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The synthesis, evaluation, and molecular modeling of a series of 18F-labeled 4-anilidopiperidines
with high affinities for the µ-opioid receptor (µ-OR) are reported. On the basis of the high brain
uptake and selective retention in brain regions that contain a high concentration of the µ-OR,
combined with a good metabolic stability, [18F]fluoro-pentyl carfentanil ([18F]4) and 2-(()[18F]-
fluoropropyl-sufentanil ([18F]6) were selected as the lead compounds for further evaluation.
The binding affinity to the human µ-OR was 0.74 and 0.13 nM for [18F]4 and [18F]6, respectively.
In vitro autoradiography of [18F]4 and [18F]6 on rat brain sections produced patterns in
accordance with the known distribution of µ-OR expression. Structure-activity relationships
of the fluorinated compounds are discussed with respect to the interaction with an activated-
state model of the µ-OR. Taken together, the in vivo and in vitro data indicate that [18F]4 and
[18F]6 hold promise for studying the µ-opioid receptor in humans by means of positron emission
tomography.

Introduction

The opioid receptors (ORs) belong to the superfamily
of G protein-coupled receptors (GPCRs) that produce
their effects by activation of intracellular G proteins.
The µ-opioid receptor (µ-OR) is one of three classes of
ORs and plays an important role in the modulation of
nociceptive signaling encountered in stress-induced
analgesia, in analgesic placebo effect and in the actions
of exogenously administered opiate drugs.1-4 Alterations
in µ-opioidergic neuronal function in man has been
shown to be involved in addiction-related phenomena,
such as cocaine-5 and alcohol craving.6 A role of the µ-OR
can be inferred for anxiety and affection related dis-
orders.7 Despite its prominent function in several clini-
cally relevant diseases and syndromes, the precise role
of the µ-OR and their ligands in humans is incompletely
understood.

PET-imaging of receptors in the central nervous
system in humans provides a useful tool to understand
how opioid receptor density and occupancy are related
to function.8-11 At present, [11C]carfentanil ([11C]Caf;
11C: t1/2 ) 20.3 min) is the only available radioligand
for positron emission tomography (PET) imaging of
µ-OR in humans. It shows high µ-OR affinity and high
selectivity over κ- and δ-OR, and its specific binding in
vivo correlates with the known density of µ-OR in the
human brain.3,4 Despite being frequently used, [11C]Caf
has several limitations. Its potent agonistic activity

requires labeling at very high specific activities to
ensure administration in subpharmacological doses.3
For an imaging protocol where 740 MBq is adminis-
tered, a specific activity g 88 GBq/µmol (2.38 Ci/µmol)
at the time of injection is indispensable. Furthermore,
a radiotracer based on carbon-11 allows sufficient
counting statistics only for relatively short-lasting imag-
ing protocols. Thus, applicability of [11C]Caf for longer
acquisition times is limited to the use of a bolus +
infusion protocol which, due to an increase in the
concentration of pharmacological active carfentanil,
imposes less safety of the application. To improve the
feasibility of a full kinetic data analysis and to provide
useful alternative PET tracers, 18F-fluorinated (t1/2 )
109.7 min) µ-OR selective compounds are of interest for
investigation. Compared to 11C-labeled tracers they
would imply applicability to more flexible experimental
designs, including the use of single bolus protocols in
displacement studies, i.e., where the PET-ligand is
competing with endogenously released ligands or ad-
ministered drugs.

Compounds belonging to the 4-anilidopiperidine (4-
AP) series have been shown to preferentially increase
µ-OR occupancy and subsequent signaling. The 4-APs
alfentanil, carfentanil, fentanyl, remifentanil, and sufen-
tanil (Chart 1) are potent µ-OR agonists and have been
extensively explored as pain relieving agents. To date,
several analogues with variations of the 4-AP structure
have been synthesized and characterized,12 providing
compounds with a wide range of µ-OR affinity, selectiv-
ity, and pharmacological potency.13 Thus, the 4-AP may
represent optimal leads for the development of 18F-
labeled µ-OR selective ligands. Existing structure-
activity relationships (SARs) of 4-AP derivatives indi-
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cate a certain flexibility to the selection of the N1-
piperidine substituent for providing potent com-
pounds.12-14 In contrast, for the alkyl chain group of the
N-phenylalkyl amide part, as well as for substituents
in the 4-axial position, a narrow span of the size is
encountered in compounds of high potency.12-14 We
report here the syntheses and the evaluation of a series
of 18F-fluorinated-4-APs prepared (Scheme 1) by (A) 18F-
fluoroalkylation of the carboxylic acid function of des-
methyl carfentanil, (B) N1-18F-fluoropentylation of des-
phenethyl analogues and (C) 18F-fluoroacylation of des-
propionyl 4-AP precursors. The effects of fluorine
substitution on the properties of 4-APs have been
systematically investigated, and structural require-
ments determining the applicability of the compounds
in PET (e.g. properties governing brain uptake, metabo-
lism, and regional brain uptake kinetics) have been
established. To rationalize the SARs of the 18F-fluori-
nated compounds, flexible docking of compound 6 into
an active state model of µ-opioid receptor 15 was carried
out.

Result and Discussion

Synthesis and Radiolabeling. Three different ap-
proaches were followed for providing fluoro-4-AP refer-
ence compounds (Scheme 1) and their 18F-labeled ver-
sions (Scheme 2). In approach A (Scheme 1), fluoroalkyl
esters analogues of carfentanil were obtained by treat-
ment of carfentanil carboxylic acid 15 with fluoroal-
kylating agents. In approach B, the two 4-AP-carbox-
amides nor-fentanyl 16 and nor-carfentanil 8 were

transformed into the N1-5-fluoropentyl 4-APs 3 and 4,
respectively, by N1-piperidine amine-alkylation with
5-fluoropentyl bromide. By the third approach (C), the
reaction of (()2-fluoropropionyl chloride with des-pro-
pionylfentanyl 17 and des-propionyl sufentanil 18 gave
the N-anilido-2-fluoropropionyl-4-APs 5 and 6, respec-
tively.

Representative examples of radiolabeling reactions to
produce [18F]fluoroalkyl esters (2-[18F]fet-Caf; [18F]2),
N1-piperidine-[18F]fluoroalkylated compounds ([18F]fpe-
Caf; [18F]4), and N-anilido-(()2-[18F]fluoropropionyl com-
pounds ([18F]fpr-Suf; [18F]6) are shown in Scheme 2 (see
Experimental Section for details). The described strate-
gies to 18F-labeled 4-APs were selected according to their
potential for automation and large-scale production
under clinical settings. Thus, the ease of syntheses, an
efficient 18F-fluorination of secondary precursors, ef-
ficient and fast transformations to the final product
including purification steps had to be considered. In
approach A, carfentanil carboxylate was transformed to
the [18F]fluoromethyl ester using [18F]fluoromethyl bro-
mide 42a and to the [18F]fluoroethyl ester using [18F]-
fluoroethyl tosylate (∼30% radiochemical yield (RCY).42b

[18F]3 and [18F]4 as members of the second group of
tracers (Scheme 2, B), were generated by N1-alkylation
of des-phenethylfentanyl and -carfentanil, respectively,
using [18F]fluoropentyl bromide with sodium iodide as
catalyst (∼57% RCY). 18F-Fluoropropionylation of des-
propionylfentanyl and -sufentanil (Scheme 2, C) resulted
in the corresponding radiolabeled products [18F]5 and
[18F]6 possessing a formal F-for-H-substitution in the

Chart 1. Selected 4-Anilidopiperidines

Scheme 1. Syntheses of Fluorinated 4-Anilidopiperidine Derivatives
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acyl chain (∼32% RCY). These derivatives, together
with [18F]fluoromethylcarfentanil, represent the three
18F-compounds with the highest structural similarity
relative to their native counterparts.

Although the yields of the respective radiosyntheses
are not optimized, all compounds were obtained in an
isolated RCY of >30% at end-of-syntheses (EOS) and
thus in amounts sufficient for ensuring further evalu-

ation as well as initial patient studies. Although the
starting activity of [18F]fluoride for all syntheses was
<7.4 GBq at end-of-bombardment, the specific activities
obtained were >37 GBq/µmol. All syntheses were com-
pleted in less than 2 h after EOB and were carried out
using a semiautomated remote controlled apparatus.

