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Abstract
Reboxetine analogs with methyl and fluoroalkyl substituents at position 2 of the phenoxy ring 1–4
were synthesized. In vitro competition binding demonstrated that 1–4 have a high affinity for the
norepinephrine transporter (NET) with Ki’s = 1.02, 3.14, 3.68, and 0.30 nM (vs [3H]nisoxetine),
respectively. MicroPET imaging in rhesus monkeys showed that the relative regional distribution of
[11C]1 and [11C]4 is consistent with distribution of the NET in the brain, while [18F]2 and [18F]3
showed only slight regional differentiation in brain uptake. Especially, the highest ratios of uptake
of [11C]1 in NET-rich regions to that in caudate were obtained at 1.30–1.45 at 45 min, and remained
relatively constant over 85 min. Pretreatment of the monkey with the selective NET inhibitor,
desipramine, decreased the specific binding for both [11C]1 and [11C]4. PET imaging in awake
monkeys suggested that anesthesia influenced the binding potential of [11C]1 and [11C]4 at the NET.

Introduction
The norepinephrine transporter (NETa) is a member of the Na+/Cl− -dependent
neurotransmitter transporter gene family, located on the nerve terminals as well as the cell
bodies of noradrenergic neurons. The principal physiological function of the NET is to
terminate the action of the norepinephrine (NE) by removing NE from the synaptic cleft and
returning it to the presynaptic neuron where the neurotransmitter can be degraded or retained
for re-release at a later time.1,2 The locus coeruleus (LC), a dense cluster of neurons in the
brain stem, possesses the greatest density of NET binding sites in the mammalian brain. The
major targets of noradrenergic afferents include the thalamus, hypothalamus, brain stem,
amygdala, cerebral cortex, hippocampus, and cerebellum.3–5 The location of noradrenergic
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nerve terminals in these brain regions implies the presence of NET protein, and all of these
regions demonstrate appreciable binding of NET selective radioligands. The lowest densities
of brain NETs have been demonstrated in the occipital cortex and striatum, supporting their
use as reference regions.3 Dysregulation of noradrenergic function has been implicated in the
pathophysiology of psychiatric disorders including depression, anxiety, and attention-deficit/
hyperactivity disorder (ADHD), as well as neurodegenerative disorders including Alzheimer’s
disease and Parkinson’s disease.6–9 Therefore, development of a selective radioligand for
visualization and quantification of the brain NET density using in vivo positron emission
tomography (PET) or single photon emission computerized tomography (SPECT) would
provide more insights as to the role of noradrenergic mechanisms in neuropsychiatric disorders
as well as to the in vivo pharmacokinetic and pharmacodynamic properties of potential
medications with affinity for the NET.

The quantitative mapping of brain dopamine transporters (DAT) and serotonin transporters
(SERT) has novelly informed pathophysiology and pharmacotherapy of CNS disorders due to
the availability of valid radioligands. In contrast, in vivo brain imaging of NET has been
hampered by lack of a suitable radioligand for many years, and only recent progress has lead
to useful NET radioligands. Several potent NET-selective reuptake inhibitors, such as [11C]
desipramine ([11C]DMI)10,11 and its hydroxylated derivative ((R)-[11C]OHDMI),12 nisoxetine
([11C]NXT)13 and its derivatives ([125I]INXT14 and [125I]PYINXT15), [11C]thionisoxetine,
16 [11C]oxaprotiline,13 [11C]lortalamine,13 [11C]talopram,10,17 and [11C]talsupram10,17 have
been synthesized and evaluated for in vitro or in vivo mapping of brain NET. Unfortunately,
these radioligands are far from ideal as selective brain imaging agents for NET. The common
limitations have been high nonspecific binding, unfavorably slow kinetics, low brain uptake
or poor in vivo selectivity.

The development of an ideal radiotracer to image the NET is challenging due to the low density
and widespread distribution of NET-binding sites in the brain. The desirable properties for a
candidate NET radioligand include (a) high binding affinity for the NET and high selectivity
versus the SERT and DAT; (b) moderate lipophilicity usually lying in the log P7.4 range 1–3
for good initial brain entry and low non-specific binding; (c) high ratios of uptake in NET-rich
regions to caudate of ≥ 1.5 in non-human primates to provide a clear image of NET; (d) specific
binding to brain NET reaching peak equilibrium during PET measurement to allow
quantification of NET occupancy; (e) lack of radiolabeled metabolites in the brain; (f) high
stability in plasma.

In the past few years, there has been extensive research on the development of analogs of
reboxetine, an antidepressant selective for the NET, and more success has been achieved.
Several carbon-11, fluorine-18 and iodine-123 labeled radioligands have been developed and
evaluated as potential PET and SPECT NET imaging agents13, 18–25 (Figure 1). (S,S)-[11C]
MeNER,18–20,26,27 an O-methyl derivative of reboxetine, has shown a high hypothalamus-to-
striatum uptake ratio of 2.5 at 60 min post injection in rats. PET imaging studies in cynomolgus
monkeys and in baboons with the same ligand demonstrated that the relative regional
distribution of the radioactivity is consistent with the known distribution of NET with thalamus-
to-striatum uptake ratios of 1.4–1.6. Although (S,S)-[11C]MeNER exhibited many desired in
vivo properties that have not been observed with other 11C-labeled NET ligands, this
radioligand still has some limitations. Previous evaluation of (S,S)-[11C]MeNER has shown
that specific binding to brain NET did not reach peak equilibrium during a 90 min PET
measurement. This, together with its relatively noisy signal at later time points hamper its utility
in the quantitative assessment of NET binding occupancy in brain. O-fluoromethyl, and O-
fluoroethyl analogs, (S,S)-[18F]FMeNER-D2

21 and (S,S)-[18F]FRB-D4
25, were then

synthesized to take advantage of the longer half-life of 18F. (S,S)-[18F]FMeNER-D2 has shown
a thalamus-to-striatum binding ratio of ~1.5 in PET imaging studies in cynomolgus monkeys
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and human, comparable to the ratio reported for (S,S)-[11C]MeNER. Also, a specific binding
peak equilibrium was obtained during the PET experiment at a lower noise level. However,
although deuterium substitution on the fluoroalkyl side chain helped to reduce defluorination,
in vivo defluorination was not totally inhibited and high skull uptake of radioactivity, especially
in the late phases of image acquisition, was observed, an effect found to contaminate images
in cortical areas in PET studies.22,28

As part of ongoing research in our laboratories to develop NET-specific PET imaging agents,
the promising results from the reboxetine motif promoted us to continue to explore reboxetine
analogs as PET NET ligands. Since in the reboxetine series, the most NET active isomer always
corresponds to the S,S isomer, we decided to focus our effort on the S,S isomer. We have been
exploring the incorporation of alkyl-containing substituents at position 2 of the phenoxy ring
(Figure 1). We report here the synthesis and in vitro evaluation of (2S,3S)-2-[α-(2-
methylphenoxy)phenylmethyl]morpholine (MENET, 1), (2S,3S)-2-[α-(2-(2-fluoroethyl)
phenoxy)phenylmethyl]morpholine (FENET, 2), and (2S,3S)-2-[α-(2-(3-fluoropropyl)
phenoxy)phenylmethyl]morpholine (FPNET, 3) as well as the radiolabeling and in vivo
microPET imaging of [11C]1, [18F]2 and [18F]3 in anesthetized nonhuman primates and the
PET imaging of [11C]1 in an awake nonhuman primate. Additionally, we replaced the oxygen
atom by sulfur as the linker of the three rings in MENET 1 to see if this modification might
provide a candidate with improved NET binding properties. To this end, we synthesized (2S,
3S)-2-[α-(2-methylphenylthio)phenylmethyl]morpholine (MESNET, 4) and explored the
microPET and PET properties of [11C]4 in nonhuman primates. Recently, the synthesis and
monoamine transporter affinity have been reported for arylthiomethyl morpholine analogs of
reboxetine.29,30

Chemistry
The stereoselective synthesis of ligands 1, 2, 3, and 4 is shown in Scheme 1. The key
intermediates 5 and 6 were synthesized in good yields and 99% enatiomeric excess in 6 linear
steps starting from commercially available (S)-3-amino-1,2-propanediol according to a
recently reported procedure.31 2S,3S-isomer (5) was the major isomer and 2S,3R-isomer (6)
was the minor isomer. Although ether 8 could be prepared by reacting 6 with 2-methylphenol
under Mitsunobu conditions, in this case the yield of 8 was below 60%. Alternatively,
nucleophilic aromatic substitution of sodium alkoxide of isomer 5 with chromium tricarbonyl
complex 7 followed by iodine-induced dechromination provided 8 in 95% yield without
affecting the configuration at the benzylic position. The subsequent de-Boc with excess
CF3COOH yielded 1 in 79% yield. Tricarbonylchromium complex 7 was prepared in 43%
yield by refluxing 2-fluorotoluene with Cr(CO)6 in a mixture of dibutyl ether and THF.32

