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A B S T R A C T

The immune system depends on integrins for adhesion and migration during leukocyte trafficking and for 
intracellular signalling. There is a causal relationship between dysregulation of integrin expression and the onset 
of pathological conditions, such as autoimmune diseases, inflammation, cancer, and infections. Therefore, 
integrins, such as α4β1, are considered important therapeutic targets. In this study, a series of novel compounds 
were synthesized and evaluated for affinity and potency towards α4β1, and selectivity towards α5β1, and αMβ2 
integrins. Three compounds 3, 4, and 8 showed excellent binding affinities (Ki < 10 nM) for α4β1. In cell adhesion 
assays these three ligands behaved as antagonists of α4β1, as confirmed by integrin-mediated intracellular sig
nalling with a functional selectivity over ERK1/2 signalling pathway. Notably, compound 4, a proline derivative, 
was an antagonist against α4β1 (IC50 15 ± 3 nM) and an agonist against αMβ2 integrin (EC50 23 ± 5 nM). 
Compound 2, a fluorinated β-lactam derivative, was a selective and potent agonist of α5β1 (EC50 45.98 ± 7.92 
nM). Compound 5, although it seems to bind to a different site compared to LDV in α4β1 integrin, showed an 
agonist behaviour in cell adhesion mediated by α4β1 and α5β1 integrin (EC50 25 ± 3 and 4.8 ± 3.4 nM, 
respectively) and in activating α4β1 integrin-mediated ERK1/2 and Akt phosphorylation. Compound 8 was the 
most potent agonist of the series against αMβ2 (EC50 1.4 ± 0.2 nM). Overall, the present study provides new 
insights into the effects of new integrin ligands that could be considered as potential lead compounds for 
therapeutic applications in inflammatory diseases and cancer.

1. Introduction

Integrins are essential receptors that control interactions between 
cells and their surroundings by transmitting mechanical and biochem
ical signals [1–3]. Integrins are important for several cell signalling 
pathways that control fundamental processes such as survival, prolif
eration, differentiation, and migration [4].

As heterodimeric proteins composed by α and β subunits, 24 types of 
integrins are present on the surface of mammalian cells. There is evi
dence that each heterodimer could induce specific responses causing 
each cell type to respond differently to its surroundings [5]. Upon 
binding specific ligands, integrins are able to activate outside-in or 
inside-out signalling pathways by changing their conformational state in 
the ectodomain from an inactive to an active state [6–9]. Therefore, 

integrins could be defined not only by the composition of α or β subunits 
but also by interaction with specific ligands and specific cell-type 
expression [10,11].

The immune system depends on integrins for migration and adhesion 
during leukocyte trafficking and for intracellular signalling [4,12–15]. 
Integrins αLβ2, αMβ2, αXβ2, and αDβ2, are exclusively found on leukocytes 
and therefore are particularly important for the immune system. Neu
trophils, for instance, require αLβ2 and αMβ2 for extravasation and 
migration during inflammation [16–19]. Integrin α4β1 is expressed in 
many types of cells, stem and progenitor cells, T and B cells, monocytes, 
NK cells, and eosinophils [20]. Other integrins present on leukocytes are 
the two β7 integrins α4β7 and αEβ7, and also α5β1, α9β1, and αvβ3.

Integrins in immune cells are mainly involved in three processes: 
immune cell recruitment, cell-cell interactions, and modulation of 
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intracellular signal transduction. Several studies have stressed the 
importance of a causal relationship between dysregulation of integrin 
expression and functions, and the onset of pathological conditions, such 
as autoimmune diseases, inflammation, cancer, and infections [20–25]. 
In particular, α4β1 is fundamental to leukocyte homing, trafficking, 
differentiation, activation, and survival; moreover, it is involved in the 
inflammatory reaction, inflammatory-based diseases, cancer progres
sion, and metastasis [26,27]. Therefore, integrins, such as α4β1, are 
considered therapeutic targets and some new molecules are under 
development for the treatment of integrin-mediated diseases [28,29].

The classical role of integrins as cell adhesion receptors is activated 
on binding suitable ligands in the ectodomain, in particular on recog
nizing small peptide sequences present on the extracellular matrix, cell 
surface receptors, or serum components [30–33]. Understanding the 
binding specificity of leukocyte integrins is important to determine the 
range of ligands that interact with these receptors. Target sequences in 
natural ligands of some leukocyte integrins are the tripeptide motives 
Arg-Gly-Asp (RGD), Leu-Asp-Val (LDV), or Leu-Asp-Thr (LDT) (Fig. 1) 
[34,35]. Upon this evidence, several molecules have been developed 
containing those tripeptides, but, moreover, other non-peptide ligands 
for leukocyte integrins were successfully obtained [36–38]. In partic
ular, a recent advance in the therapeutic application of integrin ligands 
[39,40] has been the approval for human administration of Carotegrast, 
an orally active (Carotegrast methyl) antagonist of α4β1/α4β7 for the 
therapy of moderate ulcerative colitis [41].

Given the involvement of integrins in the regulation of multiple 
physiological processes [4], it would be highly desirable to have integrin 
subtype-selective molecules able to activate or deactivate specific 
integrins to get a more specific action, to limit undesirable side-effects, 

and to move forward more personalized pharmacological therapies.
Our interdisciplinary research group has been involved for some 

years in the search for new selective integrin ligands able to activate 
(agonist) or block (antagonist) specific integrins [42,43].

Among others, some molecules were found to have a high specific 
potency for leukocyte integrins (see Fig. 1). The new ligands are able to 
differently modulate cell signalling pathways: some compounds are 
agonists promoting cell adhesion and intracellular signalling activation, 
while others are antagonists inhibiting integrin-dependent cell 
functions.

Interestingly, several studies have suggested that small molecules 
that act as leukocyte integrin agonists may have therapeutic efficacy. 
These include an agonist of αMβ2 integrin that reprograms immuno
suppressive myeloid cell responses, an agonist of αLβ2 integrin that in
hibits lymphocyte trans-endothelial migration, and an agonist of α4β1 
integrin that induces progenitor cell adhesion and reprograms innate 
immunity to sensitize pancreatic cancer to immunotherapies [44,45].

A β-lactam-based small molecule A (Fig. 1) developed in our group as 
selective and potent agonist of α4β1 integrin, found applications in 
promoting human mesenchymal stem cell (MSC) adhesion [46], as well 
as differentiation toward osteoblastic lineage in co-cultures of human 
primary mesenchymal stem cells (hMSCs) and human primary osteo
clasts (OCs) [47]. It has also been successfully combined with poly 
(L-lactic acid) (PLLA) nanofibers to provide a controlled release of this 
agonist, resulting in a medication particularly suited to chronic skin 
wound healing [48].

Despite the selective binding and valuable potency of some of the 
previously studied molecules, it is relevant to recognize those structural 
requirements to address the selectivity and the agonist/antagonist 

Fig. 1. Tripeptide sequences recognized by leukocyte integrins in natural ligands (RGD, LDV, and LDT) and Carotegrast, as approved drug; β-lactam compounds 
previously reported as selective integrin ligands (A− E, refs. 42, 43).
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behaviour of new integrin ligands.
As a prosecution of our previous studies [42,43] a series of new li

gands was designed and tested (Fig. 2). Starting from the good results 
obtained with β-lactam A, we synthesized fluorinated compounds 1 and 
2, as isosteric analogues of A, to probe the effect of the electronic 
properties by substituting fluorine atoms on the benzene ring adjacent to 
the urea. Compounds 3–5 would test the absence of the urea in com
parison to the only amide group in a 4 or 5-membered heterocycle. 
Compound 5 would also test the absence of a carboxylic acid for the 
interaction with the metal ion-dependent adhesion site (MIDAS) of 
integrins. Compounds 6–10 have linear structures with respect to the 
cyclic amide in compound A thus probing the importance of steric 
constraint by cyclic structures. Moreover, molecules 6–8 with two car
boxylic acid groups to resemble free tripeptides as analogues of the 
natural sequences as in Fig. 1, whereas compound 9 vs. 10 and 6 vs. 8 
were synthesized to test the effect of a urea vs an amide group.

Therefore, in this study, we aimed to evaluate the binding affinity of 
the new synthesized ligands to α4β1 integrin and their effects on α4β1 
integrin-mediated cell adhesion. Combining the experimental data with 
the chemical modifications introduced in the new compounds, we also 
performed a structure-activity relationship (SAR). Then, in cell adhesion 
assays, new ligands’ selectivity was evaluated towards αMβ2, another 
leukocyte integrin, and α5β1, an integrin heterodimer sharing the same β 
subunit of α4β1. This analysis led to the identification of dual α4β1-αMβ2 
ligands that could have potential therapeutic applications in the field of 
anti-inflammatory drugs and anti-cancer immunotherapy. Lastly, the 
evaluation of the most potent α4β1 integrin new ligands’ effects on 
intracellular signalling allowed us to confirm agonist/antagonist 
behaviour as well as a differential regulation on diverse signalling cas
cades, supporting the idea of functional pathway selectivity for α4β1 
integrin.

2. Results and discussion

2.1. Chemistry

The synthesis of β-lactams 1–3 (Scheme 1) has a common racemic 
intermediate 11 obtained from the commercially available 4-acetoxy 
azetidinone by a substitution reaction with a Reformatsky reagent pre
pared in situ from benzyl bromoacetate in the presence of Zn in THF to 

give azetidinylacetate 11 in 65 % overall yields after flash chromatog
raphy (Scheme 1) [42]. To obtain the ureidic compounds 12 and 13, 
compound 11 was acylated on the nitrogen atom with the corresponding 
isocyanates. These were prepared in situ from the corresponding amines 
by treatment with triphosgene in the presence of TEA, and immediately 
used (Scheme 1) [42]. The final racemic compounds 1 and 2 were ob
tained by hydrogenolysis of the benzyl esters in almost quantitative 
yields. For the synthesis of compound 14, Boc-(4-aminophenyl)acetic 
acid was coupled to the intermediate 11 in the presence of HBTU and 
DIPEA. Hydrogenolysis of the benzylester (intermediate 15) and 
deprotection of Boc-carbamate with trifluoroacetic acid (TFA) gave the 
final racemic compound 3 in good yields.

For the synthesis of chiral compounds 4 and 5 we started from 
commercially available enantiopure L-proline-benzyl ester 16 (Scheme 
2). To obtain the intermediate 17, the amine of proline was acylated 
with Boc-(4-aminophenyl)acetic acid in the presence of DCC and DMAP. 
Deprotection of the benzyl ester and of Boc-carbamate gave the desired 
chiral compound 4. The intermediate 19 was obtained by acylation with 
tert-butyl(4-(isocyanatomethyl)phenyl)carbamate in the presence of 
TEA. After benzylester and N-Boc deprotection by hydrogenolysis, the 
ureidic intermediate underwent to an intramolecular cyclization to give 
the hydantoin 5, as confirmed by mass spectrometry, mono- and 2D 
NMR analyses. Anyway, chiral compound 5 was tested against integrins 
and considered a negative control of the effect of a carboxylic acid 
residue present in all the other molecules reported here.

Compounds 6, 7, and 8 were obtained starting from commercially 
available enantiopure L-aspartic acid- or L-glutamic acid dibenzylesters 
21 and 26. A careful strategy for protecting the final carboxylic acid and 
the amine terminus was developed in order to choose those specific 
combinations to achieve full or partial deprotections as described in 
Scheme 3.

Finally, β-alanine benzyl ester 29 was coupled with Boc-(4-amino
phenyl)acetic acid under typical conditions as EDC, HOBt, and TEA, to 
give compound 30, which by hydrogenolysis and TFA treatment fur
nished the final compound 9. Compound 32 was obtained from 29 and 
benzyl (4-(isocyanatomethyl)phenyl)carbamate, in turn prepared with 
the same conditions for isocyanates synthesis starting from 4-(Cbz- 
amino)benzylamine (Scheme 4). The selection of a N-Cbz group instead 
of N-Boc, allowed to obtain compound 10 in a single deprotection step, 
as an effective alternative with improved overall yields and step 

Fig. 2. Structures of new molecules designed to target leukocyte integrins, circular frames highlight the main modifications.
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economy.

