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Synthesis of New N,N’-Diarylureas and Their Theoretical
Study as Cannabinoid-1 Receptor Inhibitors

Eirini Tsemperlidou, Nikitas Georgiou, Demeter Tzeli,* Nikolaos Karousis,*

and George Varvounis*

A series of new N,N’-diarylureas is reported as potential cannabi-
noid-1 (CB-1) receptor inhibitors. The synthesis of the new N,N’-
diarylureas is achieved from the reaction of two substituted
anilines with the aid of triphosgene. One aniline carries a pyra-
zol-1-yl or 1H-1,2,3-triazolyl or 2H-1,2,3-triazolyl propan-2-one
group at position-3, while the other aniline is substituted by fluoro,
bromo, methoxy, cyano, morpholino, or 4-methyl-2-nitro groups.
All new compounds are investigated through density functional

1. Introduction

Cannabinoid type-1 (CB1) receptor is a G-coupled protein receptor,
abundantly present in brain tissue and neuronal cells, and is
responsible for inhibiting the release of neurotransmitters in the
central nervous system, influencing processes such as memory,
learning, motor functions, and pain transmission.” CB1 has been
identified in several disorders including drug addiction,”
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theory calculations, molecular docking, and molecular dynamics
simulations, showing a strong ability to bind to the orthosteric
pocket of the CB-1 receptor and to the allosteric position when
CB1 is in complex with agonist AM841. The binding is comparable
to that of the well-known CB-1 inhibitor PSNBAM-1. Especially, 1-{3-
[2-(1H-pyrazol-1-yl)acetyllphenyl}-3-(4-methyl-3-nitrophenyl)urea
presents better theoretical results than PSNBAM-1.

gastrointestinal diseases,® inflammation,™ multiple sclerosis,”
obesity,”® osteoporosis,”! inflammatory pain,’® psychosis,” schizo-
phrenia,"® and smoking,"" and is therefore considered a promis-
ing target for their treatment. In addition to the brain, the CB1
receptor also functions, though to a lesser extent, in the liver, adi-
pose tissue, vascular and cardiac tissues, as well as in reproductive
tissues and bone. First-generation CB1 receptor antagonists/
inverse agonists (i.e., rimonabant) were developed and used in
the treatment of obesity; however, they were quickly withdrawn
from the European Union market and denied approval by the
US Food and Drug Administration because of their association with
gastrointestinal and mainly psychobehavioral adverse effects, lead-
ing to unacceptable benefit-to-risk profiles.'? Since 2005 ongoing
research has suggested that allosteric modulators of the CB1
receptor could serve as an alternative method to regulate the CB1
receptor for therapeutic purposes.!'® In this context, the N,N’-
diarylurea derivative PSNCBAM-1 (Figure 1) has played a key role
in this research by presenting a two-fold activity: First, as a positive
allosteric modulator regarding the binding affinity of orthosteric
ligands and at the same time as a negative allosteric modulator
regarding the functional activity of orthosteric ligands.™ N,N’-
diarylurea is a key pharmacophore in anticancer drugs like
Sorafenib, an oral multikinase inhibitor for treating advanced renal
cell carcinoma. This intense area of research has led to the publica-
tion of several review articles™ N,N'-diarylurea A (Figure 1) was the
first P2Y; antagonist to show a strong oral antithrombotic effect with
mild bleeding risk in rat thrombosis and hemostasis models!'®
Other important pharmaceutical applications of N,N’-diarylureas
include antimicrobial properties that are particularly effective
against schistosomiasis,"”! malaria,"® and tuberculosis infections.'

The first synthetic methods for producing both symmetrical
and unsymmetrical N,N’-diarylureas appeared back in sixties and
primarily involved phosgenation of aryl amines. Another method
for the synthesis of symmetrical N,N’-diarylureas is fusion of urea
with excess aryl amines at 120-190 °C. Over the next two deca-
des, several other methods for synthesizing (un)symmetrical
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Figure 1. Biologically active N,N’-diarylureas.

