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ABSTRACT: We previously reported the discovery of 4-aryl-
substituted pyridones with mGlu2 PAM activity starting from the
HTS hit 5. In this article, we describe a different exploration from 5
that led to the discovery of a novel subseries of phenylpiperidine-
substituted pyridones. The optimization strategy involved the
introduction of different spacers between the pyridone core and
the phenyl ring of 5. The fine tuning of metabolism and hERG
followed by differentiation of advanced leads that were identified on the basis of PK profiles and in vivo potency converged on
lead compound 36 (JNJ-40411813). Full in vitro and in vivo profiles indicate that 36 displayed an optimal interplay between
potency, selectivity, favorable ADMET/PK and cardiovascular safety profile, and central EEG activity. Compound 36 has been
investigated in the clinic for schizophrenia and anxious depression disorders.

■ INTRODUCTION

Glutamate is the major excitatory neurotransmitter in the
central nervous system (CNS) of vertebrates and elicits and
modulates synaptic responses in the CNS by activating
ionotropic glutamate (iGlu) receptors and metabotropic
glutamate (mGlu) receptors.1 To date, eight mGlu receptor
subtypes and multiple splice variants have been cloned and
classified into three groups based on sequence homology,
pharmacological profile, and preferential signal transduction
pathways:2,3 group I (mGlu1 and mGlu5), group II (mGlu2
and mGlu3), and group III mGlu receptors (mGlu4, mGlu6,
mGlu7, and mGlu8). Pharmaceutical companies and academic
groups have primarily focused on the pharmacology and
development of ligands acting at group I (mGlu1 and 5) and II
(mGlu2 and 3) receptors, whereas group III (mGlu4, 6, 7, and
8) receptors have started to attract more attention recently.4,5

Group II mGlu receptors, which are located presynaptically in
the periphery of the synapse, reduce glutamatergic transmission
in brain regions such as the prefrontal cortex and hippo-
campus,6 where excessive glutamatergic transmission has been
implicated in the pathophysiology of anxiety and schizophrenia.
Mixed mGlu2/3 orthosteric agonists such as (+)-2-
aminobicyclo[3.1 .0]hexane-2,6-dicarboxyl ic acid 1
(LY354740) have shown activity in a wide range of preclinical
animal models of anxiety and schizophrenia.7 Animal studies

with the NMDA receptor antagonist phencyclidine (PCP) and
mixed mGlu2/3 receptor agonists provided the first insights
that revealed that mGlu2 receptor activation may represent a
novel target for the treatment of schizophrenia.8,9 In its first
clinical trial, (1R,4S,5S,6S)-2-thiabicyclo[3.1.0]hexane-4,6-di-
carboxylic acid 4-[(2S)-2-amino-4-(methylthio)-1-oxobutyl]-
amino-2,2-dioxide monohydrate 2 (LY2140023), a prodrug of
(−)-(1R,4S,5S,6S)-4-amino-2-sulfonylbicyclo[3.1.0]-hexane-
4,6-dicarboxylic acid 3 (LY404039), demonstrated improve-
ments in positive and negative symptoms compared to placebo
in schizophrenic patients.10 However, these positive data could
not be confirmed in follow-up studies,11,12 and very recently, Eli
Lilly and Co. announced the decision to stop the phase III
development of 2 for the treatment of patients suffering from
schizophrenia based on efficacy results.13

On the other hand, the anxiolytic potential of 1 was
confirmed in healthy human volunteers, showing activity in
fear-potentiated startle and panic induction after CO2

challenge.14

Despite the interesting findings, there remain hurdles in
developing clinically useful agonists. First, all agonists identified
so far lack mGlu2 receptor subtype selectivity and also act on
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the mGlu3 receptor. It has been shown that the mGlu2, and not
the mGlu3 receptor, mediates the actions of the mGlu2/3
receptor agonists (1S,2R,5R,6R)-2-amino-4-oxabicyclo[3.1.0]-
hexane-2,6-dicarboxylic acid (LY379268) and 3 in mouse
models predictive of antipsychotic activity.15,16 Second, the
development of tolerance by group II mGlu receptor agonists
has been observed in several rodent behavioral models.17

Receptor activation with positive allosteric modulators
(PAMs), which act via alternative allosteric site(s), offers

several advantages.18 Allosteric molecules are likely to be less
polar and to have improved CNS penetration, as they do not
require amino-acid functional groups for activity at the
orthosteric site. Furthermore, the less conserved nature of
allosteric site(s) can allow for improved mGlu receptor subtype
selectivity. Finally, allosteric modulators exert their effects only
in the presence of endogenous glutamate, so they may be less
prone to cause receptor desensitization,19,20 and they respond
to physiological glutamate fluctuations. Given these potential

Figure 1. Strategies followed for the exploration of HTS hit 5.

Scheme 1. Preparation of 4-Bromopyridone Building Blocks 41a−g, 46, and 47a−ca

aReagents and conditions: (a) K2CO3, MeCN, 100 °C, 16 h; (b) NaOH, H2O, reflux, 18 h; (c) POBr3, DMF, 110 °C, 1−3 h; (d) NIS, AcOH, rt, 1
h; (e) FSO2CF2CO2Me, CuI, DMF, 100 °C, 5 h; (f) H2, Pd/C, EtOH, rt, 2 h.
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advantages, the number of reported mGlu2 receptor-selective
PAMs has increased in recent years.21,22 Some of these
compounds have been extensively characterized in a number
of animal models, providing preclinical proof of concept that
PAMs can mimic the effects of orthosteric agonists.23−32

To date, two mGlu2 PAM molecules have advanced into
clinical trials: 4 (AZD8529) from AstraZeneca AB (structure
undisclosed) and 3633−35 (also known as ADX71149 in Figure
1) from Janssen Pharmaceuticals and Addex Therapeutics. On
January 2011, the originating company announced the
discontinuation of 4 phase IIa POC study in schizophrenic
patients due to lack of efficacy.36,37 More promisingly, it has
been disclosed that, in an exploratory phase IIa study in
schizophrenia, 36 proved to meet the primary objectives of
safety and tolerability. Moreover, patients treated with
antipsychotics who experience residual negative symptoms
were identified as the subgroup of patients who may potentially
benefit from add-on treatment with 36, although this is yet to
be established in a formal proof-of-concept study.38,39

Additionally, a phase II POC study with 36 as adjunctive
therapy in patients with major depressive disorder (MDD) with
significant anxiety symptoms has been completed.40 Overall, 36
was well-tolerated, and treatment emergent adverse events
reported were similar to those seen in previous clinical studies.
On the basis of a preliminary analysis of the primary efficacy
end point, the 6-Item Hamilton Anxiety Subscale (HAM-A6),
36 did not meet the criterion for efficacy signal detection versus
placebo. Despite a lack of signal on the primary outcome
measure, treatment with 36 showed efficacy signals on several
anxiety measures (HDRS17 anxiety somatization factor, IDS-
C30 anxiety subscale) and on all depression measures
(HDRS17, HAM-D6, and IDS-C30).41 Although efficacy
signals were evident, the data overall does not support the
further development of 36 in anxious depression. Further
exploration of 36 in other indications remains of potential
interest.
We have recently reported on a series of pyridones derived

from the optimization of the HTS hit 5 that led to the
identification of compound 6.29,42 Compound 6 combined
moderate in vitro activity, good pharmacokinetic profile, and
robust in vivo activity. The optimization strategy involved the
introduction of a variety of substituents in the para position of
the phenyl ring in hit 5 (Figure 1; mapping). Herein, we report
on a new optimization strategy consisting of the exploration of
different spacers (Figure 1; linker) between the pyridone core
and the aromatic ring in hit 5.43,44 This strategy resulted in the
identification of our clinical lead, 36, whose identification path,
SAR, and a general overview of its pharmacological profile are
reported herein.

■ CHEMISTRY
The synthesis of the 1,3,4-trisubstituted 2-pyridone derivatives
6−3632,42 is outlined in Schemes 1−5. The key bromopyridone
intermediates, 41a−g, 46, and 47a−c, were prepared as shown
in Scheme 1. Treatment of 2-hydroxypyridine derivative 37
with the required alkyl halides 38a−g afforded the N-alkylated
2-pyridones 39a−g. Subsequent cleavage of the methyl ether
followed by treatment of the resulting hydroxypyridones 40a−g
with POBr3 yielded the intermediates 41a−g. In a similar way,
intermediates 43a−c were obtained by alkylation of the 2-
hydroxy-4-benzyloxypyridine 42 with the corresponding alkyl
halides 38a−c. Iodination of compound 43a (R1 = cyclo-
propylmethyl) with N-iodosuccinimide (NIS) afforded the 3-

iodopyridone 44, which was subsequently converted into the
corresponding 3-trifluoromethylpyridone 45 by treatment with
the nucleophilic trifluoromethyl-copper complex generated
from fluorosulfonyldifluoroacetate. Finally, cleavage of the
benzyl ether in intermediates 43a−c and 45 followed by
reaction with POBr3 under thermal conditions yielded the
target intermediates 47a−c and 46, respectively.
The synthesis of the final compounds 8−21, 26−29, 31, 32,

and 34 is illustrated in Scheme 2. Treatment of bromopyridone

intermediates 41a−g and 46 with an array of commercially
available amines either under palladium-catalyzed cross-
coupling reaction or by nucleophilic substitution under
microwave heating conditions afforded the target compounds
8−21, 26−29, 31, 32, and 34, whose chemical structures are
shown in Tables 1−3.
The 4-substituted-1-cyclopropylmethyl-3-cyano-2-pyridones

22−25 and 30 were prepared following the synthesis sequence
shown in Scheme 3. Nucleophilic substitution of the 4-
bromopyridone 41a with the corresponding amines led to
intermediates 48a−d and 49. Catalytic hydrogenation using
Pd/C as the catalyst of compounds 48a−b and 48d yielded the
target compounds 22, 23, and 30. For intermediate 48c, the
hydrogenation reaction was accomplished by using PtO2 as
catalyst, yielding compound 25. Treatment of intermediate 49
with triethylsilane in TFA led to the final compound 24.
The synthesis of the 3-chloropyridone derivatives 33, 35, and

36 was achieved in two steps by Buchwald coupling reaction of
the corresponding amines with intermediates 47a−c followed
by chlorination of the resulting pyridones 50a−c with NCS in
DCM (Scheme 4).
Finally, compounds 6 and 7 were prepared following the

reaction pathway depicted in Scheme 5. Sonogashira coupling
reaction of intermediate 41d with phenylacetylene gave
derivative 51, which was converted into the target compound
6 by catalytic hydrogenation of the triple bond. Alkylation of
40d with benzyl bromide under microwave irradiation afforded
compound 7.

