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A series of novel oxime carbamates have been identified as potent inhibitors of the key regulatory
enzyme of the endocannabinoid signaling system, fatty acid amide hydrolase (FAAH). In this Letter,
the rationale behind the discovery and the biological evaluations of this novel class of FAAH inhibitors
are presented. Both in vitro and in vivo results of selected targets are discussed, along with inhibition
kinetics and molecular modeling studies.1
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FAAH is an integral membrane hydrolase with a single N-termi-
nal transmembrane domain. It is responsible for the hydrolytic
cleavage of a variety of membrane-bound signaling lipid substances,
including members of the endogenous cannabinoids (endocannabi-
noids) such as N-arachidonoylethanolamine (anandamide) and, the
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Figure 1. Initial attempts using simple biphenyl ether 2, and para-substituted
biphenyl 3 to mimic the lipophilic tail end of 1.
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Scheme 2. General reactions and conditions: (a) EtBr, NaH, DMF at 50 �C; (b) NaOH
then H+; (c) Et3N, DPPA, toluene rt?105 �C, then oxime components.
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anti inflammatory factor N-palmitoyl ethanolamine (PEA). In mam-
mals, many biological signaling circuitries are directly and indirectly
regulated by small lipid molecules, the signal termination step is
thus achieved by the degradation of these lipids by enzymes such
as FAAH.

Cannabinoid receptors are widely distributed, both centrally
and peripherally. Human experiences with marijuana from differ-
ent cultures; and the on-going desire to selectively harness the
beneficial effects of marijuana, have transformed endocannabinoid
research into a well-developed field. Our interest in the area stems
from the notion that the specific biological effects triggered by the
local activation of the central cannabinoid type 1 (CB1) receptors
could modulate nociception, in contrast to the indiscriminate, glo-
bal activation by an exogenous cannabinoid such as tetrahydrocan-
nabinol (D9-THC). Many inhibitors of the FAAH have been
demonstrated to elicit antinociceptive effects in standard animal
models of pain. However, it is of special importance to determine
if the desired antinociceptive effects resulting from stimulation
of endocannabinoid activity can be separated from the unwanted
sedative/ataxic actions.

A brief survey of recently published inhibitors of FAAH revealed
many carbamate-containing compounds, a structural class that has
been grouped into a generic class by recent reviewers.2 Along with
the analogous urea-containing inhibitors, it is generally supposed
that the carbonyl functional group acts as the electrophilic recog-
nition site. In a few instances, the actual carbamoylated intermedi-
ates were identified by mass spectroscopy,3a and in several recent
papers the actual carbamoylated FAAH proteins were isolated and
its crystal structure determined.3b,3c

We recently disclosed a series of bisarylazole carbamates as
inhibitors of FAAH that demonstrated potent analgesic properties
in a battery of standard in vivo preclinical models of pain.4 While
very potent and promising, the bulky bisarylazole chemotype lacks
physicochemical properties desirable for efficient uptake and dis-
tribution in vivo. The original bisaryl substituted imidazole core
has appeared in a number of nonprostanoid prostacyclin mimetics;
hypo-cholesterolemic agents and antiinflammatory agents tar-
geted at various biological cascades closely related to prostacyclin,
cholesterol, and eicosanoid biosyntheses.5a–c These, in turn, have
the semblance of the cellular metabolic pathways of the isopren-
oid, arachidonic acid, and related essential fatty acids (EFA), This
thought led us to investigate the possibility of replacing the bisary-
lazole moiety with other simple lipophilic groups, especially sim-
ple long hydrocarbon chains. Using the bisarylazole as a starting
template, we hypothesized that the bulky lipophilic end of the
molecule 1 could possibly be truncated in size while keeping the
crucial carbamate moiety intact. At first we utilized the classical
biphenyl ethers 2 and simple biphenyl 3 groups to mimic the ori-
ginal bulky bisarylazole moiety (Fig. 1).

Both compounds 2 and 3 showed some FAAH activity, but were
substantially less active than the original diphenyl substituted
imidazole parent compound 1. We speculated that these aromatic
derivatives are rather rigid,6 they do not present themselves in low
energy conformations that fit into the lipophilic pocket that recog-
nizes the lipophilic tail group in 1.