2.2. Pharmacological characterization of the new compounds

2.2.1. Evaluation of new ligands’ affinity and potency towards α4β1, α5β1, 
and αMβ2 integrins

To measure the binding affinity towards α4β1 integrin, the new 
compounds 1–10 were preliminarily tested in competitive binding ex
periments on intact Jurkat E6.1 cells. The ability of different concen
trations of new β-lactam compounds to displace the fluorescently 
labelled ligand LDV-FITC from α4β1 receptor was measured as Ki and 
results are collected in Table 1. Binding curves are provided in the 
Supporting Information (Fig. S1). The molecules A and E [42] were 
considered as reference compounds.

Analysing the results in Table 1, we observe that only 3 out of the 

newly synthesized 10 molecules behaved as ligands for α4β1 receptor at a 
nanomolar level. By comparison with the parental compound A, fluo
rinated molecules 1 and 2 completely lost affinity against the receptor. 
The β-lactam compound 3 showed comparable affinity to that of com
pound A, thus demonstrating that the absence of the urea group did not 
interfere with the binding to α4β1 integrin. The proline-based compound 
4 showed the best affinity to the receptor at a sub-nanomolar level. It is 
interesting to note that 4 has the same number of C atoms as compound 
3, but in compound 4 the carboxylic acid that should interact at the 
metal ion-dependent adhesion site (MIDAS) of the integrin is directly 
anchored onto the 5-membered ring, thus with a lower conformational 
freedom than compound 3. The only dicarboxylic acid recognized by the 
receptor is compound 8, which showed an excellent affinity. This may be 
due to a longer distance between the acidic and the basic residues than 
those present in 6 or 7, which allowed more favourable interactions at 

Scheme 1. Synthesis of compounds 1, 2, and 3. Reagents and conditions: (a) Zn, TMSCl, benzyl bromoacetate, THF, 0 ◦C then rt, 3 h; (b) TEA, 1-isocyanato-2-(tri
fluoromethyl) benzene, DCM, 16 h, rt; (c) TEA, 4-fluoro-2-isocyanato-1-methylbenzene, DCM, 16 h, rt; (d) Boc-(4-aminophenyl)acetic acid, HBTU, DIPEA, DCM, 0 ◦C 
then rt, 24 h; (e) H2, Pd/C (10 %), THF/MeOH 1:1, rt, 2 h; (f) TFA, DCM, 0 ◦C then rt, 1–4 h; (g) triphosgene, TEA, DCM, reflux, 4 h.

Scheme 2. Synthesis of target compounds 4 and 5. Reagents and conditions: (a) Boc-(4-aminophenyl)acetic acid, TEA, DCC, DMAP, DCM, 0 ◦C then rt, 24 h; (b) H2, 
Pd/C (10 % wt), THF/MeOH 1:1, rt, 2 h; (c) TFA, DCM, 0 ◦C then rt, 4 h; (d) TEA, tert-butyl(4-(isocyanatomethyl)phenyl)carbamate, DCM, 16 h, rt.
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the receptor, and the presence of the urea group with respect to 6. 
Compounds 9 and 10 derived from β-alanine were not able to bind to 
α4β1.

To further characterize the new molecules’ effects on α4β1-mediated 
cell adhesion, Jurkat E6.1 cells, endogenously expressing α4β1, were 
allowed to adhere in 96-well plates coated with FN or VCAM-1, in the 
presence of increasing concentrations (10− 10 to 10− 4 M) of the new 
compounds 1–10, as described in the Experimental Section. Further
more, compounds’ selectivity was assessed towards the leukocyte 
integrin αMβ2, expressed on HL-60 cells, and α5β1, present on K562 cell 
surface, and sharing the β1 subunit with the heterodimer α4β1. The re
sults obtained from cell adhesion assays are collected in Table 2 and 
concentration-response curves are provided in the Supporting Infor
mation (Fig. S2− S5). Data of reference compounds A and E [42] were 
reported for comparison. In addition, Fig. 3 shows the heatmap of the 
adhesion index, i.e. a measure of the agonistic or antagonistic behaviour 
of the new compounds [49]. Agonists are defined by adhesion index >1 

Scheme 3. Synthesis of compounds 6–8. Reagents and conditions: (a) Boc-(4-aminophenyl)acetic acid, HOBt, EDC, TEA, DCM, 0 ◦C then rt, 24 h; (b) H2, Pd/C (10 
%), THF/MeOH 1:1, rt, 2 h; (c) TFA, DCM, 0 ◦C then rt, 1–4 h; (d) TEA then tert-butyl(4-(isocyanatomethyl)phenyl)carbamate, DCM, rt, 18 h.

Scheme 4. Synthesis of target compounds 9, and 10. Reagents and conditions: (a) Boc-(4-aminophenyl)acetic acid, HOBt, EDC, TEA, DCM, 0 ◦C then rt, 24 h; (b) H2, 
Pd/C (10 %), THF/MeOH 1:1, rt, 2 h; (c) TFA, DCM, 0 ◦C then rt, 1–4 h; (d) TEA, benzyl (4-(isocyanatomethyl)phenyl) carbamate, DCM, rt, 18 h.

Table 1 
Affinity of compounds 1–10 for α4β1 integrin obtained via competitive binding 
experiments on intact Jurkat E6.1 cells vs LDV-FITC. Values are reported as Ki 
(nM).a

Compound number Binding affinity 
Ki (nM)

Compound number Binding affinity 
Ki (nM)

1 >5000 7 >5000
2 >5000 8 7.7 ± 1.3
3 9.8 ± 2.5 9 >5000
4 0.13 ± 0.09 10 >5000
5 >5000 A 9.8 ± 0.8b

6 >5000 E 498 ± 27b

a Values represent the mean ± SD of three independent experiments, in 
duplicate.

b Data previously reported in ref. 42.
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(displayed in shades of purple), antagonists by adhesion index <1 
(displayed in shades of blue), and integrin ligands not significantly 
modulating cell adhesion by adhesion index approximately = 1.

The substitution of some hydrogen atoms of the parental compound 
A with fluorine atoms in compounds 1 and 2 completely changed the 
selectivity for the integrin heterodimer. Fluorinated derivatives 1 and 2 

confirmed their inactivity in cell adhesion tests against α4β1, however, 
they were both active ligands against α5β1. In particular, compounds 1 
and 2 showed opposite activities for α5β1, being an antagonist and an 
agonist, respectively, both with very good potency. Additionally, com
pound 2 behaved as a selective agonist for the α5β1 integrin. On the 
contrary, 1 showed an interesting agonistic activity also towards αMβ2. 

Table 2 
Effects of Compounds 1− 10 on Integrin-Mediated Cell Adhesion performed on Jurkat E6.1 cells for α4β1, K562 cells for α5β1, and HL-60 cells for αMβ2.a,b

Compound number Structure Jurkat/FN α4β1 Jurkat/VCAM-1 
α4β1

K562/FN 
α5β1

HL60/Fg 
αMβ2

1 >5000 >5000 44.1 ± 7.5 antagonist 19.0 ± 5.1 agonist

2 >5000 >5000 45.98 ± 7.92 agonist >5000

3 268 ± 41 antagonist 594 ± 16 antagonist >5000 34 ± 7 antagonist

4 310 ± 41 antagonist 15 ± 3 antagonist >5000 23 ± 5 agonist

5 19 ± 2 agonist 25 ± 3 agonist 4.8 ± 3.4 agonist >5000

6 >5000 >5000 >5000 >5000

7 >5000 >5000 361 ± 53 agonist >5000

(continued on next page)
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Fluorine substitution is commonly used in medicinal chemistry to 
improve bioavailability, metabolic stability, and interactions with bio
logical targets [50,51]. The substitutions of CH3 to CF3 or CH to CF in 
combination with the high electronegativity of the F atom could induce 
changes in bond polarization, molecular conformation, and enhance
ment of lipophilicity. Moreover, the presence of a fluorine atom prox
imal to an amide could modify the basicity of that group thus changing 
its H-bond properties to some extent [50,51]. These actions of F atoms in 
1 and 2 were determinant to null the activity against α4β1. On the 
contrary, the effects of the F atoms were able to activate the two com
pounds against α5β1. Concerning the selectivity of 2 against α5β1 
compared to its inactivity toward α4β1, the major role in this regulation 
and recognition could be tentatively ascribed to the presence of a lipo
philic pocket in the α5 subunit [52–54]. In the fluorinated ligands 1 and 
2, enhanced lipophilicity by the presence of F atoms linked with an aryl 
group and next to the COOH residue could account for the α5β1 selec
tivity. The switch from antagonism of 1 to agonism of 2 against α5β1 was 
quite difficult to explain at the molecular level. Most integrins are pre
sent in a bent-closed conformation with low affinity for ligands on 
resting cells, but they move to a high-affinity extended-open state on 
binding to their natural ligands [55]. Springer and co-workers demon
strated for αIIbβ3 integrin that closing inhibitors favouring the 
bent-closed conformation contain a polar nitrogen atom that stabilizes a 
water molecule via hydrogen bonds that intervenes between a serine 
residue and the metal in the metal-ion-dependent adhesion site (MIDAS) 
[56]. The expulsion of this water molecule should be a condition for the 
transition to the extended open conformation. Following this model, an 

agonist should be that ligand able to displace the water molecule from 
the coordination of MIDAS. This model was validated even for α4β1 and 
could be tentatively extended to other integrins [56]. In our case, the 
presence of a CF3 group in compound 1 next to the urea could increase 
the polarization of the NH group, thus favouring the stabilization of a 
water molecule in the MIDAS. Following the model proposed by 
Springer, this effect could account for the stabilization of a closed 
conformation of the integrin and thus for the antagonism of this mole
cule. It is noteworthy that the development of selective α5β1 integrin 
antagonist ligands may have great therapeutic potential in the treatment 
of ischemic stroke injuries [57]. On the contrary, in compound 2 the 
fluorine in meta position of the aryl group did not influence the polar
ization of the NH and this could favour the expulsion of the water 
molecule from MIDAS, so that this compound worked as an agonist.

The αMβ2 integrin plays an important role in a diversity of immu
nological processes notwithstanding it is particularly promiscuous in 
ligand selectivity and functional profile [58]. It was recognized that the 
αMI-domain is responsible for a broad ligand recognition with a prefer
ence for short peptides enriched with a basic residue flanked by a hy
drophobic group [58–60]. The presence of the ortho lipophilic CF3 
group next to the urea in compound 1 could account for the activity as 
an agonist of αMβ2 as a result of the preference observed for peptides. 
Activation of the integrin αMβ2 showed anti-inflammatory activity in 
animal models of some human diseases, and this action was recognized 
as a novel therapeutic strategy [61].

The lack of the urea group in compound 3 did not have any effect 
against α4β1 because 3 showed the same activity as E. However, 3 was 

Table 2 (continued )

Compound number Structure Jurkat/FN α4β1 Jurkat/VCAM-1 
α4β1 

K562/FN 
α5β1 

HL60/Fg 
αMβ2

8 144 ± 30 antagonist 325 ± 21 antagonist >5000 1.4 ± 0.2 agonist

9 >5000 >5000 >5000 >5000

10 >5000 >5000 >5000 >5000

A 15.6 ± 1.1 agonist 12.9 ± 0.6d agonist >5000d ndc

E 404 ± 3 antagonist 574 ± 2d antagonist 44.5 ± 2.6 d agonist >5000

a Data are presented as EC50 for agonists and IC50 for antagonists (nM).
b Values represent the mean ± SD of three independent experiments performed in quadruplicate.
c nd: not detected.
d Data previously reported in ref. 42.
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inactive against α5β1 whereas E was a good ligand instead. This result 
evidenced the importance of the urea NH for recognition by α5β1 
integrin. The cationic aniline together with the carboxylic acid enabled 
compound 3 to act as an antagonist of αMβ2.

Cell adhesion tests confirmed compound 4 as a good ligand of α4β1 
integrin with the behaviour of antagonist; on the contrary, it was able to 
increase cell adhesion mediated by αMβ2 at nanomolar range.

The activity of compound 5 in cell adhesion assays against α4β1 and 
α5β1was quite unexpected. This compound in fact was not able to bind to 
α4β1 as shown in LDV-FITC competitive binding assays (Table 1), but it 
significantly increased α4β1-mediated cell adhesion. In addition, 5 was 
an agonist also for α5β1. Because of the absence of a COOH residue and 
thus the lack of a possible binding interaction at the MIDAS, the 
behaviour of 5 could be tentatively explained by the interaction with an 
allosteric site able to activate both integrins and to foster the cell 
adhesion process. Moreover, it has been shown that the binding of an 
allosteric ligand could alter the relative stabilities of integrin confor
mations [62], and for an allosteric agonist such as 5, it could favour an 
active extended-open conformation of the integrin that promote cell 
adhesion.