■ RESULTS AND DISCUSSION
Guided by our previously reported overlay model for mGlu2
receptor PAM chemotypes,30 we expanded the SAR around the
1,4-pyridone series by focusing on introducing a spacer (X)

Scheme 2. Synthesis of the Final Compounds 8−21, 26−29,
31, 32, and 34a

aReagents and conditions: (a) amine, 2-(2′-di-tert-butylphosphine)-
biphenylpalladium(II) acetate, K3PO4, 1,4-dioxane, 85 °C, 2−12 h; (b)
amine, DIPEA, CH3CN, 140−170 °C, 10−35 min, microwave; (c)
amine, Pd(OAc)2, BINAP,

tBuONa, toluene, 100 °C, 16 h.
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between the pyridone core and the phenyl ring (Figure 1).
Representative compounds illustrating the new SAR generated
along with mGlu2 receptor functional activity and metabolic
stability data are shown in Table 1. Introduction of ethylene
and methoxy linkers (6 and 7) led to a 13- and 3-fold increase
in potency (EC50

45), respectively, when compared to that of 5.
However, that improvement was not observed in compound 8
that has methylamino as the linker. Conformational restriction
of compound 8 by means of cyclization of the nitrogen spacer
onto the phenyl ring, as in isoquinoline derivative 9, resulted in
a remarkable 12-fold potency increase (9, EC50 = 871 nM).
Further modification around the isoquinoline group in 9 while
keeping the piperidine fragment led to compounds 10 and 11

bearing a phenylpiperidine substituent. To our delight, the 4-
phenylpiperidine derivative 10 exhibited a further boost in
potency (EC50 = 102 nM), whereas the regioisomer 11,
featuring 3-phenyl substitution on the piperidine, was markedly
less active (EC50 = 3311 nM).
The distal aromatic group in 10 seemed to be essential for

achieving good activity, as the truncated analogue 12 showed
barely measurable functional PAM activity of the mGlu2
receptor. Both findings suggest the importance of a lipophilic
group linearly oriented by a spacer from the pyridone core.
Replacement of the piperidine spacer by piperazine (13) led to
a ∼6-fold reduction in potency compared to that of the
corresponding analogue 10. Lastly, introducing a protonatable

Scheme 3. Synthesis of the Final Compounds 22−25 and 30a

aReagents and conditions: (a) amine, DIPEA, CH3CN, 140−170 °C, 10−35 min, microwave; (b) H2, Pd/C, MeOH or AcOEt, rt, 4−16 h; (c) H2,
PtO2, AcOH, MeOH, rt, 72 h; (d) Et3SiH, TFA, rt, 24 h.

Scheme 4. Synthesis of the Final Compounds 33, 35, and 36a

aReagents and conditions: (a) amine, Pd(OAc)2, BINAP,
tBuONa, toluene, 100 °C, 16 h; (b) NCS, DCM, rt, 10−20 min.

Scheme 5. Synthesis of the Final Compounds 6 and 7a

aReagents and conditions: (a) POBr3, DMF, 110 °C, 1−3 h; (b) phenylacetylene, PdCl2(PPh3)2, Et3N, CuI, PPh3, THF, 90 °C, 10 h; (c) H2, Pd/C,
MeOH, rt, 3 h; (d) BnBr, Cs2CO3, CH3CN/DMF, 130 °C, 20 min, microwave.
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partially basic nitrogen on the 4-phenylpiperazine template (14
and 15) was detrimental for the activity (EC50 values of 3090
and 4677 nM respectively).
Alongside the assessment of activity, compounds 6−15 were

assessed for in vitro P450-mediated oxidative stability in human
and rat liver microsomes (HLM and RLM, respectively). The
results shown in Table 1 indicate that most analogues suffered

from extensive metabolic degradation in RLM, with somewhat

lower metabolic turnover in HLM. Interestingly analogue 10,

despite having high degradation in RLM (97% metabolized),

was relatively stable in HLM (28% metabolized). Metabolic

profiling studies on 10 suggested that the turnover in RLM

could be attributed to oxidation of the N-isopentyl chain.46

Table 1. Functional Activity and Metabolic Stability Data of Representative mGlu2 Receptor PAMs 5−15

aValues represent the mean for at least two experiments. bCI = confidence interval. cHLM and RLM data refer to the percent of compound
metabolized after incubation with microsomes for 15 min at a 5 μM concentration. dCI and SD not determined.
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Given the notable increase in potency observed upon
incorporation of the 4-phenylpiperidine substituent, we turned
our attention to address the high metabolic turnover of 10 in
RLM. The exploration began by focusing on replacing the
isopentyl chain in 10 by alternative aliphatic groups that would
decrease the overall lipophilicity of the molecule (see calculated
LogP in Table 2, compounds 16−21). As seen in Table 2, some
isopentyl replacements (17 and 19−21) led to a slight decrease
in activity. Some others, such as n-butyl (16), showed
comparable potency, and cyclobutylmethyl (18) was the the
only replacement that showed superior potency (EC50 = 55
nM) to that of 10. Unfortunately, the metabolic stability in
RLM of 18 did not improve significantly. Compound 19,
containing a cyclopropylmethyl chain and having the lowest
lipophilicity (cLogP = 3.16), presented the best balance of
potency and metabolism (EC50 = 151 nM and HLM and RLM
25 and 44% metabolized, respectively). Detailed character-
ization of 3-cyano-1-cyclopropylmethyl-4-(4-phenyl-piperidin-
1-yl)-pyridine-2(1H)-one 19 (JNJ-40068782) has been recently
published.47

With the more optimal N-cyclopropylmethyl substituent
identified, a sequential SAR expansion focusing first on the
effect of substitution on the phenyl ring of 19 and second on
alternative groups to the cyano substituent at the 3 position of
the pyridone core was conducted. A representative set of
analogues to exemplify the SAR trends identified is shown in
Table 3. Overall, both electron-withdrawing and -donating
substituents on the phenyl ring (22−32) were well-tolerated
for potency, and the low metabolic turnover seen for 19 was
retained for most examples. The ortho and para fluoro

substituent in compounds 22 and 24 led to a 2-fold potency
increase, whereas the meta fluoro substituent (23) retained the
activity observed with the nonsubstituted phenyl derivative 19.
When the fluorine atom in compounds 22 and 24 was replaced
with the more lipophilic chlorine (25 and 26), an additional 2-
fold increase in potency was obtained. The trifluoromethyl
analogue 27 showed a consistent potency increase, with an
EC50 of 46 nM.
In the case of electron-donating substituents, such as

methoxy, ortho substitution was preferred versus para
substitution and thus compound 28 (EC50 = 35 nM) was
found to be ∼3-fold more active than 29 (EC50 = 180 nM).
Unfortunately, methoxy-substituted compounds were prone to
higher metabolic degradation in both HLM and RLM. Some
additive effects were observed while mapping the phenyl ring
with two fluorine substituents (30−32), with compound 31,
featuring the bis-ortho substitution, showing the better activity
(EC50 = 31 nM). Finally, SAR from previously reported series31

prompted us to study the effect of replacing the cyano group by
chlorine and trifluoromethyl substituents. Relative to 19,
compound 33, bearing a chlorine substituent, displayed slightly
lower potency (EC50 = 170 nM) and comparable metabolic
stability. The trifluoromethyl-substituted analogue 34 was
found to be ∼2-fold less potent than 19 (EC50 = 251 nM)
and presented a pronounced metabolic turnover in RLM. In
contrast to previous SAR trends,32 the increased lipohilicity of
33 and 34 relative to 19 did not result in more potent
compounds.
A set of compounds (19−24, 26−28, and 31−33) was then

investigated for their ability to inhibit the hERG channel in an

Table 2. Functional Activity, Metabolic Stability Data, and Calculated LogP of Representative 4-Phenylpiperidine-Substituted
mGlu2 Receptor PAMs 10 and 16−21

aValues represent the mean for at least two experiments. bCI = confidence interval. cHLM and RLM data refer to the percent of compound
metabolized after 15 min at 5 μM concentration. dcLogP calculated with Biobyte software.
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Table 3. Functional Activity, Metabolic Stability Data, Calculated LogP, and hERG Inhibition Data of Representative Set of Aryl
Modified mGlu2 Receptor PAMs 19 and 22−34
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electrophysiology patch-clamp study. The inhibition of the
hERG channel is an indicator for potential QTc prolongation
and potential for serious cardiac arrhythmias. Unfortunately,
most of the compounds inhibited the hERG channel in >55%
at the highest concentration tested (3 μM). Thus, in the case of
3-cyanopyridones, the more lipohilic molecules (26, 27, and
32) showed higher hERG inhibitory activity. Interestingly,
despite its high lipophilicity (cLogP = 4.25), the 3-
chloropyridone derivative 33 exhibited the lowest hERG
inhibition value (51%). However, more detailed in vivo
cardiovascular safety studies are required to put the hERG
inhibition data into a meaningful context. On the basis of the
described profile, compounds 18 and 33 were progressed to in
vivo pharmacokinetics studies to further understand the
potential of the series.

Thus, 19 and 33 were assessed for their ability to cross the
blood−brain barrier (BBB) after a subcutaneous dose of 10
mg/kg in mice. As shown in Table 5, compound 33 displayed a
higher brain-to-plasma (B/P) ratio of 0.9 vs 0.3 for 19. Given
the requirement for adequate BBB penetration, further
exploration of 3-cyanopyridones was halted while we instead
sought to fine tune the hERG interaction of the 3-
chloropyridone lead 33. Two compounds with different alkyl
chains attached to the pyridone nitrogen were synthesized (35
and 36), and their data are shown in Table 4. Thus, compounds
35 and 36, having an iso-butyl or butyl chain, respectively,
showed comparable potency (35: EC50 = 195 nM and 36: EC50

= 147 nM) and metabolic stability to that of 33. More
interestingly, both compounds had reduced hERG inhibition
(35: 24%; 36: 43% at 3 μM).

Table 3. continued

aValues represent the mean for at least two experiments. bCI = confidence interval. cHLM and RLM data refer to the percent of compound
metabolized after 15 min at 5 μM concentration. dcLogP calculated with Biobyte software. eExperiments were performed using HEK293 cells stably
transfected with the hERG potassium channel. Whole-cell currents were recorded with an automated patch-clamp system (PatchXpress 7000A).
Three concentrations of compound were tested (0.1, 0.3, and 3 μM; n = 3) and compared to vehicle (0.1% DMSO; n = 3). Data are presented as the
percent inhibition at the highest concentration tested (3 μM).

Table 4. Functional Activity, Metabolic Stability Data, Calculated LogP, and hERG Inhibition Data of Representative Set of
Aryl-Modified mGlu2 Receptor PAMs 33, 35, and 36

aValues represent the mean for at least two experiments. bCI = confidence interval. cHLM and RLM data refer to the percent of compound
metabolized after 15 min at 5 μM concentration. dcLogP calculated with Biobyte software. eExperiments were performed using HEK293 cells stably
transfected with the hERG potassium channel. Whole-cell currents were recorded with an automated patch-clamp system (PatchXpress 7000A).
Three concentrations of compound were tested (0.1, 0.3, and 3 μM; n = 3) and compared to vehicle (0.1% DMSO; n = 3). Data are presented as the
percent inhibition at the highest concentration tested (3 μM).

