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Abstract—(R)-1-(10,11-Dihydro-dibenzo[b,f]azepin-5-yl)-3-methylamino-propan-2-ol ((R)-OHDMI) and (S,S)-1-cyclopentyl-2-(5-
fluoro-2-methoxy-phenyl)-1-morpholin-2-yl-ethanol (CFMME) were synthesized and found to be potent inhibitors of norepineph-
rine reuptake. Each was labelled efficiently in its methyl group with carbon-11 (t1/2 = 20.4 min) as a prospective radioligand for
imaging brain norepinephrine transporters (NET) with positron emission tomography (PET). The uptake and distribution of radio-
activity in brain following intravenous injection of each radioligand into cynomolgus monkey was examined in vivo with PET. After
injection of (R)-[11C]OHDMI, the maximal whole brain uptake of radioactivity was very low (1.1% of injected dose; I.D.). For
occipital cortex, thalamus, lower brainstem, mesencephalon and cerebellum, radioactivity ratios to striatum at 93 min after radio-
ligand injection were 1.35, 1.35, 1.2, 1.2 and 1.0, respectively. After injection of [11C]CFMME, radioactivity readily entered brain
(3.5% I.D.). Ratios of radioactivity to cerebellum at 93 min for thalamus, occipital cortex, region of locus coeruleus, mesencephalon
and striatum were 1.35, 1.3, 1.3, 1.2 and 1.2, respectively. Radioactive metabolites in plasma were measured by radio-HPLC. (R)-
[11C]OHDMI represented 75% of plasma radioactivity at 4 min after injection and 6% at 30 min. After injection of [11C]CFMME,
84% of the radioactivity in plasma represented parent at 4 min and 20% at 30 min. Since the two new hydroxylated radioligands
provide only modest regional differentiation in brain uptake and form potentially troublesome lipophilic radioactive metabolites,
they are concluded to be inferior to existing radioligands, such as (S,S)-[11C]MeNER, (S,S)-[18F]FMeNER-D2 and (S,S)-
[18F]FRB-D4, for the study of brain NETs with PET in vivo.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

Norepinephrine transporters (NETs) are pre-synaptic
membrane glycoproteins that are mainly localized with-
in a small brainstem region, the locus coeruleus.1,2 NETs
have been implicated in the pathophysiology of several
neuropsychiatric and neurodegenerative disorders.3–6

Furthermore, over the past decades NET inhibitors
have been used in treating depression and lately have
been suggested for treating attention deficit hyperactivi-
ty disorder (ADHD).7 Hence, there is considerable inter-
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est to image brain NET with positron emission
tomography (PET) or single photon emission tomogra-
phy (SPET) in clinical research, especially on depression
and ADHD, and in drug development.

Attempts to image NET in the human brain in vivo with
PET have so far met with limited success, despite recent-
ly increased efforts. Four years ago, only one candidate
radioligand, [11C]nisoxetine ([11C]NXT), had been eval-
uated ex vivo8 but since then about thirteen others have
been evaluated, including [11C]desipramine ([11C]DMI),9

[125I]INXT (ex vivo),10,11 (R)-[11C]NXT,12 [11C]lortal-
amine,12 [11C]oxaprotiline,12 [11C]talopram,9,13 [11C]tal-
supram,9,13 two 11C-labelled analogues of mazindol14

and some 11C-labelled12,15–17 and 18F-labelled12,18

analogues of the antidepressant, reboxetine (Edronax�).
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Of these radioligands, the reboxetine analogues, (S,S)-
[11C]MeNER,15–17 (S,S)-[18F]FMeNER-D2

18,19 and
(S,S)-[18F]FRB-D4,12 are able to image NET in vivo
but not with high sensitivity.

We considered DMI (1, Fig. 1) and (S,S)-MeNER (3,
Fig. 1) still to be useful lead compounds for the develop-
ment of improved PET radioligands, given their high
affinities (IC50s of 0.97 and 2.5 nM, respectively) and
selectivities for NET, and in particular (S,S)-MeNER,
in view of its appreciable efficacy when labelled with car-
bon-11 (t1/2 = 20.4 min) as a PET radioligand.

Although not clearly verified experimentally, it is gener-
ally considered that the non-specific binding of a radio-
ligand in brain in vivo will increase with the lipophilicity
of the radioligand. DMI is a rather lipophilic compound
as indexed by its calculated octanol–water partition
coefficient (c logP = 4.00). In comparison, MeNER ap-
pears to have appreciably lower lipophilicity
(c logP = 2.55). We wished to test whether a reduction
in lipophilicity with retention of NET binding affinity

in a 11C-labelled analogue of DMI might increase the ra-

tio of specific to non-specific binding in PET experi-
ments (by reducing non-specific binding). For this
purpose, we considered that the introduction of a
hydroxyl group into candidate radioligands might serve
as a strategy to reduce lipophilicity.