Octanol/Water Partition Coefficient and Bio-
logical Evaluation. To correlate the brain uptake of

Scheme 2. Examples of 18F-Radiolabeling Reactions with 18F-Fluoroalkylation and 18F-Fluoroacylation Agents

Scheme 3. Synthesis of nor-Carfentanil (8)a

a Reagents and conditions i: KCN, PhNH2, AcOH; ii: 1. H2SO4, 2. NH4OH; iii: KOH, 1,2-ethanediol, 190 °C; iv: NaH, absol DMF,
MeI; v: (EtCO)2O, reflux; vi: H2, Pd/C, EtOH.
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the compounds investigated in mice, the octanol-water
partition coefficients (log Poct/PBS) were determined
(Table 1). Generally, a value of log Poct/PBS in the range
of 2-349 is required in order to have a brain uptake
suitable for in vivo imaging. The log Poct/PBS values of
the 4-AP derivatives investigated ([18F]1-6) were within

a range of 2.14 ( 0.04 ([18F]3) and 3.75 ( 0.04 ([18F]2).
The measure of the lipophilicity of the compounds
roughly correlate with their brain uptake 5 min postin-
jection (pi) (Table 1). The initial uptake of [18F]1, [18F]-
2, [18F]4, [18F]5, [18F]6 is comparable to that of successful
tracers used for opioid receptor imaging in PET includ-

Table 1. Lipophilicity, µ-Opioid Receptor Binding Affinities, and Brain Uptake (% dose/g) in Mice of Fluorinated 4-Anilidopiperidines

a The results represent the means ( SD, n ) 3-4. b Measured by competition binding studies to the cloned human µ-opioid receptor.
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ing [11C]Caf16 (3.73 ( 0.34% ID/g at 5 min pi),17 and
the nonspecific (KD,µ ∼ KD,δ ∼ KD,κ) opioid receptor
tracers 6-O-[11C-methyl]diprenorphine (7.5 ( 0.89% ID/g
at 7 min pi)18 and 6-O-desmethyl-(2-[18F]fluoroethyl
diprenorphine (4.36 ( 0.49% ID/g at 5 min pi).18 [18F]3,
having the lowest lipophilicity, also showed the lowest
brain uptake.

For investigation of the metabolic stability of the
tracers after iv injection, compounds [18F]1-6 were
injected into male Balb-C mice, and the amount of intact
tracer present in plasma was determined by reverse-
phase high performance liquid chromatography (RP-
HPLC). The peripheral metabolism of all compounds
was rapid. Only 21-57% and 2-21% of the total activity
in plasma was found to be the intact tracers at 5 and
40 min pi, respectively (Figure 1). Esters [18F]1 and [18F]-
2 displayed the lowest metabolic stability while com-
pounds [18F]5 and [18F]6 displayed the highest ratio. For
compounds [18F]3-6, the ratio of intact tracer to me-
tabolite in plasma is comparable to that found for [11C]-
Caf in CD1 mice.19

Even though quantitative tracer kinetic modeling in
PET enables the use of a ligand whose metabolite(s)
cross the blood-brain barrier (BBB) by correcting
the dynamic plasma data for the brain uptake of
metabolite(s),20-22 a high metabolic stability in blood or
at least a negligible ratio of metabolites to intact tracer
in brain is preferable. Thus, criteria for selection of lead
compounds may be (a) the absence of significant amounts
of labeled metabolites in blood, (b) a low blood-brain-
barrier penetration of metabolites into the brain, (c) high
stability in brain tissue, (d) fast washout of metabolites
after formation from the brain, and (e) low binding of
metabolites in the brain. In separate experiments were
investigated whether radioactive metabolites were con-
tributing to the activity in brain of mice receiving
compounds [18F]1-6. To characterize and quantify
radioactive species, mice were injected with the respec-
tive compound, and their brains were removed at 40 min
after injection and homogenized. Radiolabeled species
were extracted from the homogenate with g91% ef-
ficiency and analyzed using RP-HPLC. For compounds
[18F]3-6, radioactivity in the extracted supernatants
was determined to be g93% intact tracer 40 min pi,
based on the limits of detection, thus representing a
conservative estimate of potential metabolization. These
experiments indicate high metabolic stability of the

compounds in brain and negligible BBB permeability
and binding of peripherally generated metabolites. On
the basis of the results from this study, we conclude that
the metabolites of [18F]3-6 may not play an important
role on the activity distribution of these tracers in the
brain of rodents. In contrast, for mice injected with [18F]-
2 only 46 ( 8% of the activity was identified as intact
tracer 40 min pi. For mice injected with [18F]1, no
metabolite was detected in brain homogenates. On the
basis of the high affinity of this compound for the µ-OR
(Table 1), the fast clearance of radioactivity from brain
of mice injected with [18F]1 is likely to be related to a
fast metabolic degradation, i.e., ester hydrolyses of the
compound leading to a short retention of the labeled
[18F]CH2FOH in the brain.

Binding affinities (Ki values) of compounds 1-6 for
human µ-OR determined by displacing [3H]DAMGO are
shown in Table 1. Affinities ranged from 0.13 nM to 13.5
nM. Among the available PET-opioid ligands that have
been used clinically, the binding dissociation constant
(Kd) for their opioid receptor targets ranges from 0.02
to 2.6 nM.23 Compounds with an affinity within this
range therefore remain potentially attractive. Based on
this requirement, [18F]4-6 (Ki: [18F]4: 0.74 nM, [18F]-
5: 2.1 nM and [18F]6: 0.13 nM) are relevant for further
evaluation.

Experiments to assess the regional brain distribution
of the radiolabeled derivatives were performed in Balb-
C-mice. A necessary requirement for a good µ-OR
imaging agent is a selective retention in brain regions
that contain a high concentration of the receptor, i.e.,
striatum, thalamus, and cerebral cortex. The cerebellum
contains a very low concentration of µ-OR24 and may
be used as an indicator of nonspecific binding. The
uptake values and the region/cerebellum ratios for
selected regions are shown in Table 2, and the data
indicate a selective enrichment of compounds [18F]4-6
in the regions with a high µ-OR density. In a previous
study with mice,50 we found the selective enrichment
of [18F]6 in striatum over cerebellum at 5 and 30 min
pi to be comparable to that of [11C]Caf.

A criterion of suitability for in vivo competition
studies is the time required to achieve the maximum
activity concentration in high binding regions relative
to that in low binding regions. Judged by this parameter
[18F]4 and [18F]6 stand out as promising compounds
with [18F]6 demonstrating the most rapid enrichment
(Table 2). Their relatively fast kinetics of reaching peak
uptake ratios is highly desirable for future kinetic
modeling studies. Due to the promising properties of
[18F]4 and [18F]6 in mice brain, their binding properties
were further evaluated in vitro autoradiography studies.
The radioactivity pattern of rat brain sections incubated
with [18F]4 and [18F]6 showed highly selective binding
to brain regions with high µ-opioid receptors density
(Figure 2). Compared to no-carrier-added conditions,
treatment with naloxone (blocking of µ-, δ-, and κ-ORs)
and sufentanil (blocking of µ-OR) reduced the binding
of [18F]4 and [18F]6 to the receptor-rich regions down to
that seen in receptor-poor regions. Thus, the in vitro
competition experiment strongly established that the
binding of [18F]4 and [18F]6 is directly related to binding
to the µ-OR. Furthermore, the autoradiography patterns
obtained with [18F]4 and [18F]6 are in accordance with

Figure 1. Percent intact compound in plasma of mice as
function of time (mean ( SD, n ) 3, 4).
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the known distribution of µ-OR expression in rat.24

Thalamic and striatal regions were labeled in a manner
similar to that obtained with the µ-OR specific com-
pound [3H]DAMGO,25 with relatively low labeling of
nontarget regions. Qualitatively, these findings support
the specificity of [18F]4 and [18F]6 for the µ-OR in brain
tissue.

