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A series of N-(benzofuran-2-ylmethyl)-N0-benzylpiperazines bearing alkyl or fluoroalkyl aryl ethers
were synthesized and evaluated at various central nervous system receptors. Examination of in vitro σ1
{[3H](þ)-pentazocine} and σ2 ([

3H]DTG) receptor binding profiles of piperazines 11-13 and 25-36
revealed several highly potent and σ1 selective ligands, notably, N-(benzofuran-2-ylmethyl)-N0-
(40-methoxybenzyl)piperazine (13, Ki = 2.7 nM, σ2/σ1 = 38) and N-(benzofuran-2-ylmethyl)-N0-(40-
(200-fluoroethoxy)benzyl)piperazine (30, Ki = 2.6 nM, σ2/σ1=187). Structural features for optimal
σ1 receptor affinity and selectivity over the σ2 receptor were identified. On the basis of its favorable logD
value, 13was selected as a candidate for the development of a σ1 receptor positron emission tomography
radiotracer. [11C]13 showed high uptake in the brain and other σ receptor-rich organs of a Papio
hamadryas baboon. The in vivo evaluation of [11C]13 indicates that this radiotracer is a suitable
candidate for imaging the σ1 receptor in neurodegenerative processes.

Introduction

σ receptors weremistakenly identified as an opioid receptor
subtype over 30 years ago.1 The investigation of σ receptors
with nonselective ligands led to a decade of confusion as σ
receptors were erroneously reclassified as the phencyclidine/
N-methyl-D-aspartate receptor complex.2 Currently, σ recep-
tors are recognized as a distinct class of mammalian protein,
widely distributed in the central nervous system (CNS)a and
peripheral organs, comprised of two pharmacologically well-
defined subtypes: σ1 and σ2.

3 The σ1 receptor has been cloned
from numerous sources, including human brain tissue, and
shows no similarity to any other mammalian protein.4,5 Very
recently, the σ2 receptor was identified as a member of the
histone protein family, but it has not been cloned.6,7 Crystal
structure data do not exist for either σ receptor subtype. An
endogenous ligand for σ receptors has not been definitively
identified; however, various neurosteroids, particularly proges-
terone, aswell as thehallucinogenic trace amine,N,N-dimethyl-
tryptamine (DMT), have been proposed to fulfill this role.8-11

It is believed thatσ1 receptors resideprimarily at the interface
between the endoplasmic reticulum (ER) and the mitochon-
drion, the mitochondria-associated ER membrane (MAM),12

and modulate Ca2þ efflux from the ER by acting as mole-
cular chaperones of inositol (1,4,5)-triphosphate receptors.13,14

However, σ1 receptors are also known to translocate to the
plasma membrane where they regulate voltage-dependent
Ca2þ channels and Kþ channels.15-18 Much less is known

about the nature of σ2 signaling. Like σ1 receptors,19 the
primary role of σ2 receptors is thought to involve the main-
tenance of Ca2þ homeostasis.20 Although σ receptors are
linked to a variety of signaling pathways, the precise trans-
duction mechanisms are complex and have not been fully
elucidated. In the CNS, σ receptors are known to modulate
several classical neurotransmitter systems, including those of
acetylcholine,21-23 dopamine,24-27 glutamate,28,29 5-hydroxy-
tryptamine,30,31 and norepinephrine,32-34 accounting for their
implication in a diverse spectrum of CNS disorders.35-37

Initial interest in σ receptors as therapeutic targets was
largely motivated by their high affinity for a range of clinically
used typical antipsychotics, such as haloperidol (1, Figure 1).38

The antipsychotic effect of functional antagonists of σ recep-
tors is well-known, and several σ ligands have entered clinical
trials for the treatment of schizophrenia.39 Similarly, the
finding that a number of structurally and pharmacologically
diverse antidepressants, including fluvoxamine (2) and imi-
pramine (3), also interact with σ receptors led to the investiga-
tion of σ receptors as a novel therapeutic target for the
treatment of affective disorders.40,41 Implication of σ receptors
in anxiety and depression is widely accepted and has been
comprehensively reviewed.42-44 Widely abused psychostimu-
lants, like cocaine (4) and methamphetamine (5), also interact
with σ receptors at physiologically relevant concentrations,
and it is believed that certain behavioral effects, addictive
properties, and the toxicity of these drugs involve their activity
at σ receptors.45-49 Dozens of functional σ receptor antago-
nists have been shown to attenuate 4-induced locomotor
stimulation, convulsion, and lethality, thereby identifying σ
receptors as an important target for the development of novel
anti-4 therapies.46,47,49

Numerous human tumor cell lines overexpress σ recep-
tors,50-52 and many σ ligands possess antiproliferative acti-
vity.53-55 Indeed, σ2 agonists have been shown to activate
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apoptosis and potentiate the effects of other antineoplastic
agents.56Despite a limited understanding of the precisemecha-
nistic role of σ receptors in cancer,57 there is already much
interest in σ receptors as cancer-associated biomarkers.58 The
design of selective σ ligands that are amenable to radiolabeling
with carbon-11 or fluorine-18 would provide cancer imaging
agents for use in the noninvasive technique, positron emission
tomography (PET).59

The relative paucity of truly selective σ ligands, especially
subtype-specific σ ligands, remains an impediment to σ re-
ceptor research. Consideration of the heterogeneity of known
σ ligands underscores the difficulty of establishing a compre-
hensive σ receptor pharmacophore to aid the rational design
of novel σ receptor probes. A model for σ1 binding has been
proposed; however, it is too simplistic to guide the rational
design of high-affinity, selective σ1 ligands.60-63 Recently,
several three-dimensional quantitative structure-activity re-
lationship (3D-QSAR) analyses of σ2 binding, each pertain-
ing to a particular structural class of σ2 ligands, were pub-
lished.64-66Thebroadapplicability andutility of thesemodels
to the rational design of selective σ ligands have not been
demonstrated.

Work in our laboratory has focused on the development of
increasingly selective σ ligands utilizing a polycarbocyclic
scaffold, to elucidate the requisite structural features of σ
receptor binding.67 Additionally, we aim to develop σ ligands
with potential therapeutic68 and diagnostic applications. We
report here the structure-affinity relationships of a series of
novel arylalkyl piperazines as selective σ ligands and the
development of a novel, carbon-11-labeled σ1 ligand as a σ
receptor imaging agent for use in PET.

The lead compound for this study was identified from a
series of disubstituted 1,4-piperazines, flanked by a chromene
ring and a benzyl group, reported by Baziard-Mouysset and
co-workers.69 The simplestmember of this series, 6 (Figure 2),
containing an unsubstituted benzyl ring, displayed high affi-
nity for σ receptors (Ki = 3 nM) and negligible off-target
activity (5HT1A,Ki>10μM;D2,Ki=10μM).69 Substitution
of the benzyl ring was generally detrimental to σ binding, with

the exception of 4-chloro (7) or 4-methoxy substitution (8),
which furnished improved σ ligands (Ki = 1 and 0.6 nM,
respectively). By contrast, the chromene ring of 6 was shown
to have little effect on σ binding, and substitution with a large
number of alternate aromatic groups was well tolerated.70

In particular, substitution with a naphthylmethyl (9) or
2-benzofurylmethyl group (10) conferred improved σ affinity
(IC50 = 0.6 and 0.4 nM, respectively).70 Unfortunately, no
data are available regarding the subtype selectivity of the
above compounds.

From the previously reported data, 4-methoxy substitution
of the benzyl ring of 10 should be tolerated and could be
expected to enhance σ affinity. Utilizing 10 as a lead com-
pound, 2-, 3-, and 4-methoxybenzyl analogues were generated
to explore the effect of aromatic substitution on σ receptor
affinity and subtype selectivity. In addition to potential
therapeutic activity, methoxy-substituted σ ligands would
allow the development of 11C-radiolabeled analogues for use
as diagnostic probes in PET imaging in vivo.

To investigate the effect of steric augmentation of the
benzyl substituent on σ receptor affinity and selectivity within
this class, regioisomeric ethyl and propyl benzyl ethers were
synthesized. Toprobe electronic factors influencingσbinding,
a fluorine atomwas introduced to the terminal position of the
alkyl chain in both the ethyl and the propyl benzyl ether series.
These compounds could also be labeled with fluorine-18 to
enable further in vivo pharmacological evaluation.

Chemistry

Piperazines 10-13were prepared according to the synthetic
method shown in Scheme 1.Monoprotection of 1,4-piperazine
(14) with di-tert-butyl dicarbonate gave rise to N-Boc piper-
azine (15).71-73 Subjecting 15 to amide coupling with benzo-
furan-2-carboxylic acidgave16.Cleavageof theBocprotecting
group under acidic conditions, to afford the hydrochloride salt
17, was followed by aluminum hydride reduction to furnish
amine 18 in 51% yield over four steps. Lead compound 10 and
substituted methoxybenzyl piperazines 11-13 (identified as
potential candidates for 11C radiolabeling) were successfully

Figure 1. Examples of psychoactive drugs known to interact with σ receptors.

Figure 2. Examples of σ-selective arylalkyl piperazine ligands.
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prepared from 18 byN-alkylation with the appropriate benzyl
halides.

The desired ethers 25-33 could be prepared by alkylation
of the appropriate regioisomeric phenolic precursors. Reduc-
tive amination of 18 with the appropriate hydroxybenzal-
dehyde in the presence of sodium triacetoxyborohydride pro-
vided the requisite phenols 19-21 in good yield and on a
multigram scale (Scheme 2).

