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a r t i c l e i n f o a b s t r a c t

Fatty acid amide hydrolase (FAAH) and monoglyceride lipase (MGL) are the main enzymes responsible
for the hydrolysis of endogenous cannabinoids N-arachidonoylethanolamide (AEA) and 2-arach-
idonoylglycerol (2-AG), respectively. Phenyl alkylcarbamates are FAAH inhibitors with anxiolytic and
analgesic activities in vivo. Herein we present for the first time the synthesis and biological evaluation of
a series of chiral 3-(2-oxazoline)-phenyl N-alkylcarbamates as FAAH inhibitors. Furthermore, the
structural background of chirality on the FAAH inhibition is explored by analyzing the protein–ligand
interactions. Remarkably, 10-fold difference in potency was observed for (R)- and (S)-derivatives of 3-(5-
methyl-4,5-dihydrooxazol-2-yl)phenyl cyclohexylcarbamate (6a vs. 6b). Molecular modelling indicated
an important interaction between the oxazoline nitrogen and FAAH active site.

� 2009 Elsevier Masson SAS. All rights reserved.

1. Introduction

The endocannabinoid system contains two major endogenous
agonists, N-arachidonoylethanolamide (AEA) [1] and 2-arach-
idonoylglycerol (2-AG) [2,3]. These compounds, also called
endocannabinoids, activate cannabinoid receptors CB1 and CB2.
Activation of these receptors has been reported to induce several
biological effects [4,5] such as relief of pain [6] and anxiety [7],
increase of appetite [8] and reduction of intraocular pressure [9].
Additionally, the activation of CB2 receptors is involved in the
dampening of inflammation, lowering of blood pressure, and
suppression of peripheral pain [10]. The cannabinoid signaling
system is activated by increasing the levels of endocannabinoids
upon demand, beginning from biosynthesis of endocannabinoids
in postsynaptic neurons, and terminating in degradation of them
[11,12]. The key enzymes responsible for the hydrolysis of
endocannabinoids are fatty acid amide hydrolase (FAAH) and
monoglyceride lipase (MGL, EC 3.1.1.23) [13,14]. FAAH is mainly

responsible for hydrolysis of AEA to arachidonic acid and etha-
nolamine, and MGL for hydrolysis of 2-AG to arachidonic acid
and glycerol [15–17]. Numerous potent inhibitors against FAAH
have been reported, including compounds that have shown
promising in vivo activity, selectivity and therapeutic effects [18–
21]. Boger et al. introduced a large number of potential inhibitors
based on a-ketoheterocycles (e.g. OL-135, Fig. 1) that reversibly
form hemiketals with the active site serine [22]. N-Alkylcarba-
mates constitute a second widely explored class of inhibitors,
including the well studied compound URB597 (Fig. 1) by Piomelli
et al. [7,23,24]. Inhibition by N-alkylcarbamates is based on
irreversible acylation of the active site serine [25]. Recently
reported other structure families with inhibitory activity against
FAAH include (thio)hydantoins [26], piperidine- and piperazine
ureas [27,28], sulfonyl derivatives [29] and boronic acid deriva-
tives [30].

To our knowledge, thus far no systematic study on the effect of
chirality on the activity of FAAH inhibitors has been presented. The
stereoselectivity of FAAH has been explored briefly: while studying
AEA derivatives as FAAH substrates, Makriyannis et al. found that
within the enantiomeric pairs of certain methanandamides the
ones having higher affinity towards CB1 receptor were also less
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susceptible for FAAH hydrolysis [31]. This information, together
with the stereoselectivity of the proteins in general, led us to design
and study a series of carbamate enantiomeric pairs as potential
FAAH inhibitors.

In the present study, novel N-alkylcarbamates were synthesized
based upon compounds 1a–c (Fig. 1) reported in our previous study
[32]. Compounds 1a–c inhibit FAAH with IC50 values of 109, 28 and
47 nM, respectively.

The optimization of the heterocyclic portion of compounds 1a–c
was carried out by preparing compounds 2a–3c (Table 1). 2-(4,5-
Dihydro)-oxazolyl moiety has been widely utilized in ligands of the
stereoselective catalysts proving their high chemical stability in
various chemical environments [33]. Thus the potential importance
of stereochemistry in FAAH inhibition was investigated by
preparing chiral 2-oxazoline derivatives of 3c (compounds 4b–7).
The enantiopurity of chiral compounds was determined using
chiral normal phase HPLC. Compounds 2a–7 (Table 1) were
consequently tested for their ability to inhibit both FAAH and MGL.
Inhibition of FAAH activity was assayed in rat cerebrum homoge-
nate using [3H]-radiolabelled AEA as a substrate. Enzyme inhibition
studies for MGL were conducted in rat cerebellar membranes using
2-AG as a substrate. The formation of arachidonic acid, the hydro-
lysis product of 2-AG, was measured by reversed-phase HPLC.
Compounds 2c, 6a and 6b were tested for inhibition of human
recombinant MGL (Cayman Chemical) catalyzed hydrolysis of [3H]-
labelled 2-oleoylglycerol. The results of the in vitro experiments are
summarized in Table 1. In addition, to understand the structural
background of chirality on the FAAH inhibition, the enantiomeric
pairs were docked to the FAAH active site, and the protein–ligand
interactions were further analyzed with the aid of molecular
interaction fields (MIFs).

2. Chemistry

The synthesis of compounds 2a–c is presented in Scheme 1.
Aminophenol 8a, 2-amino-3-hydroxypyridine 8b and 2-amino-3-
hydroxypyrimidine 14 were condensed with 3-hydroxybenzoic
acid [34]. Compound 14 was prepared in four steps from methyl
methoxyacetate 10 [35,36]. Phenols 9a–b and 15 were carbamoy-
lated by refluxing them with isocyanates and triethylamine in
toluene.

Scheme 2 illustrates the synthesis of compounds 3a–7. 3-(2-
Oxazoline)-phenol 16 was prepared via the method described by
Vorbrüggen et al. [37]. Compound 17 was prepared by condensing
3-cyanophenol with 2-amino-2-methylpropanol using bismuth tri-
flate catalysis under microwave irradiation [38]. Unfortunately this
method gave poor yields. Thus for the preparation of intermediates

18a–e, the method by Witte and Seeliger [39], was applied.
Compounds 19a–d were prepared in high yields via acidic Pinner
imidates [40]. Carbamates were then prepared as 2a–c.

3. Results and discussion

We first studied the importance of ketone group between
benzoxazole and 3-carbamoyl-phenyl in compound 1a. The results
of the in vitro inhibition studies showed that the absence of
a ketone group within these fused bicyclic aromatic compound (e.g.
1a vs. 2a) decreases the FAAH-inhibition activity. Introducing
a nitrogen atom into the fused oxazole-containing bicycle (2b)
increased the inhibitory activity compared to compound 2a. Addi-
tion of a second nitrogen did not enhance the activity: oxazolo
[4,5-d]pyrimidin-2-yl-containing 2c was clearly less active than 2b.
Additionally compound 3a, which only contained the unsubstituted
2-oxazoline ring, showed good inhibitory activity against FAAH
with an IC50 value of 33 nM. We found earlier [32] that the cyclo-
pentyl derivative 1b (IC50¼ 28 nM) was more active than the n-
propyl derivative 1a (IC50¼109 nM). Similar enhancement in
activity was observed for compound 3b in comparison to 3a. Later it
was discovered that changing the carbamate N-alkyl group from
cyclopentyl to cyclohexyl gave a further increase in activity (3b vs.
3c, 4a vs. 4b and 4c vs. 5a), and hence cyclohexyl was used as the
N-alkyl group for the rest of the series.

Furthermore, substitution in the 4-position of the oxazoline ring
was found to decrease FAAH inhibition. Compound 4a (4-dimethyl)
was 5-fold and compound 4c ((S)-4-Me) 10-fold less active than 3b.
A tentative presumption was made: if 4a containing two methyl
substituents at C4 has a better activity than 4b, which only has the
(S)-methyl, then a compound with the (R)-methyl at C4 should be
more active against FAAH than either of these. Indeed, a clear
relationship between the activity against FAAH and stereochem-
istry of the 4-position of oxazoline was revealed by the data of
compounds 5a–f. With methyl (5a vs. 5b) and benzyl (5c vs. 5d)
substituents, the difference in activity between enantiomers was
only 3-fold, but with methyl carboxylate (5e vs. 5f) already 10-fold.
This could be explained by the methyl ester’s additional hydrogen
bonding site or by the optimal size of the substituent. The lower
activity of benzyl substituent analogs in general indicates that the
enantiomeric differences in potency arise from steric hindrance. It
might be that interactions between FAAH and benzyl lead to
a suboptimal positioning of the carbamate functionality in the
vicinity of the catalytic serine. In addition, the effect of a substituent
in 5-position of oxazoline was studied with 5-methyl analogs 6a
and b. Compound 6b was found to inhibit FAAH with equal potency
with the most potent compound (5f) in the series of 4-substituted

Fig. 1. FAAH inhibitors OL-135 and URB597 and lead compounds of this study (1a–c).



Table 1
Structures and in vitro activity of the synthesized compounds.

R1 O
H
N
R2

O

Compound R1 R2 FAAH IC50,a mM MGL, % of inhibitionb

2a

O

N n-Propyl 3.0 (2.6–3.6) 26

2b N

O

N n-Propyl 0.68 (0.59–0.78) 29

2c

N

N

O

N n-Propyl 4.5 (4.0–5.2) 18c

3a

O

N n-Propyl 0.033 (0.028–0.038) 32

3b Cyclopentyl 0.013 (0.011–0.014) 10d

3c Cyclohexyl 0.0012 (0.00098–0.0014) 22

4a

O

N
Cyclopentyl 0.065 (0.053–0.081) 28

4b Cyclohexyl 0.046 (0.037–0.057) 20

4c

O

N Cyclopentyl 0.11 (0.097–0.13) 28

5a Cyclohexyl 0.051 (0.045–0.058) 28

5b

O

N Cyclohexyl 0.016 (0.014–0.018) 16

5c

O

N Cyclohexyl 2.1 (1.7–2.7) 17

5d

O

N Cyclohexyl 0.59 (0.51–0.69) 14

5e

O

NO

O Cyclohexyl 0.090 (0.077–0.11) 35

5f

O

NO

O Cyclohexyl 0.0094 (0.0078–0.011) 25

6a

O

N Cyclohexyl 0.073 (0.058–0.093) 13c

(continued on next page)



oxazolines. Furthermore, when a bulky S-indolyl group (7) was
introduced at 4-position of oxazoline a significant decrease in the
FAAH-inhibition activity was observed. None of the tested
compounds showed significant activity against MGL at 100 mM
compound concentration, and therefore IC50 values were not
determined. As we found in our earlier work, in phenyl carbamates
inhibiting MGL, para-substitution is more favorable than meta-
substitution [32].