N,N’-diarylureas appeared in the literature. These methods include
carbonylation of aryl amines, either under 100atm CO at
100-200 °C in the presence of Mn,(CO);, or using nitroarenes with
a catalytic amount of PtCl,(PhsP),,>” as well as oxidative carbonyl-
ation of nitroarenes and corresponding aryl amine in BMImBF,
with elemental sulfur under 3.0 MPa of CO.2" A comprehensive
review article dealing only with the synthesis of unsymmetrical
N,N'-diarylureas appeared in 2007.%? After the introduction of crys-
talline triphosgene as a safe alternative to phosgene, triphosgene,
and diisopropylamine, combined with the sequential addition
of two different aryl amines to produce unsymmetrical N,N’-
diarylureas.”® In fewer cases, N,N’-carbonyldiimidazole
(CDI)Y can also be used. N-Aryl formamides react efficiently with
aryl amines and a catalytic amount of RuCl,(PPh); to yield a variety
of symmetrical N,N’-diarylureas.” The Pd-catalyzed arylation
of urea or phenylurea, in the presence of Pd,dbas;, Xantphos,
and aryl bromides, produces symmetrical and unsymmetrical
N,N’-diarylureas, respectively*® Two comparable coupling
reactions with phenylurea, aryl iodides, and Cul as catalyst use
either N,N’-dibenzylethylenediamine and KF/ALOs;®” or N,N’-
dimethylethylenediamine and K;PO,”® to yield (un)symmetrical
N,N’-diarylureas. A variety of monoaryl ureas are synthesized in
one pot by crosscoupling of benzyl urea with aryl chlorides and
Pd(OAC), as catalyst, followed by hydrogenolysis. A second aryla-
tion of monoaryl ureas with aryl chlorides, under similar conditions,
yields unsymmetrical N,N’-diarylureas.””

Microwave irradiation of aryl amines and ethyl acetoacetate,
without catalysts and under solvent-free conditions, yields sym-
metrical N,N’-diarylureas, as does the same method but using
diphenyl ether as solvent.®® Aryl amines react with phenyl chlor-
oformate to yield phenyl carbamates, which further react with
aryl amines to afford unsymmetrical N,N’-diarylureas.®"

Aryl isocyanates, which are now commercially available and
simple to synthesize, are attractive starting materials for producing
N,N’-diarylureas. A significant number of (un)symmetrical N,N’-
diarylureas have been synthesized from aryl isocyanates and
aryl amines for the purpose of biological evaluation.'®3232
N-acylbenzotriazoles (ArCOBt), derived by the reaction of corre-
sponding aromatic carboxylic acids with benzotriazole in SOCI,,
are induced by NaN; in tetrahydrofuran (THF):water (85:15) to
undergo the Curtius rearrangement and give intermediate aryl iso-
cyanates that slowly hydrolyze to aryl carbamic acids and decar-
boxylate to intermediate aryl amines, finally to combine with aryl
isocyanates to generate symmetrical N,N’-diarylureas.*® Using a
similar method, N-acylbenzotriazoles react with various aryl amines
in the presence of TMSN; and Et;N to afford (un)symmetrical
N,N'-diarylureas.2¥
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It was recently reported that unsymmetrical N,N’-diarylureas
can be synthesized utilizing 3-aryl-substituted dioxazolones
as precursors of aryl isocyanates, along with aryl amines, in
methanol-containing sodium acetate.® Recently, Audisio and
co-workers®® reported a continuous flow synthetic process for
producing unsymmetrical N,N’-diarylureas, which involved a
Staudinger/aza-Wittig reaction sequence utilizing aryl azides, aryl
amines, and methyldiphenylphospine. N,N’-diarylureas of medi-
cal importance, whose chemical and biological properties play a
significant role in drug design and discovery, are presented by
Ghosh and Brindisi.?”

Herein, we present the synthesis of 17 new diaryl ureas. The
main structural differences of diaryl ureas with respect to the
known allosteric CB1 inhibitor PSNCBAM-1 are represented by
the replacement of the pyridine and pyrrolidine rings with a
pyrazolo- or triazolo-ring and a methylenecarbonyl spacer. In
an analogy with PSNCBAM-1, diaryl ureas are characterized by
a chlorine substituent in the peripheral aromatic ring at the
para-position, while a series of other substituents, including, flu-
oro, bromo, methoxy, cyano, morpholino, and 4-methyl-2-nitro,
were also used. All the new compounds were investigated
through theoretical studies with the aid of density functional the-
ory (DFT) calculations, molecular docking, and molecular dynam-
ics simulations.

