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Herein we describe the discovery of compounds that are competitive antagonists of the CP101-606 bind-
ing site within the NR2B subtype of the NMDA receptor. The compounds identified do not possess phe-
nolic functional groups such as those in ifenprodil and related analogs. Initial identification of hits in this
series focused on a basic, secondary amine side chain which led to good potency, but also presented a
hERG liability. Further modifications led to examples of non-basic replacements which demonstrated
much less liability in this regard. Finally, one compound in the series, 6a, was tested in the mouse forced
swim depression assay and found to show activity (sc 60 mg/kg).

� 2011 Elsevier Ltd. All rights reserved.
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Figure 1. CP-101606 and Merck 2.
The N-methyl-D-aspartate receptor (NMDAr) is a ligand gated
ion-channel which has been the target of multiple drug discovery
efforts in the past two decades for a variety of indications including
stroke, pain, and most recently depression.1 Antagonists of the
NMDA receptors are hypothesized to be useful therapeutic agents
for the above indications based on the hypothesis that these path-
ological conditions involve a state of NMDA hyperfunction. How-
ever, it has been established that side effects such as ataxia and
sedation are associated with NMDA anatagonists and have limited
their clinical utility.2 NMDA receptors have several different bind-
ing sites (ion channel, glutamate, glycine) as well as multiple sub-
types (Eight NR1 eight splice variants and four NR2 subtypes A, B,
C, and D).3 At least one NR1 unit and one NR2 unit must be present
to form the functional hetero-tetrameric receptor.4 It has been
speculated that selective antagonists of the NR2B subtype might
provide a cleaner side effect profile.5 With this in mind, we sought
to identify structurally novel antagonists which provided potent
activity at the NR2B subtype useful for treatment in depression.
ll rights reserved.
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One of the more advanced clinical compounds in this class is
CP-101,606 1 which has shown positive effects in a clinical study
of major depressive disorder (Fig. 1).6,7 These results have encour-
aged those in the field to look for other NMDA antagonist with im-
proved drug-like properties. Historically, two key features in the
early NR2B antagonists were phenols and basic amines. Within this
series of compounds, the phenol can be problematic in metabolic
clearance, whereas the basic amine can give rise to hERG and other
issues such as potent CYP2D6 inhibition. In the more recent litera-
ture, NR2B antagonists have been reported that do not possess the
phenolic moiety, or a basic amine such as 2 (Fig. 1).8 It is hypoth-
esized that both the basic amine and the phenol make contact with
aspartic acid (Asp) residues in the binding pocket.9

http://dx.doi.org/10.1016/j.bmcl.2011.03.117
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Scheme 1. Reagents and conditions: (a) n-BuLi, THF, 1,3-dithiane, �50 �C, 65%; (b)
R1-B(OH)2, Pd(PPh3)4, K2CO3, EtOH, PhMe, 20–80%; (c) MeI, CaCO3, acetone, H2O,
60 �C, 96%; (d) R2NH2, NaBH3CN, MeOH, 30–92%.
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Scheme 2. Reagents and conditions: (a) R1-B(OH)2, Pd(PPH3)4, K2CO3, EtOH, PhMe,
25–80%; (b) R2NH2, NaBH3CN, MeOH, 30–90%; (c) 2-MeO, 4-F-phenylboronic acid,
DME, EtOH, H2O, Cs2CO3, PdCl2(dppf)-DCM, 62%; (d) NH2OH, NaOAc, EtOH, 87%; (e)
H2, MeOH, HCl, Pd/C, 40 psi, 97%; (f) R2COCl, TEA, DCM, 95%.
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Our effort to identify novel and selective NR2B antagonists re-
lied on an iterative virtual screen using a rat brain binding assay
with [3H]CP101,606 as the ligand.10 The principle of this assay
selection was to help drive SAR, but also establish a correlation be-
tween binding and in vivo efficacy. The aim of the virtual screen
was to identify key fragments outside of phenols that could inter-
act with NR2B or other Asp containing receptors. A collection of
known Asp containing fragments was generated by searching the
literature as well as crystallographic databases. Using substructure
searching, compounds were identified from our collection which
contained these fragments as well as potential bio-isosteres of
these fragments. The pool of potential screening compounds was
narrowed down based on known and calculated physical proper-
ties (e.g., c log P, MW), and representatives of each cluster were se-
lected. An initial group of approximately 1000 compounds was
subsequently selected for single concentration testing. Actives
with greater than 80% inhibition were followed up with concentra-
tion response testing. From this effort, an initial set of 80 actives
was identified, which then served as the basis for another round
of substructure searching and testing. Several more iterations of
single concentration screening using sets of between 1000 to
2000 compounds were done using the same virtual screen protocol
building on the newly identified actives with each cycle. The most
promising actives were then followed up with IC50 measurements
as well as physical property profiling, such as solubility and log D.
Several new interesting scaffolds were identified, including the
2,6-disubstituted pyrazines as illustrated by 3 (Fig. 2).

