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A B S T R A C T   

Nowadays there is not an effective drug for the treatment of infections caused by human adenovirus (HAdV) 
which supposes a clinical challenge, especially for paediatric and immunosuppressed patients. Here, we describe 
the design, synthesis and biological evaluation as anti-adenovirus agents of a new library (57 compounds) of 
diester, monoester and triazole derivatives based on 3-amino-1,2-propanediol skeleton. 

Seven compounds (17, 20, 26, 34, 44, 60 and 66) were selected based on their high anti-HAdV activity at low 
micromolar concentration (IC50 from 2.47 to 5.75 µM) and low cytotoxicity (CC50 from 28.70 to >200 µM). In 
addition, our mechanistic assays revealed that compounds 20 and 44 might be targeting specifically the HAdV 
DNA replication process, and compound 66 would be targeting HAdV E1A mRNA transcription. For compounds 
17, 20, 34 and 60, the mechanism of action seems to be associated with later steps after HAdV DNA replication.   

1. Introduction 

Adenovirus (HAdV) represents a significant viral pathogen, respon
sible for a wide range of global clinical diseases, mostly in immuno
compromised patients [1,2]. It’s a non-enveloped virus consisting of an 
icosahedral capsid containing a linear double-stranded DNA (dsDNA) 
genome of 34–36 kb. HAdVs belong to the family Adenoviridae that in
cludes more than 100 serotypes classified into 7 species (HAdV A-G) 
[3–5]. HAdV serotypes are traditionally associated with self-limited 

respiratory (1–3, 5 and 7) [6,7], conjunctival (8, 19 and 37) [8] and 
gastrointestinal infections (40 and 41) [9], presenting significant 
morbidity and mortality in immunosuppressed patients and also in 
healthy individuals, being a well-known causative agent of community- 
acquired pneumonia [1,10]. 

At present, there are no drugs specifically approved to treat HAdV 
infections. Usually, drugs approved for the treatment of other viral in
fections are used off-label to manage serious HAdV-induced diseases, 
such as ribavirin (1), ganciclovir (GCV, 2), cidofovir (CDV, 3) and 
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brincidofovir (BCV, 4) (Fig. 1), which display no suitable clinical results 
in terms of efficacy or safety [11–13]. CDV, an acyclic nucleoside 
analogue of cytosine, is a broad spectrum antiviral drug approved for the 
treatment of cytomegalovirus (CMV) retinitis and represents, in most 
cases, the drug of choice in the clinical setting [14,15]. Unfortunately, 
its low oral bioavailability, and its nephrotoxicity and myelosuppression 
effects, are undesirable factors that limit the use of CDV [16]. 

The unsatisfactory results of current antiviral drugs highlight the 
need to find new effective anti-HAdV agents. Drug repurposing of 
existing drugs approved for other pharmacological indication is gaining 
interest as strategy for the development of new antiviral drugs. In this 
sense, the salicylanilide anthelmintic drug niclosamide (5, Fig. 1) was 
reported to display significant anti-HAdV activity, targeting the micro
tubular transport of the viral particles to the nucleus [17]. Among nat
ural products, polyphenolic compounds have been found to have 
antiviral activity, such as epigallocatechin gallate (6, Fig. 1), that 
showed inhibitory activity against several viruses including HAdV [18]. 

During the years, interesting novel structural diversified molecular 
entities have been described as new potential antiviral candidates 
against HAdV infections. Many of these compounds include common 
structural features such as amide, urea, esters functions and aromatic 
portions [19–25]. 

A series of new 5-aminouracil derivatives were synthesized by 
Nikitenko et al. with antiviral activity against HAdV5 (7, Fig. 1) [19]. A 
set of optimized salicylamide derivatives with potent anti-HAdV activity 
at low micromolar concentrations was recently described (8, Fig. 1) 
[20], as well as a library of benzoic acid esters (9, Fig. 1) [21]. 

Our group synthesized a new set of ureas/thioureas derivatives based 
on piperazine scaffold (10, Fig. 1) as well as a collection of serinol 

derived benzoic acid esters (11a and 11b, Fig. 1) searching for new 
effective HAdV agents [22–25]. 

As part of our continuous efforts to develop new anti-HAdV com
pounds with suitable active/safety profiles and different mode of action 
[22–25], in this work we describe the design, synthesis and biological 
evaluation of a library (57 compounds) of 3-amino-1,2-propanediol 
derivatives. 

2. Results and discussion 

2.1. Chemistry 

2.1.1. Design 
We aimed to develop a set of new anti-HAdV molecules keeping in 

mind the structure of CDV (that represents one of the current therapeutic 
options for severe HAdV infections). Our approach involves the analysis 
of cidofovir molecule in which three regions can be identified as points 
for structural modifications to generate chemical diversity (Fig. 2). 

1) The central skeleton that can be considered a three carbon ami
noglycerol chain. Related to this, the first step was the election of the 
central core as starting point for the following chemical construction 
process: 3-amino-1,2-propanediol. 

2) The nitrogen pyrimidine base. In our model we replaced it with an 
acyclic aryl urea moiety introduced at the nitrogen of the skeleton. Aryl 
urea derivatives are an important class of compounds possessing a wide 
spectrum of biological activities, such as anticancer, antibacterial, 
antiviral, etc [22–26]. 

3) The phosphonate group at secondary position. Carbon 1 and 2 
positions become important points of structural variability of our 

Fig. 1. Current drugs employed for severe HAdV infections and novel compounds with in vitro anti-HAdV activity.  
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general backbone. Our main purposes were: mono or diacylation of the 
hydroxyls (benzoic acid esters) and their replacement by 1,2,3-triazole 
rings. 

Based on the relevance of aromatic esters as privileged functional 
groups for anti-HAdV activity [18,21] and on the promising results 
demonstrated by some serinol-derived aromatic diesters in the inhibi
tion of HAdV infection [25], firstly a set of diester derivatives from the 
isomeric 3-amino-1,2-propanediol (core present in antiviral compounds 
[27,28]) was designed, in order to explore the effect of this different 
skeleton on the anti-HAdV activity. Our attention was also focused on di- 
and trimethoxy substitutions, frequently present in anticancer and 
antiviral compounds [29–31]. In this sense and aiming to further explore 
the presence of methoxy groups, a trimethoxycynnamic moiety was also 
inserted, as it is a privileged structural scaffold broadly distributed in 
natural products (esters and amides derivatives) with diverse and 
important biological functions, included antiviral activities [32]. 

To evaluate the impact of the presence of a free hydroxyl group, as in 
CDV, in providing active compounds, a small collection of monoester 
derivatives of 3-amino-1,2-propanediol, in position 1 and 2, was 
designed. 

1,2,3-Triazole ring is a well-known scaffold that has widespread 
presence in different compounds characterized by several biological 
activities; antiviral, antibacterial, antitumoral, among others [33–35]. 

Application of bioisosteric substitution is a common technique in the 
structural modification of active compounds to design analogues. In 
addition, triazoles are among the most common amide bond isosteres 
and have been widely employed in the peptidomimetics field as well as 
in the design of new analogues of bioactive compounds [36–39]. 

Related to our work, we focused on their use as ester isosteres, in an 
attempt to obtain analogues with significant anti-HAdV activity. In case 
they generated promising derivatives, these would be expected to have 
reduced in vivo susceptibility to enzymatic degradation, compared to the 
ester prototypes [36]. 

2.1.2. Synthesis 
Based on this design, the first structural modification was the intro

duction of the aryl urea moiety at the nitrogen with different substituents 
on the phenyl ring. The synthesis of these compounds was carried out by 
reaction between 3-amino-1,2-propanediol (12), commercially available, 
and the appropriate phenyl isocyanate, using three different substituted 

Fig. 2. Analysis of the CDV structure and following design strategy.  

Fig. 3. Three different approaches for the introduction of chemical diversity.  
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phenyl isocyanates (p-CF3, p-Cl and p-CH3 as models of electron with
drawing and electron-releasing groups) (Scheme 1). 

Once these urea derivatives (13–17) were prepared, three different 
approaches were carried out to generate final compounds (Fig. 3). 

Route A, the preparation of a set of diester derivatives. 
Route B, the selective monoacylation of hydroxyl groups of the 

aminoalcohol chain. 
Route C, the introduction of 1,2,3-triazole rings, located at position 1 

or 2 of the aminoalcohol chain. 

2.1.2.1. Route A. Synthesis of N-phenylaminocarbonyl diester derivatives. 
Diester derivatives (18–46) were synthesized by an acylation reaction of 
both hydroxyl groups of the urea intermediate (13–17), with the cor
responding acyl chloride or carboxylic acid to give the final product in a 
good yield (Scheme 1, Table 1). 

At this step, the structural variability on benzoyl moiety was exam
ined as follows: methyl and methoxy groups as representative electron 
releasing substituents, and CN, NO2 and CF3 as electron-withdrawing 
groups (to explore the effects of the electronic properties on the anti
viral activity) as well as di-and trimethoxy substitutions. The trime
thoxycinnamoyl derivatives were prepared. 

2.1.2.2. Route B. Synthesis of N-phenylaminocarbonyl monoester and 
carbamate derivatives. Two different synthetic approaches were 
employed for the generation of monoester derivatives from ureas 13 and 
14, depending on the position of the acyl function on the aminoalcohol 
skeleton. For the preparation of acylated derivatives at primary position 
(47–49, Table 2), a selective O-acylation reaction of primary alcohol 
group of 13 was performed. The reaction was carried out in dichloro
methane (DCM) at –40 ◦C by controlling the stoichiometric conditions, 
using the appropriate acylating agent (p- or o-CH3, p-CF3 benzoyl chlo
rides) and pyridine (Scheme 2). 

The introduction of the ester function on the secondary alcohol 
required an acyl protection and deprotection strategy. In the first step, 
the monoacylation of primary hydroxyl of the urea derivative (13, 14) 
proceeded following the same reaction condition described above, but 
using chloroacetyl ester as protecting group (50 and 51). During the 
subsequent step, the intermediates 52–57 were generated by the intro
duction of the desired benzoyl ester function at secondary position. 
Finally, the deprotection of position 1 through the reaction with thio
urea in CH3CN-H2O at 60 ◦C removed the chloroacetyl ester, giving the 
monoacylated compounds 59–64 in good yields. For the synthesis of 

monocarbamate 65 the same synthetic methodology was employed, 
except for the acylation of secondary alcohol that was performed using 
the appropriate phenyl isocyanate in the presence of 4-dimethylamino
pyridine (DMAP) (Scheme 2, Table 2). 

At this point it should be noticed that during the preparation of the 
trimethoxycinnamic diester analogue 45, the monester derivative at 
primary position was isolated, compound 66 (Table 2). 

2.1.2.3. Route C. Synthetic route for the preparation of N-phenyl
aminocarbonyl 1,2,3-triazole derivatives. We generated a set of 4- 
substituted-1,2,3-triazole derivatives following two different method
ologies for the introduction of the triazole moiety at both positions of the 
carbon chain. 

For the preparation of compounds 71–76 (Table 3), in which the 
heterocyclic nucleus is located at primary position, we employed allyl
amine as the starting material for the synthetic procedure (67). Once the 
p-Cl substituted urea derivative 68 was prepared, an oxidation reaction 
of olefin, using meta-chloroperbenzoyc acid (mCPBA) in dry tetrahy
drofuran (THF), furnished the corresponding oxirane 69. In the next 
step, the acid-catalysed ring opening reaction using NH4Cl and sodium 
azide under ethanol reflux, gave the azide derivative 70. Finally, the 
synthesis of 1,2,3-triazole ring (1,4 adduct) was performed through a 
click chemistry approach, the copper(I)-catalysed alkyne-azide 1,3- 
dipolar cycloaddition (CuAAC) reaction (Scheme 3). The reaction pro
ceeded using the appropriate terminal alkyne, CuSO4 as a source of pre- 
catalyst CuII and sodium ascorbate as reducing agent, in t-BuOH-H2O at 
room temperature. This reaction represents the most used “click” reac
tion to obtain 1,2,3-triazole, due to its reliability, specificity, and 
biocompatibility [40,41]. 

For the introduction of the triazole ring at secondary position more 
steps were required and are depicted in Scheme 4. From the urea de
rivative (p-Cl, 13) the first step involved the selective protection of the 
primary alcohol with the benzoyl group (77). The acylated product 77 
was mesyled in THF (78) for the subsequent nucleophilic substitution 
with sodium azide (in dimethylformamide, DMF, at 85 ◦C), furnishing 
the introduction of the azide group in position 2 (79). The click chem
istry reaction between deprotected azide derivative 80 and the appro
priate substituted alkyne, in the same conditions described above, 
afforded final 1,2,3-triazole derivatives 81–86 (Table 3). 

Compounds 71–76 and 81–86 were fully characterized by NMR 
spectroscopy (see Experimental Section). 

To establish the regiochemistry of the click reaction heteronuclear 

Scheme 1. Synthesis of N-phenylaminocarbonyl diester derivatives 18–46.  
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2D NMR experiments were performed with compounds 74 and 84, both 
4-fluorophenyl triazole derivatives, as models [34]. 

The formation of the triazole ring was confirmed through the pres
ence of a single signal of the triazolyl proton at δ = 8.52 ppm (74) and 
8.65 ppm (84). Firstly, the presence of the 1,4-adduct was confirmed 
using the heteronuclear multiple bond correlation (HMBC) experiment 
to identify long-range coupling (three bonds) between protons and 
carbons. In compound 74, the 1,4-substitution was proven because the 
terminal CH2 signals (δ 4.71 and 4.32 ppm) showed a cross-peak with 
the CH of the triazole ring (δ 122.1 ppm). Compound 84 showed similar 
coupling profile, between CH signal (4.69–4.62 ppm) of the central 
chain with the CH-triazole (120.8 ppm) (Fig. 4 A). To confirm the 1,4- 
adduct formation, NOESY experiments were performed. The NOESY 
spectrum showed correlation between the proton of the triazole ring and 
both CH2 groups, those next to the triazole ring (blue arrows) and those 
next to the urea function (little correlation, green arrows); and between 
CH protons (red arrow) of the aliphatic chain for compound 74. For 
compound 84, correlation between the triazole proton and the CH2 
terminal (blue arrows), CH (red arrow) and one of the CH2 linked to the 
urea group (green arrow) was observed (Fig. 4 B) (see Supplementary 
Material). 

For the synthesis of 1,2,3-triazole derivatives (1,4 adduct), six 
different terminal alkynes were employed but only four of them were 
commercially available (propargyl alcohol, 4-ethynylanisole, 1-ethynyl- 
4-fluorobenzene and 2-ethynylbenzaldehyde). With the aim to intro
duce an aromatic acid function, the ring-opening of phthalic anhydride 
were performed by an aminolysis reaction with propargyl amine, in THF 

at room temperature (87). For the preparation of alkynyl phosphonate 
88 the propargyl alcohol reacted with the diethyl (tosyloxy)methyl
phosphonate in basic condition of NaH at 25 ◦C (Scheme 5). Both 
compounds were characterized by NMR spectroscopy (see Experimental 
Section). 

2.2. Biological evaluation 

2.2.1. In vitro evaluation of HAdV infection inhibition and cellular viability 
As the first step in the biological evaluation, the anti-HAdV activity 

of the new derivatives from the three routes was evaluated in plaque 
assay at 10 μM, quantifying HAdV plaque formation in the presence of 
the candidate molecules. Their effect on cellular viability was also car
ried out and the 50% cytotoxic concentration (CC50) determined for 
those compounds that reached a percentage of inhibition in the plaque 
assay > 60% (Tables 1-3). Since CDV currently represents the drug of 
choice to treat HAdV infections, it was also evaluated following our own 
methodologies and compared to our results. 

The analysis of the evaluation of the diester derivatives (18–46, 
Table 1) showed, from a structure–activity relationship (SAR) point of 
view, that the impact of electron-withdrawing substituents of the aro
matic acyl moiety (CN, NO2 and CF3) was generally detrimental for the 
antiviral activity. For p-Cl substituted phenyl urea derivatives (22–24) 
the plaque formation inhibition range was from 0% to 25.83%, slightly 
higher than p-CF3 phenyl ureas (38–40) and p-CH3 analogues (30–32), 
with 2.12% to 44.65% range values. Compounds 31 (p-NO2 with p-CH3 
substituted phenyl urea) and 38 (p-CN with p-CF3 substituted phenyl 

Table 1 
Benzoic acid and cynnamic acid diesters 18–46 from route A.  

Compound 

Percentage of plaque formation inhibition (%)a 

CC50 (μM)b 

R1 R2 R3 R4 R5 R6 

18 (A) H Cl H H H H 0.00 ± 0.00 – 
19 (A) H Cl H H CH3 H 59.84 ± 29.71 – 
20 (A) H Cl CH3 H H H 75.08 ± 15.71 28.70 ± 3.10 
21 (A) H Cl H H OCH3 H 0.00 ± 0.00 – 
22 (A) H Cl H H CN H 0.00 ± 0.00 – 
23 (A) H Cl H H NO2 H 0.00 ± 0.00 – 
24 (A) H Cl H H CF3 H 26.47 ± 8.32 – 
25 (A) H Cl OCH3 H OCH3 H 49.70 ± 6.77 – 
26 (A) H Cl H OCH3 OCH3 OCH3 60.22 ± 8.43 97.25 ± 16.56 
27 (A) H CH3 H H CH3 H 31.00 ± 10.43 – 
28 (A) H CH3 CH3 H H H 40.25 ± 5.27 51.33 ± 19.04 
29 (A) H CH3 H H OCH3 H 53.07 ± 16.18 – 
30 (A) H CH3 H H CN H 4.43 ± 6.26 – 
31 (A) H CH3 H H NO2 H 40.25 ± 5.27 – 
32 (A) H CH3 H H CF3 H 21.79 ± 30.81 – 
33 (A) H CH3 OCH3 H OCH3 H 47.01 ± 8.79 – 
34 (A) H CH3 H OCH3 OCH3 OCH3 81.29 ± 1.10 175.16 ± 2.97 
35 (A) H CF3 H H CH3 H 0.00 ± 0.00 – 
36 (A) H CF3 CH3 H H H 7.30 ± 11.04 – 
37 (A) H CF3 H H OCH3 H 18.51 ± 1.92 – 
38 (A) H CF3 H H CN H 40.41 ± 13.31 – 
39 (A) H CF3 H H NO2 H 2.12 ± 3.00 – 
40 (A) H CF3 H H CF3 H 26.83 ± 24.33 – 
41 (A) H CF3 OCH3 H OCH3 H 46.69 ± 3.36 – 
42 (A) H CF3 H OCH3 OCH3 OCH3 57.85 ± 22.21 – 
43 (A) CH3 H H OCH3 OCH3 OCH3 20.29 ± 2.82 – 
44 (A) H OCH3 H OCH3 OCH3 OCH3 99.86 ± 0.13 136.62 ± 6.54 
45 (B) H Cl – – – – 0.00 ± 0.00  
46 (B) H CH3 – – – – 0.00 ± 0.00  
Cidofovirc – – – – – – 3.51 ± 4.97 179.09 ± 35.10  

a Percentage of control HAdV5-GFP inhibition in a plaque assay at 10 μM using the 293 β5 cell line. See Experimental Section 
b Cytotoxic concentration 50%. The results represent means ± SD of triplicate samples from three independent experiments. 
c Data of cidofovir, as positive clinical drug candidate, have been listed. 
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urea) showed a moderate activity (44.65% and 40.41%, respectively). 
For electron donor groups at para position of the acyl function (methyl 
and methoxy) the levels of inhibition depended on the urea. p-CF3 
substituted ureas (35–37) showed almost no activity (0.00–18.51%), 
similarly to p-Cl phenyl urea derivatives (19 and 21, no inhibition). 
Higher levels of inhibition (31.00–60.70%) were found with p-CH3 
phenyl urea derivatives (27–29). Specifically, compounds with a methyl 
group in ortho position on the aromatic ester with p-Cl and p-CH3 phenyl 

urea (20 and 28), demonstrated significant antiviral activity (75.08% 
and 60.70%, respectively). The dimethoxybenzoyl derivatives (25, 33 
and 41) gave similar percentage of plaque formation inhibition 
(29.70%, 47.01%, 46.69%, respectively), regardless of the type of sub
stituent on the phenylaminocarbonyl function, indicating the relevance 
of this group for the activity. The introduction of an additional methoxy 
group (26, 34 and 42, trimetoxybenzoyl derivatives) provided an 
improved antiviral activity, inhibiting HAdV plaque formation from 

Scheme 2. Synthesis of N-phenylaminocarbonyl monoester and monocarbamate derivatives 59–65.  

Table 2 
Benzoic monoacylated derivatives 47–49 and 59–66 from route B.  

Compound 

Percentage of plaque formation inhibition (%)a 

CC50(μM)b 

R2 R3 R4 R5 R6   

47 (A) Cl H H CH3 H 15.20 ± 1.39 – 
48 (A) Cl CH3 H H H 25.99 ± 3.65 – 
49 (A) Cl H H CF3 H 5.70 ± 8.06 – 
59 (B) Cl H H CH3 H 20.92 ± 10.17 – 
60 (B) Cl H H CF3 H 100.00 ± 0.00 > 200 
61 (B) Cl H H NO2 H 0.00 ± 0.00 – 
62 (B) Cl H OCH3 OCH3 OCH3 48.03 ± 6.79 – 
63 (B) CH3 H OCH3 OCH3 OCH3 0.00 ± 0.00 – 
64 (B) CH3 H H CF3 H 40.21 ± 7.11 – 
65 (C) Cl H H CF3 H 19.57 ± 2.84 – 
66 (D) Cl – – – – 75.04 ± 9.54 174.32 ± 4.52 
Cidofovirc – – – – – 3.51 ± 4.97 179.09 ± 35.10  

a Percentage of control HAdV5-GFP inhibition in a plaque assay at 10 μM using the 293 β5 cell line. See Experimental Section. 
b Cytotoxic concentration 50%. The results represent means ± SD of triplicate samples from three independent experiments. 
c Data of cidofovir, as positive clinical drug candidate, have been listed. 
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57.85% to 81.29%, higher than the corresponding dimethoxy ana
logues. Compound 34 (p-methyl phenyl urea) resulted the most active 
diester derivative, with 81.29% inhibition of HAdV plaque formation. As 
p-Cl and p-CH3 urea derivatives gave, in general terms, higher activity 
than p-CF3, they were employed for the preparation of the trimethox
ycinnamoyl derivatives 45 and 46, which did not show activity (0% 
plaque formation inhibition). This modification did not lead to poten
tially interesting analogues. Finally, the unsubstituted benzoyl diester 
derivative (18) was also not active. 

