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Obesity and metabolic syndrome, along with drug dependence (nicotine, alcohol, opiates), are two of the
major therapeutic applications for @Bannabinoid receptor antagonists and inverse agonists. In the present
study, we report the synthesis and structeafinity relationships of 1,5-diphenylimidazolidine-2,4-dione

and 1,3,5-triphenylimidazolidine-2,4-dione derivatives. These new 1,3,5-triphenylimidazolidine-2,4-dione
derivatives and their thio isosteres were obtained by an original pathway and exhibited interesting affinity
and selectivity for the human GBannabinoid receptor. A§S]-GTPy/S binding assay revealed the inverse
agonist properties of the compounds at the; €Bnnabinoid receptor. Furthermore, molecular modeling
studies were conducted in order to delineate the binding mode of this series of derivatives into,the CB
cannabinoid receptor. 1,3-Bis(4-bromophenyl)-5-phenylimidazolidine-2,4-di2Be aphd 1,3-bis(4-chlo-
rophenyl)-5-phenylimidazolidine-2,4-dion23) are the imidazolidine-2,4-dione derivatives possessing the
highest affinity for the human CBcannabinoid receptor reported to date.

Introduction The wide application for CBcannabinoid receptor antago-
nists or inverse agonists as pharmacological agents prompted
the synthesis and characterization of new classes of com-
pounds?! Indeed, in addition to the biarylpyrazoles (SR141716A,
SR147778), several other heterocyclic compounds such as
triazoles?324 thiazoles?* pyrazolines® imidazoles?*2% and
pyridine$” have been described.

The cloning of the cannabinoid GEand CB receptors in
the early 1990< followed by the discovery and characterization
of their endogenous ligands.e. anandamide (AEA) and
2-arachidonoylglycerP (2-AG)—as well as the characterization
of the enzymes responsible for endocannabinoid degraéation
i.e. fatty acid amide hydrolagemonoglyceride lipasé,and

N-acylethanolamine-hydrolyzing acid amid&seffered new _ngglg this line, our group previously reported the synthe-
areas for therapeutic interventich<linical trials involving ~ SIS®?® and pharmacological ch?oractenzatlon of 3-alkyl5,5
either cannabinoid receptor ligands@annabis satia extractd® diphenylimidazolidine-2,4-diorf&°and 3-alkyl-5,5diphenyl-
demonstrated pharmacological activities. For instant®, 2-thioxoimidazolidin-4-on& derivatives as cannabinoid ligands.
tetrahydrocannabinol A-THC) was recently shown to be  These compounds, exhibiting moderate affinity, act as selective
effective in the treatment of Tourette’s syndrome iand in inverse agonists at the @Bannabinoid receptor. The structtre

the relief of paint2 affinity relationships obtained to date revealed three important

features to enhance the affinity toward the receptor: (i) the N

agonists exhibited interesting therapeutic potential while being Nitrogen must be substituted, (ii) introduction of an halogen
devoid of psychotropic side effectd:15 The first reported CB supsftltue.r]t in para .pOS.I'[IOI’l of the pheny! rings increases the
cannabinoid receptor inverse agonist, imona4BR141716A, afflnlty, (iii) thio d.er|v.at|ves are more active than the corre-
Acomplia), was successfully tested in humans as treatment forSPonding oxo derivatives.

obesity’” (and associated metabolic syndrome) and smoking In the present study, new substitution patterns of the imida-
cessation (Figure T Another promising application for such  zolidine-2,4-dione ring, leading to the 1,5-diphenylimidazoli-
drugs is the treatment of drug dependence (alcohol, opiafes,  dine-2,4-dione and to the 1,3,5-triphenylimidazolidine-2,4-dione
THC) as indicated by both animal and human stuéfi¢snally, series, were explored as new potential human €Bnabinoid
recent studies in rats using the two inverse agonists SR141716Areceptor ligands. The latter series of compounds was synthesized
and LY320135 suggested that C&nnabinoid receptor inverse in good yields by a previously unreported method from
agonists may be effective in reducing brain injury caused by phenylglyoxal and 1,3-diphenylurea. The pharmacological

In this field, CB, cannabinoid receptor antagonists or inverse

focal ischemig? properties of 1,5-diphenylimidazolidine-2,4-diote-(18), 1,3,5-
triphenylimidazolidine-2,4-dione20—29), and 1,3,5-triphenyl-
* Corresponding author. Phone:32 2 7647347. Fax+32 2 7647363.  2-thioxoimidazolidin-4-one30—38) derivatives at the human
lambert@cmfa.ucl.ac.be. ' CB; cannabinoid receptor were characterized. Finally, the results
! Universitecatholique de Louvain. allowed the establishment of structuractivity relationships,
University of Namur. . h h o f thi . f.CB
§ Department of Pharmaceutical Chemistry, University of Jena. aiming at the characterization of this new series of;

' Department of Inorganic and Analytical Chemistry, University of Jena. cannabinoid receptor inverse agonists.
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Figure 1. Structures of derivativ@5 and of SR141716, WIN-55,212-2,

Scheme 1. Synthesis of the
1,5-Diphenylimidazolidine-2,4-dioné( 8—18) and
1,5-Diphenyl-2-thioxoimidazolidin-4-oner) Derivative$
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aReagents and conditions: (a) Se@ioxane-water (70:4), 55°C,
overnight; (b) CHCOOH/H:0, NaOCN, rt; (b acetone, NHOH, rt; (c)
CH3COOH-HCI (15:0.5), reflux, 4 h; (d) CECIy, pyridine, COCHR, rt,
overnight; () DMF, KCO;, tetrabutylammonium bromide, €R, 3 x 1.5
min microwave pulses (100 W).

Results and Discussion
Chemistry. Substituted phenylglyoxal derivativeg, (X1 =

Cl, Br) were synthesized from the corresponding acetophenones
(1) using selenium dioxide as oxidant according to a method

described by Riley and Gré&/(Scheme 1). Distillation of the
resulting oil (substituted phenylglyoxal) followed by recrystal-
lization from water was usually sufficient to remove selenium
contaminants from substituted phenylglyoxal.

Substituted phenylurea derivativess ' = O) were easily
obtained in high yields by reacting the corresponding aniline
(3) with sodium cyanate in an acetic aeidiater mixturé?

J
SR141716 (Nj WIN 55,212-2
o
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Scheme 2.Synthesis of the
1,3,5-Triphenylimidazolidine-2,4-dion@2@—29) and
1,3,5-Triphenyl-2-thioxoimidazolidin-4-one&(—38)
Derivative$
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a2 Reagents and conditions: (a) acetone, rt, 6 h; (by@BOH-HCI
(20:0.5), reflux, 6 h.

4

The target 1,3,5-triphenylimidazolidine-2,4-dione derivatives
(20—29) were obtained by an original pathway starting from
1,3-diphenylurea 19, X' = O) and phenylglyoxal Z) as
described in Scheme 2. This reaction represents a simple one-
pot procedure to obtain in moderate to good yielfs-29.

(Scheme 1). The reaction was almost complete, and the resulting10WeVver, it has to be mentioned that this reaction pathway does
phenylureas were used without further purification. The phe- not allow for the synthesis of enantiopure compounds. The

nylthiourea b, X' = S) was obtained in high yields by reacting
phenyl isothiocyanated( X' = S) with ammonia.

The 1,5-diphenylimidazolidine-2,4-dione derivativés&—14,

X" = O) were synthesized from phenylglyoxal and phenylurea
by slightly modifying the procedure described by Joshi ét al.
(Scheme 1). Four hours of reflux in an acetic adiydrochloric
acid mixture yielded the 1,5-diphenylimidazolidine-2,4-dione
derivatives in good yields (5964%). The same procedure using
phenythiourea afforded the 1,5-diphenyl-2-thioxoimidazolidin-
4-one {, X' = 9S).

Derivatives 15 and 16 were obtained in high yields by
acylation of6 with benzoyl chloride and hexanoyl chloride,
respectively, in a CkCl,—pyridine mixture (Scheme 1).
Derivatives17 and 18 were prepared by alkylation @& using
a microwave-assisted procedure adapted from Bogdal %t al.
(Scheme 1).

Reacting the anilin® with phenyl isocyanate4( X' = O)
and phenyl isothiocyanatd,(X' = S) afforded in good yields
the 1,3-diphenyluredl@, X' = O) and 1,3-diphenylthioured 9,

X' = S) derivatives, respectively (Scheme 2).

structure of the triphenylimidazolidine-2,4-dione products was
confirmed by the X-ray diffraction of compour® (Figure 2).
Interestingly, spontaneous resolution was observed upon crystal-
lization. Indeed, the crystallization conditions 22 yielded
crystals presenting a preferential enrichment ofRfemantiomer
(3:1 ratio for theR/S enantiomers) starting from a racemic
mixture of the product. Similar spontaneous resolution of
racemic mixtures, although rarely observed in the natural work,
has been reported in other series of molecules, in particular for
1,3,5-triphenyl-2-pyrazoliné®

No classical H-bond is observed within the crystal packing
of 22. This is explained by the lack of any suitable H-bond
donor within the molecule. In particular, substitution of by
a phenyl eliminates this center as sole potential H-bond donor,
in contrast with what is observed with ;Nunsubstituted
analogued?3tinterestingly, short intramolecular-@4~0 bonds
(2.6-3.0 A) involve the oxygen atoms in position; @nd the
H atoms in the ortho positions of the aromatic rings substituting
both N atoms. These intramolecular interactions influence the
conformation and relative orientation of the aromatics around
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Figure 2. ORTEP diagram oR2 representing one molecule of the
asymmetric unit. Both enantiomers were present in the crystal.

the imidazolidine-2,4-dione scaffold and could play a role during
the binding to the receptor.