Table 5. PK Data for Compounds 19, 33, 35, and 36 after Oral and i.v. Administration in Male Sprague−Dawley Ratsa and in
Vivo Activity in the swEEG Model in Rats

compd Cl (mL, min−1 kg−1)b T1/2 (h)
b Tmax (h)

b AUC0−inf (ng h/mL)b Cmax (ng/mL)b F (%) B/Pc swEEGd LAD/LAC

19 18 ± 8.0 2.1 ± 0.1 0.5 ± 0.0 4350 ± 895 1407 ± 391 51 0.3 3/420
33 24 ± 4.0 3.5 ± 0.3 0.5 ± 0.0 2312 ± 516 986 ± 154 34 0.9 >10/>986
35 13 ± 4.0 2.6 ± 0.5 0.7 ± 0.3 3455 ± 734 1357 ± 214 25 0.8 3/407
36 23 ± 1.0 2.3 ± 0.5 0.5 ± 0.0 2250 ± 417 938 ± 300 31 1 3/281

aStudy in male Sprague−Dawley rats dosed at 10 mg/kg p.o. and 2.5 mg/kg iv, formulated in 20% HP-β-CD + HCl solution at pH 4. bValues are the
mean of three animals ± SEM. cRatios calculated after 1 h of a single dose at 10 mg/kg sc in 1 mg/mL in 20% HP-β-CD + HCl solution at pH 4 in
the Swiss mouse. dCompound given orally. LAD stands for lowest active dose expressed in mg/kg. LAC stands for lowest active concentration in
plasma, at active doses estimated on the basis of Cmax expressed in ng/mL.
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Because of their overall favorable attributes, compounds 35
and 36 along with 19 and 33 were investigated further to
ascertain their drug-like properties as well as in vivo activity.
Overall, the four compounds exhibited relatively comparable rat
PK data (Table 5). After intravenous (i.v.) administration, all
compounds presented low-to-moderate plasma clearance (Cl),
with compounds 33 and 36 having higher values. When dosed
orally (p.o.), plasma concentrations declined in comparable
magnitude for all of the compounds with relatively short half-
lives (T1/2 between 2.1 and 3.5 h). The mean maximum plasma
concentrations (Cmax) were reached at 0.5−0.7 h postdose and
were in the range of ∼900 to ∼1400 ng h/mL, indicating a fast
absorption rate. Plasma exposure (AUC0−inf) was relatively
good for all compounds, ranging between ∼2000 and ∼4350 ng
h/mL, and this resulted in moderate absolute oral bioavail-
abilities (F %) between 25 and 51%. As expected, B/P ratios
observed of compounds 35 and 36 were comparable to that of
compound 33, previously discussed.
As in previously reported series, the in vivo pharmacological

activity of the compounds was investigated in the sleep−wake
EEG (swEEG) paradigm.29,31,32 It has been previously shown
that selective activation or positive allosteric modulation of the
mGlu2 receptor in vivo affects the sleep−wake architecture in
rats and mice.48,49 After acute p.o. administration of a 3 mg/kg
dose, compounds 19, 35, and 36, but not 33, significantly
decreased the amount of REM sleep in rats during the first 4 h
without clear effects on the other sleep−wake stages (see 36 in
Figure 2, bottom right panel, as a representative example). The
active dose of 3 mg/kg p.o. corresponded to plasma

concentrations of ∼420, 407, and 281 ng/mL for compounds
19, 35, and 36, respectively.
Compound 36 showed the best overall in vitro and in vivo

profile among all of the analogues prepared, which prompted us
to select it for an extensive characterization. A general profile of
36 is presented in Table 6. Compound 36 did not have
significant activity against other mGlu receptor subtypes50 with
≥30-fold selectivity, exhibiting also ≥100-fold selectivity versus
a panel of diverse targets51 with only mild antagonist effect for
the 5HT2A receptor (Kb = 1.1 μM). Further characterization of
the 5HT2A interaction will be described in more detail in a
separate publication.
Radioligand binding studies were performed using [3H]19 as

an allosteric mGlu2 receptor radioligand47 and confirmed that
36 binds to an allosteric site with high affinity (IC50 = 68 nM)
Compound 36 showed low aqueous solubility (<0.001 mg/

mL), which was not influenced by the pH; nevertheless, the
solubility of 36 increased in complexation with cyclodextrins
and thus with 20% HP-β-CD it reached 2.20 mg/mL at pH
4.16. Caco-2 data showed high permeability with no indication
for an efflux mechanism such as P-gp. Elimination half-lives
were moderate across different species. Volume of distribution
across species was equal to or a little higher than total body
water (0.8−1.8 L/kg), indicative of compound distribution
outside of the plasma. Oral bioavailability was low to moderate
across mouse, rat, dog and monkey (6−31%). The predicted in
vitro hepatic clearance for the rat, dog, monkey, and human
suggested that phase 1 metabolism via the CYP450 enzymes
contributes largely to the in vivo plasma clearance of the

Figure 2. Effect of 36 or vehicle (20% CD + 1HCl) on sleep−wake organization in rats during 20 consecutive hours and after a single oral dose.
Mean percentage of occurrence per 30 min period is indicated for each sleep−wake state. Shaded area indicates dark period. Small bar charts indicate
amounts of vigilance states in minutes (±SEM, n = 8 for each group) during the first 4 h postadministration. Dots on the lines of the graph indicate p
< 0.05 versus vehicle (Wilcoxon−Mann−Whitney rank sum); * indicates p < 0.05: Wilcoxon−Mann−Whitney rank sum tests compared to vehicle
values.
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compound. The calculated hepatic clearance corresponded to
∼45−55% of the hepatic blood flow across the species.
Compound 36 does not inhibit CYP450 enzymes significantly
and is predominantly metabolized by CYP 3A4. Plasma protein
binding was consistently high across the species. Compound 36
showed good safety margins in various cardiovascular studies
and no indication of genotoxicity or cytotoxicity.

■ CONCLUSIONS
Further optimization of the 1,4-disubstituted cyanopyridone
series of mGlu2 receptor PAMs was performed. Strategic
exploration of the SAR led to a novel generation of pyridones
with a more optimal balance between potency, PK, and CV
safety. Our lead optimization efforts have led to the discovery of
36 as a potent, selective mGlu2 receptor PAM, which is orally
bioavailable and safe. In an exploratory phase 2a study in
schizophrenia, not powered to determine statistical significance

of effects but rather used as a signal generation study, 36 met
the primary objectives of safety and tolerability and also
demonstrated an effect in patients with residual negative
symptoms. Further evaluation of this signal in a formal proof-
of-concept study is warranted in patients with residual negative
symptoms. In contrast, in patients with MDD with significant
anxiety symptoms, 36 failed to meet the criterion for efficacy
signal. Despite this lack of signal on the primary outcome
measure, treatment with 36 showed mixed and modest efficacy
signals on several anxiety measures and on all depression
measures.
The data collected from the clinical trials with 36

undoubtedly provides valuable information and should help
to better assess the potential of the mGlu2 receptor as a viable
target for the treatment of CNS disorders. To that end, finding
the right patient population that may be benefit from treatment
with an mGlu2 modulator is still a challenge that must be
addressed.

■ EXPERIMENTAL SECTION
Chemistry. Unless otherwise noted, all reagents and solvents were

obtained from commercial suppliers and used without further
purification. Synthesis of intermediates 39a,c,d,e, 40a,c,d,e, and
41a,c,d,e and final compound 5 were previously described.28 Thin-
layer chromatography (TLC) was carried out on silica gel 60 F254
plates (Merck). Flash column chromatography was performed on silica
gel (particle size 60 Å, mesh = 230−400 (Merck)) using standard
techniques. Microwave-assisted reactions were performed in a single-
mode reactor, Biotage Initiator Sixty microwave reactor (Biotage), or
in a multimode reactor, MicroSYNTH Labstation (Milestone, Inc.).
Nuclear magnetic resonance (NMR) spectra were recorded with either
a Bruker DPX-400 or a Bruker AV-500 spectrometer (broaduker AG)
with standard pulse sequences, operating at 400 and 500 MHz,
respectively, using CDCl3 and DMSO-d6 as solvents. Chemical shifts
(δ) are reported in parts per million (ppm) downfield from
tetramethylsilane (δ = 0). Coupling constants are reported in Hertz.
Splitting patterns are defined by s (singlet), d (doublet), dd (double
doublet), t (triplet), q (quartet), quin (quintet), sex (sextet), sep
(septet), or m (multiplet). Liquid chromatography combined with
mass spectrometry (LC−MS) was performed on a HP 1100 HPLC
system (Agilent Technologies) comprising a quaternary or binary
pump with degasser, an autosampler, a column oven, a diode-array
detector (DAD), and a column. Flow from the column was split to a
MS spectrometer. The MS detector was configured either with an
electrospray ionization source or an ESCI dual ionization source
(electrospray combined with atmospheric pressure chemical ioniza-
tion). Nitrogen was used as the nebulizer gas. Data acquisition was
performed with MassLynx-Openlynx software or with Chemsation-
Agilent Data Browser software. Gas chromatography combined with
mass spectrometry (GC−MS) was performed using a 6890 series gas
chromatograph (Agilent Technologies) system comprising a 7683
series injector and autosampler, a column oven, and a J&W HP-5MS
coupled to a 5973N MSD mass selective detector (single quadrupole,
Agilent Technologies). The MS detector was configured with an
electronic impact ionization source/chemical ionization source (EI/
CI). EI low-resolution mass spectra were acquired by scanning from 50
to 550 at a rate of 14.29 scans/s. The source temperature was
maintained at 230 °C. Helium was used as the nebulizer gas. Data
acquisition was performed with Chemstation-Open Action software.
Melting point (mp) values are peak values obtained with experimental
uncertainties that are commonly associated with this analytical method
and were determined in open capillary tubes on a Mettler FP62
apparatus with a temperature gradient of 10 °C/min. Maximum
temperature was 300 °C.

Purities of all new compounds were determined by analytical
reverse-phase RP-HPLC using the area percentage method on the UV

Table 6. Overview of 36

physicochemical
properties

MW = 344

Experimental pKa < 2
Experimental logP = 4.6 at pH 6.8

in vitro
pharmacology

mGlu2 PAM EC50 = 147 ± 42 nM; Emax = 273 ± 32%

mGlu2 PAM binding IC50 ∼ 68 ± 29 nM
Selectivity (mGlu 1.3−8; CEREP) ≥ 30-fold vs
mGlu2 PAM but 5HT2A (∼10-fold)

ADME profile Solubility <0.001 mg/mL in water and 2.2 mg/mL
20% HP-β-CD at pH 4

Plasma Protein Binding (%) = 99.5 (h), 99.6 (r),
99.2 (ms), 99.4 (dog)

Permeability (Caco-2 monolayers): High
(AB/BA Papp × 10 cm s−1 = 12/6)

CYP450 inh. = 1A2, 2D6, 3A4 (>18 μM),
2C9 (6 μM), 2C19 (7 μM)

rat PK: 2.5 mg/kg i.v.
; 10 mg/kg p.o.

Cl = 23 mL/min/kg; Vdss = 2.3 L/kg; Tmax = 0.5 h;
T1/2 = 2.3 h

AUC0−inf = 2250 ng h/mL; Cmax = 938 ng/mL;
F (%) = 31; B/P ratio = 1

dog PK: 1 mg/kg i.v.;
2.5 mg/kg p.o.