2-(2-Fluoroethyl)phenol (9) was synthesized in 40% yield by fluorination of 2-
hydroxyphenethyl alcohol with diethylaminosulfur trifluoride (DAST).33 2-(3-Fluoropropyl)
phenol (10) was prepared in 32% yield starting from 2-allylphenol in 4 steps according to a
previously described procedure with some modification involving protection of the phenol
with chloromethylmethyl ether (MOMCl), hydroboration-oxidation, fluorination of the
resulting alcohol, and deprotection of the MOM group.33 Reacting 6 with 9 and 10 under
Mitsunobu conditions gave fluoroethyl compound 11 and fluoropropyl compound 12 in good
yields, respectively, which then underwent cleavage of the Boc group with excess
trifluoroacetic acid to afford 2 and 3, respectively. Treatment of the alcohol 5 with carbon
tetrabromide and triphenylphosphine gave (2S,3R)-N-Boc-2-[α-bromo(phenyl)methyl]
morpholine (13) in 75% yield.30 MESNET (4) was prepared by reacting 2-methylbenzenethiol
with bromide 13 in DMF using Cs2CO3 as base followed by standard deprotection with
CF3COOH.
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The synthesis of tin compounds 15 and 16, required as precursors for radiolabeling with [11C]
iodomethane for [11C]1 and [11C]4, and tosylates 17 and 18, required as precursors for
radiolabeling with [18F]fluoride for [18F]2 and [18F]3, respectively, is presented in Scheme 2
– Scheme 3. Tin precursor 15 was prepared by palladium-catalyzed stannylation of iodo
compound 1724, easily synthesized by reacting 6 with 2-iodophenol under Mitsunobu
conditions with inversion of configuration. The obvious synthetic strategy for obtaining tin
precursor 16 focused on the stannylation of iodo compound 18. Numerous efforts were
undertaken, but none of the conditions provided the required tin compound. The conditions
that were tried included reacting with hexamethylditin using tetrakis(triphenylphosphine)
palladium (Pd(PPh3)4) as catalyst in 1,2-dimethoxyethane at 80 °C, reacting with
hexamethylditin using Pd(PPh3)4 in toluene at 110 °C, reacting with hexamethylditin using
Pd2(dba)3 and tri(2-furyl)phosphine as catalysts in DMF at 100 °C, and reacting with n-BuLi
then with Me3SnCl. Alternatively, another strategy was developed which consisted of reacting
bromide 13 with mercaptide anion 20 as depicted in Scheme 2. Mercaptide anion 20 (prepared
in one pot from thiophenol) is a versatile precursor for the preparation of aryl sulfides and
sulfones bearing an o-stannyl group and allowing attachment of the o-stannyl group prior to
introduction of the aryl sulfide and sulfone.34,35 Consequently, tin precursor 16 was obtained
in 36% overall yield by treating 20 in situ with bromide 13.

Compounds 23 and 24 were obtained by reacting 6 with phenols 21 and 22 under Mitsunobu
conditions. The subsequent reduction of methyl ester groups with LiAlH4 followed by
tosylation of the resulting hydroxyl groups afforded the precursors 17 and 18 (Scheme 3).

Radiolabeling
[11C]1 and [11C]4 were prepared from N-Boc aryltrimethylstannane 15 and 16 in a two-step
synthesis, respectively (Scheme 4). The first step was a palladium-catalyzed cross coupling
reaction between 15 or 16 and [11C]CH3I using a modified procedure developed by Björkman
et al..36 Palladium-catalyzed cross coupling reactions utilizing organostannanes, commonly
referred to as Stille couplings, have been shown to be a valuable labeling method for the
synthesis of compounds containing a [11C]methylphenyl moiety.36–40 Reacting 15 or 16 with
[11C]CH3I at 100 °C using palladium complex generated in situ from Pd2(dba)3 and (o-
CH3C6H4)3P (1:4) together with CuCl and K2CO3 as cocatalysts gave us the best coupling
yield. It is worthy to note that under the earlier reported reaction temperature of 60 °C,36 or
even a higher temperature of 80 °C, a great deal of unreacted [11C]CH3I was observed when
analyzing the reaction mixture. Increasing the temperature to 100 °C greatly improved the
radiochemical yield of coupling. Deprotection of the N-Boc group was performed by treatment
with TFA at 100 °C for 7 min. Finally, the excess acid was neutralized with aqueous ammonia
before HPLC purification. Dose formulation was performed through solid-phase extraction
(SPE) of the radiotracer according to a previously reported procedure41 rather than
conventional rotary evaporation of HPLC fractions.

Starting with 450–550 mCi of cyclotron produced methyl iodine, typical syntheses provided
25–45 mCi (uncorrected) of [11C]1 and [11C]4 in average radiochemical yields of 38% (decay-
corrected from end of 11CH3I synthesis) in a total synthesis time of 60 min. Analytical HPLC
demonstrated that the radiolabeled products were over 98% radiochemically pure, and specific
activity ranged from 0.4 to 0.9 Ci/µmol at time of injection for both compounds.

The radiolabeling of [18F]2 and [18F]3 was accomplished through reacting tosylate precursors
(17 and 18, respectively) with [18F]fluoride in the presence of Kryptofix 222 and K2CO3 in
acetonitrile at 90 °C for 10 min followed by removal of N-Boc group under acidic conditions
(Scheme 5). After HPLC purification, [18F]2 and [18F]3 were obtained in 6–11% radiochemical
yields (decay-corrected from [18F]F−) in a synthesis time of 100 min (from the end of
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bombardment). Analytical HPLC demonstrated that the radiolabeled products were over 98%
radiochemically pure, and the specific activity of the products was 1.6–3.3 Ci/µmol at time of
injection for both compounds.

The log P values of compounds 1–4 were measured according to a previously reported
procedure42 and are presented in Table 1. The lipophilicity (octanol/phosphate buffer
partition), log P7.4, is an important parameter for correlating structure with brain penetration
and ligand-transporter kinetic behavior. Compound 1–4 had log P7.4 values of 2.04, 2.00, 2.29,
and 2.47, respectively, which are in the middle range of values considered acceptable for good
blood-brain barrier penetration.43 Substitution of oxygen atom by sulfur as in compound 4
increased log P7.4 by 0.43. This effect could be explained by a decreased polarity of 4 due to
the bigger size and lower electronegativity of sulfur atom compared to oxygen. Also, log
P7.4 values, as expected, increased with increasing length of the side chain as seen in
compounds 2 and 3.

In Vitro Competition Binding Assays
Reboxetine derivatives 1–4 were screened for binding to human monoamine transporters using
in vitro competition binding assays in transfected HEK-293 cells stably expressing the human
NET (hNET), human SERT (hSERT), or human DAT (hDAT) according to a previously
reported procedure.44,45 (S,S)-Reboxetine and (S,S)-MeNER were also screened under the
same assay system for comparison.

[3H]nisoxetine (NET ligand), [3H]citalopram (SERT ligand), and [125I]RTI-55 (DAT ligand)
were used as radiotracers during the in vitro displacement experiments. The data in Table 1
indicate that MENET (1) displays a high affinity for the NET (Ki = 1.02 nM) and selectivity
over the SERT (92 times) and DAT (321 times) comparable to the values for (S,S)-MeNER.
Compared to the methyl derivative (1), incorporation of ω-fluoroalkyl group at the 2-position
of the phenoxy ring resulted in decreased affinities of the ligands for all three transporters.
Consequently, fluoroethyl derivative (2) and fluoropropyl derivative (3) bind to the NET and
SERT with approximately the same affinity, which is three to five times lower than that for
1, respectively. 2 and 3 also exhibited very low affinity for the DAT (Ki > 6000). Replacing
oxygen atom with sulfur as the linker afforded MESNET (4), which is 3.4 times more potent
than 1 for the NET with a Ki = 0.30, and 6.5 times more potent for the SERT with a Ki = 14.80,
while the affinity for the DAT remains in the same range as that of 1.46

In Vivo Anesthetized Nonhuman Primate MicroPET Imaging
MicroPET imaging studies were performed with [11C]1, [18F]2, [18F]3 and [11C]4 to assess
the regional brain distribution, imaging properties and in vivo selectivity of these radioligands
for the NET in rhesus monkeys.

