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Abstract

At first the role of σ1 receptors in various neurological, psychiatric and 
neurodegenerative disorders is discussed. In the second part, the principle 
of positron emission tomography (PET) is described and the known fluo-
rinated PET tracers for labeling of σ1 receptors are presented. The third 
part focuses on fluoroalkyl substituted spirocyclic PET tracers, which rep-
resent the most promising class of fluorinated PET tracers reported so far. 
The homologous fluoroalkyl derivatives 12–15 show high σ1 affinity (Ki = 
0.59–1.4 nM) and high selectivity over the σ2 subtype (408–1331-fold). 
The enantiomers of the fluoroethyl derivative fluspidine 13 were prepared 
and pharmacologically characterized. Whereas the (S)-configured enantio-
mer (S)-13 (Ki = 2.3  nM) is 4-fold less active than the (R)-enantiomer 
(R)-13 (Ki = 0.57 nM), (S)-13 is metabolically more stable. The interac-
tions of (S)-13 and (R)-13 with the σ1 receptor were analyzed at the molec-
ular level using the 3D homology model. In an automated radiosynthesis 
[18F](S)-13 and [18F](R)-13 were prepared by nucleophilic substitution of 
the tosylates (S)-17 and (R)-17 with K[18F]F in high radiochemical yield, 
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high radiochemical purity and short reaction time. Application of both 
enantiomers [18F](S)-13 and [18F](R)-13 to mice and piglets led to fast 
uptake into the brain, but [18F](R)-13 did not show washout from the brain 
indicating a quasi-irreversible binding. Both radiotracers [18F](S)-13 and 
[18F](R)-13 were able to label regions in the mouse and piglet brain with 
high σ1 receptor density. The specific binding of the enantiomeric tracers 
[18F](S)-13 and [18F](R)-13 could be replaced by the selective σ1 ligand 
SA4503.

Keywords

Neuroimaging • PET, synthesis • Radiosynthesis • σ1 receptors • Ligand 
receptor interaction • Enantioselective kinetics • Non-covalent quasi irre-
versible binding

4.1	 �Introduction: σ1 Receptors 
in Brain Diseases

σ1 receptors play a major role in various patho-
logical conditions in the periphery (e.g. vascular 
diseases, cancer) and in the central nervous sys-
tem (CNS), where they are involved in various 
neurological, psychiatric and neurodegenerative 
disorders. Non-invasive imaging of σ1 receptors 
by positron emission tomography (PET) can be 
useful for studying the pathophysiology of these 
CNS diseases. Moreover, a PET tracer for label-
ing of σ1 receptors can be used for target valida-
tion, visualization and quantification of 
metabolic and biochemical processes as well as 
diagnosis and prognosis of a particular disease 
[1, 2].

4.1.1	 �Pain

It has been shown that the σ receptor system func-
tions as endogenous anti-opioid system. Whereas 
σ1 agonists, such as (+)-pentazocine (Fig. 4.1) lead 
to reduced opioid receptor-mediated analgesia, the 
opposite effect is produced by σ1 antagonists, e.g. 
haloperidol [3]. The combination of opioid analge-
sics with σ1 antagonists allows the reduction of 
opioid dose, while maintaining strong analgesia 
but reducing opioid- mediated side effects. 
Furthermore, opioid receptor mediated analgesia 
is potentiated by downregulation of σ1 receptors 

[4]. In addition to the modulation of opioid medi-
ated analgesia, σ1 receptor antagonists show prom-
ising analgesic activity in various neurogenic pain 
models. The role of σ1 receptors in neuropathic 
pain conditions was confirmed by σ1 receptor 
knock-out mice: capsaicin could not induce 
mechanical allodynia in σ1 receptor knock-out 
mice, but it was able to induce mechanical allo-
dynia in wild-type mice. This mechanical allo-
dynia was inhibited dose-dependently by σ1 
antagonists. Moreover, selective σ1 agonists were 
able to reverse this analgesic effect [5]. The most 
developed drug in this field is the σ1 antagonist 
S1RA (Fig. 4.1), which showed high analgesic 
activity in various models of neurogenic pain. 
After successful completion of the phase I clinical 
trial, a phase II clinical trial with S1RA for the 
treatment of neuropathic pain caused by various 
conditions is currently ongoing. Moreover, S1RA 
is investigated as add-on therapy to analgesic opi-
oids with the aim to enhance the analgesic effect 
and reduce dose and adverse side effects pf the 
opioid [6, 7].

4.1.2	 �Depression

There is strong evidence that σ1 receptors are 
involved in the pathophysiology of depression. 
It was observed that σ1 receptor knock-out mice 
develop a depressive-like behavior. [8] In ani-
mal models of depression (e.g. forced swim 
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test) some σ1 agonists showed antidepressive 
properties [9, 10]. Antidepressant activity of σ1 
agonists was also observed in animal models of 
Alzheimer’s disease (AD) [11, 12]. In addition 
to their main pharmacological mechanism sev-
eral clinically used antidepressants reveal high 
to moderate σ1 affinity (Ki(σ1) = 20–200 nM). In 
Fig. 4.1 the tricyclic antidepressant imipramine 
and the selective serotonin reuptake inhibitor 
fluoxetine are shown exemplarily. It is assumed 
that the interaction of these drugs with the σ1 
receptor contributes to their overall antidepres-
sive effects. Moreover, a downregulation of σ1 
receptors in the striatum, hippocampus and 
cerebral cortex was reported after repeated 
treatment of rats with imipramine and fluoxetine 
[13]. The same effect was observed after 
repeated treatment with the σ1 agonist (±)-pen-
tazocine [14].