Considering the in vitro inhibition demonstrated by compound 34, 
the preparation of analogues with different substituted phenyl urea was 
the natural evolution. Two modifications were designed: the position 
isomer analogue (o-methyl substituted urea, 43) and another electron 
donor group at para position (p-OCH3 phenyl urea, 44). They gave 
20.29% and 99.86% of inhibition, respectively. These results suggest the 
relevance of para substitution for the biological activity. 

At this point, it is important to note that the urea derivatives 13–16 
used as precursors were also evaluated, yielding percentages inhibition 
values between 0.00% and 59%. However, compound 17 (o-CH3 phenyl 
urea) gave 82.52% of inhibition, becoming an interesting potential anti- 
HAdV agent. For this compound the CC50 was 139.95 μM. 

As can be seen in Table 1, for compounds 20, 26, 34 and 44, the CC50 
values were determined and they were selected for further biological 

evaluations, together with compound 17, to gain some mechanistic 
understanding for their mode of action. 

The evaluation of the antiviral activity of the monoester derivatives 
at the primary alcohol showed that they lacked significant anti-HAdV 
activity, giving percentages of plaque formation inhibition from 0% to 
25.99%, (compounds 47–49). It is worth to mention the drastic reduc
tion on antiviral activity for the o-methyl benzoyl derivative 48 
(25.99%) compared to its diester analogue 20 (75.08%) (Table 2) 

The urea 13 gave the monoesters at secondary position 59 and 60 
with p-CH3 and p-CF3 in order to compare their biological results with 
the analogues 47 and 49, displaying a slight higher inhibition for the p- 
CH3 benzoyl derivative (20.92% inhibition for compound 59 versus 
15.20% inhibition for compound 47). However, for p-CF3 analogue 60, a 
complete plaque formation inhibition (100%) was observed, unlike the 
regioisomer 49 (5.70%). As CF3 is an electron withdrawing group, p-NO2 
benzoyl analogue (61) was prepared and evaluated, in order to explore 
the role of this electronic property (no inhibition observed). In the same 
way, the trimethoxy derivative was also synthetized (62), showing a 
reduced antiviral activity compared to the diester analogue (26) 
(48.03% versus 60.22%). Same activity behaviour was observed for 
monoester of p-methyl urea derivative 63 (no inhibition) in contrast to 
its diester analogue (34) with 81.29% of inhibition (Table 2). 

Other attempt to obtain active compounds started from compound 

Scheme 3. Synthetic route for the preparation of N-phenylaminocarbonyl-1,2,3-triazole derivatives at primary position (71–76).  

Scheme 4. Synthetic route for the preparation of N-phenylaminocarbonyl 1,2,3-triazole derivatives at secondary position (81–86).  
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60, which demonstrated the highest level of inhibition. Two structural 
modifications were introduced on it. Related to the urea function, the 
preparation of the analogue with p-CH3 phenyl urea (64) gave less ac
tivity than 60 (40.21%). The second one was the replacement of the 
ester function with a carbamate one (65), which also resulted in a 
decreased antiviral activity (19.57%) (Table 2). 

The evaluation of the trimethoxycinnamic monoester 66 gave 
75.04% of plaque inhibition and CC50 of 174.32 μM. From this group, 
compounds 60 and 66 (as prototypes of monoester at secondary and 
primary position respectively) were selected for further biological 
studies. 

The biological evaluation of the synthesized 1,2,3-triazole de
rivatives at both positions, 71–76 and 81–86, did not offer a suitable 
inhibitory activity (Table 3). Among triazole derivatives at the primary 
position, compound 73 (phosphonate group) showed moderate activity, 
with 33.33% of plaque formation inhibition (the highest one), while its 
analogue at secondary position was not active. For triazole derivatives 
with a phenyl ring, those with the heterocycle at secondary position 
displayed higher values of inhibition than those with the triazole at 
primary one, p-fluorophenyl ring derivatives (37.45% compound 84 
versus 21.54% compound 74), p-methoxyphenyl ring triazole derivatives 
(21.57% compound 85 versus 0% compound 75). Their CC50 was also 
determined and high values were observed. They become interesting 
compounds for further optimization process, in the search for new 
scaffolds, by acting on the urea portion of the main chain, and also by 
the generation of different substituted phenyl ring at the triazole moiety. 

From this screening we selected 7 compounds which were able to 
inhibit HAdV infection in more than 60% compared to a control infec
tion. First, we assayed these compounds with the aim to determine their 

specificity through the selectivity index (SI), measured as the ratio be
tween their half maximal inhibitory concentration (IC50) and their 50% 
cytotoxic concentration (CC50). 

All compounds showed a dose-dependent inhibition of HAdV5 
infection (Figure S62, Supplementary Material), showing IC50 values 
significantly lower than CDV [42]. These IC50 values ranged from 2.47 
μM to 5.75 μM. Their CC50 were at least 10 times over their IC50 values 
with SI between 11.63 and 66.23 (Table 4). We next evaluated the effect 
of these compounds on HAdV replication measuring their effectiveness 
in blocking the production of new virus particles using a virus burst size 
assay. Treatment with the compounds was associated with overall re
ductions in virus yield in the range 1.52–48.18-fold, but only com
pounds 34 (194.61) and 44 (285.65) showed a significantly reduction 
(Table 4). 

In our previous work we identified a set of serinol derivatives with 
significant anti-HAdV activity [25]. Compound 11b (Fig. 1) was found 
to show high antiviral potency (IC50 3.67 μm) and safety (SI 17.37). In 
the present work, aminoglycerol derivatives 26, 34 and 44, also being 
trimethoxy benzoyl diesters as 11b, not only provided the same antiviral 
potency, but also improved the safety (in consequence the SI) and 
increased the reduction in virus yield. The combination of electron- 
releasing groups (p-OCH3 and p-CH3) with the presence of trimethoxy 
benzoyl groups in compounds 34 and 44 respectively seems to be 
associated with dramatic reductions in virus yield compare with the rest 
of the selected aminoglycerol derivatives or those previously described 
serinol derivatives. 

2.2.2. Antiviral mechanism of action studies 

2.2.2.1. Time of addition assay. HAdV replicative cycle is a well-known 
coordinated process, beginning with the binding of HAdV fiber to its 
cellular receptors in the plasma membrane of the cell-host and subse
quent entry into the cell by clathrin-mediated endocytosis or macro
pynocitosis taking 5 min after binding [43–45]. Using the endocytic 
network, HAdV virions force the lysis of the endosomal membrane after 
15 min and are transported along the microtubules network to the nu
clear pore complex (NPC) where they attach after 35–45 min and the 
viral genome is released into the nucleus [45,46]. 

In order to determine at what point, during the HAdV replicative 
cycle, these compounds could be exerting their antiviral activity, we 
next evaluated their antiviral activity in a time of addition assay (Fig. 5). 

All compounds showed a time-decrease inhibitory effect, following a 
similar pattern with minimal differences. Compounds 20 and 60 showed 
an inhibition > 60% when they were either preincubated with the virus 
prior to their addition to cells or added at the beginning of the incuba
tion (60 min and 0 min), but they lacked that activity at further time 
points. Compounds 17, 26, 34 and 66 did not show a significant 
decrease in their inhibition effect during the whole time. Compound 44 
did not show an inhibition higher than 50% at any time point, however, 
a decrease in that effect was observed from the 5 min time-point to the 
120 min time-point. 

Based on these results, it was difficult to establish the specific step in 
the HAdV replicative cycle at which these molecules could be acting. 
Thus, our next step was to evaluate the effect of these compounds on the 
viral DNA access to the nucleus cell (Fig. 6). 

Once HAdV particles leave the endosome after the lysis mediated by 
HAdV protein VI, the partially uncoated capsids are transported to the 
nuclear membrane via the microtubule network. Then, the HAdV 
genome is imported into the nucleus via the nuclear pore complex [47]. 
Our hypothesis was that if these derivatives inhibited any of the steps of 
the HAdV entry, this would be reflected in the quantification of HAdV 
genomes at the host nucleus after a synchronized infection. 

As shown in Fig. 6, we did not find statistical differences in the 
percentage of nuclear-associated HAdV genomes between the control 
sample with DMSO and evaluated compounds. Together, these results 

Table 3 
1,2,3-Triazole derivatives 71–76 and 81–86 from route 

C.

Comp. R Percentage of plaque 
formation inhibition 
(%)a 

CC50 

(μM)b  

71 (A) 10.77 ± 15.23 –  
81 (B) 5.80 ± 15.48 –  
72 (A) 4.78 ± 74.93 –  
82 (B) 0.00 ± 0.00 –  

73 (A) 33.33 ± 6.10 91.24 ±
4.89  

83 (B) 0.00 ± 0.00 –  

74 (A) 21.54 ± 26.11 174.34 ±
15.57  

84 (B) 37.45 ± 0.56 30.93 ±
2.08  

75 (A) 0.00 ± 0.00 –  
85 (B) 21.57 ± 4.21 175.46 ±

2.97  

76 (A) 0.00 ± 0.00 –  
86 (B) 12.63 ± 7.36 –  

Cidofovirc  3.51 ± 4.97 179.09 ±
35.10  

a Percentage of control HAdV5-GFP inhibition in a plaque assay at 10 μM 
using the 293β5 cell line. See Experimental Section. 

b Cytotoxic concentration 50%. The results represent means ± SD of triplicate 
samples from three independent experiments. 

c Data of cidofovir, as positive clinical drug candidate, have been listed. 
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suggested that any of these compounds seemed to be blocking any of the 
steps covering from the binding of the viral particles to the host cell until 
the arrival of HAdV genomes into the nucleus. This result agrees on the 
result obtained for the serinol derivative, where none of them showed a 
significant inhibition of the HAdV genomes accessibility into the nucleus 
[25]. 

2.2.2.2. Impact on HAdV DNA replication. We next considered if they 
might be acting at the HAdV DNA replication process once the HAdV 
genomes get into the cell nucleus. In this sense we quantified the HAdV 
DNA replication in the presence of the compounds by quantitative real- 
time PCR after extracting the DNA from cells after 16 h of incubation as a 
measure of the DNA replication efficiency. 

Since compounds 17, 20, 34 and 60 showed no significant inhibition 

of the HAdV DNA replication comparing to the DMSO control (Fig. 7), 
their mechanism of action must be related with viral processes beyond 
the HAdV DNA replication as for example, viral proteins maturation or 
viral capsid assembly. On the other hand, the presence of compounds 
26, 44 and 66 resulted in a significant reduction in the number of HAdV 

Fig. 4. A) 1H, 13C-HMBC correlations for compounds 74 and 84, B) 1H, 1H-NOESY correlations for compounds 74 and 84.  

Scheme 5. Synthesis of terminal alkynes 87 and 88.  

Table 4 
IC50, CC50, SI, and virus yield reduction values for selected compounds and for 
cidofovir as approved clinical druga.  

Comp. IC50 

(μM)b 
CC50 (μM)c SId Yield reduction (fold- 

reduction)e 

17 5.75 ±
1.01 

139.95 ±
31.13 

24.34 48.18 ± 25.03 

20 2.47 ±
0.07 

28.70 ± 3.10 11.63 11.54 ± 4.23 

26 4.19 ±
2.59 

97.25 ±
16.56 

23.20 19.46 ± 3.69 

34 2.79 ±
0.29 

175.16 ±
2.97 

62.68 194.61 ± 36.89 

44 4.67 ±
0.05 

136.62 ±
6.54 

29.25 285.65 ± 54.15 

60 3.02 ±
0.08 

>200 66.23 17.80 ± 5.35 

66 3.12 ±
0.44 

174.32 ±
4.52 

55.87 1.52 ± 0.79 

Cidofovir 24.06 ±
5.9 

179.09 ±
35.10 

7.5 82.5 ± 21.4  

a All results are shown as means ± SD of duplicate samples from two inde
pendent experiments. 

b Inhibitory concentration 50 obtained in a plaque assay. 
c Cytotoxic concentration 50. 
d Selectivity index value was determined as the ratio of IC50 and CC50. 
e Fold-reduction in virus yield as the ratio of particles produced in the pres

ence of DMSO divided by the yield in the presence 10-fold IC50 concentration 
obtained in the plaque assay of each compound. 
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copies comparing with DMSO. Thus, since they did not block genome 
accessibility to the nucleus we value two possible scenarios for this re
sults; i) these three compounds could be targeting any of the viral pro
teins involved in the HAdV DNA replication, such as the terminal protein 
(pTP), the HAdV DNA polymerase or the DNA-binding protein (DBP); ii) 
they could be targeting the transcription of HAdV immediately early 
proteins, a process occurring once the HAdV genomes access the cell 
nucleus and essential for the subsequent initiation of the HAdV DNA 
replication. 

To assay the inhibition of HAdV mRNA transcription by these three 

derivatives, we infected A549 cells in the presence of these compounds 
at the specified concentrations for 6 h. Then, we quantified the mRNA 
copy number of the HAdV immediately early genes E1A and E2B, using 
quantitative reverse transcription (RT-PCR). As shown in Fig. 8, only 
compound 66 reduced significantly the copy number of the E1A mRNA 
at 6 h post-infection compared to the DMSO control. The ability of 
compound 66 to reduce the expression of HAdV E1A gene transcription 
would explain the inhibitory effect observed on HAdV DNA replication. 
However, in case of compounds 26 and 44, the reduction of HAdV DNA 
quantified by qPCR seemed to be related to a direct inhibition of the 
HAdV DNA replication process rather than to the inhibition of either 
E1A or E2B genes transcription. 

It is worth it to mention that in our previous work any of the 
monoester derivatives were found to have anti-HAdV activity while 
compound 66, not only showed significant antiviral activity at low 
micromolar concentration but also, this activity seems to be associated 
with the inhibition of the HAdV E1A gene expression [25]. 

2.2.3. Synergistic activity of the selected derivatives 
As three different potential mechanisms of action were identified, we 

decided to evaluate the antiviral activity of the combination of three 
representative compounds for each mechanism with the hypothesis that 
their combination would result in an improved antiviral activity due to 
their synergistic effect activity. The selected compounds for this assay 
were compound 44, targeting specifically the HAdV DNA replication 
process, compound 66 that targeted HAdV E1A mRNA transcription, 
and compound 20 whose mechanism of action was associated with later 
steps after HAdV DNA replication. We employed a combination study 
based on the Chou − Talalay method for drug combination using Cal
cuSyn software [48] and plaque assay starting from 2xIC50 and in serial 
2-fold dilutions. The constant ratio for each combination was selected 
based on the IC50 values for each drug. The data for all the combinations 
showed good conformity with the mass action law principle (r =

Fig. 5. Time-dependence curve assay. Effect of selected compounds on HAdV infection at different time points at 10-fold the IC50 concentration obtained in the 
plaque assay of each compound. The line chart represents mean ± SD of duplicate samples. 

Fig. 6. Percentage of the nuclear-associated HAdV genome of selected com
pounds. Compounds were added at 10-fold the IC50 concentration obtained in 
the plaque assay of each compound. Each bar represents mean ± SD of dupli
cate samples. 
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0.97–0.99). Only the combination between compounds 66 and 44 (ratio 
1:1.498) resulted in a nearly additive effect at all effective dose values. 
The combinations that included compounds 20 and 44 (ratio 1:1.891) 
were classified as slightly antagonistic at their ED50, antagonistic at the 
ED75 and strongly antagonistic at their ED90. As for the combinations 
between compounds 20 and 66 (ratio 1:1.263) they resulted in all cases 
as slightly antagonistic. In case of combination between 20 and 66, all 
ED values maintained a slight antagonistic effect (Table 5). 

2.3. In silico prediction of drug-likeness and pharmacokinetics properties 

Since many potential therapeutic candidates fail to reach the clinic 
because of their unfavorable ADME behaviours, the estimation of 
physicochemical and pharmacokinetics properties in early stages of the 
drug discovery process is an important tool for decreasing the fraction of 
these failures in later phases of development. 

Firstly, the physico-chemical parameters of the selected compounds 
were predicted by the use of Molsoft software (https://www.molsoft. 
com) [49,50] to assess their compliance with the Lipinski’s rule of 
five, the theoretical agreement for a molecule to become an oral drug 
with respect to bioavailability. 

The obtained results illustrated in Table 6, showed that compounds 
17, 20, 60 and 66 are in agreement with Lipinski’s rule (with only one 
violation Log P > 5 for compound 20). However, compounds 26, 34 and 
44 failed with two violations, LogP and Molecular Weight values, 
exceeding the accepted ranges. In addition, topological polar surface 
area PSA (a criteria that allows the prediction of transport properties of 
polar atoms through membranes) was also predicted (all the tested 
compounds had TPSA values < 140 Å2), and used to calculate the 
percentage of oral absorption (%ABS) by the following equation: (%ABS 

= 109-(0.345 TPSA) [51]. Not only those compounds that confirmed 
Lipinski’s rule exhibited high oral absorption (%ABS of 85.82, 83.15, 
84.44 and 76.57, respectively), but also compounds 26, 34 and 44 
(those failed Lipinski’s rule) showed moderate-high %ABS (in an 
accepted value range 65–67%). Drug likeness is a complex balance be
tween various molecular properties like molecule size, hydrogen 
bonding characters, electronic distribution and hydrophobicity [52]. 
The more positive drug likeness score values, the more likely the com
pound was expected to be as a promising therapeutic pharmacophore 
[53]. A positive model score was attributed for all compounds excepting 
17, which stranded for good drug likeness behaviour, especially com
pounds 20, 26, 44 and 66 (score ≥ 1) (Supplementary Material, S63). 

Secondly, predicted absorption, distribution, metabolism and 
excretion (ADME) data were calculated for the most active compounds 
using preADMET software (https://preadmet.bmdrc.kr) and results are 
presented in Table 7. 

Absorption refers to the process by which the drug can go to the 
systemic circulation through the organs of the body. Several routes for 
absorption such as oral absorption (human intestinal absorption, HIA), 
skin permeability (SP, logKp), and permeability through certain cells 
such as Caco2 (a human colon epithelial cancer cell line that differen
tiates to form tight junctions between cells to serve as a model of par
acellular movement of compounds across the monolayer) and MDCK 
cells (MDCK permeability coefficient provided helpful in vitro tools to 
assess a drug’s permeability and transporter interactions during drug 
discovery and development) were measured [53]. 

By inspecting results recorded in Table 7, it was found that all 
compounds showed good intestinal absorption, six out of seven > 90% 
(normal range for well absorbed compounds 70–100% abs). Moderate 
permeability through in vitro Caco2 cells ranged from 15.40 to 40.88 

Fig. 7. Effect of selected compounds on HAdV DNA replication. Compounds were added at 10-fold the IC50 concentration obtained in the plaque assay of each 
compound. Results are expressed as the relative copy number of HAdV DNA normalized to GAPDH copy number. Each bar represents mean ± SD of duplicate 
samples. Statistical significance is pointed as **p ≤ 0.01, ***p ≤ 0.001, and ****p ≤ 0.0001. 
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Fig. 8. Effect of the selected compounds on HAdV E1A (a) and E2B (b) gene expression. Compounds were tested at 10-fold the IC50 concentration obtained in the 
plaque assay of each compound. Results are expressed as the relative copy number of HAdV E1A or E2B mRNA normalized to GAPDH copy number. Each bar 
represents mean ± SD of duplicate samples. Statistical significance is pointed as *p ≤ 0.05. 

Table 5 
IC50 values in a plaque assay for each compound and its combination with the combination index value calculated with CalcuSyn software.      

Combinatory index (CI) values in Plaque assay 

Combination (Ratio) Compound IC50 

single 
IC50 combination ED50 ED75 ED90 r 

20 & 44 
(1:1.891) 

20 2.47 ± 0.07 2.1 ± 0.04 1.19 1.46 1.81 0.99 
44 4.67 ± 0.05 3.96 ± 0.07 

20 & 66 
(1:1.263) 

20 2.47 ± 0.07 2.08 ± 0.37 1.15 1.12 1.11 0.98 
66 3.12 ± 0.44 2.26 ± 0.43 

66 & 44 
(1:1.498) 

66 3.12 ± 0.44 1.65 ± 0.09 0.97 1.03 1.10 0.97 
44 2.47 ± 0.07 2.46 ± 0.14  

Table 6 
Calculated parameters of Lipinski’s rule for selected compounds.  

Compound   Parameter 

MW LogP HBD HBA nVs MolPSA %ABS Drug-likeness score 

AR ≤500 ≤5 ≤5 ≤100 ≤1 ≤140 – – 
17 224.12 0.32 4 3 0 67.17 85.82 − 0.08 
20 480.15 6.11 2 5 1 74.92 83.15 1.27 
26 632.18 4.74 2 11 2 120.88 67.29 1.20 
34 612.23 4.59 2 11 2 120.88 67.29 0.88 
44 628.23 4.10 2 12 2 128.42 64.69 1.00 
60 416.08 4.25 3 4 0 71.18 84.44 0.26 
66 464.14 3.78 3 7 0 94.00 76.57 0.93 

AR: accepted range; MW, Molecular weight; LogP, lipophilicity (O/W); HBD, Number of hydrogen bond donors; HBA, Number of hydrogen bond acceptors; nVs, 
Number of Lipinski rule violations; MolPSA, molecular polar surface area (PSA) (Å2); %ABS, percentage of oral absorption. 

S. Mazzotta et al.                                                                                                                                                                                                                               



Bioorganic Chemistry 114 (2021) 105095

13

nm/sc was observed (normal range 4–70 nm/s); the skin permeability 
was found to be slightly less than acceptable range (-2.5 logKp), while 
low values were detected for in vitro MDCK cells. 