Concerning the two aspartic-derivatives 6 and 8 only the latter 
conserved a certain activity against α4β1; interestingly 8 showed an 
excellent potency in activating αMβ2 integrin at a nanomolar range. On 
comparing the glutamate derivative 7 with the aspartate one 6, only 7 
with a longer chain showed some activity against α5β1.

Unexpectedly, the two β-alanine derivatives 9 and 10 were 
completely inactive in modulating cell adhesion, whereas in other 
molecules recently developed, the insertion of a β-amino acid as 
β-alanine in a short peptide was successful [59].

Summarizing, the structure-activity relationships (SAR) observed in 
the series of new compounds: 

- respect the model compound E, the insertion of F atoms switched the 
integrin selectivity from α4β1 to α5β1, and αMβ2, with compound 2 
being a potent and selective agonist ligand of α5β1;

- the absence of the urea group on the β-lactam nitrogen atom 
switched the selectivity to integrin α5β1 from that of the model 
compound E to α4β1;

- the expansion of the ring from 4 to 5 members as from β-lactam to 
proline did not have influence on the integrin selectivity, but on 
reducing the flexibility of the carboxylic acid residue, proline com
pound 4 resulted an agonist ligand of αMβ2 with respect to the 
β-lactam compound 3 which was an antagonist;

- alicyclic compounds are far less active than the cyclic counterparts 
with the exception of compound 8 which was the best agonist ligand 
of αMβ2 in the series of new compounds.

The modulation of αMβ2-mediated cell adhesion by compounds 1, 3, 
4, and 8 is particularly interesting because it was demonstrated that 
activation of αMβ2 reduces inflammation [61] and could reprogram 
immunosuppressive responses in myeloid cells and thus overcome 
resistance to immunotherapy in cancer diseases [44,63]. Accordingly, 
previous studies showed that αMβ2 agonists induced the repolarization of 
tumor-associated macrophages, the reduction of tumor-infiltrating 
immunosuppressive myeloid cells, thus improving anti-tumor T cell 
immunity in a model of pancreatic ductal adenocarcinoma [44,45]. 
These effects can be therapeutically advantageous to overcome resis
tance to checkpoint inhibitor cancer immunotherapy. Therefore, further 
studies will be performed to better characterize the effects of these 
compounds on αMβ2 integrin functions, also in human primary immune 
cells and tumor-infiltrating immune cells.

Although the primary aim of the present study was to identify se
lective α4β1 integrin compounds, some newly synthesized molecules 
proved to be dual α4β1-αMβ2 ligands; in particular, 3 was a dual antag
onist, while 4 and 8 were α4β1 antagonists/αMβ2 agonists. Targeting 
simultaneously both α4β1 and αMβ2 integrins could be therapeutically 
useful for the treatment of chronic inflammatory diseases [29,64] and 
some types of cancer [44,65,66]. What should be better understood is 
the activity (agonist or antagonist) at the integrin receptor that is needed 
to mediate the therapeutic effects.

However, the agonism or antagonism of integrin ligands is still a 
complex and unresolved issue because it was experimentally observed 
that several factors influence the behaviour of small molecules in acti
vating or deactivating integrins [67]. In some cases, it was observed a 
dose-dependent switch from agonism at low concentrations to antago
nism at higher concentrations [68] Moreover, it was observed that even 
the reorganization of the transmembrane domain of integrins could be 
key to the understanding of the agonistic properties of integrin ligands at 
substoichiometric concentrations [69]. In other cases, the ligand 
changed its behaviour depending on specific cations in solution: Ca 2+

and Mg2+ stimulate the activation against αLβ2. whereas Mn 2+ de
activates [70]. It was also observed that for αIIbβ3-ligand binding only 
the interaction with the β subunit was enough to allow activation of the 
integrin [71].

Notwithstanding those different factors, depending on the patho
logical context, both agonists and antagonists, activating or blocking 
integrin functions respectively, could be therapeutically useful.

2.2.2. Effects of the most promising new compounds on α4β1 integrin- 
mediated intracellular signalling pathways

Integrins transmit signals bidirectionally across the cell membrane 
and induce the activation of intracellular downstream events, including 
MAPK and Akt pathways, thus mediating essential cell functions, such as 
migration, cell proliferation, cell adhesion and differentiation [72]. To 
better characterize the most promising α4β1 integrin ligands and confirm 

Fig. 3. Heatmap of adhesion index: antagonists are displayed in shades of blue 
and agonist compounds are shown in shades of purple. The adhesion index is 
calculated as the ratio between the number of adhered cells in the presence of 
the highest new compound concentration (10− 4 M) and the number of adhered 
vehicle-treated cells. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.)
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their agonist or antagonist behaviour, we evaluated the effects of com
pounds 3, 4, 5, and 8 on α4β1 integrin-mediated activation of MAPK and 
Akt pathways. To this aim, Jurkat E6.1 cells were pre-exposed to 
different concentrations (10− 7 - 10− 9 M) of the most active α4β1 integrin 
antagonists identified in cell adhesion assays (3, 4, and 8), and then 
treated with the endogenous ligand FN (10 μg/mL). On the contrary, for 
the agonist 5, the activation of integrin-mediated intracellular signalling 
was analysed in the absence of FN, in order to confirm compound’s 
ability to mimic the effects of the endogenous ligands activating 
EKR1/2, Akt, and JNK kinases.

As shown in Fig. 4, α4β1 integrin antagonists 3, 4, and 8 were able to 
significantly prevent FN-induced activation of ERK1/2 at all concen
trations tested, confirming their antagonistic behaviour. As regards Akt 
signalling, only compounds 3 and 4 reduced kinase phosphorylation 
activated by FN; in addition, both antagonists counteracted the FN- 
activating effect on JNK, although only at the highest concentrations. 
Thus, showing to be less effective in preventing the activation of JNK 
intracellular signalling pathway. In contrast, compound 8 did not pre
vent Akt and JNK activation.

Interestingly, the α4β1 agonist 5 significantly activated integrin- 
mediated intracellular pathways in Jurkat E6.1 cells, leading to an in
crease in ERK1/2 and Akt phosphorylation (Fig. 5), and confirming its 
activity as an allosteric agonist; on the contrary, we did not observe any 
effects of 5 on JNK activation.

Given the differential effects of compounds 3, 4, 5, and 8 on various 
intracellular signaling pathways, we calculated the pathway selectivity 
index (PSI) to eventually define them as biased ligands. PSI describes the 
degree of functional selectivity towards a specific intracellular signaling 
pathway. As shown in Fig. 6, antagonists 3, 4, and 8 displayed a strong 
preference in blocking ERK1/2 signaling pathways over both Akt and 
JNK (very low PSI values). Moreover, all three compounds mentioned 
above showed no functional selectivity as regards to Akt/JNK signaling 
cascades. On the contrary, α4β1 agonist 5 had a strong preference in 
activating ERK1/2 kinase over JNK (PSI values very high), but only a 
moderate preference towards Akt over JNK and no functional selectivity 
comparing ERK/Akt activation.

Overall, the results obtained in this study on the α4β1 antagonists 3, 
4, and 8, and the agonist 5 confirm their ability to bind to the receptor 
and modulate its functions, such as cell adhesion and intracellular sig
nalling. In addition, their ability to differentially modulate signal 
transduction supports the idea that biased ligands, able to target spe
cifically a definite integrin conformation and downstream signalling 
cascades, can be defined also for integrins [73,74]. Biased ligands could 
offer the potential for treatments with enhanced efficacy and minimal 
side effects. Moreover, compound 5 may be considered as an allosteric 
agonist of α4β1, as it is able to activate the downstream signalling 
regardless of its inability to bind to the same site of LDV, thus suggesting 
the presence of an allosteric site, already described for other integrins 
[62,75–77]. Nevertheless, further studies are needed to better unravel 
the underlying molecular determinants of new integrin ligands devel
oped in this study.

3. Conclusions

In conclusion, we designed and synthesized a series of novel com
pounds to target firstly α4β1 integrin. The design of new molecules was 
inspired by β-lactam A, taken as a model of a selective and potent agonist 
of integrin α4β1. Three compounds 3, 4, and 8, out of ten, showed 
excellent binding affinities (Ki < 10 nM) in competitive binding exper
iments on intact Jurkat E6.1 cells, being able to displace the fluorescent 
ligand LDV-FITC from α4β1 receptor. All new compounds were then 
submitted to cell adhesion tests on Jurkat E6.1 for α4β1, K562 cells for 
α5β1, and HL-60 for αMβ2 integrin. Fluorinated compounds 1 and 2 
showed selective activities against α5β1 and/or αMβ2. Compounds 3, 4, 
and 8 confirmed their activities against α4β1 and even for αMβ2, but not 
for α5β1, thus being considered as dual α4β1-αMβ2 ligands with potential 

therapeutically relevant applications. Compound 5 showed a peculiar 
behaviour which could be ascribed to interaction with allosteric binding 
sites of α4β1 and α5β1. Moreover, antagonists 3, 4, 8, and agonist 5 were 
able to differentially modulate α4β1 integrin-mediated intracellular 
signalling, with a functional selectivity preference over ERK1/2 intra
cellular signaling. Thus, reinforcing the idea of biased ligands for α4β1 
that could have enhanced therapeutic efficacy with reduced side effects. 
Nevertheless, further studies are needed to better unravel the thera
peutic effects of functional selectivity in the frame of integrin ligands.

The most active ligands identified in this study can be considered as 
potential lead compounds for the development of new drugs useful in 
the treatment of inflammatory diseases and some types of cancer 
expressing α4β1 integrin.

4. Experimental Section

4.1. Chemistry

Commercial reagents were used as received without additional pu
rification. 1H and 13C NMR spectra were recorded with an INOVA 400 
and a Bruker Avance 600 MHz instrument with a 5 mm probe. All 
chemical shifts were quoted relative to deuterated solvent signals (δ in 
ppm and J in Hz). Polarimetric analyses were conducted on Unipol L 
1000 “Schmidt− Haensch” polarimeter at 598 nm. ATR-FTIR spectra of 
pure compounds were recorded with a Bruker Alpha instrument or with 
an Agilent Technologies CARY 630 FTIR, in transmittance mode with a 
4 cm− 1 resolution in the 4000-400 cm− 1 range. The purities of the target 
compounds 1–10 were assessed by analytical HPLC analyses Agilent 
Technologies HP1100 instrument. HRMS: Waters Xevo G2-XS QTof (ESI- 
APCI). HPLC-MS: Agilent Technologies HP1100 instrument, coupled 
with an Agilent Technologies MSD1100 single-quadrupole mass spec
trometer, full scan mode from m/z = 50 to 2600, in positive or negative 
ion mode and equipped with a ZORBAX-Eclipse XDB-C8 Agilent Tech
nologies 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.

Compounds E and 11 were synthesized according to reported pro
cedures [42]. 2-(4-((tert-butoxycarbonyl)amino)phenyl)acetic acid was 
obtained from phenylacetic acid and di-tert-butyldicarbonate in aqueous 
NaOH, according to ref [78]. Compound 16 was synthetized in two steps 
from N-Boc proline [79,80]. Isocyanates were prepared from the cor
responding amines in the presence of triphosgene and TEA in DCM at 
reflux [81]. Starting amines 2-(trifluoromethyl)benzenamine and 3-flu
oro-6-methylaniline are commercially available while tert-butyl 
(4-(aminomethyl)phenyl)carbamate and 4-(aminomethyl)-N-(benzylo 
xycarbonyl)phenylamine were synthetized according to ref. [82,83], 
respectively.

4.1.1. General procedure for the synthesis of benzylesters (GP1)
A dicarboxylic acid compound (1 equiv) was dissolved in toluene 

(2,9 mL/mmol, 1:1 v/v), under a nitrogen atmosphere and benzyl 
alcohol (6.5 equiv) and para-toluensulfonic acid (1.4 equiv) were added. 
The solution was then stirred at reflux for 24 h. After the complete 
consumption of the starting material (TLC monitoring), the reaction 
mixture was cooled to room temperature and evaporated; then MeOH (2 
mL) was added and warmed to dissolve the residue. Then Et2O (8 mL) 
was added, and finally the resulting suspension was filtered.