The stereochemistry of the compounds is illustrated in Fig. 2. In
these Newman projections, the more active compounds 5f and 6b
are the ones with their chiral carbon substituent ‘‘up’’ from the
plane of the ring. This trend was also present in the enantiomeric
pairs 5a vs. 5b and 5c vs. 5d. These examples suggest that
the stereochemistry in the oxazoline is more important than the
regiochemistry of substitution (C4 or C5). This implies that the
oxazoline ring conformation is locked within the enzyme’s active
site. This would explain the activity difference between the enan-
tiomeric pairs since the substituent of the chiral carbon is pointing
to a specific direction and thus filling the possible hydrophobic
pocket or conversely causing steric hindrance.

Molecular modelling was performed to investigate the differ-
ences in the inhibitory activities of the enantiomeric pairs. In
particular, in this approach, we focused on exploring the differences
arising from the protein–ligand interactions of the recognition
process, as it can be assumed that the reactivity of the compounds is
in similar level within the enantiomeric pairs. It should be noted

that a crystal structure of partially humanized rat FAAH with a drug-
like inhibitor PF-750 [41] (PDB code 2VYA) has been published
recently. This structure shows structural rearrangements in the
substrate access channel region with Phe432 flipping into the acyl
chain binding (ACB) channel. However, owing to our FAAH in vitro
assay in rat brain homogenate, we docked the compounds to the
crystal structure of murine FAAH (PDB code 1MT5) [42] with GOLD
[43], and the top-ranking pose of the most abundant cluster was
visualized for each enantiomer (see Experimental section for
details). There is a speculation of a general FAAH binding mode of N-
alkylcarbamates before the acylation (carbamoylation) reaction
occurs [24,44,45]. In our docking study, the binding of all the
enantiomers was indeed in agreement with this mode, and the
ligands were positioned in a conformation where the N-cyclohexyl
moiety is pointing towards the branching point of the ACB and
substrate access channels, and forming van der Waals interactions
with Phe194, Phe244, and Ile491. The oxygen of the carbamate
carbonyl is accepting hydrogen bond(s) from the backbone N–H
groups of the FAAH oxyanion hole residues (Ile238–Ser241) [42],
thus giving rise to a conformation where the electropositive a-
carbon of the ligand is residing next to the nucleophilic hydroxyl of
catalytic Ser241. Moreover, the O-aryl part is pointing towards the
cytoplasmic access (CA) cavity leading to the intracellular surface of
FAAH. Noticeably, a common feature between all the enantiomeric
pairs was that in enantiomers with ‘‘up’’-substitutions, the oxazo-
line oxygen atom is pointing roughly towards the side chain of

Table 1 (continued)

Compound R1 R2 FAAH IC50,a mM MGL, % of inhibitionb

6b

O

N Cyclohexyl 0.0068 (0.0056–0.0083) 14c

7

O

N

HN

Cyclohexyl 1.9 (1.6–2.4) 25

a Values represent the mean of three independent experiments (n¼ 3) performed in duplicate (95% confidence intervals are given in parentheses).
b Inhibition of enzymatic activity (% of control) at 100 mM (n¼ 2).
c Inhibition of human recombinant MGL.
d Inhibition of enzymatic activity (% of control) at 1 mM (n¼ 2).

Scheme 1. Preparation of compounds 2a–c: a, 3-Hydroxybenzoic acid, boric acid, Na2SO4, m-xylene, autoclave, 200 �C, 16 h, 21–83%; b, 3-Hydroxybenzoic acid, MW, 250 �C, 6 min,
71–77%; c, n-PrNCO, Et3N, toluene, rt or 90 �C, 20 h, 50–95%; d, i) Methyl formate, NaH, THF, 20 �C, 20 h; ii) formamidine acetate, EtOH, rt, 14 h, reflux, 24 h, 31%; e, POCl3, reflux,
2.5 h, 86%; f, NH3, EtOH, autoclave, 130 �C, 18 h, 75%; g, n-BuSH, NaH, DMF, 110 �C, 20 h, 74%.



Leu192, whereas in the ‘‘down’’-substituted enantiomers the oxa-
zoline ring is flipped approximately 180�. This is most probably due
to the shape of the CA cavity, and the backbone of Ser190 and the
side chain of Cys269 in particular, which are sterically locking the
ring in either of the aforementioned conformations. Also, it should
be noted that the methyl ester of 5f is capable of accepting
a hydrogen bond from the backbone of Val270 in contrast to 5e
where no such interaction is observable (Fig. 3).

In order to further emphasize the probable interaction points in
the FAAH binding site, we applied molecular interaction field (MIF)
analysis by GRID [46] with probes corresponding the oxazoline ring
and its substituents of the studied enantiomers. In this method, the

Fig. 2. Newman projections of the C4–C5 bond of oxazolines 5e–f and 6a–b.

Fig. 3. The crystal structure of murine FAAH with the top-ranking docked conforma-
tions of compounds 5e (light blue) and 5f (carbon atoms in orange). The hydrogen
bond between 5f and Val270 is depicted in green dashed line. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
the article.)

Scheme 2. Preparation of compounds 3a–7: a, 2-Aminoethanol, PPh3, CCl4, MeCN, pyridine, rt, 21 h, 29%; b, RNCO (R¼ c-pentyl or c-hexyl), Et3N, toluene, rt or 90 �C, 4–24 h, 52–
95%; c, 2-Amino-2-methylpropanol, BiOTf3, MW/reflux, 3 min/4 h, 29%; d, Aminoalcohol, ZnCl2, PhCl, reflux, 22 h, 33–90%; e, i) HCl gas, MeOH, CH2Cl2, 2 �C, 3 days, 92%;
ii) Aminoalcohol (Et3N in case of serine hydrochlorides), CH2Cl2, reflux, 2–18 h, 68–95%.



protein active site is enclosed in a grid cage, and the interaction
energies between amino acid residues and probes are calculated. The
resulting MIFs can be then used to determine the most favorable
interaction regions in the active site. By visualizing the MIFs in the
light of the docked compounds, no explanation for the inhibition
activity differences arising from the oxazoline ring substituent
conformations could be seen, apart from the carbonyl oxygen probe
indicating a favorable interaction with Val270 backbone (corre-
sponding to the aforementioned hydrogen bond of the methyl ester
of 5f). However, when studying the MIFs in the binding region of the
oxazoline ring, the sp2 nitrogen probe showed strong interaction
with the backbone of Cys269 and Val270 (Fig. 4a). Furthermore, with
the same interaction energy level, no interaction is observed with
these residues and aromatic/aliphatic ether oxygen probe (Fig. 4b).
This is in line with the docking results, and suggests that the ‘‘up’’-
substituted carbamates are forming an electrostatic interaction
between the oxazoline ring nitrogen and the backbone N–H groups

of Cys269 and Val270, whereas in ‘‘down’’-substituted compounds
the interaction between the ring oxygen and these residues is clearly
less favorable. This type of interaction between oxazoline nitrogen
and protein backbone is not uncommon, and in Relibase [47] one can
find cases of similar drug–receptor interactions (e.g. [48]).

To gain confidence in this observation, we wanted to assess the
electronic properties of the enantiomers in more detail by calcu-
lating the electrostatic potentials V(r)s with an ab initio method. In
all of the optimized structures the minima of the electrostatic
potential was located in the vicinity of the oxazoline nitrogen
(Fig. 5). This indirectly indicates the oxazoline nitrogen having
higher interaction potential compared to the oxygen [49,50]. Thus,
it seems the IC50 differences of the enantiomeric pairs might be
indeed due to the sterical features of the FAAH active site, and the
consequential electrostatic dipole–dipole interaction of the ‘‘up’’-
substituted oxazoline carbamates with the Cys269 and Val270
backbone N–H groups.

4. Conclusion

In conclusion, a series of chiral 3-oxazolinylphenyl N-alkylcar-
bamates were prepared and tested for their in vitro inhibitory
activity against FAAH and MGL. In this series, enantiomers having
their chiral center substituent ‘‘up’’ from plane of the oxazoline ring
(5b, 5d, 5f, 6b) were found to be more potent FAAH inhibitors than
corresponding ‘‘down’’ enantiomers. The most potent chiral
compound, (R)-3-(5-methyl-4,5-dihydrooxazol-2-yl)phenyl cyclo-
hexylcarbamate (6b), inhibited FAAH with approximately 10-fold
higher potency (IC50 value: 6.8 nM) than the corresponding (S)-
enantiomer (6a, IC50 value: 73 nM). In addition, non-substituted
oxazoline derivative (3b, IC50 value: nM) was found to be more
potent than any of the corresponding substituted compounds.
None of the compounds presented significantly inhibited MGL
activity. Since the carbamate based FAAH inhibitors have been
reported to have several off-targets [19,25,51] the selectivity of
chiral 3-oxazolinylphenyl N-alkylcarbamates would be important
issue to study in more detail in the future. In molecular modelling
studies, the combined docking and molecular interaction field
analysis emphasized the importance of heterocycle interaction
with Cys269 and Val270 of FAAH, and also highlighted the steric
features of the FAAH active site. These findings could provide

Fig. 4. The crystal structure of murine FAAH with the top-ranking docked conforma-
tions of compounds a) 6b and b) 6a. The GRID MIFs of sp2 nitrogen and aromatic/
aliphatic oxygen probes at contour level of �6.0 kcal/mol are colored in blue and red,
respectively. The carbon atoms of the ligands are colored in orange, while those of
protein in white. The wireframe presentation is illustrating the shape of the FAAH
active site. In a) the distance between the oxazoline nitrogen and backbone hydrogens
of Cys269 and Val270 is 2.96 Å and 3.60 Å, respectively. In b) the distance between the
oxazoline oxygen and the backbone hydrogens of Cys269 and Val270 is 3.36 Å and
3.9 Å, respectively. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of the article.)

