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Much effort has been devoted to the solution of the
so-called “sigma (σ) enigma”.1 Since the introduction
of the term “σ receptor” in 1976,2 many ligands display-
ing high affinity for these sites have been discovered.3-5

However, after more than two decades of research, little
is known about the biochemical and molecular nature
of these sites. The σ receptor concept itself has been
questioned for the lack of a specific endogenous agonist
and for its undefined biological role.5,6 Thus, σ sites
should not be classified as receptors in the sense of being
agonist-activated mediators of signal transduction, and
the debate continues over whether σ sites are true
receptors or a membrane bound enzyme.6 The situation
has been complicated further by the observation that σ
sites do not constitute a homogeneous population and
they can be divided into at least two different subtypes,
namely σ1 and σ2.5,7 However, additional σ sites have
been proposed on the basis of their distinct pharmaco-
logical profiles versus the previously defined σ1 and σ2
subtypes. Thus a putative σ3 and another site were
shown to display high affinity for certain phenylami-

notetralines8,9 and arylethylenediamine-related com-
pounds,10,11 respectively.
Very recently, the existence of σ sites has been

confirmed by the cloning of a guinea pig σ1 receptor12
and a human σ1 receptor.13 The amino acid sequence
of these cloned receptors, having a single putative
transmembrane domain, bears significant homology
(93% identity and 96% similarity) to each other. Inter-
estingly, the amino acid sequence of this receptor shows
no homology to known mammalian proteins but shares
30% identity with a gene product of yeast, a gene that
encodes a sterol C8-C7 isomerase of the ergosterol
biosynthetic pathway. On this basis, it has been
advanced that a possible common denominator of σ
receptor function might be sterol biosynthesis.6 How-
ever, other evidence indicates that σ receptors might be
coupled to G-proteins as well.14
The growing interest about σ receptor ligands can be

related to the fact that these receptors may represent
new targets for the development of therapeutic agents
for the treatment of various mental, motor, and other
disorders.1 However, a major problem in σ receptor
research is the lack of specific σ ligands as most of these
agents bind at other receptor systems including sero-
tonin 5-HT2, dopamine D2, PCP (1-(1-phenylcyclohexyl)-
piperidine), and muscarinic receptors, thus making still
unclear as to whether their pharmacological properties
are due to the interaction with σ sites. Consequently,
it is of paramount importance to make available selec-
tive ligands not only for the characterization of the σ
sites but also for the development of new therapeutically
useful agents. A vast array of structurally unrelated
compounds interact with σ sites, suggesting that these
receptors may be primordial, which makes it inherently
difficult to determine the structural requirements lead-
ing to receptor subtypes selectivity.3-5 Among the
variety of these structures, spirotetralines 1 were
reported to be potent σ ligands.15 However, these
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ligands displayed also significant affinity for serotonin
5-HT2 receptors which may add therapeutic value for
treating psychotic disorders but in the meantime may
complicate the characterization of σ sites. We thought
it worthwhile to modify the structure of 1 to improve
affinity for σ1 receptors such as to discriminate hopefully
among σ sites and other receptor systems. We report
here the synthesis and preliminary characterization in
binding and functional experiments of 1′-benzyl-3,4-
dihydrospiro[2H-1-benzothiopyran-2,4′-piperidine] (2,
spipethiane) and of its corresponding sulfoxide (3) and
sulfone (4). To verify the role of the sulfur atom of 2 in
the interaction with σ sites, 1′-benzyl-3,4-dihydrospiro-
[2H-1-benzopyran-2,4′-piperidine] (5) has been included
in this study. Compound 5 has been disclosed to be an
inhibitor of histamine release,16 but no data on its σ
binding affinity has been published.
Chemistry. The compounds were synthesized by

standard procedures (Scheme 1) and were characterized
by 1H NMR and elemental analysis.17 Reduction of 618
and 718 with borane afforded 219 and 5,20 respectively.
Treatment of sulfide 2 with different amounts of H2O2
gave the corresponding sulfoxide 321 and sulfone 4.22
Pharmacology. Compounds 1-5, in the form of

hydrogen oxalate salts, were evaluated for in vitro
activity on σ1, σ2, serotonin 5-HT2, dopamine D2, mus-
carinic M2, muscarinic M3, opioid, and PCP receptors
and R1A- and R1B-adrenoreceptors. The detailed meth-
ods have been published previously.23-30 The following
specific ligands, tissue sources, and procedures were
used: (a) σ1 receptors, [3H]-(+)-pentazocine, guinea pig
brain;23 (b) σ2 receptors, [3H]DTG in the presence of 200
nM (+)-N-allylnormetazocine (NANM), guinea pig
brain;24 (c) serotonin 5-HT2 receptors, [3H]ketanserin,
guinea pig frontal cortex;25 (d) dopamine D2 receptors,
[3H]spiperone, rat striatum;26 (e) muscarinic M2 recep-
tors, [3H]NMS, rat heart;27 (f) muscarinic M3 receptors,
[3H]NMS, rat submaxillary gland;27 (g) total opioid
receptors, [3H]naloxone, rat whole brain;28 (h) R1A-
adrenoreceptors, [3H]prazosin, rat submaxillary gland;29
(i) R1B-adrenoreceptors, [3H]prazosin, rat liver;29 (j) PCP
receptors, [3H](+)NANM in the presence of 5 µM halo-
peridol, rat brain.30 Nonspecific binding for each recep-
tor was defined by inclusion of 1 µM haloperidol (σ1, σ2,
and D2), 1 µMmethylsergide (5-HT2), 1 µM atropine (M2
and M3), 1 µM naloxone (total opioid), 10 µM phentol-