4.1.2. General procedure for hydrogenolysis (GP2)
A benzyl ester (1 equiv) was dissolved in a mixture of THF and MeOH 

(22 mL/mmol, 1:1 v/v), and Pd/C (10 % w/w) was added. The solution 
was then stirred under a H2 atmosphere (1 atm) at room temperature. 
After a complete consumption of the starting material (TLC monitoring, 
2 h) the reaction mixture was filtered through Celite and concentrated in 
vacuum. The crude was then triturated with a few drops of pentane to 
afford the desired carboxylic acid.
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Fig. 4. Effects of the most potent new α4β1 integrin antagonists on integrin-mediated intracellular signalling. Integrin antagonists 3, 4, and 8 were able to signif
icantly prevent FN-induced α4β1 integrin-dependent activation of ERK1/2 (A, B). Conversely only compounds 3 and 4 reduced FN-induced Akt (C, D) and JNK 
phosphorylation (E, F). As shown in the representative Western blot images, FN induced significant activation of ERK1/2, Akt, and JNK, if compared to vehicle- 
treated cells (vehicle). The graphs represent densitometric analysis of the bands (mean ± SD; three independent experiments). The amount of phosphorylated ki
nases (pERK1/2 or pAkt) was normalized to that of the corresponding total kinase (totERK1/2 or totAkt); phospho-JNK (pJNK) was normalized to actin. *p < 0.05, 
**p < 0.01, ***p < 0.001, ****p < 0.0001 vs. vehicle; #p < 0.05, ##p < 0.01, ###p < 0.001, ####p < 0.0001 vs. FN (Dunnett’s test after ANOVA).
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4.1.3. General procedure for N-Boc-deprotection (GP3)
A N-Boc-protected compound (1 equiv) was dissolved in DCM (18.5 

mL/mmol) under nitrogen atmosphere, and trifluoroacetic acid (TFA) (4 
equiv) was added dropwise at 0 ◦C. New TFA aliquots were added each 
60 min at 0 ◦C until a complete conversion (HPLC or TLC monitoring). 
The solvent was removed under reduced pressure, and the crude was 
triturated with few drops of pentane to afford the resulting deprotected 
compound.

4.1.4. General procedure for coupling reaction with EDC-HOBt (GP4)
To a solution of amine (1.2 equiv) dissolved in DCM (6.5 mL/mmol) 

under a nitrogen atmosphere, anhydrous TEA (1.2 equiv) was added 
dropwise. The reaction was left for 20 min. At the same time, in a second 
round-bottom flask, the carboxylic acid (1 equiv) was dissolved in DCM 
(4.5 mL/mmol), and the solution of the first round-bottom flask was 
dropped. Then HOBt (0.5 equiv) and EDC (1 equiv) were added at 0 ◦C. 
The solution was warmed to rt and left under stirring. After complete 
consumption of the starting material (18 h, TLC monitoring), the 
mixture was quenched with H2O and extracted with DCM The organic 
layer was dried over Na2SO4, concentrated in vacuum, and purified by 
flash chromatography.

4.1.5. 2-(4-Oxo-1-((2-(trifluoromethyl)phenyl)carbamoyl)azetidin-2-yl) 
acetic acid (1)

Following GP2, compound 12 (43 mg, 0.106 mmol, 1 equiv), in the 
presence of Pd/C (4.3 mg, 10 % wt) in 2.4 mL of THF:MeOH, gave 
compound 1 (33 mg, 0.104 mmol) in 99 % yield as a white solid, after 
trituration with pentane and diethylether. Purity by HPLC (λ = 254 nm): 
94,5 %. 1H NMR (400 MHz, CD3OD) δ 8.09 (d, J = 8.2 Hz, 1H), 7.68 (dd, 
J = 7.9, 1.5 Hz, 1H), 7.67–7.55 (m, 1H), 7.31 (t, J = 7.7 Hz, 1H), 4.43 
(ddt, J = 9.1, 6.3, 3.4 Hz, 1H), 3.39 (dd, J = 16.2, 5.8 Hz, 1H), 3.18 (dd, 
J = 16.6, 3.8 Hz, 1H), 3.04 (dd, J = 16.2, 3.0 Hz, 1H), 2.81 (dd, J = 16.5, 
8.8 Hz, 1H). 19F NMR (CD3CD, 377 MHz) δ − 62.65 (s). 13C NMR (100 
MHz, CD3OD) δ 173.9 (bs), 168.9, 149.7, 135.8 (q, J = 1.9 Hz), 134.1 (q, 
J = 1.2 Hz), 127.2 (q, J = 5.4 Hz), 125.9, 125.8 (q, J = 274.0 Hz), 125.7, 
122.0 (q, J = 30.0 Hz), 49.4, 43.6, 37.5 (bs). HPLC-MS (ESI+): tR = 1.76 
min; m/z = 339.0 [M+Na]+, 655.0 [2 M + Na]+. HRMS (ESI) m/z: 

Fig. 5. Effects of the α4β1 integrin agonist 5 on integrin-mediated intracellular 
signalling. Compound 5 significantly induced α4β1 integrin-mediated activation 
of ERK1/2 (A) and Akt (B). Conversely, 5 showed no effects on JNK phos
phorylation. The graphs represent the densitometric analysis of the bands 
(mean ± SD; three independent experiments). The amount of phosphorylated 
kinases (pERK1/2 or pAkt) was normalized to that of the corresponding total 
kinase (totERK1/2 or totAkt); phospho-JNK (pJNK) was normalized to actin. *p 
< 0.05, **p < 0.01, ****p < 0.0001 vs. vehicle (Dunnett’s test after ANOVA).

Fig. 6. Heatmap of pathway selectivity index (PSI): preference for blocking a 
specific pathway is displayed in shades of lilac, and preference in activating a 
specific kinase is shown in shades of magenta. The PSI is calculated as the ratio 
between AUC values of two kinases as described in the Experimental section. 
(For interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.)
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[M+Na]+ calcd for C13H11F3N2NaO4339.0569; found 339.0562. ATR- 
FTIR (cm− 1): 3338, 2961, 1775, 1717, 1618, 1553, 1458, 1322, 1287, 
1245, 1173, 1117, 1059, 1036, 766, 652, 463.

4.1.6. (1-((5-fluoro-2-methylphenyl)carbamoyl)-4-oxoazetidin-2-yl)acetic 
acid (2)

Following GP2, compound 13 (23 mg, 0.062 mmol, 1 equiv), in the 
presence of Pd/C (2.3 mg, 10 % wt) in 1.4 mL of THF:MeOH, gave 
compound 2 (17 mg, 0.0061 mmol) in 98 % yield as a white solid after 
trituration with pentane and diethylether. Purity by HPLC (λ = 254 nm): 
96 %. 1H NMR (400 MHz, CD3OD) δ 7.76 (dd, J = 11.2, 2.7 Hz, 1H), 7.18 
(dd, J = 8.5, 6.4 Hz, 1H), 6.75 (td, J = 8.4, 2.7 Hz, 1H), 4.42 (tt, J = 5.6, 
3.1 Hz, 1H), 3.38 (dd, J = 16.4, 6.9 Hz, 1H), 3.19 (dd, J = 16.5, 3.8 Hz, 
1H), 3.02 (dd, J = 16.1, 3.0 Hz, 1H), 2.80 (dd, J = 16.5, 8.8 Hz, 1H), 
2.24 (s, 4H). 13C NMR (100 MHz, CD3OD) δ 173.9 (bs), 169.2, 162.7 (d, 
J = 240.7 Hz), 149.6, 138.1 (d, J = 11.4 Hz), 132.3 (d, J = 9.2 Hz), 123.9 
(d, J = 3.4 Hz), 111.4(d, J = 21.4 Hz), 108.6 (d, J = 27.5 Hz), 49.3, 43.5, 
37.7, 17.0. 19F NMR (377 MHz, CD3OD) δ − 118.07 to − 118.16 (m). 
HPLC-MS (ESI+): tR = 1.31 min; m/z = 303.1 [M+Na]+, 583.1 [2 M +
Na]+. HRMS (ESI) m/z: [M+Na]+ calcd for C13H13FN2NaO4 303.0757; 
found 303.0765ATR-FTIR (cm− 1): 3337, 3096, 2972, 2929, 2611, 1885, 
1769, 1715, 1610, 1555, 1492, 1456, 1420, 1330, 1308, 1280, 1258, 
1203, 1161, 1123, 1096, 1064, 1004, 968, 868, 807, 746, 737, 702, 647, 
623, 459.

4.1.7. 4-(2-(2-(carboxymethyl)-4-oxoazetidin-1-yl)-2-oxoethyl) 
benzenaminium trifluororacetate (3)

Following GP3, compound 15 (14 mg, 0.04 mmol) yielded com
pound 3 as yellow oil (11 mg, 73 %). Purity by HPLC (λ = 254 nm): 95 
%. 1H NMR (400 MHz, CD3OD) δ: 7.45 (d, J = 8.5 Hz, 2H), 7.32 (d, J =
1.9 Hz, 2H), 4.30 (ddd, J = 10.0, 6.9, 3.6 Hz, 1H), 4.09 (s, 2H), 3.34 (dd, 
J = 16.6, 8.6 Hz, 1H), 3.08 (dd, J = 16.6, 3.8 Hz, 1H), 2.96 (dd, J = 16.6, 
3.8 Hz, 1H), 2.71 (dd, J = 16.6, 8.6 Hz, 1H). 13C NMR (100 MHz, 
CD3OD) δ: 171.4, 167.3, 132.8, 123.7, 52.7, 43.7, 43.2, 37.2. HPLC-MS 
(ESI+): tR = 1.4 min; m/z = 263[M + H-TFA]+. HRMS (ESI) m/z: [M- 
TFA + H]+ calcd for C13H15N2O4 263.1026; found 263.1019. ATR-FTIR 
(cm− 1): 2957, 2925, 2865, 2619, 1791, 1681, 1516, 1434, 1410, 1370, 
1330, 1309, 1275, 1201, 838, 799, 750, 723.

4.1.8. (S)-4-(2-(2-carboxypyrrolidin-1-yl)-2-oxoethyl)benzenaminium 
trifluororacetate (4)

Following GP3, compound 18 (26 mg, 0.07 mmol) yielded com
pound 4 as yellow oil (25 mg, 99 %). Purity by HPLC (λ = 254 nm): 95 
%.1H NMR (600 MHz, CD3OD) δ 7.42 (d, J = 8.2 Hz, 2H), 7.29 (d, J =
8.2 Hz, 2H), 4.45 (dd, J = 8.7, 3.3 Hz, 1H), 3.81 (q, J = 15.9 Hz, 2H), 
3.66 (td, J = 6.4, 2.6 Hz, 2H), 2.26 (dqd, J = 11.4, 6.6, 2.2 Hz, 1H), 2.03 
(ttd, J = 10.5, 7.4, 4.1 Hz, 3H).13C NMR (151 MHz, CD3OD) δ 175.5, 
171.9, 136.7, 132.3, 132.1, 123.6, 60.4, 49.4, 49.3, 49.1, 49.0, 48.9, 
48.7, 48.6, 47.9, 41.4, 30.4, 25.7. α20

D = - 46 (c 1.6, MeOH). HPLC-MS 
(ESI+): tR = 1.5 min; m/z = 249 [M + H-TFA]+. HRMS (ESI) m/z: [M- 
TFA + H]+ calcd for C13H17N2O3 249.1234; found 249.1230. ATR-FTIR 
(cm− 1): 3307, 2929, 1715, 1668, 1621, 1516, 1454, 1191, 1141.

4.1.9. (S)-4-((1,3-dioxotetrahydro-1H-pyrrolo[1,2-c]imidazole-2(3H)-yl) 
methyl)benzenaminium 2,2,2 trifluoroacetate (5)

Following GP3, compound 20 (40 mg, 0.115 mmol, 1 equiv) in 
anhydrous DCM (2.2 mL) in the presence of TFA (62 μL, 0.80 mmol, 7 
equiv) gave compound 5 as a yellow solid in quantitative yield (30 mg, 
0.115 mmol). Purity by HPLC (λ = 254 nm): 94 %. 1H NMR (600 MHz, 
CD3OD) δ 7.49–7.40 (m, 2H), 7.33–7.15 (m, 2H), 4.65 (d, JAB = 15.1 Hz, 
1H), 4.61 (d, JAB = 15.1 Hz, 1H), 4.22 (dd, J = 9.4, 7.4 Hz, 1H), 3.61 (dt, 
J = 10.9, 7.8 Hz, 1H), 3.25 (ddd, J = 11.0, 7.9, 4.8 Hz, 1H), 2.22 (dtd, J 
= 12.0, 7.0, 3.7 Hz, 1H), 2.16–2.01 (m, 2H), 1.75–1.58 (m, 1H). 13C 
NMR (151 MHz, CD3OD) δ 175.6, 162.1, 137.6, 133.6, 130.8, 123.4, 
64.8, 46.5, 42.6, 28.2, 28.0. 19F NMR (377 MHz, CD3OD) δ − 77.15. 

