency in cell adhesion assays (see Chapter 4). 

 
Table 3.2. Effects of ɓ-lactam compounds 52-64 on RGD-binding and leukocyte integrin-mediated cell adhesion. Data are presented 

as EC50 for agonists (in bold), and as IC50 for antagonists (nM). Values represent the mean of three independent experiments carried 

out in quadruplicate  

Comp. SK-MEL -24/ FN 

Ŭvɓ3 

K562/FN 

Ŭ5ɓ1 

Jurkat/ VCAM -1 

Ŭ4ɓ1 

52 1560 

agonist 

nt > 5000 

53 76 

agonist 

6480 

antagonist 
255 

agonist 

54 > 5000 1110 

antagonist 

> 5000 

55 > 5000 > 5000 976 
agonist 

56 > 5000 419 

antagonist 

> 5000 

57 2880 

agonist 

140 

agonist 
10 

agonist 

58 > 5000 42 
antagonist 

> 5000 
 

59 85 

agonist 

3512 

antagonist 

> 5000 

60 30 

agonist 

5760 

agonist 

> 5000 

61 1079 
antagonist 

> 5000 > 5000 

62 > 5000 > 5000 > 5000 

63 > 5000 97 

antagonist 

> 5000 

64 > 5000 > 5000 > 5000 

                                                           nt = not tested 
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Further investigations on the most active ɓ-lactam compounds are planned in order to show if they 

could influence intracellular signalling activated by endogenous integrin agonists, as described for 

previously described agonist compounds.171 Specifically, compound 57 confirmed its agonist 

behavior since a significant increasement in ERK1/2 phosphorylation was detected when added alone 

to cells (data not shown). Signalling tests on compounds 53, 58-60 are still in course. 

 

3.4 Studies on integrin internalization mediated by ɓ-lactam compounds 
(in collaboration with Prof. S. M. Spampinato and Dr. M. Baiula, University of Bologna) 

 

As already outlined in Paragraph 3.1.2.3, integrin trafficking and internalization are important 

mechanisms adopted by cells for regulating integrin-extracellular matrix interactions, but the effects 

exerted by synthetic integrin ligands on endocytosis mechanisms are still unclear.  

Having in hands some novel derivatives active as integrin agonists or antagonists, we decided to 

investigate how these ligands could eventually promote or inhibit trafficking processes. Therefore, 

integrin internalization mediated by the developed synthetic ɓ-lactams was evaluated through 

confocal microscopy analysis using HEK293 cell lines expressing fluorescent Ŭ5 integrin. For these 

experiments, a plasmid of Ŭ5 integrin fused with an Enhanced Green Fluorescent Protein (EGFP) was 

transfected in HEK293 cells (Figure 3.19), and its expression was monitored with fluorescence 

microscopy. Control cells expressed fluorescent Ŭ5 integrin that was localized primarily on cell 

membrane. Following fibronectin (FN) exposure (10 ɛg/mL), after 15 minutes integrin was 

internalized into the cytoplasm and consequently the cell appeared completely green-colored (Figure 

3.19).  

 

 

Figure 3.19. Plasmid mediated-transfer and expression of Ŭ5 integrin fused with Enhanced Green Fluorescent Protein (EGFP). On 

the left: Control cells (+Ŭ5 integrin-EGFP); on the right: fibronectin-treated cells (10 ɛg/mL - 15 min) 

The same behavior was found when the cells were treated with Ŭ5ɓ1 agonist compound 21, able to 

promote internalization in a 1 ɛM concentration. A time course experiment for following the exposure 
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of 21 from 15 minutes to 4 hours was conducted and demonstrated the evolution of the progressive 

integrin internalization (Figure 3.20).  

 

 

Figure 3.20. Confocal microscopy analysis of HEK293 cells expressing fluorescent Ŭ5 integrin: internalization mediated by Ŭ5ɓ1 

agonist 21 in time course experiment 

 

Conversely, Ŭ5ɓ1 antagonist compound 4 showed to prevent integrin endocytosis mediated by 

fibronectin. As shown in Figure 3.21 in fact, the fluorescence remained confined along the cell 

membrane and the internalization was inhibited, in both absence and presence of fibronectin. 

 

 

Figure 3.21. Confocal microscopy analysis of HEK293 cells expressing fluorescent Ŭ5 integrin: internalization inhibited by Ŭ5ɓ1 

antagonist compound 4 (15 min), in absence (left) and in presence (right) of fibronectin (FN ï 10 mg/mL) 

 

3.5 Fluorescent ɓ-lactam compounds 
 

Since it resulted from fluorescence microscopy that the developed agonist ligands could induce 

integrin internalization, we decided to better investigate the behavior of these compounds in the 

trafficking process. Therefore, we developed some novel fluorescent derivatives conjugating the most 

potent agonists among those discovered with fluorescent tags. In this way their role in internalization 

processes could be in turn studied with confocal microscopy for evaluating if the ligand itself could 

be internalized into the cell via endocytosis together with the integrin. 
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3.5.1 Imaging and bioimaging 

Imaging is a technique that allows to detect an area of an 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 diagnostic tools in various research fields, spacing from molecular and cellular 

biology to biochemistry, biophysics, biotechnology and medicine.189 This remarkable development 

is due to their high sensitivity, which allows the visualization of biological compounds in 

physiological conditions, to their high spatial and temporal resolution, which allows to analyze the 

dynamic processes of cell signal transduction, and to their non-invasiveness.190 Fluorescence is in 

fact useful for cellular monitoring both in 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 protein-protein and protein-nucleic acid, the protein trafficking and the 

enzymatic activity.191 Fluorescence labelling can be extended over a wide range of wavelengths (non-

NIR or NIR ï near infrared region) using semiconductor nanocrystals, fluorescent proteins, or organic 

molecules.192 One of the main strategy for bioimaging is the conjugation 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 target.193 Usually, ligands employed for bio-imaging are small molecules, 

peptides, antibodies and aptamers, able to bind a molecule or a protein with a specific affinity toward 

cellular receptors, cancer antigens, enzymes or nucleic acids (Figure 3.22).194 

 

 

Figure 3.22. Conjugation between a fluorophore and a specific ligand for a cellular target, as a suitable model for bio-imaging 

 

3.5.2 Fluorophores 

 

In recent years, detection based on fluorescence techniques has received special attention and notable 

progress has been made in both fluorescence instrumentation and synthesis of new fluorophores. 

