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The N-methyl-D-aspartate (NMDA) receptor is highly ex-
pressed throughout the mammalian central nervous system

(CNS). This type of ionotropic glutamate receptor mediates
excitatory synaptic transmission following activation by the amino
acids glutamate and glycine.1,2 Excessive stimulation of NMDA
receptors has been implicated in a number of neurological
disorders including stroke,1,3,4 Alzheimer’s disease,3�5 Parkinson’s
disease,6�8 and neuropathic pain.9,10 The nonselective NMDA
channel blocker memantine was recently approved for the
treatment of medium-to-severe Alzheimer’s disease.11,12 Precli-
nical and clinical studies with ketamine, another nonselective
antagonist, have demonstrated efficacy for pain; however, a
narrow therapeutic window has severely limited the use of this
agent due to undesirable motor and cognitive side effects
associated with inhibition of all subtypes of NMDA receptors.13

The NMDA receptor complex comprises three subunits, desig-
nated NR1(a-h), NR2(A-D), and NR3(A-B).14 While a pharma-
cological role for theNR3 subunit has not been fully elucidated,15

the functional NMDA receptor is composed of a heteromulti-
meric complex containing both NR1 subunits and at least one
of the four NR2 subunits.16 The NR2 subunits influence the
physiological and functional properties of the NMDA receptors,
including sensitivity to magnesium blockade, channel kinetics,
and ligand affinities,2,17,18 and are regionally distributed through-
out the CNS. The NR2B subunit is concentrated in structures of
the forebrain and dorsal horn of the spinal cord,16,19,20 suggesting
NR2B subtype-selective NMDA receptor antagonists may be
effective without the side effects associated with nonselective
NMDA channel blockers.20�23 NR2B subtype-selective antago-
nists, such as 1 (ifenprodil)24 and 2 (traxoprodil, CP-101,606),25

have shown efficacy with diminished CNS side effects26,27 in

animal models of cerebral ischemia,28 neuropathic pain,20,29 and
Parkinson’s disease.30�32 CP-101,606 (2) is reported to be well
tolerated in patients with traumatic head injury33 and to be effi-
cacious for pain in patients with spinal cord injury and mono-
radiculopathy.34

Research efforts have focused on identifying novel structural
classes of NR2B subtype-selective antagonists with improved
potency and selectivity profiles over the early leads.35 Several
NR2B inhibitors that contain the classical phenol terminal ring or
phenol isostere linked to a basic amine (typically a piperidine
ring) have been reported, including ifenprodil (1), traxoprodil
(2), and Ro-25-6981 (3)36 (Figure 1).More recently, new classes
of NR2B selective antagonists have been described which show
significant departure from the classical NR2B pharmacophore,
such as aminoquinoline 4,37 benzamidine 5,38 and carbamate 6.39

Carbamate 6 was reported by Merck to be a potent NR2B-
selective antagonist (Ki = 3.4 nM) that was efficacious in preclinical
models of both neuropathic pain and Parkinson’s disease follow-
ing oral dosing. Our goal at Merck was to identify structurally
distinct classes of NR2B-selective inhibitors from 6 that were
subnanomolar against NR2B, highly selective over other NR2
subtypes and hERG activity, and active in preclinical models of
pain and Parkinson’s following oral dosing. Historically, achiev-
ing high levels of selectivity over hERG activity has been
particularly challenging with NR2B antagonists. As a result,
hERG activity was determined on all active compounds using
an MK499 binding assay, a known ligand for the channel, and
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ABSTRACT: A series of 3-substituted aminocyclopentanes has been identified as highly
potent and selective NR2B receptor antagonists. Incorporation of a 1,2,4-oxadiazole linker
and substitution of the pendant phenyl ring led to the discovery of orally bioavailable
analogues that showed efficient NR2B receptor occupancy in rats. Unlike nonselective
NMDA antagonists, the NR2B-selective antagonist 22 showed no adverse affects on
motor coordination in the rotarod assay at high dose. Compound 22 was efficacious following oral administration in a spinal nerve
ligation model of neuropathic pain and in an acute model of Parkinson’s disease in a dose dependent manner.
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only compounds with greater than 10 μM binding in the hERG
binding assay were considered for advancement. In this paper,
we report the design and optimization of a unique series of high-
ly potent and selective NR2B antagonists which demonstrate
robust oral efficacy in preclinical models of neuropathic pain and
Parkinson’s disease.

’RESULTS AND DISCUSSION

An analysis of several classes of NR2B subtype-selective
antagonists in the Merck sample collection identified prototypi-
cal phenol-containing structures related to carbamate 6, such as
phenol 7, from which a novel series of NR2B antagonists could
be developed.40 We hypothesized that the 4-aminomethyl-
piperidine could be replaced with an alternate ring system in
which the number of atoms between the phenol and the phenyl
ring would remain constant. For example, as shown in Figure 2,
cyclization between the aminomethyl carbon and the C3 carbon
of the piperidine in 7, and removal of the C5 and the C6 carbons
of the piperidine, led to a 3-substituted aminocyclopentane as a

novel central constraint. In addition to replacing the 4-aminomethyl-
piperidine core, we planned to substitute the phenol carboxamide in
7 with the 4-amino-1H-pyrazolo[3,4-d]pyrimidine.41 Based on
this hypothesis, we prepared a series of structurally novel
3-substituted N-1H-pyrazolo[3,4-d]pyrimidin-4-amine cyclo-
pentanes for evaluation as NR2B subtype-selective NMDA
receptor antagonists.

Gratifyingly, in support of the original hypothesis, two isomers
of 8 were comparably potent against NR2B as the benchmark
Merck compound (6). As shown in Table 1, evaluation of the
absolute stereochemical requirements for compound 8 showed
a strong preference for S configuration at C1 ((R,R)-8 versus
(S,R)-8). On the other hand, NR2B potency was relatively
insensitive to the configuration at C3 ((S,R)-8 versus (S,S)-8).
Although (S,R)-8 and (S,S)-8 were similarly potent for NR2B,
compound (S,R)-8 was less selective for hERG. Furthermore,
(S,R)-8 and (S,S)-8were susceptible to human Pgp efflux in vitro
(MDR1 B�A/A�B ratios = 3.8 and 5.4, respectively)42 which
could limit CNS exposure to these compounds. As a result,
identification of a potent analogue that was not susceptible to
Pgp efflux was essential.