Molecular Modeling. Structural data on µ-ORs are
limited, and several theoretical models, mostly based
on the rhodopsin structure,26 have been proposed so
far.27 These models can be extremely useful for studying
antagonist-receptor interactions or for retrieving new
antagonists via virtual screening from chemical data-
bases.28 On the other hand, evidence exists that receptor
structural alterations, known to accompany the activa-
tion process,29 have to be incorporated to properly model
the agonist-receptor complex. 28 Here, to rationalize the
developed SARs, the AutoDock program was used to
automatically dock 6 into the µ-receptor model recently
reported by Fowler et al.15 We chose this receptor model
as it provides the first presentation of the µ-OR in an

active conformation. According to the X-ray structures,30

spectroscopic data,31 and prior computational investiga-
tions,32 the ligand was docked with the piperidine ring
in chair conformation and with both 2-thienylethyl and
N-phenylpropanamide substituents in equatorial posi-
tion.

To select a meaningful binding mode, for each solution
the agreement with the experimentally known interac-
tions for opioid agonists was taken into account . D147 33

in TM3 is thought to bind the opioid agonists through
an ionic interaction with the positively charged nitro-
gen.34 For the docked compound, only two binding
orientations, which located the ligand below the extra-
cellular loops within a binding site crevice between TM3,
TM5, TM6, and TM7, were found to satisfy the above-
mentioned condition.

In both orientations (Figure 3a,b), the protonated
nitrogen forms a hydrogen bond with the carboxylate
group of D147 (TM3), while the 4-axial substituent of
the piperidine ring (CH2OCH3) interacts with the
ε-amino group of K233 (TM5). Direct contacts between
opioid ligands and D147 or K233 have been extensively
documented.34 The two docking positions substantially
differ for the allocation of the ligand aromatic moieties.
In a first orientation (Figure 3a), the 4-phenylpropan-
amide moiety inserts into the pocket made up of
aromatic side chains (Y148, F152, F237, W293, and
H297) and is stabilized by multiple aromatic-aromatic
interactions while the thiophene ring orients toward the
extracellular surface facing a shallow hydrophobic
pocket formed by Y75, W318, H319, and I322 residues.
A similar arrangement for a fentanyl analogue in the
µ-OR has been already proposed.35

In the binding mode shown in Figure 3b, the thiophene
ring is instead directed toward the intracellular end of
the receptor binding cavity and the 4-phenylpropan-
amide fragment faces toward the W318 and H319
residues with its end allocating just under the EL2 sheet
structures. The latter binding position is in accordance
with a previously proposed binding mode of OHMe-
fentanyl,36 and with mutagenesis experiments, which
together confirm the importance of H319 for the binding
of OHMe-fentanyl.37

More recently, new experiments suggested an inter-
action between the 4-fluorophenylpropanamide of p-
fluorofentanyl and H319 residue, shedding new light on
the binding mode of 4-AP ligands.38 Thus, the ligand
orientation depicted in Figure 3b seems the most
reasonable choice. Compared to the binding mode previ-
ously reported for OHMe-fentanyl,36 in our 6/µ-receptor
complex model, the 4-phenylpropamamide group of the
ligand is not as close to H319 as the corresponding

Table 2. Regional Brain Uptake Kinetics (% dose/g) of [18F]4-6 in Mice (mean ( SD, n ) 3-4)

[18F]4 [18F]5 [18F]6

region 5 min 20 min 40 min 5 min 20 min 40 min 5 min 20 min 40 min

A. Regional Brain Distribution (% dose/g)
striatum 3.58 ( 0.38 2.13 ( 0.34 1.40 ( 0.27 2.95 ( 0.27 1.74 ( 0.22 1.21 ( 0.34 4.61 ( 0.48 2.38 ( 0.34 1.66 ( 0.21
thalamus 3.64 ( 0.44 2.24 ( 0.28 1.36 ( 0.35 3.25 ( 0.44 1.96 ( 0.19 1.25 ( 0.17 4.72 ( 0.51 2.51 ( 0.29 1.70 ( 0.18
cortex 2.41 ( 0.31 1.52 ( 0.17 1.10 ( 0.24 2.29 ( 0.21 1.86 ( 0.28 1.27 ( 0.09 3.15 ( 0.38 1.69 ( 0.26 1.15 ( 0.15
cerebellum 1.89 ( 0.26 0.87 ( 0.14 0.66 ( 0.07 2.31 ( 0.36 0.95 ( 0.18 0.81 ( 0.12 2.16 ( 0.27 0.92 ( 0.17 0.76 ( 0.08

B. Ratio to Cerebellum
striatum 1.89 ( 0.33 2.45 ( 0.56 2.12 ( 0.47 1.27 ( 0.23 1.83 ( 0.43 1.49 ( 0.48 2.13 ( 0.34 2.59 ( 0.60 2.18 ( 0.36
thalamus 1.93 ( 0.35 2.58 ( 0.53 2.06 ( 0.57 1.41 ( 0.29 2.06 ( 0.44 1.54 ( 0.31 2.19 ( 0.36 2.73 ( 0.60 2.24 ( 0.33
cortex 1.28 ( 0.24 1.75 ( 0.36 1.67 ( 0.40 0.99 ( 0.18 1.96 ( 0.47 1.57 ( 0.26 1.46 ( ( 0.25 1.84 ( 0.43 1.51 ( 0.25

Figure 2. Autoradiography of rat brain slices incubated in
vitro with no carrier added [3H]DAMGO (1), [18F]4 (2), or [18F]-
6 (3) under control conditions (A), in the presence 10 µM
naloxone (B) or in the presence of 1.5 µM sufentanil (C).
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portion in OHMe-fentanyl and would rather establish
hydrophobic interaction with I322. This is due to pres-
ence of the 4-axial substituent and its favorable interac-
tion with K233 (TM5) and would be in accordance with
the observation that sufentanil is less sensitive to H319
mutation with respect to fentanyl.38

The placement of aliphatic (e.g. 4) or aromatic (e.g.
6) groups in the pocket formed by the cluster of
conserved aromatic residues, which is known to par-
ticipate with the receptor activation process, would
account for the agonist activity shown by our com-
pounds.39-40

The proposed model correlates well with the SARs
developed in the present study. The involvement of the
4-axial substituent in a hydrogen bond, with a conserved
residue among the opioid receptors, accounts for the
enhanced activity of carfentanil and sufentanyl in all
tree OR types, µ-, δ, and κ compared to that of fentanyl.13d

Accordingly, the binding affinity of 3 is higher with
respect to that of 4 (Table 1). On the basis of our model,
the reduced activity of 1 compared to carfentanil can
be described to the electron-withdrawing power of
fluorine atom, which decreases the electron density on
the oxygen atoms thereby reducing the strength of the
observed hydrogen bond. The reduced affinity of 2 vs
carfentanil would be due to both electronic and steric
effects. The drop in activity of 2 compared to 1 is

consistent with the insertion of the 4-axial substituent
in a fairly restricted region formed by K233, F237, I296,
and V300.

From the results of the present study it emerges that
the decrease in aromaticity, resulting from the formal
N1-5-fluoropentyl-for-N1-phenethyl substitution, lowers
the affinity from 1.113d for fentanyl to 13.5 nM for 3 and
from 0.0213d for carfentanil to 0.7 nM for 4 (Table 1).
This can be explained with the loss of the favorable
interactions with the cluster of aromatic side chains.
Concerning 5 and 6, both were shown to give a µ-OR
affinity very close to their respective parent compounds,
demonstrating that a fluorine atom in that position does
not influence the binding. As already proposed by
Subramanian et al.,41 the alkyl chain next to the amide
group is oriented toward the extracellular side of the
binding cavity. However, in our model, the alkyl chain
locates just below the EL2 residues and, due to the
inaccuracy of loop structure prediction, any detailed
examination of the interactions would be not meaning-
ful.