2. Results and Discussion
2.1. Chemistry

The general synthesis of pyrazolo-based N,N’-diarylureas is illus-
trated in Figure 2. Bromination of the commercially available
3-nitroacetophenone 1 took place in chloroform, and after treat-
ment with cold ethanol, 2-bromo-1-(3-nitrophenyl)ethanone 2
was obtained in 95% yield. Subsequently, substitution of the bro-
mine atom of 2 by 1H-pyrazole in anhydrous N,N-dimethylforma-
mide, in the presence of potassium carbonate as a base, led to
1-(3-nitrophenyl)-2-(1H-pyrazol-1-yl)ethanone 3 as a yellow amor-
phous solid, in 74% vyield. It should be mentioned that a total of
10 variable reaction conditions were examined at this step, in
terms of different bases, reaction time, and temperature, with
the aim of achieving the above-mentioned optimum final yield
for 3. The reduction reaction of 3 to the corresponding amino-
derivative 4 was carried out with the aid of iron sulfate heptahy-
drate in a mixture of boiling agueous ammonia (25% v/v) and
ethanol for 2h. 1-(3-Aminophenyl)-2-(1H-pyrazol-1-yl)ethan-1-
one 4 was obtained in the form of a brown-yellow amorphous
solid, in 96% vyield. Finally, pyrazoloaniline derivative 4 was
reacted with 1/3 equivalent of triphosgene and 2 equivalents
of anhydrous triethylamine, in anhydrous tetrahydrofuran at
0°C for 2h, to produce the isocyanate intermediate 5, which,
without isolation, was reacted with 2 equivalents of the appropri-
ate aniline, at room temperature for 1.5 to 60 h to form the cor-
responding N,N’-diaryl ureas 6a to 6i, in 15%-86% yield.

The synthetic pathway for triazolo-based N,N-diarylurea ana-
logues is presented in Figure 3. The reaction between 2-bromo-
1-(3-nitrophenyl)ethanone 2 and 1H-1,2,3-triazole took place in
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Figure 2. Schematic representation for the synthesis of diarylurea derivatives 6a-6i. i) Br, CHCls;, 0°C, 1.5 h; ii) 1H-pyrazole, dry DMF, 0 °C, then K,COs, H,0,
rt.; i) FeSO,.7H,0, 25% NH,OH, 95% EtOH, reflux, 2 h; iv) (CI3CO),CO (1/3 equiv.), dry THF, dry Et;N (2 equiv.), 0 °C, 2 h; v) RCgH4NH, (R=H, 4-MeO-, 4-F-,
4-Cl-, 4-Br-, 4-morpholino-, 2-F-, 2-CN-, 4-methyl-2-nitro-) (2 equiv.), dry THF, 1.5-60 h, r.t.
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Figure 3. Schematic representation for the synthesis of diarylurea derivatives 11a-11h. i) N,N-Diisopropylethylamine, dry MeCN, r.t. 0.5 h ii) 2, rt. 18 h;
iii) for 7a: FeSO,4.7H,0, 25% NH,OH, i-PrOH, reflux, 2 h; for 7b: SnCl,.2H,0 MeOH, 60 °C, 3 h iv) (ClsCO),CO (1/3 equiv.), dry THF, dry EtsN (2 equiv.), 0°C, 2 h;
(v) RCgH4NH; 10 (R = MeO-, Cl-, Br-, morpholino-), dry THF, 48 h, r.t.

the presence of triethylamine in acetonitrile at room temperature  products of this reaction is complex due to their poor solubility
and resulted in a mixture of 1-(3-nitrophenyl)-2-(1H-1,2,3-triazol-1-yl)  in both nonpolar and polar solvents. In this context the isolation
ethan-1-one 7a and 1-(3-nitrophenyl)-2-(2H-1,2,3-triazol-1-yl)  of 7b was achieved through continuous dispersion-precipitation
ethan-1-one 7b, in a ratio of 2.3:1. The separation of the two  cycles in ethyl acetate to remove 7a as well as the less polar
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reaction byproducts, which are soluble in ethyl acetate. Sub-
sequently, purification of the resulting filtrate by medium-pressure
column chromatography and recrystallization of the isolated solid
with ethyl acetate and hexane led to 7a as needle-like yellow
crystals, while 7b was obtained as an amorphous white solid.
The distinction between the two isomeric products 2H-1,2,3-
triazole 7a and 1H-1,2,3-triazole 7b is easily accomplished by
'H NMR spectroscopy (Figures S35 and S37). Both spectra present
two singlet peaks at 6.38 and 6.33 ppm, which are designated to
the methylene group protons of 7a and 7b, respectively. Another
set of common peaks in the spectra of the 1H- and 2H-isomers
relates to the aromatic protons H-2’, H-6', and H-4’ of the ben-
zene ring. The H-2' of the phenyl ring of 7a and 7b isomers gives
a triplet peak at 8.73 and 8.77 ppm, respectively, with a similar
J=2.0Hz. A doublet of triplets (dt) at 8.45 ppm (J=7.8, 1.7 Hz)
and 8.49 ppm (J=7.8, 1.3 Hz ppm) is assigned for H-6’, and a
doublet of doublets of doublets (ddd) at 8.56 ppm (J=28.2, 2.4,
1.0) and 8.54 ppm (J=28.2, 2.3, 1.0 Hz) is assigned for H-4’, for
7a and 7b, respectively. The main difference in the spectra of
the two isomers lies in the triazole protons H-4 and H-5. In the
case of the symmetric triazole ring 7a, protons H-4 and H-5
are chemically equivalent due to being in the same chemical
environment, resulting in a triplet peak at 7.89 ppm, which also
comprises H-5' of the aromatic phenyl ring. In the case of isomer
7b, the hydrogen bonding interaction between the carbonyl