Compounds (S,R)-8 and (S,S)-8 each contain three hydrogen
bond donors. We hypothesized that replacement of the carba-
mate with a suitable heterocycle lacking a hydrogen bond donor
would lower the propensity for Pgp efflux.45 We first targeted the
readily accessible 1,2,4-oxadiazole as a suitable isostere for the

Figure 1. NR2B-selective NMDA receptor antagonists.

Figure 2. Origin of aminocyclopentane as a novel central constraint.

Table 1. In Vitro Binding Data for Aminocyclopentanesa

configuration NR2B hERG

compd C1 C3 Ki (nM)b IP (nM)c

(R,R)-8 R R 830 15000

(R,S)-8 R S 480 20000

(S,R)-8 S R 2.8 3200

(S,S)-8 S S 3.6 22000
aAll values are the geometric mean of at least n = 4 measurements.
b Inhibition of 3H-[(E)-N1-(2-methoxybenzyl)-cinnamamidine] bind-
ing to hNR1a/NR2B receptors expressed in Ltk- cells.43 c Inhibition of
MK-499 binding to hERG in HEK293 cells.44
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carbamate lacking a hydrogen bond donor. Incorporation of
3-phenyl-1,2,4-oxadiazole as a carbamate replacement gave com-
pound 9, which was approximately 10-fold less potent against
NR2B than the carbamates and modestly selective over hERG
binding (Table 2). As anticipated, reducing the number of
hydrogen bond donors was sufficient to mitigate the Pgp liability
and 9was not subject to human Pgp efflux in vitro (MDR1 B�A/
A�B ratio = 0.9).42 Given that 9 represented a promising new
series of NR2B inhibitors with the potential to beCNS penetrant,
a more detailed evaluation of the compound was undertaken.
Compound 9 showed modest NR2B potency in a functional
assay with cells expressing NR2B (IC50 = 7.5 nM) and did not
show significant reversible inhibition of CYP3A4, 2D6, or 2C9
(IC50 > 26 μM). Evaluation of pharmacokinetics of 9 in rats
showed modest oral bioavailability and moderate to low clear-
ance with a 1.2 h half-life (Table 7). NR2B receptor occupancy
was determined in an ex vivo binding assay using a radiolabeled-
ligand displacement assay on temporal cortex harvested after
dosing of the test agent. Compound 9 effectively engaged the
target in vivo and showed 50% receptor occupancy in the cortex
at 7.2 and 21 mpk following IV and PO dosing, respectively.
Overall, compound 9 represented a promising new lead as a
brain-penetrant, oral NR2B antagonist. On the basis of this
promising early lead, evaluation of the structure�activity rela-
tionship (SAR) around 9 was undertaken to further improve in
vitro and in vivo potency.

Unlike the carbamates (8), the C3 stereochemistry of the
cyclopentanewas critical with the 1,2,4-oxadiazoles and a significant
loss of potency was observedwith the (3R)-diastereomer (10) over
the (3S)-diastereomer (9) (Table 2). While maintaining the
S-configuration at C3, substitution on the pendant phenyl ring of
9 was explored. A loss of potency was observed by installation of a
methyl substituent in either the 2- or 3-positions on the phenyl ring
(11 and 12, respectively). Methylation of the 4-position on the
phenyl ring (13) resulted in a 5-fold enhancement of NR2B
potency over 9 without improving the hERG binding. Substitution
with a chlorine in the 4-position gave14, which showed comparable
NR2B potency (Ki = 8.5 nM) and >2000-fold selectivity over
hERG. In rat, 14 showed substantial improvements over 9 in
pharmacokinetic parameters including clearance (0.8 mL/min/
kg), half-life (11.2 h) andoral bioavailability (F=67%), andmodest

ex vivo receptor occupancy (70% inhibition at 10 mpk IV)
(Table 7).

In parallel with the 3-phenyl-1,2,4-oxadiazole SAR, we began
investigating optimal linkers between the cyclopentane, 1,2,
4-oxadiazole, and phenyl moieties in 9. Insertion of a methylene
unit between the cyclopentane and the oxadiazole of 9 had a
minimal effect on potency and hERG binding (15, Table 3). On
the other hand, insertion of a methylene unit between the
oxadiazole and the phenyl ring to give 16 resulted in both
enhanced potency at NR2B and selectivity over hERG binding
relative to 9. Further extension of the alkyl chain with two
methylene units (17) resulted in a significant loss of potency,
indicating a benzyl-1,2,4-oxadiazole was the optimal linker length
to maximize potency and selectivity. Compound 16 showed
excellent selectivity over NR2A (IC50 > 300 μM), showed
no significant reversible inhibition of CYP3A4, 2D6, 2C9
(IC50 > 50 μM), and was not a substrate for human Pgp efflux
(MDR1 B�A/A�B ratio = 2.4). Compound 16 showed a
similar profile to 9 in rat with respect to plasma protein binding
(4.9% free fraction) and pharmacokinetic parameters (Table 7).
As a result, the enhanced in vitro potency of 16 translated to
improved ED50 values over 9 in the ex vivo receptor assay
following IV and PO dosing (0.6 and 8.1 mpk, respectively).
Given the in vitro profile and markedly improved in vivo activity
observed with 16, we focused on optimizing the benzyl-1,2,
4-oxadiazoles.