Alkylation of the regioisomeric phenols 19-21 with tosy-
lates 22-24, derived from ethanol, 2-fluoroethanol, and
propanol, respectively, afforded the corresponding N-benzyl
alkyl ether derivatives 25-33 (Scheme 3).

Similarly, the 20-, 30-, and 40-(300-fluoropropyl) benzyl ether
derivatives 34-36 (Scheme 4) were prepared from the corre-
sponding phenols 19-21 by alkylation with 3-fluoropropyl
tosylate (37), accessible from commercially available 1,3-pro-
panediol via monotosylation and deoxyfluorination.

Results and Discussion

Newly synthesized compounds 10-13 and 25-36 were
subjected to in vitro binding assays against a comprehensive
CNS receptor panel. Ki determinations and receptor binding
profiles were provided by the National Institute of Mental
Health’s Psychoactive Drug Screening Program (NIMH
PDSP). Affinities at σ1 and σ2 receptors were determined
using a competitive modification of the protocol reported by
Kovacs and Larson.74 Competitive displacement of [3H](þ)-
pentazocine in a rat brain homogenate preparation was used
to determine σ1 receptor affinity for all compounds screened.
The affinity of test compounds for σ2 receptors was deter-
mined by competitive displacement of [3H]1,3-di-(2-tolyl)-
guanidine ([3H]DTG) from a PC12 cell preparation, a cell
line known to overexpress σ2 receptors, summarized in
Tables 1-3.

The σ receptor affinity and subtype selectivity of un-
substituted lead structure 10 served as a point of comparison
for the newly synthesized compounds, and several structure-
activity relationship (SAR) trendswere identified. Like parent
compound 10, most analogues within this series showed a
distinct preference for the σ1 receptor. Compounds 13, 27, 30,
33, and 36, featuring substitution at the 40-position, all showed
high subtype selectivity for σ1 over σ2 receptors (37-187-fold)
and, with the exception of the 4-propyl benzyl ether derivative
33, high affinity for σ1, with Ki values in the low nanomolar
range (Table 1). The most potent compounds in this series
were the 40-methyl benzyl ether (13) and 40-(200-fluoroethyl)
benzyl ether (30) derivatives, with σ1 Ki values of 2.7 and
2.6 nM, respectively. Compound 30displayed greater σ1 selec-
tivity (σ2/σ1=187, the greatestσ subtype selectivitywithin the
series) than 13, making it an ideal candidate as an 18F-labeled
radiotracer in PET imaging studies.

As compared to their 40-substituted analogues, compounds
12, 26, 29, 32, and 35, featuring substitution at the 30-position,
all showed substantially reduced σ1 affinity but less pro-
nounced attenuation of σ2 affinity (Table 2). Consequently,
all 30-substituted analogues displayedmoderate to poor levels
of σ1 versus σ2 selectivity.

Compounds 11 and 28, featuring substitution at the
20-position, showed essentially no subtype selectivity,
although the 20-ethyl benzyl ether 25 and 20-propyl benzyl
ether 31 derivatives retained moderate affinity and modest
selectivity for σ1 receptors (Table 3). Compounds 11 and 28

did, however, display the highest affinity at the 5-HT2B

receptor (Ki = 9.7 and 57 nM, respectively), making them
potential lead molecules for the development of selective
5-HT2B drugs. The 20-(300-fluoropropyl) benzyl ether deriva-
tive 34 had a high affinity for σ1 (Ki = 9.1 nM) and good
subtype selectivity (σ2/σ1= 60), a binding profile comparable
to the 40-substituted analogues within the series.

On the basis of these results, it is possible to make some
tentative predictions regarding the requirements for σ1 ligand
binding and subtype selectivity. Alkyl ethers up to two carbon
atoms long at the 40-position appear to be well tolerated at the
σ1 binding site. The 40-substituted derivatives containing a
terminal fluorine atom show greater σ1 affinity than their
nonfluorinated counterparts, suggesting that an electrostatic
interaction may be important. In general, substitution at
either the 20- or the 30-position of the N-benzyl piperazine
portion of molecule 10 led to poor subtype selectivity with the

Scheme 1. Synthesis of N-Benzyl Piperazine Derivative 10 and N-(Methoxybenzyl) Piperazine Derivatives 11-13
a

aReagents and conditions: (a) Boc2O, CH2Cl2, RT, 22 h, 81%. (b) Benzofuran-2-carboxylic acid, NMM, EDC 3 HCl, HOBt, DMF, RT, 20 h, 84%.

(c) 4 M HCl in dioxane, RT, 0.5 h, quantitative. (d) AlH3, 0 �C, 2 h, 75%. (e) Appropriate benzyl halide, K2CO3, NaI, DMF, reflux, 20 h, 81-84%.

Scheme 2. Synthesis of N-(Hydroxybenzyl) Piperazine Deriva-
tives 19-21a

aReagents and conditions: (a) Appropriate hydroxybenzaldehyde,

NaBH(OAc)3, ClCH2CH2Cl, RT, 4 h, 83-85%.
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notable exception of the 20-(300-fluoropropyl) benzyl ether
derivative 34. As compared to the lead compound 10, the
40-(200-fluoroethyl) benzyl ether derivative 30 shows a 2-fold

increase in σ1 receptor affinity, a 4-fold increase in σ1 versusσ2
receptor selectivity, and a moderate affinity for the 5-HT2B

receptor subtype (Ki = 96 nM). Among the methyl benzyl

Scheme 3. Synthesis of Ethyl-, (200-Fluoroethyl)-, and Propyl Aryl Ether Derivatives 25-33
a

aReagents and conditions: (a) TsCl, pyridine, CH2Cl2, 0 �C to RT, 3 h, 76-95%. (b) Appropriate phenol (19-21), K2CO3, DMF, reflux, 16 h,

60-73%.

Scheme 4. Synthesis of (30 0-Fluoropropyl) Aryl Ether Derivatives 34-36a

aReagents and conditions: (a) TsCl (1.1 equiv), pyridine (1.1 equiv), CH2Cl2, 0 �C to RT, 4 h, 65%. (b) Deoxo-Fluor, CH2Cl2, RT, 24 h, 60%.

(c) Appropriate phenol (19-21), K2CO3, DMF, reflux, 16 h, 61-63%.

Table 1. Affinities for 40-Substituted N-Benzyl Piperazine Derivatives

Ki ( SEM (nM)a

compd R 5-HT1A 5-HT2B D2 σ1 σ2 σ2/σ1
b

10 H 833 ( 130 497( 51 >10000 5.2( 0.8 240( 47 46

13 OCH3 2192( 395 15( 2 2700 ( 295 2.7( 0.4 103( 18 38

27 OCH2CH3 3339( 624 262( 37 4868( 982 10.6( 2.4 393( 93 37

30 OCH2CH2F 2439( 363 96( 13 >10000 2.6( 0.6 486( 151 187

33 O(CH2)2CH3 4722 ( 749 655( 66 >10000 53.8( 7.7 2401( 669 45

36 O(CH2)2CH2F 3300( 514 232( 23 >10000 14.7( 2.1 752( 175 51
aAffinities were determined in rat brain homogenates using [3H](þ)-pentazocine for σ1 and PC12 cells using [3H]DTG for σ2. The values in this table

represent the means ( SEMs from triplicate assays. bThis value is derived from the Ki for σ2 binding affinity divided by the Ki for σ1 binding affinity.
Values >1 indicate selectivity for σ1 over σ2.

Table 2. Affinities for 30-Substituted N-Benzyl Piperazine Derivatives

Ki ( SEM (nM)a

compd R 5-HT1A 5-HT2B D2 σ1 σ2 σ2/σ1
b

10 H 833 ( 130 497( 51 >10000 5.2( 0.8 240( 47 46

12 OCH3 373( 31 28( 3 5728 ( 905 16.3( 2.4 79.5( 11.4 4.9

26 OCH2CH3 1720( 258 302( 27 4542( 773 80 ( 13 238( 47 3.0

29 OCH2CH2F 469( 61 244( 25 2281( 387 49.7( 7.8 292( 67 5.9

32 O(CH2)2CH3 774( 110 259( 28 2977 ( 425 177( 28 1919( 545 11

35 O(CH2)2CH2F 599( 35 188( 20 2920( 259 232 ( 42 2371( 642 10
aAffinities were determined in rat brain homogenates using [3H](þ)-pentazocine for σ1 and PC12 cells using [

3H]DTG for σ2. The values in this table
represent the means ( SEMs from triplicate assays. bThis value is derived from the Ki for σ2 binding affinity divided by the Ki for σ1 binding affinity.
Values >1 indicate selectivity for σ1 over σ2.
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ether analogues 11-13, the 40-methyl benzyl ether derivative
13 showed the greatest σ1 affinity (Ki = 2.7 nM, comparable
to 30, a lead compound for fluorine-18 radiolabeling) and
good subtype selectivity (σ2/σ1 = 38), indicating that it might
be a suitable candidate for carbon-11 radiolabeling at the
methyl ether position. This compound also showed high
affinity for the 5-HT2B receptor subtype (Ki = 15 nM). Prior
to attempting the synthesis of [11C]13 for subsequent mole-
cular imaging in a living system, it was necessary to examine
the lipophilicity of 13.