Fig. 5. The optimized structure and the electrostatic potential V(r) (isopotential
surface) of 6b. The gray and red areas correspond to þ0.25 and �0.07 eV, respectively.
The minimum and maximum V(r) values for 6b are �0.1132 and þ137.3 eV, respec-
tively. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of the article.)



valuable information for further development of more selective
FAAH inhibitors.

5. Experimental protocols

5.1. Chemistry

Commercially available starting materials were used without
further purification. All dry reactions were performed under argon
in flame-dried glassware and solvents were distilled. In microwave
reactions CEM Discover -microwave reactor was used. Analytical
thin-layer chromatography was carried out on Merck silica gel F254
(60 Å, 40–63 mm, 230–400 mesh) precoated aluminium sheets and
detected under UV light. Purification of reaction products was
carried out by flash chromatography (FC) on J. T. Bakers silica gel for
chromatography (pore size 60 Å, particle size 50 nM). The 1H NMR
and 13C NMR spectra were recorded on a Bruker Avance 400
spectrometer operating at 400 MHz for 1H and 100 MHz for 13C.
Chemical shifts are reported in ppm on the d scale from an internal
standard (TMS 0.00 ppm) or residual solvent (CDCl3 7.26 and
77.0 ppm; DMSO-d6 2.50 and 39.52 ppm). Melting points were
determined in open capillaries using Stuart SMP3 and are uncor-
rected. Optical rotation data were recorded on Perkin Elmer 343
polarimeter using Na lamb (589 nm) and 100 mm cuvette at room
temperature. HRMS were recorded on Waters Micromass LCT
Premier (ESI) spectrometer. Chiral HPLC analysis was carried out
using Waters pump and UV detector (254 nm) and Daicel Chiralcel
OD analytical chiral column. Eluent used was 20% 2-propanol in
hexane with flow rate 0.5 mL/min. Retention time (Rt) and ee-% are
reported. Elemental analyses (CHN) were recorded using a Perkin
Elmer 2400 CHN-elemental analyzer. Analyses indicated by the
symbols of the elements were within �0.4% of the theoretical
values.

5.1.1. 3-Benzo[d]oxazol-2-yl-phenol (9a) [52,53]
3-Hydroxybenzoic acid (840 mg, 6.2 mmol, 100 mol-%), 2-ami-

nophenol (8a, 680 mg, 6.1 mmol, 100 mol-%), boric acid (380 mg,
6.1 mmol, 100 mol-%) and Na2SO4 (8 g, 56 mmol, 900 mol-%) were
stirred in m-xylene (60 mL) in an autoclave at 200 �C for 16 h. The
cooled mixture was poured into sat. aq. NaHCO3 (100 mL) and
extracted with EtOAc (3�100 mL). Combined organic phases were
washed with water (100 mL) and brine (100 mL), dried with
Na2SO4, filtered and evaporated. The resulting red solid (1.36 g) was
purified by FC (20% EtOAc in hex) and recrystallized (EtOAc/hex)
giving 9a (1.07 g, 83%) as a white solid: mp. 238–239 �C, Rf (50%
EtOAc in hex) 0.5; 1H NMR (DMSO-d6) 9.97 (s, 1H), 7.81–7.77 (m,
1H), 7.64 (dt, 1H, J¼ 7.8, 1.1 Hz), 7.60–7.59 (m, 1H), 7.45–7.38 (m,
3H), 7.02 (ddd, 1H, J¼ 8.2, 2.5, 0.8 Hz); 13C NMR (DMSO-d6) 162.3,
157.9, 150.2, 141.5, 130.6, 127.5, 125.5, 124.9, 119.8, 119.2, 118.1, 113.7,
110.9.

5.1.2. Procedure for preparation of carbamates: 3-(benzo[d]oxazol-
2-yl)phenyl propylcarbamate (2a)

Compound 9a (79 mg, 0.37 mmol, 100 mol-%), propylisocyanate
(158 mg, 1.85 mmol, 500 mol-%) and Et3N (37 mg, 0.37 mmol,
100 mol-%) were stirred in toluene (4 mL) at rt for 16 h. The mixture
was diluted with EtOAc (5 mL) and filtered through a pad of silica.
The crude material was recrystallized (EtOAc/hex) giving 2a
(84 mg, 77%) as white crystals: mp. 144–145 �C, Rf (EtOAc) 0.5; 1H
NMR (CDCl3) 8.09 (d, 1H, J¼ 7.8 Hz), 8.03 (s, 1H), 7.78–7.74 (m, 1H),
7.59–7.55 (m, 1H), 7.50 (t, 1H, J¼ 8.0 Hz), 5.17 (br s, 1H), 3.26 (q, 2H,
J¼ 6.7 Hz), 1.62 (sext, 2H, J¼ 7.3 Hz), 0.98 (t, 3H, J¼ 7.4 Hz); 13C
NMR (CDCl3) 162.2, 154.2, 151.5, 150.7, 142.0, 129.8, 128.3, 125.3,
124.8, 124.6, 124.3, 120.9, 120.1, 110.6, 43.0, 23.0, 11.2; Anal.
C17H16N2O3 (C, H, N).

5.1.3. 3-(Oxazolo[4,5-b]pyridin-2-yl)phenol (9b) [34,54]
3-Hydroxybenzoic acid (250 mg, 1.8 mmol, 150 mol-%) and 2-

amino-3-hydroxypyridine (8b, 130 mg, 1.2 mmol, 100 mol-%)
were microwave-irradiated (300 W, 4 min ramp to 250 �C, hold
2 min). The tan solid was dissolved to MeOH/EtOAc (1:1, 10 mL),
poured to sat. aq. NaHCO3 (30 mL) and extracted with EtOAc
(3� 50 mL). Combined organic phases were washed with water
(50 mL) and brine (50 mL), dried (Na2SO4), filtered and evapo-
rated. The crude material was purified by FC (50% EtOAc in hex)
and recrystallized (EtOAc/hex) giving 9b (195 mg, 77%) as a white
solid: mp. 203–204 �C, Rf (EtOAc) 0.5; 1H NMR (DMSO-d6) 10.02
(s, 1H), 8.55 (dd, 1H, J¼ 4.9, 1.4 Hz), 8.24 (dd, 1H, J¼ 8.2, 1.4 Hz),
7.69 (app dt, 1H, J¼ 7.7, 1.2 Hz), 7.64 (t, 1H, J¼ 2.0 Hz), 7.48–7.43
(m, 2H), 7.08 (ddd, 1H, J¼ 8.2, 2.5, 0.9 Hz); 13C NMR (DMSO-d6)
165.0, 158.1, 155.6, 146.7, 142.9, 130.8, 127.1, 121.0, 120.2, 119.3,
118.7, 114.1.

5.1.4. 3-(Oxazolo[4,5-b]pyridin-2-yl)phenyl propylcarbamate (2b)
White solid (93 mg, 78%): mp. 146–147 �C, Rf (EtOAc) 0.5; 1H

NMR (CDCl3) 8.59 (dd, 1H, J¼ 4.9, 1.3 Hz), 8.17 (d, 1H, J¼ 7.8 Hz),
8.10–8.08 (m, 1H), 7.86 (dd, 1H, J¼ 8.1, 1.3 Hz), 7.54 (t, 1H,
J¼ 8.0 Hz), 7.39–7.36 (m, 1H), 7.31 (dd, 1H, J¼ 8.1, 4.9 Hz), 5.19 (br s,
1H), 3.28 (q, 2H, J¼ 6.7 Hz), 1.64 (sext, 2H, J¼ 7.2 Hz), 1.00 (t, 3H,
J¼ 7.4 Hz); 13C NMR (CDCl3) 164.9, 156.2, 154.0, 151.5, 146.8, 143.1,
130.0, 127.7, 125.8, 124.9, 121.2, 120.2, 118.2, 43.0, 23.0, 11.2; Anal.
C16H15N3O3 (C, H, N).

5.1.5. 5-Methoxypyrimidin-4(3H)-one (11) [55]
Methyl 2-methoxyacetate (10, 10.4 g, 100 mmol, 100 mol-%) and

methyl formate (7.2 g, 120 mmol, 120 mol-%) were added to
a mixture of sodium hydride (5.6 g of 60% dispersion in oil,
140 mmol, 140 mol-%) in dry THF (150 mL) and stirred for 20 h
keeping the temperature of the mixture at 20 �C by water bath.
After formation of white solid, dry Et2O (100 mL) was added and
the mixture was filtered. The solid (18.6 g) was dried under
reduced pressure and added to a mixture of formamidine acetate
(10.4 g, 100 mmol, 100 mol-%) in EtOH (200 mL) at rt. The mixture
was stirred for 14 h at rt and refluxed for 24 h. Water (70 mL) was
added and the mixture was acidified with AcOH (25 mL) from pH
10 to 5. Ethanol was evaporated and the residue was extracted
with CHCl3 (10�100 mL) and EtOAc:Et2O (2:1, 3�100 mL).
Combined organic phases were dried over MgSO4, filtered and
evaporated. Crystallization of the crude product (MeOH:hex) gave
11 (3.9 g, 31%) as off-white solid: mp. 216–217 �C; Rf (10% MeOH in
CH2Cl2) 0.2; 1H NMR (DMSO-d6) 12.51 (br s, 1H), 7.81 (s, 1H), 7.52
(s, 1H), 3.73 (s, 3H).

5.1.6. 4-Chloro-5-methoxypyrimidine (12) [53]
Compound 11 (2.6 g, 20.6 mmol, 100 mol-%) was treated with

phosphorus oxychloride (17 mL, 180 mmol, 900 mol-%) at 0 �C. The
mixture was refluxed for 2.5 h, cooled to 30–40 �C and unreacted
POCl3 was removed under reduced pressure. Ice-cold water
(50 mL) was added and pH was adjusted to 7 with K2CO3 (10 g).
The mixture was extracted with EtOAc:Et2O (3:1, 3�150 mL),
organic phases were combined, dried (MgSO4) and filtered through
a pad of silica (eluted with EtOAc). Evaporation of the solvents
resulted in compound 12 (2.6 g, 86%) as a yellow solid; mp. 63–
64 �C; Rf (EtOAc) 0.5; 1H NMR (CDCl3) 8.60 (s, 1H), 8.30 (s, 1H), 4.00
(s, 3H).