DMI is a NET inhibitor with a fused tricyclic core that
somewhat resembles that in hydroxy-maprotiline (OXA,
2, Fig. 1). Whereas DMI is achiral, OXA is chiral and its
binding to NET is highly stereoselective with the (S)-
enantiomer being the more potent (IC50 = 1.1 nM; eud-
ismic ratio �1000).20,21 Hydroxylation of the ring struc-
ture of DMI is known to reduce affinity towards NET
by about 3-fold.22 High affinity is of paramount impor-
tance in prospective radioligands for imaging low con-
centrations of target protein, such as NET. Hence,
ring hydroxylation was ruled out of consideration for
new radioligand development. Nevertheless, given the
overall structural similarity of DMI to OXA, we predict-
ed that hydroxylation of DMI at the b-position of the
N-methyl aminopropyl group might well be tolerated
for binding to NET. The chemistry for producing b-hy-
droxylated DMI derivatives has been described earli-
er.23,24 However, the potencies of such compounds for
NET inhibition had not been reported. We expected
that the binding of a b-hydroxylated DMI (4, Fig. 1)
to NET would be of high affinity and also stereoselective
by analogy with the properties of OXA.

MeNER is a NET inhibitor without a fused tricyclic
core.25 The binding of MeNER to NET is stereoselective
both in vitro and in vivo; the S,S-enantiomer (3, Fig. 1) is
the more potent with a eudismic ratio of about 20 in vi-
tro.26 Investigations of structure–activity relationships
on the aryloxy morpholine scaffold (Eli Lilly Co.; unpub-
lished results) have shown that some elaborate altera-
tions to MeNER, extra to hydroxylation, are tolerated
for high affinity binding to NET. (S,S)-Cyclopentyl-
2-(5-fluoro-2-methoxy-phenyl)-1-morpholin-2-yl-etha-
nol (CFMME, 5, Fig. 1) is a potent (IC50 = 10.8 nM) and
selective NET inhibitor, which may be considered to be
derived from MeNER through hydroxylation and other
structural modifications. The c logP (2.37) of CFMME is
similar to that of MeNER. We were interested to see if
the presence of an hydroxy group in this compound
would have a beneficial effect on the ratio of NET-specif-
ic to non-specific binding in vivo.

We aimed to prepare and evaluate two novel 11C-la-
belled NET ligands, one analogue of DMI, namely
[11C](R)-1-(10,11-dihydro-dibenzo[b,f]azepin-5-yl)-3-
methylamino-propan-2-ol ((R)-[11C]OHDMI; [N-meth-
yl-11C]4), and one tertiary alcohol, namely
[11C]CFMME ([O-methyl-11C] 5), as candidate radioli-
gands for PET imaging of NET.
2. Results

2.1. Chemistry

(R)-OHDMI (4) and its nor-methyl precursor (8) were
synthesized from iminodibenzyl in two and three steps
in 10 and 15% overall yield, respectively, by adapting
the methods of Levy et al.23 and Schindler and Hafliger
(Scheme 1).24 The key intermediate, homochiral epoxide
6, was obtained by treating iminodibenzyl with (S)-epi-
chlorohydrin.23 (S)-OHDMI was prepared similarly
from (R)-epichlorohydrin. It may be noted that although
configuration is retained in the reaction between imino-
dibenzyl and chiral epichlorohydrin, the required prioriti-
zation of the substituents on the chiral centre dictates that
the descriptor for absolute configuration be changed.

2.2. Radiochemistry

(R)-[11C]OHDMI was obtained in a quantitative radio-
chemical yield from [11C]methyl triflate. The radioligand
was obtained within 30 min after the end of radionuclide
production with a radiochemical purity exceeding 99%
(tR = 4.2 min). The specific radioactivity of (R)-
[11C]OHDMI was 390 GBq/lmol (10.0 Ci/lmol) at the
time of administration and less than 2.5 lg/mL of non-
labelled precursor (8) was present in the product
formulation.

[11C]CFMME was obtained quantitatively from
[11C]methyl iodide within 30 min from the end of radio-
nuclide production with a radiochemical purity exceed-
ing 99% (tR = 3.4 min). The specific radioactivity of
[11C]CFMME at time of injection was 170 GBq/lmol
(4.7 Ci/lmol) and less than 1 lg/mL of non-labelled pre-
cursor (10) was present in the product formulation.

Both radioligands were stable in the sterile physiological
buffer solution for the duration of the experiment
(radiochemical purity > 99% at 90 min).

2.3. c logP calculations and logD7.4 measurements

The c logP values of OHDMI and CFMME were calcu-
lated to be 2.97 and 2.37 and the c logD7.4 values 0.66



0 10 20 30 40 50 60 70 80 90 100
0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

(R)-[11C]OHDMI
[11C]CFMME

Time (min) 

%
 I.

D
.

Figure 2. Whole brain uptake of radioactivity as percent of injected

dose (%I.D.) following injection of (R)-[11C]OHDMI and

[11C]CFMME.

N
H

N

NH2

OH

8

O
Cl

H2Bn2NH

N

O

NaNH2
PhH 
Reflux

N

N

OH

Bn

Bn

MeNH2
THF  
80 ˚C

N

NH

OH

Pd(OH)2/C
MeOH
Reflux

76

4

140 ˚C

Scheme 1. Synthesis of (R)-OHDMI (4) and its nor-precursor (8).