The microPET images acquired from 0 to 140 min after injection of [11C]1 showed that the
regional brain accumulation of radioactivity was consistent with the distribution of the NET
in the brain with high uptake occurring in the thalamus, midbrain, and pons (known NET-rich
regions) and low uptake in caudate (NET-poor region). The corresponding baseline time-
activity curves (TACs) of [11C]1 are presented in Figure 2. Following administration of [11C]
1, the uptake of radioactivity in the thalamus and pons peaked between 15.5–27.5 min after
injection and then declined gradually with half-times for clearance from peak uptake (T1/2) of
~105 min. The peak uptakes in the midbrain and cerebellum were achieved at 9.5–18.5 min
postinjection, and at 18–35 min in caudate. Ratios of uptake of [11C]1 in thalamus, midbrain,
pons, and cerebellum to that in caudate peaked at 1.30, 1.45, 1.40, and 1.30 at 45 min,
respectively, and remained relatively constant at 1.30, 1.43, 1.44, and 1.25 at 85 min, indicating
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that a quasiequilibrium (a condition where the ratio of radioactivity uptake in the region of
interest to reference region stays relatively constant) has been established.

Imaging studies were also performed with [18F]2 and [18F]3 to take advantage of the longer
half-life of 18F (109.8 min). The TACs for the baseline studies with [18F]2 and [18F]3 are
showed in Figure 3 and Figure 4, respectively. Compound [18F]2 and [18F]3 enter the brain
rapidly and achieve peak uptake after 15 min in all regions of interest followed by a fast
washout. The regional brain accumulation of [18F]2 and [18F]3 approximately matched the
distribution of the NET; however, high uptakes in caudate, a region that is supposed to contain
low levels of NET, were also observed. Ratios of uptake in thalamus, midbrain and cerebellum
to that in caudate peaked at 1.13, 1.13, and 1.05 for [18F]2 and 1.18, 1.18, and 0.95 for [18F]
3, respectively. The slight regional differentiation in brain uptake together with the unexpected
accumulation of radioactivity in the caudate makes [18F]2 and [18F]3 unpromising NET
radioligands.

Although high in vitro affinity of a ligand does not guarantee its suitability as an in vivo
radioligand, high affinity is the predominately important characteristics of a prospective
radioligand for imaging low density of molecular target, such ad NET. The NET affinities of
3.14 and 3.68 nM for 2 and 3, which is three to four times lower than that for 1 and MeNER,
might not be high enough to show specific binding in NET-rich regions and might be attributed
to the poor signal-to-noise ratio of [18F]2 and [18F]3. No further imaging studies were
performed with [18F]2 and [18F]3.

In our extensive study on tropane and diarylsulfide motif to develop SERT-specific
radioligands, we found that if a ligand’s affinity for the SERT was greater than 1 nM, this
ligand did not show specific binding in SERT-rich regions. We were interested to test whether
compound 4 with Ki for SERT of 14.8 nM might present the same property. In addition, study
on compound 4, which is three times more potent but less selective than 1 and MeNER, might
provide important structure-affinity relationship information in terms of binding and kinetics.
The TACs for the baseline study with [11C]4 showed in Figure 5 indicate that the peak uptake
of radioactivity in thalamus and midbrain was achieved 27.5–45 min after injection, and then
washed out slowly with a T1/2 = ~160 min. The slower binding kinetics exhibited by [11C]4 in
comparison to [11C]1 may reflect a higher binding affinity of [11C]4 to the NET (Table 1). The
thalamus-to-caudate and midbrain-to-caudate ratios for [11C]4 were 1.34 and 1.33 at 85 min,
respectively. To assess the potential binding of [11C]4 to the SERT, chase study with SERT
ligand (R,S)-citalopramHBr was performed in the same rhesus monkey. A dose of (R,S)-
citalopramHBr (1.5 mg/kg) was administered 40 min after injection of [11C]4 and resulted in
no displacement of radioactivity in the caudate suggesting that [11C]4 accumulation in the
caudate was not due to SERT binding but most likely non-specific binding.

To demonstrate that the brain regional [11C]1 and [11C]4 binding was specific to the NET, in
vivo microPET blocking studies by the NET ligand desipramine were performed. Pretreatment
of monkeys with a dose of desipramine (0.125 and 0.25 mg/kg for [11C]1 and 0.125 mg/kg for
[11C]4) at 40 min prior to injection resulted in a marked reduction of radioactivity in the NET-
rich brain regions: thalamus, midbrain, pons, medulla, and cerebellum, but not in caudate
(Figure 6, Figure 7, and Figure 8). The reduction of ratios of [11C]1 and [11C]4 uptake in
regions-of-interest to caudate at 85 min postinjection in the pretreatment studies in comparison
with the baseline studies (Table 2) indicated that brain regional [11C]1 and [11C]4 uptake
reflected specific NET binding.

PET Imaging in Awake Nonhuman Primates
Human PET imaging using [18F]FECNT, a selective DAT radioligand, demonstrated that 1%
isoflurane anesthesia increases radiotracer binding to DAT-rich brain regions, consistent with
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an increase in plasma membrane expressed DAT.47 To address the possibility of isoflurane
similarly influencing the NET binding of [11C]1 and [11C]4, PET studies were performed in
awake rhesus monkeys using a high-resolution research tomography (HRRT).

The PET images were acquired for 120 min and coregistered with composite MRI images to
accurately identify the regions of interest. Following administration of [11C]1, PET images
showed a clear visualization of the thalamus, locus coeruleus, midbrain, and pons (Figure 9).
The resulting time-activity curves of [11C]1 presented in Figure 10 indicated that the kinetics
of [11C]1 binding was not significantly altered by isoflurane anesthesia. In both awake and
anesthetized monkey studies, [11C]1 reached peak uptake between 17.5–35 min and washed
out gradually with similar half-times for clearance for all the regions. However, compared to
anethetized monkey studies, kinetics of [11C]4 was markedly decreased in unanethetized
animals with prolonged retention over the course of the imaging session indicating anesthesia
influences the kinetics of [11C]4 (Figure 11). Additionally, the highest ratios of uptake in NET-
rich regions relative to caudate decreased in awake monkey studies with 1.25, 1.20, 1.13, and
0.93 for the thalamus, midbrain, pons, and cerebellum, respectively, when [11C]1 was injected
and 1.15, 1.0, 1.0, and 0.95, when [11C]4 was injected, suggesting that anesthesia influences
the binding potential of [11C]1 and [11C]4 in these regions. The lower ratio, together with the
slow binding kinetics make [11C]4 inferior to [11C]1 as a PET radioligand for NET.

So far, (S,S)-[11C]MeNER is probably the most promising carbon-11 labeled PET NET
radioligand. However, this ligand does not appear to be an ideal radioligand. PET examination
in a cynomolgus monkey and baboons has shown that the specific binding to NET increased
continuously towards the end of a PET measurement and did not reach specific binding peak
equilibrium during a 90 min PET measurement.18,20 In the present study, [11C]1 showed a
greater washout and a specific binding peak equilibrium was indeed achieved in less than 1 h
after injection in both anesthetized and awake states. Thurs, [11C]1 has more attractive imaging
kinetic characteristics than [11C]MeNER. On the other hand, [11C]MeNER shows a slightly
higher ratios of uptake in NET-rich brain regions to striatum of 1.4–1.6 than [11C]1 of 1.3–
1.45 at 90 min postinjection. The difference in uptake ratio is a result of the difference in
kinetics for each tracer. In both awake and anesthetized rhesus monkey studies, [11C]1 reached
peak uptake between 17.5–35 min and washed out gradually with similar half-times for
clearance for all the regions. In contrast, for [11C]MeNER there was a slow clearance of
radioactivity in NET-rich regions and a faster washout in striatum in both macaque and baboon
species. This resulted in a continuously increasing uptake ratio with time. After analyzing
baseline TACs reported for [11C]MeNER in a cynomolgus monkey and a baboon, we found
that thalamus-to-striatum ratio was approximately 1.3 at 45 min postinjection for both species.
Although there is species and intersubject variability, this value is very similar to that obtained
for [11C]1 in the present anesthetized rhesus monkey study. Therefore, [11C]1 might be more
suitable for measuring NET density in human due to its superior kinetics and the ability to
achieve a quasi-equilibrium.