Lipophilicity Studies

Compounds having log D values >4.0 generally display
a substantial nonspecific binding, reducing the target to
nontarget ratios.75 Using high-performance liquid chromato-
graphy (HPLC), a calibration curve correlating known log D
valueswith the retention times of several reference compounds
was obtained, and the log D value for piperazine 13 was
determined from its average retention timeover three runs.76,77

Taking into consideration the in vitro binding data and the
lipophilicity estimations (Table 4), ligand 13 appears to be a
suitable candidate for the in vivo imaging of σ1 receptors.

Radiochemistry and PET Studies

Phenol 21 was labeled with carbon-11 (t1/2 = 20.4 min) to
give [11C]13 in 22% nondecay corrected radiochemical yield,
using [11C]methyl iodide ([11C]CH3I) by standard O-alkyla-
tion (Scheme 5). [11C]CH3I was synthesized from cyclotron-
produced [11C]carbon dioxide ([11C]CO2), trapped in a N,N-
dimethylformamide (DMF) solution containing 21 and tetra-
n-butylammonium hydroxide (TBAH). This mixture was
allowed to react at roomtemperature (RT) for 2min, followed
by heating at 80 �C for 5 min. The reaction mixture was
purified by reverse phase semipreparative HPLC in an aver-
age synthesis time of 30 min (including HPLC purification
and formulation). Coinjection of nonradioactive 13 was
performed using analytical HPLC to confirm the identity of
the product. In the final product solution, both radiochemical
and chemical purities were greater than 98%, with a specific

activity of 73 GBq/μmol. No attempts were made to optimize
these conditions, as sufficient quantities of the radioligand
wereproduced to enable preliminary pharmacological evalua-
tion. Formulation of radiolabeled product for intravenous
injectionwas achieved following: (i) evaporation of theHPLC
mobile phase, (ii) reconstitution of the residue in water for
injections (5 mL), and (iii) sterile filtration through a 0.22 μm
filter. The final injectable solution was clear and colorless,
with a pH of 7.0. The preparation was free from labeling
precursor 21. Administration to the animal was performed
within 10 min following the end of synthesis.

Evaluation Using PET

PET studies were conducted with an anaesthetized Papio
hamadryas baboon to evaluate the in vivo regional distribu-
tion kinetics. Dynamic PET brain imaging commenced just
prior to intravenous administration of [11C]13 (100 MBq in
3 mL of saline; specific activity 73 GBq/μmol) and was
terminated 60 min postinjection. This was immediately fol-
lowed by a whole body acquisition for 2 min at each of the six
bed positions. The PET images confirmed the ability of
[11C]13 to traverse the blood-brain barrier with considerable
accumulation of radioactivity in the baboon brain (Figure 3).
Second, the in vivo specificity and selectivity of [11C]13 in the
baboon brain were assessed 3 weeks after initial PET evalua-
tion via a blocking study using 1 (1 mg/kg, iv).

Time-activity curves for the uptake of [11C]13 in the
baboon brain (Figure 4) showed homogeneous uptake of
[11C]13 in the cingulate cortex, frontal cortex, striatum,
thalamus, and cerebellum, which are responsible for motor
function and known to contain σ-receptors.78,79 Brain uptake
of [11C]13 reached maximal levels 5 min postinjection and
remained at a plateau to the end of the scan. Whole body
images of the baboon (Figure 6A), acquired at the conclusion
of dynamic screening, clearly show uptake of [11C]13 by the
brain, as well as organs outside the CNS. In particular, there

Table 4. Summary of In Vitro σ1 and σ2 Binding Affinity and Lipophi-
licity Properties of 13

Ki (nM)

σ1 σ2 σ2/σ1 log D

2.7 103 38 3.63

Table 3. Affinities for 20-Substituted N-Benzyl Piperazine Derivatives

Ki ( SEM (nM)a

compd R 5-HT1A 5-HT2B D2 σ1 σ2 σ2/σ1
b

10 H 833 ( 130 497( 51 >10000 5.2( 0.8 240( 47 46

11 OCH3 806( 141 9.7( 1 5122 ( 1338 198( 29 89( 12 0.45

25 OCH2CH3 468( 50 72( 8 6005( 865 37.1 ( 7.8 295( 54 8.0

28 OCH2CH2F 3251( 605 57( 4 >10000 488( 83 535( 101 1.1

31 O(CH2)2CH3 2458 ( 215 116( 8 >10000 79( 12 778( 134 10

34 O(CH2)2CH2F 3383( 468 184( 20 >10000 9.1( 1.6 542( 168 60
aAffinities were determined in rat brain homogenates using [3H](þ)-pentazocine for σ1 and PC12 cells using [

3H]DTG for σ2. The values in this table
represent the means ( SEMs from triplicate assays. bThis value is derived from the Ki for σ2 binding affinity divided by the Ki for σ1 binding affinity.
Values >1 indicate selectivity for σ1 over σ2.

Scheme 5. Synthesis of Radiolabeled Ligand [11C]13 from the
Desmethyl Precursor 21a

aReagents and conditions: (a) [11C]CH3I, TBAH, DMF, RT for

2 min, 80 �C for 5 min, followed by HPLC purification (XTerra C18).
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was substantial uptake of [11C]13 by the liver, which is known
to contain a high density of σ1 receptors.

Pretreatment of the baboon with 1 5 min prior to [11C]13
injection resulted in an initial increase in [11C]13 uptake 3min
postinjection, followed by washout. There was a reduced
uptake of 80% of the radioligand in all regions of the brain,
which was maintained to the end of the scan (Figure 5).
Similar results have been reported for other 1 blocking
studies.80-83 Figure 6B shows the whole body images of the
baboon, which were acquired at the conclusion of dynamic
screening. These images demonstrate significant inhibition of
[11C]13 uptake in the brain and liver, as well as accumulation

of [11C]13 in the kidneys and bladder, indicative of metabo-
lism and excretion of the radioligand. Complete displacement
of [11C]13 binding in the aforementioned CNS and PNS
regions demonstrates the ease of displacing [11C]13 and
denotes specific σ1 binding outside the brain.

Conclusion

Wehave developeda series of potent and subtype selectiveσ
receptor ligands, based on lead structure 10. Exploration of
benzylic substitution of 10 led us to synthesize regioisomeric
benzylic piperazines bearing alkyl and fluoroalkyl aryl ethers
(11-13 and 25-36). The σ receptor affinities of these regio-
isomers revealed that aryl ethers at the 40-position are generally
well tolerated at σ1, with comparable subtype selectivity
to that of 10. In the case of 40-substituted aryl alkyl ethers,
a terminal fluorine atom on the alkyl chain enhances both σ1
affinity and σ1 subtype selectivity, as compared to the respec-
tive nonfluorinated analogues. Within this series, the 40-(200-
fluoroethoxy) derivative 30was identified as a high-affinity σ1
receptor ligand (Ki = 2.6 nM), with good subtype selectivity
(σ2/σ1 = 187), and negligible affinity for other CNS receptors
except the 5-HT2B receptor for which it shows moderate
affinity (Ki = 96 nM).

The 40-methoxy analogue from this class (13), also a highly
selective σ1 ligand, was identified as a candidate for carbon 11
radiolabeling to produce a σ1 receptor PET imaging agent.
Preparation of [11C]13 was achieved in good radiochemical
yield, and this compoundwas shown to cross the blood-brain
barrier and bind to σ1 receptors in baboon brain and periph-
eral organs in vivo. The pharmacological profile of [11C]13
makes it a useful probe for evaluating the roles of σ1 receptors
in neurodegenerative processes in vivo.

In conclusion, we have developed a series ofN-benzyl alkyl
ether piperazine derivatives as high affinity and subtype
selective σ1 receptor ligands, which warrant further investiga-
tion into their potential therapeutic applications for the
treatment of CNS disorders. This class of compounds can
also serve as diagnostic probes when radiolabeled to not only
elucidate the role ofσ receptors in the onset andprogression of
disease but also tomonitor the efficacy of therapeutic regimes.

Experimental Section

Chemistry.Melting point determinations were carried out on
an Optimelt AutomatedMelting Point System and are recorded
uncorrected. 1H NMR spectra were acquired at 300 K using a

Figure 4. Time-activity curves depicting uptake of [11C]13 in
selected regions of the P. hamadryas baboon brain during a 60 min
PET scan.

Figure 3. P. hamadryas baboon PET summation images of selected
transaxial brain slices over 60 min.

Figure 5. Time-activity curves depicting uptake of [11C]13 pre-
treated with 1 in selected regions of the P. hamadryas baboon brain
during a 60 min PET scan.