Two parameters, blood brain barrier (BBB) and plasma binding 
protein (PBP), were measured to predict the distribution of molecules 
from one organ to another. BBB permits the diffusion to the brain for 
small hydrophobic molecules; this parameter evaluates whether com
pounds pass across the blood–brain barrier. The measurement of the 
percentage of a molecule bound to plasma protein (PPB%) is also helpful 
in estimation of the novel target compounds distribution (only the un
bound fraction is available to pass across membranes and for the 
interaction with the target). Results showed that most of the tested 
compounds displayed high PPB values (84.31–89.75), quite close to that 
what it is consider strong bound to plasma proteins (>90%). Only 
compound 17 showed weak bound (PPB 20.26%). BBB was low (<0.1) 
for compounds 26, 34 and 44, and medium (normal medium range ≤
0.1–2) for 17, 20, 60 and 66. Two compounds, 20 and 60, are in the 
acceptable range to be central nervous systems active compounds (>0.4) 
with BBB values 1.03 and 1.16 respectively. 

Cytochrome P450 isoforms predicts the ability of compounds to be 
inhibitors for drug metabolizing enzymes such as CYP2C19, CYP2D6 
and CYP3A4. In this study, the tested compounds did not show inhibi
tion behaviour for CYP2C19 and CYP2D6. An inhibitory effect on Pgp 
was detected in four compounds (20, 26, 34 and 44), while inhibitory 
behaviour on CYP3A4 was detected for compounds 26, 34 and 44. 

3. Conclusion 

To sum up, a set of new compounds derived from 3-amino-1,2-pro
panediol, in which the nitrogen was functionalized as phenyl urea and 
hydroxyl groups as substituted benzoyl esters or triazoles, has been 
designed, synthesized, and the antiviral activity against HAdV was 
evaluated. Seven selected compounds showed significant anti-HAdV 
activity within low micromolar ranges, with low cytotoxicity. Our 
mechanistic studies suggest that compounds 26 and 44 target the 
replication of HAdV DNA by interfering with some of the viral proteins 
involved in this process. Compound 66 would block the transcription of 
the HAdV E1A gene which is essential to subsequently carry out HAdV 
DNA replication, and compounds 17, 20, 34 and 60 would interfere with 
later steps of HAdV life cycle after DNA replication, although further 
evaluations will be needed for deeper characterization of their precise 
mechanism of action. Physicochemical properties, drug likeness scores 
and pharmacokinetic profiles were predicted for the seven selected 
compounds. While compounds 17, 20, 60 and 66 resulted to be in 
agreement with Lipinski’s rule of five (showing high oral absorption), 
compounds 26, 34 and 44 failed with two violations (moderate-high 
oral absorption). In general, all of the selected compounds exhibited 

acceptable physicochemical properties, favourable oral bioavailability 
and good drug-likeness scores (most of them). 

Although further rounds of optimization as well as a better under
standing of their mode of action will be required, these molecules, 
inspired by the aminoglycerol backbone, represent a promising starting 
point for the development of a new class of antiviral compounds. 

4. Experimental Section 

4.1. Chemistry 

4.1.1. General chemistry methods 
All reagents, solvents, and starting materials were obtained from 

commercial suppliers and were used without further purification. The 
crude reaction mixtures were concentrated under reduced pressure by 
removing the organic solvents in a rotary evaporator. Reactions were 
monitored by thin layer chromatography (TLC) using Kieselgel 60 F254 
(E. Merck) plates and UV detector for visualization. Flash column 
chromatography was performed on Silica Gel 60 (E. Merck). All reported 
yields are of purified products. Melting points were obtained on a Stuart 
Melting Point Apparatus SMP 10 and are uncorrected. Mass spectra were 
recorded on a Micromass AUTOSPECQ mass spectrometer: CI at 150 eV, 
HR mass measurements with resolutions of 10,000. FAB mass spectra 
were recorded using a thioglycerol matrix. NMR spectra were recorded 
at 25 ◦C on a Bruker AV500 spectrometer at 500 MHz for 1H and 125 
MHz for 13C. COSY, DEPT, HSQC, and HMBC experiments were per
formed to assign the signals in the NMR spectra. The chemical shifts (δ) 
reported are given in parts per million (ppm) on the δ scale relative to 
TMS, and the coupling constants (J) are in hertz (Hz). 1H chemical shift 
values (δ) are referenced to the residual nondeuterated components of 
the NMR solvents (δ = 2.54 ppm for DMSO, δ = 7.26 ppm for CDCl3). 
The 13C chemical shifts (δ) are referenced to deuterated solvent (central 
peak, δ = 39.5 ppm for DMSO and 49.15 ppm for MeOD) as the internal 
standard. The spin multiplicities are reported as s (singlet), d (doublet), t 
(triplet), q (quadruplet), m (multiplet), or br s (broad singlet). The purity 
of final compounds was evaluated by elemental analysis (C, H, and N). 
The purity of all the final compounds was confirmed to be ≥ 95% by 
combustion. 

4.1.2. General procedure for the synthesis of urea derivatives (13–17, and 
68) 

To a solution of the appropriate isocyanate (3.6 mmol) in dry DCM 
(20 mL), a solution of the aminoalcohol 12 (3.0 mmol) in methanol (1 
mL) was added dropwise. A white precipitate appeared that was filtered 
at vacuum and washed with fresh DCM to give urea derivative. 

4.1.2.1 N-(4-Chlorophenyl)-N’-(2,3-dihydroxypropyl)urea (13). The 
product was obtained as a white solid (690 mg, 94% yield), mp 

Table 7 
Predicted ADMET properties of selected compounds.   

Compound 

Parameter 17 20 26 34 44 60 66 

Absorption        
HIA (%) 72.97 95.62 96.73 95.86 94.63 91.65 92.40 
Caco2 (nm/sc) 15.40 26.19 33.73 39.62 40.88 18.80 22.07 
SP LogP (cm/h) − 4.16 − 2.16 − 2.90 − 2.89 − 3.05 − 2.74 − 3.17 
MDCK (nm/sc) 12.84 0.04 0.04 0.04 0.04 0.12 0.06 
Distribution        
BBB 0.27 1.03 0.02 0.02 0.03 1.16 0.11 
PPB (%) 20.26 89.45 89.63 89.75 88.01 86.46 84.31 
Metabolism (CYP) and excretion        
CYP2C19 inhibitor no no no no no no no 
CYP2D6 inhibitor no no no no no no no 
CYP3A4 inhibitor no no yes yes yes no no 
Pgp inhibitor no yes yes yes yes no no 

HIA: Intestinal absorption; Caco2: permeability through cells derived from human colon adenocarcinoma; SP LogP: skin permeability; MDCK: permeability through 
Madin-Darby canine kidney cells; BBB: Blood-Brain Barrier; PPB: Plasma-protein binding; CYP: cytochrome P450; Pgp: P-glycoprotein. 

S. Mazzotta et al.                                                                                                                                                                                                                               



Bioorganic Chemistry 114 (2021) 105095

14

160–161 ◦C. 1H NMR (500 MHz, DMSO‑d6) δ8.76 (s, 1H, NHAr), 
7.37–7.35 (m, 2H, Ar), 7.25–7.23 (m, 2H, Ar), 6.19 (t, J = 5.5 Hz, 1H, 
CH2NH), 5.01 (d, J = 4.9 Hz, 1H. CHOH), 4.82 (t, J = 5,2 Hz, 1H, CH2OH), 
3.56–3.50 (m, 2H, CH2OH), 3.38–3.30 (m, 2H, CH2NH), 3.03–2.98 (m, 
1H, CH). 13C NMR (125 MHz, DMSO‑d6) δ 155.6, 139.1, 128.4, 124.8, 
119.4, 70.5, 63.5, 42.4. HRMS (m/z): calcd for C10H13ClN2O3Na 267.0507 
[M + Na]+; found 267.0501. Anal. Calcd for C10H13ClN2O3: C, 49.09; H, 
5.36; N, 11.45. Found: C, 49.51; H, 5.66; N, 11.34. 

4.1.2.2 N-(2,3-Dihydroxypropyl)-N’-(4-methylphenyl)urea (14). The 
product was obtained as a white solid (615 mg, 91% yield), mp 
147–148 ◦C. 1H NMR (500 MHz, DMSO‑d6) δ 8.48 (s, 1H, NHAr), 7.26 
(d, J = 8.5 Hz, 2H, Ar), 7.03 (d, J = 8.2 Hz, 2H, Ar), 6.10 (t, J = 5.6 Hz, 
1H, CH2NH), 4.85 (d, J = 4.9 Hz, 1H, CHOH), 4.60 (t, J = 5.7 Hz, 1H, 
CH2OH), 3.51 (sex, J = 5.6 Hz, 1H, CH), 3.32–3.27 (m, 2H, CH2OH), 
3.01–2.95 (m, 2H, CH2NH), 2.22 (s, 3H, CH3). 13C NMR (125 MHz, 
DMSO‑d6) δ 155.6, 138.1, 129.6, 129.0, 117.6, 70.7, 63.7, 42.5, 20.3. 
HRMS (m/z): calcd for C11H16N2O3Na 247.1064 [M + Na]+; found 
247.1056. Anal. Calcd for C11H16N2O3: C, 58.91; H, 7.19; N, 12.49. 
Found: C, 58.53; H, 7.03; N, 12.16. 

4.1.2.3 N-(2,3-Dihydroxypropyl)-N’-[4-(trifluoromethyl)phenyl]urea 
(15). The product was obtained as a white solid (673 mg, 80% yield) , 
mp 135–136 ◦C 1H NMR (500 MHz, DMSO‑d6) δ 9,04 (s, 1H, NHAr), 
7.60–7.57 (m, 4H, Ar), 6.30 (t, J = 5,3 Hz, 1H, CH2NH), 4.88 (d, J = 5.0 
Hz, 1H, CHOH), 4.61 (t, J = 5,6 Hz, 1H, CH2OH), 3.57–3.51 (m, 1H, CH), 
3.35–3.30 (m, 2H, CH2OH), 3.04–2.99 (m, 2H, CH2NH). 13C NMR (125 
MHz, DMSO‑d6) δ 155.0, 144.2, 125.9, 121.0, 120.8, 117.1, 70.5, 63.7, 
42.5. HRMS (m/z): calcd for C11H13F3N2O3Na 301.0770 [M + Na]+; 
found 301,0769. Anal. Calcd for C11H13F3N2O3: C, 47.49; H, 4.71; N, 
10.07. Found: C, 49.51; H, 5.66; N, 11.34. 

4.1.2.4. N-(2,3-Dihydroxypropyl)-N’-(4-methoxyphenyl)urea (16). 
The product was obtained as a white solid (635 mg, 88% yield), mp 
155–156 ◦C. 1H NMR (300 MHz, DMSO‑d6) δ 8.39 (s, 1H, NHAr), 7.28 
(d, J = 6.8 Hz, 2H, Ar), 6.81 (d, J = 6.8 Hz, 2H, Ar), 6.03 (t, J = 5.5 Hz, 
1H, CH2NH), 4.85 (d, J = 4.8 Hz, 1H, CHOH), 4.60 (t, J = 5.7 Hz, 1H, 
CH2OH), 3.69 (s, 3H, OCH3), 3.53–3.44 (m, 1H, CH), 3.38–3.23 (m, 2H, 
CH2OH), 3.02–2.92 (m, 2H, CH2NH). 13C NMR (125 MHz, DMSO‑d6) δ 
156.2, 154.1, 134.2, 119.7, 114.3, 71.2, 64.1, 55.6, 43.1. HRMS (m/z): 
calcd for C11H16N2O4Na 263.1002 [M + Na]+; found 263.1003. 

4.1.2.5. N-Allyl-N’-(4-chlorophenyl)urea (68). The product was ob
tained as a white solid and purified by column chromatography using 
dichloromethane-methanol (140:1) as eluent (570 mg, 90% yield). 1H 
NMR (500 MHz, DMSO‑d6) δ 8.66 (s, 1H, NHAr), 7.46 (d, J = 8.3 Hz, 2H, 
Ar), 7.30 (d, J = 8.7 Hz, 2H, Ar), 6.32 (t, J = 5.3 Hz, 1H, CH2NH), 
5.91–5.87 (m, 1H, CH2 = CH), 5.23–5.18 (m, 1H, CH2 = CH), 5.13–5.08 
(m, 1H, CH2 = CH), 3.77 (t, J = 5.4 Hz, 1H, CH2NH). 13C NMR (125 
MHz, DMSO‑d6) δ 154.9, 139.4, 136.2, 128.6, 128.4, 124.5, 119.8, 
119.1, 114.7, 41.4. HRMS (m/z): calcd for C10H12ClN2O 211.0633 [M +
H]+; found 211.0633. Anal. Calcd for C10H11ClN2O: C, 57.02; H, 5.26; N, 
13.30. Found: C, 56.79; H, 5.03; N, 12.86. 

4.1.2.6. N-(2,3-Dihydroxypropyl)-N’-(2-methylphenyl)urea (17). Ac
cording to the published procedure [54], a solution of o-methyl aniline 
(1.2 mmol) in DCM (25 mL) was added to a solution of Na2CO3 (1.9 
mmol) in water (25 mL) and the reaction mixture was vigorously stirred 
for 5 min at rt; then triphosgene (0.39 mmol) was added and the solution 
was stirred for additional 30 min. After this time, 3-amino-1,2-propane
diol (11, 1.8 mmol) was added dropwise to the flask and the solution 
was stirred at rt until TLC showed the full consumption of the starting 
material (2 h). The mixture was separated and the inorganic layer was 
extracted with ethyl acetate (3 × 40 mL). The combined organic layers 
were dried (MgSO4), filtered and evaporated in vacuo to obtain the 
compound as a white resin. (455 mg, 67% yield). 1H NMR (300 MHz, 
DMSO‑d6) δ 7.87–7.77 (m, 2H, NHAr, Ar), 7.13–7.04 (m, 1H, Ar), 6.85 
(t, J = 7.3 Hz, 2H, Ar), 6.63 (t, J = 5.2 Hz, 1H, CH2NH), 4.89–4.84 (m, 
1H, CHOH), 4.63–4.56 (m, 1H, CH2OH), 3.55–3.46 (m, 1H, CH), 
3.33–3.25 (m, 2H, CH2OH), 3.03–2.93 (m, 2H, CH2NH), 2.18 (s, 3H, 
CH3). 13C NMR (125 MHz, DMSO‑d6) δ 156.2, 138.7, 130.5, 127.0, 

126.5, 122.2, 120.8, 71.3, 64.1, 42.9, 18.4. HRMS (m/z): calcd for 
C11H16N2O3Na 247.1053 [M + Na]+; found 247.1055. Anal. Calcd for 
C11H16N2O3: C, 58.91; H, 7.19; N, 12.49. Found: C, 58.67; H, 7.21; N, 
12.49. 

4.1.3. General procedure for the synthesis of diester derivatives by reaction 
with acyl chlorides (18–44) 

To a solution of the urea derivative (13–17) (0.54 mmol) in dry DCM 
(20 mL) and DMAP (1.3 mmol), the appropriate acylating agent (1.1 
mmol) in dry DCM (5 mL) was added. The reaction mixture was stirred 
at rt until TLC showed that all the starting material had reacted (24 h), 
then was washed with 1 N aqueous solution of HCl (2 × 20 mL), satu
rated solution of NaHCO3 (2 × 20 mL) and brine (20 mL). The organic 
layer was dried (Na2SO4), filtered and evaporated under reduced pres
sure. The compound was further purified by flash column chromatog
raphy on silica gel using the appropriate eluent. 

4.1.3.1. N-[2,3-Bis(benzoyloxy)propyl]-N’-(4-chlorophenyl)urea (18). 
The product was obtained as a white solid and purified by column 
chromatography using hexane–ethyl acetate (1:1) as eluent (160 mg, 
70% yield), mp 130–131 ◦C. NMR (500 MHz, DMSO‑d6) δ8.72, (s, 1H, 
NHAr), 8.02 (d, J = 7.5 Hz, 2H, Ar), 7.95 (d, J = 7.5 Hz, 2H, Ar), 
7.60–7.52 (m, 2H, Ar), 7.55–7.49 (m, 4H, Ar), 7.43 (d, J = 8.8 Hz, 2H, 
Ar), 7.28 (d, J = 8.7 Hz, 2H, Ar), 6.50 (t, J = 5.9 Hz, 1H, CH2NH), 
5.52–5.45 (m, 1H, CH), 4.67 (dd, J = 3.4 Hz, J = 12.0 Hz, 1H, CH2O), 
4.52 (dd, J = 6.6 Hz, J = 12.0 Hz, 1H, CH2O), 3.70–3.58 (m, 2H, 
CH2NH). 13C NMR (125 MHz, DMSO‑d6) δ 165.4, 165.3, 155.2, 139.3, 
133.4,129.6, 129.4, 129.3, 129.1, 128.7, 128.6, 128.4, 124.7 119.2, 
710.6, 63.7, 39.5. HRMS (m/z): calcd for C24H21ClN2O5Na 475.1031 [M 
+ Na]+; found 475.1026. 

4.1.3.2. N-[2,3-Bis(4-methylbenzoyloxy)propyl]-N’-(4-chlorophenyl) 
urea (19). The product was obtained as a colourless oil and purified by 
column chromatography using hexane–ethyl acetate (1.5:1) as eluent 
(205 mg, 85% yield). MS (FAB): m/z 503 (100%) [M + Na]+. 1H NMR 
(500 MHz, DMSO‑d6) δ 8.72, (s, 1H, NHAr), 7.89–7.87 (m, 2H, Ar), 
7.83–7.81 (m, 2H, Ar), 7.42–7.40 (m, 2H, Ar), 7.33–7.29 (m, 4H, Ar), 
7.27–7.25 (m, 2H, Ar), 6.28 (t, J = 5.8 Hz, 1H, CH2NH), 5.46–5.41 (m, 
1H, CH), 4.61 (dd, J = 4.1 Hz, J = 12.0 Hz, 1H, CH2O), 4.46 (dd, J = 6.0 
Hz, J = 11.6 Hz, 1H, CH2O), 3.62–3.54 (m, 2H, CH2NH), 2.38 (s, 3H, 
CH3), 2.37 (s, 3H, CH3). 13C NMR (125 MHz, DMSO‑d6) δ 165.4, 165.2, 
155.1, 143.8, 143.6, 139.3, 129.4, 129.3, 129.2, 129.1, 128.4, 126.8, 
124.4, 119.2, 71.3, 65.7, 30.7, 21.2, 21.1. Anal. Calcd for C26H25ClN2O5: 
C, 64.93; H, 5.24; N, 5.82. Found: C, 64.82; H, 5.76; N, 5.74. 

4.1.3.3. N-[2,3-Bis(2-methylbenzoyloxy)propyl]-N’-(4-chlorophenyl) 
urea (20). The product was obtained as a colourless oil and purified by 
column chromatography hexane–ethyl acetate (1.5:1) as eluent (216 
mg, 90% yield). MS (FAB): m/z 503 (100%) [M + Na]+. 1H NMR (500 
MHz, DMSO‑d6) δ 8.72, (s, 1H, NHAr), 7.88–7.86 (m, 1H, Ar), 7.83–7.81 
(m, 1H, Ar), 7.50–7.46 (m, 2H, Ar), 7.43–7.41 (m, 2H, Ar), 7.43–7.27 
(m, 6H, Ar), 6.48 (t, J = 6.0 Hz, 1H, CH2NH), 5.50–5.45 (m, 1H, CH), 
4.63 (dd, J = 3.4 Hz, J = 12.0 Hz, 1H, CH2O), 4.48 (dd, J = 6.5 Hz, J =
12.0 Hz, 1H, CH2O), 3.64–3.55 (m, 2H, CH2NH), 2.49 (s, 3H, CH3), 2.48 
(s, 3H, CH3). 13C NMR (125 MHz, DMSO‑d6) δ 167.0, 166.8, 155.6, 
139.8, 139.7, 139.6, 132.8, 132.7, 132.1, 132.0, 130.7, 130.6, 129.9, 
129.5, 128.9, 126.5, 126.3, 125.2, 119.8, 71.8, 64.1, 31.2, 21.5, 21.4. 
Anal. Calcd for C26H25ClN2O5: C, 64.93; H, 5.24; N, 5.82. Found: C, 
64.75; H, 5.58; N, 5.60. 

4.1.3.4. N-[2,3-Bis(4-methoxybenzoyloxy)propyl]-N’-(4-chlorophenyl) 
urea (21). The product was obtained as a white solid and purified by 
column chromatography using hexane–ethyl acetate (1:1) as eluent 
(190 mg, 74% yield), mp 202–203 ◦C. 1H NMR (500 MHz, DMSO‑d6) δ 
8.71, (s, 1H, NHAr), 7.96–7.94 (m, 2H, Ar), 7.90–7.88 (m, 2H, Ar), 
7.44–7.42 (m, 2H, Ar), 7.27–7.25 (m, 2H, Ar), 7.04–7.01 (m, 4H, Ar), 
6.48 (t, J = 5.7 Hz, 1H, CH2NH), 5.45–5.41 (m, 1H, CH), 4.59 (dd, J =
3.5 Hz, J = 12.1 Hz, 1H, CH2O), 4.46 (dd, J = 6.7 Hz, J = 11.8 Hz, 1H, 
CH2O), 3.63–3.55 (m, 2H, CH2NH), 3.83 (s, 3H, OCH3), 3.82 (s, 3H, 
OCH3). 13C NMR (125 MHz, DMSO‑d6) δ165.1, 165.0, 163.3, 163.2, 
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155.1, 139.3, 131.4, 131.3, 128.4, 124.7, 121.8, 121.5, 119.2, 114.0, 
113.9, 71.2, 63.4, 55.5, 55.4, 31.2. HRMS (m/z): calcd for 
C26H25ClN2O7Na 535.1242 [M + Na]+; found 535.1247. 

