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ABSTRACT: Some norbenzomorphans exhibit high affinity
for sigma 1 and sigma 2 receptors, and varying the position of
substituents on the aromatic ring of this scaffold has a
significant effect on subtype selectivity. In particular,
compounds bearing several different substituents at C7 of
the norbenzomorphan ring system exhibit a general preference
for the sigma 1 receptor, whereas the corresponding C8-substituted analogues preferentially bind at the sigma 2 receptor. These
findings suggest that the norbenzomorphan scaffold may be a unique chemical template that can be easily tuned to prepare small
molecules for use as tool compounds to study the specific biological effects arising from preferential binding at either sigma
receptor subtype. In the absence of structural characterization data for the sigma 2 receptor, such compounds will be useful
toward refining the pharmacophore model of its binding site.
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Sigma receptors (σRs) are a distinct class of transmembrane
proteins that are expressed in the central nervous system

(CNS) and peripheral tissues. They are involved in a variety of
critical cellular processes, including Ca2+ regulation, apoptosis,
and neuron survival.1 Originally classified as an opioid receptor
subtype and subsequently as a phencyclidine/N-methyl-D-
aspartate binding site,2 σRs are now known to be non-GPCR
proteins that comprise two receptor subtypes, the sigma 1 (σ1)
receptor and the sigma 2 (σ2) receptor. The subtypes are
differentiated by their molecular weight, anatomical distribu-
tion, and preference for specific ligands.1 Although there are
several reports of assays that may be used to assign functional
activity for ligands of each σ receptor subtype,3,4 these
protocols have not yet been widely adopted and adequately
vetted.
The σ1 receptor has been cloned and sequenced, and

recently a crystal structure of the ligand-bound protein was
obtained.5 The σ1 receptor is expressed in the olfactory bulb
and hypothalamus, and it shows >90% identity between mouse,
rat, and human.6 This receptor is involved in regulation of K+

and Ca2+ levels, as well as modulation of neuronal firing and
neurotransmitter release. A multitude of ligands are known that
bind to the σ1 receptor,7 and several drug candidates that bind
to σ1 receptors are in clinical trials for Alzheimer’s disease
(AD),8 epilepsy,6 and pain.9 Moreover, drugs such as donepezil,
fluvoxamine,10 and opipramol11 have high affinity for the σ1
receptor and are in current use. Although the exact therapeutic
contribution of σ1 receptor binding for these drugs is not clear,
some data ascribes clinical efficacy, in part, to σ1 receptor
activation.
Unlike the σ1 receptor, cloning of the σ2 receptor has not yet

been reported. Several accounts suggest that the putative σ2
receptor binding site is in the progesterone receptor membrane

component 1 (PGRMC1) protein complex.12,13 However,
others propose that the σ2 receptor and PGRMC1, which is a
heme binding protein that has been well characterized,14,15 are
distinct molecular entities.16−18 Although additional research is
needed to clarify the nature of the relationship between the σ2
receptor and PGRMC1, we have recently shown that some high
affinity σ2 receptor ligands act through a vem-1 (PGRMC1
ortholog) pathway in C. elegans.19

Subtype-selective σ2 receptor ligands have been shown to
exhibit a range of clinically relevant properties, and these
discoveries have inspired increasing interest in the σ2 receptor
as a novel biological target. For example, the σ2 receptor is
overexpressed in proliferating tumor cells and is a potential
target for cancer diagnostics and chemotherapeutics.20,21 The
σ2 receptor has also been shown to be involved in
dopaminergic transmission, microglia activation, and neuro-
protection.22 The σ2 receptor plays a key role in amyloid β
(Aβ)-induced synaptotoxicity, and σ2 receptor binding ligands
that block the interaction of Aβ oligomers with the σ2 receptor
have been shown to be neuroprotective.23,24 We have shown
that σ2 receptor modulators improve cognitive performance in
transgenic AD mice as well as wild-type mice,19 and we recently
discovered that σ2 receptor modulators improve learning and
memory in mice following a blast-induced brain injury.25

Numerous subtype selective σ receptor ligands with a broad
array of structural diversity have been disclosed,26 including the
granatanes 1, aminoaryl esters 2, benzomorphans 3, norbenzo-
morphans 4 (Figure 1), and others.27,28 However, we are not
aware of any compound classes wherein making a small
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structural change to a ligand having high affinity for one σ
receptor subtype results in a significant reversal of subtype
selectivity. It is thus noteworthy that we have now discovered
pairs of regioisomeric norbenzomorphans that exhibit a
remarkable change in preference for σ receptor subtype based
on the location of the substituent (C7 vs C8) on the
norbenzomorphan framework. Because such pairs of ligands
have identical molecular properties and are likely to exhibit
similar physicochemical characteristics, they are potentially
useful as complementary chemical tools to study the effects of
modulating each receptor subtype.
We recently developed a general platform for the rapid