Crystal cohesion 022 mainly results from stacking interac-
tions that involve ther-system of the aromatic rings. All three
phenyl rings are involved in these intermolecular interactions.
In addition, the central imidazolidine-2,4-dione ring is engaged
in T-shape perpendicular interactions with neighboring mol-
ecules. The CO bond of one imidazolidine-2,4-dione ring points
to the center of an imidazolidine-2,4-dione ring of a symmetry-
related molecule.

Taken together, the crystallographic data obtained2a@n
confirm the structure of the compound and the presence of both
enantiomers in the mixture. They further suggest that the central
imidazolidine-2,4-dione ring could influence the relative orienta-
tion of the aromatic substituents within the molecule (through
intramolecular H-bonds), allowing them to form propestack-
ing interactions with residues of the protein during binding to
a receptor. The conformation @R obtained by X-ray crystal-
lography is also an excellent starting point for modeling of the
different 1,3,5-triphenylimidazolidine-2,4-dione derivativeég<
29) within the CB, cannabinoid receptor, as discussed further
in the text.

Using 1,3-diphenylthiouredlf, X' = S) instead of the urea
derivative, the 1,3,5-triphenyl-2-thioxoimidazolidin-4-one de-
rivatives were similarly obtained30—38, Scheme 2). Except
for the iodo derivative §5), yields were not influenced by the
phenyl substituents (Xand X). 1,3-Bis(4-hydroxyphenyl)-5-
phenyl-2-thioxoimidazolidin-4-one3@) was obtained in high
yield from the methoxy derivatived{) by demethylation using
boron tribromide.

1,3-Dicyclohexyl-5-phenylimidazolidine-2,4-dionéQ) was
synthesized from 1,3-dicyclohexylure29j and phenylglyoxal
(2) as illustrated in Scheme 3.

Pharmacology—Affinity toward the Cannabinoid Recep-
tors. All the compounds were screened aid@ concentrations
for competitive binding to the human cannabinoid receptors CB
and CB in a competitive binding experiment, using membranes
of Chinese hamster ovarian (CHO) cells selectively expressing
either the human CB(hCB;) or CB; (hCBy) cannabinoid
receptor. H]-SR141716A and3H]-CP-55,940 were used as
radioligands (1 nM) in these experiments for ti&B; andhCB,

Muccioli et al.

Scheme 3.Synthesis of
1,3-Dicyclohexyl-5-phenylimidazolidine-2,4-dionéQ)2

pes
fe

40
a Reagents and conditions: (a) gEDOH-HCI (20:0.5), reflux, 10 h.

Table 1. Percentages of Displacement 8H[-SR141716A and
[3H]-CP-55,940, Respectively, by Synthesized
1,5-Diphenylimidazolidine-2,4-diones (M) on hCB; andhCB;
Cannabinoid Receptdrs

% displacement

hCB; hCB;
compd X X1 X2 R receptor receptor

6 (0] H H H <10 <10
7 S H H H <10 <10
8 (0] H Cl H <15 <10
9 (0] H Br H 252+1.2 <10
10 (0] H | H <20 <10
11 O H OMe H <10 <10
12 (0] Br H H <15 <10
13 (0] Br CI H <15 <10
14 (0] Br  Br H <15 <10
15 o H H CO-GHs <10 <10
16 (0] H H CO-GHi1 <10 <10
17 (0] H H CsH1a 41.1+1.2 <10
18 (@] H H CiHss 45.6+ 3.5 <10

aMean+ SEM of at least four experiments performed in duplicate.

derivatives 6—14). None of the compound®$+{14), assayed

as racemic mixtures, displayed significant competitive binding
toward either théaCB; or hCB, cannabinoid receptor. Therefore,

on the basis of the structuralffinity relationships obtained with

the 5,3-diphenylimidazolidine-2,4-dione and 58iphenyl-2-
thioxoimidazolidin-4-one derivatives which showed the impor-
tance of the substitution of the nitrogen in positioA88%-31

four Nz-substituted compounds were synthesized and assayed
for their affinity (15—18). The acylated derivative&5 (Ns-
benzoyl) andL6 (Ns-hexanoyl) were both devoid of affinity for

the cannabinoid receptors. However, as expected, the introduc-
tion of an alkyl moiety {7 and 18) resulted in an increased
affinity for the hCB; cannabinoid receptor with displacement
percentages around 40%.

In a second group of compounds, derivatives possessing an
additional phenyl ring in position 3 were synthesized, leading
to the 1,3,5-triphenylimidazolidine-2,4-dione series of deriva-
tives 20—29, X' = O). Screening results for this series of
compounds are summarized in Table 2. TikB, cannabinoid
receptor affinity was greatly enhanced by the presence of an
additional phenyl ring, as the radioactivity displacement is above
50% for all the compounds. This is further illustrated by
compounds and20 (<10% and 57% displacement at AM,
respectively) and by compound® and 22 (<15% and 75%
displacement at 1@M, respectively). It has to be mentioned
that thehCB;, cannabinoid receptor affinity was also improved,
although to a much lower extent than th€B; cannabinoid
receptor affinity.

cannabinoid receptor, respectively. Table 1 summarizes the The 1,3,5-triphenyl-2-thioxoimidazolidin-4-one derivatives
results expressed as the displacement percentages of th€30—38), which are the thio isosteres of the 1,3,5-triphenylimi-
radioligand from its binding site for the 1,5-diphenylimidazo- dazolidine-2,4-diones, were also obtained and assayed for their
lidine-2,4-dione and 1,5-diphenyl-2-thioxoimidazolidin-4-one affinity at the cannabinoid receptors (Table 2). In this series,



New CB Receptor Imerse Agonists/Antagonists

Table 2. Percentages of Displacement 8H[-SR141716A and
[®H]-CP-55,940, Respectively, by
1,3,5-Triphenylimidazolidine-2,4-diones and
1,3,5-Triphenyl-2-thioxoimidazolidin-4-ones (1) on hCB; andhCB;
Cannabinoid Receptdrand Percentages of FAAH Activity (rat brain
homogenate) Inhibition by 1,3,5-Triphenylimidazolidine-2,4-diones and
1,3,5-Triphenyl-2-thioxoimidazolidin-4-ones (10V)2

% displacement

hCB; hCB; % FAAH
compd X X3 X2 receptor receptor  inhibition
Imidazolidine-2,4-dione Derivatives
20 O H H 57.1+15 <10 <10
21 O CI H 60.2+ 1.8 <15 13.7+ 3.5
22 O Br H 75.44+2.1 <15 145+ 4.4
23 O H 4l 10114+ 15 21.6+£23 <10
24 O H 3l 76.0+ 2.2 32.1+1.6 <10
25 O H 4Br 102.1+1.9 356+19 <10
26 O H 4-O0OMe 57.8:3.1 31.4+2.1 <10
27 O ClI 4cl 71.6+2.1 28.1+2.3 <10
28 o cClI 3l 67.4+ 2.4 248+ 3.1 <10
29 O Br 4-Cl 79.1+£ 3.1 <20 15.4425
2-Thioxoimidazolidin-4-one Derivatives
30 S H H 61.7+ 1.7 <10 11.8+ 3.6
31 S Br H 85.1+ 3.7 <10 19.1+ 25
32 S H 4l 93.7+£ 3.1 <10 11.44+2.4
33 S H 34diCl 787415 <10 22.9+1.7
34 S H 4-Br 100.1+1.3 <15 <10
35 S H 3 81.2+1.8 <15 17.4+2.4
36 S H 4-Me 80.14-2.1 <20 <10
37 S H 4-OMe 65.6+ 3.1 <20 <10
38 S H 4-OH <20 <10 31.5+2.3

aMean+ SEM of at least four experiments performed in duplicate.

the affinity was also enhanced by the phenyl in position 3, as

demonstrated by compoundsnd30 (<10% and 62% displace-
ment at 1Q«M, respectively). Meanwhile, theCB, cannabinoid
receptor affinity was not affected by this modification.

To estimate the influence of the aromatic ring in positions 1
and 3, 1,3-dicyclohexyl-5-phenylimidazolidine-2,4-diom®)(
was tested (at 1&M) in a binding assay. This compound
displaced around 25% of théH]-SR141716, compared to the
57% displacement obtained wift®, confirming the important
role of the phenyl rings in positions 1 and 3.