Our synthetic chemistry effort thus expanded to include addi-
tional lipophilic ‘tail groups’ such as simple aliphatic chains.
Schemes 1 and 2 shown here briefly summarize the syntheses of
the target compounds and their intermediates. In general, all the
carbamate targets in the present study were prepared by acylation
of the isocyanates with oximes. The isocyanate intermediates were
conveniently prepared by Curtius rearrangement of the corre-
sponding carboxylic acids, while oximes were made directly from
aldehydes.7

In order to introduce a limited degree of conformational free-
dom, we replaced the para-phenoxy ring in 2, by simple alkoxy
chains, to give target compounds 4–9 (Fig. 2). The original inten-
tion was to use the alkoxy chain to mimic, and to maximize the
lipophilic contacts, as in the parent bisarylazole prototype.

The initial set of targets (Fig. 2) were shown to have IC50 values
ranging from 340 nM to 8 nM, with the activity spectrum spread
favorably toward having a longer alkoxy chain attached to the ani-
line end of the carbamate core. The most active compound, 7 from
the series is unique due to an additional carbon spacer inserted,
hence separating the carbamate nitrogen from the aniline ring.
Next we focused on the series that had a methylene spacer be-
tween the carbamate nitrogen and the phenyl ring. Introducing a
spacer did indeed produce active compounds that were only com-
parable to 7 (Supplementary data). However, no substantial
improvement in inhibitory potency was observed with the methy-
lene spacer. It appeared that the insertion of a methylene link, and
thus the change in pKa of the carbamate nitrogen, did not have any
significant impact toward FAAH inhibition.

Visual inspection of the molecular structure of the MAP (meth-
oxyarachidonyl phosphonate) bound FAAH protein crystal 1MT5
obtained from the Protein Data Bank (PDB) showed a very well
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Figure 2. Replacing the terminal phenyl ring in 2 with simple hydrocarbon chain
greatly improves FAAH inhibitory activities. Data given in IC50 ± SEM nM whenever
available.

1274 S. Y. Sit et al. / Bioorg. Med. Chem. Lett. 20 (2010) 1272–1277
defined lipophilic channel network that is surrounded by mostly
nonpolar, lipophilic amino acid side chains. Only a portion of the
lipophilic channel (the ‘acyl-binding’, AB channel) is occupied by
the covalently bound MAP ligand while the remaining channel
space appear to be unoccupied.8 It has been suggested that the
other channel that branches out from that occupied by the MAP li-
gand, could serve as the access passage (the ‘membrane-access’,
MA channel) for the byproducts from the enzymatic hydrolysis
process.

Upon further examination of 1MT5 also revealed an additional
lipophilic pocket, positioned somewhat along the forward projec-
tion of the OCH3 in the original MAP ligand, and that region is partly
defined by Met191-Phe192-Cys269-Val270-Tyr271-Leu278. Our
intuitions suggested that it would be highly desirable if the carba-
mate oxygen end is lengthened by 1–2 atoms, thus extending the
head group into that lipophilic region. This idea led us to a series of
oxime carbamates that incorporated an alkoxy aniline chain and a
simple acetoxime head group, as summarized in Figure 3.

It is clear from these results that SAR for FAAH inhibition
strongly favors the longer chains that could possibly mimic the
original arachidonyl chain. The optimum activity in the acetoxime
series appeared to peak at chain lengths of C8–C10 carbon atoms.
The optimal length is likely to be independent of the oxime head
group if the hydrocarbon chain is to reside within the lipophilic
channel and if that is indeed its preferred orientation. This chain
length dependence was confirmed in several other series of
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Figure 3. Oxime carbamate group showed greatly enhanced FAAH activity over simple
average 2–5 replicates.
analogs with different oxime cores. In all cases, the optimum chain
lengths peaked at C8–C11, as summarized in Figure 4.9

A qualitative molecular modeling study using 1MT5 as the in-
put structure on Schrodinger 2008’s ‘Maestro Suite, Version 8.5.
Schrödinger, LLC, New York, NY, 2008’ was carried out in an effort
to try to understand the role that the oxime carbamate functional
group plays in FAAH recognition.10

Docking experiments on a set of C1–C14 oxime carbamates were
performed in such a way that the inhibitor was allowed to move
about freely while a distance constraint was imposed upon the car-
bamate carbonyl oxygen atom so that it was within a sphere of
1.0 Å radius, as defined by the coordinates of the oxygen atom of
the phosphonate group in the ‘modified’ FAAH–MAP structure.10a