synthesis of small collections of functionalized heterocyclic
scaffolds that can be further diversified by facile cross-coupling
reactions and refunctionalizations.29−33 Because of the drug-like
properties34,35 and potential medicinal applications of norben-
zomorphan derivatives,36,37 we were attracted to this tricyclic
skeletal framework (4, Figure 1, red highlight). Studies of the
receptor binding profiles for a small set of norbenzomorphan
derivatives against a panel of CNS-based proteins, which were
performed at the NIMH-PDSP,38 revealed that many of these
compounds exhibit high affinity for the σ1 and σ2 receptors.
These data reveal that compounds having a substituent at C8 of
the norbenzomorphan nucleus tend to be selective for the σ2
receptor relative to the σ1 receptor, whereas those having
substituents at C7 bind preferentially to the σ1 receptor. We
recently expanded on these early findings and disclosed a series
of C8-substituted analogues of SAS-1121 (4, Figure 1) that
bind to the σ2 receptor with high affinity and significant
selectivity over the σ1 receptor.39 We now report that σ
receptor subtype selectivity for a series of regioisomeric
norbenzomorphans can vary dramatically depending upon
whether the substituent is at the C7- or C8-position of the
norbenzomorphan ring.
In order to prepare an assortment of C7- and C8-substituted

norbenzomorphans for receptor subtype profiling, the aryl
chlorides 5 and 6 were synthesized on a multigram scale via a
multicomponent assembly process described previously.33 The
Buchwald−Hartwig cross-coupling reaction of 5 and 6 with
piperazine in the presence of Pd(OAc)2 delivered the
corresponding arylpiperazines 7 and 8 (Scheme 1). These
key intermediates were then independently elaborated to a
series of tertiary amines using standard N-alkylation reactions.

Because the presence of an ionizable nitrogen atom appears to
be an essential requirement for high affinity binding to σ
receptors,40,41 transformations that significantly attenuate the
basicity of the amino group (i.e., acylations, sulfonylations, etc.)
were avoided. Thus, reductive amination of 7 and 8 with a
series of aldehydes and ketones in the presence of Na-
(OAc)3BH gave the tertiary amines 9−16 and 22−29. The
allylamine analogues 17, 18, 30, and 31 were conveniently
prepared by N-allylation of 7 and 8 with the appropriate allyl
halides. Reaction of 7 and 8 with methyl or ethyl acrylate
delivered the corresponding β-amino esters 19, 20, 32, and 33
in high yield. Finally, the dichlorophenylsulfonamides 21 and
34 were prepared from 7 and 8 by removal of the carbamate
group using iodotrimethylsilane (TMSI) followed by aqueous
acid workup and N-arylsulfonylation.
Two sets of regioisomers having substituents other than a

piperazine ring were also prepared to ascertain whether reversal
of subtype selectivity may be a more general phenomenon and
not simply confined to piperazine analogues. Accordingly, the
derivatives 35 and 36 were prepared from 5 and 6 via
Buchwald−Hartwig cross-coupling reactions using morpholine
as a reaction partner (Scheme 2), while the biaryls 39 and 40
were synthesized from 5 and 6 by a Suzuki reaction using 3-
methoxyphenylboronic acid in the presence of catalytic Pd[P-
tBu3]2 (Scheme 2). The carbamates 35, 36, 39, and 40 were
then transformed into the corresponding benzylamines 37, 38,

Figure 1. High affinity σ1 and σ2 receptor ligands 1−4.

Scheme 1. Synthesis of Arylpiperazine Analogues 7−34

Scheme 2. Preparation of Morpholines and Biaryls 35−42
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41, and 42 by reaction with TMSI, followed by workup with
aqueous base.
This new collection of C7- and C8-substituted norbenzo-

morphans was then submitted to the PDSP in order to
determine their binding profiles at σ receptors as well as at 38
other CNS receptors using competition binding assays with
radiolabeled ligands (see Table S1 in Supporting Information
for binding profiles of representative compounds at non-σ
receptor sites).42 The σ receptor binding profiles, which are
reported as binding affinities (Kis), were obtained for 15 pairs

of regioisomers (Tables 1 and 2). These results reveal that the
location of the substituent on the norbenzomorphan ring has a
striking effect upon σ receptor subtype affinity. The C7-
substituted analogues are generally selective for the σ1 receptor,
with the most selective ligand 37 having 34-fold preference for
the σ1 receptor versus the σ2 receptor (Table 1). Conversely,
the corresponding C8-substituted norbenzomorphans display
remarkable selectivity for the σ2 receptor over the σ1 receptor.
Indeed, the C8-substituted ligands 32 and 33 have >200-fold

Table 1. Sigma Receptor Binding Affinities of Carbamate Norbenzomorphans

Ki values reported as an average of two or more independent experiments. aCompound previously published.39 bDiffers from previously published
values due to averaging of additional Ki measurements.

cRatio equal to σ1 Ki/σ2 Ki.