4.1.3	 �Psychosis

In addition to its dopamine D2 receptor antagonistic 
activity the clinically used prototypical antipsy-
chotic haloperidol (Fig. 4.1) reacts as a potent antag-
onist at σ1 receptors (Ki(σ1) = 3.9 nM). Moderate to 
high σ1 affinity has also been reported for other clini-
cally used antipsychotics. It is supposed that σ1 
antagonistic activity contributes significantly to the 
observed antipsychotic activity of these antipsychot-
ics. Recently, a correlation between a polymorphism 
within the σ1 receptor gene and increased risk of 
schizophrenia was reported [15]. During the past 
10  years five σ1 antagonists (panamesine 
(EMD57445), eliprodil (SL82.0715), rimcazole 
(BW234U), BMY14802 (BMS181100), DuP734) 
entered clinical trials for the treatment of schizo-
phrenia [16]. In Fig. 4.1 panamesine is depicted 
exemplarily for this class of ligands.

Fig. 4.1  Important σ1 receptor ligands: (+)-pentazocine, 
the prototypical benzomorphan σ1 receptor agonist; S1RA 
in phase II clinical trials for pain management /neuro-
pathic pain, add-on to opioids); antidepressants imipra-

mine and fluoxetine; antipsychotics haloperidol and 
panamesine; cocaine as example for an abuse compound; 
anti-Alzheimer drug (acetylcholinesterase inhibitor) 
donepezil
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4.1.4	 �Addiction

Activation of σ1 receptors contributes consider-
ably to plasticity processes underlying reinforce-
ment and addiction. The high density of σ1 
receptors in addicted rats may play a crucial role 
in the reinforcing effects of addictive drugs, such 
as methamphetamine, cocaine and ethanol [17]. 
After chronic self-administration of metham-
phetamine to rats, σ1 receptor upregulation has 
been found [18–20]. It was postulated that 
methamphetamine-induced dopamine D2 autore-
ceptor downregulation leads to increased protein 
kinase A activity resulting in increased produc-
tion of σ1 receptors [21]. The existence of hetero-
meric receptors consisting of both σ1 and 
dopamine D1 receptors supports the hypothesis of 
the involvement of σ1 receptors in addictive pro-
cesses [22]. The behavioral effects caused by 
methamphetamine could be inhibited by the σ1 
antagonist MS-377. Cocaine (Fig. 4.1) binds 
with high affinity at the σ1 receptor and behaves 
as σ1 receptor agonist [23]. Cocaine responses of 
addicted rats could be blocked by σ1 antagonists. 
Whereas the σ1 antagonist BD1047 diminishes 
ethanol induced behavioral effects, the σ1 agonist 
PRE-84 reinforced these addictive responses 
[24].

4.1.5	 �Alzheimer’s Disease

Although σ1 receptors are not involved in learn-
ing and memory processes, since these processes 
cannot be modulated by σ1 agonists or σ1 antago-
nists, they are involved in diseases associated 
with memory deficit. The role of σ1 receptors was 
investigated in a mouse model of Alzheimer’s 
disease, which was generated by central applica-
tion of amyloid β25–35. It was shown that the selec-
tive σ1 agonist (+)-pentazocine could attenuate 
dose-dependently the memory deficits occurring 
seven days after amyloid β25–35 injection. 
Acetylcholinesterase inhibitors, which are clini-
cally used for the treatment of Alzheimer’s dis-
ease, represent the first-line therapy. It has been 
reported that donepezil (Fig. 4.1) not only inhib-
its the acetylcholinesterase but also activates σ1 

receptors. This interaction with σ1 receptors was 
postulated to contribute to the overall neuropro-
tective and anti-amnesic effects of donepezil 
[25]. In a PET study with early Alzheimer’s 
patients a low density of σ1 receptors was 
observed. It may be concluded that activation of 
σ1 receptors might be a useful strategy for the 
treatment of Alzheimer’s disease.

4.2	 �Fluorinated PET Tracers 
for σ1 Receptors

4.2.1	 �Principle of Positron Emission 
Tomography (PET)

Positron emission tomography (PET) represents 
a promising modality for studying biological pro-
cesses in a non-invasive manner. For PET a posi-
tron emitter is required, i.e. a radioactive nuclide 
with increased number of protons in the nucleus. 
This type of isotope can release a positron and a 
neutrino (ν) upon conversion of a proton into a 
neutron. The emitted positron travels in matter 
until it meets its antiparticle, an electron. The 
positron and the electron react with each other in 
an annihilation process, i.e. transformation of the 
complete mass of the particles into irradiation 
energy. The annihilation process generates two 
gamma quants with an energy of 511 keV, which 
move in opposite directions (angle = 180°). A 
signal is only accepted as an annihilation event, 
when two gamma quants are registered simulta-
neously in opposite directions. The registration 
of two signals allows the identification of the ori-
gin of the irradiation and thus the original posi-
tion of the PET tracer (Fig. 4.2).