N

NH

OH

NH

OH

O

O

N
H

HO
F

O

O
O

N
H

N

NH

54321
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618 M. Schou et al. / Bioorg. Med. Chem. 15 (2007) 616–625
and 1.05, respectively. The corresponding empirically
obtained values for logD7.4 of OHDMI and CFMME
were 1.28 and 1.63, respectively.

2.4. Pharmacology

(R)-OHDMI and CFMME had no detectable affinity
towards dopamine transporters and were found to be
5.5- and 40.3-fold selective towards the serotonin trans-
porters, respectively. The Kis of (R)-OHDMI and
CFMME at NET were 8.29 and 10.8 nM, respectively.
The inhibitory constants of DMI and (S,S)-MeNER in
the same assay were 1.00 and 7.93 nM, respectively.

2.5. PET measurements

Following intravenous injection of (R)-[11C]OHDMI
(52 MBq; 0.05 lg carrier), radioactivity entered brain to
a very limited extent, with a peak of 1.1% of the injected
dose present in brain at 80 min after injection. The rank
order for radioactivity accumulation in different brain
regions was: occipital cortex > thalamus � mesencepha-
lon � lower brainstem > striatum � cerebellum (Figs. 2
and 3). Radioactivity ratios to striatum at the end of the
PET measurement (93 min) were 1.35, 1.35, 1.2, 1.2 and
1.0 for occipital cortex, thalamus, lower brainstem,
mesencephalon and cerebellum, respectively.
Following intravenous injection of [11C]CFMME
(50 MBq; 0.1 lg carrier), radioactivity readily entered
brain with a peak uptake of about 3.5% of the injected
dose at 24 min after injection. The rank order of radio-
activity uptake in the different brain regions was: thala-
mus > occipital cortex � region of locus coeruleus >
mesencephalon � striatum > cerebellum (Figs. 2 and
3). Radioactivity ratios to cerebellum were 1.35, 1.3,
1.3, 1.2 and 1.2 at 93 min for thalamus, occipital cortex,
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region of locus coeruleus, mesencephalon and striatum,
respectively.

2.6. Analysis of radiometabolites in plasma and determi-
nation of free fraction

After injection of (R)-[11C]OHDMI into monkey,
unchanged radioligand (tR = 5.7 min) represented 75%
of the radioactivity in plasma at 4 min and 6% at
30 min. Two other radioactive fractions eluted from
the HPLC column. One fraction eluted unretained and
represented 16% of the plasma radioactivity at 4 min
and 93% at 30 min. The other fraction (tR = 5 min) de-
creased from 9% of the radioactivity in plasma at
4 min to 1% at 30 min.

After injection of [11C]CFMME, the radioactivity in
plasma corresponding to unchanged radioligand
(tR = 6.0 min) was 84% at 4 min, 48% at 15 min and
20% at 30 min. At 4 min after injection of
[11C]CFMME, a significant portion, (10%) of the radio-
activity in plasma, was more lipophilic (tR = 7.5 min)
than parent radioligand. A more polar radiometabolite,
which eluted unretained from the HPLC column,
increased from 6% of the total radioactivity at 4 min
to 52% at 15 min and 80% at 30 min.

The free fraction of (R)-[11C]OHDMI and
[11C]CFMME in monkey plasma was 51% and 32%,
respectively.
3. Discussion

3.1. Chemistry

The enantiomers of OHDMI and of the corresponding
desmethyl precursors were successfully obtained accord-
ing to Scheme 1. Reactions of epichlorohydrin with sec-
ondary amines are known to proceed through an
intermediate a-chloro alcohol that cyclizes with reten-
tion of absolute configuration to afford chiral epoxides
in high enantiomeric excess.27,28 Accordingly, retention
of configuration was also observed by Levy et al. in
the epoxide product (6) from the reaction between imi-
nodibenzyl and epichlorohydrin.23 Ring opening of the
resultant chiral epoxide by, for example, nucleophilic at-
tack of an amine is regioselective for the least hindered
secondary carbon of the epoxide and results in retention
of absolute configuration in the generated alcohol.24,28

Thus, to avoid the need to achieve a chiral separation
of the (R)-enantiomer of the amine precursor (8) or of
[11C]OHDMI itself, we decided to obtain 8 from the eas-
ily prepared homochiral epoxide, 6. The latter was also
readily converted into the reference ligand, 4. Antipodes
of the precursor 8 and ligand 4 were likewise obtained,
starting from iminodibenzyl and (R)-epichlorohydrin.

3.2. Radiochemistry

(R)-[11C]OHDMI was prepared by rapid alkylation of
the nor-precursor 8 with [11C]methyl triflate under mild
conditions (Scheme 2). A quantitative decay-corrected
radiochemical yield was achieved without addition of
another base.

[11C]CFMME was rapidly and efficiently prepared from
the unprotected precursor phenol 10, under conditions
similar to those previously used to produce (S,S)-
[11C]MeNER (Scheme 3).15 As in the preparation of
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(S,S)-[11C]MeNER, accompanying N-methylation of
the morpholino nitrogen was not observed.