oxygen atom and the adjacent H-5 deshields the signal of the
latter at 8.11. On the other hand, H-4 of the triazole ring in 7b
is shielded, giving a signal at 7.82 ppm, while H-5’ of the phenyl
ring of 7b appears as a triplet at 7.92 ppm.

The synthesis of the two triazoloethanone isomers, 7a and 7b,
was followed by their reduction to the corresponding amino
compounds, 8a and 8b, respectively. The reduction of isomer
7a proceeded smoothly using iron sulfate heptahydrate and
25% v/v aqueous ammonia in isopropanol solvent. After boiling
the solution for 2 h and removing the formed iron oxides, the
desired amino-derivative 8a was obtained as a brown-yellow
amorphous solid, in 93% yield. In contrast, the reduction of amino
derivative 7b proved more challenging in terms of finding suit-
able chemical conditions. In addition to iron sulfate heptahydrate,
several catalysts and reducing procedures were tested, including
catalytic hydrogenation in the presence of platinum dioxide cat-
alyst (10%, Adams catalyst) or with palladium on carbon catalyst.
However, none of these gave any product. The reduction of 7b
took place in the presence of tin chloride dihydrate according to
the method of Bellamy.®® A solution of nitro compound 7b in
methanol was heated gently at 55-60°C for 2h, resulting in
the production of the hydrochloride salt of the amine, as the reac-
tion environment was strongly acidic (pH = 1). Subsequent basi-
fication of the solution (pH =8) resulted in the formation of
amino-derivative 8b, which is obtained as a yellow amorphous
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Figure 4. Calculated minima structures of new N,N’-diarylureas 6a-i and 11a-|
balls, H= white, O =red and N = blue).
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solid, in 87% yield. In the final step of the synthetic route, each of ~ 2) to correlate the molecular structure of 6a-i and 11a-h with
amino derivatives 8a and 8b reacted with 1/3 equivalent of tri-  their reactivity to interact with their binding in the CB1.
phosgene and 2 equivalents of anhydrous triethylamine in anhy-  Specifically, the binding of 6a-i and 11a-h in the allosteric posi-
drous tetrahydrofuran at 0 °C for 2 h, followed by the additionof 2 tion of CB1 is investigated when CB1 is a complex with agonist
equivalents of the appropriate aniline 10 to form the correspond- ~ AM841, and it is compared with the binding of the well-known

ing N,N’-diaryl ureas 11a-h, respectively. CB-1 inhibitor PSNBAM-1 via molecular docking. Furthermore,
the binding of these new N,N’-diarylureas and of PSNBAM-1
2.2. Theoretical Studies in the orthosteric position of CB-1 is also studied via molecular

docking and molecular dynamics. Finally, the molecular struc-
The aims of the theoretical calculations are: 1) to investigate the  ture of 6a-i and 11a-h and their reactivity tendency are inves-
binding of the new N,N’-diarylureas 6a-i and 11a-h in CB1 and  tigated via DFT calculations.
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Figure 5. Calculated minima structures of new N,N’-diarylureas 6a-i and 11a-h at the B3LYP/6-311+g(d,p) methodology in THF solvent. (Atoms C = grey
balls, H= white, O =red and N = blue).
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2.2.1. DFT Calculations

At first, a conformational analysis was carried out to find the
lowest-energy structures of the N,N’-diarylureas. The calculated
structures at the B3LYP/6-311+g(d,p)***” methodology in THF sol-
vent using the polarizable continuum model (PCM model)*" are
depicted in Figure 4. The DFT methodology has been shown to
predict well the geometries and energetics,>** while it has been
shown that the PCM model describes well the solvent effects.*!
Further details on the methodology are given in SI. Their geometry
of the calculated structures is given in Table S1 of the Supporting
Information. All DFT calculations have been carried out via the
Gaussian16 program.””