Cl = 23 mL/min/kg; Vdss = 1.8 L/kg; Tmax = 0.5 h;
T1/2 = 3.7 h

AUC0−inf = 743 ng.h/mL; Cmax = 373 ng/mL;
F (%) = 20

swEEG rat p.o. LAD = 3 mg/kg (free plasma conc. ∼ 0.9 ng/mL)
CV safety hERG PCa; rabbit Purkinje fiber; anesthetized guinea-

pig, and anesthetized dog; all margin ≥38b

genotoxicity Ames TA98c: clean up to 125 mg/mL
In vitro Micronucleusd: clean up to 150 μg/mL

aExperiments were performed using HEK293 cells stably transfected
with the hERG potassium channel. Whole-cell currents were recorded
with an automated patch-clamp system (PatchXpress7000A). Three
concentrations of compound were tested (0.1, 0.3, and 3 μM; n = 3)
and compared with vehicle (0.1% DMSO; n = 3). Data are presented
as the percent inhibition at the highest concentration tested (3 μM).
bBased on efficacy free concentration in sw-EEG model (∼0.9 ng/
mL). cIn vitro bacterial reverse mutation assay in Salmonella
typhimurium TA98. dStudy conducted in human lymphoblastoid
TK6 cell line in the presence or absence of metabolic activation (rat
liver S9).

Journal of Medicinal Chemistry Article

dx.doi.org/10.1021/jm500496m | J. Med. Chem. 2014, 57, 6495−65126504



trace recorded at a wavelength of 254 nm and were found to have
≥95% purity, unless otherwise specified.
1-Isopentyl-2-oxo-4-phenethyl-1,2-dihydropyridine-3-car-

bonitrile (6). A mixture of 1-isopentyl-2-oxo-4-(2-phenylethynyl)-1,2-
dihydropyridine-3-carbonitrile 39d (45 mg, 0.2 mmol) and 10% Pd/C
(0.01 g, catalyst) in MeOH (5 mL) was hydrogenated for 3 h at room
temperature. The catalyst was filtered off under nitrogen atmosphere,
and the filtrate solvent was evaporated. The crude was purified by flash
column chromatography (silica gel, MeOH in CH2Cl2, 0:100 to 4:96).
Desired fractions were collected, and the solvent was evaporated. The
residue was further purified by preparative reverse phase HPLC (C18
XSelect 19 × 100 mm 5 μm, 20−100% CH3CN/0.1% NH4CO3H/
NH4OH pH 9 solution in water) to yield 6 (1.6 mg, 4%). 1H NMR
(500 MHz, CDCl3) δ 0.96 (d, J = 6.4 Hz, 6H), 1.58−1.65 (m, 3H),
2.92−3.04 (m, 4H), 3.92−3.97 (m, 2H), 6.04 (d, J = 6.9 Hz, 1H),
7.16−7.24 (m, 3H), 7.27−7.32 (m, 2H), 7.35 (d, J = 6.9 Hz, 1H).
LC−MS m/z 295 [M + H]+.
4-Benzyloxy-1-isopentyl-2-oxo-1,2-dihydropyridine-3-car-

bonitrile (7). Benzyl bromide (88.2 μL, 0.7 mmol) was added to a
mixture of 40d (102 mg, 0.5 mmol) and CsCO3 (319 mg, 1 mmol) in
CH3CN (2 mL) and DMF (1 mL). The reaction mixture was heated
in a microwave oven at 130 °C for 20 min. The solid was filtered off
through a Celite pad and washed with EtOAc (10 mL). The combined
organic filtrates were evaporated in vacuo, and the residue was purified
by flash column chromatography (silica gel, silica gel, MeOH in
CH2Cl2, 0:100 to 4:96). Desired fractions were collected, and the
solvent was evaporated to yield compound 7 as a white solid (115 mg,
79%). mp 173.8 °C. 1H NMR (400 MHz, CDCl3) δ 0.95 (d, J = 5.8
Hz, 6H), 1.54−1.67 (m, 3H), 3.88−3.94 (m, 2H), 5.28 (s, 2H), 6.06
(d, J = 7.7 Hz, 1H), 7.31−7.45 (m, 6H). LC−MS m/z 297 [M + H]+.
4-[Benzyl(methyl)amino]-1-isopentyl-2-oxo-1,2-dihydropyr-

idine-3-carbonitrile (8). A mixture of 41d (50 mg, 0.2 mmol), N-
methylbenzylamine (28.8 mg, 0.2 mmol), 2-(2′-di-tert-
butylphosphine)biphenylpalladium(II) acetate (4.6 mg, 0.01 mmol),
K3PO4 (90 mg, 0.4 mmol), and 1,4-dioxane (6 mL) was heated at 85
°C for 6 h. The mixture was cooled to room temperature and filtered
through a Celite pad. The solid was washed with more 1,4-dioxane (10
mL). The organic filtrate was evaporated, and the residue was purified
by flash column chromatography (silica gel, silica gel, MeOH−NH3 in
CH2Cl2, 0:100 to 4:96). Desired fractions were collected, and the
solvent was evaporated to yield compound 8 (39 mg, 66%). 1H NMR
(400 MHz, CDCl3) δ 0.94 (d, J = 6.2 Hz, 6H), 1.53−1.67 (m, 3H),
3.35 (s, 3H), 3.79−3.86 (m, 2H), 4.73 (s, 2H), 5.77 (d, J = 8.1 Hz,
1H), 7.10 (d, J = 8.1 Hz, 1H), 7.15−7.20 (m, 2H), 7.28−7.34 (m,
1H), 7.34−7.41 (m, 2H). LC−MS m/z 310 [M + H]+.
4-(3,4-Dihydro-1H-isoquinolin-2-yl)-1-isopentyl-2-oxo-1,2-

dihydropyridine-3-carbonitrile (9). Starting from 41d (120 mg, 0.4
mmol) and 1,2,3,4-tetrahydroisoquinoline following the procedure
described for 8, compound 9 was obtained as a white solid (78 mg,
54%). mp > 300. 1H NMR (400 MHz, CDCl3) δ 0.95 (d, J = 6.4 Hz,
6H), 1.53−1.66 (m, 3H), 3.05 (t, J = 5.9 Hz, 2H), 3.82−3.88 (m, 2H),
3.91 (t, J = 5.9 Hz, 2H), 4.78 (s, 2H), 5.92 (d, J = 8.1 Hz, 1H), 7.12−
7.26 (m, 5H). LC−MS m/z 322 [M + H]+.
1-Isopentyl-2-oxo-4-(4-phenyl-1-piperidyl)-1,2-dihydropyri-

dine-3-carbonitrile (10). DIPEA (0.233 mL, 1.34 mmol) was added
to a mixture of 41d (300 mg, 1.12 mmol) and 4-phenylpiperidine (198
mg, 1.23 mmol) in CH3CN (3 mL). The reaction mixture was heated
at 150 °C for 10 min in a microwave oven. The solvent was
evaporated, and the residue was purified by flash column
chromatography (silica gel, silica gel, EtOAc in CH2Cl2, 0:100 to
20:80). Desired fractions were collected, and the solvent was
evaporated to yield compound 10 (296 mg, 63%) as a colorless oil
that solidified upon standing. mp > 300. 1H NMR (400 MHz, CDCl3)
δ 0.96 (d, J = 6.2 Hz, 6H), 1.54−1.68 (m, 3H), 1.84 (qd, J = 12.5, 3.9
Hz, 2H), 1.97−2.05 (m, 2H), 2.82 (tt, J = 12.1, 3.8 Hz, 1H), 3.18−
3.27 (m, 2H), 3.82−3.89 (m, 2H), 4.27−4.35 (m, 2H), 5.89 (d, J = 7.9
Hz, 1H), 7.18 (d, J = 7.9 Hz, 1H), 7.20−7.26 (m, 3H), 7.29−7.36 (m,
2H). LC−MS m/z 350 [M + H]+.
Isopentyl-2-oxo-4-(3-phenyl-1-piperidyl)pyridine-3-carboni-

trile (11). Starting from 41d (60 mg, 0.22 mmol) and 3-

phenylpiperidine (42.5 mg, 0.26 mmol) and following the procedure
described for 8, compound 11 was obtained as a white gummy solid
(13 mg, 30%). 1H NMR (400 MHz, CDCl3) δ 0.95 (d, J = 6.4 Hz,
6H), 1.53−1.67 (m, 3H), 1.76−1.88 (m, 2H), 1.90−2.01 (m, 1H),
2.06−2.17 (m, 1H), 2.91 (tt, J = 11.4, 3.7 Hz, 1H), 3.03−3.18 (m,
2H), 3.80−3.87 (m, 2H), 4.12−4.21 (m, 1H), 4.24−4.33 (m, 1H),
5.85 (d, J = 7.9 Hz, 1H), 7.15 (d, J = 7.9 Hz, 1H), 7.22−7.37 (m, 5H).
LC−MS m/z 350 [M + H]+.

Isopentyl-2-oxo-4-(1-piperidyl)pyridine-3-carbonitrile (12).
Starting from 41d (110 mg, 0.60 mmol) and piperidine hydrobromide
(119.5 mg, 0.72 mmol) and following the procedure described for 8,
compound 12 was obtained as a white solid (125 mg, 82%). mp 75.9
°C. 1H NMR (500 MHz, CDCl3) δ 0.94 (d, J = 6.4 Hz, 6H), 1.53−
1.66 (m, 3H), 1.71 (br s, 6H), 3.58−3.67 (m, 4H), 3.81−3.87 (m,
2H), 5.92 (d, J = 7.8 Hz, 1H), 7.25 (d, J = 7.8 Hz, 1H). LC−MS m/z
274 [M + H]+.

Isopentyl-2-oxo-4-(4-phenylpiperazinn-1-yl)pyridine-3-car-
bonitrile (13). Starting from 41d (120 mg, 0.40 mmol) and 1-
phenylpiperazine (77.87 mg, 0.48 mmol) and following the procedure
described for 8, compound 13 was obtained as a white solid (155 mg,
99%). mp > 300 °C. 1H NMR (400 MHz, CDCl3) δ 0.95 (d, J = 6.0
Hz, 6H), 1.54−1.67 (m, 3H), 3.29−3.37 (m, 4H), 3.79−3.90 (m, 6H),
5.92 (d, J = 7.9 Hz, 1H), 6.87−6.96 (m, 3H), 7.23−7.32 (m, 3H).
LC−MS m/z 351 [M + H]+.

Isopentyl-2-oxo-4-[4-(2-pyridyl)piperazin-1-yl]pyridine-3-
carbonitrile (14). Starting from 41d (50 mg, 0.20 mmol) and 1-(2-
pyridyl)piperazine (40.8 μL, 0.24 mmol) and following the procedure
described for 8, compound 14 was obtained as a white solid (60 mg,
95%). 1H NMR (400 MHz, CDCl3) δ 0.95 (d, J = 6.2 Hz, 6H), 1.54−
1.69 (m, 3H), 3.71−3.77 (m, 4H), 3.81−3.89 (m, 6H), 5.91 (d, J = 7.9
Hz, 1H), 6.64 (d, J = 8.5 Hz, 1H), 6.68 (ddd, J = 7.2, 4.9, 0.7 Hz, 1H),
7.25 (d, J = 7.9 Hz, 1H), 7.53 (ddd, J = 8.7, 7.0, 2.1 Hz, 1H), 8.20
(ddd, J = 5.0, 1.9, 0.8 Hz, 1H). LC−MS m/z 352 [M + H]+.