Figure 6. PET images of whole P. hamadryas baboon brain during
60 min after intravenous injection of [11C] (baseline; A) and [11C]13
plus 1 (1 mg/kg; B).
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Bruker Avance DP X300 (300 MHz) as solutions in D2O
or CDCl3, where residual H2O (δ 4.79 ppm) and CHCl3
(δ 7.26 ppm) were used as respective internal references. Data
are reported as chemical shifts (δ ppm), relative integral, multi-
plicity (s = singlet, br s = broad singlet, d = doublet, dd =
doublet of doublets, dt = double of triplets, t = triplet, m =
multiplet, and dm = doublet of multiplets), and coupling
constants (J, Hz). Solvent peaks for chloroform (δ 77.16) were
used as the internal reference for 13C NMR spectra. Residual
acid in deuterated chloroform was removed prior to use by
filtering through a pad of basic alumina. Low-resolution mass
spectra were recorded on a Finnigan LCQ mass spectrometer.
High-resolution mass spectra were recorded by the Mass Spec-
trometry Unit of the School of Chemistry, University of New
South Wales. Positive electrospray ionization (þESI) utilized
methanol and/or dichloromethane. The purity of all new com-
pounds wasg95%based onC,H, andN analyses, conducted at
the Campbell Microanalytical Laboratory, Chemistry Depart-
ment atUniversity ofOtago,NewZealand.Analytical thin layer
chromatography was carried out using aluminum-backed silica
gel 60 F254 Merck KGaA sheets, and plates were visualized
under a UV lamp at λ = 254 nm. Flash chromatography
employed Merck Kieselgel 60 (230-400 mesh) silica gel. Solvents
for flash column chromatography were distilled prior to use.
Tetrahydrofuran was dried over sodium wire and distilled from
benzophenone. Dichloromethane was distilled from calcium hy-
dride. DMF was distilled from calcium hydride and stored over
activated 4 Å molecular sieves. Piperazine was recrystallized from
absolute ethanol. Anhydrous K2CO3 was ground and dried at
140 �C in the oven for at least 2 days prior to use. 4-Hydroxyben-
zaldehyde was recrystallized from distilled water. 1,2-Dichloro-
ethane was distilled from and stored over calcium hydride.
Ethanol, n-propanol, and pyridine were distilled from calcium
hydride and storedover activated 3 Åmolecular sieves.Crude tosyl
chloride (∼10 g) was dissolved in chloroform (25mL), filtered, and
diluted with hexanes (125 mL) to precipitate impurities. The
solutionwas then filtered, clarifiedwith charcoal, andconcentrated
under reduced pressure to give analytically pure material (∼7 g).
2-Fluoroethanol was purchased from Matrix Scientific and used
without further purification. Remaining reagents were purchased
from Sigma Aldrich Chemical Co. and used without further
purification.

tert-Butyl Piperazine-1-carboxylate (15).71-73 To a solution
of 1,4-piperazine (3.44 g, 39.9 mmol, 2.0 equiv) in CH2Cl2
(100 mL) at RT was added a solution of Boc2O (4.6 mL,
20 mmol, 1.0 equiv) in CH2Cl2 (50 mL) over a period of 3 h
after which the reaction mixture was stirred at RT for 22 h. The
solvent was evaporated, and the residue thus obtained was
treated with H2O (100 mL). The precipitated product was
collected by filtration, and the filtrate was further extracted
with CH2Cl2 (3 � 100 mL). The combined organic fractions
were dried (Na2SO4) and concentrated in vacuo to give the title
compound as a colorless solid (3.01 g combined yield, 81%); mp
46-47 �C (lit.mp 46-47 �C).71-73 1HNMR(300MHz, CDCl3):
δ 1.46 (9H, s), 2.42 (1H, s), 2.82 (4H, t, J= 5.1 Hz), 3.40 (4H, t,
J = 5.2 Hz). The spectroscopic data matched that reported in
the literature.71-73

tert-Butyl 4-(Benzofuran-2-carbonyl)piperazine-1-carboxylate
(16). To a suspension of 1-ethyl-3-(3-dimethylaminopropyl)-
carbodiimide hydrochloride (EDC 3HCl) (5.68 g, 29.6 mmol,
1.20 equiv) and N-methylmorpholine (NMM) (10.8 mL, 98.8
mmol, 4.00 equiv) in DMF (160 mL) were added successively
N-hydroxybenzotriazole (HOBt) (4.00 g, 29.6 mmol, 1.20 equiv),
benzofuran-2-carboxylic acid (4.00 g, 24.7 mmol, 1.00 equiv),
and 15 (4.60 g, 24.7 mmol). The reaction mixture was stirred at
RT for 20 h and then diluted with H2O (400 mL) and extracted
with EtOAc (3 � 400 mL). The combined organic fractions
were washed with brine, dried (Na2SO4), and concentra-
ted under reduced pressure. Purification of the crude resi-
due by flash chromatography on silica gel (hexanes:EtOAc,

80:20f 75:25f 70:30) afforded the title compound as a color-
less solid (6.82 g, 84%); mp 97-98 �C; Rf 0.19 (hexanes:EtOAc,
70:30). 1H NMR (300 MHz, CDCl3): δ 1.49 (9H, s), 3.55 (4H, t,
J = 8.6 Hz), 3.84 (4H, br s), 7.30 (1H, dd, J = 7.5, 7.5 Hz), 7.35
(1H, s), 7.41 (1H, dd, J = 7.6, 7.8 Hz), 7.53 (1H, d, J = 8.3 Hz),
7.66 (1H, d, J = 7.7 Hz). 13C NMR (75.5 MHz, CDCl3): δ 28.8,
30.1, 44.1, 80.8, 112.3, 112.9, 122.7, 124.1, 127.1, 127.3, 149.2,
155.0, 155.1, 160.3. HRMS (þESI) calcd for C18H22N2O4 m/z:
[M þ Na]þ, 353.1472; found, 353.1464.

Benzofuran-2-yl(piperazin-1-yl)methanone Hydrochloride (17).
tert-Butyl 4-(benzofuran-2-carbonyl)piperazine-1-carboxylate (16)
(6.82 g, 20.7 mmol) was added to a solution of HCl in dioxane
(4 M, 20 mL) and stirred at RT for 30 min. The reaction mixture
was concentrated in vacuo to give the title compound as a colorless
solid (5.52 g, quantitative); mp 234-235 �C. 1H NMR (300MHz,
D2O): δ 3.42 (4H, t, J=5.1Hz), 4.11 (4H, br s), 7.40 (1H, dd, J=
7.3, 7.6Hz), 7.45 (1H, s), 7.54 (1H, dd,J=7.2, 8.2Hz), 7.62 (1H,d,
J=8.3Hz), 7.78 (1H, d, J=7.8Hz). 13CNMR(75.5MHz,D2O):
δ 40.5, 43.5, 112.2, 114.1, 123.2, 124.4, 126.8, 128.0, 146.6, 155.0,
161.7. HRMS (þESI) calcd for C13H14N2O2 m/z: [M þ H]þ,
231.1128; found, 231.1128.

N-((Benzofuran-2-yl)methyl)piperazine (18). To a suspension
of LiAlH4 (2.36 g, 66.9 mmol, 3.25 equiv) in anhydrous THF
(216 mL) at 0 �C was added, portionwise, AlCl3 (2.76 g, 20.6
mmol, 1.00 equiv). Stirring was continued at 0 �C for 15 min
prior to the portionwise addition of free base of 17 (4.77 g, 20.6
mmol, 1.00 equiv). The reaction mixture was stirred at 0 �C for
2 h after which time it was quenched by the successive addition of
H2O (2.4mL), aqueousNaOH (4M, 2.4mL), andH2O (7.2mL).
The resultant mixture was filtered, the filtrate was partitioned
with CH2Cl2 (300 mL), and the aqueous phase was isolated
and further extracted with CH2Cl2 (2� 300 mL). The combined
organic fractions were washed with brine, dried (Na2SO4),
and concentratedunder reducedpressure.Purificationof the crude
residue by flash chromatography on silica gel (CH2Cl2:MeOH:
aqueous NH4OH, 90:10:0.1) afforded the title compound as
a pale yellow solid (3.36 g, 75%); mp 173-174 �C; Rf 0.20
(CH2Cl2:MeOH:aqueous NH4OH, 90:10:0.1). 1H NMR (300
MHz, CDCl3): δ 2.11 (1H, br s), 2.51 (4H, br s), 2.92 (4H, t,
J=9.6Hz), 3.66 (2H, s), 6.58 (1H, s), 7.16-7.26 (2H,m), 7.45-7.52
(2H, m). 13C NMR (75.5 MHz, CDCl3): δ 45.9, 54.3, 56.0, 105.8,
111.3, 120.7, 122.7, 123.9, 128.3, 154.4, 155.1. HRMS (þESI) calcd
for C13H16N2Om/z: [Mþ H]þ, 217.1335; found, 217.1331.

General Procedure for N-Alkylation. To a suspension of N-
((benzofuran-2-yl)methyl)piperazine 18 (216 mg, 1.00 mmol)
and anhydrous K2CO3 (552 mg, 4.00 mmol) in DMF (5 mL) at
RT were added NaI (15 mg, 0.1 mmol) and the appropriate
benzyl alkyl halide (1.1 equiv). The reaction mixture was heated
at reflux for 20 h before cooling to ambient temperature. H2O
(100mL) was added, and themixture was extracted with EtOAc
(3� 60 mL). The combined organic fractions were washed with
brine, dried (Na2SO4), and concentrated under reduced pressure
to give a crude residue, which was purified by flash chromato-
graphy on silica gel (CH2Cl2:MeOH, 99:1).

N-((Benzofuran-2-yl)methyl)-N0-benzylpiperazine (10). Treat-
ment of 18 with benzyl bromide according to the method
described above afforded the title compound as a pale yellow
oil (251 mg, 82%); Rf 0.42 (CH2Cl2:MeOH, 99:1). 1H NMR
(300 MHz, CDCl3): δ 2.54 (8H, br s), 3.51 (2H, s), 3.69 (2H, s),
6.58 (1H, s), 7.16-7.37 (7H, m), 7.48 (2H, d, J = 7.9 Hz). 13C
NMR (75.5 MHz, CDCl3): δ 53.0, 53.2, 55.6, 63.1, 105.8, 111.4,
120.8, 122.8, 124.7, 127.2, 127.5, 128.3, 129.4, 139.0, 154.2,
154.6. HRMS (þESI) calcd for C20H22N2O m/z: [M þ H]þ,
307.1805; found, 306.1753.