Summary
As an effort to develop potential PET imaging agents for the human brain NET, four
enatiomerically pure (S,S)-isomers of reboxetine derivatives, MENET 1, FENET 2, FPNET
3, and MESNET 4, were synthesized by incorporation of methyl and ω-fluoroalkyl groups at
position 2 of the phenoxy ring. Competition binding assays in cells stably expressing the human
monoamine transporters indicated that 1 had a high affinity for the NET and selectivity relative
to the SERT and DAT. ω-Fluoroalkylation of 1 yielded 2 and 3 and reduced the NET and SERT
affinity three to five fold. Replacing the oxygen atom with sulfur as the linker of the three rings
as seen in 4 increased the NET affinity 3.4 times, but decreased the selectivity of NET over
SERT to half that of 1. All four of the candidate NET ligands exhibited low affinity for the
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DAT. [11C]1 and [11C]4 were prepared by palladium catalyzed cross coupling of their N-t-Boc
aryltrimethylstannane precursors with [11C]methyl iodide followed by deprotection with TFA,
while [18F]2 and [18F]3 were prepared by reacting tosylate precursors with [18F]fluoride in the
presence of Kryptofix 222 and K2CO3. Tracers [11C]1, [18F]2, [18F]3, and [11C]4 were found
to have lipophilicities in the range log P7.4 = 2.00–2.47. In vivo microPET imaging studies in
a rhesus monkey showed that [11C]1 and [11C]4 displayed high uptake in the thalamus,
midbrain, pons, and cerebellum, and low uptake in caudate, a pattern consistent with
distribution of the NET in the brain. After injection of [11C]1, a specific binding peak
equilibrium was obtained with the highest ratios of uptake in the thalamus and midbrain to that
in caudate of 1.30 and 1.45 at 45 min, respectively. [11C]4 showed slower binding kinetics
relative to [11C]1. Desipramine pretreatment studies with [11C]1 and [11C]4 confirmed the
binding of these radiotracers to the monkey brain NET. Following intravenous injection of
[18F]2 and [18F]3, there was uptake of radioactivity into NET-rich regions, but only to a slightly
greater extent than into caudate. In vivo PET imaging studies in awake monkeys demonstrated
that [11C]1 kinetics was not significantly altered by isoflurane anesthesia, while kinetics of
[11C]4 was greatly decreased. Additionally, the highest ratios of uptake in NET-rich regions
relative to caudate were decreased for both [11C]1 and [11C]4, indicating that anesthesia
influenced their binding potential. Comparison between [11C]1 and [11C]MeNER
demonstrated that although [11C]MeNER shows a slightly higher ratio of uptake in NET-rich
brain regions to striatum at 90 min postinjection, [11C]1 has more attractive imaging kinetics
by achieving a quasi-equilibrium in less than 1 h, suggesting [11C]1 might be useful for
mapping NETs occupancy in the human brain. PET images of [11C]1 in primates under test-
retest condition to assess reproducibility are currently in progress. Further experiments to
examine the binding of [11C]1 to human NETs in vitro and in vivo are also underway.

Experimental Section
General

All reagents used were obtained from commercially available sources and were used without
further purification. All reactions were performed in oven glassware fitted with rubber septa
under argon. 1H NMR spectra were recorded on a Varian spectrometer at 400 MHz and
referenced to the NMR solvent (chemical shifts in ppm values, J values in Hz). High-resolution
mass spectra were acquired on a VG 70-S double focusing mass spectrometer using electron
ionization (EI). Elemental analyses of selected compounds were performed by Atlantic
Microlab (Norcross, GA). Thin-layer chromatography (TLC) was performed using 250 µm
layers of F-254 silica on aluminum plates obtained from Whatman (Clifton, NJ) and visualized
by UV light. Flash chromatography was carried out using Merck silica gel 60 (40–63 µm
particle size).

Chemistry. (2S,3S)-N-tert-Butoxycarbonyl-2-[α-(2-methylphenoxy)phenylmethyl]
morpholine (8)

To a suspension of NaH (60% oil dispension, 15 mg, 0.375 mmol) in DMF (0.8 mL) was added
dropwise (2S,3S)-N-Boc-2-[α-hydroxy(phenyl)methyl]morpholine (5) (75 mg, 0.25 mmol) in
DMF (1.5 mL) at room temperature under Ar. After 1 h η6-(2-fluorotoluene)
tricarbonylchromium (7) (92 mg, 0.375 mmol) in DMF (1.5 mL) was added to the reaction
mixture. The mixture was stirred for 2 h at room temperature and then cooled to 0 °C before
addition of a solution of I2 (390 mg, 1.53 mmol) in THF (2 mL) dropwise. The whole mixture
was stirred for 30 min at room temperature, and then 10 mL of 10% Na2S2O3 solution was
added. The mixture was extracted three times with EtOAc, and the extracts were combined
and washed twice with H2O. The organic layer was dried over Na2SO4 and the solvent was
evaporated under reduced pressure. The crude product was purified by flash chromatography
on silica eluted with hexane/EtOAc (80:20) to afford 8 as colorless oil (91 mg, 95%): 1H NMR
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(CDCl3, 400 MHz), δ 7.25–7.37 (m, 5H), 7.10–7.11 (m, 1H), 6.94–6.98 (m, 1H), 6.77–6.80
(m, 1H), 6.62–6.64 (m, 1H), 5.19 (m, 1H), 3.91 (m, 4H), 3.55 (t, J = 11.0 Hz, 1H), 2.89 (m,
1H), 2.71 (m, 1H), 2.33 (s, 3H), 1.42 (s, 9H); 13C NMR (CDCl3, 100 MHz), δ 156.1, 155.0,
137.5, 130.9, 128.7, 128.4, 127.2, 126.8, 121.0, 113.3, 81.6 (br), 80.2, 78.1, 66.9, 45.8, 44.5,
28.5, 16.7. HRMS [MH]+ Calcd for C23H30O4N: 384.2169, Found: 384.2168.

(2S,3S)-2-[α-(2-Methylphenoxy)phenylmethyl]morpholine (MENET, 1)
Trifluoroacetic acid (0.27 mL, 3.56 mmol) was added dropwise to a solution of 8 (91 mg, 0.24
mmol) in CH2Cl2 (3 mL) at 0 °C. The reaction mixture was allowed to reach room temperature
and stirred for another 2 h. 6 mL of 1 M NaOH solution was then slowly added at 0 °C and the
mixture was extracted with CH2Cl2. The extracts were combined, dried over Na2SO4, and the
solvent was evaporated under reduced pressure. The crude product was purified by flash
chromatography on silica eluted with MeOH/CH2Cl2 (10:90) to afford 1 as colorless oil (53
mg, 79%): 1H NMR (CDCl3, 400 MHz), δ 7.34–7.35 (m, 2H), 7.29–7.32 (m, 2H), 7.24–7.27
(m, 1H), 7.08–7.09 (m, 1H), 6.93–6.96 (m, 1H), 6.75–6.78 (m, 1H), 6.64–6.66 (m, 1H), 5.11
(d, J = 5.8 Hz, 1H), 3.88–3.95 (m, 2H), 3.64 (dt, J = 11.2, 2.9 Hz, 1H), 2.75 –2.83 (m, 2H),
2.65–2.67 (m, 1H), 2.57–2.61 (m, 1H), 2.31 (s, 3H), 1.79 (s, br, 1H); 13C NMR (CDCl3, 100
MHz), δ 156.3, 138.1, 130.9, 128.6, 128.2, 127.7, 127.3, 126.7, 120.9, 113.6, 81.4, 79.5, 68.5,
47.7, 46.0, 16.8. HRMS [MH]+ Calcd for C18H22O2N: 284.1645, Found: 284.1646. Anal.
(C18H21O2N) C, H, N.

η6-(2-Fluorotoluene)tricarbonylchromium (7)
A mixture of 2-fluorotoluene (550 mg, 5 mmol) and chromium hexacarbonyl (1.65 g, 7.5
mmol) in di-n-butyl ether (35 mL) and THF (1.5 mL) was reflux for 60 h under argon. After
evaporation of the solvent under reduced pressure, the crude product was purified by flash
chromatography on silica eluted with hexane/EtOAc (80:20) to afford 7 as a yellow crystalline
solid (530 mg, 43%): 1H NMR (DMSO-d6, 400 MHz), δ 6.05–6.08 (m, 1H), 5.96–6.00 (m,
1H), 5.77 (m, 1H), 5.35–5.38 (m, 1H), 2.16 (s, 3H).

(2S,3S)-N-tert-Butoxycarbonyl--2-[α-(2-(2-fluoroethyl)phenoxy)phenylmethyl]morpholine
(11)

To a mixture of 6 (60 mg, 0.2 mmol), 2-(2-fluoroethyl)phenol (9) (52 mg, 0.4 mmol), and
triphenylphosphine (108 mg, 0.4 mmol) in dry THF (4 mL) was added diisopropyl
azodicarboxylate (79 µL, 0.4 mmol) at 0 °C. The reaction mixture was allowed to reach room
temperature and stirred for 24 h. The crude product was concentrated under reduced pressure
and was loaded on a short silica column eluted with hexane/EtOAc (85:15), and 100 mL
fractions were colleted. After evaporating the solvent, colorless oil (64 mg) was obtained, and
NMR shows it is the mixture of 11 and 9 (3:1), which was used without any further purification.