As shown in Table 4, incorporation of fluorine in the 3-posi-
tion resulted in a loss of potency (19), while both the 2- and
4-fluoro derivatives were well tolerated in terms of potency and
hERG selectivity (18, 20). When the size of the ortho substituent
was increased to a methyl group (21), a significant loss in potency
and selectivity was observed. Substitution with amethyl group on
the 4-position of the phenyl ring (22) led to excellent potency at
NR2B (Ki = 0.88 nM) and selectivity over hERG binding. In rats,
compound 22 showed improved oral bioavailability over 16 and
improved receptor occupancy following oral dosing with an
ED50 = 4.8 mpk (Table 7). The 4-chloro derivative (23) remained
subnanomolar at NR2B; however, the hERG binding worsened
(IP = 7200 nM). Compound 23 showed improved clearance
and half-life in rats, and achieved an ED50 = 3.5mpk in the ex vivo
receptor occupancy assay following oral dosing (Table 7). Larger
alkyl groups such as ethyl (24) and isopropyl (25) were tolerated
in the 4-position in terms of NR2B potency; however, the hERG

Table 2. In Vitro Binding Data for Phenyl-Oxadiazolesa

NR2B hERG

compd C3 R1 Ki (nM)b IP (nM)c

9 S H 31 8200

10 R H 330 18000

11 S 2-CH3 120 5500

12 S 3-CH3 150 9500

13 S 4-CH3 7.9 6300

14 S 4-Cl 10 21000
aAll values are the geometric mean of at least n = 4 measurements.
b Inhibition of 3H-[(E)-N1-(2-methoxybenzyl)-cinnamamidine] bind-
ing to hNR1a/NR2B receptors expressed in Ltk- cells.43 c Inhibition of
MK-499 binding to hERG in HEK293 cells.44

Table 3. In Vitro Binding Data for Cyclopentyl-Oxadiazolesa

NR2B hERG

compd m n Ki (nM)b IP (nM)c

9 0 0 31 8200

15 0 1 31 7200

16 1 0 6.2 28000

17 2 0 120 7400
aAll values are the geometric mean of at least n = 4 measurements.
b Inhibition of 3H-[(E)-N1-(2-methoxybenzyl)-cinnamamidine] bind-
ing to hNR1a/NR2B receptors expressed in Ltk- cells.43 c Inhibition of
MK-499 binding to hERG in HEK293 cells.44
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selectivity further deteriorated as the substituent became larger.
Fluorinated methyl derivatives of 22 were investigated in an
attempt to block potential metabolism on the methyl group in
22. While the trifluoromethyl analogue (26) resulted in a modest
loss of potency and the difluoromethyl derivative (27) main-
tained potency, both compounds suffered from significant loss
in selectivity over hERG binding. Interestingly, incorporation of
the difluoromethyl group significantly worsened the Pgp liability
in rat for 27 versus the methyl derivative 22 (mdr1a B�A/A�B
ratios = 8.4 versus 1.3). It was anticipated more polar substitu-
ents would improve the hERG selectivity, and the methanol
derivative 28 showed minimal hERG binding. Unfortunately,
polar substituents were not well tolerated in terms of NR2B
potency and 28 suffered a significant loss in potency at NR2B.
Even the slightly more polar methoxy group (29) was not well
tolerated in terms of NR2B potency. Finally, the 2-fluoro sub-
stitution had been well tolerated in 18, so it was combined with
the 4-methyl group to give 30, a highly potent and selective
compound. Unfortunately, 30 showed poor oral bioavailability in
rat pharmacokinetic studies and worse receptor occupancy than
22 following IV dosing in rat (Table 7), precluding further
characterization of 30.

Based on the promising leads identified with the 3-benzyl-
1,2,4-oxadiazole ring system, optimization of the heterocycle
linker was investigated. Replacing the 1,2,4-oxadiazole with a
4-benzyl-thiazole (31), 4-benzyl-oxazole (32) or 5-benzyl-
oxazole (33) resulted in inferior NR2B potency and hERG
selectivity to 16. The isomeric 1,3,4-oxadiazole linker (34) also
lost 5-fold in potency but maintained an acceptable hERG
binding value. Consistent with the earlier SAR, incorporation
of a 4-methyl substituent (35) regained much of the potency,
though the hERG binding now dropped below the 10 μM target.

The subnanomolar potency target was achieved by replacing the
oxygen in 35with a sulfur to give 1,3,4-thiadiazole 36 (Ki = 0.76 nM).
Unfortunately, the hERG binding also became more potent and
precluded further in vivo characterization of 36. Interestingly, the
more polarized 1,3,4-thiadiazole caused 36 to become a substrate
for human and rat Pgp efflux (MRD1 and mdr1a B�A/A�B
ratio = 5.6 and 8.6, respectively). A better balance between
potency, selectivity, and Pgp liability was obtained by preparing
the isomeric 5-substituted-1,2,4-oxadiazole (37). Though slightly
less potent (Ki = 1.4 nM) and selective (hERG IP = 12.5 μM)
than 22, compound 37was not a substrate for human and rat Pgp
efflux (MRD1 and mdr1a B�A/A�B ratio = 0.9 and 2.1,
respectively) and was advanced into the ex vivo receptor
occupancy study. Compound 37 was less potent in vivo relative
to 22 following either IV dosing (ED50 = 3.1 mpk) or oral dosing
(ED50 = 10.8 mpk) and therefore was not advanced further.

In parallel to investigating the heterocycle linker, we wanted to
optimize the cyclopentane core. Though we found the corre-
sponding cyclohexane core maintained most of the NR2B
potency, we weremost interested in simplifying the cyclopentane
core by removing one of the stereocenters. This could be
accomplished by incorporating an N-linked (3S)-aminopyrroli-
dine in place of the (1S,3S)-disubstituted cyclopentane. Initially,
we were surprised to see a substantial loss of potency simply
by replacing the carbon linked benzyl-1,2,4-oxadiazole in 16with
an N-linkage (38). Reasoning that the trajectory of the terminal
phenyl ring changed with the planar N-linkage, we decided to
reinvestigate the phenyl-substituted oxadiazole. Gratifyingly,
39 retained much of the potency observed in the earlier
C-linked phenyl-oxadiazole series and 4-methyl substitution
(40) was only 2-fold less potent than the cyclopentane 9.
Unlike the C-linked oxadiazoles, phenyl substituents appended