Conclusion. The studies reported here were intended
to explore the properties of a series of 18F-labeled
4-anilidopiperidines in terms of biokinetic properties,
receptor affinity, and selectivity. The compounds were
prepared by alterations to the lead structure as well as
by variations of the labeling position. The replacement
of the N1-phenethyl moiety with a N1-5-fluoropentyl
substituent did not dramatically affect the molecular
recognition and binding of the ligand in the µ-opioid
receptor. The radiolabeling approaches based on N-
phenylamine acylation were shown compatible with
CH2OMe and COOCH3 substituents; thus, these func-
tionalities are useful for a fine-tuning of pharmaco-
kinetic and -dynamic properties of fluoro-4-AP deriva-
tives. Key features of the 18F-labeled 4-APs governing
brain uptake, stability in the brain, and brain uptake
of peripherally generated radioactive metabolites have
been established. Of the six compounds evaluated, [18F]-
4 ([18F]fpe-Caf) and [18F]6 ([18F]fpr-Suf) fulfill all pre-
clinical requirements for in vivo imaging of the µ-opioid
receptor with PET. Finally, a theoretical study of the
4-AP fluorinated agonist binding has been successful in
rationalizing the developed SARs. As demonstrated by
this study, the combination of 3D docking studies with
radiopharmaceutical screening procedures, i.e., brain
uptake studies, affinity studies, autoradiography, and
quantification of metabolites, provide an experimental
environment for rapid development of receptor targeted
radiopharmaceuticals for the CNS.

Experimental Section

General Methods. The syntheses and radiosyntheses of
fluorinated esters of carfentanil 1, 2, [18F]1, and [18F]2 from
carfentanil carboxylic acid 15 (Scheme 1 and 2) were reported
previously.42 The compounds nor-fentanyl 16, des-propio-
nylfentanyl 17, and des-propionylsufentanil 18 were obtained
from Janssen Pharmaceuticals (Beerse, Belgium). The purities
of 1,2 nor-fentanyl, des-propionylfentanyl, and des-propionyl
sufentanil were determined by means of RP-HPLC (see below).
UV-purity at 254 nM of all five compounds was determined
to be >95%.

Kryptofix 2.2.2. and acetonitrile were obtained from Merck
Eurolab (Darmstadt, Germany). 1-Bromo-5-fluoro pentane was
obtained from Narchem Corporation, Chicago, IL. All other
chemicals were purchased from Sigma-Aldrich (Taufkirchen,

Figure 3. Two potential binding modes of 6 within the human
µ-opioid receptor. The TM helices are in different colors and
denoted by arabic numerals. The carbon atoms of the ligand
and that of the receptor residues are displayed in cyan and
orange, respectively. Hydrogen bonds are indicated by yellow
dashed lines.
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Germany). All commercial reagents and solvents were used
without further purification unless otherwise specified.

Column chromatography was performed on Kieselgel 60
(0.040-0.063 mm) from Merck Eurolab with n-hexane and
ethyl acetate as eluents. Solvent composition is expressed on
a volume: volume (v/v) basis. TLC was performed using
Alugram Sil G/UV254 aluminum sheets from Macherey-Nagel
(Dueren, Germany) with the following eluent systems (v/v):
A: n-hexanes-ethyl acetate 8:2; B: chloroform-methanol 9:1;
C: ethyl acetate-methanol 8:2. The spots were visualized with
a 254 nm UV lamp or with 5% phosphomolybdic acid in
ethanol.

Apparent drug lipophilicity was determined by a conven-
tional partition method between 1-octanol phase and phosphate-
buffered saline (PBS), pH 7.4. The 1-octanol was saturated
with PBS before use. Briefly, the nca 18F-labeled compound
in question, contained in 4 mL of PBS, was added to 4 mL of
1-octanol in a 20 mL test tube. The tube was sealed and
vigorously shaken at room temperature for 10 min. The
mixture was then centrifuged at 3000g for 10 min. A 20 µL
aliquot from each of the two phases were drawn, and their
radioactivity content was determined in a γ-counter. The log
Poct/PBS was calculated as follows:

log Poct/PBS ) log(radioactivity concentration in the 1-octanol
phase/radioactivity concentration in the PBS phase). The
reported values represent the mean of three independent
measurements.

Analytical HPLC was performed using a Nucleosil 100 5
µm CN 4.6 × 250 mm reverse phase column (CS-Chromatog-
raphie (CS-C), Langerwehe, Germany) eluted with acetonitrile/
0.1 M ammonium formate (55:45, v/v) mobile phase mixture
and a Nucleosil 100 5 µm C18 4.6 × 250 mm reverse phase
column (CS-C) eluted with acetonitrile/0.1 M ammonium
formate (65:35, v/v). The flow rate was in both cases 1.0 mL/
min. The chromatography systems were fitted with a UV
detector (Sykam Model S3210 set at 254 nm; Sykam, Fuer-
stenfeldbruck, Germany). For detection of radioactive com-
pounds, a NaI(Tl) detector was used in series with the UV
detector. Preparative HPLC was performed using a PRP-1 10
µm 10 × 50 mm sample enrichment column (CS-C) for
concentration of the reaction mixture. After the concentration
step, the sample enrichment column was eluted in the reverse
direction onto a µ-Bondapak 5 µm 8 × 300 mm C18 column
(CS-C) using a linear gradient of 15% to 70% B in 20 min (A
) 0.1% TFA in water, B ) 0.1% TFA in MeCN); flow rate 3
mL/min. In-line HPLC detectors included a UV detector
(Sykam, set at 254 nm) and a γ-ray detector (Bioscan Flow-
Count fitted with a PIN detector).

The capacity factor, k′, is calculated as follows:

where tR ) retention time of the substance in question (min)
and t0 ) dead volume of the column (mL)/flow (mL × min-1).

Mass spectra were acquired under electron ionization (EI)
conditions using a liquid chromatography mass spectroscopy
system LCQ from Finnigan (Bremen, Germany) and a Hewlett-
Packard series 1100 HPLC system. NMR spectra were re-
corded on Bruker 250 and 500 MHz spectrometers at 20 °C in
CDCl3 and in D2O using tetramethylsilane (TMS) as an
internal standard. Chemical shift (δ) values for proton reso-
nances are reported in parts per million (ppm) relative to the
internal standard TMS.

[18F]Fluoride was produced through the 18O(p,n)18F nuclear
reaction. The [18F]fluoride was obtained in a 34 mM solution
of K2CO3 (0.3 mL) and added to a 2 mL conical vial containing
0.5 mL dry MeCN and 15 mg (39.9 µmol) Kryptofix 2.2.2. The
solvent was evaporated under reduced pressure at 105 °C.
Azeotropic drying was repeated three times with 0.5 mL
portions of MeCN prior to substitution reactions.

All animal studies were performed in accordance with the
German law on the protection of animals.

Syntheses of Precursors and Standard Samples. (()-
2-Fluoropropionyl Chloride (7). The compound was pre-

pared according to the procedure published previously.43 1H
NMR (250 MHz, CDCl3) δ: 5.29 (q, 1H, J ) 48 Hz); 1.73 (d,
3H, J ) 23 Hz).

Syntheses of Methyl 4-[N-(1-Oxopropyl)-N-phenyl-
amino]-4-piperidinecarboxylate (8; nor-Carfentanil).
4-Phenylamino-1-benzyl-4-piperidinecarbonitrile (10).
18.9 g (100 mmol) of N-benzyl-4-piperidone and 9.4 g (100
mmol) aniline were dissolved in 70 mL acetic acid. A solution
of 7.2 g (110 mmol) potassium cyanide in 20 mL of water was
added dropwise while keeping the temperature below 20 °C.
The reaction mixture was stirred at 20 °C for 48 h. The mixture
was thereafter poured into crushed ice (100 g) and basified
with 130 mL of 25% ammonium hydroxide. The aqueous layer
was extracted with 3 × 150 mL of chloroform. The combined
organic phases were washed with 3 × 70 mL water, dried (Na2-
SO4), and concentrated under reduced pressure. Crystallization
from 60 mL of ethanol gave 17.0 g (58%) of the product. 1H
NMR (500 MHz, CDCl3) δ: 7.14-7.27 (m, 5H, CH2Ph); 7.15-
7.18 (m, 3H, NHPh); 6.81-6.85 (m, 2H, NHPh); 3.55 (s, 1H,
NH); 3.47 (s, 2H, CH2Ph); 2.73 (m, 2H, CH2CH2); 2.38 (m, 2H,
CH2CH2); 2.25 (m, 2H, CH2CH2); 1.84 (m, 2H, CH2CH2). 13C
NMR (CDCl3) δ: 143.37 (NPh-C1); 138.08 (Bn-C1); 129.34
(NPh-C3,5); 129.03 (Bn-C2,6); 128.39 (Bn-C3,5); 127.29 (Bn-
C4); 120.98 (NPh-C4); 120.75 (CN); 117.87 (NPh-C2,6); 62.65
(BnCH2); 53.15 (C4); 49.34 (C2,6); 36.19 (C3,5).