3.3. c logP calculations and logD7.4 measurements

The c logP and c logD7.4 calculations predicted OHDMI
to be less lipophilic than DMI, and CFMME less lipo-
philic than MeNER. In line with these calculated values,
empirically determined logD7.4 also showed decreased
lipophilicity for CFMME and OHDMI. However, there
was also a discrepancy of about 0.6 U between the pre-
dicted values of logD7.4 and the measured values. Com-
puter-generated estimates of logP as indexes of
lipophilicity are useful guides in radioligand develop-
ment, especially ahead of ligand synthesis, but clearly
they may not be relied on alone.

3.4. Pharmacology

CFMME (Ki = 10.8 nM) and (R)-OHDMI
(Ki = 8.29 nM) were found to be only very slightly less
potent than (S,S)-MeNER (Ki = 7.93 nM) in the same
assay. However (R)-OHDMI (Ki = 8.29 nM) was found
to be about eight times less potent than DMI
(Ki = 1.00 nM). Thus, counter to our hypothesis,
hydroxylation of the b-position of the aminopropyl side
chain of DMI appears to be less tolerated with regard to
binding to NET than hydroxylation of the aromatic
moiety.

A remarkable observation is that, whereas MeNER was
found to be about three times more potent than DMI in
the original paper by Melloni et al.25 it was found to be
equipotent to (R)-OHDMI in the assay used for this
study and thus about eight times less potent than
DMI. The reason for this apparent discrepancy remains
unclear. In general, in vitro affinity data may vary great-
ly in the literature and thus require cautious
interpretation.

3.5. PET measurements

After intravenous injection of (R)-[11C]OHDMI into
cynomolgus monkey, the accumulation of radioactivity
in brain was slow and reached only 1.1% of the injected
radioactivity at 80 min (Fig. 2). By contrast, after injec-
tion of cynomolgus monkey with [11C]DMI, about 2.7%
of radioactivity entered brain after 24 min.9 Hence,
hydroxylation of [11C]DMI did not improve penetration
into monkey brain. The brain uptake of a radioligand
depends on many factors, such as ligand lipophilicity,
the plasma free fraction, rate of clearance from blood
and substrate affinity for active efflux pumps.29–31 Of
these factors, lipophilicity and plasma free fraction were
on a level that should ensure passage through the BBB,
whereas the rate of metabolism was very fast. The latter,
possibly in combination with active transport out of the
brain by an efflux pump, may account for the low brain
uptake. The slow accumulation of radioactivity in brain
after administration of (R)-[11C]OHDMI may well sug-
gest that a significant proportion of the entering radio-
activity is associated with radioactive metabolites (vide
infra).

Although having considerably lower affinity towards
NET according to the present assay, greater regional
differentiation in brain radioactivity uptake was seen
with (R)-[11C]-OHDMI than previously with
[11C]DMI.9 For example, the ratio of radioactivity in
NET-rich thalamus to NET-poor striatum is about
1.35 with (R)-[11C]OHDMI compared to 1.15 with
[11C]DMI. Although (R)-[11C]OHDMI accumulates in
NET-rich regions, it does so with less regional differen-
tiation than (S,S)-[11C]MeNER, which shows a thala-
mus to striatum ratio of about 1.5. The low ratios of
radioactivity in NET-rich regions to that in striatum
or cerebellum result in images with poor contrast (e.g.,
Fig. 4, panel A). For (R)-[11C]OHDMI, it is notable that
the level of radioactivity in striatum is similar to that in
cerebellum across the full time course of the experiment
(Fig. 3, panel A). Striatum and cerebellum have been
shown to contain negligible levels of NETs in the pri-
mate brain in vitro32 and are therefore considered to
be candidate regions to represent non-specific binding
for NET radioligands. It is thus remarkable that the
high uptake in cerebellum after injection of (S,S)-
[11C]MeNER in baboons was NET-specific.17 A possible
explanation for this discrepancy is that a difference in
regional NET expression exists between monkeys and
baboons.

After injection of [11C]CFMME into cynomolgus
monkey, radioactivity readily entered brain, with
3.5% of the injected dose present in brain from
42 min until the end of the experiment (Fig. 2). The
radioactivity level in brain did not thereafter subside
during the PET measurement, which may indicate
accumulation of a radiometabolite in brain. The mag-
nitude of brain uptake of radioactivity was similar to
that achieved with (S,S)-[11C]MeNER (3% of injected
dose at 18 min) and is sufficient for a PET radioli-
gand.15 Radioactivity accumulated in NET-rich brain
regions, such as in the region of locus coeruleus�

and thalamus. However, ratios of radioactivity in
NET-rich regions to that in cerebellum were low
and maximally 1.35 for thalamus. There was also a
significantly higher (ca. 20%) uptake in NET-poor
striatum then in cerebellum (Fig. 3, panel B). Several
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other candidate radioligands for imaging NET have
also shown a higher uptake in striatum that in cere-
bellum. These include (R)-[11C]nisoxetine, (R)-[11C]lor-
talamine and [11C]oxaprotiline,12 whose uptake in
striatum was found to be insensitive to pretreatment
with nisoxetine. It is uncertain whether the unexpect-
edly high accumulation of radioactivity in striatum
following administration of [11C]CFMME is wholly
non-specific binding or whether it also contains specif-
ic binding to an unknown high affinity site.