5.1.7. 5-Methoxypyrimidin-4-amine (13) [56]
The mixture of 12 (3.4 g, 24 mmol, 100 mol-%) in EtOH (30 mL)

was bubbled with dry NH3 gas for 30 min at 0 �C. The mixture was
poured to autoclave and stirred at 130 �C for 18 h. Cooling and
evaporation resulted in tan residue which was dissolved to CHCl3



(100 mL) and brine (100 mL) and extracted with CHCl3
(3�100 mL). Combined organic phases were dried over MgSO4,
filtered and evaporated giving 13 (2.2 g, 75%) as a yellow solid; mp.
117–119 �C; Rf (10% MeOH in CH2Cl2) 0.4; 1H NMR (DMSO-d6) 7.99
(s, 1H,), 7.79 (s, 1H), 6.68 (s, 2H), 3.80 (s, 3H).

5.1.8. 4-Aminopyrimidin-5-ol (14) [57]
The mixture of 13 (280 mg, 2.2 mmol, 100 mol-%) in dry DMF

(15 mL) was treated with NaH (215 mg, washed with hexanes from
60% mineral oil dispersion, 9.0 mmol, 400 mol-%) at rt. The mixture
was cooled by ice bath and n-BuSH (300 mg, 3.3 mmol, 150 mol-%)
was added. The mixture was stirred at 110 �C for 20 h and evapo-
rated to dryness. AcOH (0.25 mL) and water (2.5 mL) were added
and evaporation was repeated. The residue was purified by FC (10%
MeOH in CH2Cl2) and recrystallized (MeOH) giving 14 (181 mg,
74%) as a red solid; mp. 257–260 �C; Rf (20% MeOH in CH2Cl2)
0.2; 1H NMR (DMSO-d6) 9.81 (br s, 1H), 7.90 (s, 1H), 7.65 (s, 1H),
6.44 (2H).

5.1.9. 3-(Oxazolo[4,5-d]pyrimidin-2-yl)phenol (15)
Compound 14 (222 mg, 2.0 mmol, 100 mol-%), 3-hydrox-

ybenzoic acid (276 mg, 2.0 mmol, 100 mol-%), boric acid (124 mg,
2.0 mmol, 100 mol-%) and Na2SO4 (2.5 g, 18 mmol, 900 mol-%) were
stirred in m-xylene (20 mL) in an autoclave at 200 �C for 24 h. The
cooled mixture was poured into sat. aq. NaHCO3 (50 mL) and
extracted with EtOAc (3�70 mL). Combined organic phases were
dried over Na2SO4, filtered and evaporated. The resulting red solid
was purified by FC (50% EtOAc in hex) and recrystallized (MeOH/
CH2Cl2) giving 15 (92 mg, 21%) as an off-white solid: mp. 257–
261 �C; Rf (EtOAc) 0.5; 1H NMR (DMSO-d6) 10.14 (s, 1H), 9.33 (s, 1H),
9.14 (s, 1H), 7.76 (d, 1H, J¼ 7.7 Hz), 7.68 (app t, 1H, J¼ 1.9 Hz), 7.49 (t,
1H, J¼ 7.9 Hz), 7.15 (dd, 1H, J¼ 8.1, 2.1 Hz); 13C NMR (DMSO-d6)
167.6, 161.6, 158.0, 154.9, 142.2, 139.7, 130.8, 126.2, 121.1, 119.3, 114.7;
HRMS (ESI): calcd. for [MþNa] C11H7N3O2Na: 236.0436, found
236.0447.

5.1.10. 3-(Oxazolo[4,5-d]pyrimidin-2-yl)phenyl propylcarbamate (2c)
A white solid (30 mg, 50%): mp. 161–162 �C; Rf (EtOAc) 0.5; 1H

NMR (CDCl3) 9.20 (s, 1H), 9.01 (s, 1H), 8.2 (dt, 1H, J¼ 7.87, 1.28 Hz),
8.14 (t, 1H, J¼ 1.9 Hz), 7.58 (t, 1H, J¼ 8.0 Hz), 7.45 (ddd, 1H, J¼ 8.2,
2.3, 0.9 Hz), 5.24 (app t, 1H, J¼ 5.5 Hz), 3.28 (q, 2H, J¼ 6.7 Hz), 1.64
(sext, 2H, J¼ 7.2 Hz), 1.00 (t, 3H, J¼ 7.4 Hz); 13C NMR (CDCl3) 167.6,
162.3, 155.5, 154.0, 151.7, 142.3, 138.8, 130.2, 127.1, 126.5, 125.6,
122.0, 43.0, 23.0, 11.2; HRMS (ESI): calcd. for [MþNa]
C15H14N4O3Na: 321.0964, found 321.0951.

5.1.11. 3-(4,5-Dihydrooxazol-2-yl)-phenol (16) [58]
3-Hydroxybenzoic acid (1.38 g, 10 mmol, 100 mol-%), 2-amino-

ethanol (610 mg, 10 mmol, 100 mol-%) and Et3N (3.0 g, 30 mmol,
300 mol-%) were stirred in pyridine (20 mL) and MeCN (30 mL) at
22 �C for 40 min. CCl4 (6.15 g, 40 mmol, 400 mol-%) was added
followed by dropwise admission of PPh3 in pyridine–MeCN (1:1,
80 mL) during 2 h keeping the temperature of the mixture between
22 and 24 �C. The mixture was stirred for 18 h, concentrated by
rotavapor to ca. 40 mL, diluted with aq. ammonia (25%, 100 mL) and
extracted with EtOAc (3�100 mL). Combined organic phases were
washed with sat. aq. CuSO4 (100 mL), water (100 mL) and brine
(100 mL), dried (Na2SO4), filtered and evaporated. The crude
product was purified by FC (0–4% MeOH in CH2Cl2) giving 16
(479 mg, 29%) as a white solid: mp. 188–189 �C; Rf (EtOAc) 0.5; 1H
NMR (DMSO-d6) 9.70 (s, 1H), 7.30–7.23 (m, 3H), 6.91 (d, 1H,
J¼ 8.1 Hz), 4.36 (t, 2H, J¼ 9.5 Hz), 3.92 (t, 2H, J¼ 9.5 Hz); 13C NMR
(DMSO-d6) 163.0, 157.3, 129.7, 128.7, 118.5, 118.4, 114.3, 67.2, 54.4.
This compound was later prepared in 96% yield by similar method
as 19a.

5.1.12. 3-(4,5-Dihydrooxazol-2-yl)phenyl propylcarbamate (3a)
White crystals (65 mg, 65%): mp. 94–95 �C; Rf (EtOAc) 0.5; 1H

NMR (CDCl3) 7.78 (d, 1H, J¼ 7.8 Hz), 7.70 (s, 1H), 7.39 (t, 1H,
J¼ 8.0 Hz), 7.29–7.24 (m, 1H), 5.05 (br s, 1H), 4.43 (app t, 2H,
J¼ 9.5 Hz), 4.06 (app t, 2H, J¼ 9.5 Hz), 3.24 (q, 2H, J¼ 6.7 Hz), 1.60
(sext, 2H, J¼ 7.3 Hz), 0.97 (t, 3H, J¼ 7.4 Hz); 13C NMR (CDCl3) 163.9,
150.9, 129.1, 128.9, 124.9, 124.6, 121.4, 67.6, 54.8, 42.9, 23.0, 11.1;
Anal. C13H16N2O3 (C, H, N).

5.1.13. 3-(4,5-Dihydrooxazol-2-yl)phenyl cyclopentylcarbamate (3b)
White crystals (48 mg, 70%): mp. 166–168 �C; Rf (10% Et2O in

CH2Cl2) 0.4; 1H NMR (DMSO-d6) 7.86 (d, 1H, J¼ 7.1 Hz), 7.69 (d, 1H,
J¼ 7.7 Hz), 7.53 (s, 1H), 7.47 (t, 1H, J¼ 7.9 Hz), 7.28 (dd, 1H, J¼ 1.5,
8.1 Hz), 4.41 (t, 2H, J¼ 9.5 Hz), 3.96 (t, 2H, J¼ 9.5 Hz), 3.88–3.79 (m,
1H), 1.89–1.79 (m, 2H), 1.72–1.61 (m, 2H), 1.57–1.44 (m, 4H); 13C
NMR (DMSO-d6) 162.3, 153.4, 151.0, 129.7, 128.6, 124.7, 124.1, 120.9,
67.5, 54.4, 52.4, 32.2, 23.3; Anal. C15H18N2O3 (C, H, N).

5.1.14. 3-(4,5-Dihydrooxazol-2-yl)phenyl cyclohexylcarbamate (3c)
White cotton-like crystals (100 mg, 71%): mp. 151–152 �C; Rf (5%

MeOH in CH2Cl2) 0.54; 1H NMR (CDCl3) 7.78 (d, 1H, J¼ 8.0 Hz), 7.71–
7.69 (s, 1H), 7.39 (t, 1H, J¼ 7.9 Hz), 7.28–7.23 (m, 1H), 4.94 (d, 1H,
J¼ 7.0 Hz), 4.42 (t, 2H, J¼ 9.5 Hz), 4.05 (t, 2H, J¼ 9.5 Hz), 3.63–3.50
(m, 1H), 2.07–1.96 (m, 2H), 1.79–1.70 (m, 2H), 1.67–1.58 (m, 1H),
1.44–1.31 (m, 2H), 1.28–1.14 (m, 3H); 13C NMR (CDCl3) 163.9, 153.3,
151.0, 129.2, 129.0, 124.9, 124.6, 121.5, 67.7, 54.9, 50.2, 33.2, 25.4,
24.7; Anal. C16H20N2O3 (C, H, N).

5.1.15. 3-(4,4-Dimethyl-4,5-dihydrooxazol-2-yl)phenol (17) [37]
This compound was synthesized in two different methods:

Method 1: 3-cyanophenol (237 mg, 2.0 mmol, 100 mol-%), 2-
amino-2-methylpropanol (450 mL, 4.0 mmol, 200 mol-%) and
bismuth trifluoromethylsulfonate (64.5 mg, 0.1 mmol, 5 mol-%)
were microwave-irradiated in a closed vessel (2� 60 s at 50 W,
1�60 s at 60 W). The resulting mixture was diluted with EtOAc and
purified by FC (40% EtOAc in hex).