Table 5. In Vitro Binding Data for Benzyl Heterocyclesa

aAll values are the geometric mean of at least n = 2 measurements.
b Inhibition of 3H-[(E)-N1-(2-methoxybenzyl)-cinnamamidine] bind-
ing to hNR1a/NR2B receptors expressed in Ltk- cells.43 c Inhibition of
MK-499 binding to hERG in HEK293 cells.44

Table 4. In Vitro Binding Data for Benzyl-Oxadiazolesa

NR2B hERG

compd R1 Ki (nM)b IP (nM)c

16 H 6.2 28000

18 2-F 7.6 20000

19 3-F 29 15000

20 4-F 6.5 21000

21 2-CH3 26 3400

22 4-CH3 0.88 20000

23 4-Cl 0.99 7200

24 4-CH2CH3 0.93 6200

25 4-CH(CH3)2 0.98 1500

26 4-CF3 3.7 5100

27 4-CHF2 0.84 4000

28 4-CH2OH 91 >30000

29 4-OCH3 36 8600

30 2-F, 4-CH3 0.83 14000
aAll values are the geometric mean of at least n = 2 measurements.
b Inhibition of 3H-[(E)-N1-(2-methoxybenzyl)-cinnamamidine] bind-
ing to hNR1a/NR2B receptors expressed in Ltk- cells.43 c Inhibition of
MK-499 binding to hERG in HEK293 cells.44
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to the 1,2,4-oxadiazole were superior to the benzyl groups when
linked through a nitrogen. Interestingly the selectivity over
hERG binding also was improved with the N-linkage, likely due
to the increased basicity and more polar nature of the central
N-linked heterocycle. The isomeric 1,2,4-oxadiazole 41 showed
an additional 6-fold improvement in potency (Ki = 1.2 nM)
and was highly selective over hERG binding (IP > 30 μM).
Unfortunately, the physical properties of 41 were very poor and
precluded dosing in the receptor occupancy assay. Incorpora-
tion of a more basic linker to improve solubility, such as a 1,3,4-
thiadiazole (42), led to a loss in potency, as did 6-membered
heterocycles (e.g., 43).

Based on the favorable NR2B potency both in vitro and
in vivo following oral dosing, a more detailed evaluation of 22
was undertaken. Compound 22was highly potent in a functional

assay using cells expressing NR2B (IC50 = 1.0 nM) and
remained equipotent in a binding assay using a sample of
homogenized human temporal cortex (Ki = 0.81 nM). In an
electrophysiology assay using NR2B receptors, 22 showed
full blockade of ion flux with KD = 0.35 nM. Compound 22
exhibited high levels of selectivity over NR2A (IC50 = 200 μM),
hERG binding (IP = 20 μM), R-adrenergic receptors
based on Prazosin binding (IC50 > 100 μM),51 and CYP
P450s including CYP3A4, 2C9, and 2D6. Compound 22 was
not a human or rat Pgp substrate (MDR1 and mdr1 B�A/A�B
ratios = 1.4 and 1.3, respectively) and showed a high passive
permeability coefficient (Papp = 36� 10�6 cm/s), indicating free
penetration of the blood-brain barrier was likely with this
analogue. In pharmacokinetic studies with higher species, 22
showed excellent oral bioavailability, half-life and clearance in
dog, and moderate clearance and oral bioavailability in rhesus
(Table 7).

Compound 22 was further evaluated in animal models of
neuropathic pain, Parkinson’s disease, and motor function. In the
spinal nerve ligation model of neuropathic pain in rats (Chung
model), surgical ligation of two lumbar nerves in the spinal
column induces a state of mechanical allodynia.48 The 50% paw
withdrawal threshold was then determined as a function of dose
following oral administration of compound 22 and reported as a
percent maximum possible effect (% MPE)49 relative to pre-
surgical withdrawal threshold. As shown in Figure 3A, compound
22 significantly inhibited tactile allodynia in a dose dependent
manner after oral administration at 10 and 30mg/kg. Specifically,
22 produced an average improvement in the maximal possible
effect of 15% (3 mg/kg), 41% (10 mg/kg), and 69% (30 mg/kg)
compared to vehicle treated animals.

In addition to reversing mechanical allodynia in rats, com-
pound 22was efficacious in an acute rodent model of Parkinson’s
disease, the haloperidol-induced catalepsy model. In this model,
the dopamine antagonist haloperidol is administered at a dose
previously shown to elicit an acute cataleptic response in rats,50

and test agents are evaluated for the ability to reverse catalepsy.
As shown in Figure 3B, compound 22 reduced catalepsy scores in
a dose dependent manner, producing average improvements of
34% (3 mg/kg), 86% (10 mg/kg), and 92% (30 mg/kg)
compared to vehicle treated animals. In the rotarod assay, there
was no measurable affect on motor coordination when 22 was

Table 6. In Vitro Binding Data for Amino-Heterocyclesa

aAll values are the geometric mean of at least n = 2 measurements.
b Inhibition of 3H-[(E)-N1-(2-methoxybenzyl)-cinnamamidine] binding
to hNR1a/NR2B receptors expressed in Ltk- cells.43 c Inhibition of
MK-499 binding to hERG in HEK293 cells.44

Table 7. In Vivo Evaluation for Selected Compoundsa, 47

pharmacokinetic Profileb receptor occupancy ED50
c

compd species %F T1/2 (hr) Cl (mL/min/kg) IV dosing (mg/kg) PO dosing (mg/kg)

6 rat 45 2.7 26 2.0 4.9

9 rat 14 1.2 8.7 7.2 21

14 rat 67 11.2 0.8 <10

16 rat 23 1.4 10 0.6 8.1

22 rat 34 0.7 24 0.9 4.8

22 dog 83 7.5 3.6

22 rhesus 17 1.5 12

23 rat 13 2.1 13 1.8 3.5

30 rat 3 0.3 18 >3

37 rat 3.1 10.8
aAbbreviations: %F, oral bioavailability; T1/2, half-life; Cl, clearance.

b Sprague�Dawley rats (n = 3); oral dose =10 mg/kg, intravenous dose = 2mg/kg;
Beagle dogs (n = 2), intravenous dose = 0.3 mg/kg; Rhesus monkeys (n = 2), oral dose = 1 mg/kg, intravenous dose = 1 mg/kg. c Sprague�Dawley rats,
n = 4 at each dose of 1, 3, and 10 mg/kg; <10 = 70% inhibition at 10 mpk; >3 = 34% inhibition at 3 mpk.
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dosed orally at 100 mg/kg.20 Therefore, in contrast to nonselec-
tive NMDA antagonists, compound 22 showed a significant
therapeutic margin between efficacy in the pain and Parkinson’s
models and locomotor impairment.