HPLC-MS (ESI+): tR = 2.85 min; m/z = 246.2 [M+H]+, 268.2 [M+Na]+, 
513.2 [2 M + Na]+ HRMS (ESI) m/z: [M-TFA + H]+ calcd for C13H16N3O 
246.1237; found 246.1229. α20

D = − 22 (c 0.16, MeOH). ATR-FTIR 
(cm− 1): 2922, 2853, 1699, 1682, 1669, 1636, 1576, 1559, 1541, 
1507, 1457, 1429, 1407, 1373, 1353, 1200, 1181, 1134, 1116, 1023, 
970, 900, 836, 795, 765, 721, 669, 650.

4.1.10. (S)-4-(2-((1,2-dicarboxyethyl)amino)-2-oxoethyl)benzenaminium 
trfluororacetate (6)

Following GP3 compound 23 (27 mg, 0.073 mmol) yielded com
pound 6 as yellow oil (30 mg, 99 %). Purity by HPLC (λ = 254 nm): 95 
%1H NMR (400 MHz, CD3OD) δ 7.47 (d, J = 8.2 Hz, 2H), 7.33 (d, J = 8.3 
Hz, 2H), 4.75 (dd, J = 12.4, 6.2 Hz, 1H), 3.60 (s, 2H), 2.89–2.75 (m, 2H). 
13C NMR (100 MHz, CD3OD) δ 174.1, 173.2, 135.7, 131.5, 129.3, 129.2, 
129.0, 122.2, 68.7, 42.3, 36.6. [α]D

20 = 0.5 (c = 1, CD3OH). HPLC-MS 
(ESI+): tR = 1.2 min; m/z = 267 [M+H]+. HRMS (ESI) m/z: [M-TFA 
+ H]+ calcd for C12H15N2O5 267.0975; found 267.0963. ATR-FTIR 
(cm− 1): 3426, 2960, 2624, 1676, 1547, 1514, 1434, 1203, 1143.

4.1.11. (S)-4-(2-((1,3-dicarboxypropyl)amino)-2-oxoethyl) 
benzenaminium trifluororacetate (7)

Following GP3, compound 28 (102 mg, 0.27 mmol) yielded com
pound 7 as yellow oil (100 mg, 99 %). Purity by HPLC (λ = 254 nm): 95 
%1H NMR (400 MHz, CD3OD) δ: 7.46 (d, J = 8.1 Hz, 2H), 7.33 (d, J =
8.1 Hz, 2H), 4.43 (dd, J = 8.9, 4.9 Hz, 1H), 3.64 (s, 2H), 2.38 (t, J = 7.4 
Hz, 2H), 2.19 (dt, J = 13.3, 7.8 Hz, 1H), 1.95 (dt, J = 15.0, 7.8 Hz, 
1H).13C NMR (100 MHz, CD3OD) δ: 175.7, 174.5, 173.1, 137.7, 131.5, 
130.1, 123.6, 52.9, 42.0, 30.6, 27.23; α20

D = − 8.5 (c 1, MeOH). HPLC-MS 
(ESI+): tR = 1.3 min; m/z = 281 [M+H]+. HRMS (ESI) m/z: [M-TFA +
H]+ calcd for C13H17N2O5 281.1132; found 281.1125. ATR-FTIR 
(cm− 1): 2923, 2620, 1709, 1637, 1543, 1512, 1431, 1180, 1134, 838, 
796, 721.

4.1.12. (S)-4-((3-(1,2-dicarboxyethyl)ureido)methyl) benzenaminium 
trifluororacetate (8)

Following GP3, compound 25 (35 mg, 0.0926 mmol) yielded com
pound 8 as yellow oil (22 mg, 84 %). Purity by HPLC (λ = 254 nm): 95 
%1H NMR (400 MHz CD3OD) δ 7.45 (d, J = 7.7 Hz, 2H), 7.29 (d, J = 7.1 
Hz, 2H), 4.61 (s, 1H), 4.38 (s, 2H), 2.84 (m, 2H). 13C NMR (100 MHz, 
CD3OD) δ 160.4, 141.0, 130.5, 129.6, 123.0, 55.1, 43.9, 37.9, 30.7. α20

D 
= 4.6 (c 1, MeOH). HPLC-MS(ESI+): tR = 1.3 min; m/z = 282 [M+H]+

HRMS (ESI) m/z: [M-TFA + H]+ calcd for C12H16N3O5 282.1084; found 
282.1076. ATR-FTIR (cm− 1): 3369, 2926, 2615, 1713, 1672, 
1652,1567, 1515, 1199, 1141, 842.

4.1.13. 4-(2-((2-carboxyethyl)amino)-2-oxoethyl)benzenaminium 
trfluororacetate (9)

Following GP3, compound 31 (22 mg, 0.07 mmol) yielded com
pound 9 as yellow oil (24 mg, 99 %). Purity by HPLC (λ = 254 nm): 95 
%. 1H NMR (400 MHz, CD3OD) δ: 7.43 (d, J = 8.0 Hz, 2H), 7.33 (d, J =
8.0 Hz, 2H), 3.55 (s, 2H), 3.43 (t, J = 6.7 Hz, 2H), 2.50 (t, J = 6.6 Hz, 
2H). 13C NMR (100 MHz, CD3OD) δ:175.4, 138.5, 132.1, 130.9, 124.3, 
43.1, 36.8, 34.7. HPLC-MS (ESI+): tRrt = 1.5 min; m/z = 223 [M + H- 
TFA]+. HRMS (ESI) m/z: [M-TFA + H]+ calcd for C11H15N2O3 223.1077; 
found 223.1069. ATR-FTIR (cm− 1): 1675, 1514, 1200, 1139, 723.

4.1.14. 3-(3-(4-aminobenzyl)ureido)propanoic acid (10)
Following GP2, 32 (50 mg, 0.108 mmol, 1 equiv) was reacted in 4.5 

mL of THF/MeOH with Pd/C (10 mg, 20 % wt) yielding 10 (24 mg, 
0.101 mmol) as a pale yellow solid in 94 % yield. Purity by HPLC (λ =
254 nm): 94.8 %.1H NMR (600 MHz, CD3OD) δ 7.05–7.00 (m, 2H), 
6.71–6.65 (m, 2H), 4.15 (s, 2H), 3.37 (t, J = 6.5 Hz, 2H), 2.42 (t, J = 6.5 
Hz, 2H). 13C NMR (151 MHz, CD3OD) δ 177.8, 161.0, 147.6, 130.7, 
129.4, 116.7, 44.5, 37.5, 37.2; HPLC-MS (ESI+): tR = 0.99 min; m/z =
238 [M+H]+, 260 [M+Na]+ HRMS (ESI) m/z: [M-TFA + H]+ calcd for 
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C11H16N3O3 238.1186; found 238.1177. ATR-FTIR (cm− 1): 767, 829, 
903,1017, 1052, 1155, 1235, 1315, 1366, 1394, 1410, 1522, 1559, 
1595, 1617, 1699 2929, 2976, 3345.

4.1.15. Benzyl 2-(4-oxo-1-((2-(trifluoromethyl)phenyl)carbamoyl) 
azetidin-2-yl)acetate (12)

In a round bottom flask under nitrogen atmosphere, anhydrous TEA 
(160 μL, 1.14 mmol, 5 equiv) was added to a solution of compound 11 
(50 mg, 0.23 mmol, 1 equiv.) in anhydrous DCM (2 mL). After 20 min, 1- 
isocyanato-2-(trifluoromethyl) benzene (7 equiv), dissolved in 3 mL of 
DCM, was added dropwise. The reaction was left at room temperature 
overnight and monitored by TLC. At completion, the reaction was 
quenched with a saturated aqueous solution of NH4Cl and extracted with 
DCM (3x10 mL). The collected organic layers were dried on Na2SO4, 
filtered and the solvent removed under reduced pressure. The crude was 
purified by flash chromatography on silica gel (15:85 EtOAc: Cyclo
hexane), giving compound 12 as a white solid in 55 % yield (51 mg, 
0.126 mmol). 1H NMR (400 MHz, CDCl3) δ 8.80 (bs, 1H), 8.01 (d, J =
8.4 Hz, 1H), 7.54 (d, J = 8.4 Hz, 1H), 7.51–7.38 (m, 1H), 7.31–7.20 (m, 
5H), 7.19–7.10 (m, 1H), 5.10 (d, J = 12.9 Hz, 2H), 5.06 (d, J = 12.9 Hz, 
2H), 4.48–4.28 (m, 1H), 3.34–3.12 (m, 2H), 2.88 (ddd, J = 16.4, 3.1, 1.0 
Hz, 1H), 2.72 (dd, J = 16.5, 8.8 Hz, 1H). 19F NMR (377 MHz, CDCl3) δ 
− 61.14 (s). 13C NMR (100 MHz, CDCl3) δ 169.7, 166.5, 147.9, 135.5, 
134.6 (q, J = 1.9 Hz), 132.9, 128.8, 128.6, 128.5, 126.4 (q, J = 5.3 Hz), 
124.6, 124.0, 123.5 (q, J = 271.3 Hz), 120.7 (t, J = 30.1 Hz), 67.2, 47.8, 
43.0, 37.1. HPLC-MS (ESI+): tR = 10.3 min; m/z = 407.4 [M+H]+, 429.4 
[M+Na]+. ATR-FTIR (cm− 1): 3341, 3065, 2960, 2447, 2342, 
1776,1731, 1618, 1596, 1555, 1458, 1322, 1287, 1246, 1172, 1118, 
1064, 1036, 765, 749, 699, 652, 625.

4.1.16. Benzyl 2-(1-((5-fluoro-2-methylphenyl)carbamoyl)-4-oxoazetidin- 
2-yl)acetate (13)

In a round bottom flask under nitrogen atmosphere, anhydrous TEA 
(160 μL, 1.14 mmol, 5 equiv) was added to a solution of compound 11 
(50 mg, 0.23 mmol, 1 equiv) in anhydrous DCM (2 mL). After 20 min, 4- 
fluoro-2-isocyanato-1-methylbenzene (7 equiv), dissolved in 3 mL of 
DCM, was added dropwise. The reaction was left at room temperature 
overnight and monitored by TLC. At completion, the reaction was 
quenched with a saturated aqueous solution of NH4Cl and extracted with 
DCM (3x10 mL). The collected organic layers were dried on Na2SO4, 
filtered and the solvent removed under reduced pressure. The crude was 
purified by flash chromatography on silica gel (15:85 EtOAc: Cyclo
hexane), giving compound 13 as a white solid in 66 % yield (56 mg, 
0.151 mmol).

1H NMR (400 MHz, CDCl3) δ 8.42 (s, 1H), 7.75 (dd, J = 11.0, 2.7 Hz, 
1H), 7.30–7.21 (m, 5H), 7.02 (dd, J = 8.4, 6.3 Hz, 1H), 6.65 (td, J = 8.2, 
2.7 Hz, 1H), 5.08 (d, JAB = 12.7 Hz, 1H), 5.07 (d, JAB = 12.8 Hz, 1H), 
4.45–4.35 (m, 1H), 3.27 (ddd, J = 16.1, 10.8, 4.9 Hz, 2H), 2.94–2.84 (m, 
1H), 2.75 (dd, J = 16.5, 8.6 Hz, 1H), 2.16 (s, 3H). 19F NMR (377 MHz, 
CDCl3) δ − 114.43 to − 115.42 (m). 13C NMR (100 MHz, CDCl3) δ 169.8, 
166.9, 161.5 (d, J = 242.4 Hz), 147.7, 136.6 (d, J = 11.2 Hz), 135.5, 
131.2 (d, J = 9.1 Hz), 128.8, 128.6, 128.5, 122.0 (d, J = 3.4 Hz), 110.7 
(d, J = 21.4 Hz), 107.9 (d, J = 27.4 Hz), 67.0, 47.8, 42.8, 37.0, 17.1. 
HPLC-MS (ESI+): tR = 10.3 min; m/z = 371.4 [M+H]+, 393.4 [M+Na]+

ATR-FTIR (cm− 1): 3336, 3310, 3034, 2929, 1768, 1733. 1718, 1609, 
1533, 1493, 1456, 1390, 1333, 1310, 1280, 1258, 1175, 1161, 1126, 
1063, 1003, 967, 868, 805, 747, 699, 622, 426.