4.1.3.5. N-[2,3-Bis(4-cyanobenzoyloxy)propyl]-N’-(4-chlorophenyl) 
urea (22). The product was obtained as a white solid and purified by 
column chromatography using hexane–ethyl acetate (1.5:1) as eluent 
(150 mg, 60% yield), mp 205–206 ◦C. 1H NMR (500 MHz, DMSO‑d6) δ 
8.70, (s, 1H, NHAr), 8.13–8.12 (m, 2H, Ar), 8.08–8.06 (m, 2H, Ar), 
8.01–7.99 (m, 4H, Ar), 7.40–7.38 (m, 2H, Ar), 7.26–7.23 (m, 2H, Ar), 
6.51 (t, J = 5.7 Hz, 1H, CH2NH), 5.50–5.47 (m, 1H, CH), 4.70 (dd, J =
3.3 Hz, J = 12.4 Hz, 1H, CH2O), 4.56 (dd, J = 6.6 Hz, J = 12.0 Hz, 1H, 
CH2O), 3.67–3.60 (m, 2H, CH2NH). 13C NMR (125 MHz, DMSO‑d6) δ 
164.3, 164.2, 155.2, 139.2, 133.5, 133.2, 132.8, 132.7, 129.9, 129.8, 
128.4, 124.7, 119.3, 118.0, 117.9, 115.6, 7.23, 64.3. HRMS (m/z): calcd 
for C26H19ClN4O5Na 525.0936 [M + Na]+; found 525.0933. Anal. Calcd 
for C26H19ClN4O5: C, 62.09; H, 3.82; N, 11.14. Found: C, 62.25; H, 3.81; 
N, 11.00. 

4.1.3.6. N-[2,3-Bis(4-nitrobenzoyloxy)propyl]-N’-(4-chlorophenyl)urea 
(23). The product was obtained as a yellow solid and purified by column 
chromatography using hexane–ethyl acetate (1:1) as eluent (244 mg, 
90% yield), mp 216–217 ◦C. mp 216–217 ◦C. MS (FAB): m/z 565 (100%) 
[M + Na]+. 1H NMR (500 MHz, DMSO‑d6) δ 8.70, (s, 1H, NHAr), 
8.35–8.33 (m, 4H, Ar), 8.23–8.21 (m, 2H, Ar), 8.18–8.16 (m, 2H, Ar), 
7.41–7.38 (m, 2H, Ar), 7.26–7.23 (m, 2H, Ar), 6.53 (t, J = 6.01 Hz, 1H, 
CH2NH), 5.55–5.51 (m, 1H, CH), 4.74 (dd, J = 3.3 Hz, J = 12.2 Hz, 1H, 
CH2O), 4.60 (dd, J = 6.7 Hz, J = 12.2 Hz, 1H, CH2O), 3.70–3.60 (m, 2H, 
CH2NH). 13C NMR (125 MHz, DMSO‑d6) δ 164.1, 163.0, 155.2, 150.4, 
150.3, 139.2, 134.9, 134.7, 130.8, 130.6, 128.4, 124.7, 123.9, 123.8, 
119.2, 72.5, 64.4. 

4.1.3.7. N-{2,3-Bis[(4-trifluoromethyl)benzoyloxy]propyl}-N’-(4- 
chlorophenyl)urea (24). The product was obtained as a white solid and 
purified by column chromatography using hexane–ethyl acetate (2:1) as 
eluent (198 mg, 67% yield), mp 156–157 ◦C. 1H NMR (500 MHz, 
DMSO‑d6) δ 8.73, (s, 1H, NHAr), 8.21 (d, J = 8.53 Hz, 2H, Ar), 8.16 (d, J 
= 8.62 Hz, 2H, Ar), 7.93–7.88 (m, 4H, Ar), 4.43–4.41 (m, 2H, Ar), 
7.28–7.24 (m, 2H, Ar), 6.54 (t, J = 5.90 Hz, 1H, CH2NH), 5.57–5.52 (m, 
1H, CH), 4.74 (dd, J = 3.6 Hz, J = 12.3 Hz, 1H, CH2O), 4.61 (dd, J = 6.6 
Hz, J = 12.0 Hz, 1H, CH2O), 3.72–3.62 (m, 2H, CH2NH). 13C NMR (125 
MHz, DMSO‑d6) δ 164.4, 164.3, 155.2, 139.2, 133.3, 133.1, 133.0, 
132.9, 130.2, 130.0, 128.4, 125.8, 125.7, 125.6, 124.7, 122.6, 122.5, 
119.2, 72.2, 64.2. HRMS (m/z): calcd for C26H19Cl F6N2O5Na 611.0779 
[M + Na]+; found 611.0771. Anal. Calcd for C26H19ClF6N2O5: C, 53.03; 
H, 3.25; N, 4.76. Found: C, 52.75; H, 3.36; N, 4.77. 

4.1.3.8. N-[2,3-Bis(2,4-dimethoxybenzoyloxy)propyl]-N’-(4-chlor
ophenyl)urea (25). The product was obtained as a white solid and pu
rified by column chromatography using hexane–ethyl acetate (1:1.5) as 
eluent (235 mg, 82% yield), mp 113–114 ◦C. 1H NMR (500 MHz, 
DMSO‑d6) δ 8.75, (s, 1H, NHAr), 7.78–7.72 (m, 2H, Ar), 7.45 (d, J = 8.5 
Hz, 2H, Ar), 7.28 (d, J = 8.9 Hz, 2H, Ar), 6.65 (s, 2H, Ar), 6.62–6.57 (m, 
2H, Ar), 6.42 (t, J = 5.7 Hz, 1H, CH2NH), 5.35–5.30 (m, 1H, CH), 4.47 
(dd, J = 3.2 Hz, J = 12.1 Hz, 1H, CH2O), 4.37 (dd, J = 6.5 Hz, J = 12.2 
Hz, 1H, CH2O), 3.85 (d, J = 3.3 Hz, 6H, OCH3), 3.80 (d, J = 4.5 Hz, 6H, 
OCH3), 3.55 (t, J = 5.5 Hz, 2H, CH2NH). 13C NMR (125 MHz, DMSO‑d6) 
δ 164.5, 164.1, 164.0, 163.9, 161.0, 160.9, 155.1, 139.3, 133.2, 133.1, 
128.4, 124.6, 119.2, 111.6, 111.3, 105.3, 105.2, 98.9, 70.5, 62.9, 55.7, 
55.5. HRMS (m/z): calcd for C28H29ClN2O9Na 595.1454 [M + Na]+; 
found 595.1447. Anal. Calcd for C28H29ClN4O9: C, 58.69; H, 5.10; N, 
4.89. Found: C, 58.25; H, 5.23; N, 4.44. 

4.1.3.9. N-[2,3-Bis(3,4,5-trimethoxybenzoyloxy)propyl]-N’-(4-chlor
ophenyl)urea (26). The product was obtained as a white solid and pu
rified by column chromatography using hexane–ethyl acetate (1:1.5) as 
eluent (248 mg, 78% yield), mp 163–164 ◦C. 1H NMR (500 MHz, 
DMSO‑d6) δ 8.73 (s, 1H, NHAr), 7.41 (d, J = 8.7 Hz, 2H, Ar),7.28–7.25 
(m, 4H, Ar), 7.22 (s, 2H, Ar), 6.49 (t, J = 8.2 Hz 1H, CH2NH), 5.48–5.42 
(m, 1H, CH), 4.65 (dd, J = 3.4 Hz, J = 11.9 Hz, 1H, CH2O), 4.49–4.42 
(m, 1H, CH2O), 3.81–3.76 (m, 12H, OCH3), 3.74–3.71 (m, 6H, OCH3), 

3.66–3.55 (m, 2H, CH2NH). 13C NMR (125 MHz, DMSO‑d6) δ 165.0, 
164.9, 155.2, 152.7, 152.6, 141.9, 141.8, 139.2, 129.2, 128.4, 124.7, 
124.6, 124.3, 119.2, 106.8, 106.4, 71.7, 63.6, 60.1, 55.9, 55.8. HRMS 
(m/z): calcd. for C30H33ClN2O11Na 655.1665 [M + Na]+; found 
655.1653. Anal. Calcd for C30H33ClN2O11: C, 56.92; H, 5.25; N, 4.43. 
Found: C, 56.80; H, 5.25; N, 4.41. 

4.1.3.10. N-[2,3-Bis(4-methylbenzoyloxy)propyl]-N’-(4-methylphenyl) 
urea (27). The product was obtained as a white solid and purified by 
column chromatography using hexane–ethyl acetate (2.5:1) as eluent 
(175 mg, 84% yield), mp 95–96 ◦C. 1H NMR (500 MHz, DMSO‑d6) δ 8.44 
(s, 1H, NHAr), 7.89 (d, J = 8.2 Hz, 2H, Ar), 7.82 (d, J = 8.2 Hz, 2H, Ar), 
7.31 (t, J = 6.7 Hz, 4H, Ar), 7.27 (d, J = 8.4 Hz, 2H, Ar), 7.02 (d, J = 8.3 
Hz, 2H, Ar), 6.39 (t, J = 6.0 Hz, 1H, CH2NH), 5.44 (quint, J = 5.2 Hz, 1H, 
CH), 4.62 (dd, J = 3,5 Hz, J = 8,6 Hz, 1H, CH2O), 4.47 (dd, J = 6,8 Hz, J 
= 5,2 Hz, 1H, CH2O), 3.63–3.54 (m, 2H, CH2NH), 2.37 (d, J = 4,0 Hz, 
6H, CH3), 2.22 (s, 3H, CH3). 13C NMR (125 MHz, DMSO‑d6) δ 165.4, 
165.3, 155.3, 143.8, 143.7, 137.7, 129.9, 129.4, 129.3, 129.2, 129.1 
(2C), 128.9, 126.9, 126.7, 117.9, 71.4, 63.6, 26.8, 21.1, 20.3. HRMS (m/ 
z): calcd for C27H28N2O5Na 483.1890 [M + Na]+; found 483.1884. Anal. 
Calcd for C27H28N2O5: C, 70.42; H, 6.13; N, 6.08. Found: C, 69.40; H, 
5.96; N, 5.89. 

4.1.3.11. N-[2,3-Bis(2-methylbenzoyloxy)propyl]-N’-(4-methylphenyl) 
urea (28). The product was obtained as a white solid and purified by 
column chromatography using hexane–ethyl acetate (2.5:1) as eluent 
(168 mg, 74% yield), mp 116–117 ◦C. 1H NMR (500 MHz, DMSO‑d6) δ 
8.45 (s, 1H, NHAr), 7.87 (d, J = 7.7 Hz, 2H, Ar), 7.83 (d, J = 7.7 Hz, 2H, 
Ar),7.51–7.46 (m, 2H, Ar), 7.34–7.25 (m, 6H, Ar), 7.03 (d, J = 8.0 Hz, 
2H, Ar), 6.39 (t, J = 5.9 Hz, 1H, CH2NH), 5.50–5.44 (m, 1H, CH), 4.63 
(dd, J = 3.3 Hz, J = 12.1 Hz, 1H, CH2O), 4.48 (dd, J = 6.8 Hz, J = 12.1 
Hz, 1H, CH2O), 3.63–3.53 (m, 2H, CH2NH), 2.49 (s, 6H, CH3), 2.22 (s, 
3H, CH3). 13C NMR (125 MHz, DMSO‑d6) δ 166.5, 166.3, 155.3, 139.2, 
139.1, 137.7, 132.3, 132.2, 131.6, 131.5, 130.2, 130.1, 129.9, 129.3, 
129.1, 129.0, 125.9, 125.8, 117.2, 71.3, 63.5, 21.0, 20.8, 20.2. HRMS 
(m/z): calcd for C27H28N2O5Na 483.1890 [M + Na]+; found 483.1886. 

4.1.3.12. N-[2,3-Bis(4-methoxybenzoyloxy)propyl]-N’-(4-methyl
phenyl)urea (29). The product was obtained as a solid and purified by 
column chromatography using hexane–ethyl acetate (2:1) as eluent 
(150 mg, 61% yield), mp 144–145 ◦C. 1H NMR (500 MHz, DMSO‑d6) δ 
8.42 (s, 1H, NHAr), 7.95 (d, J = 7.5 Hz, 2H, Ar), 7.89 (d, J = 9.1 Hz, 2H, 
Ar), 7.27 (d, J = 8.0 Hz, 2H, Ar), 7.05–7.00 (m, 6H, Ar), 6.37 (t, J = 6.0 
Hz, 1H, CH2NH), 5.43–5.39 (m, 1H, CH), 4.58 (dd, J = 3.8 Hz, J = 11.5 
Hz, 1H, CH2O), 4.45 (dd, J = 3.8 Hz, J = 11.5 Hz, 1H, CH2O), 3.83 (s, 
6H, OCH3), 3.62–3.53 (m, 2H, CH2NH), 2.22 (s, 3H, CH3). 13C NMR 
(125 MHz, DMSO‑d6) δ 165.1, 164.9, 163.3, 155.3, 137.7, 131.4, 131.3, 
129.9, 128.9, 121.8, 121.5, 117.9, 114.0, 113.9, 71.3, 63.5, 55.5, 55.4, 
20.2. HRMS (m/z): calcd for C27H28N2O7Na 515.1789 [M + Na]+; found 
515.1783. 

4.1.3.13. N-[2,3-Bis(4-cyanobenzoyloxy)propyl]-N’-(4-methylphenyl) 
urea (30). The product was obtained as a solid and purified by column 
chromatography using hexane–ethyl acetate (1:1) as eluent (155 mg, 
64% yield), mp 181–182 ◦C. 1H NMR (500 MHz, DMSO‑d6) δ 8.40 (s, 1H, 
NHAr), 8.13 (d, J = 8.2 Hz, 2H, Ar), 8.07 (d, J = 8.2 Hz, 2H, Ar), 
8.03–7.98 (m, 4H, Ar), 7.23 (d, J = 8.4 Hz, 2H, Ar), 7.02 (d, J = 8.3 Hz, 
2H, Ar), 6.40 (t, J = 6.0 Hz, 1H, CH2NH), 5.51–5.47 (m, 1H, CH), 4.69 
(dd, J = 3,5 Hz, J = 8,6 Hz, 1H, CH2O), 4.56 (dd, J = 6,8 Hz, J = 5,2 Hz, 
1H, CH2O), 3.66–3.57 (m, 2H, CH2NH), 2.22 (s, 3H, CH3). 13C NMR 
(125 MHz, DMSO‑d6) δ 164.3, 164.2, 155.3, 137.6, 133.5, 133.2, 129.9, 
129.8, 129.0, 117.9, 115.6, 72.4, 64.3, 39.5, 20.2. HRMS (m/z): calcd 
for C27H22N4O5Na 505.1482 [M + Na]+; found 505.1476. Anal. Calcd 
for C27H22N4O5: C, 67.21; H, 4.60; N, 11.61. Found: C, 66.22; H, 4.47; N, 
11.14. 

4.1.3.14. N-[2,3-Bis(4-nitrobenzoyloxy)propyl]-N’-(4-methylphenyl) 
urea (31). The product was obtained as a light yellow solid and purified 
by column chromatography using hexane–ethyl acetate (2:1) as eluent 
(162 mg, 62% yield), mp 214–215 ◦C. 1H NMR (500 MHz, DMSO‑d6) δ 
8.45 (s, 1H, NHAr), 8.38–8.33 (m, 4H, Ar), 8.24 (d, J = 8.4 Hz, 2H, Ar), 
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8.19 (d, J = 8.3 Hz, 2H, Ar), 7.26 (d, J = 6.0 Hz, 2H, Ar), 7.03 (d, J = 7.0 
Hz, 2H, Ar), 6.45 (t, J = 5 Hz, 1H, CH2NH) 5.56–5.52 (m, 1H, CH), 4.75 
(dd, J = 3,5 Hz, J = 8,6 Hz, 1H, CH2O), 4.62 (dd, J = 6,8 Hz, J = 5,2 Hz, 
1H, CH2O), 3.71–3.61 (m, 2H, CH2NH), 2.24 (s, 3H, CH3). 13C NMR 
(125 MHz, DMSO‑d6) δ 164.0, 163.9, 155.3, 150.3, 137.6, 134.9, 134.6, 
130.7, 130.6, 129.9, 128.9, 123.8, 117.8, 72.5, 64.4, 39.5, 20.2. HRMS 
(m/z): calcd for C25H22N4O9Na 545.1279 [M + Na]+; found 545.1274. 
Anal. Calcd for C25H22N4O9: C, 57.47; H, 4.24; N, 10.72. Found: C, 
56.99; H, 4.20; N, 10.68. 

4.1.3.15. N-{2,3-Bis[4-(trifluoromethyl)benzoyloxy]propyl}-N’-(4-methyl
phenyl) urea (32). The product was obtained as a white solid and purified 
by column chromatography using hexane–ethyl acetate (2:1) as eluent 
(179 mg, 63% yield), mp 137–138 ◦C. 1H NMR (500 MHz, DMSO‑d6) δ 8.43 
(s, 1H, NHAr), 8.20 (d, J = 8.2 Hz, 2H, Ar), 8.15 (d, J = 8.2 Hz, 2H, Ar), 
7.92 (d, J = 7.0 Hz, 4H, Ar), 7.26 (d, J = 8.4 Hz, 2H, Ar), 7.04 (d, J = 8.3 
Hz, 2H, Ar), 6.43 (t, J = 6.1 Hz, 1H, CH2NH), 5.55–5.51 (m, 1H, CH), 4.74 
(dd, J = 3,4 Hz, J = 8,7 Hz, 1H, CH2O), 4.60 (dd, J = 6,7 Hz, J = 5,4 Hz, 
1H, CH2O), 3.70–3.60 (m, 2H, CH2NH), 2.24 (s, 3H, CH3). 13C NMR (125 
MHz, DMSO‑d6) δ 164.4, 164.3, 155.4, 137.6, 133.3, 133.1, 133.0, 132.8, 
132.6, 130.2, 130.0, 129.9, 129.0, 125.9, 125.8, 125.7, 125.6, 124.7, 
122.6, 117.9, 72.3, 64.2, 20.2. HRMS (m/z): calcd for C27H22F6N2O5Na 
681.4719 [M + Na]+; found 681.4715. Anal. Calcd for C27H22F6N2O5: C, 
57.05; H, 3.90; N, 4.93. Found: C, 56.80; H, 3.88; N, 4.90. 

4.1.3.16. N-[2,3-Bis(2,4-dimethoxybenzoyloxy)propyl]-N’-(4-methyl
phenyl)urea (33). The product was obtained as a white resin and purified 
by column chromatography using hexane–ethyl acetate (1:1.5) as eluent 
(169 mg, 61% yield). 1H NMR (500 MHz, DMSO‑d6) ϖ8.45 (s, 1H, 
NHAr), 7.75 (q, J = 8.6 Hz, 2H, Ar), 7.29 (d, J = 8.0 Hz, 2H, Ar), 7.04 (d, 
J = 8.1 Hz, 2H, Ar), 6.64 (s, 2H, Ar), 6.59 (t, J = 8.5 Hz, 2H, Ar), 
6.32–6.28 (m, 1H, CH2NH), 5.36–5.29 (m, 1H, CH), 4.51–4.43 (m, 1H, 
CH2O), 4.37 (dd, J = 6.5 Hz, J = 9.5 Hz, 1H, CH2O), 3.84–3.80 (m, 12H, 
OCH3), 3.55–3.50 (m, 2H, CH2NH), 2.24 (s, 3H, CH3). 13C NMR (125 
MHz, DMSO‑d6) δ 164.1, 164.0, 163.9, 160.9, 155.3, 137.8, 133.2, 
133.1, 129.9, 129.0, 117.8, 111.7, 111.4, 105.3, 105.2, 98.9, 98.8, 70.6, 
63.0, 55.5, 55.4, 20.2. HRMS (m/z): calcd for C29H32N2O9Na 575.2000 
[M + Na]+; found 575.1993. Anal. Calcd for C29H32N2O9: C, 63.04; H, 
5.84; N, 5.07. Found: C, 62.97; H, 5.81; N, 4.99. 

4.1.3.17. N-[2,3-Bis(3,4,5-trimethoxybenzoyloxy)propyl]-N’-(4-meth
ylphenyl)urea (34). The product was obtained as a white solid and pu
rified by column chromatography using hexane–ethyl acetate (1:1.5) as 
eluent (267 mg, 87% yield), mp 151–152 ◦C. 1H NMR (500 MHz, 
DMSO‑d6) δ 8.43 (s, 1H, NHAr), 7.26–7.24 (m, 4H, Ar), 7.22 (s, 2H, Ar), 
7.02 (d, J = 8.1 Hz, 2H, Ar), 6.38 (t, J = 8.5 Hz 1H, CH2NH), 5.47–5.42 
(m, 1H, CH), 4.65 (dd, J = 3.6 Hz, J = 8.5 Hz, 1H, CH2O), 4.45 (dd, J =
3.5 Hz, J = 8.4 Hz, 1H, CH2O), 3.82–3.72 (m, 18H, OCH3) 3.63–3.55 (m, 
2H, CH2NH), 2.22 (s, 3H, CH3). 13C NMR (125 MHz, DMSO‑d6) δ 165.0, 
164.9, 155.4, 152.7, 152.6, 142.0, 141.9, 137.7, 130.0, 128.9, 124.7, 
124.4, 117.9, 106.8, 106.6, 71.8, 63.7, 60.1, 55.9, 55.8, 39.5, 20.2. 
HRMS (m/z): calcd for C31H36N2O11Na 635.2211 [M + Na]+; found 
635.2202. Anal. Calcd for C25H22N4O9: C, 60.78; H, 5.92; N, 4.57. 
Found: C, 60.90; H, 5.94; N, 4.58. 

4.1.3.18. N-[2,3-Bis(4-methylbenzoyloxy)propyl]-N’-[4-(trifluoromethyl) 
phenyl] urea (35). The product was obtained as a white solid and purified 
by column chromatography using hexane–ethyl acetate (3:1) as eluent 
(217 mg, 84 %yield), mp 111–112 ◦C. 1H NMR (500 MHz, DMSO‑d6) δ 
9.00, (s, 1H, NHAr), 7.89 (d, J = 8.2 Hz, 2H, Ar), 7.83 (d, J = 8.2 Hz, 2H, 
Ar), 7.61–7.55 (m, 4H, Ar), 7.32–7.29 (m, 4H, Ar), 6.59 (t, J = 5.9 Hz, 1H, 
CH2NH), 5.48–5.44 (m, 1H, CH), 4.63 (dd, J = 3.3 Hz, J = 12.1 Hz, 1H, 
CH2O), 4.48 (dd, J = 6.9 Hz, J = 12.1 Hz, 1H, CH2O), 3.67–3.58 (m, 2H, 
CH2NH), 2.37, 2.36 (2 s, 6H, CH3). 13C NMR (125 MHz, DMSO‑d6) δ 
165.4, 165.2, 154.9, 144.0, 143.8, 143.7, 129.4, 129.3, 129.2, 129.1, 
129.0, 126.8, 126.6 125.8, 125.7, 117.3, 71.3, 63.5, 21.1, 21.0. HRMS (m/ 
z): calcd for C27H25F3N2O5Na: 537.1608 [M + Na]+; found 537.1600 
Anal. Calcd for C27H25F3N2O5: C, 63.03; H, 4.90; N, 5.44. Found: C, 62.88; 
H, 4.87; N, 5.38. 