4-Phenylamino-1-benzyl-4-piperidinecarboxamide (11).
To 60 mL of concentrated H2SO4 was added 17.0 g (58.3 mmol)
of 10 in portions while keeping the temperature below 5 °C.
Upon completion, the mixture was allowed to warm to room
temperature whereupon stirring was continued for 16 h.
Thereafter, the solution was poured onto a mixture of 250 g
of crushed ice and 150 mL of 25% ammonium hydroxide, and
the resulting aqueous suspension was extracted with 3 × 150
mL of chloroform. The organic extract was washed with 3 ×
100 mL of water. After separation of the layers, the organic
phase was dried with Na2SO4 and concentrated in vacuo. The
residue was recrystallized from 500 mL of ethanol yielding
14.07 g (77%) of 11. 1H NMR (500 MHz, CDCl3) δ: 7.13-7.23
(m, 5H, CH2Ph); 7.10 (t, 2H, NHPh); 6.80 (s,1H, NH2); 6.71 (t,
1H, NHPh); 6.55 (d, 2H, NHPh); 5.58 (s,1H, NH2); 3.40 (s, 2H,
CH2Ph); 2.66 (m, 2H, CH2CH2); 2.24 (m, 2H, CH2CH2); 2.02
(m, 2H, CH2CH2); 1.84 (m, 2H, CH2CH2). 13C NMR (500 MHz,
CDCl3) δ: 178.66 (CONH2); 143.74 (NPh-C1); 138.28 (Bn-C1);
129.22 (NPh-C3,5); 128.99 (Bn-C2,6); 128.27 (Bn-C3,5); 127.10
(Bn-C-4); 119.24 (NPh-C4); 116.19 (NPh-C2,6); 63.01 (PhCH2);
58.28 (C4); 48.76 (C2,6); 31.36 (C3,5).

4-Phenylamino-1-benzyl-4-piperidinecarboxylic Acid
(12). 5.5 g (98 mmol) potassium hydroxide was dissolved in
50 mL of 1,2-ethanediol at 100 °C. The resulting solution was
cooled to 70 °C, and 4-phenylamino-1-benzyl-4-piperidinecar-
boxamide (11) (10.0 g, 32.3 mmol) was added. The reaction
mixture was stirred at 190 °C for 16 h in an autoclave. The
mixture was cooled and poured into 100 mL of water. The
solution was filtered and neutralized with 10 mL of acetic acid.
The resulting precipitate was collected and subsequently air-
dried. Recrystallization form 120 mL of N,N-dimethylforma-
mide yielded 7.76 g (76%) of the product. 1H NMR (500 MHz,
DMSO-d6) δ: 7.22-7.34 (m, 5H, CH2Ph); 7.01-7.06 (m, 2H,
NHPh); 6.50-6.58 (m, 3H, NHPh); 3.48 (s, 2H, CH2Ph); 2.53
(s, 1H, NH); 2.51 (m, 2H, CH2CH2); 2.34-2.43 (m, 2H,
CH2CH2); 1.99-2.07 (m, 2H, CH2CH2); 1.91-1.98 (m, 2H,
CH2CH2).

Methyl 4-Phenylamino-1-benzyl-4-piperidinecarboxy-
late (13). To a suspension of 1.25 g of sodium hydride in N,N-
dimethylformamide (40 mL) under argon was added a solution
of 4-phenylamino-1-benzyl-4-piperidinecarboxylic acid (12)
(8.83 g, 28.4 mmol) in 100 mL of N,N-dimethylformamide. To
the suspension of the precipitated sodium salt was added
methyl iodide (1.95 mL, 31.28 mmol) dropwise. The resulting
mixture was stirred at room temperature for 48 h. The product
mixture was poured into 170 mL of water and extracted with
3 × 150 mL of chloroform. The organic layer was washed with
100 mL of water, dried (Na2SO4), and evaporated in vacuo.
The crude product was purified by flash-chromatography on

k′) (tR - t0)/t0
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500 g Kieselgel using chloroform as eluent, yielding 3.9 g of
13 (42%) as a yellowish oil. 1H NMR (500 MHz, CDCl3) δ:
7.15-7.24 (m, 5H, CH2Ph); 7.06 (t, 2H, NHPh); 6.66 (t, 1H,
NHPh); 6.49 (d, 2H, NHPh); 3.82 (s,1H, NH); 3.59 (s, 3H,
COOCH3); 3.42 (s, 2H, CH2Ph); 2.51 (m, 2H, CH2CH2); 2.33
(m, 2H, CH2CH2); 2.16 (m, 2H, CH2CH2); 1.94 (m, 2H,
CH2CH2). 13C NMR (CDCl3) δ: 175.95 (COOCH3); 144.99 (NPh-
C1); 138.38 (Bn-C1); 129.11 (NPh-C3,5); 129.04 (Bn-C2,6);
128.24 (Bn-C3,5); 127.04 (Bn-C4); 118.56 (NPh-C4); 115.29
(NPh-C2,6); 62.99 (PhCH2); 58.27 (C-4); 52.29 (COOCH3); 48.92
(C-2,6); 33.00 (C-3,5).

Methyl 4-[N-(1-Oxopropyl)-N-phenylamino]-1-benzyl-
4-piperidinecarboxylate (14). Methyl 4-phenylamino-1-
benzyl-4-piperidinecarboxylic acid (13) (2.44 g, 7.52 mmol) and
10 mL (76.1 mmol) of propionic anhydride were stirred and
refluxed for 6 h. The resulting mixture was cooled to room
temperature and diluted with 50 mL of water and was
thereafter extracted with 3 × 100 mL of chloroform. The
organic phases were combined, washed with 3 × 80 mL of
water and once with 60 mL of saturated NaCl solution, dried
(Na2SO4), and finally evaporated under reduced pressure. The
resulting residue was dissolved in 20 mL of 2-propanol, and
0.95 g of oxalic acid in 15 mL of 2-propanol was added. A yellow
crystalline precipitate formed which was filtered and dried at
3 × 10-1 mbar for 24 h, giving 1.6 g of 14 as the oxalate salt.
A suspension of the oxalate salt in water (100 mL) was
alkalized with 25% ammonium hydroxide (10 mL) followed by
extraction into 300 mL of chloroform. The solvent was dried
with Na2SO4. Concentration under reduced pressure gave 0.65
g (23%) of the title compound as a yellowish oil. 1H NMR (500
MHz, CDCl3) δ: 7.11-7.36 (m, 10H, CH2Ph, NPh); 3.71 (s, 3H,
COOCH3); 3.37 (s, 2H, CH2Ph); 2.52 (m, 2H, CH2CH2); 2.31
(m, 2H, CH2CH2); 2.18 (m, 2H, CH2CH2); 1.85 (q, J ) 7.4 Hz,
2H, CH2CH3); 1.55 (m, 2H, CH2CH2); 0.87 (t, J ) 7.4 Hz,
CH2CH3).