Table 2. Sigma Receptor Binding Affinities of Sulfonamide- and Benzylamine Norbenzomorphans

Ki values reported as an average of two or more independent experiments. aCompound previously published.39 bDiffers from previously published
values due to averaging of additional Ki measurements.

cRatio equal to σ1 Ki/σ2 Ki.
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selectivity for the σ2 receptor over the σ1 receptor (Table 1).
These trends are summarized in Figure 2.

A more detailed analysis of the findings summarized in Table
1 reveals some notable trends within the various groups of C7-
and C8-substituted analogues. Among the alkylpiperazine
analogues having a benzyl carbamate group (9−33), the C7
regioisomers exhibit selectivity for the σ1 receptor versus the σ2
receptor, whereas the C8 regioisomers are selective for the σ2
receptor. It is noteworthy, however, that the C8 regioisomers
exhibit subtype selectivity superior to that of the corresponding
C7 regioisomers. Among the saturated, acyclic alkylpiperazines
9−11 and 22−24, an increase in hydrophobicity arising from a
change in the N-alkyl group (i.e., from N-methyl, N-propyl-,
and N-isopropyl) leads to enhanced σ1 receptor affinity for C7
regioisomers and increased σ2 receptor affinity for C8
regioisomers. Interestingly, increasing the hydrophobic bulk
of this substituent within the C8 series is accompanied by an
increase in σ2 receptor subtype selectivity, but there is no
notable effect in the C7 series. σ receptor subtype selectivity of
allylpiperazine analogues 17, 18, 30, and 31 is also governed by
the location of the piperazine substituent on the norbenzo-
morphan scaffold. A change from allyl to 2-methallyl affords an
increase in σ receptor affinity for both sets of regioisomers.
However, only the C8-regioisomers exhibit a corresponding
increase in σ2 receptor subtype selectivity; C7 regioisomers
suffer a decrease in σ1 receptor subtype selectivity when allyl is
replaced with 2-methallyl. The piperazine derivatives 12−14,
16, and 25−29, which bear N-(methyl)cycloalkyl- and N-
benzyl groups, follow the same trends in receptor subtype
selectivity. However, the C7-substituted cyclohexylpiperazine
15, which appears to show a slight preference for the σ2
receptor, is an exception to this trend.
The effects observed upon introducing a polar residue into

the N-alkyl side chain of the piperazine analogues warrants
some commentary. The C7 piperazine methyl ester 19 exhibits
a slight preference for the σ1 receptor over the σ2 receptor,
whereas the corresponding ethyl ester 20 is equipotent at both
σ receptor subtypes rather than favoring the σ1 receptor as
might have been expected. In marked contrast, the correspond-
ing C8 substituted analogues 32 and 33 boast dramatic
enhancements in σ2 receptor subtype selectivity. Namely, the
methyl ester 32 exhibits greater than 240-fold selectivity for the
σ2 receptor, and the ethyl ester 33 (SAS-1121) is 280-fold
selective for the σ2 receptor over the σ1 receptor.
Several pairs of regioisomers having other N-, C7-, and C8-

substituents were examined in preliminary experiments to
assess the importance of these moieties for σ receptor subtype
selectivity. The N-sulfonamide regioisomers 21 and 34 follow
the observed trend in subtype selectivity with the C7-
substituted isomer 21 being selective for the σ1 receptor, and
the C8-isomer 34 favoring the σ2 receptor (Table 2). The
morpholino isomers 37 and 38 exhibit the same tendency

toward σ receptor subtype selectivity as do their biaryl
counterparts 41 and 42. These examples suggest that the
observed regioisomer-driven subtype selectivity may be a
general phenomenon that can be achieved by appending a
variety of substituents on the aromatic ring and the nitrogen
atom of the norbenzomorphan scaffold.
In summary, we have identified a new class of σ receptor

binding ligands for which the receptor subtype selectivity can
be readily modulated by simply varying the position of a
substituent at C7 and C8 of the norbenzomorphan scaffold.
There appears to be a certain degree of flexibility for the nature
of the substituent on both the aromatic ring and the nitrogen
atom of the norbenzomorphan scaffold: The aryl ring may be
decorated with piperazine, morpholine, or aryl groups, whereas
the nitrogen atom may be adorned with aryl carbamates,
sulfonamides, and benzyl groups. As a rule, C7-substituted
regioisomers bind preferentially to the σ1 receptor relative to
the σ2 receptor, whereas C8-substituted ligands favor the σ2
receptor over the σ1 receptor. The ease with which
norbenzomorphan derivatives can be tuned for preferential
binding at either σ receptor subtype is unprecedented and
suggests that various norbenzomorphan analogues might serve
as subtype-selective chemical tools to study the structure and
function of σ receptors. We are currently engaged in efforts to
clone and structurally characterize the σ2 receptor. However, in
the absence of structural information for the σ2 receptor, the
data presented herein will prove useful for enhancing current
pharmacophore models40,41 for the σ receptors.
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