(2S,3S)-2-[α-(2-(2-Fluoroethyl)phenoxy)phenylmethyl]morpholine (FENET, 2)
Trifluoroacetic acid (0.18 mL, 2.33 mmol) was added dropwise to a solution of 11 (48 mg,
0.116 mmol) obtained as above in CH2Cl2 (3 mL) at 0 °C. The reaction mixture was allowed
to reach room temperature and stirred for another 2 h. 4 mL of 1 M NaOH solution was then
slowly added at 0 °C and the mixture was extracted with CH2Cl2. The extracts were combined,
dried over Na2SO4, and the solvent was evaporated under reduced pressure. The crude product
was purified by flash chromatography on silica eluted with MeOH/CH2Cl2 (10:90) to afford
2 as colorless oil (25 mg, 40% in two-step): 1H NMR (CDCl3, 400 MHz), δ 7.26–7.34 (m, 5
H), 7.14 (dd, J = 1.6, 7.3 Hz, 1H), 7.01 (td, J = 1.6, 7.9 Hz, 1H), 6.81 (td, J = 0.9, 7.3 Hz, 1H),
6.68 (d, J = 7.9 Hz, 1H), 5.07 (d, J = 6.3 Hz, 1H), 4.70–4.77 (m, 1H), 4.61 (m, 1H), 3.85–3.95
(m, 2H), 3.65 (td, J = 3.8, 10.1 Hz, 1H), 3.16 (t, J = 7.0 Hz, 1H), 3.11 (t, J = 7.0 Hz, 1H), 2.78–
2.82 (m, 2H), 2.52–2.57 (m, 2H), 1.79 (s, br, 1H); 13C NMR (CDCl3, 100 MHz), δ 156.4,
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137.8, 131.1, 128.8, 128.5, 128.0, 127.2, 125.9 (d, JC–F = 7.6 Hz), 121.0, 113.6, 83.4 (d,
JC–F = 167.1 Hz), 81.8, 79.5, 68.3, 47.7, 46.0, 32.2 (d, JC–F = 21.4 Hz). HRMS [MH]+ Calcd
for C19H23FNO2: 316.1707, Found: 316.1707. Anal. (C19H22FNO2) C, H, N.

(2S,3S)-N-tert-Butoxycarbonyl-2-[α-(2-(3-fluoropropyl)phenoxy)phenylmethyl]morpholine
(12)

To a mixture of 6 (60 mg, 0.2 mmol), 2-(3-fluoropropyl)phenol (10) (58 mg, 0.4 mmol), and
triphenylphosphine (108 mg, 0.4 mmol) in dry THF (4 mL) was added diisopropyl
azodicarboxylate (79 µL, 0.4 mmol) at 0 °C. The reaction mixture was allowed to reach room
temperature and stirred for 24 h. The crude product was concentrated under reduced pressure
and was loaded on a short silica column eluted with hexane/EtOAc (85:15), and 100 mL
fractions were colleted. After evaporating the solvent, colorless oil (72 mg) was obtained, and
NMR shows it is the mixture of 12 and 10 (3.5:1), which was used without any further
purification.

(2S,3S)-2-[α-(2-(3-Fluoropropyl)phenoxy)phenylmethyl]morpholine (FPNET, 3)
Trifluoroacetic acid (0.19 mL, 2.48 mmol) was added dropwise to a solution of 12 (56 mg,
0.13 mmol) obtained as above in CH2Cl2 (3 mL) at 0 °C. The reaction mixture was allowed
to reach room temperature and stirred for another 2 h. 4 mL of 1 M NaOH solution was then
slowly added at 0 °C and the mixture was extracted with CH2Cl2. The extracts were combined,
dried over Na2SO4, and the solvent was evaporated under reduced pressure. The crude product
was purified by flash chromatography on silica eluted with MeOH/CH2Cl2 (10:90) to afford
3 as colorless oil (29 mg, 44% in two-step): 1H NMR (CDCl3, 400 MHz), δ 7.30–7.35 (m, 4H),
7.26–7.28 (m, 1H), 7.10 (dd, J = 1.6, 7.3 Hz, 1H), 6.97 (td, J = 1.4, 8.1 Hz, 1H), 6.79 (td, J =
0.9, 8.1 Hz, 1H), 6.65 (d, J = 8.1 Hz, 1H), 5.07 (d, J = 6.2 Hz, 1H), 4.52 (td, J = 2.3, 5.7 Hz,
1H), 4.44 (td, J = 2.4, 5.7 Hz, 1H), 3.91–3.93 (m, 1H), 3.86–3.90 (m, 1H), 3.64 (td, J = 2.9,
11.3 Hz, 1H), 2.75–2.83 (m, 4H), 2.54–2.63 (m, 2H), 2.01–2.10 (m, 2H), 1.82 (s, br,
1H); 13C NMR (CDCl3, 100 MHz), δ 156.2, 137.9, 130.4, 130.3, 128.7, 128.3, 127.3, 127.2,
120.9, 113.5, 84.0 (d, JC–F = 165.9 Hz), 81.5, 79.5, 68.3, 47.6, 46.0, 30.9 (d, JC–F = 18.7 Hz),
26.6 (d, 1JC–F = 18.7 Hz). HRMS [MH]+ Calcd for C20H25FNO2: 330.1864, Found: 330.1859.
Anal. (C20H24FNO2) C, H, N.

(2S,3R)-N-tert-Butoxycarbonyl-2-[α-bromo(phenyl)methyl]morpholine (13)
To a solution of 5 (118 mg, 0.4 mmol) in CH2Cl2 (3 mL) was added PPh3 (210 mg, 0.8 mmol)
at room temperature. The mixture was then cooled down to 0 °C, and a solution of CBr4 (266
mg, 0.8 mmol) in CH2Cl2 (1 mL) was then added dropwise at this temperature. The reaction
mixture was warmed up to room temperature and stirring was continued for 30 min. The solvent
was evaporated and the crude product was purified by flash chromatography on silica eluted
with hexane/EtOAc (80:20) to afford 13 as colorless oil (107 mg, 75%): 1H NMR (CDCl3, 400
MHz), δ 7.26–7.41 (m, 5H), 4.84 (d, J = 7.6 Hz, 1H), 4.36 (s, br, 1H), 3.79–3.86 (m, 3H), 3.46
(td, J = 2.8, 11.4 Hz, 1H), 2.92–2.96 (m, 2H), 1.46 (s, 9H); 13C NMR (CDCl3, 100 MHz), δ
154.8, 138.7, 128.8, 128.6, 80.5, 77.9, 66.9, 53.3, 47.0 (br), 43.2 (br), 28.6. HRMS [MH]+

Calcd for C16H23O3N79Br: 356.0856, Found: 356.0854.

(2S,3S)-N-tert-Butoxycarbonyl-2-[α-(2-methylphenylthio)phenylmethyl]morpholine (14)
A reaction mixture of 13 (28 mg, 0.08mmol), 2-methylbenzenethiol (19 µL, 0.16 mmol), and
Cs2CO3 (52 mg, 0.16 mmol) in DMF (2 mL) was stirred at room temperature for 18 h. The
crude product was directly purified by flash chromatography on silica eluted with hexane/
EtOAc (80:20) to afford 14 as pale yellow oil (26 mg, 84%): 1H NMR (CDCl3, 400 MHz), δ
7.03–7.18 (m, 9H), 4.13 (d, J = 7.3 Hz, 1H), 3.98–4.00 (m, 1H), 3.76 (m, br, 3H), 3.53–3.59
(m, 1H), 2.94–3.00 (m, 1H), 2.77 (m, br, 1H), 2.27 (s, 3H), 1.38 (s, 9H).
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(2S,3S)-2-[α-(2-Methylphenylthio)phenylmethyl]morpholine (MESNET, 4)
Trifluoroacetic acid (0.1 mL, 1.31 mmol) was added dropwise to a solution of 14 (35 mg, 0.09
mmol) in CH2Cl2 (1.5 mL) at 0 °C. The reaction mixture was allowed to reach room
temperature and stirred for another 2 h. 2 mL of 1 M NaOH solution was then slowly added at
0 °C and the mixture was extracted with CH2Cl2. The extracts were combined, dried over
Na2SO4, and the solvent was evaporated under reduced pressure. The crude product was
purified by flash chromatography on silica eluted with MeOH/CH2Cl2 (10:90) to afford 4 as
pale yellow oil (19 mg, 72%), which was solidified in a freezer: 1H NMR (CDCl3, 400 MHz),
δ 7.15–7.21 (m, 6H), 7.00–7.06 (m, 2H), 6.93–6.97 (m, 1H), 4.13 (d, J = 7.9 Hz, 1H), 4.00–
4.03 (m, 1H), 3.82–3.87 (m, 1H), 3.66 (td, J = 2.8, 11.1 Hz, 1H), 2.87 (td, J = 3.2, 11.1 Hz,
1H) 2.70–2.80 (m, 1H), 2.59–2.69 (m, 2H), 2.26 (s, 3H), 2.06 (s, br, 1H); 13C NMR (CDCl3,
100 MHz), δ 140.7, 139.2, 133.7, 133.5, 130.2, 128.6, 128.4, 127.6, 127.3, 126.2, 79.4, 68.6,
56.6, 49.8, 45.8, 20.9. HRMS [MH]+ Calcd for C18H22ONS: 300.1416, Found: 300.1414. Anal.
(C18H21ONS) C, H, N.