To study the structureaffinity relationships, the inhibition
constantsk;) of the derivatives showing the highest radioligand
displacement ¥55%) were determined. Th¥; values are
summarized in Table 3. With respect to the imidazolidine-2,4-
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Table 3. Affinities of 20—37 and Reference Cannabinoids SR141716A,
WIN-55,212-2, and HU-210 at theCB; Cannabinoid Receptdband
Determination of the Potency (E§ and Maximal StimulationEmay)

for Compound23—25, 27, 29, 32, 34, 35 and for HU-210 and
SR141716A orhCB; Cannabinoid Receptdrs

activity
affinity EGCso Emax
compd X X1 Xz Ki (nM) (nM) (%)
Imidazolidine-2,4-dione Derivatives
20 OHH 6296+ 354 / /
21 O Cl H 6661+ 386 / /
22 O Br H 4027+ 276 / /
23 O H 4-Cl 353+34 309+31 —74.4+13
24 O H 3-CI 2110+ 99 936+ 74 —50.9+1.4
25 O H 4-Br 243+18 1954+24 —75.1+1.2
26 O H 4-OMe 6456+ 354 / /
27 O CI 4-Cl 1877+ 87 1115+86 —452+1.6
28 O Cl 3-Cl 3312+ 167 / /
29 O Br 4-Cl 905+ 42  1234+64 —48.6+1.7
2-Thioxoimidazolidin-4-one Derivatives
30 S H H >8000 / /
31 S Br H 6309+ 304 / /
32 S H 4-Cl 2163+ 84 2103+174 —51.94+25
33 S H 3,4-diCl 200473 / /
34 S H 4-Br 1447+ 54 1624+ 123 —35.7+ 1.7
35 S H 3 692+ 34 461+ 43 —19.3+0.8
36 S H 4-Me 4968+ 264 / /
37 S H 4-OMe 7033321 / /
Reference Cannabinoids
SR141716A 5.4-0.2 10.1+:0.7 —-84.1+1.7
WIN-55,212-2 3802+ 158 / /
HU-210 18.6+1.7 0.6+0.04 201.2+14.1

aK; values were obtained from nonlinear analysis of competition curves
using PH]-SR141716A as radioligand. Meat#t SEM of at least four
experiments done in duplicattMean+ SEM of at least four experiments
performed in duplicate.

32 (X, = CI), and34 (X, = Br), showingK; values of>8000,
2163 + 84, and 1447+ 54 nM, respectively. A methyl
substituent36, X, = Me) induces a slight affinity increase but
to a lower extent compared to a halogen substituent. The highest
affinity in this series was obtained with 1,3-bis(3-iodophenyl)-
5-phenyl-2-thioxoimidazolidin-4-one3p), exhibiting aK; value
of 692 4+ 34 nM.

The structure-affinity relationships among the 3-alkyl-3;5
diphenyl derivatives have demonstrated an affinity increase
induced by replacement of the carbonyl by a thiocarbonyl in

dione series, a bromine or a chlorine substituent in the paraposition 2 of the imidazolidine-2,4,dione rifdgIn the 1,3,5-

position of the N and N\; phenyl rings (%, Scheme 2 and Table
3) strongly enhances the affinity, as illustrated by derivatives
20 (X2 = H), 23 (X2 = Cl), and25 (X, = Br), exhibiting K;
values of 6296+ 354 nM, 353+ 34 nM, and 243t 18 nM,
respectively. A methoxy substituent in the same positi2f (
X2 = OMe) has no effect on the affinityk{ = 6456 + 354

triphenyl derivatives series2(—38) the opposite situation
occurred. For instance, the oxo derivative 1,3-bis(4-chlorophe-
nyl)-5-phenylimidazolidine-2,4-dione28) showed a higher
affinity than its thio homologue 1,3-bis(4-chlorophenyl)-5-
phenyl-2-thioxoimidazolidin-4-one3@) (K; values of 353+ 34

and 2163+ 84 nM, respectively), and 1,3-bis(4-bromophenyl)-

nM). Further, it appears that substitution at the para position is 5-phenylimidazolidine-2,4-dion&¥) exhibited a loweK; value

preferred to the meta position, as revealed by compo@3ds
and24 bearing a chlorine substituent {Xin the para and meta
positions, respectivelyK| values of 353+ 34 nM and 211Gt
99 nM for 23 and 24, respectively). Moreover, chlorine and
bromine substituents in the para position of thgpBenyl ring
(X,) are responsible for a decreased affinity. For example,
derivatives27 (X1 = Cl) and29 (X1 = Br) exhibited lowerK;
values than derivative3 (X1 = H). The highest affinities were
obtained for 1,3-bis(4-chlorophenyl)-5-phenylimidazolidine-2,4-
dione @3) and 1,3-bis(4-bromophenyl)-5-phenylimidazolidine-
2,4-dione 25) with K; values of 353+ 34 and 243t 18 nM,
respectively.

In the 2-thioxoimidazolidin-4-one series, the Xubstituent
effect is conserved as illustrated by compouB8gX, = H),

than 1,3-bis(4-bromophenyl)-5-phenyl-2-thioxoimidazolidin-4-
one B4) (K; values of 243+ 18 and 1447+ 54 nM,
respectively).

Pharmacology. CB Cannabinoid Receptor Recognition
and Fatty Acid Amide Hydrolase Inhibition. The demonstra-
tion of fatty acid amide hydrolase (FAAH) inhibition by several
2-thioxoimidazolidin-4-one and imidazolidine-2,4-dione deriva-
tives’” prompted us to determine the potential of 1,3,5-
triphenylimidazolidine-2,4-dione and 1,3,5-triphenyl-2-thiox-
oimidazolidin-4-one derivatives for inhibition of FAAH.
Compound®0—38were screened at 1M concentrations for
their ability to inhibit tritiated anandamide degradation in the
presence of rat brain homogenates. The results are summarized
in Table 2. Imidazolidine-2,4-dione derivatives were not able
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to inhibit FAAH activity, as inhibition percentages were lower A
than 15%. Thus, the presence of three phenyl rings around the 250~
imidazolidine-2,4-dione moiety enhances {Bannabinoid o G
receptor affinity, without affecting FAAH activity. 2-Thiox- 5 5 1754 -
oimidazolidin-4-one derivatives also exhibited poor activity as 5 i 1222
FAAH inhibitors, further confirming the selectivity achieved ‘3_ e
with the 1,3,5-triphenyl substitution pattern for the £&n- 5§ 50
nabinoid receptor. &R &4
Functionality at the CB; Cannabinoid Receptors 3-Alkyl- = 2 U k-;; l:I - U IQ U
5,5-diphenylimidazolidine-2,4-dione and 3-alkyl-5diphenyl- -75- - bt i
2-thioxoimidazolidin-4-one derivatives were previously shown 99'9&'9%@ S A L - I 2
to behave as inverse agonists atli@B; cannabinoid receptor. B T

Therefore, the functionality of 1,3,5-triphenylimidazolidine-2,4-
dione R0—29) and 1,3,5-triphenyl-2-thioxoimidazolidin-4-one 3251
(31—36) derivatives was explored using®$]-GTP/S assay?
GDP-GTP exchange is an early event in the signal transduction
mechanism of a G-protein-coupled receptor (GPCR). Thus,
measuring the3fS]-GTPyS—a radiolabeled nonhydrolyzable
analogue of GTP-binding provides a direct measurement of
the interaction between the receptor and the G protein upon _22_ u | I___I J L.J El=k
binding of an agonist to the GPCR. Actually, agonist binding S0l S T ww
to a receptor will increase the guanine nucleotide binding, a
neutral antagonist will not influence the nucleotide binding, and
finally, an inverse agonist will decrease tReq]-GTPy'S binding Figure 3. (A) [%S]-GTP/S binding stimulation assay of 1,3,5-
to the G protein. triphenylimidazolidine-2,4-dione20—26) derivatives, and of SR141716A
Derivatives possessingl value at thehCB; cannabinoid (SR1) and HU-210 (1@&M) on the hCB; cannabinoid receptor. Data

tor | than 7000 nM d at aNIG: are expressed as the mean SEM of at least three experiments
receptor lower than nivi were screened at ahlitconcen- performed in duplicate. Statistical significance assessed by one-way

tration, along with HU-210 and SR141716A, a known agonist ANOVA followed by a Dunett post-test (P < 0.01). (B) P*S]-GTP/S
and an inverse agonist, respectively. As expected,ullD binding stimulation assay of 1,3,5-triphenylimidazolidine-2,4-dione
SR141716A and HU-210 induced a decreaséq% compared (27—29) derivatives and of 1,3,5-triphenyl-2-thioxoimidazolidin-4-one
to basal) and an increase (129% compared to basal Ievel),(3l_36) derivatives (1Q«M) on thehCB; cannabinoid receptor. Data

. - 3al P : _ “are expressed as the mean SEM of at least three experiments
respectively, in the’fS]-GTPyS binding (Figure 3). The 1,3,5 performed in duplicate. Statistical significance assessed by one-way

triphenylimidazolidine-2,4-dione20—29) and 1,3,5-triphenyl-  ANOVA followed by a Dunett post-test (P < 0.01).
2-thioxoimidazolidin-4-one3l, 32, 34—36) derivatives induced

a significant decrease irf5]-GTRy'S binding, ranging from a4t thehCB, cannabinoid receptor with Egvalues of 309+
—12% to—70%, with the notable exception of derivati3g, 31, 195+ 24, and 461+ 43 nM, respectively.

which did not induced any significant variation in nucleotide

binding (Figure 3). The observed decrease ¥SEGTR/S o, pipited lower potency and efficacy compared to the imida-
binding revealed the inverse agonist properties of the series szolidine-2,4-dione derivatives. This is well-demonstrated by
imidazolidine-2,4-dione and 2-thioxoimidazolidin-4-one deriva- compound<23 and 32 (ECso values of 309+ 31 and 2103+
tives at thehCB, cannabinoid receptor. Thus with respect 10 174 nwm, respectivelyEmax values of—74.4+ 1.3 and—51.9
the imidazolidine-2,4-dione and 2-thioxoimidazolidin-4-one + 2.5%, respectively) or by compoungs and34 (ECso values

substitution pattern, the 1,3,5-triphenyl derivatives behaved aSpf 195+ 24 nM and 1624+ 123 nM respectivelyEmaxvalues
the 3-alkyl-5,5-diphenyl derivatives at theCB, cannabinoid  of —75 14+ 1.2 and—35.7 + 1.7%, respectively).