In summary, a novel class of potent NR2B-selective NMDA
receptor antagonists was designed and optimized to give a
compound with a superior profile to that of the benchmark
compound 6. Initial assessment of the stereochemical require-
ments of 3-substituted aminocyclopentanes demonstrated
the required (S)-stereochemistry of the amine. Replacement of
the carbamate led to the identification of a 1,2,4-oxadiazole as a
suitable isostere that was not susceptible to Pgp efflux. Further
optimization with respect to selectivity over hERG binding and
pharmacokinetics led to the identification of compound 22 as a
highly potent and selective oral agent that demonstrated efficient
receptor occupancy in rats. Furthermore, 22 did not adversely
affect motor function at high dose and demonstrated excellent
efficacy following oral administration in the spinal nerve ligation
model of neuropathic pain and in an acute model of Parkinson’s
disease in a dose dependent manner.

’METHODS

Chemistry. As shown in Scheme 1, compound 8 was readily
prepared from the appropriate N-Boc-1-aminocyclopentane-3-carboxylic
acid (44). All the stereoisomers of 44 were commercially available
as single enantiomers and were independently converted to 8. Reduc-
tion of the carboxylic acid 44 followed by reaction with methane-
sulfonyl chloride provided mesylate 45. Conversion of mesylate 45 to
the Cbz-protected amine 46 was accomplished via azide displacement,
reduction, Cbz-protection, and subsequent treatment with acid. Cou-
pling amine 46 to 4-chloro-1-(tetrahydro-pyran-2-yl)-1H-pyrazolo-
[3,4-d]pyrimidine (47)41 followed by removal of the tetrahydropyran
group gave compound 8.

3-Substituted 1,2,4-oxadiazoles were prepared from the correspond-
ing hydroxyamidines in a straightforward manner (Scheme 2). Synthesis
of the 1,2,4-oxadiazole ring was accomplished via a two-step procedure
involving acylation of 48 with (S,S)-44 under standard EDC coupling
conditions followed by cyclodehydration with sodium acetate.51 Boc-
deprotection under acidic conditions yielded amines 49, which were
then coupled to 47. Final deprotection of the tetrahydropyran group
gave compounds 9�14 and 16�30.

Preparation of the homologated phenyl-1,2,4-oxadiazole 15 is shown
in Scheme 3. Cyanide displacement of mesylate (S,S)-45 and hydrolysis
provided homologated acid 50. As described previously, condensation
with hydroxyamidine 48 and cyclization provided the 1,2,4-oxadiazole
linker. Amine deprotection, coupling with 47, and acid deprotection
then gave compound 15.

Figure 3. (A) Oral efficacy of 22 in spinal nerve ligation model of neuropathic pain in rats (n = 10). Abbreviation: %MPE = maximum possible effect
relative to presurgical animals. (B) Effects on haloperidol-induced catalepsy with increasing oral doses of 22 in rats (n = 8).

Scheme 1a

aReagents and conditions: (a) BH3 3THF, THF, 0 �C, 1 h; (b) MsCl,
TEA, DCM, 0 �C, 0.3 h; (c) NaN3, DMF, 50 �C, 15 h; (d) H2, 10%Pd/C,
ethanol, RT, 3.5 h; (e) N-(benzyloxycarbonyloxy) succinimide, DCM,
RT, 12 h; (f) TFA, RT, 0.5 h; (g) 4-chloro-1-(tetrahydro-pyran-2-yl)-
1H-pyrazolo[3,4-d]pyrimidine (47), 2-propanol, DIPEA, 85 �C, 7 h;
(h) 6N HCl, methanol, 60 �C, 1 h.

Scheme 2a

aReagents and conditions: (a) (S,S)-44, EDC, HOBt, DCM, RT,
3�12 h; (b) NaOAc, ethanol, water, 85 �C, 5�14 h; (c) HCl, EtOAc
RT, 0.5 h; (d) 47, 1-butanol, DIPEA, 90 �C, 3�7 h; (e) HCl, EtOAc,
RT, 1�2 h.
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The various heterocycle linkers in Table 5 were available from (S,S)-
44 (Scheme 4). Formation of thiazole 31 was achieved by first reacting
primary amide 52with Lawesson’s reagent, followed by treatment of the
resultant thioamide with 1-chloro-3-phenylpropan-2-one, to form the

thiazole ring. Amine deprotection, coupling with 47, and final acid
deprotection gave compound 31. In a similar fashion, oxazole 32 was
prepared by treatment of amide 52 with 1-chloro-3-phenylpropan-
2-one, followed by amine deprotection, coupling with 47, and final acid
deprotection. The isomeric 1,2,4-oxadiazole ring in 37 was accom-
plished via dehydration of amide 52 to give a nitrile that was converted to
hydroxyamidine 53 using hydroxylamine hydrochloride. Coupling of
53 with [4-(methyl)phenyl]acetic acid and cyclization gave the Boc-
precursor to 37. Deprotection of the amine, coupling to 47, and final
deprotection of the tetrahydropyran group gave compound 37. The
isomeric oxazole 33 was prepared from (S,S)-44 by first coupling with
1-amino-3-phenylpropan-2-ol and then oxidizing to the ketone 54. In
this case, deprotection of the Boc-amine and coupling with 47 was
performed prior to cyclodehydration using Burgess reagent. Acid
deprotection of the THP protecting group provided oxazole 33. The
1,3,4-oxadiazoles (34, 35) and 1,3,4-thiadiazole (36) were prepared
first by condensing (S,S)-44 with the corresponding acyl-hydrazides
to give 55. Dehydration in the presence of Burgess reagent gave the
1,3,4-oxadiazole linker, while dehydration in the presence of Lawesson’s
reagent gave the 1,3,4-thiadiazole linker. Boc-deprotection, coupling
with 47, and THP-deprotection then gave compounds 34�36.