The longest chain, 14 carbons, failed at times to return any low en-
ergy complementary pairs, presumably due to the limited channel
length. Chain lengths of 4–13 carbon atoms long consistently
yielded high scores while shorter chains could fit into the lipophilic
channel in multiple orientations with lower scores.11 Amongst the
highest scored structures, an additional hydrogen-bond (HB) is
clearly present between the carbamate NH and Met191 (average
�2.1 Å).12 It is suspected that the HB might very well be real and
that could contribute, at least in part, to the high observed inhibi-
tory activities associated with these oxime carbamates. More re-
cently, an additional FAAH crystal structure (2VYA) became
available on a ‘humanized’ rat (h/r) FAAH, covalently bound to
the partial ligand PF-750 (leaving group no longer visible) through
Ser241 linked carbamate linkage.3b The crystal structures 1MT5
and 2VYA are remarkably similar with their complete backbones
(�540 residues) superimposed onto each other to less than
0.43 Å RMSD. However some subtle differences were clearly visible
once all the side chain attachments were compared. As it was
pointed out in the original paper that perhaps the most striking dif-
ference is the relative orientation of Phe432, in 2VYA, that can ‘flip’
out of the cystolic membrane access channel thus effectively
enlarging the channel access opening. The driving force behind this
conformational change is uncertain. Perhaps the smaller, bound
molecular dimension of PF-750 is partly responsible for such con-
formational switch-over. Furthermore, it is unknown which of the
orientations represents the resting state, or if the existence of one
conformation is driven by the presence of a particular ligand. It is
interesting to point out that once the side chain of Phe432 is with-
in the ‘AB’ pocket, as in the case of 2VYA, the AB channel space is
expected to be substantially reduced, and would no longer accom-
modate long chain inhibitors like ours. Our hypothesis of oxime
carbamate ligand fitness with respect to the reduction in AB chan-
nel length is tested using a similar grid model generated from the
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crystal structure of 2VYA but was fitted with the oxime carbamate
ligands from Figure 4.10a

Indeed most of the longer chain (n P 6) analogs fitted poorly
while shorter chain (n <6) oxime carbamates docked in multiple li-
gand orientations, also with poorer scores. The docking process
also resulted in a few false high scored ligand conformations for
the longer chain candidates (n = 7–10) but those unlikely confor-
mations were rejected because they could only be fitted either
with a substantial displacement of the carbamate carbonyl moiety
from the oxyanion hole; or by forcing the longer hydrocarbon
chain to reside within a narrow passage away from the space sur-
rounded by Phe432 and Met436-Trp531. Interestingly, it was ob-
served from the modeling study that both unfavorable scenarios
for the longer chain ligands (n = 7–12), could be avoided entirely
by simply flipping the Phe432 residue very slightly to open up
the acyl-chain binding channel to nearly its full length (Fig. 5).

In fact we have long been puzzled by the empirical relationship
that the IC50 values that showed a distinct ‘dip’ at chain lengths
6–7 before it goes up again (Data from Fig. 4), and peak at 9–11
before it comes down in all three series of analogs (Fig. 6). Taken
together, our results suggested that a dynamic change in Phe432
conformation is possibly behind this observation.

One of the more active compounds, 50, with a shorter C4 alkyl
chain and an IC50 = 2.2 nM, was chosen for testing in whole animal
pain models—Hargreaves thermal escape test, as described previ-
Figure 5. Docking of one of the C12 alkoxyphenyl oxime carbamates 58 (shown in
green) on a grid model generated from the crystal structure of 2VYA, with the
phenyl oxime head group of 58 pointing away from the LHS of the viewer. The best
scorers require that the longer chain ligands to occupy a portion of the ‘AB’ channel.
Shown here with the Phe432 of 2VYA displaced slightly (magenta) to accommodate
the full length of 58. The original crystal structure of 1MT5 is shown in yellow, and
2VYA in brown.
ously.4,13 Although not the most active compound generated from
the present study, the shorter C4 chain analog gave us a broader
possibility of options for dosing in vivo.

All rats received two intravenous injections (�15 min, 0 min)
with vehicle treatment (CEW + CEW) and morphine (3 mg/kg, iv;
0 min) acting as negative and positive controls, respectively. Com-
pound 50 (0.1, 1, and 10 mg/kg, iv) given 15 min prior to exoge-
nous anandamide (1 mg/kg, iv) produced a dose-dependent
antinociceptive effect that differed significantly from vehicle-trea-
ted controls throughout the 32 min test for the two higher doses
(Fig. 7). Neither 1 mg/kg anandamide nor 10 mg/kg of compound
50 was active if given alone, but together their effect was compa-
rable to the positive control morphine sulfate (3 mg/kg, iv). Com-
pound 50 transformed the inactive dose of anandamide
generating a robust antinociceptive effect only seen with higher
doses of exogenous anandamide (e.g., 5–15 mg/kg, iv). Given that
FAAH is responsible for the hydrolytic cleavage of anandamide,
the demonstrated potentiation of exogenous anandamide by com-
pound 50 (where combination of two inactive doses yielding a ro-
bust antinociceptive effect) is consistent with the actions of an
inhibitor of FAAH and provides in vivo proof of concept for the
mechanism. Importantly, this antinociceptive action was observed
without strong sedation or akinesia providing evidence for the
ability to separate the desirable antinociceptive actions of FAAH
inhibition from the unwanted adverse effects.