receptor. The activity of compoun@ and 33 deserves some
attention. Indeed, while both compounds exhibited similar
affinity (K.‘ ’.\'.210.0 nM), the TSS]'G.TH/S assay evidenged dif- CB; cannabinoid receptor expressed in CHO cdiBE;-CHO)
ferent act|V|t_|(_es, I.€. INVerse agonism f“?a"d antagonlsm_ for_ were also shown to behave as neutral antagonists at the rat
33. The additional chlorine substituent in the meta position in- CB: cannabinoid receptor expressed in cerebellum homog-
duced an activity change, revealing a modified binding position g, 2:ag (CB1).2%28 Thus, to determine if this behavior is shared

to the receptor. This finding should be helpful in further studies by the 1,3,5-triphenylin,1idazolidine-2,4-diones, the affinity and
aimed at understanding the molecular parameters inducing thefunctionality of derivatives 23, 25 27, and 29 at
inverse agonism and/or antagonism of this series of compounds e murine CB receptor were determined. On one haH,

To further explore the inverse agonist properties, potencies values at theCB; cannabinoid receptor (Table 4) are of the
of imidazolidine-2,4-dione®3-25, 27, and 29 and 2-thioxo- same magnitude compared to those obtained athtbB;
imidazolidin-4-ones32, 34, and35 were determined by measur-  cannabinoid receptor (Table 3). On the other hand, derivatives
ing the decrease in nucleotide binding induced by increasing 23, 25, 27, and29 at 10uM concentrations did not influence
concentrations of test compounds. The respectivig B Emax the P5S]-GTPyS binding, thus revealing neutral antagonistic
values are summarized in Table 3. The compounds possessingroperties at therCB; cannabinoid receptor (Figure 4). In
the highest affinity, 1,3-bis(4-chlorophenyl)-5-phenylimidazo- general, 1,3,5-triphenylimidazolidine-2,4-dione derivatives ex-
lidine-2,4-dione 23), 1,3-bis(4-bromophenyl)-5-phenylimida-  hibited the same behavior as 3-alkyl-5tis(4-bromophenyl)-
zolidine-2,4-dioneZ5), and 1,3-bis(3-iodophenyl)-5-phenyl-2-  imidazolidine-2,4-diones at the human and murine; €Bn-
thioxoimidazolidin-4-oned5), exhibited also the highest potency nabinoid receptors.

[**S]-GTPyS binding
(% above basal)
g

S PP AP PP P
o

As observed in the affinity studies, the thio derivatives

3-Alkyl-5,5'-bis(4-bromophenyl)imidazolidine-2,4-dione
derivatives reported to act as inverse agonists at the human
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Table 4. Determination of the Affinities oR23, 25, 27, and29 at the
rCB; Cannabinoid Receptor, Compared to Those of Reference
Cannabinoids SR141716A and HU-210

rCB: rCB;
(cerebellum) (cerebellum)
compd Ki (nM) compd Ki (nM)
23 247+ 25 29 17444+ 91
25 311+ 21 SR141716A 1.23 0.1
27 2618+ 104 HU-210 2.75£ 0.2

aK; values were obtained from nonlinear analysis of competition curves
using PH]-SR141716A as radioligand. Meat#t SEM of at least four
experiments done in duplicate.

2504
225+
200+
1754

ing

% above basal

[*5S]-GTPyS bind

<i¢én
e

Figure 4. [33S]-GTPyS binding stimulation assay of 1,3,5-triphenyl-
imidazolidine-2,4-dioneZ3, 25, 27, 29) derivatives and of SR141716A
(SR1) and HU-210 (1@«M) on the rCB; cannabinoid receptor (rat
cerebellum homogenate). Data are expressed as the #n&EM of

at least three experiments performed in duplicate. Statistical significance

assessed by one-way ANOVA followed by a Dunett post-tesP (¥*
0.01)

Molecular Modeling. To assess the influence of stereochem-
istry on thehCB; cannabinoid receptor affinity, the binding
modes of both enantiomers 25, the most active compound in

Journal of Medicinal Chemistry, 2006, Vol. 49, N873

Figure 5. Superimposition of the complex of SR141716A and the CB
cannabinoid receptor model (colored in green and blue, respectively)
with the complex ofS-25 and the CB cannabinoid receptor model
(colored in gray and cyan, respectively). The representation of the
Connolly surface (probe 1.4 A) defines the accessible binding pocket.

the imidazolidine-2,4-dione series, have been explored and
compared with that of the reference inverse agonist SR141716A.
The binding of the latter has recently been modeled inside the

Wo6.48

hCB; receptof® and correlates well with the established
mutagenesis studiés. It involves direct aromatic stacking
interactions with F3.36, Y5.39, W5.43, and W6.48, as well as
a hydrogen bond with K3.28.

We manually docked SR141716A into the inactive R-state
of the CB, receptor model in order to reproduce the interaction
pattern described in the literature. Then, tRe and S-
enantiomers of25, which act as inverse agonists too, were
docked into the inactive R-state of the cannabinoid receptor.
As we had no a priori knowledge on their mode of interaction,
we explored their binding with the help of the automated GOLD
docking softwaré? All the receptor-ligand complexes were
finally refined by molecular mechanié$allowing the active
site’s side chains to accommodate the ligand.

As illustrated in Figures 5 and 6, both enantiomer@®&dopt
a similar orientation within the CBcannabinoid receptor. The
interaction pattern o25 seems to be governed by the binding
of the two bromophenyls to the aromatic microdomain. Indeed,
these two rings form several direct stacking interactions with
the aromatic microdomain and especially with F3.36, Y5.39,

and W5.43. Furthermore, in both cases, the unsubstituted pheny!

interacts strongly through an aromatic contact with F6.32.
Orientation of the two N-substituent phenyl rings is stabilized
by intramolecular &H-0O bonds involving a carbonyl oxygen
of the imidazolidine-2,4-dione moiety. Similar interactions were
suggested on the basis of the crystal structur@dand are
probably a characteristic of this series of molecules.
However, this orientation involves, for thR-enantiomer,
inversion of the central imidazolidine-2,4-dione ring in com-

Figure 6. Receptor-based alignment of SR141716A (in gre845
(in gray), andR-25 (in orange). Dashed green lines represent H-bonds.

parison with theS-enantiomer and prevents the formation of a
hydrogen bond with K3.28. In contrast, tBenantiomer realizes

a hydrogen bond with K3.28 similarly to SR141716A, which
also interacts through hydrogen bonding with this residue. This
particular interaction has been shown to account for the higher
affinity of SR141716A for the inactive R-state, leading to its
inverse agonisrft This binding difference betweeR- and
S-enantiomers suggests a strong influence of stereochemistry
on CB; cannabinoid receptor affinity fa25.

Compared to SR141716A, the imidazolidine-2,4-dione de-
rivatives fit only partially the shape of the binding site. The
lipophilic pocket bordered by F2.67, F2.64, H2.65, and F2.61
is left empty, whereas in the case of SR141716A, the piperidine
ring is favorably stabilized within that cavity (Figure 6). This
might account for the lower CBcannabinoid receptor affinity
of these compounds in comparison with SR141716A.

ponclusion

The results reported herein further confirm the interest of the
imidazolidine-2,4-dione ring as central scaffold for cannabinoid
receptors ligands. Indeed, albeit the 1,5-diphenylimidazolidine-
2,4-dione derivatives showed no affinity, the 1,3,5-triphenylimi-
dazolidine-2,4-dione derivatives and the 1,3,5-triphenyl-2-
thioxoimidazolidin-4-one derivatives behaved as selective CB
cannabinoid receptor ligands. Further, tReS[-GTP/S assay
demonstrated their inverse agonists properties at the human CB
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cannabinoid receptor. The most active compounds possess a 1-(4-Bromophenyl)-5-phenylimidazolidine-2,4-dione (9)Yield:
chlorine or bromine substituent in the para position of the N 60%. Mp: 216.2-216.8°C. MS (El): 332 [M+ H]*. *H NMR
and N; phenyl rings, while additional substitution on the C gDMSOde)i 0 5.94 (s, 1H), 7.347.46 (m, 9H), 11.50 (s, 1H).
phenyl ring resulted in a decreased affinity. Finally, the °C NMR (DMSO-<g): 6 64.74 (CH), 116.56, 123.03, 127.56,

compounds 1,3-bis(4-bromophenyl)-5-phenylimidazolidine-2,4- +29-05.129.31, 131.90, 134.10, and 136.36 (C ang4a} 155.18

[ -bis(4- 5. i .o (C=0), 171.68 (G=0).
dione @5) and 1,3-bis(4-chlorophenyl)-5-phenylimidazolidine 1- (4 lodophenyl)-5.phenylimidazolidine-2,4-dione (10)ield:

2,4-diong 23 are the imidazolidine-2,4-dione deri\./ati.ves 58%. Mp: 236.3-237.2°C. MS (EI): 378 [M}. H NMR (DMSO-
possessing the highest affinity for the human;€Bnnabinoid de): 0 5.94 (s, 1H), 7.327.64 (m, 9H), 11.53 (s, LH}3C NMR
receptor reported to date. (DMSO-ds): 6 64.67 (CH), 88.67, 123.23, 127.56, 129.05, 129.37,

. . 134.09, 136.87, and 137.78 (C and &), 155.12 (G=0), 171.62
Experimental Section (C=0). Anal. Calcd for GsH11IN,O2: C, H, N.