Isopentyl-2-oxo-4-(4-benzylpiperazin-1-yl)pyridine-3-car-
bonitrile (15). Starting from 41d (120 mg, 0.40 mmol) and 1-
benzylpiperazine (84.60 mg, 0.48 mmol) and following the procedure
described for 8, compound 15 was obtained as a white solid (150 mg,
93%). mp 131.6 °C. 1H NMR (400 MHz, CDCl3) δ 0.94 (d, J = 6.2
Hz, 6H), 1.52−1.66 (m, 3H), 2.53−2.60 (m, 4H), 3.54 (s, 2H), 3.63−
3.69 (m, 4H), 3.80−3.86 (m, 2H), 5.85 (d, J = 7.9 Hz, 1H), 7.21 (d, J
= 7.9 Hz, 1H), 7.23−7.40 (m, 5H). LC−MS m/z 365 [M + H]+.

Butyl-2-oxo-4-(4-phenyl-1-piperidyl)pyridine-3-carbonitrile
(16). Starting from 41c (1000 mg, 3.92 mmol) and 4-phenylpiperidine
(821.6 mg, 5.09 mmol) and following the procedure described for 10,
compound 16 was obtained as a cream solid (1.24 g, 94%). mp 138.2
°C. 1H NMR (500 MHz, CDCl3) δ 0.95 (t, J = 7.4 Hz, 3H), 1.36 (sxt,
J = 7.5 Hz, 2H), 1.69 (quin, J = 7.5 Hz, 2H), 1.85 (qd, J = 12.7, 3.3 Hz,
2H), 1.97−2.05 (m, 2H), 2.82 (tt, J = 12.1, 3.5 Hz, 1H), 3.23 (br t, J =
12.7 Hz, 2H), 3.84 (t, J = 7.4 Hz, 2H), 4.28−4.35 (m, 2H), 5.87 (d, J =
8.1 Hz, 1H), 7.16 (d, J = 7.8 Hz, 1H), 7.19−7.25 (m, 3H), 7.29−7.35
(m, 2H). LC−MS m/z 336 [M + H]+.

Isobutyl-2-oxo-4-(4-phenyl-1-piperidyl)pyridine-3-carboni-
trile (17). Starting from 41b (510 mg, 2.0 mmol) and 4-
phenylpiperidine (386.9 mg, 2.4 mmol) and following the procedure
described for 10, compound 17 was obtained as a white solid (606 mg,
94%). 1H NMR (500 MHz, CDCl3) δ 0.94 (d, J = 6.6 Hz, 6H), 1.86
(qd, J = 12.7, 3.6 Hz, 2H), 1.98−2.06 (m, 2H), 2.15 (dquin, J = 13.7,
6.8 Hz, 1H), 2.82 (tt, J = 12.0, 3.6 Hz, 1H), 3.19−3.28 (m, 2H), 3.65
(d, J = 7.5 Hz, 2H), 4.29−4.36 (m, 2H), 5.87 (d, J = 8.1 Hz, 1H), 7.13
(d, J = 7.8 Hz, 1H), 7.20−7.26 (m, 3H), 7.29−7.36 (m, 2H). LC−MS
m/z 336 [M + H]+.

1-(Cyclobutylmethyl)-2-oxo-4-(4-phenyl-1-piperidyl)-
pyridine-3-carbonitrile (18). Starting from 41e (600 mg, 2.24
mmol) and 4-phenylpiperidine (435 mg, 2.69 mmol) and following
the procedure described for 10, compound 18 was obtained as a cream
solid (749.4 m g, 96%). mp 158.1 °C. 1H NMR (400 MHz, DMSO-
d6) δ 1.62−1.98 (m, 10H), 2.63 (quin, J = 7.7 Hz, 1H), 2.86 (tt, J =
12.1, 3.5 Hz, 1H), 3.17−3.27 (m, 2H), 3.81 (d, J = 7.4 Hz, 2H), 4.21−
4.29 (m, 2H), 6.16 (d, J = 8.1 Hz, 1H), 7.18−7.23 (m, 1H), 7.24−7.34
(m, 5H). LC−MS m/z 348 [M + H]+.
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1-(Cyclopropylmethyl)-2-oxo-4-(4-phenyl-1-piperidyl)-
pyridine-3-carbonitrile (19). Starting from 41a (0.3 g, 1.18 mmol)
and following the procedure described for 10, compound 19 was
obtained as a solid (285 mg, 73%). mp 128.4. 1H NMR (500 MHz,
CDCl3) δ 0.31−0.42 (m, 2H), 0.55−0.66 (m, 2H), 1.15−1.24 (m,
1H), 1.85 (qd, J = 12.7, 3.8 Hz, 2H), 1.97−2.05 (m, 2H), 2.82 (tt, J =
12.1, 3.8 Hz, 1H), 3.19−3.28 (m, 2H), 3.71 (d, J = 7.2 Hz, 2H), 4.28−
4.37 (m, 2H), 5.90 (d, J = 7.8 Hz, 1H), 7.20−7.26 (m, 3H), 7.28−7.36
(m, 3H). LC−MS m/z 334 [M + H]+.
1-(2-Cyclopropylethyl)-2-oxo-4-(4-phenyl-1-piperidyl)-

pyridine-3-carbonitrile (20). Starting from 41f (0.2 g, 0.748 mmol)
and following the procedure described for 10, compound 20 was
obtained as a solid (200 mg, 77%). mp > 300. 1H NMR (500 MHz,
CDCl3) δ 0.03−0.10 (m, 2H), 0.40−0.52 (m, 2H), 0.59−0.69 (m,
1H), 1.57−1.66 (m, 2H), 1.79−1.90 (m, 2H), 1.97−2.05 (m, 2H),
2.77−2.86 (m, 1H), 3.23 (br t, J = 12.9 Hz, 2H), 3.92 (br t, J = 6.8 Hz,
2H), 4.32 (br d, J = 13.3 Hz, 2H), 5.86 (d, J = 8.1 Hz, 1H), 7.18−7.26
(m, 4H), 7.29−7.36 (m, 2H). LC−MS m/z 348 [M + H]+.
2-Oxo-4-(4-phenyl-1-piperidyl)-1-(4,4,4-trifluorobutyl)-

pyridine-3-carbonitrile (21). Starting from 41g (0.25 g, 0.81 mmol)
and following the procedure described for 10, compound 21 was
obtained as a solid (300 mg, 95%). mp 113.2 °C. 1H NMR (500 MHz,
CDCl3) δ 1.78 (qd, J = 12.7, 3.8 Hz, 2H), 1.89−2.02 (m, 4H), 2.04−
2.16 (m, 2H), 2.77 (tt, J = 12.1, 3.6 Hz, 1H), 3.14−3.23 (m, 2H), 3.85
(br t, J = 7.1 Hz, 2H), 4.27 (br d, J = 13.3 Hz, 2H), 5.85 (d, J = 8.1 Hz,
1H), 7.07 (d, J = 7.8 Hz, 1H), 7.12−7.21 (m, 3H), 7.22−7.29 (m,
2H). LC−MS m/z 390 [M + H]+.
1-(Cyclopropylmethyl)-4-[4-(2-fluorophenyl)-1-piperidyl]-2-

oxo-pyridine-3-carbonitrile (22). A solution of 48a (0.185 g, 0.52
mmol) in EtOAc (15 mL) was hydrogenated (atmospheric pressure)
with Pd/C (37 mg) as a catalyst at room temperature for 4 h. The
mixture was filtered through a Celite pad, and the filtrate was
evaporated in vacuo. The crude was purified by flash column
chromatography (silica gel, MeOH−NH3 in CH2Cl2, 0:100 to 2:98)
to give 22 as a pale yellow solid (148.3 mg, 80%). 1H NMR (400
MHz, CDCl3) δ 0.31−0.44 (m, 2H), 0.55−0.68 (m, 2H), 1.16−1.25
(m, 1H), 1.88 (qd, J = 12.4, 3.7 Hz, 2H), 1.97−2.05 (m, 2H), 3.18 (tt,
J = 12.0, 3.9 Hz, 1H), 3.26 (td, J = 12.9, 2.4 Hz, 2H), 3.72 (d, J = 7.3
Hz, 2H), 4.29−4.38 (m, 2H), 5.90 (d, J = 8.1 Hz, 1H), 7.01−7.08 (m,
1H), 7.09−7.15 (m, 1H), 7.18−7.26 (m, 2H), 7.30 (d, J = 7.9 Hz,
1H). LC−MS m/z 352 [M + H]+.
1-(Cyclopropylmethyl)-4-[4-(3-fluorophenyl)-1-piperidyl]-2-

oxo-pyridine-3-carbonitrile (23). Starting from 48b (0.215 g, 0.61
mmol) and following the procedure described for 22, compound 23
was obtained as a pale yellow solid (156 mg, 72%). 1H NMR (400
MHz, CDCl3) δ 0.33−0.46 (m, 2H), 0.56−0.70 (m, 2H), 1.16−1.28
(m, 1H), 1.85 (qd, J = 12.8, 3.8 Hz, 2H), 1.99−2.08 (m, 2H), 2.85 (tt,
J = 12.1, 3.7 Hz, 1H), 3.19−3.30 (m, 2H), 3.74 (d, J = 7.0 Hz, 2H),
4.30−4.38 (m, 2H), 5.91 (d, J = 7.9 Hz, 1H), 6.91−6.98 (m, 2H), 7.02
(br d, J = 7.9 Hz, 1H), 7.27−7.35 (m, 1H), 7.32 (d, J = 7.9 Hz, 1H).
LC−MS m/z 352 [M + H]+.
1-(Cyclopropylmethyl)-4-[4-(4-fluorophenyl)-1-piperidyl]-2-

oxo-pyridine-3-carbonitrile (24). Triethylsilane (1.11 mL, 9.55
mmol) was added to a solution of 49 (0.351 g, 0.955 mmol) in
CF3CO2H (0.5 mL, 6.49 mmol). The mixture was stirred at room
temperature for 18 h and then diluted with CH2Cl2 (15 mL) and
washed with 1 N NaOH (2 × 30 mL). The organic layer was
separated, dried (Na2SO4), filtered, and concentrated in vacuo. The
crude was purified by flash column chromatography (silica gel,
MeOH−NH3 in CH2Cl2, 0:100 to 2:98) to give 24 as a white solid
(225 mg, 67%). mp 92.3 °C. 1H NMR (400 MHz, CDCl3) δ 0.26−
0.39 (m, 2H), 0.48−0.61 (m, 2H), 1.11−1.21 (m, 1H), 1.75 (qd, J =
12.7, 3.7 Hz, 2H), 1.90−1.98 (m, 2H), 2.78 (tt, J = 12.1, 3.8 Hz, 1H),
3.13−3.23 (m, 2H), 3.67 (d, J = 7.0 Hz, 2H), 4.24−4.32 (m, 2H), 5.94
(d, J = 8.1 Hz, 1H), 6.92−6.99 (m, 2H), 7.10−7.18 (m, 2H), 7.36 (d, J
= 7.9 Hz, 1H). LC−MS m/z 352 [M + H]+.
4-[4-(2-Chlorophenyl)-1-piperidyl]-1-(cyclopropylmethyl)-2-