The most commonly used non-metallic posi-
tron emitters are 11C, 13N, 15O, and 18F. The cor-
responding decay reactions and half-lives are 
depicted in Table 4.1. Since the radionuclides 
11C, 13N and 15O decay with very short half-lives, 
the isotope 18F with a half-life of 110 min repre-
sents the most interesting radionuclide for the 
development of PET tracers. In particular label-
ing with 18F does not require a cyclotron on bed-
side. However, C, O, and N atoms are present in 
almost all pharmacologically active compounds. 
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The corresponding radionuclides can be intro-
duced without changing the structure of the com-
pound. In contrast, F atoms are not present in all 
drugs, and therefore a potent fluorine containing 
drug has to be developed first before the corre-
sponding 18F–labeled ]PET tracer can be devel-
oped. This report is focusing on fluorinated PET 
tracers for imaging of σ1 receptors.

4.2.2	 �Fluorinated PET Tracers 
for Imaging of σ1 Receptors

In the literature a great variety of fluorinated PET 
tracers for imaging of σ1 receptors is reported 
[26]. In the following part the fluorinated PET 
tracers are classified into compounds bearing 18F 
at the aromatic ring (Fig. 4.3) and compounds 
with an aliphatic 18F atom (Fig. 4.4).

Although methods for the introduction of [18F] 
fluoride into the aromatic ring have been reported, 
very often several further reaction steps are 
required to obtain the final PET tracer. The addi-
tional reaction steps lead to a longer production 
time and thus reduced radiochemical yields.

Cyclopropyl-(4-nitrophenyl) methanone 
served as starting material for the synthesis of 
[18F]haloperidol and [18F]BMY14802. (Fig. 4.3) 
At first [18F]fluoride was introduced by nucleo-
philic aromatic substitution of the nitro moiety 
with Cs[18F]F. Subsequent cleavage of the cyclo-
propyl ring with HCl and nucleophilic substitu-
tion of the resulting chlorobutyrophenone with 

the corresponding N-heterocycle provided the 
PET tracers [18F]haloperidol and [18F]BMY14802 
[27–29], whereby the synthesis of [18F]
BMY14802 required additional reduction of the 
ketone [30]. The selectivity of haloperidol and 
BMY-14802 for the σ1 receptor is rather low, 
since both compounds show strong interactions 
with dopamine and σ2 receptors as well. 
Therefore, both PET tracers can be used for the 
determination of uptake, distribution, penetration 
of the blood brain barrier, metabolism, and fur-
ther pharmacokinetic parameters. The selective 
labeling of σ1 or dopamine receptors with these 
tracers is however not possible.

The [18F]fluorobenzylamines [18F]1, [18F]2a, 
and [18F]2b were obtained in a four-step process. 
Nucleophilic substitution of 2- or 
4-nitrobenzaldehyde with Cs[18F]F or K[18F]F led 
to the radioactively labeled fluorinated benzalde-
hyde. Reduction of the aldehyde and nucleophilic 
substitution afforded the fluorinated benzyl iodide, 
which was coupled with the corresponding piperi-
dine to provide the PET tracers [18F]1, [18F]2a, and 
[18F]2b in 3–10 % radiochemical yield. In rats and 
monkeys the PET tracer [18F]1 showed rapid brain 
uptake and fast washout. Replacement studies 
with haloperidol confirmed selective labeling of σ1 
receptors without addressing the σ2 subtype [31]. 
In rat distribution experiments high penetration of 

Fig. 4.2  Principle of PET

Table 4.1  Decay reactions and half-lives of non-metallic 
positron emittors

Decay reaction Half-life

11
6

 C ➔
11
5

 B + e+ (1.0 MeV) + ν 20.4 min

13
7

 N ➔
13
6

 C + e+(1.2 MeV) + ν 9.96 min

15
8

 O ➔ 15
7

 N + e+(1.7 MeV) + ν 2.03 min

18
9

 F ➔ 18
8

 O + e+(0.6 MeV) + ν 109.8 min
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[18F]2a into the brain was detected. However, the 
high liver uptake could not be blocked by halo-
peridol. Furthermore, the high σ2 affinity of [18F]2a 
and [18F]2b has to be considered [32].

In contrast to the radiosynthesis of the previ-
ous compounds, the radiosynthesis of [18F]3 was 
performed in a single step at the end of the syn-
thesis by nucleophilic aromatic substitution of 
the corresponding 2-NO2 derivative with K[18F]
F/Kryptofix 2.2.2/K2CO3 complex. The radio-
chemical yield was 5–10 % (decay corrected). In 
mice, high uptake of the PET tracer [18F]3 in the 
brain and peripheral organs was observed. The 
specific binding could be displaced by adminis-
tration of haloperidol [33].