The highest occupied molecular orbitals (HOMO) and lowest
unoccupied molecular orbitals (LUMO) of the diarylureas 6a-i
and 11a-h are depicted in Figure 5, and their energy is given
in Table S2 of Supporting Information. The energy difference
between the HOMO and LUMO orbitals may be indicative of
their reactivity, especially when the molecules are similar and
only some of their peripheral groups differ.*® Thus, a small
HOMO-LUMO difference (AE,,) can be related to a large reactiv-
ity, while large AE, values with a small reactivity.”” It should be
noted that the energy difference between the HOMO and LUMO
orbitals is dependent on the DFT methods;® however, within
the same methodology, the AE,; values for similar molecules dif-
fering only in their distant groups can give some trends regard-
ing their reactivity. In general, the use of AE, values as a
reactivity indicator should be taken with cautious; however,
the present studied compounds is a case where they can be
used. The B3LYP/6-311 + g(d,p) in THF solvent HOMO-LUMO
energy difference is given in Table 1. It is found that the
order of the N,N’-diarylureas 6a-6i and 11a-11 h starting from
the molecule with the smallest H-L energy difference to
the largest one is 11g < 6f <6i<11b < 11a <6b < 6a < 11f
<11d<11e<11c<6¢c < 6e < 6d < 6g < 11h < 6h. Thus, the
three N,N’-diarylureas 11g, 6f, and 6i present increased reactivity
and may interact better with the CB1 receptor.

The frontier molecular orbitals for each compound are
shown in Figure 5. In all cases, the H to L excitation corresponds
to a charge transfer process. In all compounds, the electron
density of the HOMO orbitals is localized at the two aromatic
rings and the urea groups, apart from the 6f and 11g, where
their HOMO orbital is localized at the urea and the right aromatic
group with the 4-morpholino group. On the contrary, in all com-
pounds, the electron density of the LUMO orbitals is localized only
in the center aromatic ring, except for 6i, where it is located at the
Ph-NO, group. So, the charge transfer is from the right aromatic
ring and urea group to the center aromatic group. In the case
of the 6i compound, the charge transfer is from the central
aromatic ring and the carbonyl groups to the Ph-NO, group.
However, in the cases of the 6f and 11g, instead of an H — L
charge transfer process, an electron transfer has occurred; that
is, their HOMO and LUMO orbitals do not have electron density
at the same common groups. Thus, to sum up, the 11g, 6f, and
6i N,N'-diarylureas present some differences in the electron density
of their HOMO and LUMO orbitals with respect to the remaining
N,N’-diarylureas.
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2.2.2. Molecular Docking

Induced fit docking was employed to investigate potential binding
interactions in the allosteric blind position of the CB-1 receptor (PDB
ID: 5XR8).4% The in silico studies were conducted using the Protein
Preparation Wizard in the Schrédinger Suite to process the crystal
structures. At first, all the compounds underwent energy minimiza-
tion using MacroModel® and DFT calculations. Conformer analysis
ensured the identification of stable low-energy geometries through
DFT, while molecular mechanics provided further refinement, bal-
ancing accuracy and computational efficiency. LigPrep was utilized
to generate 3D models, accounting for stereochemistry, and the
“add metal binding states” option was applied to optimize ligand
binding. Geometry optimization in MacroModel preserved chirality,
with the OPLS2005 force field employed for minimization while con-
sidering protonation states at physiological pH. Chemically accurate
3D models were generated using the Hammett and Taft methods
alongside an ionization tool. Ligand structures were further mini-
mized in a water environment using the OPLS2005"" force field.
To explore the most stable conformations, a mixed-torsional/low-
sampling conformational search was performed, and the lowest-
energy conformer was selected for docking studies. The induced
fit docking (IFD) approach in the Schrédinger Suite was utilized
for docking, with the ligand being docked in five energetically favor-
able conformations obtained from MacroModel. Prior to docking,