General Procedures.All reagents were purchased from com- 1-(4-Methoxyphenyl)-5-phenylimidazolidine-2,4-dione (11).
mercial sources (Sigma-Aldrich or Acros) and were used without Yield: 64%. Mp: 151.7152.6°C. MS (El): 282 [M}". 'H NMR
further purification. Solvents were of analytical gradéH]f (DMSO-dg): 03.70 (s, 3H), 5.92 (s, 1H), 6.877.42 (m, 9H), 11.35
SR141716A (52 Ci/mol) was acquired from Amersham (Roosendaal, (s, 1H).*C NMR (DMSO-ds): ¢ 55.55 (CH), 65.45 (CH), 114.36,
The Netherlands),3H]-CP-55,940 (101 Ci/mol) from NEN Life 123.74,127.69, 128.85, 129.24, 129.76, 134.55, and 156.61 (C and
Science (Zaventem, Belgium), artH]-AEA (60 Ci/mmol) from CHarom), 1565.25 (G=0), 172.07 (G=0).

American Radiolabeled Chemical (St Louis, MO). HU-210 was  5-(4-Bromophenyl)-1-phenylimidazolidine-2,4-dione (12).
obtained from Tocris (Bristol, UK), while WIN-55,212-2 was Yield: 60%. Mp: 203.1204.2°C. MS (El): 332 [M]". 1H NMR
purchased from Research Biochemicals International (Boornem, (DMSO-dg): ¢ 6.00 (s, 1H), 7.027.56 (m, 9H), 11.50 (s, 1H).
Belgium). SR141716A was a generous gift from Dr. Barth, Sanofi- *C NMR (DMSO<g): ¢ 64.29 (CH), 121.29, 122.26, 124.65,
Synthdabo Research (Montpellier, France). 129.18, 129.82, 132.22, 133.90, and 136.81 (C angda} 155.12

The microwave oven used was a commercial household micro- (C=0), 171.49 (G=0).
wave oven (frequency 2450 MHz). Melting points (mp) were 5-(4-Bromophenyl)-1-(4-chlorophenyl)imidazolidine-2,4-di-
determined in open capillaries using the Electrothermal 9100 one (13).Yield: 64%. Mp: 205.3205.9°C. MS (EI): 366 [M]".
apparatus and are reported uncorrected. Infrared (IR) spectra oftH NMR (DMSO-dg): 6 5.98 (s, 1H), 7.327.58 (m, 8H), 11.55
compounds dispersed in KBr were recorded using a Perkin-Elmer (s, 1H). °C NMR (DMSO-): ¢ 64.41 (CH), 122.16, 122.99,

FT-IR 286 spectrometer, and values are reportedincm 1 (see
Supporting Information). Nuclear magnetic resonari¢te NMR,

13C NMR) spectra were recorded on a Bruker AM-300 spectrometer

129.31, 130.08, 132.54, 133.77, and 136.04 (C angds} 155.32
(C=0), 171.49 (C=0).
1,5-Bis(4-bromophenyl)imidazolidine-2,4-dione (14)Yield:

at room temperature and analyzed using the WIN NMR software 62%. Mp: 242.1-243.0°C. MS (El): 410 [M]". *H NMR (DMSO-

package. Chemical shift®)) are reported relative to the tetram-

dg): 6 5.97 (s, 1H), 7.347.57 (m, 8H), 11.54 (s, 1HJ3C NMR

ethylsilane peak set at 0 ppm. In the case of multiplets, the signals(DMSO-ds): J 64.41 (CH), 122.64, 123.29, 130.02, 132.28, 132.54,

are reported as intervals. Signals are abbreviated as s, singlet; d133.77, and 136.49 (C and Gkh), 155.32 (C=0), 171.49 (C=

doublet; t, triplet; m, multiplet. Coupling constants are expressed O).

in hertz. Mass spectra were recorded on a Finnigan MAT 44S, with  Synthesis of 3-Benzoyl-1,5-diphenylimidazolidine-2,4-dione

an ionization voltage of 70 eV. Elemental analyses were performed (15). 1,5-Diphenylimidazolidine-2,4-dioneg) (1.98 mmol) was

on a Carlo Erba EA 1108 analyzer (Carlo Erba, Milano, Italy) and dissolved in a mixture of freshly distilled dichloromethane (25 mL)

are within+0.4% of the theoretical values. and pyridine (0.2 mL) under nitrogen prior to the addition of
A suitable crystal of compoun2 obtained by recrystallization ~ benzoyl chloride (1.98 mmol). The resulting mixture was stirred

from ethanol was mounted with a quartz fiber on a goniometer overnight at room temperature and subsequently washed by

head of a CAD4 Nonius diffractometer. After determination of the NaHCG; 5%, citric acid 5%, and brine. The resulting organic layer

cell parameter using 25 well-centered reflections, complete dif- was dried over MgS@and evaporated to dryness. The resulting

fraction data sets were collected. The structure was solved usingsolid was crystallized from ethanol. The formation B was

direct methods and refined by full matrix least square§®busing confirmed by the disappearance of the NH pealé af 'H NMR

the program ShelxI97 All non-hydrogen atoms were treated (6 = 11.49 ppm) and by the appearance of one additional carbonyl

anisotropically while a riding model was applied for hydrogen peak in3C NMR (0 = 166.45 ppm). Yield: 75%. Mp: 183:5

atoms. Analytical correction for absorption was introduced. 183.9°C. MS (El): 356 [M]". 'H NMR (DMSO-dg): 6 6.20 (s,
Crystallographic Data for Compound 22.Colorless plate (0.08 1H), 7.10-8.04 (m, 15H).13C NMR (DMSO-ds): 6 64.41 (CH),

x 0.28 x 0.35 mm); triclinic;P1: a = 10.079 (2) Ab = 17.079 122.19, 125.43, 127.76, 128.98, 129.24, 130.54, 131.96, 133.26,

(2 A c=21679(3)Aa=73.4,4=819,y=865;V= 135.07, and 135.78 (C and Ghl), 151.24 (G=0), 166.45 (C=

3622.0 B; Z=8,u = 3.24 mmL; D, = 1.494 g/cri; A (Cu Ko 0), 168.58 (G=0).

= 1.54178 A;F(000)= 1648;T = 293 K; 9882 unique reflections
(Rint = 0.009); 937 refined parametei’, = 0.0403 for 9067,
>40 (Fo), Ry = 0.0445 for all data an#R, = 0.1049, GOF= S
= 1.03; Apmin = —1.09 e/ B; Apmax= 0.85 e/ &,

General Procedure for the Synthesis of the 1,5-Diphenyl
Derivatives (8-14). The synthesis o6 and 7 was previously

described’ The 1,5-diphenyl derivatives were synthesized follow-

ing a method adapted from Joshi et*aPhenylglyoxal 2, 4.5
mmol) and phenyluregb( X' = O) or phenylthioureas, X' = S)
(4.5 mmol) were refluxed o4 h in 15 mL ofglacial acetic acid

in the presence of 0.5 mL of hydrochloric acid. After cooling, the
mixture was poured into water and the resulting precipitate filtered

off. The residue was subsequently crystallized from ethanol.
1-(4-Chlorophenyl)-5-phenylimidazolidine-2,4-dione (8)Yield:
64%. Mp: 213.1214.0°C. MS (El): 286 [M]". *H NMR (DMSO-

Synthesis of 3-Hexanoyl-1,5-diphenylimidazolidine-2,4-dione
(16). This derivative was synthesized Hs using hexanoy! chloride
instead of benzoyl chloride. Yield: 73%. Mp: 133.134.6°C.
MS (El): 350 [M]". *H NMR (DMSO-dg): 6 0.87 (s, 3H), 1.29
(m, 4H), 1.60 (m, 2H), 2.96 (t) = 7.3, 2H), 6.01 (s, 1H), 7.10
7.35 (M, 10H)3C NMR (DMSO-dg): 0 14.14 (CH), 22.17, 23.46,
30.90, and 38.01 (Cy, 63.51 (CH), 121.28, 122.77, 125.75,
127.56, 128.14, 129.24, 133.71, and 135.97 (C angda} 151.37
(C=0), 168.58 (G=0), 171.75 (G=0). Anal. Calcd for GHyx
NzOg: C, H, N.