(2S,3S)-N-tert-Butoxycarbonyl-2-[α-(2-iodophenoxy)phenylmethyl]morpholine (17)
To a mixture of 6 (30 mg, 0.1 mmol), 2-iodophenol (44 mg, 0.2 mmol), and triphenylphosphine
(53 mg, 0.2 mmol) in dry THF (2 mL) was added diisopropyl azodicarboxylate (40 µL, 0.2
mmol) at 0 °C. The reaction mixture was allowed to reach room temperature and stirred during
48 h. The crude product was concentrated under reduced pressure and purified by flash
chromatography on silica eluted with hexane/EtOAc (80:20) to afford 17 as colorless oil (32
mg, 64%): 1H NMR (CDCl3, 400 MHz), δ 7.72–7.74 (m, 1H), 7.25–7.38 (m, 5H), 7.06–7.11
(m, 1H), 6.60–6.62 (m, 2H), 5.30 (m, 1H), 3.86–3.94 (m, 4H), 3.54–3.60 (m, 1H), 2.80–2.90
(m, 1H), 2.70–2.75 (m, 1H), 1.42 (s, 9H). 13C NMR (CDCl3, 100 MHz), δ 156.1, 155.0, 139.7,
136.2, 129.4, 128.7, 128.6, 127.5, 123.0, 113.9, 82.1, 80.9, 80.2, 67.0, 44.8, 42.3, 28.6. HRMS
[MH]+ Calcd for C22H27O4NI: 496.0979, Found: 496.0978.

(2S,3S)-N-tert-Butoxycarbonyl-2-[α-(2-trimethylstannylphenoxy)phenylmethyl]morpholine
(15)

To a solution of 17 (27 mg, 0.055 mmol) in 1, 2-dimethoxyethane (2 mL) was added Pd
(PPh3)4 (7 mg) and hexamethylditin (56 µL, 0.27 mmol). The mixture was purged under Ar
for 15 min and then heated at 80 °C for 18 h. The solvent was evaporated and the crude product
was purified by flash chromatography on silica eluted with hexane/EtOAc/Et3N (92:8:0.1) to
afford 15 as colorless oil (23 mg, 80%): 1H NMR (CDCl3, 400 MHz), δ 7.25–7.35 (m, 6H),
7.06–7.10 (m, 1H), 6.85–6.88 (m, 1H), 6.53 (d, J = 8.2 Hz, 1H), 5.14 (m, 1H), 3.90–3.92 (m,
1H), 3.71–3.80 (m, 2H), 3.61–3.65 (m, 1H), 3.50–3.56 (m, 1H), 2.87 (m, 1H), 2.61–2.67 (m,
1H), 1.55 (s, 9H), 1.40 (s, 9H).

(2S,3S)-N-tert-Butoxycarbonyl-2-[α-(2-iodophenylthio)phenylmethyl]morpholine (18)
A reaction mixture of 13 (71 mg, 0.2mmol), 2-iodobenzenethiol (94 mg, 0.4 mmol), and
Cs2CO3 (130 mg, 0.4 mmol) in DMF (2 mL) was stirred at room temperature for 18h. The
crude product was directly purified by flash chromatography on silica eluted with hexane/
EtOAc (80:20) to afford 18 as colorless oil (65 mg, 63%): 1H NMR (CDCl3, 400 MHz), δ
7.45–7.47 (m, 1H), 7.13–7.27 (m, 6H), 6.92–7.02 (m, 2H), 4.41 (d, J = 7.3 Hz, 1H), 3.98 (d,
J = 11.8 Hz, 1H), 3.76–3.80 (m, 3H), 3.52–3.58 (m, 1H), 2.97–3.04 (m, 1H), 2.83 (m, br, 1H),
1.38 (s, 9H).

(2S,3S)-N-tert-Butoxycarbonyl-2-[α-(2-trimethylstannylphenylthio)phenylmethyl]
morpholine (16)

To a stirred solution of n-butyllithium (0.97 mL, 1.6 M in hexanes, 1.55 mmol) and
tetramethylethylenediamine (0.23 mL, 1.55 mmol) in hexane (2.0 mL) at −78 °C was added

Zeng et al. Page 11

J Med Chem. Author manuscript; available in PMC 2010 January 8.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



thiophenol (0.072 mL, 0.7 mmol) resulting in a clear, light yellow solution. The reaction
mixture was warmed up to room temperature and stirred vigorously for 24 h resulting in an
opaque, fine off-white slurry. THF (2 mL) was then added, causing the reaction mixture to turn
homogeneous and light yellow. The reaction mixture was then cooled to −78 °C, and
trimethyltin chloride (0.9 mL, 1 M in hexanes, 0.9 mmol) was added and stirring was continued
for 1 h to afford mercaptide. 13 (107 mg, 0.3 mmol), Cs2CO3 (293 mg, 0.9 mmol) and DMF
(3 mL) was then added to the mercaptide and the reaction mixture was heated at 100 °C
overnight. The solvent was evaporated and the crude product was purified by flash
chromatography on silica eluted with hexane/EtOAc/Et3N (92:8:0.1) to afford 16 as colorless
oil (59 mg, 36%): 1H NMR (CDCl3, 400 MHz), δ 7.30–7.32 (m, 1H), 7.15–7.21 (m, 6H), 7.08–
7.10 (m, 2H), 4.17 (d, J = 7.3 Hz, 1H), 3.94–3.97 (dd, J = 1.9, 11.7 Hz, 1H), 3.64–3.84 (m,
3H), 3.52–3.58 (td, J = 2.6, 11.7 Hz, 1H), 2.90–2.94 (m, 1H), 2.69 (s, br, 1H), 1.39 (s, 9H),
0.27 (s, 9H). HRMS [MH]+ Calcd for C25H36NO3SSn: 550.1432, Found: 550.1432.

tert-Butyl (2S, 3S)-2-[α-(2-(2-methoxy-2-oxoethyl)phenoxy)(phenyl)methyl]morpholine-4-
carboxylate (23)

To a mixture of 6 (46 mg, 0.157 mmol), methyl 2-(2-hydroxyphenyl)acetate (21) (52 mg, 0.31
mmol), and triphenylphosphine (81 mg, 0.31 mmol) in dry THF (3 mL) was added diisopropyl
azodicarboxylate (61 µL, 0.31 mmol) at 0 °C. The reaction mixture was allowed to reach room
temperature and stirred during 48 h. The crude product was concentrated under reduced
pressure and purified by flash chromatography on silica eluted with hexane/EtOAc (80:20) to
afford 23 as colorless oil (30 mg, 43%): 1H NMR (CDCl3, 400 MHz), δ 7.25–7.32 (m, 5H),
7.14–7.20 (m, 1H), 7.01–7.05 (m, 1H), 6.82–6.85 (m, 1H), 6.62 (d, J = 8.0 Hz, 1H), 5.14 (d,
J = 5.7 Hz, 1H), 3.89 (dd, J = 1.9, 11.4 Hz, 1H), 3.65–3.79 (m, 8H), 3.52 (td, J = 2.8, 11.7 Hz,
1H), 2.86–2.90 (m, 1H), 2.65–2.70 (m, 1H), 1.41 (m, 9H). HRMS [MH]+ Calcd for
C25H32NO6: 442.2224, Found: 442.2223.

tert-Butyl (2S, 3S)-2-[α-(2-(2-hydroxyethyl)phenoxy)(phenyl)methyl]morpholine-4-
carboxylate (25)