Identification of these compounds prompted further explora-
tion and synthetic expansion, the synthesis of which is illustrated
in Schemes 1 and 2.

The synthesis of the 2,6-disubstituted pyrazines began with 2,3-
dichloropyrazine, which was treated with one equivalent of n-BuLi,
followed by trapping with 1,3-dithaine (Scheme 1).11 The interme-
diate dithiane was then isolated and purified, followed by Suzuki
coupling conditions to install the aromatic ring. The dithaine could
then be removed to give the intermediate aldehyde, which was
subsequently used in reductive amination reactions to yield target
compounds 4a–r.

To prepare analogs of the pyrazine scaffold, the general proce-
dure in Scheme 2 was applied. Synthesis began with the commer-
cially available halo-substituted aromatic/heteroaromatic
aldehydes 5, which were subjected to Suzuki coupling reactions,
and then treated under reductive amination conditions identical to
Scheme 1. As a variant to this, and in order to gain access to the pri-
mary amine, the aldehyde could be treated with hydroxylamine, and
reduced under catalytic hydrogenation conditions (7 and 8). The
resultant primary amine was then coupled with electrophiles such
as acid chlorides to give 8 as an illustrative example.

Results for compounds 4a–r are shown in Table 1. Through the
course of the iterative virtual screen, it became apparent that a pre-
ferred substituted aromatic ring was the 2-MeO, 4-F phenyl ring.
The 2,3-difluoro aromatic ring showed some activity but was not
as potent as the 2-MeO, 4-F (e.g., 4a vs k).

Replacement of the 4-F (4c) with 4-MeO led to a significant loss
in activity (4q). Other substitutions such as 3-CN, 4-CN and were
very weak or too weak to be determined in the assay.

At this stage in the project we choose to keep the 2-MeO, 4-F
constant while investigating the SAR off the 6 position of the
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Figure 2. Virtual screen identifying 2,6-disubstituted pyrazines.
pyrazine. Small cycloalkyls such as CH2-cyclopropyl (4a), cyclobu-
tyl (4b) and cyclopentyl (4c) were the most potent compounds of
the ones synthesized and tested.

Acyclic alkyls were typically 3- to 4-fold less potent than the
cycloalkyls (4d and e). It is possible this is attributable to more
optimal interactions in the hydrophobic pocket achieved by the
larger cycloalkyl groups relative to straight chain analogs. A few at-
tempts were made at this stage to incorporate more hydrophilic
groups into the right hand side chain as a way of making hERG less
potent, and, in this context, we explored 2-pyridyl (4i) and (S)-CH2-
2-THF (4h) as illustrative examples. These modifications led to a
decrease in potency relative to small cycloalkyl groups.