Synthesis of 3-Pentyl-1,5-diphenylimidazolidine-2,4-dione (17)
and 3-Heptyl-1,5-diphenylimidazolidine-2,4-dione (18).To a
mixture of 6 (1.98 mmol), KCO; (7.9 mmol), and tetrabutylam-
monium bromide (0.19 mmol) in DMF (2 mL) was added the
chloroalkyl derivative (2.6 mmol) under stirring. The resulting

dg): 6 5.95 (s, 1H), 7.337.55 (m, 9H), 11.49 (s, 1H}3C NMR mixture (in a open flask) was placed in a microwave oven and
(DMSO-dg): 0 64.87 (CH), 122.77, 127.56, 128.53, 129.05, 129.30, three 1.5-min pulses (100 W) were applied. After cooling, the
and 134.10, (C and Clm), 155.18 (CG=0), 171.69 (G=0). mixture was poured into water and extracted with CHOlhe
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organic layer was washed with HCI, NaOH, and brine. The resulting (DMSO-d¢): 6 3.68 (s, 3H), 3.80 (s, 3H), 6.05 (s, 1H), 6:87.46
organic phase was dried over Mggénd evaporated to dryness.  (m, 13H).13C NMR (DMSO-dg): ¢ 55.31 (2<OMe), 63.92 (CH),
The vyields obtained (55 and 59%) were higher than those we 114.07, 123.71, 124.41, 127.65, 128.36, 128.62, 128.81, 129.01,
previously obtained using another alkylating procedure, i.e. DMF, 133.86, and 133.95 (C and Gkl), 153.66 (G=0), 156.44 and

KoCQOs, 24 h of stirring (yield 35%§’ 158.90 (Grom), 169.77 (CG=0). Anal. Calcd for GsHoN.O4: C,
3-Pentyl-1,5-diphenylimidazolidine-2,4-dione (17)Yield: 59%. H, N.
Mp: 98.1-99.0°C. MS (El): 323 [M]". IH NMR (DMSO-dg): 6 1,3,5-Tris(4-chlorophenyl)imidazolidine-2,4-dione (27)Yield:

0.82-0.87 (m, 3H), 1.2#1.28 (m, 4H), 1.571.62 (m, 2H), 3.51  50%. Mp: 187.1+187.9°C. MS DEI: 430 [M]". 1H NMR (DMSO-
(t, J = 7.4, 2H), 6.02 (s, 1H), 7.047.43 (m, 10H).23C NMR de): 0 6.18 (s, 1H), 7.467.61 (m, 12H)13C NMR (DMSO-s):
(DMSO-dg): 0 13.72 (CH), 21.54, 26.98, 28.90, and 38.36 (gH 0 62.63 (CH), 122.86, 122.98, 126.23, 128.44, 128.65, 128.88,
63.15 (CH), 120.85, 124.29, 127.13, 128.62, 128.62, 128.75, 128.88,129.66, 130.43, 132.18, 132.82, 133.67, and 134.90 (C angdHH
133.66 (C and CHom), 154.31 (G=0), 170.22 (G=0). Anal. Calcd 152.95 (G=0), 168.73 (&=0). Anal. Calcd for G;H;3Cl3sN,Ox:
for C20H22N202: C, H, N. C, H, N.

3-Heptyl-1,5-diphenylimidazolidine-2,4-dione (18)Yield: 57%. 1,3-Bis(3-chlorophenyl)-5-(4-chlorophenyl)imidazolidine-2,4-
Mp: 66.5-67.8°C. MS (El): 350 [M}. IH NMR (DMSO-dg): o dione (28).Yield: 48%. Mp: 80.8-81.4°C. MS DEI: 430 [M}'.
0.81-0.83 (m, 3H), 1.23-1.26 (m, 8H), 1.56-1.59 (m, 2H), 3.50  'H NMR (DMSO-ds): 6 6.21 (s, 1H), 7.187.76 (m, 12H).13C
(t, J = 7.3, 2H), 6.01 (s, 1H), 7.067.53 (m, 10H).13C NMR NMR (DMSO-dg): 0 62.99 (CH), 120.06, 121.54, 125.04, 126.27,
(DMSO-dg): 6 13.62 (CH), 21.71, 25.72, 27.08, 27.86, and 30.84 127.43, 128.85, 129.37, 130.22, 130.92, 132.61, 133.32, 133.64,
(CHyp), 62.92 (CH), 120.70, 124.13, 126.98, 128.40, 128.53, 128.73, 134.16, and 137.85 (C and Gkl), 153.31 (G=0), 169.10 (G

133.64, and 136.17 (C and Gkl,), 155.15 (G=0), 170.07 (& 0). Anal. Calcd for GiH15CIsN,O,: C, H, N.
0). Anal. Calcd for GoHeN2O,: C, H, N. 5-(4-Bromophenyl)-1,3-bis(4-chlorophenyl)imidazolidine-2,4-
General Procedure for the Synthesis of 1,3,5-Triphenylimi- dione (29).Yield: 46%. Mp: 197.6-198.5°C. MS DEI: 476 [M]'.

dazolidine-2,4-dione Derivatives (26-29). The phenylglyoxal Z) IH NMR (DMSO-dg): 6 6.18 (s, 1H), 7.397.62 (m, 12H).13C

(5 mmol) and 1,3-diphenylureald, X' = O) (5 mmol) were NMR (DMSO-dg): ¢ 63.25 (CH), 122.84, 123.36, 126.72, 129.11,
refluxed with stirring in concentrated acetic acid (20 mL) and 129.31, 130.47, 130.99, 132.03, 132.35, 133.13, 133.38, and 135.45
concentrated hydrochloric acid (0.5 mL). After 6 h, the solution (C and CHyom), 153.44 (G=0), 169.16 (G=O). Anal. Calcd for

was allowed to cool and then poured into water. The resulting C,;H13BrCI,N,O,: C, H, N.

precipitate was filtered, dried, and recrystallized from ethanol. General Procedure for the Synthesis of 1,3,5-Triphenyl-2-
1,3,5-Triphenylimidazolidine-2,4-dione (20). Yield: 60%. thioxoimidazolidin-4-one Derivatives (36-38). These compounds
Mp: 119.9-120.9°C. MS DEI: 328 [M]". *H NMR (DMSO-dg): were synthesized similarly to the 1,3,5-triphenylimidazolidine-2,4-

06.71 (s, 1H), 7.337.61 (m, 15H)1°C NMR (DMSO): 6 63.64 diones using 1,3-diphenylthiouredy X' = S) instead of 1,3-
(CH), 121.54, 124.84, 127.30, 127.75, 128.05, 128.46, 128.92, diphenylurea 19, X' = O).
129.11, 129.54, 131.96, 133.97, and 136.42 (C angdsH 153.51 1,3,5-Triphenyl-2-thioxoimidazolidin-4-one (30).Yield: 59%.
(C=0), 169.62 (G=0). Mp: 169.1-170.2°C. MS DEI: 344 [M]". *H NMR (DMSO-dg):
5-(4-Chlorophenyl)-1,3-diphenylimidazolidine-2,4-dione (21). 06.28 (s, 1H), 7.227.60 (m, 15H)13C NMR (DMSOdg): 6 68.49
Yield: 51%. Mp: 158.1+158.7°C. MS DEI: 362 [M]". IH NMR (CH), 127.04, 127.62, 128.27, 129.11, 129.24, 133.25, 133.96, and
(DMSO-dg): 0 6.21 (s, 1H), 7.127.60 (m, 14H).13C NMR 137.33 (C and Chiom), 171.36 (C=0), 181.78 (&=S). Anal. Calcd
(DMSO-dg): 6 63.19 (CH), 121.87, 125.17, 125.49, 127.49, 128.73, for CxH1eN20S: C, H,N.
129.24,129.37, 129.95, 132.16, 133.19, 133.97, and 136.55 (C and 5-(4-Bromophenyl)-1,3-diphenyl-2-thioxoimidazolidin-4-
CHarom), 153.70 (G=0), 169.52 (G=0). Anal. Calcd for G;H;s one (31).Yield: 57%. Mp: 193.3-193.7°C. MS DEI: 423 [M]".
CIN,Oy: C, H, N. IH NMR (DMSO-dg): 6 6.28 (s, 1H), 7.237.68 (m, 14H).1’C
5-(4-Bromophenyl)-1,3-diphenylimidazolidine-2,4-dione (22). NMR (DMSO-dg): ¢ 68.26 (CH), 126.81, 127.39, 128.04, 128.62,
Yield: 53%. Mp: 174.4175.1°C. MS DEI: 408 [M+ H]". H 128.88, 129.01, 133.02, 133.73, 134.10, 134.64, and 137.10 (C and
NMR (DMSO-dg): 6 6.20 (s, 1H), 7.09-7.60 (m, 14H)13C NMR CHarom), 171.06 (G=0), 181.55 (G=S). Anal. Calcd for GH;s
(DMSO-dg): 6 62.99 (CH), 121.55, 122.32, 124.91, 127.30, 128.53, BrN,OS: C, H, N.
128.98, 130.02, 131.64, 131.90, 132.03, 133.32, and 136.29 (C and 1,3-Bis(4-chlorophenyl)-5-phenyl-2-thioxoimidazolidin-4-
CHarom), 153.44 (G=0), 169.23 (G=0). Anal. Calcd for G;H;s one (32).Yield: 58%. Mp: 214.9-215.3°C. MS DEI: 413 [M}'.
BrN,Oz: C, H, N. IH NMR (DMSO-dg): 6 6.24 (s, 1H), 7.357.63 (m, 13H).13C
1,3-Bis(4-chlorophenyl)-5-phenylimidazolidine-2,4-dione (23). NMR (DMSO-ds): ¢ 68.36 (CH), 128.41, 128.72, 128.98, 129.17,
Yield: 48%. Mp: 190.8-191.8°C. MS DEI: 396 [M]". 'H NMR 129.31, 129.44, 131.05, 132.02, 132.67, 132.86, 133.83, and 136.10
(DMSO-dg): 6 6.13 (s, 1H), 7.347.58 (m, 13H).13C NMR (C and CHyom), 171.04 (C=0), 181.52 (G=S). Anal. Calcd for
(DMSO-dg): 6 63.83 (CH), 123.36, 126.59, 126.78, 128.08, 129.05, C,;H14.CI,N,0S: C, H, N.
129.37,130.99, 133.26, 133.71, 134.16, 135.52, and 135.84 (C and 1,3-Bis(4,3-dichlorophenyl)-5-phenyl-2-thioxoimidazolidin-4-
CHarom), 153.44 (G=0), 169.49 (G=0). Anal. Calcd for G;H14 one (33).Yield: 52%. Mp: 172.6-173.7°C. MS DEI: 482 [M]".
CI;N202: C, H, N. IH NMR (DMSO-dg): 6 6.29 (s, 1H), 7.3%#7.97 (m, 11H).13C
1,3-Bis(3-chlorophenyl)-5-phenylimidazolidine-2,4-dione (24). NMR (DMSO-ds): ¢ 68.43 (CH), 127.49, 128.85, 129.11, 129.57,
Yield: 48%. Mp: 117.5-118.6°C. MS DEI: 396 [M]". IH NMR 129.82, 129.96, 131.12, 131.38, 131.57, 132.80, 133.40, 133.84,
(DMSO-dg): 6 6.19 (s, 1H), 7.167.79 (m, 13H).3C NMR and 137.27 (C and Cln), 170.85 (C=0), 181.65 (G=S). Anal.
(DMSO-dg): ¢ 63.76 (CH), 120.06, 121.54, 124.97, 126.27, 127.43, Calcd for GiH1.CI/N,OS: C, H, N.
128.21,128.79, 129.37, 130.86, 133.38, 133.64, and 137.98 (C and 1,3-Bis(4-bromophenyl)-5-phenyl-2-thioxoimidazolidin-4-
CHarom), 153.38 (G=0), 169.36 (G=0). Anal. Calcd for GHi4- one (34).Yield: 54%. Mp: 233.4-234.5°C. MS DEI: 502 [M]".
CILN202: C, H, N. IH NMR (DMSO-dg): 6 6.23 (s, 1H), 7.357.77 (m, 13H).13C
1,3-Bis(4-bromophenyl)-5-phenylimidazolidine-2,4-dione (25). NMR (DMSO-dg): ¢ 68.30 (CH), 120.51, 122.45, 128.40, 128.98,
Yield: 54%. Mp: 211.4-212.5°C. MS DEI: 486 [M]". IH NMR 129.31, 129.44, 131.31, 131.90, 132.16, 132.80, 133.13, and 136.49
(DMSO-dg): 6 6.14 (s, 1H), 7.367.76 (m, 13H).13C NMR (C and CHyom), 170.91 (G=0), 181.39 (G=S). Anal. Calcd for
(DMSO-dg): ¢ 63.83 (CH), 117.40, 121.80, 123.80, 126.91, 128.21, CyH14BroN,OS: C, H, N.
129.44,129.63, 131.44, 132.16, 132.41, 133.71, and 136.08 (C and 1,3-Bis(3-iodophenyl)-5-phenyl-2-thioxoimidazolidin-4-one (35).
CHarom), 153.44 (G=0), 169.55 (G=0). Anal. Calcd for GH14- Yield: 49%. Mp: 182.3-182.9°C. MS DEI: 596 [M]". IH NMR
BroN2O,: C, H, N. (DMSO-dg): 6 6.21 (s, 1H), 7.148.01 (m, 13H).3C NMR
1,3-Bis(4-methoxyphenyl)-5-phenylimidazolidine-2,4-dione (26). (DMSO-dg): 0 68.42 (CH), 94.04, 126.52, 128.53, 128.79, 129.24,
Yield: 56%. Mp: 140.4-141.3°C. MS DEI: 388 [M}". 'H NMR 129.44, 130.80, 130.99, 132.87, 135.00, 135.52, 136.43, 137.52,
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137.91, and 138.43 (C and Gkh,), 170.98 (G=0), 181.95 (G conditions. Protein concentration was measured as described for