Fluorophores (or fluorochromes) are fluorescent chemical compounds that can re-emit light upon 

light excitation. They typically are planar or cyclic molecules with many ˊ bonds, and contain several 

combined aromatic groups.195 The organic fluorophores are classified according to their increasing 

absorption and emission wavelengths when conjugated or complexed with an analyte. Compounds 

providing fluorescence from the near-ultraviolet to approximately 500 nm include oxobenzopyrans, 

naphthofurans, oligothiophenes, 4,7-phenanthroline-5,6-diones, benzooxadiazoles, dansyl chloride, 

naphthalene 2,3-dicarboxaldehyde, and 6-propionyl-2-(dimethylamino)naphthalene. Organic 
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fluorescent labels emitting between 500 nm and the near-infrared (ca. 900 nm) comprise fluoresceins 

(including biarsenical dyes), rhodamines, 4,4-difluoro-4-bora-3a,4a-diaza-s-indacenes (BODIPY 

dyes), squaraines, and cyanines.190 

Before selecting a suitable fluorophore, some intrinsic features need to be considered, i.e. their 

absorption and emission wavelength, their emission intensity (calculated as the product of the molar 

extinction coefficient Ů and the quantum yield ű), their solubility and stability,196 and the presence of 

appropriate chemical functions that could allow a conjugation with small molecules, amino acids, 

proteins or specific ligands.197 Another factor to consider when choosing a specific fluorophore is the 

solvent; the fluorescence of a molecule can in fact be switched on or off according to the different 

solvent.  

For our purpose, we selected two fluorophores among the most employed for bioimaging, i.e. 

fluorescein isothiocyanate (FITC), with a green light emission198 and Rhodamine B, with a red light 

emission199 (Figure 3.23). Both compounds are commercially available, easy to handle and derivatize, 

and stable in cellular conditions. FITC is easily accessible and due to its absorption wavelength (492 

nm) does not interfere with the absorption of cellular proteins and does not require sophisticated 

microscopic tools.200 Rhodamine B in turn is a low-cost fluorophore widely used because of its high 

photostability and chemostability in aqueous media.201 Moreover, emitting in the near infrared region, 

Rhodamine B can be widely exploited for biological applications.202  

 

 

Figure 3.23. Structures of FITC and Rhodamine B. Excitation and emission wavelengths are reported 

 

3.5.3 Development of ɓ-lactam-fluorophore conjugates 

 

3.5.3.1 Synthesis of azetidinones 

 

In our case three novel derivatives bearing a fluorophore moiety (Rhodamine B or FITC) were 

realized, over-functionalizing the structures of compounds 9 and 17 that resulted the most potent 

agonists toward Ŭ4ɓ1 and Ŭ5ɓ1 integrin classes, respectively171 (Figure 3.24). 
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Figure 3.24. Design of new fluorescent compounds based on previously reported agonist ɓ-lactams 9 and 17 

 

For the realization of the new fluorescent derivatives, an appropriate commercial ɓ-lactam (1.O) was 

selected as starting material for having the C3 position of the ring already functionalized with an 

oxygen protected hydroxylethyl group. This ɓ-lactam scaffold was suitably modified on C4 and N1 

for obtaining the acid and the basic terminal functionalities required for preserving the activity toward 

integrin receptors. The C3 position in the starting material was instead exploited as a useful anchoring 

point for the conjugation with the selected fluorophores. Rhodamine B (compounds 78 and 79) was 

directly inserted on the hydroxyl functionality; in compound 79 the side chain on C4 was strategically 

elongated with a glycine residue, for hopefully promoting the affinity toward a different integrin class 

(see compound 17 vs 9). Compound 80 instead was conjugated with fluoresceine and an extra spacer 

was inserted, since the derivatization with the isothiocyanate group of FITC required an amine 

terminal in the molecular scaffold (Scheme 3.10). 

 

 
Scheme 3.10. Synthetic strategy for compounds 78, 79 and 80 
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The synthesis of all targets called for a nucleophilic substitution reaction on the commercially 

available ɓ-lactam 1.O, by a suitable Reformatskj reagent, obtained in turn from benzyl bromoacetate 

and zinc in excess. The same procedure already described for 4-acetoxyazetidinone 1.M as starting 

material171 was followed, obtaining, despite a major hindrance of the substrate, a good reproducibility 

and even better yields. The resulting compound 81 was then acylated on the ɓ-lactam nitrogen with 

the commercially available o-tolylisocyanate, in order to insert the basic moiety necessary for 

modulating the affinity toward integrin receptors. The reaction was firstly attempted with the 

optimized conditions found for the corresponding C3-underivatized ɓ-lactam, i.e. potassium 

carbonate in CH3CN.171 Since the obtained yields were unsatisfying, the stronger base NaHMDSA in 

THF at -78 °C was employed, but also in this case the target compound was afforded in yields lower 

than 30%; much better results were gained with triethylamine in CH2Cl2 at room temperature. 

Moreover, when the equivalents of isocyanate were increased up to 5 and contextually the solvent 

volume was reduced, for enhancing the isocyanate concentration, compound 82 was isolated with a 

93% yield (Scheme 3.11).  

 

Scheme 3.11. Synthesis of ɓ-lactams 81 and 82; Reagents and conditions: a) 1. Zn, TMSCl, benzylbromoacetate, THF, 30 °C then rt, 

3 h; 2. (2R,3R)-3-((R)-1-((tert-butyldimethylsilyl)oxy)ethyl)-4-oxazetidine-2-yl acetate, THF, 0 °C then rt, 3 h; b) o-tolylisocyanate, 

TEA, CH2Cl2, rt, 16 h. Yields of isolated compounds are reported in brackets 

 

Subsequently, the tert-butyldimethylsilyl group on the C3 side chain was removed under acidic 

conditions, using a complex of boron trifluoride diethyl etherate at 0 °C, as already reported in 

Chapter 2 for alkylidene derivatives.46 The reaction is fast and selective, and alcohol 83, obtained in 

good yields, constituted a common intermediate for achieving the three target fluorescent compounds. 

For the synthesis of 78 and 79, the free hydroxyl group of 83 was exploited for the direct insertion of 

the fluorophore mediated by standard reagents DCC and DMAP. An esterification with the carboxylic 

acid function of Rhodamine B was planned, but, in order to test the reactivity of the substrate, 

coumarin 3-carboxylic acid was previously tested as a model with Steglich esterification conditions. 

The process revealed to be quite efficient, and the same procedure was then repeated with Rhodamine 

B. In this case, the conversion was never complete, even using the reagents in equimolar ratio or 

increasing the reaction times. Nevertheless, compound 85 was isolated with a 60% yield after 

purification by flash-chromatography. The column was conducted with a gradient elution of 

EtOAc/CH3OH mixture for allowing a separation 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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Scheme 3.12. Synthesis of ɓ-lactams 84 and 85; Reagents and conditions: a) boron trifuoride diethyletherate, CH3CN, 0 °C then rt, 2 

h; b) DCC, TEA, DMAP, coumarin 3-carboxylic acid or Rhodamine B, CH2Cl2, 0 °C then rt, 16 h. Yields of isolated compounds are 

reported in brackets 

 

The final synthetic step comprised a standard Pd-catalyzed hydrogenolysis for restoring the terminal 

acid moiety necessary for the interaction with the integrin receptor (Scheme 3.13).  