oxo-pyridine-3-carbonitrile (25). A solution of 48c (0.68 g, 1.86
mmol) in MeOH (5 mL) and CH3CO2H (1 mL) was hydrogenated
(atmospheric pressure) with PtO2 (4 mg, 0.018 mmol) as a catalyst at

room temperature for 72 h. The mixture was filtered through a Celite
pad, and the residue was washed with CH2Cl2. The filtrate was
evaporated in vacuo, and the crude was purified by flash column
chromatography (silica gel, silica gel, MeOH in CH2Cl2, 0:100 to
5:95) to give 25 as a white solid (289.6 mg, 42%). 1H NMR (500
MHz, DMSO-d6) δ 0.29−0.39 (m, 2H), 0.41−0.51 (m, 2H), 1.11−
1.20 (m, 1H), 1.72 (qd, J = 12.6, 3.6 Hz, 2H), 1.89 (br d, J = 12.4 Hz,
2H), 3.24−3.32 (m, 3H), 3.63 (d, J = 6.9 Hz, 2H), 4.29 (br d, J = 13.6
Hz, 2H), 6.19 (d, J = 8.1 Hz, 1H), 7.25 (td, J = 7.8, 1.7 Hz, 1H), 7.33
(td, J = 7.5, 1.2 Hz, 1H), 7.40 (dd, J = 7.8, 1.7 Hz, 1H), 7.44 (dd, J =
7.9, 1.3 Hz, 1H), 7.71 (d, J = 8.1 Hz, 1H). LC−MS m/z 368 [M +
H]+.

4-[4-(4-Chlorophenyl)-1-piperidyl]-1-(cyclopropylmethyl)-2-
oxo-pyridine-3-carbonitrile (26). Starting from 41a (0.35 g, 1.38
mmol) and following the procedure described for 10, compound 26
was obtained as a solid (177.42 mg, 35%). 1H NMR (400 MHz,
CDCl3) δ 0.15−0.27 (m, 2H), 0.38−0.51 (m, 2H), 0.98−1.10 (m,
1H), 1.65 (qd, J = 12.7, 3.9 Hz, 2H), 1.79−1.87 (m, 2H), 2.64 (tt, J =
12.1, 3.8 Hz, 1H), 3.01−3.11 (m, 2H), 3.56 (d, J = 7.3 Hz, 2H), 4.12−
4.19 (m, 2H), 5.73 (d, J = 8.1 Hz, 1H), 6.97−7.03 (m, 2H), 7.11−7.18
(m, 3H). LC−MS m/z 368 [M + H]+.

1-(Cyclopropylmethyl)-2-oxo-4-[4-[3-(trifluoromethyl)-
phenyl]-1-piperidyl]pyridine-3-carbonitrile (27). DIPEA (0.72
mL, 4.14 mmol) was added to a mixture of 41a (0.35 g, 1.38 mmol)
and 4-(3-trifluoromethyl-phenyl)-piperidine (0.41 g, 1.79 mmol) in
CH3CN (8 mL). The reaction mixture was heated at 170 °C for 35
min in a microwave oven. The mixture was washed with a saturated
solution of NH4Cl and extracted with CH2Cl2 (2 × 5 mL).The
combined organic layers were dried over Na2SO4, filtered, and
concentrated in vacuo. The crude was purified by flash column
chromatography (silica gel, silica gel, MeOH−NH3 in CH2Cl2, 0:100
to 1:99). Desired fractions were collected, and the solvent was
evaporated to yield compound 27 (0.414 g, 75%) as a white solid. mp
111.9 °C. 1H NMR (400 MHz, CDCl3) δ 0.31−0.44 (m, 2H), 0.55−
0.68 (m, 2H), 1.15−1.27 (m, 1H), 1.87 (qd, J = 12.8, 3.7 Hz, 2H),
2.00−2.09 (m, 2H), 2.90 (tt, J = 12.1, 3.7 Hz, 1H), 3.19−3.30 (m,
2H), 3.73 (d, J = 7.3 Hz, 2H), 4.29−4.39 (m, 2H), 5.91 (d, J = 7.9 Hz,
1H), 7.32 (d, J = 8.1 Hz, 1H), 7.39−7.56 (m, 4H). LC−MS m/z 402
[M + H]+.

1-(Cyclopropylmethyl)-4-[4-(2-methoxyphenyl)-1-piperid-
yl]-2-oxo-pyridine-3-carbonitrile (28). Starting from 41a (0.35 g,
1.38 mmol) and 4-(2-methoxy-phenyl)-piperidine (0.342 g, 1.79
mmol) following the procedure described for 27, compound 28 was
obtained as a white solid (0.319 g, 64%). mp 148.1 °C. 1H NMR (400
MHz, CDCl3) δ 0.30−0.43 (m, 2H), 0.54−0.68 (m, 2H), 1.15−1.25
(m, 1H), 1.81 (qd, J = 12.6, 3.7 Hz, 2H), 1.95−2.03 (m, 2H), 3.21−
3.32 (m, 3H), 3.72 (d, J = 7.3 Hz, 2H), 3.85 (s, 3H), 4.29−4.37 (m,
2H), 5.90 (d, J = 8.1 Hz, 1H), 6.88 (dd, J = 8.2, 1.1 Hz, 1H), 6.94 (td,
J = 7.5, 1.0 Hz, 1H), 7.17 (dd, J = 7.6, 1.8 Hz, 1H), 7.19−7.25 (m,
1H), 7.29 (d, J = 7.9 Hz, 1H). LC−MS m/z 364 [M + H]+.

1-(Cyclopropylmethyl)-4-[4-(4-methoxyphenyl)-1-piperid-
yl]-2-oxo-pyridine-3-carbonitrile (29). Starting from 41a (0.35 g,
1.38 mmol) and 4-(4-methoxy-phenyl)-piperidine (0.376 g, 1.66
mmol) following the procedure described for 27, compound 29 was
obtained as a white solid (0.284 g, 48%). mp 247.6 °C. 1H NMR (500
MHz, CDCl3) δ 0.32−0.43 (m, 2H), 0.56−0.66 (m, 2H), 1.16−1.25
(m, 1H), 1.81 (qd, J = 12.7, 3.6 Hz, 2H), 1.99 (br d, J = 12.1 Hz, 2H),
2.78 (tt, J = 12.1, 3.5 Hz, 1H), 3.22 (br t, J = 12.9 Hz, 2H), 3.72 (d, J =
7.2 Hz, 2H), 3.80 (s, 3H), 4.32 (br d, J = 13.3 Hz, 2H), 5.90 (d, J = 7.8
Hz, 1H), 6.87 (d, J = 8.7 Hz, 2H), 7.15 (d, J = 8.7 Hz, 2H), 7.30 (d, J
= 7.8 Hz, 1H). LC−MS m/z 364 [M + H]+.

1-(Cyclopropylmethyl)-4-[4-(2,4-difluorophenyl)-1-piperid-
yl]-2-oxo-pyridine-3-carbonitrile (30). 48c (0.9 g, 2.67 mmol) and
10% Pd/C (0.0028 g, 0.026 mmol) in MeOH (15 mL) were
hydrogenated for 16 h. The crude was filtered over Celite and washed
with MeOH, and the solution was dried over Na2SO4, filtered, and
concentrated. The crude was purified by flash column chromatography
(silica gel, silica gel, MeOH−NH3 in CH2Cl2, 0:100 to 1:99). Desired
fractions were collected, and the solvent was evaporated to yield
compound 30 (0.614 g, 62%) as a white solid. mp 111.9 °C. 1H NMR
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(500 MHz, DMSO-d6) δ 0.31−0.37 (m, 2H), 0.43−0.48 (m, 2H),
1.11−1.20 (m, 1H), 1.74 (qd, J = 12.4, 3.2 Hz, 2H), 1.81−1.88 (m,
2H), 3.14 (tt, J = 12.1, 3.8 Hz, 1H), 3.22−3.29 (m, 2H), 3.63 (d, J =
7.2 Hz, 2H), 4.26 (br d, J = 13.6 Hz, 2H), 6.18 (d, J = 7.8 Hz, 1H),
7.04 (td, J = 8.5, 2.3 Hz, 1H), 7.17−7.23 (m, 1H), 7.40 (td, J = 8.5, 6.9
Hz, 1H), 7.71 (d, J = 8.1 Hz, 1H). LC−MS m/z 370 [M + H]+.
1-(Cyclopropylmethyl)-4-[4-(2,6-difluorophenyl)-1-piperid-

yl]-2-oxo-pyridine-3-carbonitrile (31). Starting from 41a (0.35 g,
1.38 mmol) and 4-(2,6-difluoro-phenyl)-piperidine acetate (0.426 g,
1.65 mmol) following the procedure described for 27, compound 31
was obtained as a white solid (0.184 g, 31%). mp 144.2 °C. 1H NMR
(400 MHz, CDCl3) δ 0.30−0.44 (m, 2H), 0.54−0.69 (m, 2H), 1.13−
1.27 (m, 1H), 1.87 (br d, J = 12.5 Hz, 2H), 2.16−2.30 (m, 2H), 3.16−
3.37 (m, 3H), 3.72 (d, J = 7.2 Hz, 2H), 4.34 (br d, J = 13.6 Hz, 2H),
5.90 (d, J = 7.9 Hz, 1H), 6.81−6.90 (m, 2H), 7.10−7.24 (m, 1H), 7.30
d, J = 7.9 Hz, 1H). LC−MS m/z 370 [M + H]+.
1-(Cyclopropylmethyl)-4-[4-(3,5-difluorophenyl)-1-piperid-

yl]-2-oxo-pyridine-3-carbonitrile (32). Starting from 41a (0.35 g,
1.38 mmol) and 4-(3,5-difluoro-phenyl)-piperidine (0.3 g, 1.52 mmol)
following the procedure described for 27, compound 32 was obtained
as a white solid (0.28 g, 50%). 1H NMR (500 MHz, DMSO-d6) δ
0.29−0.39 (m, 2H), 0.41−0.51 (m, 2H), 1.10−1.19 (m, 1H), 1.70 (qd,
J = 12.6, 3.6 Hz, 2H), 1.86−1.94 (m, 2H), 2.93 (tt, J = 12.0, 3.5 Hz,
1H), 3.17−3.25 (m, 2H), 3.63 (d, J = 7.2 Hz, 2H), 4.27 (br d, J = 13.3
Hz, 2H), 6.18 (d, J = 8.1 Hz, 1H), 7.04 (d, J = 9.2 Hz, 3H), 7.70 (d, J
= 7.8 Hz, 1H). LC−MS m/z 370 [M + H]+.
3-Chloro-1-(cyclopropylmethyl)-4-(4-phenyl-1-piperidyl)-