S). Anal. Calcd for GH142N20S: C, H, N. the CHO membranes.
1,3-Bis(4-methylphenyl)-5-phenyl-2-thioxoimidazolidin-4- Competition Binding Assay. The assay was performed using

one (36).Yield: 63%. Mp: 191.2-192.0°C. MS DEI: 372 [M]". CHO cells membranes (or rat cerebellum homogenate) as previously

'H NMR (DMSO-tg): 6 2.24 (s, 3H), 2.37 (s, 3H), 6.19 (s, 1H), described® Briefly, the competitive binding experiments were
7.14-7.44 (m, 13H)C NMR (DMSOy): 6 20.68 (Me), 20.69  performed using3H]-SR141716A (1 nM) or JH]-CP-55,940 (1
(Me), 68.43 (CH), 126.07, 126.78, 128.21, 128.85, 129.24, 129.37, nM) as radioligands for théiCB; and the hCB, cannabinoid
129.57,131.38, 133.32, 134.80, 137.07, and 138.63 (C andQH receptors, respectively, at 3 in plastic tubes, and 4@g of
171.43 (G=0), 181.91 (G=S). Anal. Calcd for GaHzoN.0S: C, membranes per tube resuspended in 0.5 mL (final volume) binding
. buffer (50 mM Tris-HCI, 3 mM MgCJ, 1 mM EDTA, 0.5% bovine
1,3-Bis(4-methoxyphenyl)-5-phenyl-2-thioxoimidazolidin-4-  serum albumin, pH 7.4). The test compounds were present at
one (37).Yield: 58%. Mp: 188.6-188.9°C. MS DEI: 404 [M]". varying concentrations, and the nonspecific binding was determined
'H NMR (DMSO-dg): 6 3.71 (s, 3H), 3.81 (s,3H), 6.13 (s, 1H), in the presence of 1M HU-210. After 1 h the incubation was
6.85-7.44 (m, 13H)!*C NMR (DMSO-ds): 6 55.12 (OMe), 55.32  stopped, and solutions were rapidly filtered through 0.5% PEI
(OMe), 68.45 (CH), 113.80, 114.00, 126.29, 128.04, 128.43, 128.95, pretreated GF/B glass fiber filters (Whatman, Maidstone, UK) on
129.53, 129.98, 130.24, 133.15, 158.06, and 159.29 (C angd{H a M-48T Brandell cell harvester and washed twice with 5 mL of

171.39 (G=0), 182.13 (&=S). Anal. Calcd for GgH20N20sS: C, ice-cold binding buffer without serum albumin. The radioactivity

H, N. on the filters was measured in a Pharmacia Wallac J#&6unter
1,3-Bis(4-hydroxyphenyl)-5-phenyl-2-thioxoimidazolidin-4- using 10 mL of Aqualuma (PerkinElmer, Schaesberg, The Neth-

one (38).To a solution of37 in freshly distilled CHCI, (1 mM) erlands), after 10 s shakingdB h resting. Assays were performed

kept in an ice bath was added boron tribromide (1.2 mM) under at least in triplicate. Final DMSO concentrations in the assay were
stirring. The solution was then allowed to reach room temperature less than 0.1%.
and stirred overnight. The resulting solution was evaporated t0  ypder these conditions, usingH]-SR141716A, theBay value

dryness under reduced pressure and the resulting solid washed withya5 57 pmol/mg of protein and the value was 1.13 0.13 nM
water. After filtration, the compound was crystallized from ethanol. oy the hCB, cannabinoid receptor.

Yield: 75%. Mp: 199.2-200.0°C. MS DEI: 376 [M]". IH NMR
(DMSO-dg): 6 6.05 (s, 1H), 6.667.44 (m, 13H), 9.61 (s, 1H),
9.87 (s, 1H)13C NMR (DMSO-dg): 6 68.68 (CH), 115.34, 115.53,
;ﬁg1(;718248(21%15%0)1??1635 1(%23)7’1155%04195&é%3;'5:h;56'67'pmo|/mg of protein and th&y value was 3.1H 0.15 nM for the
Calcd fo.r Q1H16N203$r2 mC’ H N ' : : : hCB; cannabinoid receptor.
1,3-Dicyclohexyl-5-phenylimidazolidine-2,4-dione (40)was [**S]-GTPyS Assay [*S]-GTPyS (1173 Ci/mmol) was obtained
synthesized as derivative®—29, with 1,3-dicyclohexylurea39) from Amersham (Roosendaal, The Netherlands). The binding
instead of 1,3-diphenylurea, and recrystallized from hexane experiments were performed at 3G in plastic tubes containing
acetone. Yield: 46%. Mp: 99-209.8°C. MS DEI: 340 [M]'. H 40 ug of protein (CHO cells homogenate or rat cerebellum
NMR (DMSO-dg): 6 0.68-2.09 (m, 20H), 3.493.58 (m, 1H) homogenate) in 0.5 mL (final volume) of binding buffer (50 mM
(DMSO-e): 6 24.95, 25.34, 35.47, 29.22, 29.93, and 31.41cH ~ Serum albumin, pH 7.4) supplemented with 2M GDP and
50.89, 53.22, and 61.63 (CH), 127.62, 128.73, 128.99, and 136.43"a1Ying concentrations of the test compounds. The assay was
(C and CHyom), 153.44 (G=0), 169.16 (G=0). Anal. Calcd for |_n|t|ated by the addition F)fSFS]-GTH/S (0.05 nM, fl_nal con_centra—
CyHogN,O,: C, H, N. tion). The tubes were incubated for 1 h. The incubations were
Cell Culture and Preparation of hCBy- or hCB,-Transfected terminated by the addition of 5 mL of ice-cold washing buffer (50