Method 2: 3-cyanophenol (237 mg, 2.0 mmol, 100 mol-%), 2-
amino-2-methylpropanol (450 ml, 4.0 mmol, 200 mol-%) and
bismuth trifluoromethylsulfonate (64.5 mg, 0.1 mmol, 5 mol-%)
were refluxed for 3 h. Crops from both reactions were combined
and recrystallized from toluene giving 17 (190 mg, 25% overall
yield) as a white solid: mp. 159–161 �C; Rf (65% EtOAc in hex) 0.28;
1H NMR (DMSO-d6) 9.66 (s, 1H), 7.28–7.21 (m, 3H), 6.92–6.88 (m,
1H), 4.07 (m, 2H), 1.26 (m, 6H). This compound was later prepared
in 90% yield by similar method as 18a.

5.1.16. 3-(4,4-Dimethyl-4,5-dihydrooxazol-2-yl)
phenyl cyclopentylcarbamate (4a)

White needles (73 mg, 48%): mp. 139–141 �C; Rf (10% Et2O in
CH2Cl2) 0.27; 1H NMR (DMSO-d6) 7.76 (d, 1H, J¼ 7.7 Hz), 7.70 (s,
1H), 7.38 (dd, 1H, J¼ 7.9 Hz), 7.23 (d, 2H, J¼ 8.1 Hz), 4.98 (d, 1H,
J¼ 6.4 Hz), 4.10 (s, 2H), 4.07–4.00 (m, 1H), 2.06–1.98 (m, 2H), 1.76–
1.69 (m, 2H), 1.66–1.60 (m, 2H), 1.53–1.44 (m, 2H), 1.37 (s, 6H); 13C
NMR (DMSO-d6) 161.3, 153.7, 150.9, 129.4, 129.1, 125.0, 124.5, 121.6,
79.1, 67.6, 53.0, 33.1, 28.4, 23.5; Anal. C17H22N2O3 (C, H, N).

5.1.17. 3-(4,4-Dimethyl-4,5-dihydrooxazol-2-yl)phenyl
cyclohexy-lcarbamate (4b)

White crystals (176 mg, 56%): mp. 154–155 �C; Rf (5% MeOH in
CH2Cl2) 0.67; 1H NMR (CDCl3) 7.76 (d, 1H, J¼ 7.8 Hz), 7.72–7.69 (m,
1H), 7.37 (t, 1H, J¼ 7.9 Hz), 7.23 (dd, 1H, J¼ 8.1, 1.4 Hz), 4.96 (d, 1H,
J¼ 7.5 Hz), 4.09 (s, 2H), 3.62–3.49 (m, 1H), 2.06–1.95 (m, 2H), 1.79–
1.69 (m, 2H),1.66–1.58 (m, 2H), 1.44–1.31 (m, 7H),1.28–1.13 (m, 3H);
13C NMR (CDCl3) 161.3, 153.4, 151.0, 129.3, 129.1, 124.9, 124.5, 121.6,
79.2, 67.6, 50.1, 33.2, 28.4, 25.4, 24.7; Anal. C18H24N2O3 (C, H, N).



5.1.18. Procedure for preparation of 18a–e
5.1.18.1. (S)-3-(4-Methyl-4,5-dihydrooxazol-2-yl)phenol (18a). Zinc
chloride (48 mg, 0.35 mmol, 10 mol-%) was melted in a 50 mL flask
under high vacuum. 3-Cyanophenol (413 mg, 3.46 mmol, 100 mol-
%) and chlorobenzene (10 mL) were added and heated up to reflux
under argon atmosphere. (S)-2-Aminopropanol (510 mL, 6.5 mmol,
190 mol-%) was added and the mixture was refluxed for 22 h. The
mixture was cooled to rt and filtered through a pad of silica with
EtOAc and purified by FC (33% EtOAc in hex) and recrystallized from
EtOAc:hex giving 18a (317 mg, 52%) as white needles: mp. 125–
126 �C; Rf (50% EtOAc in hex) 0.31; [a]D 48 (c¼ 0.5, CDCl3); 1H NMR
(CDCl3) 9.45 (br s, 1H), 7.45 (dd, 1H, J¼ 2.3, 1.6 Hz), 7.30 (td, 1H,
J¼ 7.7,1.3 Hz), 7.18 (t,1H, J¼ 7.9 Hz), 6.95 (ddd,1H, J¼ 8.1, 2.5,1.0 Hz),
4.53 (dd,1H, J¼ 9.4, 8.0 Hz), 4.45–4.36 (m,1H), 3.96 (t,1H, J¼ 7.9 Hz),
1.33 (d, 3H, J¼ 6.6 Hz); 13C NMR (CDCl3) 164.6, 156.9, 129.6, 128.0,
119.8, 119.5, 115.1, 74.2, 61.2, 21.1; Anal. C10H11NO2 (C, H, N).

5.1.19. (S)-3-(4-Methyl-4,5-dihydrooxazol-2-yl)phenyl
cyclopentyl-carbamate (4c)

White crystals (83 mg, 51%): mp. 139–142 �C; Rf (15% Et2O in
CH2Cl2) 0.33; [a]D �54 (c¼ 0.5, CHCl3); 1H NMR (CDCl3) 7.77 (d, 1H,
J¼ 7.7 Hz), 7.70 (s, 1H), 7.38 (t, 1H, J¼ 8.0 Hz), 7.24 (d, 1H, J¼ 8.1 Hz),
5.04 (d, 1H, J¼ 6.6 Hz), 4.51 (dd, 1H, J¼ 9.3, 8.1 Hz), 4.41–4.32 (m,
1H), 4.09–4.00 (m, 1H), 3.94 (t, 1H, J¼ 7.9 Hz), 2.06–1.97 (m, 2H),
1.75–1.56 (m, 4H), 1.53–1.44 (m, 2H), 1.35 (d, 3H, J¼ 6.6 Hz); 13C
NMR (CDCl3) 162.7, 160.1, 153.7, 151.0, 129.1, 125.0, 124.6, 121.6, 74.1,
62.0, 53.0 (rotam. 52.1), 33.1 (rotam. 33.6), 23.5, 21.4; Anal.
C16H20N2O3 (C, H, N).

5.1.20. (S)-3-(4-Methyl-4,5-dihydrooxazol-2-yl)phenyl
cyclohexyl-carbamate (5a)

White crystals (94 mg, 65%): mp. 133–135 �C; Rf (50% EtOAc in
hex) 0.40; [a]D �49 (c¼ 0.5, CHCl3); 1H NMR (CDCl3) 7.77 (d, 1H,
J¼ 7.7 Hz), 7.70 (s, 1H), 7.38 (t, 1H, J¼ 7.9 Hz), 7.26–7.23 (m, 1H),
4.92 (d, 1H, J¼ 7.3 Hz), 4.51 (dd, 1H, J¼ 9.2, 8.2 Hz), 4.42–4.32 (m,
1H), 3.94 (t, 1H, J¼ 7.9 Hz), 3.61–3.51 (m, 1H), 2.05–1.97 (m, 2H),
1.78–1.70 (m, 2H), 1.66–1.59 (m, 1H), 1.43–1.32 (m, 2H), 1.35 (d, 3H,
J¼ 6.6 Hz), 1.28–1.15 (m, 3H); 13C NMR (CDCl3) 162.8, 153.4, 151.0,
129.1 (2C), 125.0, 124.6, 121.6, 74.1, 62.0, 50.1, 33.2, 25.4, 24.7, 21.4;
Rt 60 min, 93 ee-%; Anal. C17H22N2O3 (C, H, N).

5.1.21. (R)-3-(4-Methyl-4,5-dihydrooxazol-2-yl)phenol (18b)
White needles (283 mg, 57%): mp. 126–127 �C; Rf (50% EtOAc in

hex) 0.19; [a]D �46 (c¼ 0.5, CHCl3); 1H NMR (CDCl3) 9.46 (br s, 1H),
7.44 (dd, 1H, J¼ 2.4, 1.6 Hz), 7.29 (td, 1H, J¼ 7.7, 1.3 Hz), 7.18 (t, 1H,
J¼ 7.9 Hz), 6.95 (ddd, 1H, J¼ 8.1, 2.6, 1.0 Hz), 4.53 (dd, 1H, J¼ 9.5,
8.1 Hz), 4.45–4.36 (m, 1H), 3.96 (t, 1H, J¼ 7.9 Hz), 1.33 (d, 3H,
J¼ 6.6 Hz); 13C NMR (CDCl3) 164.5, 156.9, 129.6, 127.9, 119.8, 119.5,
115.0, 74.2, 61.1, 21.1; Anal. C10H11NO2 (C, H, N).

5.1.22. (R)-3-(4-Methyl-4,5-dihydrooxazol-2-yl)phenyl
cyclohexyl-carbamate (5b)

White crystals (46 mg, 27%): mp. 133–134 �C; Rf (50% EtOAc in
hex) 0.24; [a]D 45 (c¼ 0.5, CDCl3); 1H NMR (CDCl3) 7.77 (d, 1H,
J¼ 7.7 Hz), 7.70 (m, 1H), 7.38 (t, 1H, J¼ 7.9 Hz), 7.24 (dd, 1H, J¼ 8.1,
1.4 Hz), 4.94 (d, 1H, J¼ 7.4 Hz), 4.51 (dd, 1H, J¼ 9.3, 8.1 Hz), 4.42–
4.32 (m, 1H), 3.94 (t, 1H, J¼ 7.9 Hz), 3.60–3.50 (m, 1H), 2.07–1.96
(m, 2H), 1.78–1.70 (m, 2H), 1.66–1.57 (m, 1H), 1.43–1.32 (m, 2H), 1.35
(d, 3H, J¼ 6.6 Hz), 1.27–1.15 (m, 3H); 13C NMR (CDCl3) 162.8, 153.4,
151.0, 129.1 (2C), 124.9, 124.6, 121.6, 74.1, 62.0, 50.1, 33.2, 25.4, 24.7,
21.4; Rt 22 min, 99 ee-%; Anal. C17H22N2O3 (C, H, N).