Preparation of the amino-linked heterocycles is shown in Scheme 5.
For the targeted structures (38�42), once the N-linked heterocycles
were formed, the Boc-protected precursors were advanced to the final
compounds as described previously, involving Boc deprotection, coupling
to 47, and final deprotection with acid. The 5-amino-1,2,4-oxadiazole
precursors to 38�40 were prepared by reaction of the appropriate

Scheme 4a

aReagents and conditions: (a)NH4OH, EDC, HOBt, DMF, RT, 72 h; (b) Lawesson's reagent, THF, RT, 17 h; (c) 1-chloro-3-phenyl acetone, EtOH,
85 �C, 3 h; (d) 1-chloro-3-phenyl acetone, 130 �C, 2 h; (e) BOC-ON, triethylamine, THF, RT, 3�16 h; (f) TFA, RT, 0.5 h or HCl in EtOAc (∼4M),
RT, 20min; (g) 47, 1-butanol, DIPEA, 150 �C, 10min inmicrowave or 47, 2-propanol, DIPEA, 70 �C, 15 h; (h) 6NHCl, methanol, 60 �C, 1 h or HCl
in EtOAc (∼4M), 1:1 EtOAc/MeOH, RT, 15min; (i) trifluoroacetic anhydride, pyridine, THF, 0 �C to RT, 2 h; (j) HONH2HCl, ethanol, Na2CO3,
85 �C, 72 h; (k) [4-(methyl)phenyl]acetic acid, HBTU, DIPEA, HOBt, DMF, RT, 1.5 h; (l) NaOAc, ethanol, water, 85 �C, 5 h; (m) 1-amino-
3-phenylpropan-2-ol, EDC, HOBt, DCM, RT, 1.5 h; (n) Dess�Martin periodinane, DCM, RT, 15 min; (o) Burgess reagent, THF, 120 �C, 10 min in
microwave; (p) phenylacetohydrazide or 2-(4-methylphenyl)acetohydrazide, HBTU, DCM, RT, 14 h; (q) Lawesson's reagent, toluene, 150 �C, 10
min in microwave.

Scheme 3a

aReagents and conditions: (a) NaCN, DMSO, 70 �C, 24 h; (b) NaOH,
methanol, 70 �C, 15 h; (c) 48, EDC, HOBt, DCM, RT, 3 h; (d) NaOAc,
ethanol, water, 85 �C, 5 h; (e) TFA, RT, 0.5 h; (f) 47, 2-propanol,
DIPEA, 85 �C, 7 h; (g) 6N HCl, methanol, 60 �C, 0.5 h.
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hydroxyamidines (48) with trichloroacetic anhydride, followed by
displacement using tert-butyl (3S)-pyrrolidin-3-ylcarbamate (57).
Treatment of pyrrolidine 57 with cyanogen bromide followed by the
addition of hydroxylamine, acylation, and cyclodehydration gave the
isomeric 3-amino-1,2,4-oxadiazole precursor to 41. The aminothiadia-
zole precursor to 42 was prepared by reaction between pyrrolidine
57 and chloride 59. Chloride 59 was available in two steps through
condensation between 4-methylbenzonitrile and thiosemicarbazide,
followed by standard Sandmeyer halogenation.
Synthesis of N-{(1S,3S)-3-[3-(4-Methylbenzyl)-1,2,4-oxa-

diazol-5-yl]cyclopentyl}-1H-pyrazolo[3,4-d]pyrimidin-4-amine
(22) (Scheme2). (1Z)-N0-Hydroxy-2-(4-methylphenyl)ethanimidamide
(48). To a solution of (4-methylphenyl)acetonitrile (31.5 g, 240 mmol)
in 95% ethanol (525 mL) was added hydroxylamine hydrochloride
(67.8 g, 976 mmol) and sodium carbonate (103 g, 976 mmol), and the
resulting solution was heated to 85 �C. After 14 h, the reaction was cooled to
room temperature, filtered, and concentrated. The residue was suspended in
ether and extractedwith 1Mhydrochloric acid. The combined aqueous layers
were basified to pH = 9 with ammonium hydroxide, saturated with sodium
chloride, and extracted with ethyl acetate. The organic layer was dried over
sodium sulfate, filtered, and concentrated to give 48 (30.9 g) as a waxy solid.
MS 165.3 (M þ 1).
{(1S,3S)-3-[3-(4-Methylbenzyl)-1,2,4-oxadiazol-5-yl]cyclopentyl}-

amine (49). To a solution of (1S,3S)-3-[(tert-butoxycarbonyl)amino]-
cyclopentanecarboxylic acid (12.9 g, 56.1 mmol) in methylene chloride
(150 mL) at room temperature was added HOBt (8.73 g, 57.0 mmol)
and EDC (11.0 g, 57.2 mmol). After 20 min, (1Z)-N0-hydroxy-2-(4-
methylphenyl)ethanimidamide (11.2 g, 68.4 mmol) was added to the
reaction and the reaction was permitted to stir an addition 12 h. The
reaction was poured into saturated sodium bicarbonate solution
and extracted with ethyl acetate. The combined organic layers were
washed with 1 M sodium hydroxide, dried over sodium sulfate, filtered,
and concentrated to give tert-butyl {(1S,3S)-3-[({[(1Z)-1-amino-
2-(4-methylphenyl)ethylidene]amino}oxy)carbonyl]cyclopentyl}carbamate
(19.1 g) as a waxy solid. MS 376.3 (M þ 1).