Fluorinated PET tracers with [18F]fluoride 
bound at a sp3-hybridized C-atom (aliphatic 
C-atom) are prepared by nucleophilic substitu-
tion (SN2 reaction) of mesylate ([18F]4, [18F]5) or 
tosylate precursors ([18F]8, [18F]9, [18F]10, [18F]
fluspidine). This transformation is usually per-
formed as the last step of the synthesis, i.e. the 
labeled compound is produced and purified with-
out further transformations.

In an alternative strategy, precursor molecules 
with a phenol or other nucleophilic functional 
group are coupled with [18F]fluoroethyl ([18F]
FE-SA4503, [18F]6) or [18F]fluoromethyl ([18F]
FM-SA4503, [18F]7) moieties at the end of the 
synthesis. In these cases the fluorinated reagents 
[18F]FCH2CH2OTos and [18F]H2CBrF have to be 
prepared first by nucleophilic substitution of 
TosOCH2CH2OTos and H2CBr2 with K[18F]F/
Kryptofix system, respectively. Whereas the pro-
duction of [18F]FCH2CH2OTos represents a stan-
dard procedure in radiochemistry [34], the 
synthesis of the [18F]H2CBrF is more challenging 
and not available everywhere.

In a first human study, the fluoropropyl deriv-
ative [18F]4 did not reach a transient equilibrium 
in the brain within 3 h after injection of the radio-
tracer. A significant washout of the radiotracer 
from the brain was not observed. Moreover, 
instability of the radiotracer [18F]4 was reported 
[35, 36]. In rodents, the fluoroethyl derivative 
[18F]5 showed a much faster clearance from the 
brain than [18F]4. Human studies with [18F]5 have 
not been reported thus far [37–39].

Fig. 4.3  Structure, σ1 and σ2 affinity of PET tracers with aromatic 18F

F. Weber et al.
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Originally a low σ1: σ2 selectivity of 
FE-SA4503 (6) was reported [40, 41], which was 
later corrected to be in the range of 14 [42]. 
Therefore the PET tracer [18F]FE-SA4503 
([18F]6) was investigated in various animal mod-
els. A PET study with rhesus monkeys resulted in 
a fast uptake of [18F]6 in the brain and enrichment 
of [18F]6 in σ1 receptor rich regions, but the recep-
tor ligand binding did not reach an equilibrium 
within 90  min [40]. The fluoromethoxy deriva-
tive [18F]FM-SA4503 ([18F]7) represents an 
uncommon PET tracer, since fluoromethoxy 
derivatives usually undergo fast metabolic degra-
dation and extensive defluorination due to the 
acetalic nature of this group. However, these 

reactions were not observed for [18F]7. Moreover, 
replacement studies with haloperidol in monkeys 
revealed a higher specific binding for [18F]7 than 
for [11C]SA4503 rendering [18F]7 a more potent 
PET tracer for labeling of σ1 receptors in the 
brain [41].

The synthesis and biological evaluation of the 
[18F]fluoroethoxy and [18F]fluoroalkyl labeled 
PET tracers [18F]8, [18F]9, [18F]10, and [18F]flus-
pidine ([18F]13) were reported very recently. In 
animal studies with monkeys and mice, the bio-
distribution of the PET tracers was analyzed. 
They show accumulation in regions of the CNS 
and the periphery with high σ1 receptor density. 
The specificity of σ1 receptor binding was proven 

Fig. 4.4  Structure, σ1 and σ2 affinity of PET tracers with aliphatic 18F
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by displacement experiments with haloperidol 
[43–45]. In σ1 receptor knock-out mice the 
extraordinarily potent tracer [18F]10 (Ki = 2.5 
pM) [44] showed rapid brain uptake and rapid 
clearance without specific interaction with any 
other brain target. In animal studies signs of tox-
icity could not be detected. Due to its high σ1 
receptor affinity and high specificity, [18F]10 is 
currently evaluated for imaging of σ1 receptors in 
various neurological disorders, such as chronic 
pain and Alzheimer’s disease [46].

The spirocyclic PET tracer [18F]fluspidine 
([18F]13) [47], which is the only fluorinated PET 
tracer with a center of chirality, belongs to the 
most promising PET tracers reported so far and 
will be discussed in more detail in part 3 
“Spirocyclic PET tracers” of this report.

4.3	 �Spirocyclic PET Tracers

4.3.1	 �Homologous Fluoroalkyl 
Derivatives 12–15

The development of spirocyclic PET tracers 
started with the 2-benzofuran 11 [48, 49]. It was 
found that 11 interacts with very high affinity 
with σ1 receptors (Ki = 1.1  nM). Since the σ2 
affinity (Ki = 1280 nM) is very low, 11 shows an 
excellent 1100-fold selectivity for σ1 receptors 
over the σ2 subtype. Cross reaction with other tar-
gets could not be detected during a screening 
against more than 60 other receptors, ion chan-
nels, transporters and enzymes. 11 did not inter-
act with the hERG channel [50]. The hERG 
channel is a voltage gated K+-channel in the 
heart, whose blockade can lead to life threatening 
arrhythmia caused by QT time prolongation. 
During drug development, hERG channel inter-
actions are determined very early to avoid heart 
problems. In the field of σ1 receptors the hERG 
channel is of particular importance, since the 
pharmacophores of σ1 receptor ligands and hERG 
channel blockers are very similar [51]. In the 
mouse capsaicin assay, 11 showed high analgesic 
activity, which is in the same range as the analge-
sic activity of S1RA (Fig. 4.1). Therefore, 11 is 
regarded as σ1 receptor antagonist. Incubation 

with rat liver microsomes led to the identification 
of seven metabolites. The acetalic functional 
group represents a major position for metabolic 
transformations [50].

