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ABSTRACT: We report herein the discovery of a fatty acid amide hydrolase (FAAH)
positron emission tomography (PET) tracer. Starting from a pyrazole lead, medicinal
chemistry efforts directed toward reducing lipophilicity led to the synthesis of a series of
imidazole analogues. Compound 6 was chosen for further profiling due to its appropriate
physical chemical properties and excellent FAAH inhibition potency across species.
[11C]-6 (MK-3168) exhibited good brain uptake and FAAH-specific signal in rhesus
monkeys and is a suitable PET tracer for imaging FAAH in the brain.

KEYWORDS: Fatty acid amide hydrolase, FAAH, positron emission tomography, carbon-11, PET tracer, target engagement,
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Fatty acid amide hydrolase (FAAH) is a serine hydrolase
characterized by an unusual Ser−Ser−Lys catalytic triad

that cleaves amides and esters at similar rates.1,2 It is an integral
membrane enzyme responsible for the breakdown of several
fatty acid ethanolamide (FAE) signaling molecules (Figure 1),

including the endocannabinoid arachidonoyl ethanolamide
(anandamide, AEA), and the related lipids N-palmitoyl
ethanolamide (PEA) and N-oleoyl ethanolamide (OEA).3−5

Inhibition of FAAH leads to elevated levels of these
endogenous FAEs,6 which act on cannabinoid, vanilloid, and
other receptors to induce anti-inflammatory, antidepressant,
analgesic, and anxiolytic effects in preclinical animal models.7−9

In addition, these actions occur in the absence of the adverse

effects typically observed with direct cannabinoid receptor
agonists.10,11 Thus, FAAH represents a potential therapeutic
target for the treatment of pain, inflammation, and other clinical
disorders. Indeed, a number of FAAH inhibitors have been
reported including covalent, irreversible inhibitors; covalent,
reversible inhibitors; and noncovalent, reversible inhibi-
tors.12−16 To better understand FAAH biology and assist in
the design and testing of promising drug candidates targeting
this enzyme, a suitable FAAH positron emission tomography
(PET) or single photon emission computed tomography
(SPECT) radioligand is highly desirable, which would allow
FAAH imaging studies in the living human and animal brain
under normal physiological and diseased conditions. In general,
a successful PET ligand should provide a good specific signal
(total/nonspecific ≥ 1.5:1) to allow quantitative mapping of
the target of interest. Though not an absolute, ideally, a brain
PET ligand should have a good binding affinity with Bmax/Kd ≥
10 and reasonable lipophilicity with log P or log D of 1−3.5 for
adequate brain penetration and optimum specific to nonspecific
ratio.17,18 Much effort has been devoted to the search for
suitable FAAH PET ligands. The majority of the reported
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Figure 1. Substrates of fatty acid amide hydrolase.
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radioligands are URB597 analogues19,20 or anandamide
analogues21,22 (Figure 2). Recent reports have appeared for

[18F]PF-981123 and [11C-carbonyl]O-arylcarbamates24 and the
characterization of these tracers in rodents. Herein, we wish to
report the discovery of a structurally distinct and reversible
FAAH PET tracer (MK-3168) that may be suitable for clinical
application.
The medicinal chemistry effort began with compound 2,25 a

potent FAAH inhibitor that had been identified from our lead
optimization program. Compound 2 has an HPLC log D value
of 4.2 and subnanomolar FAAH inhibition potency across
species. Although the lipophilicity of compound 2 is higher
than desired, we were encouraged by its excellent potency and
decided to radiolabel compound 2. 11CH3 was introduced
through precursor 1 to yield [11C]-2 (Scheme 1). However, in

vivo PET studies of [11C]-2 in rhesus monkeys were
complicated by brain-penetrant and radiolabeled metabolites,
suggesting the need for a different scaffold for radiolabeling.
Our attention shifted to compound 3, another analogue from