To a solution of tert-butyl {(1S,3S)-3-[({[(1Z)-1-amino-2-(4-methyl-
phenyl) ethylidene]amino}oxy)carbonyl]cyclopentyl}carbamate (19.1 g,

50.9 mmol) in 80% aqueous ethanol (250 mL) was added sodium
acetate trihydrate (15.8 g, 116 mmol), and the resulting solution was
heated to 85 �C under N2. After 14 h, the reaction was cooled to room
temperature, partially concentrated, poured into saturated citric acid,
and extracted with ethyl acetate. The combined organic layers were
washed with saturated sodium bicarbonate, water, brine, dried
over sodium sulfate, filtered, and concentrated to give tert-butyl
{(1S,3S)-3-[3-(4-methylbenzyl)-1,2,4-oxadiazol-5-yl]cyclopentyl} carbamate
(11.4 g) as a yellow solid. HRMS (M þ Hþ): calculated = 358.2125,
observed = 358.2135; 1HNMR (400MHz, DMSO-d6) δ 7.21�7.09 (m, 4H),
7.00 (d, J=6.4Hz, 1H), 3.99 (s, 2H), 3.96�3.88 (m, 1H), 3.59�3.48 (m, 1H),
2.27 (s, 3H), 2.20�2.09 (m, 1H), 2.07�1.98 (m, 1H), 1.98�1.85 (m, 2H),
1.79�1.68 (m, 1H), 1.57�1.47 (m, 1H), 1.38 (s, 9H).

To tert-butyl {(1S,3S)-3-[3-(4-methylbenzyl)-1,2,4-oxadiazol-5-yl]-
cyclopentyl} carbamate (11.37 g, 6.87 mmol) was added anhydrous
hydrochloric acid in ethyl acetate (30 mL, ∼4 M), and the resulting
solution was stirred at room temperature. After 30 min, the reaction was
concentrated. The residue was dissolved in 1 M hydrochloric acid and
washed with ethyl acetate three times. The aqueous layer was basified
to pH = 8 with ammonium hydroxide, saturated with sodium chloride,
and extracted with ethyl acetate. The combined organic layers were dried
over sodium sulfate, filtered, and concentrated. A solution of the residue
inmethanol was treated with anhydrous hydrochloric acid in ethyl acetate
and then concentrated to yield the hydrochloride salt of 49 (6.87 g) as a
white solid. HRMS (M þ Hþ): calculated = 258.1601, observed =
258.1590; 1H NMR (400 MHz, DMSO-d6) δ 8.06 (s, 3H), 7.20�7.09
(m, 4H), 4.00 (s, 2H), 3.74�3.63 (m, 2H), 2.27 (s, 3H), 2.26�2.18
(m, 2H), 2.16�2.06 (m, 2H), 1.87�1.77 (m, 1H), 1.77�1.64 (m, 1H).

N-{(1S,3S)-3-[3-(4-Methylbenzyl)-1,2,4-oxadiazol-5-yl]cyclopentyl}-
1H-pyrazolo[3,4-d]pyrimidin-4-amine (22). To a solution of 49 (6.87 g,
23.4 mmol) in 1-butanol (50 mL) was added DIPEA (50 mL) and
4-chloro-1-(tetrahydro-pyran-2-yl)-1H-pyrazolo[3,4-d]pyrimidine
(47) (5.91 g, 24.8 mmol), and the solution was heated to 90 �C for 3 h.
The mixture was cooled and concentrated under reduced pressure. The
resulting residue was dissolved in methanol (15 mL) and a solution of
anhydrous hydrochloric acid in ethyl acetate (30 mL, ∼4 M) was added.
The mixture was stirred for 2 h, at which time the reaction was quenched

Scheme 5a

aReagents and conditions: (a) Trichloroacetic anhydride, HOBt, toluene, 120 �C, 2.5 h; (b) 57, MeOH, RT, 10 days; (c) TFA, RT, 0.5 h; (d) 47,
1-butanol, DIPEA, 150 �C, 15 min in microwave; (e) 6 N HCl, methanol, 60 �C, 1 h; (f) NaOAc, cyanogen bromide, methanol, 0 �C to RT, 5 h;
(g) HONH2 HCl, ethanol, Na2CO3, 85 �C, 3 h; (h) 4-methylbenzoic acid, EDC, HOBt, DCM, RT, 14 h; (i) NaOAc, ethanol, water, 85 �C, 3 h;
(j) thiosemicarbazide; (k) CuCl, NaNO2, HCl.



360 dx.doi.org/10.1021/cn200013d |ACS Chem. Neurosci. 2011, 2, 352–362

ACS Chemical Neuroscience RESEARCH ARTICLE

with saturated sodium bicarbonate. The solution was extracted with ethyl
acetate, and the organic layer was dried over sodium sulfate, filtered, and
concentrated to dryness under reduced pressure. The compound was
recrystallized from ethanol (40 mL) to yield 22 (4.51 g) as a white solid.
1H NMR (400 MHz, CD3OD) δ 8.14 (s, 1H), 8.24 (s, 1H), 7.14�7.20
(m, 4H), 4.77 (m, 1H), 4.00�(s, 2H), 3.73�3.62 (m, 1H), 2.50�2.39
(m, 1H), 2.39�2.32 (m, 2H), 2.32�2.28 (s, 3H), 2.25�2.16 (m, 1H),
2.07�1.95 (m, 1H), 1.90�1.79 (m, 1H); 1H NMR (400 MHz,
DMSO-d6) δ 8.48 (s, 1H), 7.22�7.10 (m, 4H), 4.69 (br s, 1H), 4.02
(s, 2H), 3.81�3.68 (m, 1H), 2.39�2.20 (m, 7H), 1.98�1.80 (m, 2H)
ppm. Elemental analysis: Calculated for (C20H21N7O 3HCl/H2O): C,
63.98%; H, 5.64%; N, 26.12%. Observed: C, 63.64%; H, 5.42%; N,
25.82%. HRMS (ESI) m/z 376.1881 [(M þ H)þ calcd 376.1880].
NR2B in Vitro Activity. All final compounds were evaluated as