5.1.23. (S)-3-(4-Benzyl-4,5-dihydrooxazol-2-yl)phenol (18c)
White waxy solid (446 mg, 52%): mp. 109–111 �C; Rf (10% Et2O in

CH2Cl2) 0.14; [a]D 39 (c¼ 0.5, CHCl3); 1H NMR (CDCl3) 7.92 (s, 1H),

7.50 (dd, 1H, J¼ 2.4, 1.5 Hz), 7.39 (td, 1H, J¼ 7.7, 1.2 Hz), 7.30–7.18
(m, 6H), 6.98 (ddd, 1H, J¼ 8.1, 2.6, 1.0 Hz), 4.65–4.57 (m, 1H), 4.35 (t,
1H, J¼ 9.0 Hz), 4.17 (dd, 1H, J¼ 8.6, 7.2 Hz), 3.23 (dd, 1H, J¼ 13.7,
4.9 Hz), 2.75 (dd, 1H, J¼ 13.7, 9.0 Hz); 13C NMR (CDCl3) 164.8, 156.4,
137.6, 129.7, 129.3, 128.6, 128.3, 126.6, 120.2, 119.4, 115.2, 72.0, 67.2,
41.5; Anal. C16H15NO2 (C, H, N).

5.1.24. (S)-3-(4-Benzyl-4,5-dihydrooxazol-2-yl)phenyl
cyclohexyl-carbamate (5c)

White crystals (120 mg, 56%): mp. 152–155 �C; Rf 0.46 (10% Et2O
in CH2Cl2); [a]D 5.8 (c¼ 0.5, CHCl3); 1H NMR (CDCl3) 7.78 (d, 1H,
J¼ 7.8 Hz), 7.70 (t,1H, J¼ 1.8 Hz), 7.39 (t,1H, J¼ 8.0 Hz), 7.33–7.21 (m,
6H), 4.93 (d, 1H, J¼ 7.6 Hz), 4.62–4.54 (m, 1H), 4.34 (t,1H, J¼ 8.9 Hz),
4.13 (dd, 1H, J¼ 8.3, 7.5 Hz), 3.61–3.51 (m, 1H), 3.23 (dd, 1H, J¼ 13.7,
5.1 Hz), 2.72 (dd,1H, J¼ 13.7, 8.9 Hz), 2.05–1.97 (m, 2H),1.78–1.70 (m,
2H), 1.66–1.61 (m, 1H),1.43–1.32 (m, 2H), 1.28–1.14 (m, 3H); 13C NMR
(CDCl3) 163.3, 153.3, 151.0, 137.9, 129.2, 129.2, 129.0, 128.6, 126.5,
125.0,124.7,121.6, 71.9, 67.9, 50.2, 41.8, 33.2, 25.4, 24.7; Rt 57 min, 98
ee-%; Anal. C23H26N2O3 (C, H, N).

5.1.25. (R)-3-(4-Benzyl-4,5-dihydrooxazol-2-yl)phenol (18d)
White waxy solid (267 mg, 41%): mp. 108–111 �C; Rf 0.21 (15%

Et2O in CH2Cl2); [a]D �40 (c¼ 0.5, CHCl3); 1H NMR (CDCl3) 8.50 (br
s, 1H), 7.50 (dd, 1H, J¼ 2.3, 1.5 Hz), 7.36 (td, 1H, J¼ 7.7, 1.1 Hz), 7.29–
7.18 (m, 6H), 6.97 (ddd, 1H J¼ 8.2, 2.5, 0.9 Hz), 4.66–4.57 (m, 1H),
4.34 (t, 1H, J¼ 9.0 Hz), 4.17 (dd, 1H, J¼ 8.5, 7.3 Hz), 3.24 (dd, 1H,
J¼ 13.7, 4.8 Hz), 2.75 (dd, 1H, J¼ 13.7, 9.2 Hz); 13C NMR (CDCl3)
165.0, 156.6, 137.5, 129.7, 129.3, 128.6, 128.2, 126.6, 120.1, 119.5,
115.2, 72.0, 67.0, 41.4; Anal. C16H15NO2 (C, H, N).

5.1.26. (R)-3-(4-Benzyl-4,5-dihydrooxazol-2-yl)phenyl
cyclohexyl-carbamate (5d)

White crystals (152 mg, 57%): mp. 153–155 �C; Rf 0.38 (13% Et2O
in CH2Cl2); [a]D �7.4 (c¼ 0.5, CHCl3); 1H NMR (CDCl3) 7.78 (d, 1H,
J¼ 7.7 Hz), 7.7 (m, 1H), 7.39 (t, 1H, J¼ 8.0 Hz), 7.33–7.20 (m, 6H),
4.93 (d, 1H, J¼ 8.0 Hz), 4.62–4.53 (m, 1H), 4.33 (t, 1H, J¼ 8.9 Hz),
4.13 (dd, 1H, J¼ 8.3, 7.5 Hz), 3.62–3.50 (m, 1H), 3.23 (dd, 1H, J¼ 13.7,
5.1 Hz), 2.71 (dd, 1H, J¼ 13.7, 8.9 Hz), 2.05–1.97 (m, 2H), 1.77–1.70
(m, 2H), 1.66–1.58 (m, 1H), 1.43–1.32 (m, 2H), 1.28–1.14 (m, 3H); 13C
NMR (CDCl3) 163.3, 153.3, 151.0, 137.9, 129.2, 129.2, 129.0, 128.5,
126.5, 125.0, 124.7, 121.6, 71.9, 67.9, 50.1, 41.8, 33.2, 25.4, 24.7; Rt
22 min, 99 ee-%; Anal. C23H26N2O3 (C, H, N).

5.1.27. (S)-3-(4-((1H-Indol-3-yl)methyl)-4,5-dihydrooxazol-2-
yl)-phenol (18e)

Gray powder (140 mg, 35%): mp. 183–186 �C; Rf (50% EtOAc in
hex) 0.20; [a]D 59 (c¼ 0.3, MeOH); 1H NMR (DMSO-d6) 10.85 (br s,
1H), 9.68 (s, 1H), 7.59 (d, 1H, J¼ 7.9 Hz), 7.33 (d, 1H, J¼ 8.0 Hz), 7.31–
7.19 (m, 4H), 7.06 (td, 1H, J¼ 7.5, 1.1 Hz), 6.98 (td, 1H, J¼ 7.4, 1.0 Hz),
6.93–6.89 (m, 1H), 4.64–4.55 (m, 1H), 4.38 (dd, 1H, J¼ 9.4, 8.4 Hz),
4.07 (t, 1H, J¼ 7.9 Hz), 3.13 (dd, 1H, J¼ 14.8, 4.9 Hz), 2.82 (dd, 1H,
J¼ 14.6, 8.1 Hz); 13C NMR (DMSO-d6) 162.1, 157.3, 136.1, 129.6, 128.8,
127.5, 123.4, 120.9, 118.5, 118.5, 118.4, 118.3, 114.4, 111.3, 110.4, 71.7,
66.6, 31.0; Anal. C18H16N2O2 (C, H, N).

5.1.28. (S)-3-(4-((1H-Indol-3-yl)methyl)-4,5-dihydrooxazol-2-yl)-
phenyl cyclohexylcarbamate (7)

White crystals (35 mg, 35%): mp. 149–151 �C; Rf 0.23 (10% Et2O
in CH2Cl2); [a]D 22 (c¼ 0.5, CDCl3); 1H NMR (CDCl3) 8.11 (br s, 1H),
7.79 (d, 1H, J¼ 7.8 Hz), 7.72 (s, 1H), 7.66 (d, 1H, J¼ 7.8 Hz), 7.41–7.33
(m, 2H), 7.20 (td, 1H, J¼ 7.5, 1.1 Hz), 7.13 (td, 1H, J¼ 7.4, 1.0 Hz), 7.28–
7.24 (m, 1H), 7.04 (d, 1H, J¼ 2.2 Hz), 4.94 (d, 1H, J¼ 7.8 Hz), 4.75–
4.67 (m, 1H), 4.33 (t, 1H, J¼ 8.9 Hz), 4.15 (t, 1H, J¼ 7.9 Hz), 3.62–3.51
(m, 1H), 3.36 (dd, 1H, J¼ 14.5, 4.6 Hz), 2.88 (dd, 1H, J¼ 14.6, 8.9 Hz),
2.05–1.97 (m, 2H), 1.78–1.70 (m, 2H), 1.67–1.58 (m, 1H), 1.43–1.32



(m, 2H), 1.28–1.14 (m, 3 H); 13C NMR (CDCl3) 163.2, 153.4, 151.0,
136.2, 129.2 (2C), 127.7, 125.0, 124.6, 122.4, 122.1, 121.6, 119.5, 118.8,
112.0, 111.1, 72.3, 67.0, 50.2, 33.2, 31.3, 25.4, 24.7; Anal. C25H27N3O3

(C, H, N).

5.1.29. Procedure for preparation of 19a–d
Et3N was used only in the case of 19a–b.

5.1.29.1. (R)-Methyl 2-(3-hydroxyphenyl)-4,5-dihydrooxazole-4-
carboxylate (19a). To a mixture of 3-cyanophenol (1840 mg,
15.5 mmol, 100 mol-%) in dry CH2Cl2 (36 mL) was added dry MeOH
(3.2 mL, 79 mmol, 510 mol-%) and the mixture was bubbled with
HCl gas in an ice bath. The mixture was stirred at 2 �C for 3 days and
solvents were evaporated. Filtering and washing with dry Et2O gave
methyl 3-hydroxybenzimidate hydrochloride (2.67 g, 92%) as
a white powder: 1H NMR (DMSO-d6) 11.68 (br s, 1H), 10.34 (s, 1H),
7.57–7.53 (m, 1H), 7.46–7.41 (m, 2H), 7.24–7.21 (m, 1H), 4.27 (s, 3H).
(R)-Serine methyl ester hydrochloride (125 mg, 0.80 mmol,
100 mol-%) was suspended in dry CH2Cl2 and Et3N was added
(180 mL, 1.28 mmol, 160 mol-%) followed by above described
imidate salt (153 mg, 0.82 mmol, 100 mol-%) and the mixture was
refluxed overnight. Solvent was evaporated and remaining solid
partitioned between H2O (10 mL) and EtOAc (15 mL). Organic phase
was washed with H2O (10 mL). Aqueous phases were combined and
backwashed with EtOAc (2�15 mL). Organic phases were
combined, washed with brine (20 mL), dried over Na2SO4, filtered
and evaporated. Purification by FC (twice, 70% EtOAc:hex, then 5%
MeOH:CH2Cl2) gave 19a (122 mg, 68%) as an oil: Rf (70% EtOAc:hex)
0.33; [a]D �57 (c¼ 1, CDCl3); 1H NMR (CDCl3) 8.57 (s, 1H), 7.42 (dd,
1H, J¼ 2.4, 1.6 Hz), 7.38 (app. ddd, 1H), 7.18 (t, 1H, J¼ 7.9 Hz), 6.96
(ddd, 1H, J¼ 8.2, 2.5, 0.9 Hz), 4.96 (dd, 1H, J¼ 10.7, 7.8 Hz), 4.69 (dd,
1H, J¼ 8.7, 7.9 Hz), 4.58 (dd, 1H, J¼ 10.7, 8.8 Hz), 3.69 (s, 3H); 13C
NMR (CDCl3) 171.3, 167.1, 156.6, 129.6, 127.2, 120.3, 119.8, 115.4, 69.6,
67.7, 52.7; HRMS (ESI) calcd for [MþH] C11H11NO4: 222.0766,
found 222.0766.