Even if [11C]CFMME were to give high NET-specific
PET signals in brain in vivo, the accumulation of radio-
activity in striatum would compromise the utility of this
radioligand, since striatum would not represent the non-
specific binding in other regions and may not be used as
a reference region for deriving parameters related to
NET density. PET images obtained with this radioli-
gand show acceptable uptake of radioactivity in brain
but low contrast in radioactivity distribution between
regions (Fig. 4, panel B). This radioligand is also inferior
to the pre-existing radioligands, (S,S)-[11C]MeNER,
(S,S)-[18F]FRB-D4 and (S,S)-[18F]MeNER-D2,15,18 with
respect to the magnitudes of the obtainable NET-specif-
ic PET signals.

3.6. Analysis of radioactive metabolites in plasma and
determination of free fraction

Studies of radioactive metabolites are of high impor-
tance for PET radioligand development since PET
only measures radioactivity and gives no information
on the chemical species associated with the radioactiv-
ity. Radioligands intended to image a target in brain,
such as NET, are unlikely to be successful if they give
rise to radioactive metabolites that may enter brain to
confound the signal measured with PET. (R)-
[11C]OHDMI was rapidly metabolised, such that it
represented only 75% of the radioactivity in plasma
at 4 min after injection and only 6% at 30 min. At
4 min after injection of (R)-[11C]OHDMI, 6% of the
radioactivity in plasma corresponded to a radioactive
metabolite with lipophilicity similar to that of the par-
ent radioligand, based on its retention time on reverse
phase HPLC. It is possible that this radioactive
metabolite enters brain to confound PET imaging with
(R)-[11C]OHDMI. Other radioactive metabolites ap-
peared to be much less lipophilic.
In plasma sampled at 4 min after injection of
[11C]CFMME, 10% of the radioactivity was found to be
more lipophilic than the parent radioligand. This fraction
was later cleared from plasma and by 30 min the radioac-
tivity in plasma is mainly represented by much less lipo-
philic metabolites. A similar observation was made in
PET measurements with (S,S)-[11C]MeNER in monkeys
and humans. A possible explanation is that the radioac-
tive fraction is a product of Phase 1 metabolism that sub-
sequently undergoes conjugation to be rendered more
hydrophilic. Again it is possible that the early lipophilic
radioactive metabolite enters brain to confound PET
imaging with [11C]CFMME, especially in view of the
whole brain uptake curve not showing any wash-out of
radioactivity throughout the experiment.

The free fraction of (R)-[11C]OHDMI and
[11C]CFMME was high for both radioligands. High
plasma protein binding can thus be ruled out as a reason
for the low brain uptake of (R)-[11C]OHDMI.
4. Conclusions

One hydroxylated derivative of DMI and one tertiary
alcohol derived from the (S,S)-MeNER platform were
prepared and labelled with carbon-11. The radioligands
were evaluated by PET in cynomolgus monkeys and
although showing slight regional differentiation in brain
uptake of radioactivity, they both suffer from extensive
metabolism that includes the formation of lipophilic
radioactive metabolites. In addition, (R)-[11C]OHDMI
shows too low accumulation in brain to be useful as a
PET radioligand and [11C]CFMME shows unexpectedly
high binding in striatum. Thus, each is concluded to be
inferior to (S,S)-[11C]MeNER, (S,S)-[18F]FRB-D4 or
(S,S)-[18F]MeNER-D2 as radioligands for imaging
NET in vivo with PET.
5. Materials and methods

5.1. Chemistry

5.1.1. Materials and general procedures. CFMME hydro-
chloride (5, LY 2152041) and its desmethyl analogue (10)
were prepared at Eli Lilly Co.33 All reagents and solvents,
including anhydrous solvents, were obtained from Sig-
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ma–Aldrich (Sweden) and used without further purifica-
tion. Reactions were performed under a dry inert atmo-
sphere with dry solvent, unless otherwise stated. TLC
was performed on silica gel (60 F254; Merck) with detec-
tion under UV light or by charring with ethanolic phos-
phomolybdic acid. Flash column chromatography was
performed on silica gel (60 Å; 70–230 mesh; Sigma–Al-
drich). 1H NMR spectra (400 MHz) were recorded on a
drx400 spectrometer (Bruker, Germany) as solutions of
test compound in CDCl3 [residual CHCl3 (d 7.27) as inter-
nal standard] or DMSO-d6 [residual DMSO-d5 (d 2.50) as
internal standard] at 300 K. 13C NMR spectra (100 MHz)
were recorded on the same spectrometer as solutions of
test compounds in CDCl3 [residual CHCl3 (d 77.34) as
internal standard] or DMSO-d6 [residual DMSO-d5 (d
40.76) as internal standard] at 300 K. Mass spectra were
acquired on a quadrupole-orthogonal injection time-of-
flight (TOF) mass spectrometer (QTOF1; Waters-Micro-
mass Plc, Manchester, UK). Samples were sprayed from
gold-plated borosilicate capillaries (Protana AS, Odense,
Denmark) using a capillary voltage of +1 kV.