pyridin-2-one (33). NCS (0.81 g, 6.09 mmol) was added to a
mixture of 50a (1.89 g, 6.15 mmol) in CH2Cl2 (300 mL). The reaction
mixture was stirred for 10 min at room temperature. The mixture was
washed with a saturated solution of NaHCO3 and extracted with
CH2Cl2 (2 × 10 mL). The combined organic layers were dried over
Na2SO4, filtered, and concentrated in vacuo. The crude was purified by
flash column chromatography (silica gel, silica gel, MeOH−NH3 in
CH2Cl2, 0:100 to 3:97). Desired fractions were collected, and the
solvent was evaporated to yield compound 33 (1.88 g, 85%) as a white
solid. 1H NMR (400 MHz, CDCl3) δ 0.31−0.45 (m, 2H), 0.53−0.67
(m, 2H), 1.20−1.31 (m, 1H), 1.85−1.99 (m, 4H), 2.64−2.76 (m, 1H),
2.86−2.99 (m, 2H), 3.77−3.87 (m, 2H), 3.81 (d, J = 7.2 Hz, 2H), 6.05
(d, J = 7.6 Hz, 1H), 7.19−7.29 (m, 4H), 7.29−7.37 (m, 2H). LC−MS
m/z 343 [M + H]+.
3-Trifluoromethyl-1-(cyclopropylmethyl)-4-(4-phenyl-1-

piperidyl)pyridin-2-one (34). To a solution of 46 (0.3 g, 1.01
mmol) in toluene (7 mL) were added 4-phenylpiperidine (0.33 g, 2.02
mmol), Pd(OAc)2 (0.012 g, 0.005 mmol), NaOtBu (0.24 g, 2.52
mmol), and BINAP (0.05 g, 0.08 mmol). The mixture was heated at
100 °C for 16 h in a sealed tube. The cooled mixture was partitioned
between water and EtOAc. The crude was extracted with EtOAc (3 ×
5 mL), and the combined organic layers were dried (Na2SO4) and
concentrated in vacuo. The crude was purified by flash column
chromatography (silica gel, silica gel, MeOH in CH2Cl2, 0:100 to
4:96). Compound 34 was obtained as white solid (0.11 g, 31%). mp
177.2 °C. 1H NMR (500 MHz, CDCl3) δ 0.33−0.38 (m, 2H), 0.45−
0.50 (m, 2H), 1.13−1.22 (m, 1H), 1.64−1.75 (m, 2H), 1.64−1.75 (m,
2H), 1.84 (br d, J = 11.0 Hz, 2H), 2.73−2.80 (m, 1H), 3.14 (br t, J =
12.1 Hz, 2H), 3.59 (br d, J = 13.0 Hz, 2H), 3.65 (d, J = 7.2 Hz, 2H),
6.21 (d, J = 7.8 Hz, 1H), 7.19−7.23 (m, 1H), 7.24−7.29 (m, 2H), 7.73
(d, J = 7.8 Hz, 1H). LC−MS m/z 377 [M + H]+.
3-Chloro-1-isobutyl-4-(4-phenyl-1-piperidyl)pyridin-2-one

(35). Starting from 50b (0.35 g, 1.38 mmol) and N-chlorosuccinimide
(0.62 g, 4.65 mmol) following the procedure described for 33,
compound 35 was obtained as a white solid (1.42 g, 83%). 1H NMR
(400 MHz, CDCl3) δ 0.94 (d, J = 6.7 Hz, 6H), 1.86−1.99 (m, 4H),
2.21 (dquin, J = 13.7, 6.9 Hz, 1H), 2.65−2.76 (m, 1H), 2.88−2.97 (m,
2H), 3.74 (d, J = 7.4 Hz, 2H), 3.80−3.87 (m, 2H), 6.02 (d, J = 7.6 Hz,
1H), 7.07 (d, J = 7.6 Hz, 1H), 7.20−7.29 (m, 3H), 7.31−7.38 (m,
2H). LC−MS m/z 345 [M + H]+.
3-Chloro-1-butyl-4-(4-phenyl-1-piperidyl)pyridin-2-one (36).

Starting from 50c (0.43 g, 1.40 mmol) and N-chlorosuccinimide (0.19
g, 1.4 mmol) following the procedure described for 33, compound 36

was obtained as a white solid (0.39 g, 82%). mp 149.4 °C. 1H NMR
(400 MHz, CDCl3) δ 0.95 (t, J = 7.3 Hz, 3H), 1.31−1.42 (m, 2H),
1.68−1.78 (m, 2H), 1.85−1.98 (m, 4H), 2.64−2.73 (m, 1H), 2.87−
2.98 (m, 2H), 3.82 (brd, J = 12.1 Hz, 2H), 3.93 (t, J = 7.3, 2H), 6.03
(d, J = 7.6 Hz, 1H), 7.10 (d, J = 7.6 Hz, 1H), 7.19−7.28 (m, 3H),
7.29−7.37 (m, 2H). LC−MS m/z 345 [M + H]+.

1-Isobutyl-4-methoxy-2-oxo-1,2-dihydropyridine-3-carboni-
trile (39b). Starting from isobutyl bromide 38b (11.5 mL g, 103
mmol) and 37 (8 g, 53.3 mmol) and following the procedure
described for synthesis of 39a,c,d,e,29 compound 39b was obtained as
a white solid (11.0 g, quantitative). 1H NMR (400 MHz, CDCl3) δ
0.93 (d, J = 6.7 Hz, 6H), 2.10−2.22 (m, 1H), 3.74 (d, J = 7.4 Hz, 2H),
4.00 (s, 3H), 6.05 (d, J = 7.9 Hz, 1H), 7.44 (d, J = 7.6 Hz, 1H). LC−
MS m/z 207 [M + H]+.

1-(2-Cyclopropylethyl)-4-methoxy-2-oxo-1,2-dihydropyri-
dine-3-carbonitrile (39f). Starting from 2-cyclopropylethyl bromide
38g (2.59 g, 17.3 mmol) and 37 (7.1 g, 19.0 mmol) and following the
procedure as described for synthesis of 39a,c,d,e,29 compound 39f was
obtained as a white solid (2.63 g, 70%). 1H NMR (500 MHz, CDCl3)
δ 0.00−0.06 (m, 2H), 0.42−0.53 (m, 2H), 0.57−0.66 (m, 1H), 1.64
(quin, J = 6.72 Hz, 2H), 3.99 (s, 3H), 4.01 (t, J = 6.90 Hz, 2H), 6.07
(d, J = 7.80 Hz, 1H), 7.56 (d, J = 7.80 Hz, 1H). LC−MS m/z 219 [M
+ H]+.

1-(4,4,4-Trifluorobutyl)-4-methoxy--2-oxo-1,2-dihydropyri-
dine-3-carbonitrile (39g). Starting from 38g (0.107 mL, 0.867
mmol) and following the procedure as described for synthesis of
39a,c,d,e,29 compound 39g was obtained as a white solid (0.142 g,
82%). 1H NMR (400 MHz, CDCl3) δ 1.98−2.08 (m, 2H), 2.10−2.24
(m, 2H), 3.99−4.04 (m, 2H), 4.02 (s, 3H), 6.13 (d, J = 7.9 Hz, 1H),
7.52 (d, J = 7.6 Hz, 1H). LC−MS m/z 261 [M + H]+.

1-Isobuthyl-4-hydroxy-2-oxo-1,2-dihydropyridine-3-car-
bonitrile (40b). Starting from 39b (10.93 g, 53 mmol) and following
the procedure as described for synthesis of 40a,c,d,e,29 compound 40b
was obtained as a white solid (4.83 g, 47%). 1H NMR (400 MHz,
DMSO-d6) δ 0.83 (d, J = 6.9 Hz, 6H), 1.99 (s, 1H), 3.65 (d, J = 7.4
Hz, 2H), 6.04 (d, J = 7.6 Hz, 1H), 7.79 (d, J = 7.6 Hz, 1H), 12.69 (br
s, 1H). LC−MS m/z 193 [M + H]+.

1-(2-Cyclopropylethyl)-4-hydroxy-2-oxo-1,2-dihydropyri-
dine-3-carbonitrile (40f). Starting from 39f (2.63 g, 12 mmol) and
following the procedure described as described for synthesis of
39a,c,d,e,29 compound 40f was obtained as a white solid (1.15 g,
47%). 1H NMR (500 MHz, DMSO-d6) δ −0.09−0.02 (m, 2H) 0.31−
0.42 (m, 2H) 0.56−0.65 (m, 1H) 1.48 (q, J = 7.13 Hz, 2H) 3.89 (t, J =
6.94 Hz, 2H) 6.03 (d, J = 7.80 Hz, 1H) 7.84 (d, J = 7.51 Hz, 1H)
12.61 (br s, 1H). LC−MS m/z 205 [M + H]+.

1-(4,4,4-Trifluorobutyl)-4-hydroxy-2-oxo-1,2-dihydropyri-
dine-3-carbonitrile (40g). Starting from 39g (6.8 g, 26.1 mmol) and
following the procedure as described for synthesis of 39a,c,d,e,29

compound 40g was obtained as a white solid (5.9 g, 92%). 1H NMR
(400 MHz, DMSO-d6) δ 1.77−1.87 (m, 2H), 2.19−2.36 (m, 2H), 3.89
(t, J = 7.3 Hz, 2H), 6.06 (d, J = 7.6 Hz, 1H), 7.84 (d, J = 7.6 Hz, 1H),
12.69 (br s, 1H). LC−MS m/z 247 [M + H]+.

4-Bromo-1-isobutyl-2-oxo-1,2-dihydropyridine-3-carboni-
trile (41b). Starting from 40b (4.83 g, 25.1 mmol) and following the
procedure as described for synthesis of 41a,c,d,e,29 compound 41b was
obtained as a white solid (4.21 g, 66%). 1H NMR (400 MHz, CDCl3)
δ 0.95 (d, J = 6.7 Hz, 6H), 2.11−2.23 (m, 1H), 3.76 (d, J = 7.4 Hz,
2H), 6.49 (d, J = 7.2 Hz, 1H), 7.33 (d, J = 7.2 Hz, 1H). LC−MS m/z
256 [M + H]+.

4-Bromo-1-(2-cyclopropylethyl)-2-oxo-1,2-dihydropyridine-
3-carbonitrile (41f). Starting from 40f (1.15 g, 5.63 mmol) and
following the procedure as described for synthesis of 41a,c,d,e,29

compound 41f was obtained as a white solid (1.04 g, 69%). 1H NMR
(400 MHz, CDCl3) δ 0.00−0.12 (m, 2H), 0.42−0.55 (m, 2H), 0.57−
0.69 (m, 1H), 1.67 (q, J = 7.1 Hz, 2H), 4.04 (t, J = 6.9 Hz, 2H), 6.50
(d, J = 7.2 Hz, 1H), 7.43 (d, J = 7.2 Hz, 1H). LC−MS m/z 268 [M +
H]+.

4-Bromo-1-(4,4,4-trifluorobutyl)-2-oxo-1,2-dihydropyridine-
3-carbonitrile (41g). Starting from 40g (5.1 g, 20.7 mmol) and
following the procedure as described for synthesis of 41a,c,d,e,29

compound 41g was obtained as a white solid (5.2 g, 82%). 1H NMR
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(400 MHz, CDCl3) δ 2.00−2.11 (m, 2H), 2.12−2.27 (m, 2H), 4.05 (t,
J = 7.3 Hz, 2H), 6.58 (d, J = 7.4 Hz, 1H), 7.47 (d, J = 7.2 Hz, 1H).
LC−MS m/z 310 [M + H]+.
4-Benzyloxy-1-cyclopropylmethyl-1H-pyridin-2-one (43a).