Table 1. Energy difference of the HOMO-LUMO orbitals, AE, (eV), of the
diary ureas 6a-6i and 11a-11h at the B3LYP/6-311 + g(d,p) methodology in
THF solvent using the PCM model.

a/a Diaryl urea AE a/a Diaryl urea AEy
1 6a 3.896 10 11a 3.648
2 6b 3.708 1 11b 3.577
3 6¢ 4011 12 11c 3.983
4 6d 4.022 13 11d 3.944
5 6e 4.017 14 11e 3.976
6 6f 3.315 15 11f 3.938
7 69 4.103 16 119 3.253
8 6h 4,256 17 11h 4.186
9 6i 3.537 - - -

Table 2. Molecular docking results for 17N,N’-diarylureas and of the known
inhibitor PSNCBAM-1 in allosteric position of the receptor CB1 complex with
the agonist AM841.

a/a Diaryl urea  Docking score a/a Diaryl Docking score
(kcal mol™") urea (kcal mol™")
1 6a —4.60 10 11a —4.05
2 6b —5.03 11 11b —4.95
3 6¢ -5.16 12 11c —4.60
4 6d —5.80 13 11d —5.16
5 6e —5.61 14 11e —6.17
6 6f —4.85 15 11f —4.19
7 69 ~5.19 16 119 -338
8 6h —4.44 17 11h —4.39
9 6i —4.93 18  PSNCBAM-1 —4.85

© 2025 The Author(s). ChemPlusChem published by Wiley-VCH GmbH
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protein preparation involved constrained refinement, which
included automatic side-chain trimming based on B-factor analysis
and Prime-based side-chain optimization. The Glide/XP docking tool
was used, with an active-site dielectric constant set to 80, and crys-
tallographic water molecules were retained throughout the docking
process.

2.2.3. Allosteric Site
For all NN’-diarylureas 6a-i and 11a-h and the known inhibitor

PSNCBAM-1, blind molecular docking calculations were performed
to find an allosteric position to bind in the CB1-AM841 complex.

AMB841 is an orthosteric agonist, meaning it binds directly to
the orthosteric site of CB1, which is the primary binding site.
It was found that all N,N’-diarylureas and the known inhibitor
PSNCBAM-1 prefer to bind to the same allosteric position in CB1.
Numerous conformations were generated; the results of the most
favorable values are shown in Table 2.

The strongest docking scores are obtained for the com-
pounds 11e (—6.17 kcalmol™'), 6d (—5.88 kcalmol™"), and 6e
(—5.61 kcal mol™"), see Table 2. For the known inhibitor PSNCBAM-
1, the docking score is —4.85 kcal mol~". Note that 10 out of the 17
studied N,N’-diarylureas, that is, 11e, 6d, 6e, 6g, 11d, 6¢, 6b, 11b, 6i,
and 6f, bind stronger than the known inhibitor PSNCBAM-1 or similar
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Figure 6. Binding interactions of N,N’-diarylureas 6a-i, 11a-h and inhibitor PSNCBAM-1 with the allosteric site of the CB1 receptor in complex with the
agonist AM841.
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with it. Thus, the above 10 compounds have the potential to be used
successfully as allosteric CB-1 receptor inhibitors.

The interactions of each diarylurea with the amino acids of
the allosteric site are shown in Figure 6. As can be seen from
Figure 6, all compounds bind to the same pocket in the enzyme.
They are located next to the same amino acids, and they bind in
an allosteric position. Selected interactions are given in Table 3. In
detail, compound 6a forms one hydrogen bond with ASP460, and
compound 6c forms three hydrogen bonds with ARG214 and
LEU463. Moreover, compound 6d forms one hydrogen bond with
LEU463 and one n—x interaction with HIS304, while compound 6e
forms one hydrogen bond with ARG458 and one n—= interaction
with HIS304. Also, compound 6g forms one hydrogen bond with
LEU463 and one cation—r interaction with ARG214, compound 6h
forms one hydrogen bond with ARG214, while compound 6i
forms two hydrogen bonds with HIS304 and TYR296.