To a solution of 23 (38 mg, 0.086 mmol) in dry ether (4 mL) was added LiAlH4 (15 mg, 0.4
mmol) at 0 °C. After the mixture was stirred at 0 °C for 30 min the reaction was quenched by
slow addition of 0.3 mL of H2O, followed by 0.3 mL of 20% aqueous NH4Cl, and finally 0.6
mL of H2O. The suspension was stirred until a fine grey suspension formed, which was then
vacuum filtered, and the supernatant was dried over MgSO4. The solution was filtered and
concentrated. Purification by flash chromatography (hexane:EtOAc 50:50) gave a colorless oil
(23 mg, 64%): 1H NMR (CDCl3, 400 MHz), δ 7.29–7.38 (m, 5H), 7.12 (dd, J = 1.6, 7.3 Hz,
1H), 6.98 (td, J = 1.6, 7.6 Hz, 1H), 6.82 (td, J = 1.0, 7.3 Hz, 1H), 6.62 (d, J = 8.3 Hz, 1H), 5.11
(d, J = 6.3 Hz, 1H), 3.91–3.96 (m, 2H), 3.78–3.87 (m, 3H), 3.55 (td, J = 2.8, 11.7 Hz, 1H),
3.09–3.15 (m, 1H), 2.87–2.96 (m, 2H), 2.67–2.73 (m, 2H), 1.39 (s, 9H). HRMS [MH]+ Calcd
for C24H32NO5: 414.2275, Found: 414.2282.

tert-Butyl (2S, 3S)-2-[α-(2-(2-tosyloxyethyl)phenoxy)(phenyl)methyl]morpholine-4-
carboxylate (17)

A solution of 25 (20 mg, 0.048 mmol) in dry CH2Cl2 (2 mL) was cooled to 0 °C, and
triethylamine (32 µL, 0.23 mmol) was added followed by tosylate chloride (18 mg, 0.09 mmol).
The reaction mixture was stirred initially at 0 °C for 10 min and then at room temperature
overnight. After quenching the reaction with cold water, the organic layer was separated. The
aqueous layer was further extracted with CH2Cl2. The combined organic extracts were dried
(MgSO4) and concentrated, and the residue was purified by flash chromatography on silica
eluted with hexane/EtOAc (80:20) to afford 17 as colorless oil (23 mg, 82%): 1H NMR
(CDCl3, 400 MHz), δ 7.68 (d, J = 8.3 Hz, 2H), 7.23–7.34 (m, 7H), 6.96–7.03 (m, 2H), 6.75
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(td, J = 0.9, 7.3 Hz, 1H), 6.56 (d, J = 8.3 Hz, 1H), 4.96 (d, J = 6.4 Hz, 1H), 4.33–4.39 (m, 1H),
4.24–4.30 (m, 1H), 3.87–3.90 (m, 1H), 3.79 (m, 1H), 3.69–3.74 (m, 1H), 3.48–3.55 (m, 2H),
3.03–3.08 (m, 2H), 2.87–2.92 (m, 1H), 2.59–2.64 (m, 1H), 2.40 (s, 3H), 1.39 (s, 9H). HRMS
[MH]+ Calcd for C31H38NO7S: 568.2363, Found: 568.2362.

tert-Butyl (2S, 3S)-2-[α-(2-(3-methoxy-3-oxopropyl)phenoxy)(phenyl)methyl]morpholine-4-
carboxylate (24)

To a mixture of 6 (45 mg, 0.15 mmol), methyl 3-(2-hydroxyphenyl)propionate (22) (54 mg,
0.3 mmol), and triphenylphosphine (80 mg, 0.3 mmol) in dry THF (3 mL) was added
diisopropyl azodicarboxylate (60µL, 0.3 mmol) at 0 °C. The reaction mixture was allowed to
reach room temperature and stirred during 48 h. The crude product was concentrated under
reduced pressure and purified by flash chromatography on silica eluted with hexane/EtOAc
(80:20) to afford 24 as colorless oil (38 mg, 55%): 1H NMR (CDCl3, 400 MHz), δ 7.25–7.37
(m, 5H), 7.10–7.13 (m, 1H), 6.96–7.00 (m, 1H), 6.77–6.84 (m, 1H), 6.63 (d, J = 8.0 Hz, 1H),
5.10 (d, J = 5.4 Hz, 1H), 3.91 (dd, J = 2.2, 11.4 Hz, 1H), 3.80–3.86 (m, 2H), 3.67 (s, 3H), 3.54
(td, J = 2.8, 11.7 Hz, 1H), 3.00–3.05 (m, 2H), 2.90 (t, J = 6.5 Hz, 2H), 2.74–2.78 (m, 1H), 2.71
(t, J = 6.4 Hz, 2H), 1.39 (s, 9H).

tert-Butyl (2S, 3S)-2-[α-(2-(3-hydroxypropyl)phenoxy)(phenyl)methyl]morpholine-4-
carboxylate (26)

26 was prepared in 70% yield from 24 following the same procedure as described for 25. 1H
NMR (CDCl3, 400 MHz), δ 7.28–7.36 (m, 3H), 7.08–7.13 (m, 2H), 6.92–6.96 (m, 1H), 6.80–
6.87 (m, 2H), 6.57 (d, J = 8.2 Hz, 1H), 5.12 (d, J = 5.1 Hz, 1H), 3.91–3.94 (m, 1H), 3.67–3.80
(m, 2H), 3.63 (t, J = 6.0 Hz, 2H), 3.52–3.60 (m, 1H), 2.82–3.00 (m, 3H), 2.77 (t, J = 6.4 Hz,
2H), 1.85–1.92 (m, 2H), 1.40 (s, 9H). HRMS [MH]+ Calcd for C25H34NO5: 428.2431, Found:
428.2430.

tert-Butyl (2S, 3S)-2-[α-(2-(3-tosyloxypropyl)phenoxy)(phenyl)methyl]morpholine-4-
carboxylate (18)

18 was prepared in 55% yield from 26 following the same procedure as described for 17. 1H
NMR (CDCl3, 400 MHz), δ 7.79 (d, J = 8.6 Hz, 2H), 7.25–7.33 (m, 7H), 6.92–6.97 (m, 2H),
6.72 (t, J = 7.3 Hz, 1H), 6.61 (d, J =8.2 Hz, 1H), 5.05 (d, J = 6.0 Hz, 1H), 4.06 (t, J = 6.4 Hz,
2H), 3.74–3.94 (m, 4H), 3.48–3.54 (td, J = 2.7, 11.7 Hz, 2H), 2.85–2.95 (m, 1H), 2.71 (t, J =
7.3 Hz, 2H), 2.43 (s, 3H), 1.98–2.01 (m, 2H), 1.39 (s, 9H). HRMS [MH]+ Calcd for
C32H40NO7S: 582.2520, Found: 582.2518.

Radiosynthesis. [11C]1 and [11C]4
No carrier-added [11C]CO2 was produced through the bombardment of 14N2 gas containing
1% 16O2 by a Siemens 11 MeV RDS 112 cyclitron at Emory University Hospital through
the 14N[p,α]11C reaction. A GE MicroLab methyl iodide system was employed for the
conversion of [11C]CO2 to [11C]CH3I. The syntheses of [11C]1 and [11C]4 were performed
using the trimethyltin precursors, 15 and 16, respectively. A solution of Pd2(dba)3 (1.5 mg, 1.6
µmol) and (o-Tol)3P (2.0 mg, 6.4 µmol) in DMF (0.35 mL) was prepared in a 1 mL sealed
conical vial and purged with Ar gas for 15 min. 11CH3I was bubbled through the solution at 0
°C and then the reaction mixture was left standing at room temperature for 4 min after which
it was transferred to a 3 mL dry, Ar purged and sealed conical vial containing the tin precursor
(2 mg), CuCl (2.0 mg, 20 µmol) and K2CO3 (2.0 mg, 14.5 µmol) dissolved in DMF (0.1 mL).
The vial was shaken vigorously before heating at 100 °C for 5 min, TFA (0.22 mL, ~750 equiv)
was added, and the solution was heated at 100 °C for 7 min, cooled to 0 °C, and neutralized
by addition of 5 M NH4OH(aq) (0.6 mL,~800 equiv). The reaction mixture was filtered and
then purified by semipreparative HPLC (Water XTerra Prep RP18 5µm, 19 × 100 mm) at a 9
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mL/min flow rate. The retention time of [11C]1 was 11 min with buffered mobile phase
consisting 57:43:0.1 v/v/v MeOH/H2O/Et3N. The retention time of [11C]4 was 14 min with
buffered mobile phase consisting 58:42:0.1 v/v/v MeOH/H2O/Et3N. The desired fractions were
combined, diluted with double volume of water and loaded onto a Waters C18 SepPak cartridge
that was washed with saline (0.9% NaCl, 40 mL) and ethanol (0.5 mL). The radioactive product
was washed out of the cartridge by absolute ethanol (1.5 mL) into a sealed sterile vial containing
3.5 mL of saline. The resulting solution was transferred under argon pressure through a
Millipore filter (pore size 1.0 µm) followed by a smaller one (pore size 0.2 µm), to a 30 mL
sterile vial containing 10 mL of saline and is ready for PET study. The total synthesis time
(including purification and formulation) of [11C]1 and [11C]4 labeling was approximately 60
min from the end of bombardment. The final product was analyzed on an analytical HPLC
(Waters Nova-Pak C18 3.9×150 mm) eluted with MeOH/H2O/Et3N = 70:30:0.1 at 1.0 mL/min
(tR = 4.3 min for [11C]1 and 6.7 min for [11C]4). Radioactivity and absorbance (254 nm) were
monitored to confirm the radiochemical purity and measure the specific activity.