N-((Benzofuran-2-yl)methyl)-N0-(20-methoxybenzyl)piperazine
(11). Treatment of 18 with 2-methoxybenzyl chloride according
to the method described above afforded the title compound as a
dark yellow oil (270 mg, 81%); Rf 0.39 (CH2Cl2:MeOH, 99:1).
1HNMR (300MHz, CDCl3): δ 2.60 (8H, br s), 3.61 (2H, s), 3.69
(2H, s), 3.80 (3H, s), 6.58 (1H, s), 6.86 (1H, dd, J=6.9, 8.2 Hz),
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6.92 (1H, d, J = 7.4 Hz), 7.16-7.26 (3H, m), 7.32 (1H, d, J =
7.4 Hz), 7.49 (2H, dd, J = 5.9, 8.8 Hz). 13C NMR (75.5 MHz,
CDCl3): δ 52.8, 53.2, 55.6, 56.0, 56.2, 105.8, 110.6, 111.4, 120.4,
120.8, 121.9, 122.7, 124.0, 128.3, 128.6, 130.8, 153.7, 154.5, 162.5.
HRMS (þESI) calcd for C21H24N2O2 m/z: [MþH]þ, 337.1911;
found, 337.1909.

N-((Benzofuran-2-yl)methyl)-N0-(30-methoxybenzyl)piperazine
(12). Treatment of 18 with 3-methoxybenzyl bromide according
to the method described above afforded the title compound as a
pale yellow solid (279mg, 83%); mp 83-84 �C;Rf 0.35 (CH2Cl2:
MeOH, 99:1). 1H NMR (300 MHz, CDCl3): δ 2.48 (8H, br s),
3.41 (2H, s), 3.62 (2H, s), 3.73 (3H, s), 6.58 (1H, s), 6.77-6.80
(1H, m), 6.87-6.90 (2H, m), 7.17-7.26 (3H, m), 7.45-7.53 (2H,
m). 13C NMR (75.5 MHz, CDCl3): δ 53.4, 53.6, 55.8, 56.0, 63.4,
105.7, 111.9, 113.1, 115.2, 121.2, 122.1, 123.1, 124.4, 128.9, 129.7,
140.3, 155.1, 155.7, 160.2. HRMS (þESI) calcd for C21H24N2O2

m/z: [M þ H]þ, 337.1911; found, 337.1913.
N-((Benzofuran-2-yl)methyl)-N0-(40-methoxybenzyl)piperazine

(13). Treatment of 18 with 4-methoxybenzyl chloride according
to the method described above afforded the title compound as a
pale yellow solid (282mg, 84%); mp 93-94 �C;Rf 0.17 (CH2Cl2:
MeOH, 99:1). 1H NMR (300 MHz, CDCl3): δ 2.55 (8H, br s),
3.48 (2H, s), 3.70 (2H, s), 3.79 (3H, s), 6.58 (1H, s), 6.81-6.86
(2H,m), 7.18-7.27 (4H,m), 7.44-7.53 (2H,m). 13CNMR (75.5
MHz, CDCl3): δ 52.6, 52.9, 55.2, 55.4 (CH2), 62.2 (CH2), 105.7
(CH), 111.3 (CH), 113.6 (CH), 120.7 (CH), 122.6 (CH), 123.9
(CH, C), 128.3 (C), 130.5 (CH), 154.4 (C), 155.1 (C), 158.8 (C).
HRMS (þESI) calcd for C21H24N2O2 m/z: [MþH]þ, 337.1911;
found, 337.1910.

General Procedure for Phenol Synthesis. The appropriately
substituted hydroxybenzaldehyde (1.1 equiv) was added to a
solution of N-((benzofuran-2-yl)methyl)piperazine 18 (3.07 g,
14.2 mmol) in DCE (71 mL) at RT, and stirring was continued
for 15 min prior to the portionwise addition of NaBH(OAc)3
(3.48 g, 22.7mmol, 1.60 equiv). The reactionmixture was stirred
at RT for 4 h after which time it was quenched with saturated
aqueous NaHCO3 (150 mL). The aqueous phase was extracted
with CH2Cl2 (3 � 200 mL), and the combined organic extracts
were washed with brine, dried (Na2SO4), and concentrated
under reduced pressure to give the crude product, which was
purified by flash chromatography on silica gel.

N-((Benzofuran-2-yl)methyl)-N0-(20-hydroxybenzyl)piperazine
(19). Treatment of 18 with 2-hydroxybenzaldehyde according
to the method described above afforded the title compound as
a dark yellow solid (3.80 g, 83%); mp 126-127 �C; Rf 0.39
(hexanes:EtOAc, 75:25). 1H NMR (300 MHz, CDCl3): δ 2.64
(8H, br s), 3.71 (4H, s), 4.88 (1H, s), 6.60 (1H, s), 6.75-6.91 (2H,
m), 6.97 (1H, d, J=7.3Hz), 7.17-7.28 (3H,m), 7.47 (1H, d, J=
7.7Hz), 7.53 (1H, d, J=7.3Hz). 13CNMR(75.5MHz,CDCl3):
δ 52.9, 53.4, 55.8, 61.9, 106.5, 111.9, 116.6, 117.1, 121.3, 121.7,
123.3, 124.6, 128.8, 129.2, 154.6, 155.7, 158.3. MS (þESI) m/z:
323.27 ([M þ H]þ, 100%). Anal. (C20H22N2O2) calcd: C, 74.51;
H, 6.88; N, 8.69. Found: C, 74.39; H, 6.71; N, 8.71.

N-((Benzofuran-2-yl)methyl)-N0-(30-hydroxybenzyl)piperazine
(20).Treatment of 18with 3-hydroxybenzaldehyde according to
the method described above afforded the title compound as a
colorless solid (3.85 g, 84%); mp 124-125 �C; Rf 0.36 (CH2Cl2:
MeOH, 95:5). 1H NMR (300 MHz, CDCl3): δ 2.54 (8H, br s),
3.44 (2H, s), 3.68 (2H, s), 4.60 (1H, s), 6.56 (1H, s), 6.65-6.72
(2H, m), 6.79 (1H, d, J = 7.6 Hz), 7.09-7.16 (1H, m), 7.18-
7.23 (2H, m), 7.42 (1H, d, J=7.9 Hz), 7.50 (1H, d, J=6.7 Hz).
13C NMR (75.5 MHz, CDCl3): δ 53.2, 53.8, 63.3, 106.5,
111.9, 115.0, 117.0, 121.3, 122.0, 123.2, 124.5, 128.2, 128.8,
130.1, 139.5, 154.6, 155.6, 156.6. MS (þESI) m/z: 323.13
([M þ H]þ, 100%). Anal. (C20H22N2O2) calcd: C, 74.51; H,
6.88; N, 8.69. Found: C, 74.31; H, 6.81; N, 8.79.

N-((Benzofuran-2-yl)methyl)-N0-(40-hydroxybenzyl)piperazine
(21). Treatment of 18 with 4-hydroxybenzaldehyde according
to the method described above afforded the title compound
as a colorless solid (3.89 g, 85%); mp 148-149 �C; Rf 0.33

(CH2Cl2:MeOH, 95:5). 1H NMR (300 MHz, CDCl3): δ 2.59
(8H, br s), 3.46 (2H, s), 3.68 (2H, s), 6.57 (2H, br s), 6.60 (1H, s),
7.05 (2H, d, J=8.4Hz), 7.15-7.25 (2H,m), 7.41 (1H, d, J=8.0
Hz), 7.49 (1H, d, J= 7.0 Hz). 13C NMR (75.5 MHz, CDCl3): δ
52.8, 53.2, 55.8, 62.8, 106.5, 111.9, 116.1, 121.3, 123.2, 124.6,
128.2, 128.8, 131.6, 154.5, 155.6, 156.2. HRMS (þESI) calcd for
C20H22N2O2 m/z: [M þ H]þ, 323.1754; found, 323.1765.

General Procedure for Tosylate Synthesis.
84 To a solution of

the alcohol (4 mmol, 1 equiv) in CH2Cl2 (4 mL) at 0 �C were
added tosyl chloride (0.84 g, 4.4 mmol, 1.1 equiv) and pyridine
(0.36 mL, 4.4 mmol, 1.1 equiv). The reaction mixture was
warmed to RT and stirred for 3 h. H2O (20 mL) and saturated
aqueous NH4Cl (10 mL) were added, and the mixture was
extracted with CH2Cl2 (3 � 60 mL). The combined organic
fractions were washed with brine, dried (Na2SO4), and concen-
trated under reduced pressure to give the crude product, which
was purified by flash chromatography on silica gel (hexanes:
CH2Cl2, 50:50).

Ethyl Tosylate (22). The treatment of ethanol with tosyl
chloride according to the method described above afforded
the title compound as a colorless oil (0.62 g, 78%); Rf 0.41
(hexanes:CH2Cl2, 50:50).