4.1.17. Benzyl 2-(1-(2-(4-((tert-butoxycarbonyl)amino)phenyl)acetyl)-4- 
oxoazetidin-2-yl)acetate (14)

To a solution of 2-(4-((tert-butoxycarbonyl)amino)phenyl)acetic acid 
(114 mg, 0.46 mmol, 1 equiv) in 4 mL of DCM, under a nitrogen at
mosphere at 0 ◦C, HBTU (383 mg, 0.92 mmol, 2 equiv), DIPEA (320 μL, 
1.84 mmol, 4 equiv) and compound 11 (100 mg, 0.46, 1 equiv.) were 
added. The reaction was left under stirring overnight. At completion 
(TLC monitoring) the mixture was quenched with NH4Cl and extracted 

with EtOAc. The organic layer was dried over Na2SO4, concentrated in 
vacuum, and purified by flash chromatography (Cyclohexane:EtOAc =
7:3). Compound 14 (54 mg; 26 %) was obtained as colourless oil. 1H 
NMR (400 MHz, CDCl3) δ: 7.40–7.27 (m, 7H), 7.21 (d, J = 8.5 Hz, 2H), 
6.43 (bs, 1H), 5.10 (d, J = 1.4 Hz, 2H), 4.34–4.27 (m, 1H), 3.92 (s, 2H), 
3.27 (dd, J = 9.4, 5.2 Hz, 1H), 3.23 (dd, J = 9.3, 5.2 Hz, 1H), 2.85 (dd, J 
= 16.6, 3.4 Hz, 1H), 2.64 (dd, J = 16.4, 8.8 Hz, 1H), 1.51 (s, 9). 13C NMR 
(100 MHz, CDCl3) δ: 170.2, 169.6, 164.8, 153.2, 138.1, 135.9, 130.6, 
129.2, 129.0, 128.9, 128.1, 119.2, 81.1, 67.3, 47.2, 43.1, 42.6, 37.2, 
28.9. HPLC-MS (ESI+): tR = 10.7 min; m/z = 470 [M + NH4]+. ATR-FTIR 
(cm− 1): 3350, 3113, 3062, 3034, 2977, 2930, 2854, 1791, 1702, 1613, 
1595, 1525, 1455, 1414, 1366, 1319, 1266, 1235, 1161, 1053, 1027, 
1018, 902, 838, 808, 736, 698.

4.1.18. 2-(1-(2-(4-((tert-butoxycarbonyl)amino)phenyl)acetyl)-4- 
oxoazetidin-2-yl)acetic acid (15)

Following GP2, compound 14 (40 mg, 0.09 mmol) yielded com
pound 15 as white solid (34 mg, 99 %). 1H NMR (400 MHz, CD3OD) δ: 
7.33 (d, J = 8.2 Hz, 2H), 7.18 (d, J = 8.3 Hz, 2H), 4.31–4.23 (m, 1H), 
3.94 (d, J = 3.5 Hz, 2H), 3.27 (dd, J = 16.4, 8.8 Hz, 1H), 3.09 (dd, J =
16.5, 3.5 Hz, 1H), 2.93 (dd, J = 16.5, 3.2 Hz, 1H), 2.65 (dd, J = 16.4, 8.8 
Hz, 1H), 1.51 (s, 9H). 13C NMR (100 MHz, CD3OD) δ: 171.6, 167.2, 
156.0, 140.1, 131.4, 129.6, 120.4, 82.0, 55.5, 43.8, 43.4, 37.2, 29.3. 
HPLC-MS (ESI+): tR = 7.4 min; m/z = 380 [M + NH4]+. ATR-FTIR 
(cm− 1): 3341, 3057, 2979, 2932, 1790, 1713, 1613, 1596, 1525, 
1415, 1392, 1367, 1319, 1268, 1236, 1160, 1056, 1028, 984, 901, 862, 
809, 772, 737, 703.

4.1.19. Benzyl (2-(4-((tert-butoxycarbonyl)amino)phenyl)acetyl)-L- 
prolinate (17)

To a solution of enantiopure L-proline-benzyl ester TFA salt 16 (65 
mg, 0.20 mmol, 1 equiv) in 1.8 mL of DCM, under nitrogen atmosphere, 
2-(4-((tert-butoxycarbonyl)amino)phenyl)acetic acid (51 mg, 0.20 
mmol, 1 equiv) and DMAP (12 mg, 0.1 mmol, 0.5 equiv.) were added. 
The mixture was then cooled to 0 ◦C, and DCC (45 mg, 0.22 mmol, 1.1 
equiv) was added; the system was allowed to reach room temperature in 
15 min and left under stirring overnight. After 24 h (TLC monitoring), 
the reaction mixture was filtered washing with DCM and evaporated. 
The crude was suspended in EtOAc at 0 ◦C, and the solid residual 
dicyclohexylurea was eliminated by filtration. The organic layer was 
concentrated in vacuum and purified by flash chromatography (Cyclo
hexane:EtOAc = 6:4). Compound 17 (38 mg; 43 %) was obtained as 
colourless oil. 1H NMR (400 MHz, CDCl3) δ 7.41–7.23 (m, 7H), 7.18 (d, 
J = 8.9 Hz, 2H), 6.50 (bs, 1H), 5.18 (d, JAB = 13.1 Hz, 1H), 5.13 (d, JAB 
= 12.9 Hz, 1H), 4.55 (dd, J = 8.7, 3.5 Hz, 1H), 3.64 (s, 2H), 3.58 (td, J =
9.0, 6.1 Hz, 1H), 3.50–3.42 (m, 1H), 2.27–2.06 (m, 1H), 2.01–1.81 (m, 
3H), 1.51 (d, J = 2.2 Hz, 9H). 13C NMR (100 MHz, CDCl3) δ 172.2, 
171.3, 152.9, 137.8, 135.8, 130.0, 129.2, 128.7, 128.5, 128.3, 119.1, 
80.6, 66.6, 43.1, 35.2, 34.1, 28.4. α20

D = 39.5 (c 1, DCM). HPLC-MS 
(ESI+): tR = 10.1 min; m/z = 439 [M+H]+. ATR-FTIR (cm− 1): 3045, 
1728, 1645, 1265, 738, 705.

4.1.20. (2-(4-((tert-butoxycarbonyl)amino)phenyl)acetyl)-L-proline (18)
Following GP2, compound 17 (38 mg, 0.09 mmol) yielded com

pound 18 as white solid (26 mg, 83 %).1H NMR (400 MHz, CD3OD) δ 
7.34 (t, J = 6.3 Hz, 3H), 7.25–7.08 (m, 3H), 4.43 (d, J = 8.4 Hz, 1H), 
3.68 (s, 2H), 3.59 (tt, J = 11.3, 5.7 Hz, 2H), 2.23 (d, J = 8.1 Hz, 1H), 1.98 
(q, J = 9.2 Hz, 3H), 1.51 (s, 9H). 13C NMR (100 MHz, CD3OD) δ: 155.1, 
139.2, 130.7, 130.2, 119.8, 80.6, 42.9, 36.4, 34.5, 28.5. α20

D = - 129 (c 
1.2, MeOH). HPLC-MS (ESI+): tR = 6.3 min; m/z = 349 [M+H]+. ATR- 
FTIR (cm− 1): 2978, 2931, 1720, 1600, 1526, 1451, 1238, 1161, 1028.

4.1.21. Benzyl ((4-((tert-butoxycarbonyl)amino)benzyl)carbamoyl)-L- 
prolinate (19)

In a round bottom flask under nitrogen atmosphere, anhydrous TEA 
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(74 μL, 0.526 mmol, 2 equiv) was added to a solution of proline ben
zylester PTSA salt (16) (84 mg, 0.263 mmol, 1 equiv) in anhydrous DCM 
(5.5 mL). After 20 min, tert-butyl(4-(isocyanatomethyl)phenyl)carba
mate (2 equiv), dissolved in 3 mL of DCM, was added dropwise. The 
reaction was left at room temperature overnight and monitored by TLC. 
At completion, the reaction was quenched with a saturated aqueous 
solution of NH4Cl and extracted with DCM (3x10 mL). The collected 
organic layers were dried on Na2SO4, filtered and the solvent removed 
under reduced pressure. The crude was purified by flash chromatog
raphy on silica gel (30:70 EtOAc: Cyclohexane), giving compound 19 as 
a white solid in 36 % yield (43 mg, 0.095 mmol). 1H NMR (600 MHz, 
CDCl3) δ 7.38–7.24 (m, 6H), 7.22–7.16 (m, 2H), 6.67 (bs, 1H), 5.18 (d, 
JAB = 12.4 Hz, 1H), 5.10 (d, JAB = 12.4 Hz, 1H), 4.74 (t, J = 5.6 Hz, 1H), 
4.49 (dd, J = 8.6, 2.8 Hz, 1H), 4.36 (dd, J = 14.5, 5.7 Hz, 1H), 4.30 (dd, 
J = 14.6, 5.4 Hz, 1H), 3.44 (td, J = 8.4, 4.3 Hz, 1H), 3.37–3.29 (m, 1H), 
2.20–2.09 (m, 1H), 2.06–1.96 (m, 2H), 1.94 (ddp, J = 11.4, 7.8, 3.9 Hz, 
1H), 1.50 (s, 9H). 13C NMR (151 MHz, CDCl3) δ 173.1, 156.5, 152.9, 
137.7, 135.8, 134.1, 128.6, 128.5, 128.3, 128.2, 118.9, 80.5, 66.9, 59.2, 
45.9, 44.3, 29.8, 28.4, 24.5. HPLC-MS (ESI+): tR = 8.58 min; m/z = 454 
[M+H]+, 476 [M+Na]+, 907 [2 M + H]+. ATR-FTIR (cm− 1): 3159, 
2924, 2853, 2359, 2331, 1699, 1683, 1670, 1560, 1541, 1515, 1457, 
1431, 1410, 1335, 1137, 1088, 1025, 971, 920, 837, 796, 768, 723. 
Melting point: 211 ◦C. α20

D = +21 (c 0.08, CH2Cl2).

4.1.22. ((4-((tert-butoxycarbonyl)amino)benzyl)carbamoyl)-L-proline 
(20)

Following GP2, compound 19 (54 mg, 0.119 mmol, 1 equiv) in 5 mL 
of THF:MeOH, in the presence of Pd/C (20 % w/w) gave compound 20 
in 92 % yield (23 mg, 0.109 mmol) as a white solid. Mixture of rotamers 
observed on NMR analysis at 25 ◦C (Major:Minor = 1:0.18).

1H NMR (600 MHz, CD3OD) δ 7.33 (m, 2HMajor, 2HMinor), 7.21 (m, 
2HMajor, 2H Minor), 4.54 (d, JAB = 14.8 Hz, 1HMinor), 4.50 (d, JAB = 14.8 
Hz, 1HMinor), 4.39 (dd, J = 8.6, 2.9 Hz, 1HMajor), 4.32 (d, JAB = 15.2 Hz, 
1HMajor), 4.26 (d, JAB = 15.3 Hz, 1HMajor), 4.17 (dd, J = 9.3, 7.4 Hz, 
1HMinor), 3.59 (dt, J = 11.1, 7.8 Hz, 1HMinor), 3.49 (td, J = 8.2, 4.5 Hz, 
1HMajor), 3.38 (q, J = 7.9 Hz, 1HMajor), 3.22 (ddd, J = 11.1, 7.9, 4.7 Hz, 
1HMinor), 2.27–2.15 (m, 1HMajor, 1HMinor), 2.10–1.92 (m, 3HMajor, 
3HMinor), 1.51 (s, 9HMajor, 9HMinor).