4.1.3.19. N-[2,3-Bis(2-methylbenzoyloxy)propyl]-N’-[4-(trifluoromethyl) 

phenyl] urea (36). The product was obtained as a white solid and purified 
by column chromatography using hexane–ethyl acetate (2.5:1) as eluent 
(188 mg, 73% yield), mp 112–113 ◦C. 1H NMR (500 MHz, DMSO‑d6) δ 
9.05 (s, 1H, NHAr), 7.90 (d, J = 8.2 Hz, 1H, Ar), 7.85 (d, J = 8.2 Hz, 1H, 
Ar), 7.61 (q, J = 8.7 Hz, 4H, Ar), 7.52–7.47 (m, 2H, Ar), 7.35–7.28 (m, 
4H, Ar), 6.63 (t, J = 6.1 Hz, 1H, CH2NH), 5.54–5.50 (m, 1H, CH), 4.67 
(dd, J = 3,5 Hz, J = 11,8 Hz, 1H, CH2O), 4.52 (dd, J = 6,8 Hz, J = 11,9 
Hz, 1H, CH2O), 3.68–3.61 (m, 2H, CH2NH), 2.51 (s, 3H, CH3). 13C NMR 
(125 MHz, DMSO‑d6) δ 166.5, 166.3, 154.9, 143.9, 139.3, 139.2, 132.3, 
132.2, 131.6, 131.5, 130.2, 130.1, 129.3, 128.9, 125.9, 123.5, 121.3, 
117.4, 71.2, 63.5, 39.5, 21.0, 20.9. HRMS (m/z): calcd for 
C27H25F3N2O5Na 515.1788 [M + Na]+; found 515.1782. Anal. Calcd for 
C27H25 F3N2O5: C, 63.03; H, 4.90; N, 5.44. Found: C, 62.52; H, 4.92; N, 
5.49. 

4.1.3.20. N-[2,3-Bis(4-methoxybenzoyloxy)propyl]-N’-[4-(trifluoromethyl) 
phenyl] urea (37). The product was obtained as a white solid and purified by 
column chromatography using hexane–ethyl acetate (1:1) as eluent (195 
mg, 71% yield), mp 128–129 ◦C. 1H NMR (500 MHz, DMSO‑d6) δ 9.01 (s, 
1H, NHAr), 7.98–7.96 (m, 2H, Ar), 7.94–7.89 (m, 2H, Ar) 7.60 (q, J = 8.0 
Hz, 4H, Ar), 7.07–7.03 (m, 4H, Ar), 6.60 (t, J = 6.9 Hz, 1H, CH2NH), 
5.47–5.43 (m, 1H, CH), 4.61 (dd, J = 3.6 Hz, J = 11.8 Hz, 1H, CH2O), 4.48 
(dd, J = 7.0 Hz, J = 11.9 Hz, 1H, CH2O), 3.85 (s, 6H, OCH3), 3.65–3.60 (m, 
2H, CH2NH). 13C NMR (125 MHz, DMSO‑d6) δ 165.1, 164.9, 163.3, 163.2, 
154.9, 143.9, 132.6, 131.4, 131.2, 123.5, 121.7, 121.5, 117.3, 114.1, 114.0, 
113.9, 113.8, 71.1, 63.4, 55.5, 39.5. HRMS (m/z): calcd for 
C27H25F3N2O7Na 569.1506 [M + Na]+; found 569.1497. Anal. Calcd for 
C27H25F3N2O7: C, 59.34; H, 4.61; N, 5.13. Found: C, 59.18; H,4.57; N, 5.51. 

4.1.3.21. N-[2,3-Bis(4-cyanobenzoyloxy)propyl]-N’-[4-(trifluoromethyl) 
phenyl]urea (38). The product was obtained as a white solid and purified 
by column chromatography using hexane–ethyl acetate (2:1) as eluent 
(205 mg, 76% yield), mp 170–171 ◦C. 1H NMR (500 MHz, DMSO‑d6) δ 
9.00, (s, 1H, NHAr), 8.14 (d, J = 8.2 Hz, 2H, Ar), 8.08 (d, J = 8.2 Hz, 2H, 
Ar), 8.02–7.99 (m, 4H, Ar), 7.56 (m, 4H, Ar), 6.63 (t, J = 5.9 Hz, 1H, 
CH2NH), 5.53–5.49 (m, 1H, CH), 4.71 (dd, J = 3.5 Hz, J = 12.1 Hz, 1H, 
CH2O), 4.57 (dd, J = 6.7 Hz, J = 12.1 Hz, 1H, CH2O), 3.69–3.62 (m, 2H, 
CH2NH). 13C NMR (125 MHz, DMSO‑d6) δ 164.3, 164.2, 155.0, 143.9, 
133.4, 133.2, 132.8, 132.7, 130.0, 129.8, 125.9, 117.9, 117.4, 115.6, 
72.2, 64.3. HRMS (m/z): calcd for C27H19F3N4O5Na: 559.1200 [M +
Na]+; found 559.1192 Anal. Calcd for C27H19F3N4O5: C, 60.45; H, 3.57; 
N, 10.44. Found: C, 59.85; H, 3.56; N, 10.42. 

4.1.3.22. N-[2,3-Bis(4-nitrobenzoyloxy)propyl]-N’-[4-(trifluoromethyl) 
phenyl]urea (39). The product was obtained as a yellow solid and pu
rified by column chromatography using hexane–ethyl acetate (1:1) as 
eluent (195 mg, 68% yield), mp 186–187 ◦C. 1H NMR (500 MHz, 
DMSO‑d6) δ 9.00, (s, 1H, NHAr), 8.35–8.32 (m, 4H, Ar), 8.23 (d, J = 8.7 
Hz, 2H, Ar), 8.17 (d, J = 8.6 Hz, 2H, Ar), 7.56 (m, 4H, Ar), 6.65 (t, J =
5.4 Hz, 1H, CH2NH), 5.54 (m, 1H, CH), 4.74 (dd, J = 2.8 Hz, J = 12.1 Hz, 
1H, CH2O), 4.61 (dd, J = 6.4 Hz, J = 12.1 Hz, 1H, CH2O), 3.71–3.63 (m, 
2H, CH2NH). 13C NMR (125 MHz, DMSO‑d6) δ 164.0, 163.9, 155.0, 
150.4, 150.3, 134.9, 134.7, 130.8, 130.6, 125.9, 123.9, 123.8, 117.3, 
129.1, 129.0, 126.8, 126.6 125.8, 125.7, 117.3, 72.4, 64.4. HRMS (m/z): 
calcd for C25H19F3N4O9Na: 599.0996 [M + Na]+; found 599.0988. Anal. 
Calcd for C25H19F3N4O9: C, 52.09; H, 3.32; N, 9.72. Found: C, 51.63; H, 
3.22; N, 9.78. 

4.1.3.23. N-{2,3-Bis[4-(trifluoromethxyl)benzoyloxy]propyl}-N’-[4-(tri
fluoromethyl) phenyl]urea (40). The product was obtained as a white solid 
and purified by column chromatography using hexane–ethyl acetate 
(2.5:1) as eluent (236 mg, 76% yield), mp 135–136 ◦C. 1H NMR (500 
MHz, DMSO‑d6) δ 9.01 (s, 1H, NHAr), 8.17 (d, J = 8.2 Hz, 2H, Ar), 8.11 
(d, J = 8.2 Hz, 2H, Ar), 7.90–7.86 (m, 4H, Ar), 7.58–7.52 (m, 4H, Ar), 
6.63 (t, J = 6.0 Hz, 1H, CH2NH), 5.55–5.50 (m, 1H, CH), 4.52 (dd, J =
3.4 Hz, J = 12.1 Hz, 1H, CH2O), 4.58 (dd, J = 6.6 Hz, J = 12.2 Hz, 1H, 
CH2O), 3.70–3.61 (m, 2H, CH2NH). 13C NMR (125 MHz, DMSO‑d6) δ 
164.9, 164.7, 155.5, 144.4, 133.8, 133.6, 133.3, 130.7, 130.5, 127.4, 
126.4, 126.3, 126.2, 125.2, 123.9, 117.8, 72.6, 64.7. HRMS (m/z): calcd. 
for C27H19F9N2O5Na 645.1042 [M + Na]+; found 645.1035. 
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4.1.3.24. N-[2,3-Bis(2,4-dimethoxybenzoyloxy)propyl]-N’-[4-(tri
fluoromethyl) phenyl]urea (41). The product was obtained as a white solid 
and purified by column chromatography using hexane–ethyl acetate 
(1:1.5) as eluent (169 mg, 56% yield), mp 101–102 ◦C. 1H NMR (500 
MHz, DMSO‑d6) δ 9.04 (s, 1H, NHAr), 7.77 (d, J = 8.6 Hz, 1H, Ar), 7.74 (d, 
J = 8.6 Hz, 1H, Ar) 7.61 (q, J = 8.0 Hz, 4H, Ar), 6.67–6.64 (m, 2H, Ar), 
6.62–6.56 (m, 2H, Ar), 6.53 (t, J = 5.5 Hz, 1H, CH2NH), 5.39–5.33 (m, 1H, 
CH), 4.50 (dd, J = 3.5 Hz, J = 12.3 Hz, 1H, CH2O), 4.39 (dd, J = 6.5 Hz, J 
= 12.3 Hz, 1H, CH2O), 3.87–3.84 (m, 6H, OCH3), 3.83–3.78 (m, 6H, 
OCH3), 3.59 (t, J = 8.6 Hz, 2H, CH2NH). 13C NMR (125 MHz, DMSO‑d6) δ 
164.4, 164.1, 164.0, 163.8, 160.9, 154.9, 144.0, 133.2, 125.9, 125.7, 
123.5, 120.9, 117.3, 111.7, 111.4, 105.3, 105.2, 98.9, 70.4, 63.0, 55.7, 
55.5, 26.7. HRMS (m/z): calcd for C29H29F3N2O9Na 629.1717 [M + Na]+; 
found 629.1709. Anal. Calcd for C29H29F3N2O9: C, 57.43; H, 4.82; N, 4.62. 
Found: C, 57.22; H, 4.79; N, 4.55. 

4.1.3.25. N-[2,3-Bis(3,4,5-trimethoxybenzoyloxy)propyl]-N’-[4-(tri
fluoromethyl) phenyl]urea (42). The product was obtained as a white 
solid and purified by column chromatography using hexane–ethyl ace
tate (1:1) as eluent (276 mg, 82% yield), mp 185–186 ◦C. 1H NMR (500 
MHz, DMSO‑d6) δ 9.03 (s, 1H, NHAr), 7.62–7.57 (m, 4H, Ar), 7.28 (s, 
2H, Ar), 7.24 (s, 2H, Ar), 6.62 (t, J = 5.6 Hz, 1H, CH2NH), 5.50–5.46 (m, 
1H, CH), 4.68 (dd, J = 3.2 Hz, J = 12.2 Hz, 1H, CH2O), 4.49 (dd, J = 6.4 
Hz, J = 12.2 Hz, 1H, CH2O), 3.82–3.73 (m, 18H, OCH3) 3.67–3.61 (m, 
2H, CH2NH). 13C NMR (125 MHz, DMSO‑d6) δ 165.0, 155.0, 152.7, 
152.6, 143.9, 142.0, 141.9, 127.5, 125.9, 125.8, 124.6, 124.3, 121.0, 
117.3, 106.8, 106.6, 71.6, 63.6, 60.1, 55.9, 55.8, 39.5. HRMS (m/z): 
calcd for C31H33F3N2O11Na: 689.1229 [M + Na]+; found 689.1229. 
Anal. Calcd for C31H33F3N2O11: C, 55.86; H, 4.99; N, 4.20. Found: C, 
55.41; H, 5.05; N, 4.21. 

4.1.3.26. N-[2,3-Bis(3,4,5-trimethoxybenzoyloxy)propyl]-N’-(2-meth
ylphenyl)urea (43). The product was obtained as a white solid and pu
rified by column chromatography using hexane–ethyl acetate (1:1) as 
eluent (254 mg, 77% yield), mp 103–104 ◦C. 1H NMR (500 MHz, 
DMSO‑d6) δ 7.74–7.68 (m, 2H, NHAr, Ar), 7.27 (s, 2H, Ar), 7.23 (s, 2H, 
Ar), 7.13–7.05 (m, 2H, Ar), 6.90 (t, J = 7.4 Hz, 1H, Ar), 6.77(t, J = 5.9 
Hz, 1H, CH2NH), 5.48–5.43 (m, 1H, CH), 4.67 (dd, J = 3.6 Hz, J = 11.8 
Hz, 1H, CH2O), 4.47 (dd, J = 7.3 Hz, J = 11.8 Hz, 1H, CH2O), 3.82–3.72 
(m, 18H, OCH3), 3.64–3.58 (m, 2H, CH2NH). 13C NMR (125 MHz, 
DMSO‑d6) δ 165.1, 165.0, 155.6, 152.7, 142.0, 141.9, 137.8, 130.0, 
127.4, 125.9, 124.7, 124.4, 122.3, 121.2, 106.8, 71.8, 63.7, 60.1, 55.8, 
17.7. HRMS (m/z): calcd for C31H36N2O11Na 635.2211 [M + Na]+; 
found 635.2207. 

4.1.3.27. N-[2,3-Bis(3,4,5-trimethoxybenzoyloxy)propyl]-N’-(4-methox
yphenyl) urea (44). The product was obtained as a white solid and pu
rified by column chromatography using hexane–ethyl acetate (1:1) as 
eluent (300 mg, 90% yield), mp 137–138 ◦C. 1H NMR (500 MHz, 
DMSO‑d6) δ 8.35 (s, 1H, NHAr), 7.28 (d, J = 8.0 Hz, 2H, Ar), 7.23 (s, 4H, 
Ar), 6.81 (d, J = 9.0 Hz, 2H, Ar), 6.33 (t, J = 6.1 Hz, 1H, CH2NH), 
5.48–5.42 (m, 1H, CH), 4.66 (dd, J = 3.5 Hz, J = 11.9 Hz, 1H, CH2O–), 
4.45 (dd, J = 7.3 Hz, J = 11.9 Hz, 1H, CH2O), 3.83–3.77 (m, 12H, 
OCH3), 3.76–3.69 (m, 9H, OCH3), 3.65–3.53 (m, 2H, CH2NH). 13C NMR 
(125 MHz, DMSO‑d6) δ 165.0, 164.9, 155.5, 154.0, 152.8, 152.7, 142.0, 
141.9, 133.3, 124.7, 124.3, 119.6, 113.8, 106.8, 106.6, 71.8, 63.7, 60.1, 
55.9, 55.8, 55.1, 36.2. HRMS (m/z): calcd for C31H36N2O12Na 651.2160 
[M + Na]+; found 651.2154. Anal. Calcd for C31H36N2O12: C, 59.23; H, 
5.77; N, 4.20. Found: C, 59.40; H, 5.75; N, 4.23. 

4.1.4. General procedure for the synthesis of diester derivatives by reaction 
with carboxylic acid (45 and 46) 

According with reported procedure [55], the carboxylic acid (2.87 
mmol) was dissolved in DCM and EDCI (3.55 mmol) was added. The 
mixture was stirred for 1 h at rt (mixture 1). At the same time, to a 
suspension of urea derivative (13 or 14, 0.78 mmol) in DCM was added 
DMAP (0.78 mmol) and the mixture was stirred for 1 h at rt (mixture 2); 
then the mixture 2 was added dropwise into the mixture 1. The reaction 
was stirred for 24 h at rt. The organic layer was washed with saturated 

aqueous solution of NaHCO3 and brine, then it was dried (Na2SO4), 
filtered and evaporated in vacuo. The compound was further purified 
through flash column chromatography using the appropriate mixture 
hexane–ethyl acetate as eluent. 

4.1.4.1. N-{2,3-Bis[(E)-(3,4,5-trimethoxyphenyl)acryloxy]prop-2-yl}- 
N’-(4- chlorophenyl)urea (45). The product was obtained as a white solid 
and purified by column chromatography using using hexane–ethyl ac
etate (2:1) as eluent (376 mg, 69% yield), mp 120–121 ◦C. 1H NMR (500 
MHz, DMSO‑d6) δ 8.73, (s, 1H, NHAr), 7.67–7.58 (m, 2H, CH = CHCO), 
7.46–7.40 (m, 2H, Ar), 7.28–7.23 (m, 2H, Ar), 7.07 (s, 4H, Ar), 
6.62–6.54 (m, 2H, CH = CHCO), 6.45 (t, J = 5.7 Hz, 1H, CH2NH), 
5.29–5.23 (m, 1H, CH), 4.48 (dd, J = 3.3 Hz, J = 12.0 Hz, 1H, CH2O), 
4.33 (dd, J = 6.5 Hz, J = 12.2 Hz, 1H, CH2O), 3.88–3.78 (m, 12H, 
OCH3), 3.72–3.68 (m, 6H, OCH3), 3.58–3.41 (m, 2H, CH2NH). 13C NMR 
(125 MHz, DMSO‑d6) δ 166.1, 165.9, 155.1, 153.0, 145.3, 139.7, 139.6, 
139.2, 129.4, 128.4, 124.6, 119.2, 117.1, 116.7, 106.1, 106.0, 70.8, 
60.0, 56.0, 44.8, 30.6. HRMS (m/z): calcd for C34H37ClN2O11Na 
707.1978 [M + Na]+; found 707.1971. 

4.1.4.2. N-{2,3-Bis[(E)-(3,4,5-trimethoxyphenyl)acryloxy]prop-2-yl}- 
N’-(4-methyl phenyl)urea (46). The product was obtained as a white solid 
and purified by column chromatography using using hexane–ethyl ac
etate (2:1) as eluent (306 mg, 60% yield), mp 106–107 ◦C. 1H NMR (500 
MHz, DMSO‑d6) δ 8.44, (s, 1H, NHAr), 7.67–7.59 (m, 2H, CH = CHCO), 
7.28 (d, J = 8.2 Hz, 2H, Ar), 7.10–7.00 (m, 6H, Ar), 6.73–6.64 (m, 2H, 
CH = CHCO), 6.33 (t, J = 5.7 Hz, 1H, CH2NH), 5.28–5.22 (m, 1H, CH), 
4.47 (dd, J = 3.1 Hz, J = 12.1 Hz, 1H, CH2O), 4.32 (dd, J = 6.5 Hz, J =
12.1 Hz, 1H, CH2O), 3.85–3.74 (m, 12H, OCH3), 3.72–3.66 (m, 6H, 
OCH3), 3.58–3.52 (m, 1H, CH2NH), 3.47–3.42 (m, 1H, CH2NH), 2.22 (s, 
3H, CH3). 13C NMR (125 MHz, DMSO‑d6) δ 166.1, 165.9, 155.2, 153.0, 
145.3, 139.6, 137.7, 129.9, 129.5, 129.4, 117.8, 117.1, 116.7, 106.1, 
106.0, 70.9, 63.1, 60.1, 56.0, 20.2. HRMS (m/z): calcd for 
C35H40N2O11Na 687.2508 [M + Na]+; found 687.2510. 

4.1.5. General procedure for the synthesis of monoester derivatives by 
chemoselective O-acylation reaction of the primary hydroxyl (47–51 and 
77) 

The urea derivatives 13 or 14 (0.7 mmol) was suspended in dry DCM 
(15 mL), then pyridine was added until dissolution (5 mL) and the re
action was cooled to –40 ◦C. A solution of the appropriate acylating 
agent (0.6 mmol) in dry DCM (5 mL) was added dropwise and the re
action mixture was kept with stirring for 2 h. The reaction mixture was 
co-evaporated with toluene to remove the pyridine residue. The com
pound was further purified by flash column chromatography on silica 
gel using the appropriate eluent. 

4.1.5.1. N-(4-Chlorophenyl)-N’-[2-hydroxy-3-(4-methylbenzoyloxy) 
propyl]urea (47). The product was obtained as a white solid and purified 
by column chromatography using using hexane–ethyl acetate (1:2) as 
eluent (125 mg, 57% yield), mp 155–156 ◦C. MS (CI): m/z 369 (100%) 
[M + Na]+. 1H NMR (500 MHz, DMSO‑d6) δ 8.74, (s, 1H, NHAr), 
7.93–7.89 (m, 2H, Ar), 7.43–7.39 (m, 2H, Ar), 7.36–7.32 (m, 2H, Ar), 
7.27–7.23 (m, 2H, Ar), 6.32 (t, J = 5.5 Hz, 1H, CH2NH), 5.35 (d, J = 4.9 
Hz, 1H, OH), 4.99–4.96 (m, 1H, CH), 4.23–4.20 (m, 2H, CH2O), 
3.43–3.39 (m, 1H, CH2NH), 3.22–3.17 (m, 1H, CH2NH), 2.40 (s, 3H, 
CH3). 13C NMR (125 MHz, DMSO‑d6) δ 165.8, 155.2, 143.6, 139.5, 
129.3, 129.2, 129.1, 128.5, 127.0, 124.4, 119.0, 67.6, 66.4, 42.2, 21.1. 
Anal. Calcd for C18H19ClN2O4: C, 59.59; H, 5.28; N, 7.72. Found: C, 
59.24; H, 5.25; N, 7.69. 

4.1.5.2. N-(4-Chlorophenyl)-N’-[2-hydroxy-3-(2-methylbenzoyloxy) 
propyl]urea (48). The product was obtained as a white resin and purified 
by column chromatography using hexane–ethyl acetate (1:2) as eluent 
(131 mg, 60% yield). 1H NMR (500 MHz, DMSO‑d6) δ 8.73, (s, 1H, 
NHAr), 7.92–7.87 (m, 1H, Ar), 7.51–7.38 (m, 3H, Ar), 7.34–7.23 (m, 4H, 
Ar), 6.35–6.29 (m, 1H, CH2NH), 5.33 (d, J = 5.2 Hz, 1H, OH), 5.08–5.03 
(m, 1H, CH), 4.23–4.17 (m, 1H, CH2O), 3.92–3.87 (m, 1H, CH2O), 
3.63–3.52 (m, 1H, CH2NH), 3.21–3.16 (m, 1H, CH2NH), 2.54 (s, 3H, 
CH3). 13C NMR (125 MHz, DMSO‑d6) δ 166.8, 155.2, 139.4, 139.0, 
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132.1, 131.5, 130.2 129.5, 128.4, 125.9, 124.4, 119.2, 74.4, 67.6, 66.4, 
60.6, 42.3, 21.1. HRMS (m/z): calcd for C18H19ClN2O4Na 385.0926 [M 
+ Na]+; found 385.0921. 