CHO Cell Membranes. Chinese hamster ovarian (CHO) cells MM Tris-HCI, 3 mM MgCh, 1 mM EDTA, 100 mM NaCl). The

stably transfected with the cDNA sequences encoding either the SUSPeNsion was immediately filtered through GF/B filters using a
human CB or the human CBcannabinoid receptors were kindly 48-well Brandell cell harvester and washed twice with the same
donated by Dr. M. Detheux and Dr. P. Nokin, respectively ice-cold buffer. The radioactivity on the filters was counted as

(Euroscreen s.a., Gosselies, Belgium). Cells were grown in Ham's mentioned above. Nonspecific binding was measured in the
F12 nutrient mixture supplemented with 10% FBS, 215mL presence of 10QuM Gpp(NH)p. Assays were performed in
fungizone, 100 U/mL penicillin, 108g/mL streptomycin, and 400  triPlicate.
ug/mL G418. Once at confluence, cells were trypsinized and  Brain Membrane Preparation for FAAH Assay. Adult rat
collected by centrifugation at 1@dor 10 min. The following steps ~ brains were homogenized &t@in homogenization buffer (20mM
were performed on ice. Pellet was lysed in ice-cold 50 mM Tris- HEPES, 1 mM MgQ, pH 7.0) using a tissue grinder and
HCI, pH 7.4, and the homogenate was centrifuged at 1% 660 subsequently centrifuged for 20 min at 36 0§0The pellet was
10 min. The resulting pellet (membranes) was washed twice with resuspended in homogenization buffer and centrifuged again for
the same solution under identical conditions. Protein content was 20 min at 36 00@. The latter operation was performed twice. The
determined as described by Bradford using Coomasie Blue (Bio- resulting pellet was stored in a conservation buffer (50 mM
Rad, Belgium) with bovine serum albumin as standard. Tris.HCI, 1 mM EDTA, 3 mM MgC}, pH 7.6). Membranes aliquots
Preparation of Rat Cerebellum Membranes.Male Wistar rats were stored at-80 °C until use. The protein content was determined
(250-300 g) were purchased from IFFA-CREDO (Les Oncins, as for CHO cells membranes.
France). All experiments on animals were approved by the Fatty Acid Amide Hydrolase Inhibition Assay. Compounds
institutional ethics committee and the housing conditions were as were assayed as described by Jonsson & Mlembranes, test
specified by the Belgian Law of November 14, 1993, on the compounds or DMSO (16L), [®H]-AEA (50.000 dpm; 2:M final
protection of laboratory animals (agreement no. LA 1230315). concentration), and assay buffer (10 mM Tris-HCI, 1 mM EDTA,
Cerebella were carefully dissected on ice. All the manipulations 0.1% (w/v) BSA, pH 7.6) were incubated at 3C for 10 min.
were performed at 94°C. Rat cerebellum membranes were Reactions were stopped by rapidly placing the tubes in ice and
prepared in 50 mM Tris-HCI pH 7.4, with a Potter-Elvejhem and adding 400uL of chloroform/methanol (1:1 v/v) followed by
a Dounce tissue grinder, and the suspension was centrifugedgt 400 vigorous mixing. Phases were separated by centrifugation @t 850
for 10 min. The supernatant was collected and centrifuged at and aliquots (20Q:L) of the upper methanol/buffer phase were
39 00@ for 10 min. The resulting pellet was resuspended in 50 counted for radioactivity by liquid scintillation counting (Pharmacia
mM Tris-HCI pH 7.4, homogenized, and centrifuged again at 39 000 Wallac 14104-counter). Blanks contained buffer instead of the
g for 10 min. The pellet was washed twice more under the same homogenate preparations.

The competition binding assays performed on the rat cerebellum
were performed in the presence of 1@of protein per tube. Under
these conditions, usingH]-SR141716A, théBnax value was 3.30
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Molecular Modeling. All computational experiments were (6) Cravatt, B. F.; Giang, D. K.; Mayfield, S. P.; Boger, D. L.; Lerner,
conducted on a Silicon Graphics Octane2 workstation, running R. A.; Gilula, N. B. Molecular Characterization of an Enzyme That
under the IRIX 6.5 operating system. Molecular modeling studies gg_gg;des Neuromodulatory Fatty-Acid Amidégature1996 384,
were carried out using the Insightll softwéftéversion 2000). The ) Karlsson, M.: Contreras, J. A.: Hellman, U.: Tornqist, H.; Holm,
input structure of both enantiomers @ was based on the C. cDNA Cloning, Tissue Distribution, and Identification of the
crystallographic conformation &2. The coordinates of the GB Catalytic Triad of Monoglyceride Lipase. Evolutionary Relationship
cannabinoid receptor model were kindly provided by Dr. O. M. To Esterases, Lysophospholipases, And Haloperoxiddsesiol.
Salo. The original modé] was modified to the inactive R-state, Chem.1997 272, 27218-27223.

(8) Tsuboi, K.; Sun, Y. X.; Okamoto, Y.; Araki, N.; Tonai, T.; Ueda,
N. Molecular Characterization ¢-Acylethanolamine-Hydrolyzing
Acid Amidase, a Novel Member of the Choloylglycine Hydrolase

and several residues had to be rotated in order to enable the accurate
docking of SR141716A and of our derivatives.

Docking of both enantiomers ¢f5 was carried out using the Family with Structural and Functional Similarity to Acid Ceramidase.
genetic algorithm GOLD (version 3.83.1t performs docking of J. Biol. Chem2005 280,11082-11092.
flexible ligands into proteins with partial flexibility in the neighbor- (9) Lambert, D. M.; Fowler, C. J. The Endocannabinoid System: Drug
hood of the active site. The torsion angles of Ser, Thr, and Tyr Iaﬁeés’éﬁadz%%?%%ug%sé s—nsdoggtemlal Therapeutic Applications

inti i 7 . Mead. em 3 .
hydroxyl groups as well as Lys N1 m(.)le“.es are optimized durlng (10) Notcutt, W.; Price, M.; Miller, R.; Newport, S.; Phillips, C.; Simmons.
the run so that hydrogen-bond formation is favored. Defaults settings S.; Sansom, C. Initial Experiences with Medicinal Extracts of
were used for the genetic algorithm parameters. To take protein Cannabis for Chronic Pain: Results from 34 ‘N of 1' studies.
flexibility into account, the complexes were then refined with Anaesthesi®2004 59, 440-52.
Discover3 (CVFF force field, dielectric constant r).*3 The (11) Muller-vahl, K. R.; Schneider, U.; Prevedel, H.; Theloe, K.; Kolbe,
energetic minimization process consists of two sequential steps: H.; Daldrup, T.; Emrich, H. M. Delta 9-Tetrahydrocannabinol (THC)
the Steepest Descent algorithm, reaching a final convergence of 133Vgggﬁtggng‘omiieyﬁgnﬁeg"?f I;rslf/ihligt;/zog{gtg 4331’231‘283 A
LR ; . - - . : ) )

10.0 keal mc_)T A, followed by the Conjugate Cirad@nt algorithm (12) Zajicek, J.; Fox, P.; Sanders, H.; Wright, D.; Vickery, J.; Nunn, A,;
to reach a final convergence of 0.01 kcal moh 1, First, all the Thompson, A. Cannabinoids for Treatment of Spasticity and Other
protein’s atoms were held fixed, and only the orientation of the Symptoms Related to Multiple Sclerosis (CAMS Study): Multicentre
ligand was optimized. Then, the-C atoms of the binding site’s Randomised Placebo-Controlled Trishncet2003 362, 1517-1526.
residues (sphere of 18.0 A around the nitrogen atom of K3.28) were (13) Lange, J. H. M.; Kruse, C. G. Recent Advances in CBnnabinoid
relaxed. A tethering restraint was applied on these atoms, to keep Egg_egé%r AntagonistsCurr. Opin. Drug Disce. Devel. 2004 7,
them .from moving tO(.) far from their original positions. This (14) Lange, J. H. M.; Kruse, C. G. Medicinal Chemistry Strategies to
restraint had a quadratic form with a constant force of 20 kcal A CB; Cannabinoid Receptor Antagonisisug Discaery Today2005
and was progressively decreased (scale factors of 0.5 and 0.25). 10, 693-702.

Data Analysis. ICsy values were determined by nonlinear  (15) Smith, R. A; Fathi, Z. Recent Advances in the Research and
regression analysis performed using the GraphPad prism program Development of CB Antagonistsldrugs 2005 8, 53-66.
(GraphPad Software, San Diego, CA). Tevalues were calculated (16) Rinaldi-Carmona, M.; Barth, F.; Heaulme, M.; Shire, D.; Calandra,

. T B.; Congy, C.; Martinez, S.; Maruani, J.; Neliat, G.; Caput, D.
following the Cheng-Prusoff equation; = ICs¢/(1 + L/Ky). The SR141716A, a Potent and Selective Antagonist of the Brain Can-

statistical significance offfS]-GTP/S results was assessed using nabinoid ReceptorrEBS Lett.1994 350, 240-244.
one-way ANOVA followed by a Dunett post-test. (17) Van Gaal, L. F.; Rissanen, A. M.; Scheen, A. J.; Ziegler, OssRer,
. . S.; for the RIG-Europe Study Group. Effects of the Cannabinoid-1
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