 

 
 

Scheme 3.13. Synthesis of target ɓ-lactam 78. Reagents and conditions: a) H2, Pd/C (10%), THF/CH3OH 1:1, rt, 2 h. Yields of 

isolated compound is reported in brackets 

 

Synthesis of target compound 79 (Scheme 3.14) kept in account the elongation of the side chain on 

C4 position with a glycine residue. Compound 82 was therefore subjected to the deprotection of the 

benzyl ester function via hydrogenolysis yielding 86, followed by a reaction with glycine benzyl ester 

under standard peptidic coupling conditions to give intermediate 87. At this stage of the synthesis, 

the alcohol group on the C3 side chain was restored with the aforementioned conditions (intermediate 

88), and the coupling with Rhodamine B was performed, this time with lower yields due to poor 

solubility of the crude. A final hydrogenolysis on compound 89 for removing the C4 benzyl ester 

yielded the target product 79 in good yields. 
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Scheme 3.14. Synthesis of target ɓ-lactam 79. Reagents and conditions: a) H2, Pd/C (10%), THF/CH3OH 1:1, rt, 2 h; b) DCC, TEA, 

DMAP, glycine benzylesterĀHCl, CH2Cl2, 0 °C then rt, 16 h; c) boron trifuoride diethyletherate, CH3CN, 0 °C then rt, 2 h; d) DCC, 

TEA, DMAP, Rhodamine B, CH2Cl2, 0 °C then rt, 16 h. Yields of isolated compounds are reported in brackets 

 

Finally, for the synthesis of compound 80, attempts of a direct reaction of FITC on the hydroxyl group 

of alcohol 83203 revealed unsuccessful. It is indeed reported that isothiocyanates react nearly 

exclusively with amine functionalities to give the corresponding thioureas.204 In order to insert the 

required terminal amine group, we proceeded with an esterification reaction between alcohol 83 and 

commercial N-Boc-ɓ-alanine, and obtained compound 90 in excellent yields. At this stage 90 

displayed two orthogonal protecting groups: at first, deprotection of N-Boc-amine was carried out 

with an excess of trifluoroacetic acid (compound 91). As already discussed for the reaction with 

Rhodamine B, the coupling was initially tested with a model substrate, benzyl isothiocyanate in this 

case, in order to verify the reactivity and the operative conditions. The reaction was simply mediated 

by an excess of TEA and isothiocyanate and proceeded with good yields after flash-chromatography 

(compound 92). When the coupling was performed with FITC in the same conditions, the crude 

mixture resulted difficult to purify, due to the similar retention factors of the target compound 93 and 

the residual FITC on 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 compound 93 was quantitatively yielded (Scheme 3.15).  
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Scheme 3.15. Synthesis of ɓ-lactam 92 and 93. Reagents and conditions: a) Boc-alanine benzyl ester, DCC, DMAP, CH2Cl2, 0 °C 

then rt, 16 h; b) TFA, CH2Cl2, 0 °C then rt, 16 h; c) benzylisocyanate or FITC, TEA, CH2Cl2, rt, 4 h. Yields of isolated compounds 

are reported in brackets 

  

The benzyl ester deprotection at C4 was first attempted with classical hydrogenolysis conditions, but 

the presence of a sulfur atom in the starting material deactivated, as suspected, the palladium 

catalyst,205 leading to a null conversion. Also attempts of a remotion in basic conditions (solution of 

NH4OH 25% in CH3OH206 or K2CO3 in CH3OH207) were unsuccessful.  

We then decided to deprotect the benzyl ester group before inserting the fluorophore; when the 

hydrogenolysis reaction was conducted on intermediate 91, the corresponding acid 94 was gained 

with low yields (Scheme 3.16). Therefore we tried a previous hydrogenolysis reaction on intermediate 

90 (to give ɓ-lactam 95), followed by the Boc group deprotection; with this strategy compound 94 

was gained with quantitative yields in both steps (Scheme 3.16). The coupling with fluorescein 

isothiocyanate was finally performed as the last step of the synthesis and the target compound 80 was 

obtained after an acid work-up and a purification by column chromatography that was required to 

reach a purity up to 95% to HPLC-MS. 

 

 

Scheme 3.16. Synthesis of target ɓ-lactam 80. Reagents and conditions: a) TFA, CH2Cl2, 0 °C then rt, 16 h; b) H2, Pd/C (10%), 

THF/CH3OH 1:1, rt, 2 h; c) FITC, TEA, CH2Cl2, rt, 16 h. Yields of isolated compounds are reported in brackets 
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3.5.3.2 Spectrophotometric evaluations 

(in collaboration with Prof. P. Ceroni, University of Bologna) 

 

Once that the target compounds were obtained and completely characterized, qualitative fluorescence 

spectroscopy experiments were conducted in order to verify if the fluorophore properties could be 

affected by the conjugation with the ɓ-lactam scaffolds. Excitation and emission spectra of 

compounds 78, 79 and 80 are reported in Figure 3.25, together with their relative maximum 

wavelengths. If compared with the values reported for Rhodamine B methyl ester208 (ɚex = 558 nm, 

ɚem = 585 nm) and for FITC (ɚex = 492 nm, ɚem = 518 nm),209 it was possible to assume that no 

significant variations in the fluorophore properties could be underlined after the coupling with the 

synthetic ligands, since the compared values are in all cases in perfect accordance. Considering the 

molar extinction coefficients, compounds 78 (69706 M-1 cm-1 at 556 nm in methanol) and 79 (79901 

M-1 cm-1 at 559 nm in methanol) were comparable to the value reported for Rhodamine B methyl ester 

(83000 M-1 cm-1 at 555 nm in methanol). To notice, the replacement of the free carboxylate group of 

Rhodamine B (106000 M-1 cm-1 at 545 nm in ethanol)210
 with a methyl ester decreased the molar 

extinction coefficient.211 Compound 80 instead presented a molar extinction coefficient (4820 M-1 

cm-1 at 480 nm in methanol) that resulted extremely lower than the value reported for FITC (73000 

M-1 cm-1 at 494 nm in aqueous buffer, pH = 9),212 thus probably causing low fluorescence properties 

of the molecule that could constitute an issue in the further planned confocal microscopy analyses. 