the pyrazole series25 (Scheme 2). This compound has a
reasonable FAAH inhibition potency in human and rat, but
because rhesus monkey is our preferred preclinical species for
evaluation of CNS PET tracers, its rhesus potency and
lipophilicity required further optimization. More importantly,
a reliable route to introduce a radiolabel to the molecule was
needed since this was unable to be realized on compound 3.
Thus, our structure−activity relationship (SAR) objective was
to modify structure 3 to decrease lipophilicity, improve
potency, and locate a structural feature for efficient radio-
labeling.
Replacing pyrazole with imidazole is an effective way to

lower log D, provided other properties are maintained. In this
regard, compound 4 (R = cyclopropyl) was synthesized;
however, it was a much less potent compound (Scheme 2 and
its table).26 To our delight, when R was changed to methyl
(compound 5), the potency was improved by 3-fold; when R
was removed (R = H; compound 6), the potency was improved
significantly. However, compound 7, the imidazole regio
isomer, and compound 8, the uncapped imidazole analogue,
reduced potency by about 100-fold. With the log D of
compound 6 in an acceptable range, the methyl substituent on
the imidazole could serve as a handle to introduce 11C. To
further lower the log D, primary amide 9 and secondary amide
10 were synthesized. While compound 9 was less potent than

compound 6, compound 10 offered comparable potency.
Furthermore, to consider the option of introducing 18F to the
molecule, fluoroethyl analogues 11−13 were synthesized.
Compounds 11 and 12 could be candidates for a 18F PET
tracer, but analogue 13 was not an option due to its poor
potency in rhesus, which is our preferred preclinical species for
imaging studies. Finally, to complete the SAR studies, the
chlorophenyl analogues 14−18 were also synthesized. These
chlorophenyl analogues offered better potency (for example, 14
vs 6) but increased lipophilicity.
Compound 6 was chosen for further profiling. In the whole

blood FAAH inhibition assay, compound 6 exhibited excellent
potency in human (IC90 = 5.5 nM) and rhesus (IC90 = 29 nM).
An off-target screen of this compound was performed against a
panel of 168 receptors, ion channels, and enzymes; only two
off-target activities, acetyl cholinesterase (IC50 = 1.63 μM) and
phosphodiesterase PDE4 (IC50 = 9.75 μM), were identified.
Compound 6 was very selective over the two key ion channels,
hERG (IC50 = 37 μM) and DLZ (IC50 = 16 μM); CYP 3A4
(IC50 > 50 μM); as well as the two cannabinoid receptors, CB1
(IC50 = 30 μM) and CB2 (IC50 = 150 μM). This compound
was not a substrate for rat or human P-glycoprotein in vitro and
rapidly penetrated into the brain and achieved a brain-to-

Figure 2. Representative examples of FAAH PET tracers.

Scheme 1. Initial Efforts for a FAAH PET Tracer

Scheme 2. SAR Efforts and Identification of Compound 6

aFAAH inhibition IC50 data expressed as mean ± SD (n ≥ 2
independent experiments). bnd = not determined. cAssayed only once
except for compound 6.
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plasma concentration ratio of 7:1 at 2 h following a 2 mg/kg
oral dose to rats. On the basis of its overall profile, we believed
compound 6 would provide a high probability of success to
develop as a 11C PET tracer.
The synthesis of [3H]-6 and [11C]-6 is outlined in Scheme 3

and began with a Negishi-type coupling27 between chiral

bromide 2028 and the zinc species derived from the
commercially available 19. This C−C bond formation provided
compound 21 in 72% yield. After the trityl group was removed
with HCl, imidazole 22 was converted by NIS to iodoimidazole
23 that was ready for the C−S bond formation. This C−S
coupling proved challenging, most likely due to the interference
of the free imidazole N−H.29 In the end, the CuI-mediated
coupling conditions were used for the reaction between
iodoimidazole 23 and thiol 2428 that afforded sulfide 25 in
26% yield. With intermediate 25 in hand, the remaining
synthesis was straightforward. Ester hydrolysis and amide
formation gave 8, a precursor to both [3H]-6 and [11C]-6.
Reaction of 8 with CT3I provided [

3H]-6. Finally, 8 was reacted
with [11C]-CH3I completing the synthesis of PET tracer [11C]-
6.30