We next turned our attention to core modifications using the
preferred aromatic substitution pattern (2-MeO, 4-F) and a pre-
ferred right hand side amine (cyclopentyl, Table 2). The results
show that potency can be achieved with different ring modifica-
tions such as pyridine isomer 6a,12 which was slightly more potent
than the matched-pair pyrazine analog (6a = 12 nM vs 4c = 54 nM).
The pyridine nitrogen isomer 6c led to a slight decrease (�4-fold)
in potency. Synthesis of the third and final pyridine isomer 6d
led to a substantial loss in activity (>8 lM). We speculate that
perhaps the MeO group and the pyridine lone pair create a repul-
sive force which twists the methoxy group out of a biologically rel-
evant conformation. It also could be rationalized that a nitrogen
lone pair in this position has an electronic mis-match in the recep-
tor which leads to the significant loss in activity. Unfortunately
crystallographic studies were not amenable to this target in order
to further substantiate these hypotheses. Interestingly, replace-
ment of the pyridine with a phenyl ring (6b) shows very little loss
in activity relative to the pyrazine and pyridine cores. Although
these core replacements shed light on the SAR and scope around
the pyrazine core, they were inferior with respect to hERG when
compared to the original pyrazine. It was presumed that the potent
hERG activity of analogs 6a, b, c, and d was most likely due to the
lipophilic nature of these analogs as well as the presence of a
strongly basic side chain.

With this in mind, we sought to explore modifications on the
amine side chain using the most potent pyridine scaffold (6a)
and the most potent aromatic ring substitution (2-MeO, 4-F). Re-
sults of this study are shown in Table 3. Among the modifications



Table 1
Scoping of pyrazine analogs

N

N
H
N

R2
R1

Entry R1 R2 NR2B bind Ki
a (nM)

1 — — 4.6 (±1.2)

4a 2-OMe, 4-F 27 (±10)

4b 2-OMe, 4-F 53 (±27)

4c 2-OMe, 4-F 54 (±28)

4d 2-OMe, 4-F –(CH2)2OMe 214 (±61)
4e 2-OMe, 4-F –CH2CH(CH3)2 217 (±65)
4f 2-OMe, 4-F –CH2CH3 255 (±112)

4g 2-OMe, 4-F 429 (±66)

4h 2-OMe, 4-F
O

610 (±516)

4i 2-OMe, 4-F
N

3565 (±100)

4j 2,3-di-F 186 (±84)

4k 2,3-di-F 341 (±274)

4l 2,3-di-F 2979 (±600)

4m 2-F, 3-OMe 602 (±114)

4n 2-F, 3-OMe 5700 (±700)

4o 3-CN 1554 (±100)

4p 4-CN 1571 (±300)

4q 2-OMe, 4-OMe 1689 (±200)

4r 3-NHAc >10 lM

a All values are the mean ± standard deviation of at least n = 2 experiments.
Inhibition of binding of [3H]CP101,606 to rat brain membranes.

Table 3
Right hand side modifications

N
OMe

F

Entry Side chain NR2B bind Ki
a (nM) hERG IC50

b (lM) c log Pc

6e

H
N

112 (±56) 2.18 3.61

6f
H
N 266 (±105) 6.67 2.42

6g
H
N 440 (±13) 8.62 2.01

6h H
N 457 (±125) 5.2 2.74

6i

H
N

O 705 (±57) 9.4 2.01

a Inhibition of binding of [3H]CP101,606 to rat brain membranes. All values are
the mean ± standard deviation of at least n = 2 experiments.

b Values determined in CHOK1-hERG cells using electrophysiological
measurements.

c Calculated log P.