 

 

 

Figure 3.25. Excitation and emission spectra of ɓ-lactams 78, 79 and 80. 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. S. M. Spampinato and Dr. M. Baiula, University of Bologna) 

 

Cell adhesion assays 

 

The ability of the new fluorescent compounds 78, 79 and 80 to modulate the adhesion of specific 

integrin-expressing cells has been tested. Interestingly, all the compounds resulted agonist and 

showed a concentration-dependent enhancement in fibronectin-mediated adhesion of K562 

(expressing Ŭ5ɓ1) or Jurkat E6.1 (expressing Ŭ4ɓ1) cells (Figure 3.26). In particular, ɓ-lactam 78 was 

the most potent in enhancing cell adhesion toward Ŭ4ɓ1 showing sub-micromolar affinity (EC50 = 0.55 

ɛM), also displaying a comparable activity on Ŭ5ɓ1 (EC50 = 0.33 ɛM). Compound 79 instead showed 

a preferential selectivity for Ŭ5ɓ1 integrin class, presenting a remarkable nanomolar activity (EC50 = 

20.5 nM). The obtained activity trend reflected what was previously described for the relative C3 

non-substituted ɓ-lactams. In fact, compound 9 displayed a selectivity toward Ŭ4ɓ1, while compound 

17 with a longer glycine-derived C4 side chain was active only on Ŭ5ɓ1. Finally, FITC-compound 80 

was the less potent in adhesion assays even if anyway displayed some affinity toward Ŭ5ɓ1 and Ŭ4ɓ1 

integrins (EC50 = 11.1 ɛM and 41.1 ɛM respectively).  

 

 

Figure 3.26. Structures of target ɓ-lactams 78, 79 and 80 and results of cell-adhesion assays. Values of EC50 are reported in brackets 

 

Even if the novel fluorescent derivatives generally lacked in adhesion ability compared to their non-

fluorescent analogues, switching from nanomolar to micromolar range, it was impressive that they 

preserved a good activity despite their much increased molecular complexity. Moreover, since an 

agonist behavior was maintained, the novel compounds were considered promising for investigating 

the role of the ligands in internalization and other integrin-mediated cellular processes.  

 

Confocal microscopy analysis 

Studies on the promotion of integrin internalization mediated by the novel synthesized derivatives 

are in due course by confocal microscopy analyses. Preliminary results on compound 78 that 

displayed a good activity in promoting cell adhesion toward Ŭ5ɓ1 integrins are reported in Figure 3.27. 

The experiment was carried out as described in Paragraph 3.4 by means of a green fluorescent Ŭ5 
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integrin transfected on HEK cells. In this case also the red fluorescence was considered, for 

monitoring if the Rhodamine-ligand was confined on the cell membrane, visible inside the cell, or 

not present at all.  

Switching on the green light, in non-treated HEK cells the fluorescence originated by Ŭ5 integrin was 

localized on the membrane surface and in the endoplasmic reticulum (control). In cells treated with 

compound 78 instead, the green fluorescence was visible inside the cell, clearly showing that the 

agonist ligand could promote integrin internalization. When the red fluorescence was activated, in 

non-treated HEK cells fluorescence is absent, as expected. In presence of 78 instead, the red 

fluorescence diffused inside the cell that appeared completely red-colored, possibly indicating the 

internalization of the compound into the cytoplasm. Further microscopy images should be recorded 

in order to have a more clear idea on the effect exerted by our ligand and on its eventual selective 

internalization into overexpressing-integrin cells. Compounds 79 and 80 should also be tested in 

confocal microscopy analyses. To notice, molecule 80 with a green fluorophore is not suitable for an 

experiment conducted with a green integrin, since it would not be possible to discriminate the source 

of the fluorescence (if arising from the integrin or from the ligand). In this case, the analysis could be 

performed with non-fluorescent HEK cells (for evaluating the internalization of the ligand alone), or 

with cells transfected with a red integrin (for evaluating both integrins and ligand internalization). 

 
Figure 3.27. Confocal microscopy analysis of HEK293 cells expressing fluorescent Ŭ5 integrin. On the left column: control cells (+Ŭ5 

integrin-GFP); on the right column: compound 78-treated cells (10-6 M); a) merge of blue (nuclei), green (Ŭ5 integrin) and red 

(compound 78) fluorescence; b) green fluorescence; c) red fluorescence 
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3.6 Cytotoxic ɓ-lactam compounds 
 

3.6.1 Cytotoxic agents and Targeted drug delivery systems 

 

The term ócytotoxicô refers to any drug able to damage or kill cells through cell division inhibition, 

and therefore, is potentially useful for anticancer chemotherapy. 

Cytotoxic drugs include: 

- alkylating agents, which act by forming covalent bonds with DNA and by preventing its replication. 

- antimetabolites, which block or alter one or more metabolic pathways involved in DNA synthesis. 

- cytotoxic antibiotics, which prevent the division of mammalian cells. 

- plant derivatives (vinca alkaloids, taxanes, camptothecins), which act specifically on microtubules. 

Antibiotic and antimetabolite classes represent the most employed drugs for chemotherapy.  

Cytotoxic antibiotics exert their effect by direct action on DNA. Among them, Doxorubicin (Figure 

3.28a), which belongs to the anthracycline family, acts as an intercalating agent, by inserting between 

the DNA bases and inhibiting their synthesis. The major cytotoxic effect, however, is exerted with an 

inhibitory action on topoisomerase II, an enzyme whose activity is definitely increased in diseased 

cells. This enzyme must ensure that, during DNA replication, a rotation occurs around the replicating 

fork in order to prevent the neo-synthesized DNA to become irreversibly entangled. This rotation 

occurs by first producing an incision in both DNA strands, and then by restoring their integrity. 

Doxorubicin stabilizes the DNA-topoisomerase II complex immediately after incision, blocking the 

following process. In addition to the common side effects, Doxorubicin can cause cumulative and 

dose-dependent damage to myocardium, provoking arhythmias and heart failure, probably due to a 

free radicals formation.213 

Among the antimetabolite drugs instead, 5-fluoro uracil (5-FU) (Figure 3.28b), thanks to its structural 

similarity to uracil, can be incorporated into DNA with consequent alterations in its functionalities. 

5-FU prevents cell proliferation by irreversible inhibition of the enzyme thymidylase synthetase, 

responsible for the synthesis of thymidine, essential in turn for DNA formation. Some of its 

derivatives functionalized in N1 and/or N3 positions of the pyrimidine ring also displayed promising 

features from both a pharmacokinetic and a pharmacodynamic point of view, being exploited as 5-

FU prodrugs.214 The main undesirable effects of this cytotoxic agent are gastrointestinal epithelial 

damage and myelotoxicity. 

 

 

Figure 3.28. Examples of cytotoxic agents. a) Doxorubicin; b) 5-fluorouracil 

 

Nowadays conventional anti-cancer therapies, such as chemotherapy, could not guarantee a 

selectivity towards tumour cells, resulting in numerous side effects and acute toxicities, as described 

in the aforementioned examples of Doxorubicin and 5-FU. Therefore, the need to develop new 
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selective therapies that could effectively target tumour cells with the lowest possible toxicity toward 

healthy cells is ungently required.215 In the last decade, several research groups have focused on the 

development of ñtargeted drug delivery systems (TDDs)ò, with the aim of maximizing the 

effectiveness of the drug whilst minimizing side effects, by means of a selective transport of the drug 

into the diseased cells. Generally, TDDs consist of a carrier/ligand and a cytotoxic agent, coupled by 

a suitable linker (Figure 3.29). 

 

 

Figure 3.29. General structure of a targeted drug delivery system 

 

The carrier is that portion responsible for the selective delivery of the drug inside the diseased cell. 