5.1.30. (R)-Methyl 2-(3-(cyclohexylcarbamoyloxy)phenyl)-4,5-
dihydrooxazole-4-carboxylate (5e)

White crystals (136 mg, 73%): mp. 114–116 �C; Rf (17% Et2O in
CH2Cl2) 0.33; [a]D �68 (c¼ 0.5, CHCl3); 1H NMR (CDCl3) 7.81 (d, 1H,
J¼ 7.8 Hz), 7.75 (s, 1H), 7.39 (t, 1H, J¼ 8.0 Hz), 7.29–7.26 (m, 1H),
4.95 (dd, 2H, J¼ 10.5, 8.0 Hz), 4.69 (t, 1H, J¼ 8.3 Hz), 4.59 (dd, 1H,
J¼ 10.5, 8.8 Hz), 3.82 (s, 3H), 3.60–3.51 (m, 1H), 2.04–1.97 (m, 2H),
1.78–1.70 (m, 2H), 1.67–1.59 (m, 1H), 1.43–1.32 (m, 2H), 1.27–1.16
(m, 3H); 13C NMR (CDCl3) 171.4, 165.6, 153.3, 151.0, 129.2, 128.1,
125.3, 125.2, 121.9, 69.6, 68.6, 52.7, 50.1, 33.2, 25.4, 24.7; Rt 99 min,
96 ee-%; Anal. C18H22N2O5 (C, H, N).

5.1.31. (S)-Methyl 2-(3-hydroxyphenyl)-4,5-dihydrooxazole-4-
carboxylate (19b)

Colourless oil (122 mg, 68%): Rf (60% EtOAc in hex) 0.28; [a]D

65 (c¼ 1.8, CDCl3); 1H NMR (CDCl3) 8.16 (s, 1H), 7.43–7.42 (m, 1H),
7.40 (d, 1H, J¼ 7.8 Hz), 7.20 (t, 1H, J¼ 7.9 Hz), 6.97 (ddd, 1H, J¼ 8.2,
2.5, 0.9 Hz), 4.96 (dd, 1H, J¼ 10.7, 7.9 Hz), 4.69 (dd, 1H, J¼ 8.7,
7.9 Hz), 4.59 (dd, 1H, J¼ 10.7, 8.8 Hz), 3.71 (s, 3H); 13C NMR (CDCl3)
171.4, 170.0, 156.5, 129.6, 127.3, 120.4, 119.8, 115.4, 69.6, 67.8, 52.7;
HRMS (ESI): calcd for (MþHþ) C11H11NO4: 222.0766, found
222.0759.

5.1.32. (S)-Methyl 2-(3-(cyclohexylcarbamoyloxy)phenyl)-4,5-
dihydrooxazole-4-carboxylate (5f)

White crystals (141 mg, 75%): mp. 114–116 �C; Rf (17%
Et2O:CH2Cl2) 0.33; [a]D 73 (c¼ 0.5, CHCl3); 1H NMR (CDCl3) 7.81 (d,
1H, J¼ 7.8 Hz), 7.75 (s, 1H), 7.39 (t, 1H, J¼ 7.9 Hz), 7.29–7.26 (m, 1H),
4.94 (dd, 2H, J¼ 10.5, 8.0 Hz), 4.69 (t, 1H, J¼ 7.8 Hz), 4.59 (dd, 1H,

J¼ 10.6, 8.8 Hz), 3.82 (s, 3H), 3.59–3.52 (m, 1H), 2.04–1.97 (m, 2H),
1.78–1.70 (m, 2H), 1.67–1.59 (m, 1H), 1.43–1.32 (m, 2H), 1.27–1.16
(m, 3H); 13C NMR (CDCl3) 171.4, 165.6, 153.3, 151.0, 129.2, 128.1,
125.3, 125.2, 121.9, 69.6, 68.6, 52.7, 50.1, 33.2, 25.4, 24.7; Rt 34 min,
97 ee-%; Anal. C17H22N2O3 (C, H, N).

5.1.33. (R)-3-(5-Methyl-4,5-dihydrooxazol-2-yl)phenol (19c)
White crystals (137 mg, 26%): Rf (EtOAc) 0.33; [a]D

20�4.5 (c¼ 1.0,
CDCl3); 1H NMR (CDCl3) 9.64 (br s, 1H), 7.48–7.46 (app. dd, 1H),
7.34–7.30 (m, 1H), 7.19 (t, 1H, J¼ 7.9 Hz), 6.95 (ddd, 1H, J¼ 8.1, 2.5,
0.9 Hz), 4.91–4.81 (m, 1H), 4.13 (dd, 1H, J¼ 14.2, 9.5 Hz), 4.58 (dd,
1H, J¼ 14.2, 7.6 Hz), 1.42 (d, 3H, J¼ 6.2 Hz); 13C NMR (CDCl3) 165.1,
157.0, 129.6, 128.2, 119.7, 119.5, 115.1, 76.6, 60.3, 20.9; Rt 15 min, 99
ee-%; Anal. C10H11NO2 (C, H, N).

5.1.34. (R)-3-(5-Methyl-4,5-dihydrooxazol-2-yl)phenyl
cyclohexylcarbamate (6a)

White crystals (75 mg, 54%): mp. 141–142 �C; Rf (20% acetone in
CH2Cl2) 0.7; [a]D

20 �8.9 (c¼ 0.9, CDCl3); 1H NMR (CDCl3) 7.77 (d, 1H,
J¼ 7.7 Hz), 7.71–7.68 (m, 1H), 7.38 (t, 1H, J¼ 7.9 Hz), 7.26–7.22 (app.
dd, 1H), 4.98 (br d, 1H, J¼ 7.6 Hz), 4.89–4.79 (m, 1H), 4.14 (dd, 1H,
J¼ 14.6, 9.4 Hz), 3.60 (dd, 1H, J¼ 14.5, 7.4 Hz), 3.60–3.50 (m, 1H),
2.08–1.96 (m, 2H), 1.81–1.69 (m, 2H), 1.67–1.58 (m, 1H), 1.45–1.31
(m, 2H), 1.41 (t, 3H, J¼ 6.2 Hz) 1.29–1.13 (m, 3H); 13C NMR (CDCl3)
163.2, 153.4, 151.0, 129.3, 129.1, 124.8, 124.5, 121.4, 76.4, 61.6, 50.1,
33.2, 25.4, 24.7, 21.1; Rt 64 min, 99 ee-%; Anal. C17H22N2O3 (C, H, N).

5.1.35. (S)-3-(5-Methyl-4,5-dihydrooxazol-2-yl)phenol (19d)
White crystals (126 mg, 71%): mp. 104–106 �C; Rf (EtOAc) 0.33;

[a]D 3.7 (c¼ 1.0, CDCl3); 1H NMR (CDCl3) 9.63 (br s, 1H), 7.48–7.46
(app. dd, 1H), 7.34–7.30 (m, 1H), 7.19 (t, 1H, J¼ 7.9 Hz), 6.95 (ddd,
1H, J¼ 8.1, 2.5, 0.9 Hz), 4.91–4.81 (m, 1H), 4.13 (dd, 1H, J¼ 14.2,
9.5 Hz), 4.58 (dd, 1H, J¼ 14.2, 7.6 Hz), 1.42 (d, 3H, J¼ 6.2 Hz); 13C
NMR (CDCl3) 165.1, 157.0, 129.6, 128.2, 119.7, 119.5, 115.1, 76.6, 60.3,
20.9; Rt 10.8 min, 99 ee-%; Anal. C10H11NO2 (C, H, N).

5.1.36. (S)-3-(5-Methyl-4,5-dihydrooxazol-2-yl)phenyl
cyclohexylcarbamate (6b)

White crystals (98 mg, 58%): mp. 140–142 �C; Rf (20% acetone in
CH2Cl2); 0.7; [a]D

20 9.3 (c¼ 1.0, CDCl3); 1H NMR (CDCl3) 7.77 (d, 1H,
J¼ 7.7 Hz), 7.70–7.68 (m, 1H), 7.38 (t, 1H, J¼ 7.9 Hz), 7.26–7.22 (app.
dd, 1H), 4.98 (br d, 1H, J¼ 7.6 Hz), 4.89–4.79 (m, 1H), 4.14 (dd, 1H,
J¼ 14.6, 9.4 Hz), 3.60 (dd, 1H, J¼ 14.5, 7.4 Hz), 3.60–3.50 (m, 1H),
2.08–1.96 (m, 2H),1.81–1.69 (m, 2H),1.67–1.58 (m,1H),1.45–1.31 (m,
2H), 1.41 (t, 3H, J¼ 6.2 Hz) 1.29–1.13 (m, 3H); 13C NMR (CDCl3) 163.2,
153.4,151.0,129.3,129.1,124.8,124.5,121.4, 76.4, 61.6, 50.1, 33.2, 25.4,
24.7, 21.1; Rt 23.5 min, 97 ee-%; Anal. C17H22N2O3 (C, H, N).

5.2. Biological testing protocols

5.2.1. Animals and preparation of rat brain homogenate
for FAAH assay

Eight-week-old male Wistar rats were used in these studies. All
animal experiments were approved by the local ethics committee.
The animals lived in a 12-h light/12-h dark cycle (lights on at
0700 h) with water and food available ad libitum.

The rats were decapitated, whole brains minus cerebellum were
dissected and homogenized in one volume (v/w) of ice-cold 0.1 M
potassium phosphate buffer (pH 7.4) with a Potter–Elvehjem
homogenizer (Heidolph). The homogenate was centrifuged at
10,000g for 20 min at 4 �C and the resulting supernatant was used
as a source of FAAH activity. The protein concentration of the
supernatant (7.2 mg/mL) was determined by the method of Brad-
ford with BSA as the standard [59]. Aliquots of the supernatant
were stored at �80 �C until use.