4.1.5.3. N-(4-Chlorophenyl)-N’-{2-hydroxy-3-[4-(trifluoromethyl)ben
zoyloxy] propyl}urea (49). The product was obtained as a white solid and 
purified by column chromatography using hexane–ethyl acetate (1:1.5) 
as eluent (120 mg, 48% yield), mp 137–138 ◦C. 1H NMR (500 MHz, 
DMSO‑d6) δ 8.74, (s, 1H, NHAr), 8.23–8.18 (m, 2H, Ar), 7.93–7.88 (m, 
2H, Ar), 7.43–7.36 (m, 2H, Ar), 7.28–7.23 (m, 2H, Ar), 6.32 (t, J = 5.7 
Hz, 1H, CH2NH), 5.44 (bs, 1H, OH), 4.33–4.24 (m, 2H, CH2O), 
3.96–3.91 (m, 1H, CH), 3.37–3.31 (m, 1H, CH2NH), 3.26–3.19 (m, 1H, 
CH2NH). 13C NMR (125 MHz, DMSO‑d6) δ 164.7, 155.2, 139.4, 133.5, 
130.2, 130.1, 128.4, 128.4, 125.7, 124.5, 119.2, 119.1, 67.5, 67.2, 42.1. 
HRMS (m/z): calcd for C18H16ClF3N2O4Na 439.0643 [M + Na]+; found 
439.0639. 

4.1.5.4. N-[3-(2-Chloroacetoxy)-2-hydroxypropyl]-N’-(4-chlorophenyl) 
urea (50). The product was obtained as a white resin (380 mg, 51% yield). 
MS (FAB): m/z 343 (100%) [M + Na]+. 1H NMR (500 MHz, DMSO‑d6) δ 
8.75, (s, 1H, NHAr), 7.44 (d, J = 8.5 Hz, 2H, Ar), 8.16 (d, J = 8.6 Hz, 2H, 
Ar), 6.27 (t, J = 5.8 Hz, 1H, CH2NH), 5.30 (d, J = 5.1 Hz 1H, OH), 4.44 (s, 
2H, ClCH2), 4.12–4.09 (m, 2H, CH2O), 3.83–3.79 (m, 1H, CH), 3.30–3.24 
(m, 1H, CH2NH), 3.16–3.10 (m, 1H, CH2NH). 13C NMR (125 MHz, 
DMSO‑d6) δ 167.3, 155.1, 139.4, 128.5, 124.5, 119.0, 67.4, 67.3, 42.0, 
41.1. HRMS (m/z): calcd for C12H14Cl2N2O4Na 343.0223 [M + Na]+; 
found 343.0220. 

4.1.5.5. N-[3-(2-Chloroacetoxy)-2-hydroxypropyl]-N’-(4-methylphenyl) 
urea (51). The product was obtained as a white resin (540 mg, 49% yield). 
1H NMR (500 MHz, DMSO‑d6) δ 8.45, (s, 1H, NHAr), 7.27 (d, J = 8.3 Hz, 
2H, Ar), 7.03 (d, J = 8.62 Hz, 2H, Ar), 6.16 (t, J = 5.7 Hz, 1H, CH2NH), 
5.27 (bs, 1H, OH), 4.42 (s, 2H, ClCH2), 4.12–4.04 (m, 2H, CH2O), 
3.81–3.76 (m, 1H, CH), 3.27–3.21 (m, 1H, CH2NH), 3.13–3.07 (m, 1H, 
CH2NH). 13C NMR (125 MHz, DMSO‑d6) δ 167.3, 155.4, 137.9, 129.7, 
129.0, 117.7, 67.5, 67.4, 42.0, 41.3, 20.2. HRMS (m/z): calcd for 
C13H17ClN2O4Na 323.0769 [M + Na]+; found 323.0766. 

4.1.5.6. N-[3-(Benzoyloxy)-2-hydroxypropyl]-N’-(4-chlorophenyl)urea 
(77). The product was obtained as a white solid and purified by column 
chromatography using hexane–ethyl acetate (1.5:1) as eluent (122 mg, 
58% yield), mp 155–156 ◦C. 1H NMR (500 MHz, DMSO‑d6) δ 8.73 (s, 1H, 
NHAr), 8.04–8.01 (m, 2H, Ar), 7.70–7.63 (m, 1H, Ar), 7.57–7.52 (m, 2H, 
Ar), 7.41 (t, J = 8.8 Hz, 2H, Ar), 7.28–7.24 (m, 2H, Ar), 6.33 (m, 1H, 
CH2NH), 5.36 (d, J = 4.9 Hz, 1H, OH) 5.08–5.05 (m, 1H, CH), 4.27–4.17 
(m, 2H, CH2O), 3.45–3.39 (m, 1H, CH2NH), 3.23–3.17 (m, 1H, CH2NH). 
13C NMR (125 MHz, DMSO‑d6) δ 165.7, 155.2, 139.4, 133.3, 129.3, 
129.2, 128.7, 128.4, 124.5, 119.1, 119.0, 67.6, 66.6, 42.2. HRMS (m/z): 
calcd for C17H17ClN2O4Na 371.0769 [M + Na]+; found 371.0763. 

4.1.6. General procedure for O-acylation reaction of the secondary 
hydroxyl of N-[3-(2-chloroacetoxy)-2-hydroxypropyl]-N’-(substituted) 
phenylureas (52–57) 

To a solution of chloroacetyl derivative (50 or 51) (0.7 mmol) in dry 
DCM (10 mL) and DMAP (1.4 mmol), a solution of the appropriate 
acylating agent (or isocyanate) (1.0 mmol) in dry DCM (2 mL) was 
added. The reaction mixture was stirred at rt until TLC showed that the 
starting material had reacted (12–24 h). The organic layer was washed 
with 1 N aqueous solution HCl (2 × 20 mL), saturated NaHCO3 (2 × 20 
mL), brine (20 mL); then, it was dried (MgSO4), filtered and evaporated 
in vacuo. The product was used without further purification. 

4.1.6.1. N-[3-(2-Chloroacetoxy)-2-(4-methylbenzoyloxy)propyl]-N’-(4- 
chlorophenyl)urea (52). The product was obtained as a colourless oil 
(230 mg, 76% yield). MS (FAB): m/z 461 (100%) [M + Na]+. 1H NMR 
(500 MHz, DMSO‑d6) δ 8.68 (s, 1H, NHAr), 7.91–7.83 (m, 2H, Ar), 
7.43–7.39 (m, 2H, Ar), 7.36–7.31 (m, 2H, Ar), 7.28–7.24 (m, 2H, Ar), 
6.42 (t, J = 6.0 Hz, 1H, CH2NH), 5.32–5.27 (m, 1H, CH), 4.50–4.46 (m, 
1H, CH2O), 4.40–4.32 (m, 3H, ClCH2, CH2O), 3.57–3.44 (m, 2H, 
CH2NH), 2.41–2.37 (m, 3H, CH3). 13C NMR (125 MHz, DMSO‑d6) δ 
167.2, 165.3, 155.0, 143.8, 139.2, 129.4, 129.1, 128.4, 126.8, 124.6, 

119.2, 71.1, 64.3, 40.9, 21.1. 
4.1.6.2. N-{3-(2-Chloroacetoxy)-2-[4-(trifluoromethyl)benzoyloxy] 

propyl}-N’-(4-chlorophenyl)urea (53). The product was obtained as a 
colourless oil (235 mg, 68% yield). MS (FAB): m/z 515 (100%) [M +
Na]+. 1H NMR (500 MHz, DMSO‑d6) δ 8.68 (s, 1H, NHAr), 8.20–8.13 (m, 
2H, Ar), 7.93–7.87 (m, 2H, Ar), 7.44–7.37 (m, 2H, Ar), 7.28–7.22 (m, 
2H, Ar), 6.47 (t, J = 5.9 Hz, 1H, CH2NH), 5.38–5.32 (m, 1H, CH), 4.52 
(dd, J = 3.4 Hz, J = 12.2 Hz 1H, CH2O), 4.45–4.37 (m, 3H, ClCH2, 
CH2O), 3.60–3.48 (m, 2H, CH2NH). 13C NMR (125 MHz, DMSO‑d6) δ 
167.2, 164.2, 155.1, 139.2, 133.3, 130.2, 130.1, 128.4, 125.6, 125.5, 
124.7, 119.2, 72.0, 64.2, 40.9. HRMS (m/z): calcd. for 
C20H17Cl2F3N2O5Na 515.0359 [M + Na]+; found 515.0359. 

4.1.6.3. N-[3-(2-Chloroacetoxy)-2-(4-nitrobenzoyloxy)propyl]-N’-(4- 
chlorophenyl)urea (54). The product was obtained as a light yellow oil 
(298 mg, 91% yield). 1H NMR (500 MHz, DMSO‑d6) δ 8.69 (s, 1H, 
NHAr), 8.35 (d, J = 8.8 Hz, 2H, Ar), 8.23–8.19 (m, 2H, Ar), 7.46–7.38 
(m, 2H, Ar), 7.30–7.23 (m, 2H, Ar), 6.47 (t, J = 5.9 Hz, 1H, CH2NH), 
5.40–5.33 (m, 1H, CH), 4.53 (dd, J = 3.3 Hz, J = 12.2 Hz 1H, CH2O), 
4.47–4.36 (m, 3H, ClCH2, CH2O), 3.62–3.48 (m, 2H, CH2NH). 13C NMR 
(125 MHz, DMSO‑d6) δ 167.2, 163.7, 155.0, 150.3, 139.1, 134.9, 130.7, 
128.4, 124.6, 123.7, 119.2, 72.3, 64.2, 40.9, 26.7. HRMS (m/z): calcd 
for C19H17Cl2N3O7Na 492.0336 [M + Na]+; found 492.0331. 

4.1.6.4. N-[3-(2-Chloroacetoxy)-2-(3,4,5-trimethoxybenzoyloxy)pro
pyl]-N’-(4-chlorophenyl)urea (55). The product was obtained as a col
ourless oil (260 mg, 72% yield). 1H NMR (500 MHz, DMSO‑d6) δ 8.74 (s, 
1H, NHAr), 7.46–7.39 (m, 2H, Ar), 7.30–7.23 (m, 4H, Ar), 6.47–6.40 (m, 
1H, CH2NH), 5.36–5.40 (m, 1H, CH), 4.57–4.52 (m, 1H, CH2O), 
4.47–4.38 (m, 2H, ClCH2), 4.34–4.28(m, 1H, CH2O), 3.87–3.80 (m, 6H, 
OCH3), 3.78–3.72 (m, 3H, OCH3), 3.57–3.50 (m, 1H, CH2NH), 
3.48–3.40 (m, 1H, CH2NH). 13C NMR (125 MHz, DMSO‑d6) δ 167.0, 
164.9, 155.1, 152.7, 152.6, 141.9, 139.2, 128.4, 124.7, 124.3, 119.3, 
106.9, 106.7, 72.4, 63.7, 60.1, 55.9, 41.2, 40.9. HRMS (m/z): calcd for 
C22H24ClN2O8Na 537.0802 [M + Na]+; found 537.0795. 

4.1.6.5. N-{3-(2-Chloroacetoxy)-2-[(4-trifluoromethyl)benzoyloxy]pro
pyl}-N’-(4-methylphenyl)urea (56). The product was obtained as a colour
less oil (249 mg, 75% yield). 1H NMR (500 MHz, DMSO‑d6) δ 8.43 (s, 1H, 
NHAr), 8.21–8.50 (m, 2H, Ar), 7.94–7.90 (m, 2H, Ar), 7.29–7.21 (m, 2H, 
Ar), 7.06–6.99 (m, 2H, Ar), 6.28 (t, J = 6.0 Hz, 1H, CH2NH), 5.17–5.12 (m, 
1H, CH), 4.52 (dd, J = 3.5 Hz, J = 12.0 Hz 1H, CH2O), 4.45–4.34 (m, 3H, 
ClCH2, CH2O), 3.59–3.47 (m, 2H, CH2NH), 2.22 (s, 3H, CH3). 13C NMR 
(125 MHz, DMSO‑d6) δ 167.2, 164.4, 155.3, 137.8, 130.2, 130.1, 129.1, 
125.6, 118.0, 72.3, 64.1, 40.1, 40.0, 20.2. HRMS (m/z): calcd for 
C21H20ClCF3N2O5Na 495.0905 [M + Na]+; found 495.0898. 

4.1.6.6. N-[3-(2-Chloroacetoxy)-2-(3,4,5-trimethoxybenzoyloxy)pro
pyl]-N’-(4-methylphenyl)urea (57). The product was obtained as a col
ourless oil (274 mg, 80% yield). 1H NMR (500 MHz, DMSO‑d6) δ 7.98 (s, 
1H, NHAr), 7.32–7.21 (m, 4H, Ar), 7.08–6.99 (m, 2H, Ar), 6.40–6.32 (m, 
1H, CH2NH), 5.28–5.21 (m, 1H, CH), 4.53–4.48 (m, 1H, CH2O), 
4.45–4.35 (m, 2H, ClCH2), 4.30–4.25 (m, 1H, CH2O), 3.89–3.80 (m, 6H, 
OCH3), 3.78–3.72 (m, 3H, OCH3), 3.57–3.44 (m, 2H, CH2NH), 2.21 (s, 
3H, CH3). 13C NMR (125 MHz, DMSO‑d6) δ 167.3, 162.3, 155.3, 152.7, 
141.9, 137.7, 129.9, 129.0, 124.7, 117.9, 107.0, 106.5, 72.3, 64.1, 60.1, 
56.0, 35.7, 20.3. HRMS (m/z): calcd for C23H27ClN2O8Na 517.1348 [M 
+ Na]+; found 517.1341. 

4.1.7. General procedure for the deprotection reaction of N-[3-(2- 
Chloroacetoxy)-2-(acetyl)propyl]-N’-(substituted)ureas (59–65) 

To a solution of chloroacetyl derivative (52–58, 0.4 mmol) in ace
tonitrile–water (3:1, 10 mL), thiourea (1.2 mmol) was added and the 
reaction mixture was stirred at 60 ◦C until TLC showed the full con
sumption of the starting material (12 h). After this time, a saturated 
solution of NaHCO3 was added to the flask and the reaction mixture was 
extracted with chloroform (2 × 10 mL). The organic layer was washed 
with brine, dried (MgSO4), filtered and evaporated to dryness to obtain a 
crude product. The compound was purified by flash column chroma
tography on silica gel using the appropriate eluent. 
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4.1.7.1. N-(4-Chlorophenyl)-N’-[3-hydroxy-2-(4-methylbenzoyloxy) 
propyl]urea (59). The product was obtained as a white solid and purified 
by column chromatography using hexane–ethyl acetate (2:1) as eluent 
(110 mg, 76% yield), mp 140–141 ◦C. 1H NMR (500 MHz, DMSO‑d6) δ 
8.67, (s, 1H, NHAr), 7.94–7.88 (m, 2H, Ar), 7.44–7.38 (m, 2H, Ar), 
7.37–7.32 (m, 2H, Ar), 7.29–7.22 (m, 2H, Ar), 6.37–6.29 (m, 1H, 
CH2NH), 5.07–4.98 (m, 2H, CH, OH), 3.62 (t, J = 5.5 Hz, 2H, CH2NH), 
3.56–3.50 (m, 1H, CH2OH), 3.43–3.37 (m, 1H, CH2OH), 2.39 (s, 3H, 
CH3). 13C NMR (125 MHz, DMSO‑d6) δ 165.4, 155.1, 143.5, 139.3, 
129.4, 129.1, 128.4, 127.2, 124.5,119.1, 74.4, 60.5, 42.1, 21.1. HRMS 
(m/z): calcd for C18H19ClN2O4Na 385.0922 [M +Na]+; found 385.0920. 

4.1.7.2.N-(4-Chlorophenyl)-N’-{3-hydroxy-2-[(4-trifluoromethyl)ben
zoyloxy] propyl} urea (60). The product was obtained as a white solid 
and purified by column chromatography using hexane–ethyl acetate 
(1.5:1) as eluent (120 mg, 73% yield), mp 175–176 ◦C. 1H NMR (500 
MHz, DMSO‑d6) δ 8.73, (s, 1H, NHAr), 8.23–8.18 (m, 2H, Ar), 7.94–7.89 
(m, 2H, Ar), 7.43–7.36 (m, 2H, Ar), 7.28–7.22 (m, 2H, Ar), 6.32 (t, J =
5.7 Hz, 1H, CH2NH), 5.38 (bs, 1H, OH), 5.13–5.07 (m, 1H, CH), 
4.32–4.23 (m, 2H, CH2NH), 3.69–3.62 (m, 1H, CH2OH), 3.26–3.19 (m, 
1H, CH2OH). 13C NMR (125 MHz, DMSO‑d6) δ 164.6, 155.2, 139.4, 
139.3, 133.5, 130.2, 130.1, 128.4, 125.7, 124.8, 119.2, 119.0, 75.5, 
67.4, 42.1. HRMS (m/z): calcd for C18H16ClF3N2O4Na 439.0643 [M +
Na]+; found 439.0637. Anal. Calcd for C18H16ClF3N2O4: C, 51.87; H, 
3.87; N, 6.72. Found: C, 51.85; H, 3.88; N, 6.74. 

4.1.7.3. N-(4-Chlorophenyl)-N’-[3-hydroxy-2-(4-nitrobenzoyloxy)pro
pyl]urea (61). The product was obtained as a light yellow resin and 
purified by column chromatography using hexane–ethyl acetate (1:2) as 
eluent (116 mg, 73% yield). 1H NMR (500 MHz, DMSO‑d6) δ 8.63, (s, 
1H, NHAr), 8.38–8.33 (m, 2H, Ar), 8.27–8.22 (m, 2H, Ar), 7.43–7.37 (m, 
2H, Ar), 7.28–7.23 (m, 2H, Ar), 6.38 (t, J = 5.9 Hz, 1H, CH2NH), 
5.14–5.08 (m, 1H, CH), 5.03 (s, J = 5.9 Hz, 1H, OH), 3.71–3.62 (m, 2H, 
CH2NH), 3.59–3.53 (m, 1H, CH2OH), 3.47–3.40 (m, 1H, CH2OH). 13C 
NMR (125 MHz, DMSO‑d6) δ 164.0, 155.2, 150.2, 139.4, 133.5, 130.7, 
128.4, 124.6, 123.7, 119.2, 75.8, 67.5, 60.4. HRMS (m/z): calcd for 
C17H16ClN3O6Na 416.0620 [M + Na]+; found 416.0617. 

4.1.7.4. N-(4-Chlorophenyl)-N’-[3-hydroxy-2-(3,4,5-trimethox
ybenzoyloxy)propyl]urea (62). The product was obtained as a white 
solid and purified by column chromatography using hexane–ethyl 
acetate (1.5:1) as eluent (135 mg, 77% yield), mp 155–156 ◦C. 1H 
NMR (500 MHz, DMSO‑d6) δ 8.67, (s, 1H, NHAr), 7.43–7.38 (m, 2H, 
Ar), 7.29 (s, 2H, Ar), 7.26–7.23 (m, 2H, Ar), 6.33 (t, J = 5.9 Hz, 1H, 
CH2NH), 5.04–4.98 (m, 2H, CH, OH), 3.83–3.79 (m, 6H, OCH3), 
3.75–3.72 (m, 3H, OCH3), 3.65–3.61 (m, 2H, CH2NH), 3.57–3.52 (m, 
1H, CH2OH), 3.47–3.41 (m, 1H, CH2OH). 13C NMR (125 MHz, 
DMSO‑d6) δ 165.3, 155.2, 152.7, 141.9, 139.4, 128.4, 125.1, 124.8, 
119.1, 106.9, 74.9, 60.4, 60.1, 56.0, 42.2. HRMS (m/z): calcd for 
C20H23ClN2O7Na 461.1086 [M + Na]+; found 461.1084. 

4.1.7.5. N-[3-Hydroxy-2-(3,4,5-trimethoxybenzoyloxy)propyl]-N’-(4- 
methylphenyl)urea (63). The product was obtained as a white solid and 
purified by column chromatography using hexane–ethyl acetate (1:2) as 
eluent (123 mg, 73% yield), mp 170–171 ◦C. 1H NMR (500 MHz, 
DMSO‑d6) δ 8.39, (s, 1H, NHAr), 7.33–7.22 (m, 4H, Ar), 7.02 (d, J = 8.2 
Hz, 2H, Ar), 6.23 (t, J = 5.9 Hz, 1H, CH2NH), 5.03–4.98 (m, 2H, CH, 
OH), 3.88–3.80 (m, 6H, OCH3), 3.78–3.72 (m, 3H, OCH3), 3.66–3.61 (m, 
2H, CH2NH), 3.57–3.51 (m, 1H, CH2OH), 3.47–3.40 (m, 1H, CH2OH). 
13C NMR (125 MHz, DMSO‑d6) δ 165.2, 155.4, 152.6, 141.8, 137.7, 
129.8, 128.9, 125.2, 117.8, 106.9, 75.0, 60.4, 60.1, 56.0, 20.2. HRMS 
(m/z): calcd for C21H26N2O7Na 441.1632 [M + Na]+; found 441.1629. 