5.1.1.1. (R)-5-Oxiranylmethyl-10,11-dihydro-5H-dib-
enzo[b,f]azepine (6).23 A suspension of sodamide
(300 mg; 7.7 mmol) in toluene was added dropwise to a
solution of iminodibenzyl (1 g; 5.12 mmol) and (S)-epi-
chlorohydrin (474 mg; 5.12 mmol) in benzene (50 mL).
The mixture was refluxed for 6 h and then solvents, re-
moved under reduced pressure. The residue was washed
with hydrochloric acid (0.1 M) and extracted with dichlo-
romethane. The organic layer was dried (Na2SO4). The
crude product was purified by flash chromatography on
silica gel (hexanes! hexanes–EtOAc 20:1 v/v) to yield 6
as a white powder (580 mg; 45%). 1H NMR: 7.07 (m,
6H), 6.92 (m, 2H), 3.90 (m, 2H), 3.17 (s, 4H), 3.05 (m,
1H), 2.69 (t, J = 4.3 Hz, 1H), 2.55 (m, 1H).

5.1.1.2. (R)-1-(10,11-Dihydro-dibenz[b,f]azepin-5-yl)-3-
dibenzylamino-propan-2-ol (7). The epoxide 6 (580 mg;
2.31 mmol) and dibenzylamine (1.370 g; 6.93 mmol)
were mixed and heated at 140 �C overnight. The crude
product was purified by flash chromatography on silica
gel (hexanes! hexanes–EtOAc, 6:1 v/v) to yield 7 as a
pale oil that crystallized upon standing in the freezer
(480 mg; 46%). 1H NMR: 7.2–7.4 (m, 10H), 7.1 (m,
6H), 6.9 (m, 2H), 3.9 (m, 1H), 3.8 (m, 2H), 3.6 (d,
J = 10.8 Hz, 2H), 3.4 (d, J = 10.8 Hz, 2H), 3.1 (s, 4H),
2.6 (dd, J = 4.6, 11.6 Hz, 1H), 2.4 (m, 1H). 13C NMR:
148.6, 138.8, 134.6, 130.3, 129.5, 128.9, 128.9, 127.7,
126.9, 123.3, 120.3, 65.3, 59.1, 58.3, 55.7, 35.6. MS
(TOF) 448.2517 (anal.) 448.2515 (calcd).

5.1.1.3. (R)-1-(10,11-Dihydro-dibenz[b,f ]azepin-5-yl)-3-
methylamino-propan-2-ol (4). A stirred solution of epox-
ide 6 (580 mg; 2.31 mmol) and methylamine (7 mL; 2 M
in THF) was heated at 90 �C in a sealed vessel for 4 h
and then solvent evaporated off. The crude product
was purified by flash chromatography on silica gel
(CH2Cl2! CH2Cl2-MeOH-c. NH4OH, 9:1:0.1 by vol.)
to yield 4 as a colorless oil (132 mg; 20%). 1H NMR
(CDCl3): 7.1 (m, 6H), 7.0 (m, 2H), 3.9 (m, 3H), 3.2 (s,
4H), 2.6 (m, 2H), 2.4 (s, 3H). 13C NMR (CDCl3):
148.3, 134.3, 130.1, 126.7, 123.1, 120.1, 66.9, 55.8,
55.4, 36.5, 32.3. MS (TOF) 282.12 (anal.) 282.17 (calcd).
[a]D �4.8� (c 10, MeOH).

5.1.1.4. (R)-1-(10,11-Dihydro-dibenz[b,f ]azepin-5-yl)-3-
amino-propan-2-ol (8). A mixture of the alcohol 7
(450 mg; 1.0 mmol), Pearlman’s catalyst (Pd(OH)2 on
carbon; 90 mg; 0.1 mmol) and ammonium formate
(605 mg; 4.01 mmol) in methanol (5 mL) was refluxed
for 3 h. The catalyst was then removed by filtration,
the filtrate concentrated and purified by flash chroma-
tography on silica gel (CH2Cl2! CH2Cl2-MeOH-c.
NH4OH, 9:1:0.1 by vol.) to yield 8 as a pale oil
(190 mg; 71%). 1H NMR (DMSO-d6): 7.1 (m, 6H), 6.9
(m, 2H), 3.8 (m, 2H), 3.6 (m, 1H), 3.1 (s, 4H), 2.9 (dd,
J = 4.2, 12.5 Hz, 1H), 2.7 (m, 1H). 13C NMR (DMSO-
d6): 148.5, 134.1, 130.2, 126.3, 123.1, 120.2, 64.9, 54.8,
43.5, 31.8. MS (TOF) 268.2079 (anal.) 268.1576 (calcd)
[a]D �9.8� (c 11, MeOH).