5.2.2. Animals and preparation of rat cerebellar membranes for
MGL assay

Four-week-old male Wistar rats were used in these studies. All
animal experiments were approved by the local ethics committee.
The animals lived in a 12-h light/12-h dark cycle (lights on at
0700 h), with water and food available ad libitum. The rats were
decapitated, 8 h after lights on (1500 h), whole brains were
removed, dipped in isopentane on dry ice and stored at �80 �C.
Membranes were prepared as previously described [60–62].

Briefly, cerebella (minus brain stem) from eight animals were
weighed and homogenized in nine volumes of ice-cold 0.32 M
sucrose with a glass Teflon homogenizer. The crude homogenate
was centrifuged at low speed (1000g for 10 min at 4 �C) and the
pellet was discharged. The supernatant was centrifuged at high
speed (100,000g for 10 min at 4 �C). The pellet was resuspended in
ice-cold deionized water and washed twice, repeating the high-
speed centrifugation. Finally, membranes were resuspended in
50 mM Tris–HCl, pH 7.4 with 1 mM EDTA and aliquoted for storage
at �80 �C. The protein concentration of the final preparation,
measured by the Bradford method [59], was 11 mg/mL.

5.2.3. In vitro assay for FAAH activity
The assay for FAAH activity has been described previously [63].

The endpoint enzymatic assay was developed to quantify FAAH
activity with tritium-labelled arachidonoylethanolamide (etha-
nolamine 1-3H). The assay buffer used was 0.1 M potassium phos-
phate (pH 7.4) and test compounds were dissolved in DMSO (the
final DMSO concentration was max 5% v/v). The incubations were
performed in the presence of 0.5% (w/v) BSA (essentially fatty acid
free). Test compounds were preincubated with rat brain homoge-
nate protein (18 mg) for 10 min at 37 �C (60 mL). At the 10 min time
point, arachidonoylethanolamide was added so that its final
concentration was 2 mM (containing 50�10�3 mCi of 60 Ci/mmol
[3H]AEA) and the final incubation volume was 100 mL. The incu-
bations proceeded for 10 min at 37 �C. EtOAc (400 mL) was added at
the 20 min time point to stop the enzymatic reaction. Additionally,
100 mL of unlabelled ethanolamine (1 mM) was added as a ‘carrier’
for radioactive ethanolamine. Samples were centrifuged at 16,000g
for 4 min at rt, and aliquots (100 mL) from aqueous phase containing
[ethanolamine 1-3H] were measured for radioactivity by liquid
scintillation counting (Wallac 1450 MicroBeta; Wallac Oy, Finland).

5.2.4. In vitro assay for MGL activity in rat cerebellar membranes
The assay for MGL activity has been described previously [64].

Briefly, experiments were carried out with preincubations (80 mL,
30 min at 25 �C) containing 10 mg membrane protein, 44 mM Tris–
HCl (pH 7.4), 0.9 mM EDTA, 0.5% (wt/vol) BSA and 1.25% (vol/vol)
DMSO as a solvent for inhibitors. The preincubated membranes
were kept at 0 �C just prior to the experiments. The incubations
(90 min at 25 �C) were initiated by adding 40 mL of preincubated
membrane cocktail, in a final volume of 400 mL. The final volume
contained 5 mg membrane protein, 54 mM Tris–HCl (pH 7.4),
1.1 mM EDTA, 100 mM NaCl, 5 mM MgCl2, 0.5% (wt/vol) BSA and
50 mM of 2-AG. At time points of 0 and 90 min, 100-mL samples were
removed from the incubation, acetonitrile (200 mL) was added to
stop the enzymatic reaction and the pH of the samples was
simultaneously decreased to 3.0 with phosphoric acid (added to
acetonitrile) to stabilize 2-AG against acyl migration to 1(3)-AG.
Samples were centrifuged at 23,700g for 4 min at rt prior to HPLC
analysis of the supernatant.

5.2.5. HPLC method
The analytical HPLC was performed as previously described [17].

Briefly, the analytical HPLC system consisted of a Merck Hitachi
(Hitachi Ltd., Tokyo, Japan) L-7100 pump, D-7000 interface module,

L-7455 diode-array UV detector (190–800 nm, set at 211 nm) and L-
7250 programmable autosampler. The separations were accom-
plished on a Zorbax SB-C18 endcapped reversed-phase precolumn
(4.6�12.5 mm, 5 mm) and column (4.6�150 mm, 5 mm) (Agilent,
USA). The injection volume was 50 mL. A mobile phase mixture of
28% phosphate buffer (30 mM, pH 3.0) in acetonitrile was used at
a flow rate of 2.0 mL/min. Retention times were 5.8 min for 2-AG,
6.3 min for 1(3)-AG and 10.2 min for arachidonic acid. The relative
concentrations of 2-AG, 1(3)-AG and arachidonic acid were deter-
mined by the corresponding peak areas. This was justified by the
equivalence of response factors for the studied compounds, and
was supported by the observation that the sum of the peak areas
was constant throughout the experiments.

5.2.6. Human recombinant MGL assay
The endpoint enzymatic assay was developed to quantify human

recombinant MGL (Cayman Chemical, cat# 10008354) activity with
tritium-labelled 2-oleoylglycerol (2-OG) [glycerol-1,2,3-3H] (Amer-
ican Radiolabeled Chemicals Inc., St Louis, MO, USA). The assay
buffer was 50 mM Tris–HCl, pH 7.4; 1 mM EDTA and test
compounds were dissolved in DMSO (the final DMSO concentration
was not more than 5% v/v). The incubations were performed in the
presence of 0.5% (w/v) BSA (essentially fatty acid free). hrMGL was
preincubated with test compounds for 10 min at 37 �C (60 mL). At
the 10 min time point, 2-OG was added to achieve the final
concentration of 50 mM (containing 112�10�3 mCi of 40 Ci/mmol
[3H]2-OG) with the final incubation volume of 100 mL. The incuba-
tions proceeded for 10 min at 37 �C. EtOAc (400 mL) was added at the
20 min time point to stop the enzymatic reaction. Additionally,
100 mL of buffer (50 mM Tris–HCl, pH 7.4; 1 mM EDTA) was added.
The samples were centrifuged at 16,000g for 4 min at rt, and
aliquots (100 mL) were taken from the aqueous phase, which con-
tained glycerol-1,2,3-3H, and measured for radioactivity by liquid
scintillation counting (Wallac 1450 MicroBeta; Wallac Oy, Finland).

5.2.7. Data analyses
The results from the enzyme inhibition experiments are pre-

sented as mean� 95% confidence intervals of at least three inde-
pendent experiments performed in duplicate. Data analyses for the
dose–response curves were calculated as non-linear regressions
using GraphPad Prism 4.0 for Windows.

5.3. Molecular modelling

5.3.1. Structure construction
The 3-D coordinates in the X-ray crystal structure of murine FAAH

in complex with covalently bound inhibitor methyl arachidonyl
fluorophosphonate (MAFP) (Protein Data Bank code 1MT5, resolu-
tion 2.8 Å) [42] was used as an enzyme model for the docking
calculations. Missing side chain atoms were added into the FAAH
monomer (chain A extracted from the X-ray data) of the crystal
structure by using Lovell rotamer library [65] and optimized in
polarizable AMBER07_FF02 force field [66] (energy gradient of
0.01 kcal/mol) while keeping the rest of the protein atoms fixed, as
implemented in Sybyl 8.1 [67]. Hydrogen atoms were added with
MolProbity (v.3.15) [68] server by allowing the program to optimize
hydrogen bonding by flipping Asn, Gln or His, where applicable. The
orientation of the hydrogen atoms of the catalytic region amino acids
(catalytic triad) [42,69] was inspected to ensure that a hydrogen
bond was formed between hydroxyl groups of Ser217 and Ser241
and one between side chain of Ser217 and side chain of Lys142.

The 3-D coordinates of the ligands were generated in Sybyl 8.1
following an energy minimization to energy gradient of 0.005 kcal/
mol in Merck molecular force field (MMFF94s) [70] with Powell
conjugate gradient method.



5.3.2. Molecular docking
Version 4.0 of GOLD [43] was used as a docking tool in this study.

The binding site of FAAH was defined to range 15 Å radius from the
oxygen atom of catalytic Ser241 side chain hydroxyl group (with
‘detect cavity’ feature of GOLD toggled on). The default GoldScore
empirical fitness function was used as a scoring function for the
generated poses. In order to maximize the conformational space
sampled during the docking calculations, a preset ‘200% efficiency’
setting was utilized for 1000 separate genetic algorithm (GA)
docking runs for each ligand. To ensure that different possible
binding modes are inspected upon visualization of the results, and
not only the top-ranking poses, RMSD-based complete linkage
clustering was applied. Clustering distance of 1.0 Å (as imple-
mented in GOLD) was used to derive the clusters of poses. The top-
ranking (according to GOLD) poses of three most abundant clusters,
in terms of cluster members, were visualized for each ligand. The
highest scoring pose of the most abundant cluster was considered
for the further analyses.

5.3.3. GRID interaction fields
In order to analyze and identify possible hot spots for favorable

protein–ligand interactions in the FAAH active site and conse-
quently shed light on the measured enantiopreference, GRID [46]
molecular interaction field (MIF) analysis was carried out. For GRID
calculations, the active site of the modified FAAH structure (see
Section 5.3.1) was enclosed in a 26� 26� 25 Å box with grid
spacing of 0.2 Å. Only lone pairs and tautomeric hydrogens were
allowed to alter in response to the probes (directive MOVE¼ 0). To
reflect the oxazoline ring and its different substituents found in the
enantiomeric pairs, the following GRID probes were used in this
study: methyl (C3), sp2 aromatic carbon (C1]), sp2 nitrogen with
a lone pair (N:]), sp2 carbonyl oxygen (O), and aromatic/aliphatic
ether oxygen (OC1). The resulting MIFs were visually analyzed.

5.3.4. Electrostatic potential
To briefly explore the nucleophilic characteristics of the chiral

carbamates, we calculated the electrostatic potential V(r) of the
enantiomers. Starting from the docked conformations, the mole-
cules were optimized and V(r) was calculated in Hartree–Fock/6-
311G** level of theory with Gaussian 03 [71]. The V(r) isosurfaces
were visualized with VMD 1.8.6 [72].
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