2.2.4. Orthosteric Site

The docking scores of compounds 1a-6i and 11a-11h at the
orthosteric pocket of CB1, that is, in the primary binding site
where the agonist AM841 binds, have been calculated; see
Supporting Information, Table S3. The docking scores are higher
than the corresponding values at the allosteric site, as is
expected. The stronger values are obtained for the 6f, 6i, and
11g compounds, which present the same strong binding score
with the known inhibitor PSNCBAM-1, thus indicating that they
are the best candidates as inhibitors to CB1 among the present
calculated N,N’-diarylureas. Furthermore, it seems that 6i is a
better inhibitor than the PSNCBAM-1.

The interactions of studied diarylureas in the orthosteric bind-
ing site of CB1 are shown in Table 4. Specifically, diarylurea 6i forms
one hydrogen bond with PHE174 amino acid. Furthermore, diary-
lurea 6f forms two n—r interactions with TRP279 and two hydrogen
bonds with PHE117. Also, diarylurea 11g forms 5 m—r interactions
with TRP279, PHE268, PHE501, and PHE174. Diaryl-urea 6b forms
two 7-7 interactions with PHE279 and PHE189, and diarylurea
6c forms one 7—x interaction with TRP275. The interactions are sim-
ilar for each diarylurea.

It is interesting that the three compounds, 6f, 6i, and 11g, that
present the strongest binding values in the main/primary binding
site of the CB1 present an increased reactivity trend, as has been
shown from the DFT calculations. On the contrary, for the allosteric
binding, where the docking score is smaller than the scores in the
orthosteric site, the favored compounds, that is, compounds form-
ing the strongest values for the allosteric site, do not follow the DFT
reactivity trend. This may occur because, when a ligand binds
tightly, the binding interaction is often specific and directional
(e.g., involving charge transfer, hydrogen bonding, or - stack-
ing). In these cases, a smaller HOMO-LUMO gap, that is, a more
reactive molecule, often is correlated with a greater ability to
donate (HOMO) or accept (LUMO) electrons, a better stabilization
of the interaction via orbital overlap (especially in metal-ligand or
n-systems), and enhanced charge transfer interactions with the
receptor. Therefore, in strong binders, the binding interaction
may rely heavily on electronic reactivity, and thus the HOMO-

ChemPlusChem 2025, 00, 202500270 (8 of 11)

Table 3. Interactions of N,N’-diarylureas with the allosteric site of the CB1
receptor in complex with the agonist AM841.

a/a Diarylurea Hydrogen bonding n-n interaction
1 6a Asp460 -

2 6¢ Leu463, Arg214(2) -

3 6d Leu463 His304
4 6e His304, Arg458 His304
5 6f Arg214(2) -

6 69 Leu463 Arg214
7 6h Arg214 -

8 6i His304, Lys300, Tyr296 -

9 11a His304 Lys300
10 11b lle218, Lys300 -

1 11c Leu463 Arg214
12 11e Leu463(2), Arg214 -

13 11f Asp460 -
14 119 11e218(2), Lys300 His304
15 11h Lys300 -
16 PSNCBAM-1 His302(2), Arg458 Arg458

Table 4. Interactions of N,N’-diarylureas with the orthosteric site of CB1.

a/a Diarylurea Hydrogen bonding n-m interaction

1 6b - PHE279, PHE189

2 6C - TYR275

3 6f PHE177 TRP279

4 69 PHE174 PHE268

5 6h PHE177 PHE177

6 6i PHE174 -

7 11a PHE501 PHE170

8 11b - PHE268

9 11c - TRP279

10 11d - TRP475, PHE501, PHE268
1 11e SER505 -

12 1f - TYR275

13 11g - PHE174, PHE268, PHE501, TRP279
14 11h PHE174 -

15 PSNCBAM-1 PHE174 -

LUMO difference is crucial and aligns with the docking score.
On the contrary, in weak binding, other factors or randomness
dominate; for instance, the ligand may not be properly oriented
in the binding site, steric issues, or poor docking poses obscure
electronic effects. In cases of medium binding interaction, the elec-
tronic reactivity (HOMO-LUMO) may no longer drive the docking
outcome, so no meaningful correlation is observed. Thus, in the
allosteric site, where the drugs are less bound than in the orthos-
teric site, their reactivity is less important for the binding.

2.2.5. Molecular Dynamics Simulations

Molecular dynamics (MD) was carried out for the N,N’-diarylureas
that bind strongly to the active center to investigate if the

© 2025 The Author(s). ChemPlusChem published by Wiley-VCH GmbH
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Figure 7. RMSD value for the protein (CB1) (depicted in green) and the
diarylurea 11e.

diarylurea remains stable in the active center of the protein (pri-
mary binding site). The root-mean-square deviation (RMSD) for
both protein and diarylurea was calculated during the MD, which
is a measure of the average distance between atoms of superim-
posed protein structures and diarylurea structures, respectively;
see Figure S6 of Sl.