One constantly recurring question is that the carbonyl group is
believed to act as the electrophilic center for irreversible inhibition.
Indeed, Cravatt et al. has demonstrated the covalent binding of
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PF-750,3b,3c by isolating the inhibitor-modified FAAH protein.
Using a ‘humanized rat’ (h/r) FAAH protein, they were able to
determine the 3-dimensional structures of the inhibitor-bound
FAAH. In another recent paper,3d the same group described the
binding and inactivation mechanism of a h/r FAAH by a-ketohet-
erocycle inhibitors. In that study the actual structure of the protein
bound deprotonated hemiketal of the reversible, a-ketooxazole
inhibitor, OL-135 is revealed by X-ray crystallography. Without
doubt, the structures of these inhibitor-bound FAAH proteins al-
lowed the researchers to scrutinize, most likely, the final phase
of the inhibition process, it is uncertain if the key biological event
(i.e., enzyme inhibition) occurred on the same chemical kinetic
time scale. In other words, the observation of a covalently bound
protein could represent simply a recognition process downstream
from the enzyme inactivation. The classical mechanistic interpre-
tation suggests that if the lower energy transition state of the
receptor–inhibitor complex lies toward the product side, the for-
ward process would be likely to occur, that is, formation of cova-
lent binding. Conversely if the lower energy transition state
occurs prior to the activation barrier, the initial ligand–protein
complex will likely dissociate back without forming any covalent
bond.14 We therefore designed a series of kinetic studies to probe
the inhibitory kinetics of these oxime carbamate analogs.

Firstly, standard substrate–velocity plots (Fig. 8) show no change
in Vmax while apparent Km increases with increasing inhibitor, sug-
gesting compound 50 is a competitive inhibitor (Ki �30 nM).15 Sec-
ondly, the reversibility of inhibition was demonstrated by wash-out
0 1.0×10 -5 2.0×10 -5 3.0×10 -5 4.0×10 -5

0

2

4

6

8

10

12

14

16

18

0 nM

5 nM

10 nM

20 nM

30 nM

40 nM

[S], M

v 
(p

m
o

l/m
in

)

0 5.0×10 5 1.0×10 6

0.1

0.2

0.3

0.4

0.5

0.6

1/ [S], (M-1)

1/
v 

(m
in

/p
m

o
l)

Ki = 30 nM

Figure 8. Competitive inhibition of FAAH by compound 50 at multiple concentra-
tions of inhibitor. The inset double reciprocal plot (derived from the Km and Vmax

values calculated from non-linear regression of the substrate–velocity curves)
shows the characteristic constant Vmax of a competitive inhibitor.
experiments. In a fluorescent assay measuring the production of ara-
chidonic acid in real time, 5 nM compound 50 reduced the initial
FAAH reaction rate to 25% of vehicle treated enzyme. 10-fold dilution
of the inhibitor resulted in a nearly threefold increase in initial reac-
tion rate (to 65% of vehicle), demonstrating dissociation of the initial
inhibitor–FAAH complex back to the active FAAH (Fig. 9).16 Addi-
tional washout experiments utilizing repeated centrifugation to ef-
fect more thorough removal of the inhibitor demonstrated
complete recovery of FAAH activity (see Supplementary data).

In conclusion the oxime carbamate moiety is a novel design ele-
ment for the construction of novel carbamate bearing FAAH inhib-
itors. Potent enzyme inhibition, together with demonstrated
in vivo activity could be achieved with a linear alkoxy chain at-
tached to a phenyl ring, designed to mimic the arachidonyl chain
found in the natural substrate. Molecular modeling suggested that
hydrogen bond formation of the carbamate NH with Met191 is
within reach. Docking experiments also suggested that a dynamic
conformational flipping of Phe432 is possibly driven by the shape
and size of the ligand. The additional HB formation, together with
the proximal carbonyl recognition site interactions, adjacent to the
largely hydrophobic channel could firmly anchor the oxime carba-
mate ligand in the AB channel. Furthermore, kinetic studies con-
firmed the competitive and reversible nature of inhibition of the
oxime carbamate derivatives.

Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.bmcl.2009.11.080.
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