Some crucial points such as chemical synthesis, kinetic parameters, avidity of the conjugate to the 

target cell, and tissue penetration, are necessary for obtaining an efficient carrier. The linker, on the 

other hand, is a molecular portion that allows an appropriate distance between the cytotoxic and the 

carrier. The linker is usually coupled to the cytotoxic/carrier portions through amide or ester bonds, 

even if also ethers, thioethers, triazoles or other groups are frequently employed. In general, amide 

bonds are less susceptible to hydrolysis under physiological conditions,216 while ester bonds can be 

more easily hydrolysed by enzymes such as lipases or esterases. If the stability of the conjugated 

system is sufficient to approach the biological target, the hydrolysis of the linker can guarantee a 

controlled release of the drug within sub-cellular compartments. Thus, the linker structure could 

define the exact cleavage point between the carrier and the cytotoxic agent, mediated by internal or 

external stimuli. In this way, the drug is inactive during transport, but extremely effective once the 

diseased cell is reached.217 

Following this approach, different types of TDDs have been developed, depending on the carrier: 

 

- Cytotoxic conjugates to nanocarriers. 

The development of drug delivery systems based on nanoparticles is representing a real revolution in 

the therapeutic field,218 due to their large surface area and good morphological variability that lead to 

excellent pharmacokinetics, good passive accumulation at the site of interest and increased effect of 

permeation and retention. Moreover, the use of nanocarriers allows an easier uptake by the diseased 

cells and therefore an increase in the effectiveness of the drug.219 The most common example arises 

from magnetic nanoparticles (MNPs), widely used to transport and store the drug in diseased cells by 

an external magnetic field, without affecting healthy cells. Moreover, their surface can be easily 

functionalized with bioactive molecules by covalent bonds or by exploiting the presence of pores. 

 

- Cytotoxic conjugates to antibodies. 

Monoclonal antibodies are considered a possible vehicle for selective drug transport, since their high 

binding specificity could favor a selective accumulation of the drug at the affected site. Specifically, 

the ability to release the cytotoxic agent only near the tumour derives from the presence, on cancer 

cells, of a specific antigen recognized by the antibody. Even if several factors limit the use of these 
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conjugates, such as the difficult internalization of the antibodies, recent studies have shown that some 

antibody-cytotoxic conjugates, while not internalizing, could allow a good transport of the drug in 

the extracellular space, followed by the internalization of the cytotoxic residue alone. This mechanism 

also generates a spectator effect in the cells in proximity.220 

 

- Cytotoxic conjugates to peptides. 

Since many tumour cells have been shown to overexpress peptides-binding receptors, these peptides 

revealed a promising carrier role in targeted delivery systems. In developing peptide-cytotoxic 

conjugates, the selected peptide should interact strictly with the precise subtype receptor 

overexpressed in tumour cells, and the linked cytotoxic drug must not influence the binding properties 

with the receptor, nor the specificity.221 The peptide, upon binding with the receptor, is internalized 

inside the cytoplasm by crossing the cell membrane, and the cytotoxic portion is then released after 

the cleavage of the linker (Figure 3.30). Favourably, a small amount of the conjugated is required 

since peptides generally display a very high affinity toward the receptor in the nanomolar range; in 

addition, the cytotoxic activity of a peptide-conjugate could also be increased by attacking more than 

one cytotoxic agent to the peptide carrier. The most representative class of peptide-conjugates is based 

on the RGD sequence, which, as already described, is the smallest ligand recognized by integrin 

receptors overexpressed in some tumour cells. 

 

 

Figure 3.30. Mechanism of action of a peptide-cytotoxic conjugate. Figure adapted from ref. 217 

 

3.6.2 Development of cytotoxic conjugates 

 

Having in hands some peptide-like (pseudopeptides) derivatives that showed an high affinity toward 

integrin receptors, and considering the promising fluorescence studies possibly indicating an 

internalization of our ligands in overexpressing-integrin cells, we decided to realize some ligand-

cytotoxic-conjugates using the ɓ-lactam agonist derivatives as carriers. It is important to underline 

that in this case the compounds were designed as possibly exerting a drug-cargo action in order to 
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selectively deliver the cytotoxic portion into a cancer cell through integrin internalization. Our scope 

was then to provoke an endocytosis of the entire drug conjugate upon binding with the integrin 

receptor without the linker being necessarily cleaved outside or inside the cell to release the free 

cytotoxic agent. Preliminary studies were then aimed at the realization of the conjugated system; the 

study of an appropriate linker and its eventual cleavage conditions will be addressed secondly, only 

if the system as such will not be found to exert a cytotoxic action. 

Two novel azetidinone-drug conjugates were therefore designed: commercial 5-fluorouracil and 

Doxorubicin were selected as suitable cytotoxic agents, and ɓ-lactam 83 was employed as synthetic 

precursor. The cytotoxic residues were inserted at the ɓ-lactam C3 position, hence replacing the 

previously inserted fluorophore moieties (Figure 3.31). 

 

 

Figure 3.31. b-lactam derivatives conjugated with a cytotoxic residue of 5-fluorouracil (96) and Doxorubicin (97) 

 

The choice of functional groups in the conjugated system was crucial for the incorporation of 

cytotoxic residues: Doxorubicin was introduced as such, while 5-fluorouracil was further 

functionalized on the more reactive nitrogen with bromoacetic acid to obtain 98 with an acid terminus 

easily anchorable on the ɓ-lactam fragment. The 3-hydroxyethyl side chain in compound 83 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 terminal functional groups 

for allowing the reaction with Doxorubicin amine terminal and fluorouracil acetic acid, respectively. 

The amine function was introduced as reported in Paragraph 3.5.3.1 through a simple coupling with 

N-Boc-b-alanine and its following deprotection with TFA (compound 91). The acid portion instead 

was obtained via an esterification with glutaric anhydride (compound 99). In both cases, after the 

coupling with cytotoxics, the last synthetic step involved the C4 benzyl ester hydrogenolysis for 

obtaining the free acid functionality necessary for integrin binding (Scheme 3.17). 
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Scheme 3.17. Synthetic strategy for the synthesis of conjugated ɓ-lactam-cytotoxics 96 and 97 

 

As already performed for the conjugation with fluorescent tags, also in this case the reactivity of 

uracils was previously investigated using the available no cytotoxic 5-bromouracil as a model. Firstly, 

a N-alkylation with bromoacetic acid mediated by potassium hydroxide as a strong base and heating 

to 60 °C222 was performed on uracil (Scheme 3.18). After an acid work-up, 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 case no precipitate was formed after the acid work up and the product 

was isolated by lyophilisation followed by flash-chromatography. The purification step greatly 

affected the yield, probably because the target compound was extremely polar and scarcely eluted 

from the chromatography column. Different methods have been tested, varying reaction times, 

temperature and work-ups, but the formation of the product precipitate was never observed. 