In order to remove the chemically and meta-
bolically labile acetalic functionality and to 
install a structural element, which allows the 
introduction of a fluorine atom at the very end of 
the synthesis, the methoxy group of 11 was 
replaced by homologous fluoroalkyl residues 
(compounds 12–15 in Fig. 4.5). The homologous 
fluoroalkyl derivatives 12–15 show low nanomo-
lar up to subnanomolar σ1 affinity (see Fig. 4.5). 
Moreover, all four homologs display very high 
subtype selectivity [52–57]. The fluoroethyl 
derivative 13, which was termed fluspidine, 
showed the highest σ1 affinity (Ki = 0.59 nM) and 
the highest subtype selectivity (1331-fold) of this 
series of compounds.

4.3.2	 �Radiosynthesis of 
[18F]12-[18F]15

Due to the high σ1 affinity all four fluoroalkyl 
derivatives 12–15 were synthesized in radioac-
tive form (Scheme 4.1). For this purpose the 
tosylates 16–19 were reacted with K[18F]F com-
plexed with the cryptand K2.2.2. (Kryptofix®). 
The higher homologs [18F]13-[18F]15 were 
obtained in high radiochemical yield and purity 
within 20–30  min in refluxing acetonitrile [47, 
55, 57]. However, the fluorination of the tosy-
loxymethyl derivative 16 required 20 min heat-
ing in DMSO at 150 °C to yield [18F]12 [52].

The complete procedure for the radiosynthe-
sis, purification and formulation of the PET trac-
ers [18F]12-[18F]15 usually took less than 120 min 
(approx. 1 half-life of 18-fluorine). The radio-
chemical yield was in the range of 40–50 % and 
the radiochemical purity of the final PET tracers 
was >98.6 %.

Due to the high σ1 affinity and convenient 
radiosynthesis the four PET tracers [18F]12-
[18F]15 were evaluated in vivo. Although all four 
PET tracers [18F]12-[18F]15 were suitable for 
imaging of σ1 receptors in the brain, the fluoro-
ethyl derivative fluspidine (13) appeared to be 
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the most promising candidate in terms of radio-
chemical availability, brain uptake (4.7 % ID/g, 
30  min post injection (p.i.)), brain-to-plasma 

ratio (13, 60 min p.i.), specific binding (specific 
displacement by haloperidol), formation of radio-
metabolites (94 % of parent compound in plasma 

Fig. 4.5  Design of fluoroalkyl 
substituted spirocyclic 2-benzofurans 
12–15 starting from the methoxy 
derivative 11

Scheme 4.1  Radiosynthesis of [18F]12-[18F]15
Reagents and reaction conditions: (a) K[18F]F, K2.2.2., 
DMSO, K2CO3, 150 °C, 20 min, for [18F ]12; (b) K[18F]F, 
K2.2.2., acetonitrile, K2CO3, 85  °C, 20–30  min for 
[18F]13-[18F]15

a procedure time: time for the overall procedure including 
synthesis, purification and formulation
b rad. yield: radiochemical yield, decay corrected
c spec. activ.: specific activity of the final PET tracer
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30 min p.i., only one major radiometabolite was 
detected) and imaging contrast [54]. Therefore, 
the enantiomers of fluspidine (13) were separated 
before further studies were performed in vivo.

4.3.3	 �Synthesis of Enantiomerically 
Pure [18F]-(R)- 
and -(S)-Fluspidine

For the synthesis of racemic fluspidine two inde-
pendent routes are reported (Scheme 4.2). 
According to the first route, 2-bromobenzaldehyde 
was reacted with the Wittig reagent 
[(1,3-dioxolan-2-yl)methyltriphenylphospho-
nium bromide and K2CO3 to afford an α, 
β-unsaturated acetal [54]. Halogen metal 
exchange with n-BuLi, subsequent addition of the 
aryllithium intermediate at 
1-benzylpiperidin-4-one and treatment of the 
product with HCl gave the aldehyde 21. Reduction 
of the aldehyde 21 with NaBH4 led to an alcohol, 
which was converted directly into the fluoroethyl 
derivative 13 upon treatment with DAST (diethyl-
aminosulfur trifluoride). For the radiosynthesis of 
enantiomerically pure fluspidine enantiomers the 
tosylate 17 represented the central intermediate.

In an alternative route, the tosylate 17 was 
obtained starting with the hemi acetal 23. The 
P-ylide Ph3P=CHCO2Et reacted with 23 in a 
Domino reaction, consisting of ring opening of 
the hemi acetal 23 to give an hydroxyaldehyde, 
Wittig reaction of the aldehyde with the P-ylide 
and subsequent intramolecular conjugate addi-
tion to the α,β-unsaturated ester [49]. Reduction 
of the ester 22 with LiAlH4 provided the alcohol, 
which was transformed into the tosylate 17.