4.1.7.6. N-{3-Hydroxy-2-[(4-trifluoromethyl)benzoyloxy]propyl}-N’- 
(4-methylphenyl) urea (64). The product was obtained as a white resin 
and purified by column chromatography using hexane–ethyl acetate 
(1.5:1) as eluent (128 mg, 80% yield). 1H NMR (500 MHz, DMSO‑d6) δ 
8.48 (s, 1H, NHAr), 8.25–8.20 (m, 2H, Ar), 7.85–7.79 (m, 2H, Ar), 
7.29–7.21 (m, 2H, Ar), 7.14–7.00 (m, 2H, Ar), 6.29 (m, 1H, CH2NH), 
5.12–5.06 (m, 1H, CH), 5.03 (t, J = 5.9 Hz, 1H, OH), 4.32–4.23 (m, 2H, 
CH2NH), 3.69–3.52 (m, 2H, CH2OH). 13C NMR (125 MHz, DMSO‑d6) δ 

164.6, 155.4, 137.8, 137.7, 130.2, 129.8, 129.7, 128.9, 125.6, 125.5, 
117.9, 117.7, 75.6, 60.5, 42.2, 20.2. HRMS (m/z): calcd for 
C19H19F3N2O4Na 419.1240 [M + Na]+; found 419.1237. 

4.1.7.7. N-(4-Chlorophenyl)-N’-{3-hydroxy-2-[(4-trifluoromethyl) phe
nylaminocarboxy]propyl}urea (65). The product was obtained as an 
amorphous solid and purified by column chromatography using hex
ane–ethyl acetate (1:2) as eluent (112 mg, 64% yield). 1H NMR (500 MHz, 
DMSO‑d6) δ 10.11 (s, 1H, NHCOO), 8.70 (s, 1H, NHAr), 8.72–8.62 (m, 4H, 
Ar), 7.45–7.39 (m, 2H, Ar), 7.29–7.22 (m, 2H, Ar), 6.32 (t, J = 5.75 Hz, 
1H, CH2NH), 4.96 (t, J = 5.60 Hz, 1H, OH), 4.86–4.70 (m, 1H, CH), 
3.62–3.49 (m, 4H, CH2NH, CH2OH). 13C NMR (125 MHz, DMSO‑d6) δ 
155.1, 153.1, 142.9, 139.3, 128.4, 126.0, 125.5, 124.6, 122.5, 122.2, 
119.1, 119.0, 117.9, 74.5, 67.7, 60.7. HRMS (m/z): calcd for 
C18H17ClF3N3O4Na 454.0752 [M + Na]+; found 454.0748. 

4.1.8. Olefin oxidation reaction of N-Allyl-N’-(4-chlorophenyl)urea N- 
(4-chlorophenyl)-N’-(2,3-epoxypropyl)urea (69). According to reported 
procedure [56], a solution of meta-chloroperoxybenzoic acid (m-CPBA) 
(15 mmol), previous dried (MgSO4) in anhydrous THF (10 mL), was 
added to a solution of N-allyl-N’-(4-chlorophenyl)urea (67, 3 mmol) in 
THF (30 mL) and the reaction mixture was stirred at rt until TLC showed 
that all the starting material had reacted (24 h). After that, ethyl acetate 
(30 mL) and a saturated solution of K2CO3 was added to the flask and the 
mixture was stirred for 5 min, then the phases were separated. The 
organic layer was washed with K2CO3 (3 × 20 mL) and brine, then dried 
(MgSO4) and evaporated to dryness. The compound was obtained as a 
light yellow solid and purified by precipitation in toluene (542 mg, 
80%). 1H NMR (500 MHz, DMSO‑d6) δ 8.70 (s, 1H, NHAr), 7.42 (d, J =
8.8 Hz, 2H, Ar), 7.27 (d, J = 8.4 Hz, 2H, Ar), 6.32 (t, J = 5.0 Hz, 1H, 
CH2NH), 3.22–3.17 [m, 2H, CH2(O)CH], 3.07–3.04 [m, 1H, CH2(O)CH], 
2.73 (t, J = 4.7 Hz, 1H, CH2NH), 2.57–2.55 (m, 1H, CH2NH). 13C NMR 
(125 MHz, DMSO‑d6) δ 155.0, 139.3, 128.5, 124.6, 119.2, 50.6, 44.6, 
40.4. HRMS (m/z): calcd for C10H12ClN2O2 227.0587 [M + H]+; found 
227.0582. 

4.1.8. Epoxide ring opening of N-(4-chlorophenyl)-N’-(2,3-epoxypropyl) 
urea in acid condition 

N-(3-Azido-2-hydroxypropyl)-N’-(4-chlorophenyl)urea (70). Accord
ing to reported procedure [57], to a suspension of oxirane (69, 1.0 
mmol) in ethanol (20 mL), were added sodium azide (1.2 mmol) and 
NH4Cl (1.2 mmol) and the mixture was heated at 60 ◦C and stirred until 
TLC showed the full consumption of the starting material (15 h). The 
reaction was washed with water (10 mL) and brine (10 mL), then dried 
(MgSO4) and evaporated under reduced pressure. The compound was 
obtained as a light yellow resin and purified by flash column chroma
tography on silica gel using hexane–ethyl acetate (1:1) as eluent (215 
mg, 79% yield). 1H NMR (500 MHz, DMSO‑d6) δ 8.70 (s, 1H, NHAr), 
7.41 (d, J = 9.0 Hz, 2H, Ar), 7.27 (d, J = 8.5 Hz, 2H, Ar), 6.25 (t, J = 5.8 
Hz, 1H, CH2NH), 5.40 (d, J = 5.1 Hz, 1H, OH), 6.76–6.71 (m, 1H, CH), 
3.30–3.26 (m, 2H, CH2NH), 3.25–3.17 (m, 1H, N3CH2), 3.11–3.06 (m, 
1H, N3CH2). 13C NMR (125 MHz, DMSO‑d6) δ 155.1, 139.4, 128.5, 
124.5, 119.1, 69.1, 54.0, 42.8. HRMS (m/z): calcd for C10H12ClN5O2Na 
292.0572 [M + Na]+; found 292.0574. 

4.1.9. Mesylation reaction of N-[3-(benzoyloxy)-2-hydroxypropyl]-N’-(4- 
chlorophenyl)urea 

N-[3-Benzoyloxy-2-(methylsulfonyloxy)propyl]-N’-(4-chlorophenyl) 
urea (78). According to reported procedure [58], to a solution of ben
zoyl derivative 77 (1.0 mmol) and triethylamine (2.0 mmol) in dry THF 
(7 mL) mesyl chloride (2.0 mmol) was added dropwise at 0 ◦C. The re
action mixture was heated to room temperature and stirred for 5 h, then 
NH4Cl (5% water solution) and DCM were added. The phases were 
separated and the organic layer was washed with saturated NaHCO3, 
brine and dried (MgSO4); then filtered and evaporated in vacuo to give 
compound as colourless oil, that was used without further purification. 
(220 mg, 92% yield). 1H NMR (500 MHz, DMSO‑d6) δ 9.01 (s, 1H, 
NHAr), 8.09–7.99 (m, 2H, Ar), 7.74–7.68 (m,1H, Ar), 7.61–7.52 (m, 2H, 
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Ar), 7.48–7.39 (m, 2H, Ar), 7.30–7.23 (m, 2H, Ar), 6.71–6.64 (m, 1H, 
CH2NH), 5.08–4.98 (m, 1H, CH), 4.64–4.39 (m, 2H, CH2O), 3.60–3.52 
(m, 2H, CH2NH), 3.26 (s, 3H, CH3). HRMS (m/z): calcd. for 
C18H19ClN2O6SNa 449.0545 [M + Na]+; found 449.0541. 

4.1.10. Nucleophilic substitution reaction with sodium azide 
N-[2-Azido-(3-benzoyloxy)propyl]-N’-(4-chlorophenyl)urea (79). Ac

cording to reported procedure [58], to a solution of mesyl derivative 
(77, 0.5 mmol) in DMF (3 mL), was added sodium azide (2.5 mmol) at rt 
and the mixture was heated to 85 ◦C and stirred overnight. The reaction 
was diluted with water and extracted with ethyl acetate. The organic 
phase was washed with saturated solution of NaHCO3 and brine, then 
was dried (MgSO4) and filtered. The solvent was removed under reduced 
pressure to give compound as colourless oil, that was used without 
further purification (150 mg, 80% yield). 1H NMR (500 MHz, DMSO‑d6) 
δ 8.78 (s, 1H, NHAr), 8.06–7.99 (m, 2H, Ar), 7.73–7.66 (m, 1H, Ar), 
7.60–7.51 (m, 2H, Ar), 7.47–7.39 (m, 2H, Ar), 7.31–7.23 (m, 2H, Ar), 
6.51 (t, J = 5.9 Hz, 1H, CH2NH), 4.53 (dd, J = 3.5 Hz, J = 11.8 Hz 1H, 
CH2O), 4.35 (dd, J = 7.5 Hz, J = 11.9 Hz 1H, CH2O), 4.12–4.06 (m, 1H, 
CH), 3.52–3.37 (m, 2H, CH2NH). 13C NMR (125 MHz, DMSO‑d6) δ 
165.4, 155.0, 139.2, 133.5, 129.4, 129.3, 129.2, 128.7, 124.7, 119.3, 
64.7, 60.2, 36.2. 

4.1.11. Deprotection reaction of N-[2-azido-(3-benzoyloxy)propyl]-N’-(4- 
chlorophenyl)urea 

N-(2-Azido-3-hydroxypropyl)-N’-(4-chlorophenyl)urea (80). Accord
ing to reported procedure [59] compound 79 (0.5 mmol) was dissolved 
in methanol and a 0.5 M sodium hydroxide solution (0.65 mmol) was 
added. The reaction mixture was heated to 55 ◦C and stirred for 1 h (TLC 
revealed the full consumption of the starting material). The reaction was 
evaporated to dryness and the residue was crystallized in DCM, filtered 
and washed with fresh DCM to give compound a white solid (120, 88% 
yield). 1H NMR (500 MHz, DMSO‑d6) δ 9.22 (s, 1H, NHAr), 7.50–7.42 
(m, 2H, Ar), 7.30–7.23 (d, 2H, Ar), 6.98–6.89 (m, 1H, CH2NH), 
3.75–3.71 (m, 2H, CH2NH), 3.63–3.45 (m, 2H, CH2OH), 3.26–3.15 (m, 
1H, CHN3). 13C NMR (125 MHz, DMSO‑d6) δ 155.4, 139.7, 128.4, 124.4, 
119.1, 63.2, 61.8, 42.8. HRMS (m/z): calcd for C10H12ClN5O2Na 
292.0572 [M + Na]+; found 292.0573. 

4.1.12. Synthesis of 1,2,3-triazole derivative by Cu(I)-catalyzed 1,3- 
dipolar cycloaddition (CuAAC) reaction (71–76, 81–86) 

According to reported procedure [60], the appropriate azide deriv
ative (70 or 80, 0.5 mmol) was dissolved in tert-butanol-water (1:1, 15 
mL). The appropriate acetylene (0.6 mmol), sodium ascorbate (0.020 
mmol) and CuSO4 (0.010 mmol) were added to the flask and the mixture 
was stirring at 25 ◦C. The reaction was monitored by TLC until all the 
starting material had reacted, then it was evaporated under vacuum. The 
product was purified by flash column chromatography on silica gel using 
the appropriate eluent. 

4.1.13.1. N-(4-Chlorophenyl)-N’-{2-hydroxy-3-[4-(hydroxymethyl)tri
azolyl]propyl}urea (71). The product was obtained as a light yellow solid 
and purified by column chromatography using dichloromethane- 
methanol (15:1, 0.5% Et3N) as eluent (130 mg, 79% yield), mp 
131–132 ◦C. 1H NMR (500 MHz, CD3OD) δ 7.95 (s, 1H, CH triazole), 
7.39 (d, J = 9.2 Hz, 2H, Ar), 7.26 (d, J = 8.5 Hz, 2H, Ar), 4.83 (s, 2H, 
HOCH2), 4.71 (s, 1H, CHOH), 4.58–4.53 (m, 1H, NCH2), 4.43–4.37 (m, 
1H, NCH2), 3.29–3.24 (m, 1H, CH2NH), 3.21–3.16 (m, 1H, CH2NH). 13C 
NMR (125 MHz, CD3OD) δ 158.2, 139.8, 132.4, 129.7, 128.3, 125.3, 
121.4, 70.7, 56.5, 54.9, 47.9. HRMS (m/z): calcd for C13H16ClN5O3Na 
348.0834 [M + Na]+; found 348.0834. 

4.1.13.2. N-(4-Chlorophenyl)-N’-{2-hydroxy-3-[4-(phtaloylaminomethyl) 
triazolyl] propyl}urea (72). The product was obtained as a white solid and 
purified by column chromatography using hexane–ethyl acetate (1:4, 0.5% 
Et3N) as eluent (146 mg, 82% yield), mp 222–223 ◦C. 1H NMR (500 MHz, 
DMSO‑d6) δ 13.20 (bs, 1H, COOH), 8.75 (s, 1H, ArCONHCH2), 8.03 (s, 1H, 
NHAr), 7.94–7.84 (m, 3H, Ar), 7.79 (s, 1H, CH triazole), 7.60–7.56 (m, 1H, 

Ar), 7.43–7.39 (m, 2H, Ar), 7.28–7.24 (m, 2H, Ar), 6.22 (t, J = 5.6 Hz, 1H, 
CH2NH), 5.10 (d, J = 5.1 Hz, 1H, OH), 4.86 (s, 2H, ArCONHCH2), 
4.49–2.22 (m, 2H, CH2N), 3.95–3.88 (m, 1H, CH), 3.20–3.05 (m, 2H, 
CH2NH).13C NMR (125 MHz, DMSO‑d6) δ 168.4, 167.3, 155.2, 141.9, 
139.4, 134.5, 131.6, 130.6, 128.4, 124.5, 123.9, 123.2, 119.1, 68.3, 59.4, 
53.3, 42.8. HRMS (m/z): calcd. for C21H21ClN6O5Na 495.1049 [M + Na]+; 
found 495.1044. 

4.1.13.3. N-(4-Chlorophenyl)-N’-{2-hydroxy-3-[4 (dieth
ylphosphonatemethoxymethyl) triazolyl]propyl}urea (73). The product 
was obtained as a colourless oil and purified by column chroma
tography using ethyl acetate–methanol (15:1, 0.5% Et3N) as eluent 
(193 mg, 81% yield). 1H NMR (500 MHz, DMSO‑d6) δ 8.78 (s, 1H, 
NHAr), 8.17 (s, 1H, CH triazole), 7.42 (d, J = 8.9 Hz, 2H, Ar), 7.27 
(d, J = 8.9 Hz, 2H, Ar), 6.33 (t, J = 5.7 Hz, 1H, CH2NH), 5.46 (d, J 
= 5.5 Hz, 1H, OH), 4.63 (s, 2H, OCH2), 4.43 (dd, J = 13.9 Hz, J =
3.9 Hz, 1H, NCH2), 4.29 (dd, J = 13.9 Hz, J = 7.5 Hz, 1H, NCH2), 
4.08–4.00 (m, 4H, OCH2CH3), 3.98–3.91 (m, 1H, CHOH), 3.85–3.82 
(m, 2H, PCH2O), 3.22–3.17 (m, 1H, CH2NH), 3.13–3.07 (m, 1H, 
CH2NH), 1.27–1.21 (m, 6H, OCH2CH3). 13C NMR (125 MHz, 
DMSO‑d6) δ 155.2, 142.6, 139.3, 128.4, 125.1, 124.6, 119.2, 68.6, 
65.1, 63.5, 61.8, 53.2, 42.8, 16.2. HRMS (m/z): calcd for 
C18H27ClN5O6PNa 498.1280 [M + Na]+; found 498.1271. 

4.1.13.4. N-(4-Chlorophenyl)-N’-{2-hydroxy-3-[4-(4-fluorophenyl)tri
azolyl]propyl}urea (74). The product was obtained as a white solid and 
purified by column chromatography hexane–ethyl acetate (1:2.5, 0.5% 
Et3N) as eluent (117 mg, 60% yield), mp 230–231 ◦C. 1H NMR (500 
MHz, DMSO‑d6) δ 8.80 (s, 1H, NHAr), 8.52 (s, 1H, CH triazole), 
7.92–7.89 (m, 2H, Ar), 7.43 (d, J = 9.2 Hz, 2H, Ar), 7.31–7.26 (m, 4H, 
Ar), 6.36 (t, J = 5.9 Hz, 1H, CH2NH), 5.47 (d, J = 5.5 Hz, 1H, OH), 4.71 
(dd, J = 13.2 Hz, J = 3.5 Hz, 1H, NCH2), 4.32 (dd, J = 14.0 Hz, J = 7.5 
Hz, 1H, NCH2), 4.04–3.97 (m, 1H, CHOH), 3.29–3.24 (m, 1H, CH2NH), 
3.17–3.12 (m, 1H, CH2NH). 13C NMR (125 MHz, DMSO‑d6) δ 162.7, 
160.7, 155.2, 145.2, 139.4, 128.5, 127.5, 127.1, 124.5, 122.1, 119.1, 
115.9, 115.7, 68.7, 53.6, 42.9. HRMS (m/z): calcd for C18H18ClFN5O2 
390.1128 [M + H]+; found 390.1121. 

4.1.13.5. N-(4-Chlorophenyl)-N’-{2-hydroxy-3-[4-(4-methoxyphenyl) 
triazolyl] propyl}urea (75). The product was obtained as a light yellow 
solid and purified by column chromatography using hexane–ethyl ace
tate (1:2, 0.5% Et3N) as eluent (140 mg, 71% yield), mp 218–219 ◦C. 1H 
NMR (500 MHz, DMSO‑d6) δ 8.80 (s, 1H, NHAr), 8.41 (s, 1H, CH tri
azole), 7.79 (d, J = 8.8 Hz, 2H, Ar), 7.44 (d, J = 8.9 Hz, 2H, Ar), 7.28 (d, 
J = 8.8 Hz, 2H, Ar), 7.02 (d, J = 8.8 Hz, 2H, Ar), 6.37 (t, J = 6.7 Hz, 1H, 
CH2NH), 5.47 (d, J = 5.5 Hz, 1H, OH), 4.48 (dd, J = 13.9 Hz, J = 3.8 Hz, 
1H, CH2N), 4.32 (dd, J = 14.3 Hz, J = 7.6 Hz, 1H, CH2N), 4.04–3.98 (m, 
1H, CHOH), 3.81 (s, 3H, OCH3), 3.27–3.20 (m, 1H, CH2NH), 3.17–3.11 
(m, 1H, CH2NH). 13C NMR (125 MHz, DMSO‑d6) δ 158.9, 155.2, 145.9, 
139.4, 128.4, 126.4, 124.5, 123.5, 121.2, 119.1, 114.3, 68.7, 55.1, 53.5, 
42.8. HRMS (m/z): calcd for C19H21 ClN5O3Na 402.1327 [M + H]+; 
found 402.1321. 

4.1.13.6. N-(4-Chlorophenyl)-N’-{2-hydroxy-3-[4-(2-formylphenyl)tri
azolyl] propyl}urea (76). The product was obtained as a white solid and 
purified by column chromatography using hexane–ethyl acetate (1:2, 
0.5% Et3N) as eluent (122 mg, 62% yield), mp 198–199 ◦C. 1H NMR 
(500 MHz, DMSO‑d6) δ 10.51(s, 1H, COH), 8.87 (s, 1H, NHAr), 8.66 (s, 
1H, Ar), 7.94 (d, J = 7.5 Hz, 1H, Ar), 7.83–7.78 (m, 2H, Ar, CH triazole), 
7.62–7.59 (m, 1H, Ar), 7.50–7.45 (m, 2H, Ar), 7.32–7.29 (m, 2H, Ar), 
6.43 (t, J = 5.8 Hz, 1H, CH2NH), 5.22 (d, J = 5.5 Hz, 1H, OH), 4.60 (dd, 
J = 13.9 Hz, J = 3.7 Hz, 1H, CH2N), 4.42 (dd, J = 13.9 Hz, J = 7.8 Hz, 
1H, CH2N), 4.11–4.05 (m, 1H, CHN), 3.32–3.28 (m, 1H, CH2NH), 
3.22–3.18 (m, 1H, CH2NH).13C NMR (125 MHz, DMSO‑d6) δ 193.1, 
155.7, 143.9, 139.8, 133.8, 133.7, 130.0, 128.9, 128.8, 127.9, 125.9, 
125.0, 119.5, 69.1, 54.2, 43.3. 

4.1.13.7. N-(4-Chlorophenyl)-N’-{3-hydroxy-2-[4-(hydroxymethyl)tri
azolyl] propyl}urea (81). The product was obtained as a light yellow 
solid and purified by column chromatography using dichloromethane- 
methanol (15:1, 0.5% Et3N) as eluent (104 mg, 64% yield), mp 
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125–126 ◦C. 1H NMR (500 MHz, CD3OD) δ 8.02 (s, 1H, CH triazole), 
7.36–7.32 (m, 2H, Ar), 7.28–7.23 (m, 2H, Ar), 4.83 (s, 2H, HOCH2), 
4.15–4.10 (m, 1H, CHN), 4.02–3.97 (m, 2H, CH2NH), 4.83 (dd, J = 5.1 
Hz, J = 14.3 Hz, 1H, CH2OH), 3.74 (dd, J = 8.4 Hz, J = 14.4 Hz, 1H, 
CH2OH). 13C NMR (125 MHz, CD3OD) δ 158.2, 148.9, 139.8, 129.7, 
128.4, 125.3, 124.2, 121.4, 70.6, 64.7, 56.6, 44.3. HRMS (m/z): calcd. 
for C13H16ClN5O3Na 348.0834 [M + Na]+; found 348.0831. 

4.1.13.8. N-(4-Chlorophenyl)-N’-{3-hydroxy-2-[4-(phtaloylamino
methyl)triazolyl] propyl}urea (82). The product was obtained as a white 
solid and purified by column chromatography using hexane–ethyl ace
tate (1:4, 0.5% Et3N) (162 mg, 69% yield), mp 212–213 ◦C. 1H NMR 
(500 MHz, DMSO‑d6) δ 8.65 (s, 1H, , ArCONHCH2), 8.10 (s, 1H, NHAr), 
7.93–7.87 (m, 5H, Ar, CH triazole), 7.38–7.34 (m, 2H, Ar), 7.28–7.22 
(m, 2H, Ar), 6.22 (t, J = 5.8 Hz, 1H, CH2NH), 5.10 (t, J = 5.4 Hz, 1H, 
OH), 4.86 (s, 2H, ArCONHCH2), 4.71–4.65 (m, 1H, CHN), 3.74 (t, J =
5.5 Hz, 2H, CH2OH), 3.69–3.63 (m, 1H, CH2NH), 3.57–3.49 (m, 1H, 
CH2NH).13C NMR (125 MHz, DMSO‑d6) δ 167.3, 154.9, 141.9, 139.1, 
134.5, 131.6, 128.4, 124.6, 123.2, 122.6, 119.1, 69.8, 62.8, 61.5, 33.0. 
HRMS (m/z): calcd. for C21H21ClN6O5Na 495.9001 [M + Na]+; found 
495.8999. 