13C NMR (151 MHz, CD3OD) δ 176.9 (Major), 175.6 (Minor), 162.3 
(Minor), 159.1 (Major), 155.32 (Major), 155.2 (Minor), 140.2 (Minor), 
139.2 (Major), 135.7 (Major), 131.8 (Minor), 129.7 (Minor), 128.7 
(Major), 119.8 (Minor, Major), 80.7 (Minor, Major), 64.7 (Minor), 60.5 
(Major), 47.0 (Major), 46.4 (Minor), 44.5 (Major), 42.9 (Minor), 30.9 
(Minor), 30.8 (Major), 28.71 (Major), 28.7 (Minor), 25.3 (Major, 
Minor). ATR-FTIR (cm− 1) = 2963, 2925, 2364, 1699, 1634, 1615, 1597, 
1522, 1474, 1457, 1410, 1392, 1366, 1313, 1457, 1410, 1392, 1366, 
1313, 1233, 1153, 1051, 1015, 967, 902, 874, 795, 767, 736; α20

D = - 12 
(c 0.39, CH3OH).

4.1.23. Dibenzyl L-aspartate p-toluensulfonic acid (21)
Following GP1, commercially available enantiopure L-aspartic acid 

(100 mg, 0,75 mmol) yielded compound 21 as white solid (240 mg, 66 
%). The spectroscopic data matched those reported in the literature 
[81].

4.1.24. Dibenzyl L-glutamate p-toluensulfonic acid (26)
Following GP1, commercially available enantiopure L-glutamic acid 

(100 mg, 0.68 mmol) yielded compound 26 as white solid (240 mg, 70 
%). The spectroscopic data matched those reported in the literature 
[84].

4.1.25. β-Alanine benzyl ester p-toluenesulfonate salt (29)
Following GP1, β-Alanine (1 g, 11 mmol,1 equiv) and benzyl alcohol 

(2 mL, 22 mmol, 2 equiv) yielded compound 29 as white solid (2.51 g, 
7.15 mmol, 65 %). The spectroscopic data matched those reported in the 

literature [85].

4.1.26. Dibenzyl (2-(4-((tert-butoxycarbonyl)amino)phenyl)acetyl)-L- 
aspartate (22)

Following GP4, compound 21 (55 mg, 0.11 mmol) and 2-(4-((tert- 
butoxycarbonyl)amino)phenyl)acetic acid (28 mg, 0.11 mmol) yielded 
compound 22 as white solid (40 mg, 67 %). 1H NMR (400 MHz, CDCl3) δ 
7.38–7.15 (m, 11H), 7.08 (d, J = 8.5 Hz, 2H), 6.52 (s, 1H), 6.43 (d, J =
8.0 Hz, 1H), 5.06 (s, 2H), 4.99 (s, 2H), 4.89–4.83 (m, 1H), 3.47 (s, 2H), 
3.01 (dd, J = 17.1, 4.6 Hz, 1H), 2.84 (dd, J = 17.1, 4.6 Hz, 1H), 1.50 (s, 
9H). 13C NMR (100 MHz, CDCl3) δ 171.4, 171.0, 170.9, 153.3, 138.2, 
135.9, 135.6, 130.4, 129.2, 129.1, 129.1, 129.0, 128.9, 128.9, 128.8, 
119.4, 81.2, 68.1, 67.3, 49.3, 43.3, 36.8, 28.9. [α]D

25 = 11.2 (c = 1, 
CH2Cl2). HPLC-MS (ESI+): tR = 10.7 min; m/z = 547 [M+H]+. ATR-FTIR 
(cm− 1): 3306, 3189, 3089, 3064, 3034, 2977, 2932, 1726, 1659, 1524, 
1235, 1162, 1052, 737.

4.1.27. Dibenzyl (2-(4-((tert-butoxycarbonyl)amino)phenyl)acetyl)-L- 
glutamate (27)

Following GP4, compound 26 (210 mg, 0.48 mmol) and 2-(4-((tert- 
butoxycarbonyl)amino)phenyl)acetic acid (122 mg, 0.48 mmol) yielded 
compound 27 as white solid (157 mg, 56 %). 1H NMR (400 MHz, CDCl3) 
δ 7.39–7.26 (m, 12H), 7.14 (d, J = 8.3 Hz, 2H), 6.54 (bs, 1H), 6.13 (d, J 
= 7.8 Hz, 1H), 5.11 (s, 2H), 5.05 (s,2H), 4.68–4.61 (m, 1H), 3.50 (s, 2H), 
2.42–2.26 (m, 2H), 2.19 (td, J = 13.3, 6.7 Hz, 1H), 1.94 (td, J = 14.2, 
7.8 Hz, 1H), 1.52 (s, 9H). 13C NMR (100 MHz, CDCl3) δ 172.8, 171.8, 
171.6, 153.1, 138.1, 136.0, 135.4, 130.3, 129.0, 128.9, 128.9, 128.8, 
128.6, 128.6, 128.6, 119.3, 81.1, 67.4, 66.5, 52.1, 43.1, 30.5, 28.7, 27.4. 
α20

D = − 1.7 (c 1, DCM). HPLC-MS (ESI+): tR = 9.8 min; m/z = 561 
[M+H]+. ATR-FTIR (cm− 1): 3342, 1728, 1696, 1648, 1521, 1240, 1154, 
1056, 807, 734, 695.

4.1.28. (2-(4-((tert-butoxycarbonyl)amino)phenyl)acetyl)-L-aspartic acid 
(23)

Following GP2 compound 22 (40 mg, 0.073 mmol) yielded com
pound 23 as waxy solid (27 mg, 99 %). 1H NMR (400 MHz, CD3OD) δ 
7.34 (d, J = 8.2 Hz, 2H), 7.19 (d, J = 8.4 Hz, 2H), 4.79–4.68 (m, 1H), 
3.51 (s, 2H), 2.91–2.75 (m, 2H), 1.51 (s, 9H). 13C NMR (100 MHz, 
CD3OD) δ 174.0, 155.3, 139.4, 130.6, 119.9, 80.8, 42.8, 36.9, 28.7; α20

D 
= 5.3 (c 1, MeOH). HPLC-MS (ESI+): tR = 4.6 mi; m/z = 311[M+H]+. 
ATR-FTIR (cm− 1): 3310, 2957, 2925, 2855, 1719, 1654, 1648, 1524, 
1458, 1318, 1233.

4.1.29. (2-(4-((tert-butoxycarbonyl)amino)phenyl)acetyl)L-glutamic acid 
(28)

Following GP2, compound 27 (150 mg, 0.27 mmol) yielded com
pound 28 as waxy solid (102 mg, 99 %). 1H NMR (400 MHz, CD3OD) δ 
7.34 (d, J = 8.1 Hz, 2H), 7.20 (d, J = 8.2 Hz, 2H), 4.43 (dd, J = 8.6, 4.9 
Hz, 1H), 3.51 (s, 2H), 2.37 (t, J = 7.4 Hz, 2H), 2.24–2.12 (m, 1H), 
2.00–1.88 (m, 1H), 1.51 (s, 9H).13C NMR (100 MHz, CD3OD) δ 176.6, 
174.3, 155.6, 139.4, 139.4, 130.9, 130.5, 119.9, 81.4, 53.2, 42.9, 31.2, 
28.7, 27.9; α20

D = − 8 (c 1, MeOH). HPLC-MS (ESI+): tR = 3.9 min; m/z =
381 [M+H]+. ATR-FTIR (cm− 1): 2922, 2256, 2113, 1990, 1706, 1524, 
1415, 1237, 1160, 814.

4.1.30. Dibenzyl ((4-((tert-butoxycarbonyl)amino)benzyl)carbamoyl)-L- 
aspartate (24)

To a solution of compound 21 (95 mg, 0.19 mmol, 1 equiv) and TEA 
(53 μL, 0.38 mmol, 2 equiv) in 1.2 mL of DCM, under a nitrogen at
mosphere, the previously synthesized tert-butyl(4-(isocyanatomethyl) 
phenyl)carbamate was added, and the reaction was left at rt overnight. 
At completion (TLC monitoring) the mixture was quenched with NH4Cl 
and extracted with DCM. The organic layer was dried over Na2SO4, 
concentrated in vacuum, and purified by flash chromatography 
(Cyclohexane:AcOEt from 7:3 to 6:4). Compound 24 (50 mg; 47 %) was 
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obtained as colourless oil. 1H NMR (400 MHz, CDCl3) δ 7.33–7.28 (m, 
7H), 7.27–7.22 (m, 2H), 7.15 (d, J = 8.4 Hz, 2H), 6.51 (bs, 1H), 5.07 (s, 
2H), 5.00 (d, J = 2.9 Hz, 2H), 4.84 (t, J = 4.3 Hz, 1H), 4.24 (s, 2H), 3.05 
(dd, J = 17.1, 4.6 Hz, 1H), 2.88 (dd, J = 17.0, 4.6 Hz, 1H), 1.50 (s, 
9H).13C NMR (100 MHz, CDCl3) δ 172.3, 171.7, 157.8, 153.6, 138.1, 
136.4, 134.4, 129.1, 129.1, 128.9, 128.8, 128.8, 128.7, 119.3, 67.9, 
67.2, 50.2, 44.6, 37.7, 28.9; α20

D = 4.7 (c 1, DCM). HPLC-MS (ESI+): tR =

10.5 min; m/z = 561 [M+H]+. ATR-FTIR (cm− 1): 3360, 2978, 2931, 
1729, 1643, 1597, 1526, 1456, 1413, 1356, 1316, 1237, 1163, 1053.

4.1.31. ((4-((tert-butoxycarbonyl)amino)benzyl)carbamoyl)-L-aspartic 
acid (25)

Following GP2, compound 24 (50 mg, 0.09 mmol) yielded com
pound 25 as waxy solid (35 mg, 98 %). 1H NMR (400 MHz, CD3OD) δ 
8.82 (s, 1H), 7.33 (d, J = 8.0 Hz, 2H), 7.19 (d, J = 8.3 Hz, 2H), 4.65 (s, 
1H), 4.26 (s, 2H), 2.84 (d, J = 16.7 Hz, 2H), 1.51 (s, 9H).13C NMR (100 
MHz, CD3OD) δ 155.8, 139.3, 135.1, 130.6, 128.6, 119.7, 80.6, 44.2, 
38.3, 28.6; α20

D = 12.5 (c 1, MeOH). HPLC-MS (ESI+): tR = 4.4 min; m/z 
= 382 [M+H]+. ATR-FTIR (cm− 1): 3339, 2979, 2931, 1714, 1644, 1616, 
1598, 1529, 1414, 1393, 1368, 1316, 1242, 1162, 1056.

4.1.32. Benzyl 3-(2-(4-((tert-butoxycarbonyl)amino)phenyl)acetamido) 
propanoate (30)

Following GP4, 2-(4-((tert-butoxycarbonyl)amino)phenyl)acetic acid 
(36 mg, 0.14 mmol) and compound 29 (50 mg, 0.14 mmol) yielded 
compound 30 as white solid (42 mg, 73 %). 1H NMR (400 MHz, CDCl3) δ 
7.41–7.24 (m, 7H), 7.14–7.08 (m, 2H), 6.56 (bs, 1H), 5.93 (bs, 1H), 5.08 
(s, 2H), 3.51–3.44 (m, 4H), 2.58–2.50 (m, 2H), 1.50 (s, 9H). 13C NMR 
(100 MHz, CDCl3) δ 172.2, 171.3, 152.9, 137.8, 135.7, 129.9, 129.2, 
128.7, 128.5, 128.3, 119.1, 80.7, 66.6, 43.1, 35.2, 34.1, 28.4. HPLC-MS 
(ESI+): tR = 9.3 min; m/z = 413 [M+H]+. ATR-FTIR (cm− 1): 3189, 2978, 
2932, 1726, 1654, 1597, 1526, 1240, 1164, 1054, 737.

4.1.33. 3-(2-(4-((tert-butoxycarbonyl)amino)phenyl)acetamido) 
propanoic acid (31)

Following GP2, compound 30 (42 mg, 0.10 mmol) yielded com
pound 31 as white solid (22 mg, 68 %). 1H NMR (400 MHz, CD3OD) δ 
7.33 (d, J = 8.0 Hz, 2H), 7.16 (d, J = 8.0 Hz, 2H), 3.47–3.34 (m, 4H), 
2.53–2.39 (m, 2H), 1.51 (s, 9H). 13C NMR (100 MHz, CD3OD) δ 155.1, 
139.2, 130.7, 130.2, 119.8, 80.6, 42.9, 36.4, 34.5, 28.5. HPLC-MS 
(ESI+): tR = 4.6 min; m/z = 340 [M + NH4]+. ATR-FTIR (cm− 1) 2980, 
1714, 1651, 1521, 1392, 1239, 1162, 738.