 

 

Scheme 3.18. Synthesis of uracil derivatives 98 and 100. Reagents and conditions: a) bromoacetic acid, KOH, H2O, 60 °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 amine group of intermediate 91 and the acid group of the uracil-compounds 98 or 100. 

The reaction was conducted with the already reported Steglich esterification conditions after amine 

salt deprotection of 91 in basic conditions to give 101 or 102. Both DCC and EDC have been tested 
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as carboxylic acid activators: the latter furnished slightly better yields, probably for the complete 

elimination of the resulting ureidic by-product in the extraction work-up. Anyway, due to the very 

poor solubility of the reaction crude in common organic solvents or solvent mixtures, the yield of this 

step was poor, and will require a further optimization. The target compounds 96 or 103 were obtained 

by a final hydrogenolysis reaction in standard conditions, with rather quantitative yields for both 

bromo- and fluoro-uracil derivatives (Scheme 3.19). 

 

 

Scheme 3.19. Synthesis of ɓ-lactams 96 and 103 conjugated with uracil derivatives. Reagents and conditions: a) EDC, TEA, DMAP, 

CH2Cl2, 0 °C to rt, 16 h; b) H2, Pd/C (10%), THF/CH3OH 1:1, rt, 2 h. 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 alcohol ɓ-lactam 83 and glutaric anhydride 

was performed under mild conditions in excellent yields. An acid work-up and a liquid-liquid 

extraction gained the desired acid target 99 without the need of flash-chromatography purification. 

At this stage the cytotoxic residue was inserted; Doxorubicin (DOX) displays a very intense red 

colour, due to the high conjugation of its tetracyclic system, and therefore it is also called "red devil" 

or "red death". The reaction was conducted in a very small scale and Doxorubicin was handled with 

the appropriate precautions because of its strong cytotoxic character, commonly exploited for 

chemotherapy treatments. The primary amine function of Doxorubicin was coupled with the 

carboxylic acid linker previously inserted on the ɓ-lactam scaffold; the reaction occurred in the 

presence of HBTU (hexafluorophosphate benzotriazole tetramethyl uronium) and DIPEA (N,N-

diisopropylethylamine). After 16 hours the conversion resulted complete and the target DOX-

conjugate 104 was obtained after liquid-liquid extraction in quantitative yields. 223  Finally, 

hydrogenolysis was performed to give compound 97 with a free acid function for integrin recognition 

(Scheme 3.20).  

 

  

Scheme 3.20. Synthesis of ɓ-lactam 97 conjugated with Doxorubicin. Reagents and conditions: a) glutaric anhydride, TEA, DMAP, 

CH2Cl2, rt, 16 h; b) Doxorubicin, HBTU, DIPEA, CH2Cl2, rt, 16 h; c) H2, Pd/C (10%), THF/CH3OH 1:1, rt, 2 h. Yields of isolated 

compounds are reported in brackets 
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3.6.3 Biological evaluations 

(in collaboration with Prof. S. M. Spampinato and Dr. M. Baiula, University of Bologna) 

 

Unexpected results arised from adhesion and cytotoxicity tests performed on azetidinone-conjugates 

96 and 97. Surprisingly, in cell-adhesion assays both derivatives resulted antagonist on a4b1 integrins 

at a micromolar level. An intermediate analogue of this series, compound 95, bearing the free acid 

functionality on C4 position and the ɓ-alanine linker protected with a Boc group, was tested as a 

model. In fact, the three compounds 95, 96 and 97 share a common (or similar) derivatization at C3 

position with a linker coupled to the carrier and to the drug portion with an ester and an amidic group, 

respectively. Also compound 95 displayed an antagonist behaviour, even if toward a5b1 integrins 

(while was inactive on a4b1). Further tests are still in course for studying the adhesion of 96 and 97 

on a5b1 class. 

 

 
Figure 3.32. Structures of compounds 95, 96 and 97 and results of cell-adhesion assays. Values of EC50 are reported in brackets 

 

The resulting antagonist behaviour of the three compounds was in contrast with that previously 

detected for the C3 unsubstituted compound 9 and for the fluorescent derivatives 78-80 that 

demonstrated instead an agonist behaviour on a4b1 integrins (see Paragraph 3.5.3.3). A comparison 

of the concentration-response curves showing the different effects of aforementioned compounds on 

cell adhesion is reported in Figure 3.33. In particular, compounds 9, 78, 96, and 97 were compared, 

since they share the ɓ-lactam scaffold, and in particular the acid and the o-tolyl terminus at C4 and 

N1 positions, which are thought to be responsible for the interaction with the receptor.  
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Figure 3.33. Compounds 9 and 78 enhanced fibronectin-mediated adhesion to Jurkat E6.1 cells expressing Ŭ4ɓ1 integrin (left 

column); compounds 96 and 97 diminished fibronectin-mediated adhesion to Jurkat E6.1 cells expressing Ŭ4ɓ1 integrin (right 

column). Results are expressed as the number of cells attached from quadruplicate wells and repeated at least three times 

Nevertheless, an influence of the C3 side chain on integrin activity resulted evident, and, apart 

compound 9 that had a free C3 position, ɓ-lactam 78 was prepared with an ester bond to link the 

carrier and the fluorophore. It was therefore thought that the presence of a linker 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 and with an ester-

ester linker were designed for a conjugation with 5-fluorouracil to evaluate the veridicity of the 

aforementioned hypothesis (Figure 3.34). The synthesis of the compounds is still underway. The 

conjugation with Doxorubicin revealed not suitable for this working method, as it necessarily required 

an amide bond for linking the primary amine group of the cytotoxic on the carrier.  

 

Figure 3.34. Structures of conjugated ɓ-lactam-fluorouracil compounds designed to potentially promote an agonist behaviour 

 

Concerning cytotoxic assay, we assessed by cytofluorimetry the percentage of Jurkat cells 

(overexpressing a4b1 integrins) in early apoptosis after exposure to different concentrations of 

conjugated compounds 96 and 97, or to the reference cytotoxic drug, doxorubicin [doxo] or 5-

fluorouracil [5-FU], as a positive control for 72 hours (Figure 3.35). Both target compounds resulted 

inactive as cytotoxic at any tested concentration, conversely to their relative positive controls. This 

result is quite unsatisfactory, but in line with the activity displayed by 96 and 97 in cell adhesion tests. 

In fact, as already demonstrated, an antagonist behaviour implied the inhibition of integrin 
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internalization process, and consequently internalization of the compound itself. If the conjugates are 

not able to be internalized in the cell, they could consequently not explicate their cytotoxic potental. 