1H NMR (300 MHz, CDCl3): δ 1.28
(3H, t, J = 7.2 Hz), 2.44 (3H, s), 4.11 (2H, q, J = 7.1 Hz) 7.35
(2H, d, J = 8.2 Hz), 7.80 (2H, d, J = 8.3 Hz). 13C NMR (75.5
MHz, CDCl3): δ 14.4, 21.3, 66.5, 127.6, 129.5, 133.0, 144.4.
HRMS (þESI) calcd for C9H12O3S m/z: [M þ Na]þ, 223.0399;
found, 223.0400.

2-Fluoroethyl Tosylate (23).The treatment of 2-fluoroethanol
with tosyl chloride according to the method described above
afforded the title compound as a colorless oil (0.74 g, 85%); Rf

0.34 (hexanes:CH2Cl2, 50:50).
1H NMR (400 MHz, CDCl3): δ

2.45 (3H, s, CH3), 4.21-4.30 (2H, dm, J = 27 Hz), 4.49-4.63
(2H, dm, J=47Hz), 7.35 (2H, d, J=8.0 Hz), 7.80 (2H, d, J=
7.5 Hz). The spectroscopic data matched those reported in the
literature.85

n-Propyl Tosylate (24). The treatment of n-propanol with
tosyl chloride according to themethod described above afforded
the title compound as a colorless oil (0.75 g, 88%); Rf 0.34
(hexanes:CH2Cl2, 50:50).

1H NMR (300 MHz, CDCl3): δ 0.90
(3H, t, J = 7.4 Hz), 1.63-1.73 (2H, m), 2.45 (3H, s), 3.99 (2H,
dd, J= 6.5, 6.5 Hz), 7.35 (2H, d, J= 8.0 Hz), 7.79 (2H, d, J=
8.1 Hz). 13C NMR (75.5 MHz, CDCl3): δ 10.5, 22.1, 22.8, 72.7,
128.4, 130.2, 133.8, 145.2. HRMS (þESI) calcd for C10H14O3S
m/z: [M þ Na]þ, 237.0556; found, 237.0556.

3-Fluoropropyl Tosylate (37). To a solution of 1,3-propane-
diol (0.30 mL, 4.0 mmol, 1.0 equiv) in CH2Cl2 (4 mL) at 0 �C
were added tosyl chloride (0.84 g, 4.4 mmol, 1.1 equiv) portion-
wise and pyridine (0.36 mL, 4.4 mmol, 1.1 equiv) dropwise. The
reactionmixture was warmed to RT and stirred for 4 h. H2O (20
mL) and saturated aqueousNH4Cl (10mL) were added, and the
mixture was extracted with CH2Cl2 (3� 60 mL). The combined
organic fractions were washed with brine, dried (Na2SO4), and
concentrated in vacuo. Purification of the crude material thus
obtained by flash chromatography on silica gel (hexanes:
EtOAc, 50:50) afforded 3-hydroxypropyl 4-methylbenzensulfo-
nate as a colorless oil (0.60 g, 65%); Rf 0.33 (hexanes:EtOAc,
50:50). 1H NMR (CDCl3, 300MHz): δ 1.82-1.90 (2H, m), 2.44
(3H, s), 2.63 (1H, s), 3.65 (2H, t, J=6.0Hz), 4.07 (2H, t, J=6.2
Hz), 7.35 (2H, d, J = 8.3 Hz), 7.75 (2H, d, J = 8.3 Hz). 13C
NMR (CDCl3, 75.5 MHz): δ 22.0, 32.0, 58.5, 68.1, 128.0,
130.5, 133.1, 145.4. HRMS (þ ESI) calcd for C10H14O4S m/z:
[M þ Na]þ, 253.0505; found, 253.0511.

To a solution of 3-hydroxypropyl 4-methylbenzensulfonate
(0.60 g, 2.6 mmol, 1.0 equiv) in CH2Cl2 (8 mL) at RTwas added
bis(2-methoxyethyl)aminosulfur trifluoride (Deoxo Fluor, 0.52
mL, 2.86 mmol, 1.1 equiv). The reaction mixture was stirred at
RT for 24 h after which time saturated aqueous NaHCO3 was
added dropwise until the pH reached 8. The mixture was
extracted with CH2Cl2 (3 � 60 mL), washed with brine, dried
(Na2SO4), and concentrated in vacuo. Purification of the crude
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residue thus obtained by flash chromatography on silica gel
(hexanes:EtOAc, 50:50) afforded the title compound as a pale
yellow oil (0.56 g, 60%); Rf 0.78 (hexanes:EtOAc, 50:50). 1H
NMR (CDCl3, 400 MHz): δ 1.99-2.09 (2H, m), 2.45 (3H, s),
4.16 (2H, t, J = 6.2 Hz), 4.41-4.45 (2H, dt, J = 47 Hz), 7.36
(2H, d, J=8.0Hz), 7.80 (2H, d, J=8.0Hz). 13CNMR (CDCl3,
75.5 MHz): δ 22.2, 30.6, 66.6, 79.0, 81.2, 128.4, 130.6, 133.4,
145.5. HRMS (þ ESI) calcd for C10H13FO3S m/z: [M þ Na]þ,
255.0462; found, 255.0463.

General Procedure for O-Alkylation. To a suspension of the
appropriately substituted phenol (322 mg, 1.00 mmol) and
K2CO3 (522 mg, 4.00 mmol) in DMF (2.5 mL) at RTwas added
a solution of the appropriate tosylate (2.00 mmol) in DMF (2.5
mL). The reaction mixture was heated at reflux for 15 h, cooled
to RT, treated with H2O (100mL), and extracted with EtOAc (3
� 60 mL). The combined organic fractions were washed with
brine, dried (Na2SO4), and concentrated under reduced pressure
to give the crude product, whichwas purified by flash chromato-
graphy on silica gel.

N-((Benzofuran-2-yl)methyl)-N0-(20-ethoxybenzyl)piperazine
(25). The treatment of phenol 19 with ethyl tosylate (22)
according to the method described above afforded the title
compound as a yellow oil (217 mg, 62%); Rf 0.34 (hexanes:
EtOAc, 80:20). 1HNMR (300MHz, CDCl3): δ 1.39 (3H, t, J=
6.9 Hz), 2.59 (8H, br s), 3.62 (2H, s), 3.70 (2H, s), 4.03 (2H, q,
J = 6.9 Hz), 6.59 (1H, s), 6.75-6.98 (2H, m), 7.14-7.33 (4H,
m), 7.45-7.54 (2H, m). 13C NMR (75.5 MHz, CDCl3): δ 15.3,
52.7, 53.0, 55.7, 56.2, 64.5, 106.0, 111.7, 120.0, 120.6, 121.0,
123.0, 124.2, 126.0, 127.9, 128.4, 129.2, 154.3, 154.8, 159.0.
HRMS (þESI) calcd for C22H26N2O2 m/z: [M þ H]þ,
351.2067; found, 351.2069.

N-(Benzofuran-2-ylmethyl)-N0-(30-ethoxybenzyl)piperazine
(26). The treatment of phenol 20with ethyl tosylate (22) accord-
ing to the method described above afforded the title compound
as a golden oil (232 mg, 66%); Rf 0.29 (hexanes:EtOAc, 70:30).
1H NMR (300 MHz, CDCl3): δ 1.39 (3H, t, J = 7.0 Hz), 2.55
(8H, br s), 3.48 (2H, s), 3.69 (2H, s), 4.02 (2H, q, J=7.0Hz), 6.58
(1H, s), 6.77 (1H, d, J= 5.9 Hz), 6.86-6.88 (2H, m), 7.16-7.26
(3H, m), 7.49 (2H, dd, J = 7.1,7.7 Hz). 13C NMR (75.5 MHz,
CDCl3): δ 15.4, 53.4, 53.6, 56.0, 63.5, 63.9, 106.2, 111.9, 113.6,
115.8, 121.2, 121.9, 123.2, 124.4, 127.5, 129.7, 140.3, 155.1, 159.5.
HRMS (þESI) calcd for C22H26N2O2 m/z: [MþH]þ, 351.2067;
found, 351.2066.

N-(Benzofuran-2-ylmethyl)-N0-(40-ethoxybenzyl)piperazine
(27). The treatment of phenol 21with ethyl tosylate (22) accord-
ing to the method described above afforded the title compound
as a yellow solid (231mg, 66%); mp 63-64 �C;Rf 0.28 (hexanes:
EtOAc, 50:50). 1H NMR (300MHz, CDCl3): δ 1.36 (3H, t, J=
7.0Hz), 2.54 (8H, br s), 3.44 (2H, s), 3.69 (2H, s), 4.04 (2H, q, J=
7.0 Hz), 6.58 (1H, s), 6.82 (2H, d, J = 8.4 Hz), 7.18-7.24 (4H,
m), 7.69 (2H, d, J = 7.3 Hz). 13C NMR (75.5 MHz, CDCl3): δ
15.0, 52.9, 53.1, 55.5, 62.5, 63.6, 105.8, 111.4, 114.3, 120.8, 122.8,
124.0, 127.9, 130.6, 132.2, 154.6, 158.3. MS (þESI) m/z: 351.27
([MþH]þ, 100%). Anal. (C22H26N2O2) calcd: C, 75.40;H, 7.48;
N, 7.99. Found: C, 75.25; H, 7.49; N, 8.05.