[18F]2 and [18F]3
No-carrier-added (NCA) [18F]-fluoride was produced at Emory University Hospital with a
11MeV Siemens RDS 112 negative-ion cyclotron (Knoxville, TN, USA) by the 18O (p,
n) 18F reaction using [18O] enriched water (>95 atom%). The radiosyntheses of [18F]2 and
[18F]3 were performed in a chemical process control unit (CPCU) obtained from CTI, Inc.
(Knoxville, TN, USA). NCA aqueous [18F]-fluoride (0.8 mL) delivered to the trap/release
cartridge (DW-TRC, D&W, Inc.) was released with 0.6 mL of water containing 0.9 mg of
potassium carbonate as K[18F]F and added to a Pyrex vessel which contained 5 mg of Kryptofix
2.2.2 in 1 mL of CH3CN. The water was evaporated using a stream of nitrogen at 110 °C and
co-evaporated to dryness with CH3CN (3 mL). The tosylate precursor 17 or 18 (2 mg in 1 mL
of AcCN) was then added to the dried K[18F]F and the solution was heated at 90 °C for 10 min
and then cooled to room temperature. Ether (3×3 mL) was added and the contents of the vessel
were transferred through the silica SepPak to a V-vial. After evaporation of ether, 6 M HCl
(0.21 mL) was added to the residue, and the solution was heated at 100 °C for 7 min, cooled
to 0 °C, and neutralized by addition of 6 M NH4OH (0.22 mL). The solution was purified by
semipreparative HPLC (Water XTerra Prep RP18 5µm, 19 × 100 mm). The retention time of
[18F]2 was tR (range) = 23–26 min with mobile phase consisting 52:48:0.1 v/v/v MeOH/H2O/
Et3N at a 6 mL/min flow rate. The retention time of [18F]3 was tR (range) = 26–29 min with
mobile phase consisting 52:48:0.1 v/v/v MeOH/H2O/Et3N at a 8 mL/min flow rate. The dose
formulation was conducted by the same procedure described above as for [11C]1. The total
synthesis time was 100 min from EOB with 6–11% radiochemical yield for both compounds
(decay-corrected from [18F]F−). The radiochemical purities of radioligands were determined
by an analytical radio-HPLC (waters Nova-Pak C18 3.9 × 150 mm) using a UV detector and
a radioactivity detector with or without coinjection with unlabeled reference compounds. The
specific activities were determined by the UV absorbance of the radioactive peaks as compared
with standard curves of unlabeled reference compounds. The retention time of [18F]2 and [18F]
3 was 4.0 and 5.7 min, respectively, on analytical HPLC eluted with 70:30:0.1 v/v/v MeOH/
H2O/Et3N at a 1 mL/min flow rate.

Lipophilicity Measurements
Measurement of distribution coefficients of radiolabeled compounds were performed
according to a previously reported procedure.42 Briefly, The test tubes containing 2 mL of 1-
octanol, 2 mL of 0.02 M sodium phosphate buffer (pH = 7.4) and ~5–10 µCi portion of the
radiotracer were vortexed for 10 min at room temperature and then centrifuged for 5 min.
Samples (0.5 mL) from the 1-octanol and buffer layers were counted in a Packard Cobra II
automated gamma-counter and decay corrected. The measurement was repeated three times.
The log P7.4 values were calculated for each replicate with the following equation: log P7.4 =
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log [(counts in octanol phase)/(counts in buffer phase)]. The log P7.4 measurements from each
replication were averaged to give the log P7.4 values for the radiotracer.

MicroPET Studies in Anesthetized Monkeys
MicroPET studies were performed in anesthetized adult male rhesus monkeys using a
Concorde microPET P4 system (Knoxville, TN) according to a previously reported procedure.
45 The MicroPET imaging studies were performed using 15–20 mCi of [11C]1 or [11C]4, or
4–5 mCi of [18F]2 or [18F]3 with and without injection of pharmacological doses of monoamine
transporter ligands. Emission data were collected in the microPET imaging studies
continuously for 125 min after injection of [11C]1 or [11C]4 or 240 min after injection of [18F]
2 or [18F]3 and then binned for analysis. For generation of time-activity curves, regions of
interest (ROIs) were drawn manually based on the anatomical landmarks visible in
reconstructed PET images using ASIPro software (Concorde, Knoxville, TN). The data were
converted to standard uptake values (SUV). SUV values were defined as [the pixel value in
(µCi/mL) × weight of animal (mg)]/[dose (µCi)].

PET Studies in Awake Monkeys
PET studies were performed in awake rhesus monkeys. The subjects received extensive
behavioral training to ensure immobility throughout the neuroimaging session as described in
a previous publication.48 Quantitative brain PET imaging were acquired using an ECAT 921
EXACT scanner (Siemens/CTI). The PET imagings for each subject were coregistered with
MRI. The data were converted to standard uptake values (SUV).

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
(2S, 3S) Enantiomer of reboxetine derivatives.
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Figure 2.
MicroPET baseline study TACs for the brain regions of a rhesus monkey after injection of
[11C]1.
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Figure 3.
MicroPET baseline study TACs for the brain regions of a rhesus monkey after injection of
[18F]2.
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Figure 4.
MicroPET baseline study TACs for the brain regions of a rhesus monkey after injection of
[18F]3.
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Figure 5.
MicroPET baseline study TACs for the brain regions of a rhesus monkey after injection of
[11C]4.
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Figure 6.
Time-activity curves for brain regions for [11C]1 after desipramine (0.125 mg/kg) pretreatment.
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Figure 7.
Time-activity curves for brain regions for [11C]1 after desipramine (0.25 mg/kg) pretreatment.
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Figure 8.
Time-activity curves for brain regions for [11C]4 after desipramine (0.125 mg/kg) pretreatment.
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Figure 9.
HRRT PET images (right and center) obtained by injection of [11C]1 into an awake rhesus
monkey and coregistered with MRI.
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Figure 10.
HRRT TACs obtained after injection of [11C]1 into an awake rhesus monkey.
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Figure 11.
HRRT TACs obtained after injection of [11C]4 into an awake rhesus monkey.
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Scheme 1.
Synthesis of the Target Reboxetine Analogs 1, 2, 3, and 4a
aReagents and conditions: (a) NaH, DMF, rt, 2 h; I2, THF, 0 °C to rt, 30 min. (b) TFA,
CH2Cl2, 0 °C to rt, 2 h. (c) Cr(CO)6, n-Bu2O, THF, reflux, 60 h. (d) DIAD, PPh3, THF, 0 °C
to rt, 48 h. (e) CBr4, PPh3, CH2Cl2, 0 °C to rt, 30 min. (f) 2-methylbenzenethiol, Cs2CO3,
DMF, 95 °C, 18 h.
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Scheme 2.
Synthesis of the Trimethyltin Precursors for Radiolabeling of [11C]1 and [11C]4a
aReagents and conditions: (a) DIAD, PPh3, THF, 0 °C to rt, 48 h. (b) (SnMe3)2, Pd(PPh3)4,
DME, 80 °C, 18 h. (c) Cs2CO3, DMF, rt, 18 h. (d) n-BuLi, TMEDA, hexane, −78 °C to rt, 24
h. (e) Me3SnCl, THF, −78 °C, 1 h. (f) Cs2CO3, DMF, 100 °C, 18 h.
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Scheme 3.
Synthesis of the Tosylate Precursors for Radiolabeling of [18F]2 and [18F]3a
aReagents and conditions: (a) DIAD, PPh3, THF, 0 °C to rt, 48 h. (b) LiAlH4, Et2O, 0 °C to
rt, 30 min. (c) TsCl, Et3N, CH2Cl2, 0 °C to rt, 15 h.
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Scheme 4.
Synthesis of [11C]1 and [11C]4
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Scheme 5.
Synthesis of [18F]2 and [18F]3
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