Table 2
Core modifications

X2

X1

X3
H
N

OMe

F

Entry X1 X2 X3 NR2B bind Ki
a (nM) hERG IC50

b (lM) c log Pc

6a C C N 12 (±6) 1.89 3.06
6b C C C 48 (±9) 2.15 4.51
4c N C N 54 (±28) 16.0 2.31
6c N C C 66 (±8) 6.23 3.27
6d C N C 8900 (±1700) 3.85 3.27

a Inhibition of binding of [3H]CP101,606 to rat brain membranes. All values are
the mean ± standard deviation of at least n = 2 experiments.

b Values determined in CHOK1-hERG cells using electrophysiological
measurements

c Calculated log P. General procedure and spectral data for compound 6a is
reported in Ref. 12 as an illustrative example.
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explored, pyrrolidine 6g served as a probe of conformational con-
straint of the secondary amine and was �400-fold less active. It
should however be noted, that inhibitory activity was still present
even after this significant perturbation. Hydrophilic substitutions
on the amine side chain such as tetrahydropyran 6i typically also
resulted in loss in potency. At this stage we did not see dramatic
improvements in the hERG values relative to 6a and sought to ex-
plore surrogates for the secondary amine itself (Table 4).

Based on a pharmacophore that evolved from the use of both
internal and external homology models of NR2B,9 we hypothesized
that non-basic or less basic replacements of the secondary amine
side chain (e.g., amides) could form a H-bond interaction with
the targeted Asp residue while reducing hERG potency. The most
potent aromatic substitution patterns (2-MeO, 4-F) and core scaf-
fold (6a) were chosen to probe a variety of amide and urea side
chains (Table 4). The most potent analog in this series was the 2-
pyazine amide 8a, which shows about 7-fold lower activity relative
to 6a. We were encouraged by these results considering significant
activity was still observed even though what is typically consid-
ered a very strong protonated amine-Asp interaction between
the ligand and receptor had been replaced. Pyridine analog 8b
was slightly less potent than pyrazine 8a, but had more promising
hERG values relative to 8a and 6a. (e.g., 4a = 1.89 lM vs
8a = 7.11 lM vs 8b = 27 lM). The potency of the 2-pyridyl and 2-
pyrazyl side chain analogs relative to the other analogs in the table
suggests that the heteroatom in the 2-postion may pick up an addi-
tional interaction in the receptor, possibly the targeted Asp resi-
due. It is also possible that the ortho-substituted heterocycle
alters the H-bond character or desolvation energetic of the amide
bond. Other substitutions suggest that it is possible to bring in a



Table 4
Replacements of secondary amines

N
H
N

OMe

F

R1

Entry R1 NR2B bind Ki
a(nM) hERG IC50

b (lM) c log Pc

8a N

N

O

80 (±5) 7.11 1.72

8b N
O

116 (±29) 27 2.50

8c

O

450 (±135) 18.8 2.90

8d N

O
268 (±20) Ntd 1.98

8e

O
340 (±37) 18.6 1.94

8f
N

O
420 (±72) Ntd 1.19

8g
O

468 (±89) Ntd 2.08

8h

O
595 (±56) >33 1.61

8i

O

O

O 778 (±136) Ntd 1.41

a Inhibition of binding of [3H]CP101,606 to rat brain membranes. All values are
the mean ± standard deviation of at least n = 2 experiments.

b Values determined in CHOK1-hERG cells using electrophysiological
measurements.

c Calculated log P.
d Not tested.
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variety of functional groups (e.g., 8c, d, and i) while keeping the
binding potency below 1 lM.

Several of the more potent compounds were characterized in
an NR2B functional antagonist assay using over-expressed hu-
man receptors13 as well as selected in vitro DMPK assays (Ta-
ble 5). Although the functional assay did correlate with the
binding assay in a relative sense, the functional assay demon-
Table 5
Characterization of leading compounds

Entry hNR2B fxn (nM)a Sol (lM)b

6a 770 (±73) >450
4a 508 (±12) 340
8a 262 (±55) 63
8b 673(±62) 200
1 74 (±15) >470

a IC50 values. See Ref. 13.
b Equilibrium solubility (pH 7.4). See Ref. 12.
c Human liver microsomal clearance expressed as lL/min/mg.

d,e Cytochrome P450 inhibition of 2D6 and 3A4 subtypes.
strated typically 1–2 log units less potency than the binding as-
say. We examined a few possibilities of this disconnect, (e.g., rat
vs human and native vs recombinant receptor), but were unable
to determine the root cause. Nonetheless, the assay served as a
useful indicator of functional antagonism at the human receptor.
All compounds tested also demonstrated good aqueous solubil-
ity,14 and low human metabolic clearance in an in vitro micro-
somal clearance assay (Table 5).