Methyl 4-[N-(1-Oxopropyl)-N-phenylamino]-4-pipe-
ridinecarboxylate (8). A solution of methyl 4-[N-(1-oxopro-
pyl)-N-phenylamino]-1-benzyl-4-piperidinecarboxylate (14) (0.65
g, 1.7 mmol) in ethanol (50 mL) was hydrogenated in the
presence of 10% Pd/C (200 mg) at atmospheric pressure and
room temperature. After 24 h the catalyst was removed by
filtration and the filtrate was concentrated. The residue was
purified by column chromatography (60 g Kieselgel; eluent [B]),
yielding 0.26 g of the product (52%) which was dried at 3 ×
10-1 mbar for 16 h. Analytical HPLC: reverse phase CN (55/
45 acetonitrile/0.1 M ammonium formate), k′ ) 1.4, purity
98.8%; reverse phase C18 (65/35 acetonitrile/0.1 M ammonium
formate), k′ ) 1.7, purity 98.5%; 1H NMR (500 MHz, CDCl3)
δ: 8.07 (s,1H, NH); 7.29-7.45 (m, 5H, NPh); 3.80 (s, 3H,
COOCH3); 3.14-3.19 (m, 4H, CH2CH2); 2.35-2.40 (m, 2H,
CH2CH2); 1.87-1.94 (m, 2H, CH2CH2); 1.86 (q, J ) 7.4 Hz,
2H, CH2CH3); 0.94 (t, J ) 7.4 Hz, 3H, CH2CH3). 13C NMR
(CDCl3) δ: 174.43 (COOCH3); 172.99 (CH3CH2CO); 138.48
(NPh-C1); 130.40 (NPh-C2,6); 129.74 (NPh-C3,5); 129.25 (NPh-
C4); 61.04 (C4); 52.70 (COOCH3); 41.16 (C-2,6); 30.65 (C-3,5);
28.95 (CH3CH2CO); 9.11 (CH3CH3CO).

2-Bromopropionic Acid 9′-Anthryl Methyl Ester (9).
The compound was prepared according to a previously pub-
lished procedure.44 1H NMR (250 MHz, CDCl3) δ: 7.28-8.51
(m, 9H); 6.18 (s, 2H,) 4.39 (q, 1H, J ) 7.0 Hz); 1.78 (d, 3H, J
) 7.0 Hz).

N-[1-(5-Fluoropentyl)-4-piperidinyl]-N-phenylpropan-
amide (3). To a solution of nor-fentanyl (80 mg, 0.34 mmol)
in 7 mL of anhydrous tetrahydrofuran was added dried
potassium carbonate (50 mg, 0.36 mmol), and the mixture was
stirred at room temperature for 20 min. Thereafter, 5-fluoro-
pentyl bromide (64 mg, 0.38 mmol) was added, and the mixture
was heated at reflux under argon for 5 h. After cooling, the
mixture was concentrated under reduced pressure. Twenty
milliliters of dichloromethane was added to the residue and
partitioned with water (20 mL). The water phase was washed
with 20 mL of dichloromethane, and the combined organic
extracts were dried (MgSO4), filtered, and concentrated to an
oil which was purified by RP-HPLC (Luna C18 5 µm, 10 mm ×

250 mm; Phenomenex, Torrence, CA) using a linear gradient
of 15% to 70% B in 20 min; 0.1% TFA in water (A), 0.1% TFA
in MeCN (B), flow rate of 3 mL/min. The eluent was continu-
ously monitored for UV absorbance (254 nm). The fraction
containing the product (capacity factor, k′ ) 7.4) was evapo-
rated to yield 49.6 mg of a colorless oil (45.6%). 1H NMR (250
MHz, CDCl3) δ: 7.18-7.32 (m, 5H, NPh), 3.52 (m, 1H, CH2CH);
3.96 (d, 2H, J ) 42.1 Hz, FCH2); 3.08-3.28 (q, 2H, FCH2CH2-
CHCH2CH2N); 2.57-2.66 (m, 2H, CH2CH2); 2.48-2.54 (m, 2H,
CH2CH2); 2.11-2.18 (m, 2H, CH2CH2); 1.98-2.04 (m, 2H,
CH2CH2); 1.63 (q, 2H, J ) 7.4 Hz, CH2CH3); 1.54-1.62 (m,
2H, FCH2CH2); 1.43-1.50 (m, 2H, FCH2CH2CH2CH2CH2);
1.28-1.36 (m, 2H, FCH2CH2CH2CH2); 0.92 (t, 3H, J ) 7.4 Hz,-
CH2CH3). 13C NMR (250 MHz, CDCl3) δ: 172.85 (COCH2CH3);
141.55 (NPh-C1); 135.43 (NPh-C2,6); 129.64 (NPh-C3,5);
128.31 (NPh-C4); 85.08 (FCH2CH2CH2CH2CH2); 55.31 FCH2-
CH2CH2CH2CH2; 50.49 (C2,6); 49.24 (C4); 33.14 (FCH2CH2-
CH2CH2CH2); 34.22 (C3,5); 30.76 (FCH2CH2CH2CH2CH2);
24.11 (FCH2CH2CH2CH2CH2); 29.14 (COCH2CH3); 9.23 (COCH2-
CH3). MS calcd for C19H29FN2O ) 320.2; found, 321.2 [M +
H]+.

Methyl 4-[N-(1-Oxopropyl)-N-phenylamino]-1-(5-fluo-
ropentyl)-4-piperidinecarboxylate (4). Compound 4 was
prepared from 8 (58 mg, 0.2 mmol) using the procedure for 3.
The fraction from the preparative HPLC with k′ ) 7.9 was
collected and concentrated under reduced pressure yielding a
yellowish oil (38.8 mg, 51.3%). 1H NMR (250 MHz, CDCl3) δ:
7.31-7.47 (m, 5H, NHPh); 3.94 (d, 2H, J ) 42.1 Hz, FCH2);
3.82 (s, 3H, COOCH3); 3.04-3.22 (q, 2H, FCH2CH2CHCH2-
CH2N); 2.48-2.56 (m, 2H, CH2CH2); 2.26-2.34 (m, 2H,
CH2CH2); 2.14-2.21 (m, 2H, CH2CH2); 1.83 (q, 2H, J ) 7.4
Hz, CH2CH3); 1.52-1.57 (m, 2H, CH2CH2); 1.56-1.62 (m, 2H,
FCH2CH2); 1.43-1.50 (m, 2H, FCH2CH2CH2CH2CH2); 1.30-
1.38 (m, 2H, FCH2CH2CH2CH2); 0.91 (t, 3H, J ) 7.4 Hz,
CH2CH3). 13C NMR (250 MHz, CDCl3) δ: 176.85 (COCHFCH3);
174.73(COOCH3); 145.43 (NPh-C1); 133.43 (NPh-C2,6); 129.64
(NPh-C3,5); 128.31 (NPh-C4); 92.96 (COCHFCH3); 85.17
(FCH2CH2CH2CH2CH2); 58.54 (C4); 56.78 FCH2CH2CH2-
CH2CH2; 52.23 (COOCH3); 48.69 (C2,6); 33.46 (FCH2CH2CH2-
CH2CH2); 32.82 (C3,5); 31.10 (FCH2CH2CH2CH2CH2); 24.92
(FCH2CH2CH2CH2CH2); 17.87 (COCHFCH3). MS calcd for
C21H31FN2O3 ) 378.2; found, 379.2 [M + H]+.

(()-N-Phenyl-N-[1-(2-phenylethyl)-4-piperidinyl]-2-flu-
oropropanamide] (5). To a solution of des-propionylfentanyl
(112 mg, 0.40 mmol) in tetrahydrofuran (6 mL), triethylamine
(61.2 µL, 0.44 mmol) was added. To the mixture (()2-
fluoropropionyl chloride (7) (52.8 mg, 0.48 mmol), dissolved
in 4 mL of tetrahydrofuran, was added dropwise at room
temperature. The mixture was heated at reflux for 1 h and
thereafter concentrated under reduced pressure. The residue
was dissolved in dichloromethane (30 mL) and partitioned with
water (30 mL). The aqueous phase was washed once with 30
mL of dichloromethane. The combined organic phases were
dried (MgSO4), filtered and concentrated to an oil which was
purified by reverse-phase HPLC as described for 3. The
fraction containing the product (k′ ) 8.9) was evaporated to
yield 35.2 mg of a colorless oil (24.8%). 1H NMR (250 MHz,
CDCl3) δ: 7.12-7.34 (m, 7H, CH2CH2Ph, NPh); 6.64 (t, 1H,
NPh); 6.60 (d, 2H, NPh); 4.54-4.45 (m, 1H, J ) 46.4 Hz,
CHFCH3); 3.60 (m, 1H, CH2CH); 3.20-3.55 (m, 2H, CH2CH2-
Ph) 2.90-2.98 (m, 2H, CH2CH2Ph); 2.78-2.85 (m, 2H, CH2CH2);
2.58-2.64 (m, 2H, CH2CH2); 2.18-2.26 (m, 2H, CH2CH2);
2.06-2.14 (m, 2H, CH2CH2); 1.22-1.30 (m, 3H, J ) 22.3 Hz,
CH2CH3). 13C NMR (CDCl3) δ: 176.78 (COCH2CH3); 92.36
(COCHFCH3); 142.86 (NPh-C1); 140.25 (NPh-C2,C6) 139.78
(Ph-C1) (129.42, NPh-C3,5); 128.76 (Ph-C2,C6); 127.45 (Ph-
C3,5); 126.21 (NPh-C4); 124.42 (Ph-C4); 60.67 (C4) 52.44
(PhCH2CH2); 49.94 (C2,6); 34.48 (PhCH2CH2); 32.63 (C3,C5);
17.82 (COCHFCH3). MS calcd for C22H27FN2O ) 354.2; found,
355.2 [M + H]+.