NR2B antagonists using an NR2B-selective binding assay,43 and select
compounds were evaluated in a functional assay measuring Ca2þ flux in
cells expressing recombinant NR1/NR2A receptors52 or NR1/NR2B
receptors.53 Selectivity over the hERG-channel was evaluated in an
MK-499-binding assay.44 Inhibition of NMDA receptor-activated cur-
rents at recombinant human NMDA receptor subtypes was determined
as described previously.28

Pharmacokinetics. Pharmacokinetic characterization of test agents
was conducted in conscious male Sprague�Dawley rats (300�500 g;
n = 3�4/study), male and female beagle dogs (13�15 kg; n = 2/study),
or male rhesus (4�6 kg, n = 2/study). In all species, single doses of test
agents were administered either intravenously in a vehicle of 100%
DMSO or orally by gavage in a vehicle of 1% methylcellulose aqueous
suspension. Typical test doses were 2 mg/kg IV and 10 mg/kg PO to
rats; 0.5�1 mg/kg IV and 1�3 mg/kg PO to dogs; and 1 mg/kg IV and
PO to rhesus. Blood samples for the determination of test agent plasma
concentration were obtained at multiple time points up to 24 h after
single dose test agent administration.
NR2B in Vivo Receptor Occupancy in Rats. Rats were main-

tained and tested in an Association for Assessment and Accreditation of
Laboratory Animal Care accredited facility in strict compliance with all
applicable regulations. Male Sprague�Dawley rats weighing 90�115 g
(Taconic Farms, Taconic, NY) were housed in 12 h light/dark cycle and
fasted overnight (water was provided ad libitum). Compounds were
administered orally in a 50/50 PEG200/5% dextrose solution;
three doses were tested (3, 1, and 0.3 mg/kg) with four animals per dose.
For oral testing, test compounds were dosed by gavage and radiotracer
(200 uCi/kg of 3-H-Compound Y) was administered by IV injection
52.5 min after test compound dosing. Animals were euthanized 7.5 min
after administration of the radiotracer, and a 100�150 mg sample of
cortex was collected. Brain samples were homogenized in ice-cold
HEPES buffer for 10 s with a Polytron (Brinkman Instruments, West-
bury, NY). Homogenized brain samples were immediately filtered
through 25 mm Pall A/E filters (Pall Corporation, East Hills, NY)
presoaked in 0.2% polyethyleneimine (PEI) using a Hoefer filter unit
(GE Healthcare, Piscataway, NJ). Filters were washed with 25 mL ice-
coldHEPESbuffer (10mMHEPES, 150mMNaCl, and5mMKCLpH7.4).
For tail vein injections, rats were placed in a Perspex restrainer. Total
binding was determined by oral administration of vehicle (50/50
PEG200/5% Dextrose) 52.5 min prior to IV radiotracer administration.
Nonspecific binding was determined by IV administration of 15 mg/kg
of test compound 7.5 min prior to administering the radiotracer. A
nonfiltered aliquot (0.5 mL) of homogenized tissue (free) and the
filtered (bound) were counted using a LS 6000 instrument (Beckman
Coulter, Fullerton, California).
Spinal Nerve Ligation in Rats. Male Sprague�Dawley rats

(Taconic, Germantown, NY) weighing 200�250 g at the time of testing
housed at 22 �Cunder a 12 h light/12 h dark cycle and with free access to
water and food ad libitum were used. All treatment and testing
procedures were approved by the Institutional Animal Care and Use

Committee of MRL at Merck. Spinal nerve ligation (SNL) injury was
induced using the procedure of Kim and Chung.48 Anesthesia was
induced with 2% gaseous isofluorane (for induction, 3�5% and O2

500�700 L; for maintenance, 2�3% and O2 400�500 L). Following
dorsal skin incision and muscle separation, the posterior interarticular
transverse process of L/S1 was exposed and carefully removed with a
micro Rongeur. The L5 and L6 spinal nerves were tightly ligated by a
square knot with 6-0 silk thread. The muscles were closed with 4-0
absorbable sutures, and the skin was closed with wound clips. Rats that
exhibited motor deficiency were excluded from further testing. Pre-
operation cutoff value is 15 g. Compound 22 was dissolved in 1%
methylcellulose and orally administered via gavage. Rats were placed
individually in a mesh metal floor and habituated for 20 min before
testing. The tactile allodynia was measured as the force of withdrawal
threshold to the ipsilateral hind paw in response to probing with a series
of von Frey filaments. The von Frey hair was presented perpendicular to
the plater surface. The animals with presurgery baseline withdrawal
threshold greater than 15 g were used for surgery. Pretreatment baseline
testing was conducted at 7 days post surgery just prior to the compound
injection. The animals developed allodynia (paw withdrawal threshold
smaller than 3.5 g) were used for compound testing. The results were
expressed by percent of maximal possible effect (MPE). MPE was
calculated as follows:

%MPE ¼ post-treatment value� pretreatment value
preoperation cutoff value� pretreatment value

Behavioral testing was analyzed with t test for difference between 22d
treated groups with vehicle group.
Haloperidol-Induced Catalepsy in Rats. Thirty minutes

after injecting rats with the dopamine receptor antagonist haloperidol
(1.5mg/kg, i.p.), rats were dosedwith either vehicle (1%methylcellulose)
or compound 22d (3, 10, 30 mg/kg, PO) andmeasured for catalepsy 1 h
after dosing. Haloperidol was administered at a dose previously shown to
elicit an acute cataleptic response in rats.50 Thirty minutes after injecting
rats with haloperidol (1.5 mg/kg, i.p., dissolved in 0.2% lactic acid), rats
were dosed with either vehicle or 22d in vehicle (1%methylcellulose) via
oral gavage at 3, 10, and 30 mg/kg and measured for catalepsy 1 h after
dosing using a rectangular wire grid. Latency time (seconds) after
treatment was recorded, and differences in mean time values among
vehicle, 3, 10, and 30 mg/kg 22d treated groups were compared by
one-way ANOVA followed by Dunnett’s post test to assess significance
in comparison with vehicle-treated rats. Statistical significance was set at
P < 0.05. Data are expressed as mean ( SEM.
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