5.1.1.5. (S)-1-(10,11-Dihydro-dibenz[b,f]azepin-5-yl)-3-
methylamino-propan-2-ol (9). This compound was pre-
pared in the same way as its R-enantiomer (4), except
that the reaction sequence began with (R)-epichlorohy-
drin, and gave the same NMR and MS data. [a]D
+6.3� (c 8, MeOH).

5.2. Radiochemistry

[11C]Methane was produced at the Karolinska Hospital
with a PETtrace cyclotron (GE Medical Sciences) using
16 MeV protons for the 14N(p, a)11C reaction on nitro-
gen gas containing 10% hydrogen.34 [11C]Methane was
isolated from the target gas on a liquid nitrogen-cooled
Porapak� Q trap and subsequently converted into
[11C]methyl iodide by radical iodination in a recircula-
tion system as previously described.35 [11C]Methyl tri-
flate was prepared by sweeping [11C]methyl iodide
vapour through a heated glass column containing sil-
ver-triflate-impregnated graphitized carbon.36

Preparative HPLC was performed on a l-Bondapak
C-18 column (300 · 7.8 mm, 10 lm; Waters). The col-
umn eluate was passed at 6 mL/min through an absor-
bance detector (k = 254 nm) preceding a GM-tube for
radiation detection. (R)-[11C]OHDMI and
[11C]CFMME were purified with mobile phase A
(MeCN–H3PO4 (10 mM), 30:70 v/v) and mobile phase
B (MeCN–NH4CO2H (0.1 M); 40:60 v/v), respectively.

The radiochemical purity of each product was determined
by HPLC on a l-Bondapak C-18 column (300 · 3.9 mm,
10 lm; Waters) equipped with an absorbance detector
(k = 214 and 254 nm for (R)-OHDMI and CFMME,
respectively) in series with a b-flow detector (Beckman)
for radiation detection. (R)-[11C]OHDMI and
[11C]CFMME were analyzed using mobile phase C
(MeCN–H3PO4 (10 mM), 30:70 v/v) and mobile phase
D (MeCN–H3PO4 (10 mM), 35:65 v/v) at 3 mL/min,
respectively.

Radiochemical yields were determined by HPLC analy-
sis of reaction mixtures using the same conditions as de-
scribed for radiochemical purity determinations.
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5.2.1. [N-Methyl-11C](R)-1-(10,11-dihydro-dibenz[b,f]aze-
pin-5-yl)-3-methylamino-propan-2-ol ([11C](R)-OHDMI;
[11C]4). [11C]Methyl triflate was trapped at room tem-
perature in a reaction vessel containing the amine pre-
cursor 8 (0.3 mg; 1.1 lmol) in acetone (300 lL)
(Scheme 2). After entrapment was complete, mobile
phase A (600 lL) was added to the reaction mixture be-
fore its injection onto preparative HPLC. The fraction
eluting at 6 min was collected and mobile phase evapo-
rated off. The residue was taken up in sterile disodium
phosphate-buffered saline (pH 7.4; 8 mL) and filtered
through a sterile Millipore filter (0.22 lm), yielding
[11C]4 in sterile solution.

5.2.2. [O-Methyl-11C](S,S)-1-cyclopentyl-2-(5-fluoro-2-
methoxy-phenyl)-1-morpholin-2-yl-ethanol ([11C]CFMME;
[11C]5). [11C]Methyl iodide was trapped at 90 �C in a
reaction vessel containing the phenolic precursor 9
(1.0 mg; 3 lmol) and aqueous sodium hydroxide (6 lL;
5 M) in N,N-dimethylformamide (400 lL) (Scheme 3).
After entrapment was complete, mobile phase B
(600 lL) was added to the crude reaction mixture before
its injection onto preparative HPLC. The fraction elut-
ing at 7 min was collected and mobile phase evaporated
off. The residue was taken up in sterile disodium phos-
phate-buffered saline (pH 7.4; 8 mL) and filtered
through a sterile millipore filter (0.22 lm), yielding
[11C]5 in sterile solution.

5.3. c logP calculations and logD7.4 measurements

c logP and c logD7.4 values were calculated with the Pal-
las 3.0 for Windows software (CompuDrug Internation-
al Inc., San Francisco, CA, USA). logD7.4 was also
empirically determined according to the method de-
scribed by Wilson et al.37

5.4. Pharmacology

The selectivity and affinities of the ligands in this paper
were determined by two assays. The selectivity was
determined from an assay on cloned human transporter
proteins provided by the National Institute of Mental
Health’s Psychoactive Drug Screening Program (NIMH
PDSP). The affinities of CFMME, (R)-OHDMI and
(S,S)-MeNER for NET were determined by Nova-
Screen Biosciences Inc. (Hanover, MD, USA). Inhibi-
tion constants were obtained from binding curves
derived from duplicate measurements at eight different
concentrations of inhibitor in the range 5.0 · 10�10 to
1.0 · 10�6 M on rat forebrain membranes.38

5.5. PET measurements

A Siemens ECAT EXACT HR PET camera (FWHM:
about 3.3 mm)39 was run in 3D mode. Images were dis-
played as 47 horizontal sections of brain with a separa-
tion of 3.3 mm.