Reagents and conditions: (a) [(1,3-dioxolan-
2-yl)methyltriphenylphosphonium bromide, 
[(CH2O)2CHCH2PPh3 Br], K2CO3, 
tris[methoxyethoxyethyl)amine. (b) n-BuLi, 
−78 °C, 1-benzylpiperidin-4-one. (c) HCl, THF. 
(d) NaBH4, CH3OH. (e) TosCl, NEt3, DMAP. (f) 
Ph3P=CHCO2Et, Cs2CO3, toluene, reflux. (g) 
LiAlH4, Et2O, −15  °C. (h) chiral preparative 
HPLC, Daicel Chiralpak IB®. (i) K[18F]F/K2.2.2, 
K2CO3, CH3CN, 85 °C.

The enantiomeric tosylates (R)-17 and (S)-17 
were separated by a chiral preparative HPLC 
using a Daicel Chiralpak IB® column [58]. The 
enantiomeric tosylates (R)-17 and (S)-17 were 
isolated in 98.2 % ee and 97.8 % ee, respectively. 
Reaction of the enantiomeric tosylates (R)-17 
and (S)-17 with tetrabutylammonium fluoride 

Scheme 4.2  Synthesis of enantiomerically pure (R)- and (S)-fluspidine (R)-13 and (S)-13
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(TBAF) in THF resulted in the fluspidine enan-
tiomers (R)-13 (99.6 % ee) and (S)-13 (96.4 % 
ee). The absolute configuration was determined 
by circular dichroism. The σ1 affinity of the flus-
pidine enantiomers (R)-13 and (S)-13 was 
0.57 nM and 2.3 nM indicating the (R)-enantiomer 
being the eutomer with an eudismic ratio of 4.

Due to the high σ1 affinity of both fluspidine 
enantiomers (R)-13 and (S)-13, the radiosynthesis 
of both [18F](R)-13 and [18F](S)-13 was performed 
by nucleophilic substitution of the tosylates (R)-
17 and (S)-17 with K[18F]F complexed with the 
cryptand Kryptofix(R). For the careful preclinical 
evaluation of the PET tracer fluspidine [18F]13 
and its enantiomers [18F](R)-13 and [18F](S)-13 an 
automated radiosynthesis was developed [59]. 
The key features of the automated radiosynthesis 
are a reaction time of 15 min in boiling acetoni-
trile (85  °C), 59 ± 4 min time for the complete 
process, 37  % radiochemical yield (decay cor-
rected) and >98.8 % radiochemical purity.

4.3.4	 �Interaction of (R)- and (S)-
Fluspidine with the σ1 
Receptor

For a molecular-level description of the binding of 
fluspidine enantiomers to the σ1 receptor, the puta-
tive binding modes of (R)-13 and (S)-13 on our σ1 
receptor 3D homology model were retrieved [60–
62]. The two enantiomers were then docked into 
the putative binding site of the σ1 receptor, and 
their affinity toward the receptor was scored after 
long runs of Molecular Dynamics (MD) simula-
tion by MM/PBSA (Molecular Mechanics/Poisson 
Boltzmann Surface Area) analysis [63].

In a typical structure of the MD-simulated σ1–
ligand complexes, both (R)-13 and (S)-13 are ori-
ented horizontally inside the receptor binding 
pocket and adopt similar binding poses, as illus-
trated in Fig. 4.6. For both enantiomers, the -NH+ 
moiety of the ligand piperidine ring is anchored 
around the negatively charged side chain of D126 
of the σ1 protein, interacting with each other 
through a permanent salt bridge. As tracked by 
MD simulations, the average distance for the salt 
bridge through the proton at the cationic moiety 

of 13 and the COO− group of σ1 D126 is 3.1 ± 
0.1 Å for the (R)-enantiomer and 3.3 ± 0.1 Å for 
the (S)-enantiomer (Fig. 4.6, upper panels). A 
stable hydrogen bond between the donor hydroxyl 
group of T151 and the acceptor counterpart in the 
benzofuran moiety of fluspidine is also detected 
during the entire course of the MD simulation. Of 
note, the hydrophobic pocket lined by the side 
chains of the receptor residues I128, F133, Y173 
and L186 with the further stabilizing contribution 
of E172 perfectly encases the 2-benzofuran por-
tion of both enantiomers. Finally, the equilibrated 
MD trajectories revealed the presence of stabiliz-
ing π/cation and π/π interactions between the 
N-benzyl ring of (R)-13 and (S)-13 and the side 
chains of R119 and W121.

All of the interactions described above are 
quantified by a calculated free energy of binding 
ΔGbind (Fig. 4.6, bottom left panel) for σ1 equal to 
−11.98 ± 0.31 kcal/mol for (R)-13 and −11.72 ± 
0.32 for (S)-13 corresponding to an estimated 
affinity Ki(σ1)calcd. Value of 1.66 nM and 2.58 nM, 
respectively, in stringent agreement with the 
experimentally determined Ki values.