Specifically, the binding affinity of compounds 6f, 6i, and 11g
during the time evolution of 200 ns was investigated. It was found
that when diarylurea 6f is docked, the protein undergoes signifi-
cant conformational changes, or there are regions in the protein
that are very flexible during the simulation, while 6f remains
bound, maintaining its binding orientation, experiencing only
slight positional or orientational shifts over time. As regards 6i,
the protein undergoes significant conformational changes, or
there are regions in the protein that are very flexible during
the simulation, while 6i also presents fluctuations even though
they seem more stable in comparison to protein. Finally, for diary-
lurea 11g, the protein maintains structural integrity while 11g
undergoes substantial movements or conformational changes
within the binding site; see SI.

Regarding the binding affinity of compound 11e, which
presents the largest docking score at the allosteric site of
CB-1, the time evolution of 200ns was investigated; see
Figure 7. It was found that the protein’s RMSD fluctuates signifi-
cantly, indicating substantial conformational changes, while the
ligand RMSD remains relatively stable with smaller variations,
suggesting that the ligand maintains a consistent binding pose
throughout the simulation. Thus, 11e remains bonded in the allo-
steric position.

3. Conclusion

In this study, a series of new pyrazolo- and triazolo-based diaryl
ureas were successfully synthesized with the goal of obtaining
novel selective CB1 receptor antagonists. The role of the para-
substituents of the phenyl group in CB1 receptor antagonist
activity was investigated with theoretical studies.

It was found that all new N,N’-diarylureas bind strongly to the
active center (primary site) of the enzyme. The strongest binding
seems to have compounds 6f, 6i, and 11g. Specifically, com-
pound 6i forms one hydrogen bond with PHE174 amino acid.
Compound 6f forms two 7n-n interactions with TRP279 and
two hydrogen bonds with PHE117. Compound 11g forms 5

ChemPlusChem 2025, 00, 202500270 (9 of 11)

-1 interactions with TRP279, PHE268, PHE501, and PHE174.
Additionally, DFT calculations have shown that these three com-
pounds, 6f, 6i, and 11g, present increased reactivity compared to
the remaining studied N,N’-diarylureas. In all 17 N,N’-diarylureas
present, the H — L excitation is a charge transfer process, while in
the cases of the 6f and 11g, it is an electron transfer process. MD
simulations studied the binding affinity of compounds 6f, 6i, and
11g in the primary site during the time evolution of 200 ns.
Regarding the docking of 6f and 6i, the protein undergoes sig-
nificant conformational changes, or there are regions in the pro-
tein that are very flexible during the simulation while both 6f and
6i remain bound. However, while 6f maintains its binding orien-
tation, 6i presents fluctuations. Finally, when 11g is docked, the
protein maintains structural integrity while 11g undergoes sub-
stantial movements or conformational changes within the bind-
ing site.

The potential of all new N,N’-diarylureas to bind in an allo-
steric position of the CB1 as a complex with the agonist AM841
has been investigated. It was found that all compounds bind to
the same pocket, they are located next to the same amino
acids, and they bind in an allosteric position. Specifically, 10
out of the 17 compounds studied—that is, 11e, 6d, 6e, 69,
11d, 6¢, 6b, 11b, 6i, and 6f—bind stronger than the known
inhibitor PSNCBAM-1 or similarly, showing that they have
the potential to be used as successfully as allosteric CB-1 recep-
tor inhibitors. The largest binding values are obtained for the
compounds 11e, 6d, and 6e. Hydrogen bonds and n-= interac-
tions are formed between the allosteric site position and the
compounds. 6d forms one hydrogen bond with LEU463 and
one n-n interaction with HIS304, while compound 6e forms
one hydrogen bond with ARG458 and one n-x interaction with
HIS304.

Finally, while in the orthosteric site of the CB1, the binding
potential of the compounds follows, in general, the DFT-obtained
reactivity trend. On the contrary, in the allosteric site, where the
binding is smaller than in orthosteric site, compounds do not fol-
low the DFT reactivity trend. This shows that the molecular struc-
ture of the compounds, that is, the substituent group, is more
important than the total reactivity trend of the compounds.
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