[3H]-6 was used in tissue homogenate binding studies. As
shown in Table 1, compound 6 exhibited excellent binding
affinity to the cortex of rat, rhesus, and human. In addition,

Scatchard plot of transformed data showed that [3H]-6 bound
to a single, saturable site in these species.31 More importantly,
the comparable Bmax/Kd ratio for rhesus monkey and human
suggested that the magnitude of an observed in vivo specific
signal of [11C]-6 in rhesus monkey could be similar to that in
human.
The pharmaceutical properties of compound 6 were also

assessed and the crystalline free base was characterized as its
solid state form. This form of compound 6 showed excellent 24
h pH dependent solution stability, and solubility values
obtained in 10 mM saline buffer at pH 3−8, with 10% ethanol,
should provide adequate solubility to support clinical iv dosing.
[11C]-6 was evaluated in isoflurane-anesthetized rhesus

monkeys as a potential PET ligand. Baseline scans after a
single iv (5 mCi) administration revealed that [11C]-6 rapidly
penetrated the blood/brain barrier and accumulated in the
frontal cortex, striatum, and hippocampus regions (FAAH
enriched area),32 reaching a maximum signal in ∼45 min. A
blockade experiment was also carried out with compound 2, a
potent FAAH inhibitor in rhesus (Figure 3). The total to

nonspecific signal ratio was ∼2:1, exceeding the targeted criteria
1.5:1. Table 2 compares the profile of [11C]-6 against our target

Scheme 3. Synthesis of [3H]-6 and [11C]-6a

aReagents and conditions: (a) 19, EtMgBr, ZnCl2 in THF, then 20
and Pd(PPh3)4, reflux, 72%; (b) 1 N HCl, MeOH, reflux, 66%; (c)
NIS, dichloromethane, rt, 53%; (d) CuI, 1,10-phenanthroline, DMSO,
100 °C, 26%; (e) KOH, MeCN/water, 80 °C; (f) dimethylamine,
HOBT, EDC, diisopropylethylamine, DMF, 72% for 2 steps; (g) CT3I,
Cs2CO3, DMF, rt; (h) [11C]-MeI, Cs2CO3, DMF, 65 °C.

Table 1. Tissue homogenate binding studiesa with [3H]-6

tissue Kd (nM) Bmax (nM) Bmax/Kd

rat cortex 0.6 ± 0.1 43 ± 4 73 ± 11
rhesus cortex 1.4 ± 0.2 21 ± 3 15 ± 1
human cortex 0.8 ± 0.2 15 ± 1 19 ± 6

aData expressed as mean ± SD (n = 3 independent experiments).

Figure 3. In vivo PET images of [11C]-6 in rhesus monkey brain.
Color scale indicates standard uptake value (SUV) units (nCi/cc/
mCi/kg).

Table 2. Comparison of Target Criteria and Profile of [11C]-
6

target criteria for a FAAH PET tracer [11C]-6 profile

human Bmax/Kd > 10 19
human Kd < 2 nM 0.8
moderate log D (1−3.5) 3.3
non- or weak substrate for hPGP (MDR) 0.8
Papp > 20 × 10−6 cm/sa 27 × 10−6 cm/s
reliable route for C-11 or F-18 labeling [11C]-MeI
good brain uptake in monkey >1 SUVb

specific signal ≥ 1.5:1 (total/nonspecific) ∼2:1

aMeasurement of cell permeability. bSUV: nCi/cc/mCi/kg body
weight.
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criteria for a FAAH PET tracer. We believe [11C]-6 has the
criteria of a successful FAAH PET tracer and should find wide
use for in vivo FAAH PET studies.
In summary, a high quality FAAH PET tracer [11C]-6 (MK-

3168) was developed through optimization of lipophilicity and
potency for FAAH inhibition of the initial lead compound. This
PET tracer exhibited good brain uptake and FAAH-specific
signal in rhesus monkey PET studies and therefore was a
suitable PET tracer for imaging FAAH in the brain. These
results led to the decision to investigate [11C]-6 in the clinic,
which will be the subject of another publication.
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