 

Figure 3.35. Cytotoxic assays evaluating the early apoptosis of Jurkat cells upon exposure of compounds 96 and 97, and relative 

positive controls (5-Fu and Doxo) for 72 hours  

 

3.7 Loading of ɓ-lactam integrin ligands on Sr-hydroxyapatite  
 

As already widely discussed, among the library of ɓ-lactams recently developed, some derivatives 

were found to strongly promote cell adhesion mediated by integrins at a nanomolar level.171 

According to this and to the good results achieved with the realization of novel hydroxyapatite 

biomaterials with enhanced antibacterial activity97 (see Paragraph 2.10), we decided to further expand 

this project by loading some agonist ɓ-lactam derivatives on strontium-enriched hydroxyapatite 

nanocrystals (Sr-HA) through absorption. This recently initiated study aimed at realizing a functional 

biomaterial for bone regeneration able to repair bone lesions or to support the implantation of artificial 

prostheses, stimulating the growth of bone cells in the proximity of the substitution material.  

In fact, coating an artificial material with a thin layer of HA resulted an effective approach that 

provided good biocompatibility and osteoconductivity to the material.224 Biological tests on different 

cell lines (mainly human mesenchymal stem cells and osteoblast-like cells) revealed that calcium 

phosphate coatings could improve cell adhesion, proliferation and differentiation for promoting bone 

regeneration.225 Cellular responses to an implanted biomaterial involve highly complex chemico-

biological processes linked to different surface properties.226 Recent studies have shown that cell-

substrate interactions are associated with surface topography, porosity, chemical and elemental 

composition, dissolution behavior, and macro and micro-surface structure. 227  These physico-

chemical characteristics can be properly manipulated in order to promote a clinical integration of the 

implant with the surrounding cells and tissues. 228  An example concerns cationic or anionic 

substitutions in the apatites, which is possible thanks to their high stability and flexibility. Among 

divalent cations that can replace calcium in HA structure, strontium has aroused a considerable 

biologic interest, being present in the mineral phase of the bone and overall being able to increase the 

number of osteoblasts, reduce bone resorption and stimulate bone formation.229  

In order to obtain better biological performances, a hydroxyapatite material enriched with a 10% 

content of strontium cations (Sr-HA) has been synthesized and employed for the loading of suitable 
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ɓ-lactam derivatives. Three agonist azetidinones 1, 9 and 17 were chosen for their structural 

variability and for their specificity toward different integrin classes in enhancing cell adhesion; the 

preferential integrin class and the corresponding EC50 values in cell-adhesion assays are reported in 

Figure 3.36. Compound 4 instead, being an antagonist of integrin activity, was evaluated as negative 

control. The synthesis of the ɓ-lactam derivatives was carried out as described in Paragraph 3.2.1 

with excellent reproducibility.171 An appropriate loading study of the four molecules on Sr-HA was 

developed, together with an evaluation of the compound release in different aqueous media. A 

complete characterization of the materials as well as biological tests of the final loaded samples are 

actually in due course by Prof. A. Bigi, University of Bologna and P. Torricelli, Istituto Ortopedico 

Rizzoli. 

 

Figure 3.36. b-lactam compounds 1, 4, 9 and 17 absorbed on Sr-hydroxyapatite. EC50 or IC50 values of their activity as agonists or 

antagonist (of specific integrins) are reported  

 

3.7.1 Loading of azetidinones on Sr-HA 

 

The loading of azetidinones on Sr-HA nanocrystals was carried out in H2O or H2O/organic solvent 

mixtures to evaluate the medium effect on the loading. H2O/acetonitrile mixtures were chosen as 

standard solvent following the good results obtained in the previously described study with 

antibacterial ɓ-lactams.97 The experimental procedure used for the loading process was nearly 

analogue to that reported for N-thioalkylated azetidinones.97 In brief, the appropriate ɓ-lactam was 

firstly dissolved in the reaction solvent, then Sr-HA was added. The system was 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 unloaded ɓ-lactam, while the solid phase 

(constituting the functionalized Sr-HA) was oven-dried and further analysed and characterized. 

The amount of the loaded ɓ-lactam compounds (as weight %) on Sr-HA was determined through 

thermogravimetric analysis (TGA). Compounds 1 and 9 were chosen as models due to their different 

N1 derivatization and consequent lipophilicity. Loading of compounds 4 and 17 was instead 

performed by far only in the best conditions found for the other derivatives (Table 3.3). 
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Table 3.3. Effects of solution concentration and polarity on loading of azetidinones 1, 4, 9 and 17 on Sr-HA. Loading was evaluated 

through TGA analysis 

Entry  

 

Comp. Solvent 

 

Loading (wt%)  

 

1 

 

9 

 

H2O/CH3CN 1:3 

 

5.3 

3 9 H2O/ CH3CN 3:1 12.9 

4 9 H2O/ CH3CN 10:1 14.4 

5 9 CH3CN 9.0 

6 9 H2O/ CH3CN 1:1 

(double amount of 9) 

24.0 

7 9 H2O/EtOH 3:1 15.1 

8 9 H2O/THF 3:1 14.3 

9 1 H2O/ CH3CN 1:5 8.4 

10 1 H2O/ CH3CN 1:1 4.5 

11 1 H2O/ CH3CN 1:5 

(triple amount of 1) 

8.1 

12 1 H2O/ CH3CN 1:5 

70 °C 

4.4 

13 1 H2O 7.2 

14 1 THF 5.8 

15 1 H2O/EtOH 1:5 6.6 

16 4 H2O/ CH3CN 3:1 6.5 

17 17 H2O/ CH3CN 3:1 

 

9.1 

17 17 H2O/ CH3CN 3:1 

60 °C 

4.9 

18 17 H2O/EtOH 3:1 

60 °C 

4.9 

 

A variation of the medium polarity was obtained by changing the H2O/acetonitrile ratio in the loading 

solution. From the data reported in Table 3.3 it emerged that the loading amount of compound 9 

increased at enhancing of solvent polarity (Entries 1-4), with percentages ranging from 5.3% (with 

H2O/ CH3CN 1:3) to 14.4% (with H2O/ CH3CN 10:1). This could be rationalized considering that the 

molecule is moderately apolar and very affine to acetonitrile, and thus preferentially avoided the 

binding with HA when the solvent was predominantly composed of the organic phase. However, 

when the loading was carried out in acetonitrile alone, a good uptake from the solution was observed 

(9%, entry 5). To notice, a loading experiment of compound 9 in water alone was not conducted due 

to its total insolubility. An additional test in H2O/CH3CN 1:1 solution was performed with a doubled 

amount of ɓ-lactam 9, and a corresponding tripled loading value compared to the standard condition 

was obtained (24%, entry 6). A change in the organic solvent was attempted, hence including 3:1 
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aqueous mixtures with ethanol and tetrahydrofuran (entries 7 and 8, respectively). In both cases no 

substantial variations in the loading amount of compound 9 were detected in comparison with the 

corresponding H2O/CH3CN mixture. The amount of compound 9 absorpted on Sr-HA could be 

therefore easily controlled using a water/organic solvent mixture of suitable polarity, permitting both 

medium-low (5-9%) and high (24%) loadings. In order to assess whether the presence of Sr on HA 

could influence the loading, an experiment was carried out on Ca-HA using the same conditions 

reported in entry 3. In this case a loading value of 12.8% was obtained, demonstrating that the 

replacement of Strontium in Ca-HA did not affect the absorption of the ɓ-lactam compounds. 