4.1.34. Benzyl 3-(3-(4-(((benzyloxy)carbonyl)amino)benzyl)ureido) 
propanoate (32)

In a round bottom flask under nitrogen atmosphere, anhydrous TEA 
(55 μL, 0.390 mmol, 2 equiv.) was added to a solution of compound 29 
(68.4 mg, 0.195 mmol, 1 equiv.) in anhydrous DCM (2 mL). After 20 
min, benzyl (4-(isocyanatomethyl)phenyl)carbamate (110 mg, 0.390 
mmol, 2 equiv.), dissolved in 4 mL of DCM, was added dropwise. The 
reaction was left at room temperature overnight and monitored by TLC. 
At completion, the reaction was quenched with a saturated aqueous 
solution of NH4Cl and extracted with DCM (3x10 mL). The collected 
organic layers were dried on Na2SO4, filtered and the solvent removed 
under reduced pressure. The crude was purified by flash chromatog
raphy on silica gel (50:50 to 60:40 EtOAc: Cyclohexane), giving com
pound 32 as a white solid in 76 % yield (68 mg, 0.148 mmol). 1H NMR 
(600 MHz, Acetone-d6) δ 8.70 (s, 1H), 7.49 (d, J = 8.1 Hz, 2H), 7.42 (d, 
J = 7.3 Hz, 2H), 7.40–7.28 (m, 7H), 7.25–7.19 (m, 2H), 5.91 (t, J = 6.0 
Hz, 1H), 5.67 (t, J = 6.1 Hz, 1H), 5.16 (s, 2H), 5.11 (s, 2H), 4.27 (d, J =
5.9 Hz, 2H), 3.43 (q, J = 6.3 Hz, 2H), 2.57 (t, J = 6.4 Hz, 2H). 13C NMR 
(151 MHz, Acetone-d6) δ 172.7, 158.8, 154.4, 138.8, 137.9, 137.5, 
136.2, 129.3, 129.3, 128.9, 128.8, 128.8, 128.7, 119.1, 66.8, 66.5, 43.9, 
36.7, 35.9. HPLC-MS (ESI+): tR = 8,15 min; m/z = 462 [M+H]+, 484 
[M+Na]+. ATR-FTIR (cm− 1): 3336, 3038, 2926, 1726, 1702, 1618, 

1560, 1523, 1357, 1306, 1284, 1239, 1165, 1060, 964, 909, 839, 740, 
699.

4.2. Pharmacology

4.2.1. Cell culture
Jurkat E6.1 (human acute T cell leukaemia cell line, expressing α4β1 

integrin), K562 (human erythroleukemic cells, expressing α5β1 integrin) 
and HL-60 (human promyelocytic leukaemia cell line, expressing αMβ2 
integrin) cells were grown in RPMI-1640 (Life Technologies, Carlsbad, 
CA, USA) supplemented with 1 % L-glutamine and 10 % FBS (foetal 
bovine serum, Life Technologies). Cells were kept at 37 ◦C under 5 % 
CO2 humified atmosphere. 48 h before experiments, K562 cells were 
treated with 65 nM PMA (phorbol 12-myristate 13-acetate, Sigma- 
Aldrich, Milan, Italy) to induce cell differentiation and to increase 
α5β1 integrin expression on the cell surface. All cell lines were obtained 
from American Type Culture Collection (ATCC, Rockville, MD, USA). 
The cell lines employed in this study are considered useful in vitro 
models to investigate potential integrin ligand effects on cell adhesion 
and integrin-mediated intracellular signal transduction [42,43,and86]].

4.2.2. LDV-FITC competitive binding assay
The affinity for α4β1 integrin was determined by LDV-FITC compet

itive binding assay as previously reported [59]. Jurkat E6.1 cells (50, 
000 cells/sample) were suspended in 0.1 % BSA in HEPES Buffer (NaCl 
110 mM; KCl 10 mM; Glucose 10 mM; MgCl2 1 mM; CaCl2 1.5 mM; 
HEPES 30 mM; pH 7.4; 0.1 % BSA w/v) and pre-incubated with 
increasing concentrations of the compounds (10− 11 – 10− 5 M) or vehicle 
(methanol) for 30 min at room temperature. Afterward, LDV-FITC (5 
μM, Tocris Bioscience™) was added to the cells-compound suspension 
and samples were incubated for 30 min at room temperature in the dark. 
At the end of the incubation, cells were washed with 0.1 % BSA in HEPES 
Buffer and plated in a black 96-well microplate (Corning Costar). FITC 
fluorescence intensity was measured (Ex492 nm/Em517 nm) using an 
EnSpire Multimode Plate Reader (PerkinElmer, Waltham, MA, USA). 
The data were represented by a graph showing LDV-FITC specific 
binding versus competitor concentrations, and data were analysed as 
one-site competition equation. The equilibrium dissociation constant, 
Ki, was calculated using the Cheng-Prusoff equation.

4.2.3. Cell adhesion assays
The cell adhesion assays were done as previously described [42,87,

88]. Briefly, for adhesion assay on Jurkat E6.1, black 96-well plates 
(Corning Costar) were coated by passive adsorption with FN (fibro
nectin; 10 μg/mL) or VCAM-1 (vascular cell adhesion molecule-1; 2 
μg/mL) overnight at 4 ◦C. The following day plates were incubated for 
30 min at 37 ◦C with blocking solution (1 % BSA in HBSS; Hank’s 
Balanced Salt Solution, Life Technologies), to avoid unspecific binding. 
Cells were stained for 30 min at 37 ◦C with CellTracker green CMFDA 
(12.5 μM, Life Technologies, Milan, Italy). After three washes with 
blocking solution, cells were pre-incubated with increasing concentra
tion of the compounds (10− 10 – 10− 4 M) or the vehicle (methanol) for 30 
min at 37 ◦C. Next, cells were plated (500,000 cells/well) on FN or 
VCAM-1 coated wells, and the plate was incubated for 30 min at 37 ◦C. 
To remove non-adherent cells, wells were washed three times with 
blocking solution. Remaining adhered cells were lysed with 0.5 % Triton 
X-100 in PBS (Phosphate-buffered Saline, Life Technologies) for 30 min 
at 4 ◦C. Green fluorescence was measured (Ex485 nm/Em535 nm) using 
an EnSpire Multimode Plate Reader (PerkinElmer, Waltham, MA, USA).

Regarding adhesion assays on K562 and HL-60 cells, clear 96-well 
plates (Corning Costar) were coated overnight at 4 ◦C by passive 
adsorption with FN (10 μg/mL) or Fg (fibrinogen, 10 μg/mL) respec
tively. For adhesion assays mediated by α5β1 integrin, K562 cells were 
treated with 64.85 nM PMA for 48 h to enhance α5β1 integrin expression. 
On the day of the assay, plates were blocked with blocking solution (1 % 
BSA in PBS for K562 cells; 1 % BSA in HBSS for HL-60 cells) at 37 ◦C for 

V. Giraldi et al.                                                                                                                                                                                                                                  European Journal of Medicinal Chemistry 297 (2025) 117965 

15 



1 h; 30 min for HL-60 cells. Cells were then pre-incubated with 
increasing concentrations of the compounds (10− 10 – 10− 4 M) or the 
vehicle (methanol) for 30 min at room temperature. Afterward, cells 
were plated (50,000 cells/well) on coated wells and the plate was 
incubated for 1 h at room temperature. To remove non-adherent cells, 
wells were washed three times with blocking solution. Then, 50 μL/well 
of hexosaminidase substrate [1:1 solution of 4-nitrophenyl-N-acetyl-β-D- 
glucosaminide 7.5 mM in 0.09 M citrate buffer (pH 5.0) and 0.5 % Triton 
X-100 in H2O] was added and incubated for 1 h at room temperature. 
Absorbance was measured at 405 nm after the addition of stopping so
lution (Glycine 50 mM; EDTA 5 mM; pH 10.4) using an EnSpire Multi
mode Plate Reader (PerkinElmer, Waltham, MA, USA).

The number of adherent cells was determined via comparison with a 
standard curve made in the same plate. Experiments were carried out in 
quadruplicate and repeated at least three times. Data analysis and EC50 
(for agonists) or IC50 (for antagonists) were calculated using GraphPad 
Prism 10.4.1 (GraphPad Software, San Diego, CA, USA).

4.2.4. Western blot analysis
Western blot analysis was carried out as previously reported [38,59], 

with the following modifications. Jurkat E6.1 cells were serum-starved 
for 18 h in RPMI medium containing 1 % FBS. Then, 4 × 106 cells/
sample were treated with increasing concentrations (10− 9, 10− 8, 10− 7 

M) of the most potent α4β1 integrin ligands for 1 h at 37 ◦C. Cells treated 
with α4β1 integrin antagonists were subsequently incubated with FN (10 
μg/mL) for 30 min at 37 ◦C. Cells treated with agonists were not incu
bated with fibronectin. Then, cells were lysed for 10 min at 4 ◦C by 
gently shaking using T-PER® (Tissue Protein Extraction Reagent, Life 
Technologies) added with a protease-phosphatase inhibitor cocktail 
(aprotinin 2 μg/mL; benzamidine 0.5 mg/mL; leupeptin 2 μg/mL; phe
nylmethylsulfonyl fluoride 2 mM; phosphatase inhibitor cocktail 1x). 
Cell debris were removed by centrifugation (12,000 g for 15 min at 4 ◦C) 
and protein concentration was determined using BCA Protein Assay kit 
(Thermo Scientific™ Pierce™, Rockford, IL, USA). Protein extracts were 
denatured at 95 ◦C for 3 min, then equal amounts of protein samples 
(30–70 μg) were loaded and separated via 12 % SDS-PAGE. Proteins 
were transferred onto a nitrocellulose membrane (Bio-Rad Laboratories 
S. r.l., Segrate, Milan), which was blocked for 1 h at room temperature 
with 5 % non-fat milk in a Tris-buffered saline (20 mM Tris-HCl; 0.25 
mM 2-amino-2-(hydroxymethyl)-1,3-propanediol; 150 mM NaCl; pH 
7.2) containing 0.1 % Tween-20. Membranes were stained overnight at 
4 ◦C with anti-actin antibody (1:5000, Merck Life Science, Milan, Italy) 
or with anti-phospho-ERK1/2, anti-total-ERK1/2, anti-phospho-Akt, 
anti-total-Akt, or anti-phospho-JNK antibodies (all diluted 1:1000; Cell 
Signaling Technology, Danvers, MA, USA). The following day, mem
branes were washed 3 times with TBS-T 0.1 % and then incubated with 
peroxidase-conjugated secondary antibodies for 1.5 h under shaking at 
room temperature (1:8000; Santa Cruz Biotechnology). Blots were 
developed with chemiluminescent substrate (Clarity Western ECL Sub
strate) according to manufacturer’s protocol (Bio-Rad Laboratories S. r. 
l., Segrate, Milan). Blot images were digitally acquired by ChemiDoc 
(Bio-Rad Laboratories S. r.l., Segrate, Milan, Italy). Protein expression 
was quantitatively analysed using Image Lab Software v.6.1 (Bio-Rad 
Laboratories S. r.l., Segrate, Milan, Italy). Experiments were replicated 
independently at least four times.

To assess the functional selectivity of the most promising new com
pounds towards a specific intracellular signaling pathway, we calculated 
the Pathway Selectivity Index (PSI) as the ratio between the areas under 
the curve (AUC) values of concentration-response curve of two kinases, 
specifically: 

PSI=
AUCi

AUCk 

where i and k are the two kinases.
For α4β1 integrin antagonists, values were interpreted as follows: 

• PSI ≥1.5: Strong preference for “k” antagonism
• 1.33 ≤ PSI <1.5: Moderate preference for “k” antagonism
• 0.67 < PSI <1.33: No significant pathway preference
• 0.5 ≤ PSI ≤0.67: Moderate preference for “i” antagonism
• PSI <0.5: Strong preference for “i” antagonism

For α4β1 integrin agonists, values were interpreted as follows: 

• PSI ≥1.5: Strong preference for “i” agonism
• 1.33 ≤ PSI <1.5: Moderate preference for “i” agonism
• 0.67 < PSI <1.33: No significant pathway preference
• 0.5 ≤ PSI ≤0.67: Moderate preference for “k” agonism
• PSI <0.5: Strong preference for “k” agonism

This classification enables comparison of compounds’ functional 
selectivity based on differential activation or inhibition of three 
signaling pathways.
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