Two cynomolgus monkeys (3395 and 3450 g) were sup-
plied by the National Institute for Infectious Disease
Control (Solna, Sweden). The study was approved by
the Animal Ethics Committee of Northern Stockholm.
Anaesthesia was induced and maintained by repeated
intramuscular injection of a mixture of ketamine (3–
4 mg kg�1 h�1 Ketalar�, Parke-Davis) and xylazine
hydrochloride (1–2 mg kg�1 h�1 Rompun� vet., Bayer,
Sweden). A fixation system was used to secure a position
of the monkey head during the PET measurements.40

Rectal temperature was continuously monitored by an
electric thermometer during the PET examinations (Pre-
cision thermometer 4600, Harvard Applications, MA,
US), and was maintained between 36 and 37 �C by a
heating blanket (Bair Hugger—Model 505, Arizant
Healthcare Inc, MN, US). In PET measurements, a
monkey was injected with [11C]CFMME (50 MBq;
1.35 mCi) or (R)-[11C]OHDMI (52 MBq; 1.41 mCi) as
a bolus injection into the left sural vein. Radioactivity
in brain was measured according to a pre-programmed
sequence of frames during 93 min.

Regions of interest (ROIs) (lower brainstem, mesen-
cephalon, striatum, thalamus, temporal cortex, a region
containing locus coeruleus and whole brain) were drawn
on summation images reconstructed for a sum of all
frames and were defined according to an atlas of a cryo-
sected Cynomolgus monkey head in situ.40 Radioactivi-
ty was standardized to a 50 MBq (1.35 mCi) injected
dose, calculated for the sequence of time frames, correct-
ed for radioactive decay and plotted versus time. The
percentage of injected radioactivity present in brain at
the time of maximal radioactivity concentration was
used as an index of radioligand uptake into the brain.
This percentage was calculated by multiplying the brain
volume (about 70 mL) with the radioactivity concentra-
tion in the ROI for the whole brain divided by the inject-
ed radioactivity. The brain volume was calculated by
multiplying the sum of the whole brain regions of all
PET-sections with the plane separation.

Striatum, which is a region almost devoid of NET,1,41,42

was used as a reference region for the free radioligand con-
centration and non-specific binding in brain for analysis
of PET data from (R)-[11C]OHDMI. To calculate specific
binding, radioactivity in the striatum was subtracted from
the radioactivity in a ROI. For analysis of PET data from
the use of [11C]CFMME, striatum could not be used as a
reference region since it contained a higher level of radio-
activity than some other ROIs (e.g., cerebellum) over the
time course of the PET experiment. Hence, cerebellum
was used as a surrogate reference ROI.

5.6. Analysis of radioactive metabolites in plasma and
determination of free fraction

The HPLC method used here to determine the percent-
ages of radioactivity in monkey plasma corresponding
to unchanged radioligand and to radioactive metabolites
was adapted from a method applied to other PET
radioligands.43

The HPLC system consisted of an interface module (D-
7000; Hitachi), a L-7100 pump (Hitachi), an injector
(model 7125 with a 1.0 mL loop; Rheodyne) equipped
with a l-Bondapak-C18 column (300 · 7.8 mm, 10 lm;
Waters) and an absorbance detector (L-7400; 254 nm;
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Hitachi) in series with a radiodetector (Radiomatic
150TR; Packard) equipped with a PET Flow Cell
(600 lL). Phosphoric acid (10 mM) (E) and acetonitrile
(F) were used as mobile phase components. The pro-
gram for gradient elution (6 mL/min) was; 0–5.5 min,
(E/F) 90/10! 40/60; 5.5–6.5 min, (E/F) 40/60! 90/10;
6.5–10 min (E/F) 90/10.

Venous blood samples (2 mL) were obtained from the
monkey subject at 4, 15 and 30 min after radioligand
injection and centrifuged at 2000g for 2 min Supernatant
plasma (0.5 mL) was mixed with acetonitrile (0.7 mL)
and injected onto the HPLC-system. The radioactive
peak having a retention time corresponding to reference
ligand was integrated and its area expressed as a per-
centage of the sum of the areas of all detected radioac-
tive peaks (decay-corrected).

The free fraction of [11C]CFMME and (R)-[11C]OHD-
MI was determined by ultrafiltration.44 The appropri-
ate radioligand (�20 lL) was incubated with monkey
plasma (500 lL) for 10 min at RT, after which the
incubate was pipetted into ultrafiltration units (Centri-
free, Waters) and spun for 20 min at 4000 rpm. To cor-
rect for radioligand retention in ultrafiltration units,
saline solutions were incubated with radioligand and
processed identically to that described above. The free
fraction was calculated as the decay-corrected ratio be-
tween radioactivity in equal volumes (200 lL) of spun
and unspun plasma (corrected for retention in ultrafil-
tration units).
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