Conversely with what detected for compound 9, the loading on Sr-HA of compound 1 settled around 

medium-low loadings (5-9%) without reaching values superior to 10% in none of the attempted 

conditions. As a general trend, its loading decreased with the increase of the solvent polarity (entries 

9 and 10); in this case indeed, the molecule is more polar and affine to the aqueous medium, and 

hence preferred to remain in solutions with a higher water content. An increase in the loading value 

was not observed when the amount of compound 1 was tripled compared to the standard conditions 

(8.1%, entry 11), and even a tentative to perform the experiment at higher temperatures did not allow 

to improve the quantity of the absorbed molecule, that was instead decreased to 4.4% (entry 12). The 

absorption was also carried out using only H2O, and a good loading percentage (7.2%) was observed 

(entry 13). Since it was not possible to conduct an experiment in acetonitrile alone due to the 

insolubility of compound 1, tetrahydrofuran was tested (entry 14), but only a relatively low loading 

(5.8%) was achieved. Finally, on employing the mixture H2O/EtOH 1:5 (6.6%, entry 15), the 

absorbed amount was only slightly increased, and acetonitrile demonstrated in this case to allow the 

higher loadings. 

After these screenings, the loading on Sr-HA was performed also with compounds 4 and 17. Being 

structurally similar to 9, the loading of 4 was carried out with the conditions described in entry 3. 

Nevertheless, the loading of compound 4 showed a halved value (6.5%, entry 16) compared with that 

found for compound 9.  

Concerning compound 17 instead, standard H2O/CH3CN 3:1 conditions (entry 3) did not allow a 

complete solubilization of the molecule; therefore, data reported in entry 17 simply correspond to a 

heterogeneous mixture of two solids (Sr-HA and compound 17) and are negligible. It was then 

necessary to suitably modify the loading method, and compound 17 was dissolved in a greater 

quantity of solvent at a higher temperature (60 °C). Different solvent mixtures were attempted, but 

without showing any loading variations (4.9%, entries 18 and 19). 

In conclusion, ɓ-lactam molecules were adsorbed on Sr-HA as a function of their partition coefficient 

between the solid phase and the loading solvent; Sr-HA in fact competed with the solvent for the 

recruitment of ɓ-lactams, which was found to be dependant on the solvent mixture polarity. 

 

3.7.2 Characterization of azetidinone-Sr-HA samples  

 

The new azetidinone-functionalized Sr-HA composites were characterized by ATR spectroscopy that 

furnished important informations on the interactions established between the organic molecules and 

the apatite. In fact, from the comparison between the spectra of the composites and of the pure 
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molecules, the disappearance of the peaks related to the stretching of the C4 acid group and of the 

CO of the dimer, typical of carboxylic acids in the solid state, was noticed.  

As shown in Figure 3.37A indeed, the spectrum of the functionalized 9-Sr-HA  evidenced that the 

band corresponding to acid C=O stretching at 1715 cm-1 was no longer observed compared to that of 

9 alone, as well as the 1309 cm-1 peak relative to the CO stretching of the dimer. Conversely, two 

new intense bands at 1570 cm-1 and 1440 cm-1 appeared and were attributed to the asymmetric and 

symmetric stretching of a carboxylate C=O, respectively. This evidence demonstrated that compound 

9 was probably absorpted on the material through an ionic interaction established between the 

carboxylic function of the molecule and the cationic species present on HA. The other characteristic 

signals of compound 9 remained unaltered upon adsorption on HA.  

 

 

Figure 3.37. A) comparison between ATR-spectra of 9-Sr-HA  and 9 pure compound in the region 2000-400 cm-1; B) comparison 

between ATR-spectra of 1-Sr-HA  and 1 pure compound in the region 2000-400 cm-1 

 

The other three compounds 1, 4 and 17 showed only a partial disappearance of the peak related to the 

carboxylic acid C=O stretching and a partial appearance of bands related to the carboxylate species, 

probably proving that the binding with Sr-HA was weaker than that existing for compound 9; this 

fact could also explain the lower values of loadings detected for compounds 1, 4 and 17 compared to 

9 (see Table 3.3). As an example, ATR spectra of 1-Sr-HA  composite and compound 1 alone were 

reported in Figure 3.37B. In 1-Sr-HA  spectrum, the peaks corresponding to the acid carbonyl at 1703 

cm-1 and to the dimer band at 1324 cm-1 were still present, even if with a lower intensity compared to 

that displayed for molecule 1 alone. Nevertheless, the band at 1680 cm-1 could be assigned to the 

C=O ureidic stretching associated with the stretching of a carboxylate species. As a result, ɓ-lactam 

1 probably exhibited only a partial carboxylate formation upon absorption on HA, and an interaction 
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between the ammonium salt function in the molecule and the negatively charged phosphate groups 

on HA surface had to be also considered. 

 

3.7.3 Azetidinone release study 

The in vitro release of azetidinones from the corresponding functionalized Sr-HA samples was 

evaluated by HPLC analysis in different aqueous media mimicking the physiological environment. 

Experiments were conducted at 37 °C in thermostat with sampling and refresh of the solution at set 

time intervals as already explained in the previously reported study.97 At each time point, the 

supernatant was separated and the concentration of the released ɓ-lactam was determined by HPLC-

UV analysis, after an appropriate construction of calibration curves for each compound. The HA 

sample was then incubated again with a fresh solution of the specific medium (refresh). Some of the 

results were selected and summarized in Figure 3.38, expressed as cumulative release in mol% (of 

the total loaded amount) over the refresh number.  

Since previous evaluations of HA biomaterials demonstrated that an excessive concentration of ɓ-

lactam molecules could be cytotoxic (see Paragraph 2.10.7), the release studies were performed on 

samples displaying a moderate compound loading, i.e. 12.9% for 9-Sr-HA , 8.4% for 1-Sr-HA , 6.5% 

for 4-Sr-HA  and 4.9% for 17-Sr-HA . 

 

 

Figure 3.38. a) release of azetidinones 9 (  ʉred) and 1 (ǒorange) from 9-Sr-HA  and 1-Sr-HA  in aqueous solution (left) and acetate 

buffer solution at pH 5.0 (right) media; b) release of azetidinones 9 (  ʉred), 1 (X orange), 4 (ƶ grey), and 17 (ǒ blue), from 9-Sr-

HA , 1-Sr-HA , 4-Sr-HA , and 17-Sr-HA  in physiological solution (left) and phosphate buffer solution at pH 7.4 (right) media. The 

cumulative release is reported as mol % over the refresh number and evaluated through HPLC analysis 

In general, the release profiles confirmed what was observed in the loading study, showing a 

dependence between the amount of the released molecule per refresh and its solubility in the medium. 








































































































































































