(()-N-Phenyl-N-[4-(methoxymethyl)-1-[2-(2-thienyl)-
ethyl]-4-piperidinyl]-2-fluoropropanamide (6). The de-
sired product 6 was obtained from des-propionylsufentanil (66
mg, 0.20 mmol) using the procedure for 5. The fraction from
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the preparative HPLC with k′ ) 9.2 was collected and
concentrated under reduced pressure yielding a yellowish oil
(25.8 mg, 31.8%). 1H NMR (250 MHz, CDCl3) δ: 7.12-7.18 (m,
2H, NPh); 7.04 (m, 1H, thiophene); 6.88-6.94 (m, 2H,
thiophene); 6.85 (t, 1H, NPh); 6.77-6.82 (m, 2H, NPh); 4.51-
4.58 (m, 1H, J ) 46.2 Hz, COCHFCH3); 3.36 (s, 2H, CH2-
COCH3); 3.32 (s, 3H, CH2COCH3); 3.01-3.08 (m, 2H, CH2CH2);
2.62-2.74 (m, 4H, thiophene-CH2CH2); 2.50-2.58 (m, 2H,
CH2CH2); 1.94-2.00 (m, 2H, CH2CH2); 1.75-1.82 (m, 2H,
CH2CH2); 1.20-1.28 (m, 3H, J ) 22.3 Hz, COCHFCH3). 13C
NMR (250 MHz, CDCl3) δ: 176.65 (COCHFCH3); 146.43 (NPh-
C1); 141.61 (thiophene-C1); 133.43 (NPh-C2,6); 130.64 (NPh-
C3,5); 129.31 (NPh-C4); 125.43 (thiophene-C3); 123.74 (thio-
phene-C2); 122.15 (thiophene-C4); 92.76 (COCHFCH3); 75.95
(CH2COCH3); 58.86 (thiophene-CH2CH2); 57.86 (C4); 53.91(CH2-
COCH3); 47.79(C2,C6); 31.91(C3,C5); 26.87 (thiophene-CH2-
CH2); 17.62 (COCHFCH3). MS calcd for C22H29FN2O2S ) 404.2;
found 405.2 [M + H]+.

Radiosyntheses of 18F-Labeled 4-Anilidopiperidines.
N-[1-(5-[18F]Fluoropentyl)-4-piperidinyl]-N-phenylpro-
panamide ([18F]3). A solution of 1,5-dibromopentane (7 mg,
30 µmol) in MeCN (250 µL) was added to the dried kryptate
(K ⊂ [2.2.2]+ 18F-) and the vial was then sealed and heated at
90 °C for 8 min. 5-[18F]Fluoropentyl bromide was purified by
reversed phase HPLC (Lichrosorb 5 RP-18 10 mm × 250 mm
(CS-Chromatographie-Service) eluted with MeOH/H2O [60:40,
v/v], 4 mL/min, k′ ) 7.7; preparative radiochemical yield 65 (
5%). After on-line fixation of the product on a Strata X
cartridge (33 µm; 30 mg/1 mL; Phenomenex, Torrance) and
drying of the product by argon-flush, the product was eluted
with 0.2 mL of DMF into a 2 mL reaction vial containing nor-
fentanyl (2.0 mg, 8.6 µmol) and sodium iodide (2 mg, 13.3
µmol). The reaction mixture was heated at 120 °C for 10 min.
After cooling, the reaction mixture was diluted with 4 mL of
0.1 M ammonium formate, loaded into a 7 mL injection loop,
and transferred onto the sample enrichment column which was
washed with water at a flow-rate of 2 mL/min for 5 min and
subsequently eluted in the reverse direction onto the semi-
preparative column. For animal experiments, the fraction
containing the product was collected in a rotary evaporation
flask containing 1 mL of 1% HCl in EtOH and evaporated to
dryness under reduced pressure. The product was dissolved
in 1-5 mL of isotonic saline and transferred into a vial
containing 0.1 mL of an 8.4% sodium bicarbonate solution. The
pH of the final solution was between 7 and 8. Radiochemical
and chemical purities were >95% as determined by analytical
HPLC (k′ ) 3.2 using the CN analytical column eluted with
55/45 acetonitrile/0.1 M ammonium formate). The radiochemi-
cal yield averaged 54% at end-of-syntheses (EOS) based on
[18F]fluoride and the specific activity averaged 76.4 GBq/µmol
at EOS.

Methyl 4-(N-1-Oxopropyl)-N-phenylamino]-1-(5-[18F]-
fluoropentyl)-4-piperidinecarboxylate ([18F]4). The ra-
diosyntheses of [18F]3 was accomplished according to the
procedure for [18F]3 described above. Radiochemical and
chemical purities were >95% as determined by analytical
HPLC (k′ ) 3.3 using the CN analytical column eluted with
55/45 acetonitrile/0.1 M ammonium formate) The radiochemi-
cal yield averaged 57% at EOS based on [18F]fluoride and the
specific activity averaged 67.6 GBq/µmol at EOS.

N-[1-[2-(Phenylethyl]-4-piperidinyl]-N-phenyl-2-[(()-
[18F]fluoropropanamide] ([18F]5). No carrier added (n.c.a)
(()-2-[18F]fluoropropionic acid was obtained by hydrolysis of
9′-anthrylmethyl-(()-2-[18F]fluoropropionate with tetramethyl-
ammonium hydroxide in aqueous methanol according to the
procedure reported previously.44 Subsequently, a dried residue
of the tetramethylammonium salt of (()-2-[18F]fluoropropionic
acid was obtained by azeotropic distillation with MeCN (4 ×
1 mL) at 90 °C under a steam of argon. After this the vial was
sealed and phthaloyl dichloride (200 µL, 1.33 mmol) in
anhydrous tetrahydrofuran (200 µL) was added, and the
mixture was heated at reflux for 5 min. The heating source
was removed and the vial left to cool for 2 min. Thereafter,
the vial was vented via capillary PEEK tubing to a second vial

containing des-propionylfentanyl (4 mg, 14.3 µmol) dissolved
in tetrahydrofuran (0.15 mL), kept at 0 °C. The (()-2-[18F]-
fluoropropionic chloride was distilled at 90 °C at an argon gas
flow rate of 20 mL/min. After 5 min, vessel B was closed and
heated at 70 °C in order to promote amide formation. The
solvent was removed by evaporation, and the resulting residue
was dissolved in MeCN (300 µL). The product was purified,
concentrated, and formulated for injection as described above
for [18F]3. Radiochemical and chemical purities were >95% as
determined by analytical HPLC (k′ ) 3.7 using the CN
analytical column eluted with 55/45 acetonitrile/0.1 M am-
monium formate). The radiochemical yield averaged 36% at
EOS based on [18F]fluoride and the specific activity averaged
42.2 GBq/µmol at EOS.

N-[1-[2-(2-Thienyl)ethyl]-4-piperidinyl]-N-phenyl-2-
[(()-[18F]fluoropropanamide] ([18F]6); [18F]fpr-Suf. The
radiosyntheses of [18F]6 was accomplished in a manner identi-
cal to [18F]5 given above, using 4.7 mg (14.3 µmol) of precursor
des-propionylsufentanil for the 18F-fluoropropionylation. Ra-
diochemical and chemical purities were >95% as determined
by analytical HPLC (k′ ) 3.9 using the CN analytical column
eluted with acetonitrile/0.1 M ammonium formate; 55/45). The
radiochemical yield averaged 32% at EOS based on [18F]-
fluoride and the specific activity averaged 40.2 GBq/µmol at
EOS.