N-((Benzofuran-2-yl)methyl)-N0-(20-(20 0-fluoroethoxy)benzyl)-
piperazine (28). The treatment of phenol 19 with 2-fluoroethyl
tosylate (23) according to the method described above afforded
the title compound as a pale yellow oil (269 mg, 73%); Rf 0.29
(hexanes:EtOAc, 60:40). 1H NMR (300 MHz, CDCl3): δ 2.59
(8H, br s), 3.64 (2H, s), 3.68 (2H, s), 4.13-4.25 (2H, dt, J= 4.1
Hz, J=28Hz,), 4.63-4.82 (2H, dt, J=4.3Hz, J=47Hz), 6.57
(1H, s), 6.83 (1H, d, J=8.2 Hz), 6.94 (1H, dd, J=7.4, 7.4 Hz),
7.15-7.25 (3H,m), 7.33 (1H, d, J=7.4Hz), 7.48 (2H, d, J=7.5
Hz). 13CNMR (75.5MHz, CDCl3): δ 52.7, 53.2, 55.6, 55.9, 67.7,
67.9, 105.8, 111.5, 112.1, 120.8, 121.2, 122.7, 124.0, 126.1, 127.9,
128.3, 131.3, 154.2, 154.9, 159.0. HRMS (þESI) calcd for
C22H25FN2O2 m/z: [M þ H]þ, 369.1973; found, 369.1973.

N-(Benzofuran-2-ylmethyl)-N0-(30-(20 0-fluoroethoxy)benzyl)-
piperazine (29). The treatment of phenol 20 with 2-fluoroethyl

tosylate (23) according to the method described above af-
forded the title compound as a golden oil (265 mg, 72%); Rf

0.19 (hexanes:EtOAc, 50:50). 1H NMR (300 MHz, CDCl3): δ
2.56 (8H, br s), 3.50 (2H, s), 3.70 (2H, s), 4.14-4.26 (2H, dt,
J=4.1Hz, J=28Hz,), 4.64-4.83 (2H, dt, J=4.2Hz, J=47
Hz), 6.58 (1H, s), 6.81 (1H, d, J= 7.2 Hz), 6.90-6.91 (2H, m),
7.17-7.25 (3H, m), 7.49 (2H, dd, J = 7.2, 7.6 Hz). 13C NMR
(75.5 MHz, CDCl3): δ 52.9, 53.1, 55.5, 62.9, 67.0, 67.3, 80.9,
83.2, 105.9, 111.4, 113.4, 115.5, 120.8, 122.3, 122.8, 124.0,
128.4, 129.4, 139.9, 154.6, 158.6. HRMS (þESI) calcd for
C22H25FN2O2 m/z: [M þ H]þ, 369.1973; found, 369.1929.

N-(Benzofuran-2-ylmethyl)-N0-(40-(20 0-fluoroethoxy)benzyl)-
piperazine (30). The treatment of phenol 21 with 2-fluoroethyl
tosylate (23) according to the method described above afforded
the title compound as a yellow solid (230 mg, 60%); mp 76-
78 �C; Rf 0.25 (hexanes:EtOAc, 50:50). 1H NMR (300 MHz,
CDCl3): δ 2.54 (8H, br s), 3.45 (2H, s), 3.69 (2H, s), 4.10-4.28
(2H, dt, J=4.1Hz, J=28Hz,), 4.60-4.88 (2H, dt, J=4.1Hz,
J=47Hz), 6.57 (1H, s), 6.86 (2H,d, J=8.5Hz), 7.19-7.25 (4H,
m), 7.50 (2H, d, J = 7.3 Hz). 13C NMR (75.5 MHz, CDCl3): δ
52.4, 52.7, 55.1, 62.0, 72.9, 82.8, 105.4, 111.0, 114.1, 120.4, 122.3,
123.4, 127.3, 130.2, 132.8, 154.2, 154.8, 158.9. MS (þESI) m/z:
337.27 ([MþH]þ, 100%).Anal. (C22H25FN2O2) calcd: C, 71.72;
H, 6.84; N, 7.60. Found: C, 71.49; H, 7.10; N, 7.60.

N-(Benzofuran-2-ylmethyl)-N0-(20-propoxybenzyl)piperazine
(31). The treatment of phenol 19 with propyl tosylate (24)
according to the method described above afforded the title
compound as a colorless oil (222 mg, 61%); Rf 0.26 (hexanes:
EtOAc, 80:20). 1H NMR (300MHz, CDCl3): δ 1.03 (3H, t, J=
7.4 Hz), 1.79 (2H, q, J = 6.8 Hz), 2.59 (8H, br s), 3.61 (2H, s),
3.71 (2H, s), 3.90 (2H, t, J=6.4Hz), 6.59 (1H, s), 6.74-6.98 (2H,
m), 7.13-7.32 (4H, m), 7.45-7.54 (2H, m). 13C NMR (75.5
MHz, CDCl3): δ 10.9, 22.9, 52.8, 53.3, 55.6, 61.5, 69.7, 105.8,
111.5, 116.2, 119.3, 120.2, 120.8, 122.8, 124.1, 128.2, 128.9, 130.9,
154.2, 154.8, 159.0. HRMS (þESI) calcd for C23H28N2O2 m/z:
[M þ H]þ, 365.2224; found, 365.2222.

N-(Benzofuran-2-ylmethyl)-N0-(30-propoxybenzyl)piperazine
(32). The treatment of phenol 20with propyl tosylate (24) accord-
ing to the method described above afforded the title compound
as a golden oil (226 mg, 62%); Rf 0.32 (hexanes:EtOAc, 70:30).
1HNMR(300MHz,CDCl3): δ 1.03 (3H, t, J=7.4Hz), 1.79 (2H,
q,J=7.0Hz), 2.56 (8H,br s), 3.49 (2H, s), 3.70 (2H, s), 3.90 (2H, t,
J=6.8Hz), 6.58 (1H, s), 6.78 (1H, d, J=7.3Hz), 6.86 (2H, br s),
7.16-7.26 (3H, m), 7.46 (1H, d, J=7.5 Hz), 7.51 (1H, d, J=7.8
Hz). 13C NMR (75.5 MHz, CDCl3): δ 10.7, 22.8, 53.0, 53.1, 55.5,
63.0, 69.6, 105.8, 111.4, 113.2, 115.5, 120.8, 121.5, 122.7, 124.0,
127.4, 129.2, 141.0, 154.6, 154.9, 157.0. HRMS (þESI) calcd for
C23H28N2O2 m/z: [M þ H]þ, 365.2224; found, 365.2223.

N-(Benzofuran-2-ylmethyl)-N0-(40-propoxybenzyl)piperazine
(33). The treatment of phenol 21 with n-propyl tosylate (24)
according to the method described above afforded the title com-
pound as a golden yellow oil (218 mg, 60%); Rf 0.29 (hexanes:
EtOAc, 70:30). 1H NMR (300 MHz, CDCl3): δ 1.03 (3H, t, J =
8.4Hz), 1.79 (2H, q, J=6.9Hz), 2.67 (8H, br s), 3.60 (2H, s), 3.73
(2H, s), 3.90 (2H, t, J=6.6Hz), 6.60 (1H, s), 6.83 (2H, d, J=8.5
Hz), 7.17-7.28 (4H,m), 7.45 (1H, d, J=7.7Hz), 7.51 (1H, d, J=
7.2Hz), 7.49 (1H, d, J=7.0Hz). 13CNMR(75.5MHz,CDCl3):δ
11.1, 23.1, 52.2, 55.4, 62.0, 70.1, 106.8, 111.9, 114.9, 121.4, 123.3,
124.7, 127.7, 130.2, 131.7, 154.3, 154.6, 158.1.HRMS(þESI) calcd
for C23H28N2O2 m/z: [M þ H]þ, 365.2224; found, 365.2223.

N-(Benzofuran-2-ylmethyl)-N0-(20-(300-fluoropropoxy)benzyl)-
piperazine (34). The treatment of phenol 19 with 3-fluoropropyl
tosylate (37) according to the method described above affor-
ded the title compound as a colorless oil (237 mg, 62%); Rf 0.26
(hexanes:EtOAc, 60:40). 1H NMR (300 MHz, CDCl3): δ
2.08-2.25 (2H, m), 2.59 (8H, br s), 3.59 (2H, s), 3.69 (2H, s),
4.08 (2H, t, J= 6.0 Hz), 4.55-4.75 (2H, dt, J= 5.8 Hz, J= 47
Hz), 6.60 (1H, s), 6.84-6.94 (2H, m), 7.16-7.27 (3H, m), 7.32
(1H, d, J = 7.4 Hz), 7.49 (2H, d, J = 7.5 Hz). 13C NMR (75.5
MHz, CDCl3): δ 30.9, 53.2, 53.6, 56.0, 56.4, 64.2, 80.3, 82.5,
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106.3, 119.6, 112.0, 121.1, 121.2, 123.2, 124.4, 126.5, 127.4, 128.8,
131.6, 154.2, 154.8, 159.0. HRMS (þESI) calcd for C23H27-
FN2O2 m/z: [M þ H]þ, 383.2057; found, 383.2132.