amine (R1A and R1B), and 10 µM (+)-NANM (PCP). The
following reference compounds were used: (+)-penta-
zocine (σ1 receptors), haloperidol (σ2 and D2 receptors),
clozapine (5-HT2 receptors), methoctramine (muscarinic
M2 and M3 receptors), morphine (opioid receptors),
prazosin (R1A- and R1B-adrenoreceptors), and methaphit
(PCP receptors). Moreover, the affinity of compounds
1 and 2 for the σ-like site known as σ331,32 was evaluated
on guinea pig brain homogenates prepared as re-
ported,32 in competition for sites labeled by [3H]ket-
anserin (1 nM) in the presence of 10 µM serotonin to
mask 5-HT receptors. Previously, Booth et al.33 have
reported that ketanserin displays high affinity for σ3
binding sites (Ki ) 0.38 nM) while serotonin does not
recognize this site (Ki < 5000 nM). Therefore, lacking
a σ3 radiolabeled ligand, we decided to adopt this
strategy to label σ3 sites occurring in guinea pig brain
homogenates. Binding estimates were expressed as IC50
orKi values derived using the Cheng-Prusoff equation34
and calculated using the LIGAND or EBDA programs.35

Since σ3 ligands are supposed to stimulate tyrosine
hydroxylase (TH) activity in minces of rat corpus
striatum at 0.1 µM, we investigated 1 and 2 following
the procedure described for certain phenylaminotetra-
lines.31,32

Results and Discussion. The results, expressed as
Ki values, of spiropiperidines 2-5 are shown in Table 1
together with those of 1 and standard compounds. It
can be seen that replacing the carbonyl group of 1 by
sulfur or oxygen, affording 2 or 5, respectively, or
converting 2 into the corresponding analogues 3 and 4
alters markedly both affinity and selectivity toward σ1
receptors. This finding clearly indicates that the inser-
tion of a heteroatom such as sulfur or oxygen into the
tetrahydronaphthalene ring of 1 is highly effective
toward σ1 receptors. However, the most striking result
of the present investigation is the superpotent affinity
and selectivity toward σ1 receptors displayed by spi-
pethiane (2). Interestingly, spipethiane as well as
analogues 3-5 turned out to be devoid of significant
affinity for the other receptor systems so far investi-
gated. Particularly, spipethiane (2) showed a low af-
finity for the σ3 binding site (IC50 ) 632 ( 18 nM; n )
3), whereas the reference compound 1 displayed a 15-
fold higher affinity for this binding site (IC50 ) 42 ( 6
nM; n ) 3). Furthermore, 1 and 2 were not able to
increase TH activity (p > 0.05) up to 0.1 µM concentra-
tion. An analysis of affinity estimates in Table 1 reveals
that the replacement of the carbonyl group of 1 by either
sulfur as in 2 or oxygen as in 5 leads to an increase in
affinity for σ1 receptors, while producing a slight (2-fold
for 5) to marked (42-fold for 2) decrease in affinity for
σ2 receptors. Thus, spipethiane (2) was 19-fold less
potent than 5 at σ2 receptors, and consequently it was
markedly more selective than 5 toward σ1 receptors.
Oxidation of 2 into the corresponding sulfoxide 3 and
sulfone 4 caused a significant (40-50-fold) decrease in
affinity for σ1 receptors whereas only a small (4-fold)
decrease in affinity for σ2 receptors. This finding
parallels the results observed by Gilligan et al.36 for
compounds which are structurally related to spi-
pethiane. However, these open analogues displayed
also a significant affinity for D2 and 5-HT2 receptors that
is not observed with the compounds used in the present

Scheme 1. Synthesis of Spiropiperidines 2-5a

a Bz ) benzoyl, Bn ) benzyl; reaction conditions: (a) BH3‚Me-
SMe, diglyme, 120 °C, 14 h; then MeOH, room temperature, 5 h,
HCl, 120 °C, 3 h; (b) 30% H2O2, CH3COOH, room temperature,
18 h; (c) 30% H2O2, CH3COOH, room temperature, 42 h.
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investigation. The fact that the ligands currently used
to investigate σ receptors lack not only a clear subtype
selectivity but also σ receptor specificity may explain
the difficulties in characterizing σ receptor subtypes
with classic pharmacological studies. The results pre-
sented in this paper clearly show that the use of
spipethiane (2) might help the pharmacological identi-
fication of σ receptor subtypes.
To our knowledge, spipethiane (2) represents, until

now, one of the most potent and selective σ1 receptor
ligands, and it might be a valuable tool for the charac-
terization of σ receptors.
Our future work in this area will include studies

directed at gaining a better understanding of the
intriguing trends noted above. In addition, we hope to
develop relevant structure-activity relationships for σ
receptor subtypes through the synthesis of chiral com-
pounds related to those presented in this paper. These
studies should contribute to clarify the structural
requirements for selective binding of spiropiperidines
to σ receptor subtypes.
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