Biodistribution in Mice. Studies were performed in male
Balb-C mice (body weight of 19-25 g). The mice were injected
in a lateral tail vein with 2-5 MBq of a high specific activity
(>37 GBq/µmol) 18F-Labeled 4-anilidopiperidine derivative
contained in <0.15 mL of a solution of isotonic saline. Groups
of mice were sacrificed at 5-60 min postinjection. The radio-
activity of weighed tissue samples was measured in a γ-counter.
Data are expressed as percent of the injected dose per gram
tissue (% ID/g) (mean ( SD, n ) 3-4).

Metabolite Analysis. Male Balb-C mice were injected with
9-17 MBq of the 18F-labeled compound of study. 5-40 min
after injection the animals were sacrificed and the tissue of
interest was dissected. The procedure used for the analysis of
plasma metabolites was as follows: Whole blood (0.2-0.4 mL)
containing about 30 µL of heparin was centrifuged at 6000g
for 5 min, and approximately 0.1-0.2 mL of the supernatant
plasma was removed. An equal volume of acetonitrile was
added, and the mixture was vortexed for 1 min and centrifuged
at 6000g for 3 min. To calculate the radioactivity balance and
extraction efficiency, the radioactivity from the combined
liquids was compared to the radioactivity of the extracted
material by γ-counter measurements (extraction efficiency
>95%). Approximately 0.1 mL of the supernatant solution was
analyzed using radio-HPLC [Nucleosphere 100, 5 µm; 10 ×
150 mm (CS-Chromatographie); MeOH/0.1 M ammonium
formate 60:40 (v/v)]. The outlet of the column was connected
in-line with a solid-phase scintillation counter (Flow-one Beta,
Bioscan, Washington DC).

The amount of intact tracer (Ti) was calculated as follows:

where FT [%] represents the amount of intact tracer and FM

[%] the amount of metabolites as determined by radio-HPLC,
corrected for extraction efficiency EE [%] from the plasma
samples and the recovery ER [%] of activity from the HPLC.

For analysis of brain radioactivity metabolites, brain tissue
homogenates were prepared immediately after dissection by
mechanical homogenization of nitrogen-frozen samples fol-
lowed by addition of 1 mL of phosphate-buffered saline. The
mixture was vigorously vortexed, and 1 mL of MeCN was
added. After centrifugation for 5 min at 6000g, the supernatant
was collected. The mixture was analyzed by HPLC as described
above. The percentage of intact tracer in brain (Ti) was
calculated using the equation given above for the analysis of
the radioactivity in plasma, and in this case the term EE

represents the efficiency of the extraction of activity from brain
homogenates, (>91%).

Ti ) [FT/FT + FM] × EE × ER × 1 × 10-2
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Autoradiography. Fresh-frozen pieces of adjacent rat
brain sections were used for the autoradiographic binding
studies. Unfixed frozen sections (60 µm) were thawed, dried,
and subsequently preincubated in 15 mM Tris-HCl buffer (pH
7.4) for 30 min followed by incubation with the 18F-ligand in
question (17 kBq/mL) for 1 h at ambient temperature in an
aqueous 50 mM Tris-HCl buffer (pH 7.4) without or in the
presence of either 10 µM naloxon (for blocking of µ, δ, and κ)
or 1.5 µM sufentanil (for blocking of µ). The sections were
thereafter washed twice in 50 mM Tris-HCl for 3 min and then
in water for 3 min. Finally the slices were dried under an air
stream at 37 °C for 8-10 min, before being exposed to
autoradiography film (Kodak Biomax MR, Biostep GMBH,
Jansdorf, Germany) for 6 h.

In Vitro Binding Assays with Human µ-Opioid Recep-
tor Membranes. Human recombinant µ-opioid receptor (Eu-
roscreen, Gosselies, Belgium) was used for determination of
inhibition constants (Ki). Binding experiments were done using
a membrane concentration of 1 mg/mL in a binding buffer
consisting of 99.5% aqueous 50 mM Tris-HCl, 5 mM MgCl2,
and 0.5% EtOH, pH 7.4. The membranes were incubated with
the µ-selective radioligand [3H]DAMGO25 (2 nM) in the pres-
ence of increasing concentrations of the test compound. Reac-
tions were terminated by rapid filtration through Whatman
GF/B glass fiber filters (Whatman, Maidstone, Kent, U.K.)
which in advance had been treated with 0.5% bovine serum
albumin in 50 mM Tris-HCl, 5 mM MgCl2, pH 7.4, followed
by three washings with 5 mL of ice-cold buffer (50 mM Tris-
HCl, 5 mM MgCl2, pH 7.4). The bound radioactivity was
measured in scintillation cocktail, using a Beckman LS1701
liquid scintillation counter (Beckman Coulter Inc., Fullerton,
CA). Nonspecific binding was defined in the presence of 10
µM unlabeled carfentanil. For determination of the IC50 values,
data were fitted with a weighted two-parameter logistic
function using SigmaPlot SPSS Inc., Chicago, IL). The IC50

values obtained were used for calculating Ki values by using
the formula: Ki ) IC50/(1 + L/KD) where L equals the
concentration of DAMGO and KD its dissociation constant (0.57
nM25). The Ki values presented for the ligands of study are
the mean of three independent experiments.

Molecular Modeling. Docking Simulations. Docking of
6 within the human µ-OR was carried out using the AutoDock
program package version 3.0.5.45 The LGA algorithm, as
implemented in the AutoDock program, was used applying a
protocol with a maximum number of 1.5 × 10-6 energy
evaluations, a mutation rate of 0.01, a crossover rate of 0.80,
and an elitism value of 1. For the local search, the pseudo-
Solis and Wets algorithm was applied using a maximum of
300 interactions per local search. Fifty independent docking
runs were carried out. Results differing by less than 1.5 Å in
positional root-mean-square deviation (rmsd) were clustered
together and represented by the result with the most favorable
free energy of binding. The obtained complex were energeti-
cally minimized using 3000 steps of steepest descent algorithm,
permitting only the ligand and the side chain atoms of the
protein within a radius of 5 Å around the ligand to relax. The
geometry optimization was carried out employing the SYBYL
program version 8.0 with the TRIPOS force field.46

Ligand Setup. Compound 6 was built from the closely
related X-ray structure of fentanyl (Cambridge Structural
Database, code: PEPCIT10) and was appropriately modified
using the standard fragment library of the SYBYL software.
6 was modeled in its N-protonated form as this form is
considered to be the pharmacologically relevant species. Ac-
cording to the X-ray structure of fentanyl, the piperidine ring
of the ligand was in the chair conformation, while the 2-thi-
enylethyl and the N-phenylalkylamide substituent were in
equatorial position. Geometry optimizations were achieved
with the SYBYL/MAXIMIN2 minimizer by applying the BFGS
algorithm47 with a convergence criterion of 0.001 kcal/mol and
employing the TRIPOS force field. Partial atomic charges were
assigned using Gasteiger and Marsili formalism as imple-
mented in the SYBYL package.48 The piperidine ring was held
fixed in the chair conformation, while flexible torsions in the

1,4-diequatorial substituents and in 4-axial substituent have
been taken into account during the docking simulation.

Receptor Setup. Compound 6 was docked in the model of
rat µ-OR developed by Fowler et al.15 The receptor was
mutated from rat to human changing the nonconserved
residues accordingly. The resulting receptor structure was
energy-minimized using 3000 steps of Steepest Descent algo-
rithms to allow the mutated residue to adjust with respect to
the environment. Finally, the receptor was set up for docking
as follows: the unpolar hydrogens were removed, and Kollman
united-atom partial charges were assigned. Solvation param-
eters were added to the receptor using the ADDSOL utility of
the AutoDock program. The grid maps were calculated with
AutoGrid. The grids were chosen to be large enough to include
a significant part of the receptor around the D147 residue
though to be a primary anchor point for the ligand binding.
Grid maps with 61 × 61 × 61 points with a grid-point spacing
of 0.375 Å were used. The center of the grid was set to be
coincident with the D147 CR.
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