Analyzing the single energetic component of 
the binding free energy, we can see that for both 
compounds the overall polar component disfavors 
binding (i.e., ΔEELE + ΔGPB = +11.88 kcal/mol for 
(R)-13 and +11.67  kcal/mol for (S)-13, respec-
tively). However, the decomposition of the polar 
interactions into its Coulombic (ΔEELE) and solva-
tion contributions (ΔGPB) shows that indeed the 
direct intermolecular electrostatic interactions 
(ΔEele) are always favorable to binding but their 
contribution cannot compensate the large, unfavor-
able term (ΔGPB) stemming from desolvation pen-
alties associated with the binding event, thereby 
ultimately leading to an unfavorable contribution. 
In contrast, the intermolecular van der Waals inter-
actions (ΔEVDW) and the nonpolar solvation term 
(ΔGNP) provide the driving force for binding. The 
highly favorable total nonpolar binding free energy 
reproduces the considerable contribution afforded 
by the stabilizing interactions from the various 
hydrophobic residues that line the surface of the 
binding cavity between the receptor and the ligands 
(i.e., ΔEVDW + ΔGNP = −52.01 kcal/mol for (R)-13 
and −51.47  kcal/mol for (S)-13, respectively). 
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Finally, the entropic terms for both enantiomers are 
almost equal (i.e., TΔSbind = +28.15 kcal/mol for 
(R)-13 and +28.08  kcal/mol for (S)-13, respec-
tively), as could be expected since the two mole-
cules are identical both from the standpoint of the 
molecular structure and the loss in degrees of free-
dom they undergo upon binding to the σ1 receptor. 
As illustrated in the bottom right panel of Fig. 4.6, 
a deconvolution of the enthalpic component 
(ΔHbind,res) of the binding free energy into contribu-

tions from each protein residue was carried out to 
investigate in detail the binding mode of both enan-
tiomers (R)-13 and (S)-13 to the σ1 receptor. 
Specifically, the stable hydrogen bond involving 
T151 (Average Dynamic Length (ADL) = 2.00 ± 
0.02 Å for (R)-13 and 2.06 ± 0.02 Å for (S)-13) and 
the stable salt bridge featured by D126 are respon-
sible for stabilizing contributions of −1.53  kcal/
mol for (R)-13 and −1.46 kcal/mol for (S)-13 and 
−2.70 kcal/mol for (R)-13 and −2.68 kcal/mol for 

Fig. 4.6  Details of the key interactions detected in the 
equilibrated MD snapshots of (R)-13 (upper left panel) 
and (S)-13 (upper right panel) in complex with the σ1 
receptor. The main protein residues involved in ligand/
receptor interactions are R119, W121 (π-interaction; 
cyan), D126 (salt bridge; red), I128, F133, E172, Y173, 
L186 (hydrophobic cavity; steel blue) and T151 (hydro-
gen bond; green). Compounds (R)-13 and (S)-13 are 
shown in atom-colored sticks and-balls: C, gray; O, red; 
and N, blue. H atoms are not shown but the salt bridges 
and the hydrogen bonds are indicated as black broken 

lines. In both panels, water molecules, ions and counter-
ions are not shown for clarity. (bottom left panel) Binding 
free energy (ΔGbind) and its components for (R)-13 and 
(S)-13 in complex with the σ1 receptor. All energy values 
are in kcal/mol. The calculated Ki(σ1)calcd. Values (nM), 
obtained using the relationship ΔG = −RTln(1/Ki) are also 
reported. (bottom right panel) Per residue enthalpic con-
tribution (ΔHbind,res) to binding for the σ1 receptor in com-
plex with (R)-13 and (S)-13. Only σ1 residues critical for 
receptor binding are shown
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(S)-13, respectively. Moreover, substantial van der 
Waals and electrostatic interactions are contributed 
by residues R119 (−0.89 kcal/mol for (R)-13 and 
−0.90 kcal/mol for (S)-13) and W121 (−1.95 kcal/
mol for (R)-13 and −1.89  kcal/mol for (S)-13), 
through the aforementioned π-cation and T-stacking 
π−π interaction, respectively, and by the residues 
belonging to the hydrophobic pocket I128, F133, 
E172, Y173, L186 (∑ΔHbind,res = −6.42 kcal/mol 
for (R)-13 and ∑ΔHbind,res = −6.19 kcal/mol for 
(S)-13). All other receptor residues were character-
ized by negligible interaction enthalpy values 
(|ΔHbind,res| < 0.30 kcal/mol).

4.3.5	 �In Vitro Biotransformation 
of (R)- and -(S)-Fluspidine

The biotransformation was investigated in vitro 
upon incubation of both non-labeled fluspidine 
enantiomers (R)-13 and (S)-13 with rat liver 
microsomes and NADPH/H+. At first the rate of 
degradation was determined in kinetic experi-

ments over a period of 90 min[57]. After an incu-
bation period of 30  min approx. 72  % of both 
parent fluspidine enantiomers were detected. 
However, after a period of 90 min, only 33 % of 
(R)-13 was left, whereas 58 % of unchanged (S)-
13 was found. These experiments indicate a 
higher metabolic stability of (S)-fluspidine (S)-13 
compared to its (R)-configured enantiomer 
(R)-13.