N-(Benzofuran-2-ylmethyl)-N0-(30-(300-fluoropropoxy)benzyl)-
piperazine (35). The treatment of phenol 20 with 3-fluoropropyl
tosylate (37) according to the method described above afforded
the title compound as a golden oil (237 mg, 62%); Rf 0.29
(hexanes:EtOAc, 65:35). 1H NMR (300 MHz, CDCl3): δ
2.02-2.21 (2H, m), 2.55 (8H, br s), 3.46 (2H, s), 3.67 (2H, s),
4.05 (2H, t, J = 6.1 Hz), 4.51-4.71 (2H, dt, J = 5.8 Hz, J =
47 Hz), 6.56 (1H, s), 6.76 (1H, d, J = 7.3 Hz), 6.88 (2H, br s),
7.15-7.25 (3H, m), 7.45 (1H, d, J=7.7Hz), 7.49 (1H, d, J=7.8
Hz). 13CNMR (75.5MHz, CDCl3): δ 30.9, 52.8, 53.2, 55.4, 63.3,
63.8, 80.1, 82.3, 106.5, 111.9, 116.1, 121.3, 123.2, 124.6, 128.2,
128.8, 131.6, 154.5, 155.6, 156.2. HRMS (þESI) calcd for
C23H27FN2O2 m/z: [M þ H]þ, 383.2129; found, 383.2131.

N-(Benzofuran-2-ylmethyl)-N0-(40-(300-fluoropropoxy)benzyl)-
piperazine (36). The treatment of phenol 21 with 3-fluoropropyl
tosylate (37) according to the method described above afforded
the title compound as a colorless solid (241 mg, 63%); mp 59-
60 �C; Rf 0.24 (hexanes:EtOAc, 50:50). 1H NMR (300 MHz,
CDCl3): δ 2.07-2.24 (2H, m), 2.55 (8H, br s), 3.45 (2H, s), 3.69
(2H, s), 4.25 (2H, t, J=6.1 Hz), 4.54-4.74 (2H, dt, J=5.8 Hz,
J=47Hz), 6.58 (1H, s), 6.84 (2H,d, J=8.4Hz), 7.17-7.24 (4H,
m), 7.49 (2H, d, J = 7.1 Hz). 13C NMR (75.5 MHz, CDCl3): δ
31.9, 52.9, 53.1, 55.6, 62.5, 63.7, 80.0, 105.8, 111.4, 114.3, 120.8,
122.7, 124.0, 127.3, 130.6, 132.2, 154.6, 158.2. MS (þESI) m/z:
383.33 ([MþH]þ, 100%).Anal. (C23H27FN2O2) calcd: C, 72.23;
H, 7.12; N, 7.22. Found: C, 72.56; H, 7.22; N, 7.38.

Radioligand Binding Assay. Affinities for σ1 were determined
using rat brain homogenates and [3H](þ)-pentazocine, and affi-
nities for σ2 were determined using PC12 cells and [3H]DTG
using a modification of the protocol reported by Kovacs and
Larson.74 Binding to all receptors were performed by NIMH
PDSP, and conditions can be found in the PDSP handbook.
Binding data not shown in Tables 1-3 can be found in the
Supporting Information.

Lipophilicity Estimations. The lipophilicity of piperazine 13
was examined by determination of the logD value using aHPLC
methodpreviously described.76,77 Phosphate buffer (0.05M)was
prepared by dissolved weighed amounts of potassium dihydro-
gen phosphate in Alpha-Qwater, and the pHwas adjusted to 7.4
with sodium hydroxide solution (0.1M). Samples were analyzed
using a MS C-18 column (Waters XTerra, 5 μm, 2.1 mm i.d. �
150 mm) and a mobile phase of methanol and phosphate buffer
(65:35 v/v, pH 7.47) with a flow rate of 0.3 mL/min, UV at
254 nm. The lipophilicity of piperazine 13 was estimated by a
comparison of its retention time to that of standards having
known log D values. The standards used were aniline, benzene,
toluene, cumene, triphenylamine, and hexachlorobenzene, pre-
pared as solutions in methanol. All sample injections were
performed in triplicate, and the results were averaged to provide
the final values. A calibration curve of log D versus retention
time was produced, which resulted in an exponential calibration
equation (y = 0.7981e0.7371x) with an r2 value 0.992. The expo-
nential equation of the trendline function from the calibration
graph and Excel allowed the log D values to be calculated.

Radiochemistry. Preparation of [11C]CH3I. The target gas
(14N þ 0.5% 16O2) was bombarded with protons using a 16
MeV cyclotron to produce [11C]CO2. The [11C]CO2 was trans-
ferred to a GE Microlab automated module and concentrated
ontomolecular sieves. The sieveswere heated to release [11C]CO2,
which was reduced by hydrogen on a nickel catalyst to form
[11C]CH4. The [

11C]CH4 was released into the CH3I conversion
part of the module where it was recirculated through a quartz
column (packed with ascarite and iodine crystals) by helium
carrier gas. The [11C]CH3I was trapped in ascarite, while any
unconverted [11C]CH4 was transferred to waste.

Preparation and Formulation of 1-(Benzofuran-2-ylmethyl)-
4-(4-[11C]methoxybenzyl) Piperazine ([11C]13). Under a helium

gas flow, synthesized [11C]CH3I was delivered to a 1 mL reac-
tion vessel containing 21 (phenol, 0.5 mg, 1.5 μmol) in DMF
(300 μL) and TBAH (1.8 μmol) and allowed to stand at RT for
2 min and then heated at 80 �C for 5 min. The reaction mix-
ture was diluted with 0.5 mL of a 0.1 M NaH2PO4-CH3CN
(70:30 v/v) solution and injected onto anHPLCXTerraRPC-18
(7.8 mm i.d. � 100 mm, 5 μm particle size) semipreparative
reverse phase column. Using a mobile phase of 0.1 M NaH2-
PO4-CH3CN (70:30 v/v) and a flow rate of 6.0 mL/min, the
retention time (tR) of [11C]13 was 5.10 min. The radioactive
fraction corresponding to [11C]13 was collected and evaporated
under vacuum. The residue was reconstituted in sterile saline
(3 mL) and filtered through a sterile Millipore GS 0.22 μm filter
into a sterile pyrogen-free evacuated vial.

Quality Control for [11C]13. For the determination of specific
radioactivity and radiochemical purity, an aliquot of the final
solution of known volume and radioactivity was injected onto
an analytical reverse-phase HPLC column (Waters XTerra RP
C-18, 4.6 mm � 150 mm). A mobile phase of 0.1 M NaH2-

PO4-CH3CN (50:50 v/v) at a flow rate of 1.0 mL/min was used
to elute [11C]13 (tR= 5.10min). The area of the UV absorbance
peak measured at 254 nm corresponding to the carrier product
was measured (integrated) on the HPLC chromatogram and
compared to a standard curve relating mass to UV absorbance.

PET Studies. Animals.A healthy male P. hamadryas baboon
that was 13 years old and weighed 26.5 kg was selected for PET
scanning. The baboon was maintained and handled in accor-
dance with the National Health and Medical Research Council
(NHMRC) code of practice for the care and use of nonhuman
primates for scientific purposes. Project application was ap-
proved by the Sydney SouthWest Health Service Animal Ethics
Committee.

Baboon Carbon-11 PET Imaging.All PET data were acquired
using a Siemens Biography LSOPET-CT scanner in the Depart-
ment of PET and Nuclear Medicine at Royal Prince Alfred
Hospital. These dual modality devices have a fully 3D PET
scanner with 24 crystal rings and a dual slice CT scanner in the
same gantry. These scanners yield a reconstructed PET spatial
resolution of 6.3mmFWDH(full width at half-maximum) in the
center of the field of view. A CT scan of the head was completed
prior to radioligand injection. The baboon was initially anaes-
thetized with ketamine (8 mg/kg, im) in addition to medetomi-
dine hydrochloride (Domitor, 30 μg/kg, im). Anaesthesia was
maintained with the use of an iv infusion of ketamine in saline at
a dose rate of 0.2mgketamine/kg/min. The baboon also received
MgSO4 (2mL, iv) givenoverhalf anhour andatropine (1mg, im)
plus metoclopramide (Maxolon;Mayne Pharma, 5 mg, im). The
head of the baboon was immobilized with plastic tape to mini-
mize motion artifacts. Acquisition of dynamic PET data (20 �
30 s, 30� 60 s, and 4� 300 frames) was commenced just prior to
radioligand injection and yielded a total of 54 frames over a
period of 60min. The dynamic 3DPET sinogramswere rebinned
using FORE (Fourier rebinning) and reconstructed into 47
transversal slices with filtered back projection and CT data-
based corrections for photon attenuation and scatter, each
comprising of 128 � 128 voxels. Reconstructed voxel values in
each frame are reported in units of Bq/mL, corrected for radio-
active decay to the time of injection, and voxel dimensions were
0.206 cm � 0.206 cm � 0.337 cm. Voxel values were then
converted to units of percentage injected dose per volume of
brain tissue (% dose/mL) and plotted against time. An auto-
mated 3D registration algorithm was used to coregister the two
reconstructed scans prior to region of interest definition. Decay-
corrected time-activity curves representing the variation on
radioligand concentration versus time were constructed from
selected slices of region of interest over the whole brain. After
dynamic acquisition, a whole body PET-CT scan was performed
to determine other sites of uptake of the radioligand.

Blocking Studies. Haloperidol (1 mg/kg) was dissolved in
saline with a small quantity of propylene glycol and acetic acid.
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Haloperidol was injected iv 5 min prior to tracer injection into
the cephalic vein. Drug treatment was separated by at least
3 week intervals.
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