One major difference that emerged between the secondary
amine and secondary amide analogs was inhibition of the CYP2D6
isoform. Potent inhibition discriminated secondary amines from
the secondary amide side chains. The amide replacements of the
secondary amine 8a and 8b showed dramatic improvements in
CYP2D6 inhibition..

Several compounds were evaluated in an NR2A oocyte assay to
determine NR2B selectivity. Typically non-selective NMDA antago-
nists such as channel blockers, glutamate antagonists, and glycine-
site antagonists show very little difference between the sub-types,
and would be expected to show equipotent activity in assays
expressing only single sub-units. Compounds 6a, b, 4b, 6c, 8c
and CP101-606 (1) were tested in this assay and showed no activ-
ity below 90 lM (limits of detection of the assay).15 By comparison,
MK-801 (non-selective channel blocker) had an IC50 value of
29 nM.

The most potent example in the series (6a) was further eval-
uated in mouse forced swim model of depression (Table 6).16

Doses of 10, 30 and 60 mg/kg were evaluated (sc dosing) and
compared to the known standard Imipramine (sc 20 mg/kg).
Compound 6a was active in this model at 60 mg/kg. Samples
were taken at 0.5 h post-dose and analyzed for plasma and brain
concentrations. Exposure to 6a increased in an approximate
dose-proportional manner in both plasma and brain tissue across
the dose range tested with a brain to plasma ratio of 10. Com-
pound 6a was also examined in a mouse locomotion assay at
a single dose of 60 mg/kg in order to determine if the effects
were simply due to reduced mobility. The mouse was monitored
for any abnormal movements following the administration of the
test compound. The compound did not show any effect at this
dose thus supporting that the compound is working as an
anti-depressant and not a general sedative. Although the
in vivo efficacy in the mouse forced swim is not as potent as
the standard imipramine, it was felt that with further optimiza-
tion of 6a greater in vivo efficacies can be achieved.

In summary, a new class of NR2B antagonists has been identi-
fied using an iterative virtual screen, and subsequently character-
ized using in vitro pharmacology as well as in vitro ADME assays.
Evolution of the original secondary amine side chain into the
amide side chain resulted in a loss of potency, but did improve
hERG and CYP2D6. In vivo characterization of compound 6a dem-
onstrated plasma and brain exposure along with activity in the
mouse forced swim model of depression (sc 60 mg/kg). It is our
hope that further optimization of these compounds will lead to
hClint c CYP2D6d (IC50 lM) CYP3A4e (IC50 lM)

74 0.23 >20
108 0.38 >20
64 >20 >20
45 >20 >20
37 4.25 >20



Table 6
In vivo characterization of 6a in mouse forced swim assay

Dose of compd 6a Immobility timea Plasma concnb (nM) Brain concnb (nmol/kg) Brain/plasma ratio

10 mg/kg 100.89 (±11.16) 867 (±195) 9671 (±3073) 10.9
30 mg/kg 97.33 (±9.50) 2321 (±767) 32375 (±13173) 13.6
60 mg/kg 59.00*(±9.45) 3372 (±1326) 44158 (±23092) 12.6
Imipraminec 51.36**(±9.50) Nmd Nmd Nmd

a Time measured of mice 30 min post doing.
b Plasma and brain samples were collected at 0.5 h post dosing.
c 20 mg/kg sc.
d Not measured.
* p <0.05 is associated with t-test comparing imipramine versus control.

** p <0.01 is associated with one-way ANOVA comparing imipramine versus control.
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more potent examples, while maintaining some of the positive
drug-like features.
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