4.1.13.9. N-(4-Chlorophenyl)-N’-{3-hydroxy-2-[4 (dieth
ylphosphonatemethoxymethyl) triazolyl]propyl}urea (83). The product 
was obtained as a colourless oil and purified by column chroma
tography using ethyl acetate–methanol (15:1, 0.5% Et3N) as eluent 
(173 mg, 72% yield). 1H NMR (500 MHz, DMSO‑d6) δ 8.71 (s, 1H, 
NHAr), 8.18 (s, 1H, CH triazole), 7.38 (d, J = 8.9 Hz, 2H, Ar), 7.25 
(d, J = 8.9 Hz, 2H, Ar), 6.27 (t, J = 5.7 Hz, 1H, CH2NH), 5.16 (t, J =
5.4 Hz, 1H, OH), 4.77–4.68 (m, 1H, CHN), 4.63(s, 2H, OCH2), 
4.08–3.98 (m, 4H, OCH2CH3), 3.87–3.82 (m, 2H, PCH2O), 3.77 (t, J 
= 5.4 Hz, 2H, CH2OH), 4.71–4.64 (m, 1H, CH2NH), 4.61–4.53 (m, 
1H, CH2NH), 1.25–1.20 (m, 6H, OCH2CH3). 13C NMR (125 MHz, 
DMSO‑d6) δ 155.5, 143.0, 139.7, 128.9, 125.1, 124.4, 119.5, 65.7, 
64.0, 63.3, 62.7, 62.2, 62.0, 16.7. HRMS (m/z): calcd. for 
C18H27ClN5O6PNa 498.1280 [M + Na]+; found 498.1276. 

4.1.13.10. N-(4-Chlorophenyl)-N’-{3-hydroxy-2-[4-(4-fluorophenyl) 
triazolyl]propyl} urea (84). The product was obtained as a white solid 
and purified by column chromatography using hexane–ethyl acetate 
(1:2, 0.5% Et3N) as eluent (163 mg, 84% yield), mp 227–228 ◦C. 1H 
NMR (500 MHz, DMSO‑d6) δ 8.70 (s, 1H, NHAr), 8.65 (s, 1H, CH tri
azole), 7.94–7.88 (m, 2H, Ar), 7.42–7.37 (m, 2H, Ar), 7.33–7.23 (m, 4H, 
Ar), 6.30 (t, J = 5.8 Hz, 1H, CH2NH), 5.21 (t, J = 5.5 Hz, 1H, OH), 
4.69–4.62 (m, 1H, CHN), 3.83 (t, J = 5.5 Hz, 2H, CH2OH), 3.79–3.73 (m, 
1H, CH2NH), 3.63–3.56 (m, 1H, CH2NH).13C NMR (125 MHz, DMSO‑d6) 
δ 160.7, 155.0, 145.2, 139.1, 128.4, 127.5, 127.4, 124.6, 120.8, 119.1, 
115.8, 115.7, 63.1, 61.6, 40.0. HRMS (m/z): calcd for C18H18ClFN5O2Na 
390.1128 [M + H]+; found 390.1125. 

4.1.13.11. N-(4-Chlorophenyl)-N’-{3-hydroxy-2-[4-(4-methoxyphenyl) 
triazolyl]propyl} urea (85). The product was obtained as a light yellow 
solid and purified by column chromatography using hexane–ethyl ace
tate (1:1.5, 0.5% Et3N) (104 mg, 64% yield), mp 206–207 ◦C. 1H NMR 
(500 MHz, DMSO‑d6) δ 8.70 (s, 1H, NHAr), 8.51 (s, 1H, CH triazole), 
7.81–7.76 (m, 2H, Ar), 7.45–7.37 (m, 2H, Ar), 7.30–7.23 (m, 2H, Ar), 
7.06–6.98 (m, 2H, Ar), 6.30 (t, J = 5.8 Hz, 1H, CH2NH), 5.22 (t, J = 5.2 
Hz, 1H, OH), 4.78–4.72 (m, 1H, CHN), 4.56–4.46 (m, 1H, CH2OH), 
4.36–4.29 (m, 1H, CH2OH), 3.28–3.21 (m, 1H, CH2NH), 3.16–3.11 (m, 
1H, CH2NH).13C NMR (125 MHz, DMSO‑d6) δ 166.7, 158.8, 155.2, 
155.0, 145.9, 139.1, 128.3, 127.3, 126.4, 124.7, 123.5, 121.3, 119.9, 
114.2, 68.7, 62.9, 55.1, 43.5. HRMS (m/z): calcd. for C19H21ClN5O3 
402.8890 [M + H]+; found 402.8889. 

4.1.13.12. N-(4-Chlorophenyl)-N’-{3-hydroxy-2-[4-(2-formylphenyl) 
triazolyl]propyl} urea (86). The product was obtained as a white resin 
and purified by column chromatography using hexane–ethyl acetate 
(1:2, 0.5% Et3N) (120 mg, 60% yield). 1H NMR (500 MHz, DMSO‑d6) δ 
10.37 (s, 1H, COH), 8.82 (s, 1H, NHAr), 8.73 (s, 1H, Ar), 8.62 (s, 1H, CH 
triazole), 7.92–7.89 (m, 1H, Ar), 7.80–7.73 (m, 1H, Ar), 7.59–7.55 (m, 
1H, Ar), 7.45–7.36 (m, 2H, Ar), 7.28–7.23 (m, 2H, Ar), 6.39 (t, J = 5.4 

Hz, 1H, CH2NH), 5.23 (t, J = 5.5 Hz, 1H, OH), 4.53 (dd, J = 13.9 Hz, J =
3.8 Hz, 1H, CH2OH), 4.38 (dd, J = 13.9 Hz, J = 7.8 Hz, 1H, CH2OH), 
4.09–4.01(m, 1H, CHN), 3.29–3.23 (m, 1H, CH2NH), 3.19–3.13 (m, 1H, 
CH2NH). 13C NMR (125 MHz, DMSO‑d6) δ 193.2, 155.7, 143.9, 139.8, 
134.4, 133.8, 133.7, 130.0, 128.9, 128.8, 127.9, 125.9, 124.7, 119.5, 
69.1, 54.2, 43.3. 

4.1.13. Synthesis of terminal alkynes 
4.1.14.1. N-propargylphtalylmonoamide (87) [61]. To a stirred solu

tion of propargylamine (2.2 mmol) in THF (4 mL), phthalic anhydride 
(2.0 mmol) was added and the mixture was stirred at rt until TLC 
showed that all the starting material has reacted (18 h). The formed solid 
was filtered, dissolved in water and 1 N solution of HCl was added until 
pH 5. The reaction was extracted with ethyl acetate and the organic 
layer was washed with brine, dried (MgSO4) and filtered. The solvent 
was removed under reduced pressure to give the compound that was 
used without further purification (170 mg, 83% yield). 1H NMR (300 
MHz, DMSO‑d6) δ 9.91 (s, 1H, NH), 7.67–7.61 (m, 1H, Ar), 7.58–7.52 
(m, 1H, Ar), 7.48–7.38 (m, 2H, Ar), 3.54 (m, 2H, CH2), 3.90 (t, J = 2.49 
Hz, 1H, CH). 

4.1.14.2. Propargyloxymethylphosphonate (88). A Solution of prop
argyl alcohol (1.5 mmol) in THF (3 mL) was added slowly to a solution of 
NaH (1.6 mmol, 60% dispersion in mineral oil) in THF (2 mL). The 
mixture was stirred for 1 h and then cooled to 0 ◦C. Diethyl (tosyloxy) 
methylphosphonate (2.0 mmol) was added to the flask and the reaction 
was stirred for 3 h at 0 ◦C and then for 24 h at rt. When TLC revealed the 
full consumption of the starting material, the reaction was evaporated to 
dryness and the residue was dissolved in ethyl acetate and washed with 
water (2 × 10 mL). The organic phase was dried (MgSO4) filtered, and 
the solvent was removed under vacuum to give compound as a colour
less oil. The compound was used without further purification (230 mg, 
74% yield). MS (FAB): m/z 229 (100%) [M + Na]+. 1H NMR (300 MHz, 
DMSO‑d6) δ 4.28–3.22 (m, 2H, OCH2), 4.12–3.95 (m, 4H, OCH2CH3), 
3.86–3.78 (m, 2H, PCH2O), 3.33 (s, 1H, CH), 1.30–1.13 (m, 6H, 
OCH2CH3). 

4.1.15. Characterization data of compound 66 (N-(4-Chlorophenyl)-N’- 
{2-hydroxy-3-[(E)-(3,4,5-trimethoxyphenyl)acryloxy]propyl}urea). Com
pound was isolated during the purification of compound 45 by column 
chromatography, using hexane–ethyl acetate (1:2) as eluent and was 
obtained as a white solid (55 mg, 15% yield), mp 144–145 ◦C. 1H NMR 
(500 MHz, DMSO‑d6) δ 8.74, (s, 1H, NHAr), 7.67–7.59 (m, 1H, CH =
CHCO), 7.42 (d, J = 8.8 Hz, 2H, Ar), 7.29–7.23 (m, 2H, Ar), 7.09–7–05 
(m, 2H, Ar), 6.70–6.64 (m, 1H, CH = CHCO), 6.32–6.26 (m, 1H, 
CH2NH), 5.27 (d, J = 5.2 Hz, 1H, OH), 4.97–4.92 (m, 1H, CH), 4.11 (d, J 
= 5.4 Hz, 2H, CH2O), 3.87–3.80 (m, 6H, OCH3), 3.73–3.69 (m, 3H, 
OCH3), 3.60–3.48 (m, 1H, CH2NH), 3.19–3.12 (m, 1H, CH2NH). 13C 
NMR (125 MHz, DMSO‑d6) δ 166.3, 155.1, 153.0 , 144.8, 139.5, 139.4, 
129.6, 128.4, 124.5, 119.1, 119.0, 117.6, 105.9, 105.8, 67.6, 66.0, 60.0, 
56.0, 42.3. HRMS (m/z): calcd. for C22H25ClN2O7Na 487.1242 [M +
Na]+; found 487.1238. Anal. Calcd for C22H25ClN2O7: C, 56.84; H, 5.42; 
N, 6.03. Found: C, 56.80; H, 5.40; N, 5.05. 

4.2. Biological evaluation 

4.2.1. Cell lines 
Human A549 and 293 cell lines were obtained from the American 

Type Culture Collection (ATCC, Manassas, VA). The 293β5 stable cell 
line overexpressing the human β5 integrin subunit was kindly provided 
by Dr. Glen Nemerow [62]. The cell lines were propagated in Dulbecco’s 
modified Eagle medium (DMEM, Life Technologies/Thermo Fisher) 
supplemented with 10% fetal bovine serum (FBS) (Omega Scientific, 
Tarzana, CA), 10 mM HEPES, 4 mM L-glutamine, 100 units/ml peni
cillin, 100 mg/mL streptomycin, and 0.1 mM non-essential amino acids 
(complete DMEM). 

Wild-type HAdV-5 were obtained from the ATCC. The HAdV-5-GFP 
used in this study is a replication-defective virus containing a CMV 
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promoter-driven enhanced green fluorescent protein (eGFP) reporter 
gene cassette in place of the E1/E3. HAdV were propagated in 293β5 
cells and isolated from the cellular lysate by cesium chloride density 
centrifugation. Virus concentration, in mg/ml, was calculated with the 
Bio-Rad Protein Assay (Bio-Rad Laboratories) and converted to virus 
particles/ml (vp/ml) using 4 × 1012 vp/mg. 

4.2.2. Plaque assay 
Compounds were tested using low MOI infections (0.03 vp/cell) at 

concentrations of 10 μM. If the percentage of inhibition was upper than 
60%, compounds was also tested in a dose–response assay ranging from 
10 to 0.375 μM in a plaque assay. For that, 293β5 cells were seeded in 6- 
well plates at a density of 4 × 105 cells per well in duplicate for each 
condition. When cells reached 80–90% confluency, they were infected 
with HAdV5-GFP (0.06 vp/cell) and rocked for 2 h at 37 ◦C. After the 
incubation, the inoculum was removed and the cells were washed once 
with PBS. The cells were then carefully overlaid with 2 mL/well of equal 
parts of 1.6% (water/vol) Difco Agar Noble (Becton, Dickinson & Co., 
Sparks, MD), 2x EMEM (Minimum EssentialMedium Eagle, Bio
Whittaker) and the compounds. EMEM was supplemented with 2x 
penicillin/streptomycin, 2x L-glutamine, and 10% FBS. Compounds 
were then added in concentrations ranging from 10 to 0.375 μM. 
Following incubation for 7 days at 37 ◦C, plates were scanned with a 
Typhoon FLA 9000 imager (GE Healthcare Life Sciences) and plaques 
were quantified with ImageJ [63]. 

4.2.3. Cytotoxicity assay 
The cytotoxicity of the compounds was analyzed by commercial kit 

AlamarBlue (Invitrogen, ref DAL1025). Briefly, A549 cells at a density of 
5 × 103 cells per well in 96-well plates were seeded. Decreasing con
centrations of each derivative from 200 μM to 2.5 μM were diluted in 
100 μL of Dulbecco’s Modified Eagle Medium (DMEM), added to the 
cells and incubated at 37 ◦C for 48 h following the kit protocol. The 
cytotoxic concentration 50 (CC50) value was obtained using the statis
tical package GraphPad Prism. This assay was performed in duplicate. 

4.2.4. Quantification of HAdV DNA, E1A mRNA and E2B mRNA 
A549 cells (1.5 × 105 cells/well in a 24-well plate) were incubated 

for 24 h in 500 μL of complete DMEM, and they were infected with wild- 
type HAdV5 (100 vp/cell) when 80–90% confluency was observed. 

For DNA quantification, infected cells were incubated for 16 h at 
37 ◦C in 500 μL of complete DMEM containing 10-fold IC50 concentra
tion obtained in the plaque assay of the compounds or the same volume 
of DMSO (positive control). All samples were done in duplicate. 

After incubation at 37 ◦C and 5% CO2, DNA was purified from the 
cell lysate with the E.Z.N.A. Tissue DNA Kit (Omega Biotek, Norcross, 
GA) following the manufacturer’s instructions. TaqMan primers and 
probes for a common region of the HAdV5 were designed with the 
GenScript Real-Time PCR (TaqMan) Primer Design software (Gen
Script). Oligonucleotide sequences were as follows: AQ1: 5′-GCC ACG 
GTG GGG TTT CTA AAC TT-3′; AQ2: 5′-GCC CCA GTG GTC TTA CAT 
GCA CAT-3′; Probe: 6-FAM-5′-TGC ACC AGA CCC GGG CTC AGG TAC 
TCC GA-3′-TAMRA’. Real-time PCR mixtures consisted of 9.5 μL of the 
purified DNA, AQ1 and AQ2 at a concentration of 200 nM each, and 
probe at a concentration of 50 nM in a total volume of 12.5 μL mixed 
with 12.5 μL of FastGene 2x PROBE Universal (NIPPON Genetics). The 
PCR cycling protocol was 95 ◦C for 3 min followed by 40 cycles of 95 ◦C 
for 10 s and 60 ◦C for 30 s. 

For E1A and E2B mRNA quantification, infected cells were incubated 
for 6 h at 37 ◦C in 500 μL of complete DMEM containing 10-fold IC50 
concentration obtained in the plaque assay of the compounds or the 
same volume of DMSO (positive control). All samples were done in 
duplicate. RNA was purified with the RNeasy Mini Kit (QIAGEN, 
Valencia, CA) following the manufacturer’s instructions. Quantification 
of RNA copy numbers was performed using primers and conditions 
previously reported for E1A and E2B [64]. 

The human glyceraldehyde-3-phosphate dehydrogenase GAPDH was 
used as an internal control. Oligonucleotide sequences for GAPDH and 
the conditions were those previously reported [64]. For quantification, 
gene fragments from hexon and GAPDH were cloned into the pGEM-T 
Easy vector (Promega), and known concentrations of template were 
used to generate a standard curve in parallel for each experiment. All 
assays were performed in a thermal cycler LightCycler 96 System 
(Roche). 

4.2.5. Quantification of Nuclear-Associated HAdV genomes 
A549 cells (1 × 106 cells/well) in 6-well plates were infected with 

wild-type HAdV5 at MOI 2,000 in the presence of 10-fold IC50 concen
tration obtained in the plaque assay of the compounds or the same 
volume of DMSO (positive control). Forty-five minutes after infection, 
A549 cells were trypsinized and collected and then washed twice with 
PBS. Then, cytoplasmic and nuclear fractions were separated using a 
hypotonic buffer solution and NP-40 detergent. The cell pellet was 
resuspended in 500 μL of 1x hypotonic buffer (20 mM Tris-HCl pH 7.4, 
10 mM NaCl, 3 mM MgCl2) and incubated for 15 min at 4 ◦C. Then, 25 μL 
of NP-40 was added, and the samples were vortexed. The homogenates 
were centrifuged for 10 min at 835g at 4 ◦C. Following supernatant 
contained the cytoplasmic fraction and the pellet contained the nuclear 
fraction. HAdV DNA was isolated from both fractions using the E.Z.N.A. 
Tissue DNA Kit (Omega Biotek, Norcross, GA). HAdV genomes was 
quantified by real-time PCR following the same protocol we described 
above. 

4.2.6. Virus yield reduction 
A549 cells (1.5 × 105 cells/well in a 24-well plate) were incubated 

24 h in 500 μL of complete DMEM, and they were infected with wild- 
type HAdV5 (100 vp/cell) when >90% of confluency was observed. 
Infected cells were incubated for 48 h at 37 ◦C in 500 μL of complete 
DMEM containing 10-fold IC50 concentration obtained in the plaque 
assay of either compounds or the same volume of DMSO (positive con
trol). After 48 h, cells were harvested and subjected to three rounds of 
freeze/thaw. Serial dilutions of clarified lysates were titrated on A549 
cells (3 × 104 cells/well in a 96-well plate), and TCID50 values were 
calculated using an end-point dilution method [65]. 

4.2.7. Time of addition curve 
The anti-HAdV effect of derivatives at different points of time was 

measured in a time-curve assay using 293β5 cells (3 × 105 cells/well in 
corning black wall, clear bottom 96-well plates) infected with HAdV5- 
GFP (2,000 vp/cell) in the presence of 10-fold IC50 concentration ob
tained in the plaque assay of the compounds or the same volume of 
DMSO (positive control). Parallel samples of HAdV-5 were incubated 
with or without the selected derivatives on ice for 1 h. The virus was 
then added to 293β5 cells and the plate were incubated 1 h on ice. After 
that, the inoculum was removed and the derivatives were added at the 
indicated time points before or during this incubation. After a total of 2 h 
at 37 ◦C, cells were incubated for an additional 48 h at 37 ◦C and 5 %CO2 
before being analyzed for GFP expression using the Typhoon 9410 
imager (GE Healthcare Life Sciences), as above. 

4.2.8. Synergy assay 
For this assay, the same conditions of the plaque assay were used 

(293β5 cells were seeded at a density of 4 × 105 cells/well in 6 well-plate 
and infected at MOI 0.06 with HAdV5-GFP) but the compounds added 
were a combination of two compounds in a dose–response assay ranging 
from 2xIC50 to 1/8xIC50. After incubation for 7 days at 37 ◦C, plates were 
scanned with a Typhoon FLA 9000 imager (GE Healthcare Life Sciences) 
and plaques were quantified with ImageJ [63]. 

Data obtained was analysed with the CalcuSyn software (Biosoft) 
and the output obtained was used to define the synergistic or antago
nistic effect of combinations, according to Chou-Talalay method. 
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4.2.9. Statistical analyses 
One-way ANOVA tests (Dunnet method) were carried out using the 

GraphPad Prism 6. We considered a statistical significance with a p ≤
0.05. This statistical significance was pointed out with asterisk in 
graphs, and the numbers of them indicate the level of significance (*p ≤
0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001). 
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J. Sánchez-Céspedes, Serinol-based benzoic acid esters as new scaffolds for the 
development of adenovirus infection inhibitors: design, synthesis, and in vitro 
biological evaluation, ACS Infect. Dis. 7 (2021) 1433–1444, https://doi.org/ 
10.1021/acsinfecdis.0c00515. 

[26] P. Sikka, Role of aryl urea containing compounds in medicinal chemistry, Med. 
Chem. 5 (2015) 479–483, https://doi.org/10.4172/2161-0444.1000305. 

[27] L. Chiummiento, M. Funicello, P. Lupattelli, F. Tramutola, F. Berti, F. Marino- 
Merlo, Synthesis and biological evaluation of novel small non-peptidic HIV-1 PIs: 
The benzothiophene ring as an effective moiety, Bioorg. Med. Chem. Lett. 22 
(2012) 2948–2950, https://doi.org/10.1016/j.bmcl.2012.02.046. 

[28] F. Tramutola, M.F. Armentano, F. Berti, L. Chiummiento, P. Lupattelli, R. D’Orsi, 
R. Miglionico, L. Milella, F. Bisaccia, M. Funicello, New heteroaryl carbamates: 
Synthesis and biological screening in vitro and in mammalian cells of wild-type 
and mutant HIV-protease inhibitors, Bioorg. Med. Chem. 27 (2019) 1863–1870, 
https://doi.org/10.1016/j.bmc.2019.03.041. 

[29] D. Kang, H. Zhang, Z. Zhou, B. Huang, L. Naesens, P. Zhan, X. Liu, First discovery of 
novel 3-hydroxy-quinazoline-2,4(1H,3H)-diones as specific anti-vaccinia and 
adenovirus agents via ‘privileged scaffold’ refining approach, Bioorg. Med. Chem. 
Lett. 26 (2016) 5182–5186, https://doi.org/10.1016/j.bmcl.2016.09.071. 

[30] E. Rivero-Buceta, P. Carrero, E.G. Doyagüez, A. Madrona, E. Quesada, M. 
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