In the next step, the number and structure of 
the formed metabolites was analyzed [58]. For 
(S)-fluspidine (S)-13 eight metabolites were iden-
tified by LC-MS experiments: the N-debenzylated 
metabolite (S)-13A, four monooxygenated 
metabolites (S)-13B–E and three metabolites 
containing two additional O-atoms. In Fig. 4.7 
the primary metabolites of (S)-13 are depicted 
showing the metabolic labile positions, which are 
attacked by CYP enzymes. Regarding the bio-
transformation the N-benzyl moiety represents a 
privileged structural element for degradation, 
since the N-debenzylated metabolite (S)-13A, the 
4-hydroxybenzyl metabolite (S)-13B and the 

Fig. 4.7  Metabolically labile positions of (S)-fluspidine (S)-13
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N-oxide (S)-13C were identified. Additionally, 
metabolites with an OH moiety at the piperidine 
ring ((S)-13D) and at the fluoroethyl side chain 
((S)-13E) were identified. The dioxygenated 
metabolites were formed by further hydroxyl-
ation of the 4-hydroxybenzyl metabolite (S)-13B. 
at the piperidine ring, the N-atom, and the 
hydroxybenzyl moiety. Although (R)-13 was 
transformed faster than (S)-13, only seven metab-
olites were formed upon incubation of (R)-13 
with rat liver microsomes and NADPH/H+. The 
metabolite (R)-13E bearing the OH moiety in the 
fluoroethyl side chain could not be detected for 
the enantiomer (R)-13.

4.3.6	 �In Vivo PET Studies with [18F]
(R)- and [18F](S)-Fluspidine

The in vivo kinetics was carefully investigated 
after application of the radiotracers [18F](S)-13 
and [18F](R)-13 to mice and piglets [64]. In the 
piglet study the brain uptake and wash-out kinet-
ics of the enantiomers [18F](S)-13 and [18F](R)-
13 showed significant differences. The initial 
uptake of the enantiomers was very similar, but 
the wash-out of [18F](R)-13 was very slow. After 
120 min the concentration of [18F](R)-13 in the 
brain was almost the same as after 5 min indicat-
ing a quasi-irreversible but non-covalent binding 
of the more affine enantiomer [18F](R)-13. The 
specific interactions of [18F](S)-13 and [18F](R)-
13 with σ1 receptors was reduced by administra-
tion of the selective σ1 ligand SA4503 confirming 
the selective labeling of σ1 receptors (Fig. 4.8, 
part c). The recorded data were used to establish 
a tracer kinetic model for both enantiomers, the 
influx rate constant k1, the clearance rate con-
stant k2’, and the binding potential (k3’/k4) for 
various brain regions were estimated and the dis-
tribution volume in the whole brain was 
calculated.

Determination of the plasma concentration of 
the parent compounds showed that the metabolic 
degradation of [18F](R)-13 is significantly faster 
than that of [18F](S)-13, which confirms the in 
vitro experiment with rat liver microsomes. For 
both enantiomers lipophilic radiometabolites, 

which would be able to penetrate into the brain, 
were not detected.

In Fig. 4.8 brain images obtained after treat-
ment of the animals with the fluorinated PET 
tracer [18F](S)-fluspidine ([18F](S)-13) are shown. 
The ex vivo autoradiography of a mouse brain 
(Fig. 4.8 part a) reveals high concentration of the 
radioligand in those regions, which are reported 
to be rich in σ1 receptors. The resolution of the 
PET image of the whole piglet brain (Fig. 4.8 part 
b) is reduced compared to the mouse autoradiog-
raphy, which directly detects β+ (e+) particles, 
whereas PET detects gamma ray coincidences. 
The specificity of [18F](S)-fluspidine binding to 
σ1 receptors was investigated with a blocking 
experiment. In which a large amount of SA4503 
was administered. In Fig. 4.8, part c, the thala-
mus of piglet brain is displayed exemplarily indi-
cating that labeling with [18F](S)-fluspidine can 
be inhibited by the σ1 receptor ligand SA4503

4.4	 �Conclusion

Preclinical evaluation performed with [18F](S)- 
and [18F](R)-fluspidine ([18F](S)-13) and ([18F]
(R)-13) indicates that both tracers are valuable 
tools for selective non-invasive visualization and 
quantification of σ1 receptors in the brain under 
healthy and diseased conditions. To provide a 
molecular rationale of the interactions between 
fluspidine enantiomers and the σ1 receptor, the 
two enantiomers were docked into the putative 
binding site of our σ1 3D receptor model, and 
their affinity toward the receptor was scored by 
MM/PBSA analysis. The results of our modeling 
investigations confirm that both enantiomers of 
13 can be accommodated within the σ1 binding 
site and establish the same network of stabilizing 
interactions with the target receptor. Although 
(S)-fluspidine shows lower σ1 affinity than (R)-
fluspidine, the higher metabolic stability of (S)-
fluspidine and its common reversible binding 
kinetics favors slightly this enantiomer for fur-
ther development. However, the potential of the 
non-covalent quasi-irreversible σ1 binding of 
[18F](R)-fluspidine remains to be further eluci-
dated in clinical studies.
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