Cyclopropylmethyl bromide 38a (2.64 mL, 27.33 mmol) and
K2CO3 (10.3 g, 74.52 mmol) was added to a solution of 42 (5 g,
24.84 mmol) in CH3CN (200 mL). The mixture was stirred at reflux
for 16 h. The cooled mixture was filtered through a Celite pad and
concentrated in vacuo. The residue thus obtained was precipitated by
treatment with diethyl ether. The resulting solid was filtered off and
dried in the vacuum oven (50 °C) to yield 43a (6.32 g, 98%). 1H
NMR (500 MHz, CDCl3) δ 0.31−0.41 (m, 2H), 0.53−0.64 (m, 2H),
1.21 (m, J = 7.80 Hz, 1H), 3.74 (d, J = 6.94 Hz, 2H), 4.98 (s, 2H),
5.97 (dd, J = 7.51, 2.60 Hz, 1H), 5.99 (d, J = 2.89 Hz, 1H), 7.25 (d, J =
7.51 Hz, 1H), 7.31−7.42 (m, 5H). LC−MS m/z 258 [M + H]+.
4-Benzyloxy-1-isobutyl-1H-pyridin-2-one (43b). Starting from

ibutyl bromide 38b (5.89 mL, 54.66 mmol) and 42 (10 g, 49.69
mmol) and following the procedure described for 43a, compound 43b
was obtained as a white solid (11.25 g, 88%). 1H NMR (400 MHz,
CDCl3) δ 0.93 (d, J = 6.7 Hz, 6H), 2.09−2.21 (m, 1H), 3.67 (d, J = 7.4
Hz, 2H), 4.98 (s, 2H), 5.94 (dd, J = 7.4, 2.8 Hz, 1H), 5.99 (d, J = 2.8
Hz, 1H), 7.08 (d, J = 7.4 Hz, 1H), 7.32−7.43 (m, 5H). LC−MS m/z
258 [M + H]+.
4-Benzyloxy-1-butyl-1H-pyridin-2-one (43c). Starting from

nbutyl bromide 38c (8.80 mL, 81.99 mmol) and 42 (15 g, 74.54
mmol) and following the procedure described for 43a, compound 43c
was obtained as a white solid (13.5 g, 70%). 1H NMR (360 MHz,
CDCl3) δ 0.93 (t, J = 7.32 Hz, 3H), 1.28−1.40 (m, 2H), 1.62−1.73
(m, 2H), 3.84 (t, J = 7.32 Hz, 2H), 4.95 (s, 2H), 5.93 (dd, J = 7.32,
2.90 Hz, 1H), 5.97 (d, J = 2.93 Hz, 1H), 7.11 (d, J = 7.32 Hz, 1H),
7.27−7.42 (m, 5H). LC−MS m/z 258 [M + H]+.
4-Benzyloxy-1-cyclopropylmethyl-3-iodo-1H-pyridin-2-one

(44). NIS (2.64 g, 11.74 mmol) was added to a solution of 43a (3 g,
11.74 mmol) in acetic acid (40 mL). The mixture was stirred at room
temperature for 1 h. The mixture was concentrated in vacuo. The
crude was purified by flash column chromatography (silica gel, silica
gel, MeOH in CH2Cl2, 0:100 to 3:97) to give the desired product 44
(4.12 g, 92%). 1H NMR (500 MHz, CDCl3) δ 0.32−0.42 (m, 2H),
0.54−0.65 (m, 2H), 1.19−1.29 (m, 1H), 3.82 (d, J = 7.2 Hz, 2H), 5.24
(s, 2H), 6.00 (d, J = 7.5 Hz, 1H), 7.31−7.37 (m, 2H), 7.38−7.47 (m,
4H). LC−MS m/z 382 [M + H]+.
4-Benzylox-1-cyclopropylmethyl-3-trifluoromethyl-1H-pyri-

din-2-one (45). Methyl 2,2-difluoro-2-(fluorosulfonyl)acetate (0.67
mL, 5.24 mmol) and intermediate 44 were added to a solution of CuI
(0.99 g, 5.24 mmol) in DMF (30 mL). The mixture was heated at 100
°C for 5 h. The cooled mixture was filtered through a Celite pad and
concentrated in vacuo. The crude was purified by flash column
chromatography (silica gel, DCM) to give the desired product 45
(0.76 g, 89%). 1H NMR (500 MHz, CDCl3) δ 0.30−0.41 (m, 2H),
0.56−0.67 (m, 2H), 1.16−1.27 (m, 1H), 3.75 (d, J = 7.2 Hz, 2H), 5.22
(s, 2H), 6.08 (d, J = 7.8 Hz, 1H), 7.31−7.43 (m, 5H), 7.52 (d, J = 7.8
Hz, 1H). LC−MS m/z 324 [M + H]+.
4-Bromo-1-(cyclopropylmethyl)-3-(trifluoromethyl)pyridin-

2-one (46). A solution of 45 (2 g, 6.18 mmol) in ethanol (60 mL) was
hydrogenated (atmospheric pressure) with Pd/C (400 mg) as a
catalyst at room temperature for 2 h. The mixture was filtered through
Celite pad, and the filtrate was evaporated in vacuo. The residue was
dissolved in DMF (28 mL), and phosphorus oxybromide (3.54 g,
12.36 mmol) was added. The mixture was heated at 100 °C for 1 h.
The cooled mixture was partitioned between water and EtOAc. After
three extractions with EtOAc, the combined organic layers were dried
(Na2SO4) and concentrated in vacuo. The crude was purified by flash
column chromatography (silica gel, DCM) to yield 46 (0.769 g, 42%).
1H NMR (400 MHz, CDCl3) δ 0.33−0.49 (m, 2H), 0.57−0.73 (m,
2H), 1.18−1.31 (m, 1H), 3.79 (d, J = 7.40 Hz, 2H), 6.51 (d, J = 7.17
Hz, 1H), 7.47 (d, J = 7.17 Hz, 1H). LC−MS m/z 296 [M + H]+.
4-Bromo-1-(cyclopropylmethyl)pyridin-2-one (47a). Starting

from 43a (2.196 g, 8.6 mmol) and following the procedure described
for 46, compound 47a was obtained (1.82 g, 93%). 1H NMR (400
MHz, CDCl3) δ 0.31−0.44 (m, 2H), 0.55−0.69 (m, 2H), 1.16−1.28

(m, 1H), 3.76 (d, J = 7.2 Hz, 2H), 6.34 (dd, J = 7.2, 2.3 Hz, 1H), 6.82
(d, J = 2.1 Hz, 1H), 7.26 (d, J = 7.2 Hz, 1H). LC−MS m/z 228 [M +
H]+.

4-Bromo-1-isobutyl-pyridin-2-one (47b). Starting from 43b
(6.78 g, 26.35 mmol) and following the procedure described for 46,
compound 47b was obtained (3.5 g, 58%). 1H NMR (500 MHz,
CDCl3) δ 0.93 (d, J = 6.6 Hz, 6H), 2.10−2.20 (m, 1H), 3.70 (d, J = 7.5
Hz, 2H), 6.33 (dd, J = 7.2, 2.3 Hz, 1H), 6.85 (d, J = 2.0 Hz, 1H), 7.08
(d, J = 7.2 Hz, 1H). LC−MS m/z 230 [M + H]+.

4-Bromo-1-butyl-pyridin-2-one (47c). Starting from 43c (2.19
g, 8.5 mmol) and following the procedure described for 46, compound
47c was obtained (1.82 g, 93%). 1H NMR (400 MHz, CDCl3) δ 0.95
(t, J = 7.3 Hz, 3H), 1.36 (dq, J = 15.1, 7.4 Hz, 2H), 1.66−1.75 (m,
2H), 3.89 (t, J = 7.4 Hz, 2H), 6.34 (dd, J = 7.2, 2.1 Hz, 1H), 6.84 (d, J
= 2.3 Hz, 1H), 7.14 (d, J = 7.2 Hz, 1H). LC−MS m/z 230 [M + H]+.

1-(Cyclopropylmethyl)-4-[4-(2-fluorophenyl)-3,6-dihydro-
2H-pyridin-1-yl]-2-oxo-pyridine-3-carbonitrile (48a). Starting
from 41a (0.23 g, 0.91 mmol) and 4-(2-fluorophenyl)-1,2,3,6-
tetrahydropyridine (0.2 g, 1.13 mmol) and following the procedure
described for 10, compound 48a was obtained as a white solid (263
mg, 83%). 1H NMR (400 MHz,CDCl3) δ 0.30−0.43 (m, 2H), 0.53−
0.66 (m, 2H), 1.14−1.26 (m, 1H), 2.71−2.78 (m, 2H), 3.72 (d, J = 7.2
Hz, 2H), 3.91 (t, J = 5.5 Hz, 2H), 4.32 (br q, J = 2.6 Hz, 2H), 5.95 (d,
J = 8.1 Hz, 1H), 5.98−6.02 (m, 1H), 7.02−7.08 (m, 1H), 7.10−7.15
(m, 1H), 7.22−7.28 (m, 2H), 7.35 (d, J = 7.9 Hz, 1H). LC−MS m/z
350 [M + H]+.

1-(Cyclopropylmethyl)-4-[4-(3-fluorophenyl)-3,6-dihydro-
2H-pyridin-1-yl]-2-oxo-pyridine-3-carbonitrile (48b). Starting
from 41a (0.23 g, 0.91 mmol) and 4-(3-fluorophenyl)-1,2,3,6-
tetrahydropyridine (0.2 g, 1.13 mmol) and following the procedure
described for 6, compound 48b was obtained as a white solid (246 mg,
77%). 1H NMR (400 MHz, CDCl3) δ 0.30−0.43 (m, 2H), 0.53−0.67
(m, 2H), 1.14−1.25 (m, 1H), 2.71−2.78 (m, 2H), 3.72 (d, J = 7.2 Hz,
2H), 3.93 (t, J = 5.5 Hz, 2H), 4.30 (q, J = 2.7 Hz, 2H), 5.93 (d, J = 8.1
Hz, 1H), 6.09−6.13 (m, 1H), 6.98 (tdd, J = 8.3, 2.5, 0.9 Hz, 1H), 7.08
(dt, J = 10.5, 2.2 Hz, 1H), 7.15−7.19 (m, 1H), 7.31 (td, J = 8.0, 6.0 Hz,
1H), 7.34 (d, J = 8.1 Hz, 1H). LC−MS m/z 350 [M + H]+.

4-[4-(2-Chlorophenyl)-3,6-dihydro-2H-pyridin-1-yl]-1-(cyclo-
propylmethyl)-2-oxo-pyridine-3-carbonitrile (48c). Starting
from 41a (0.47 g, 1.88 mmol) and 4-(2-chlorophenyl)-1,2,3,6-
tetrahydropyridine (0.4 g, 2.07 mmol) and following the procedure
described for 10, compound 48c was obtained as a white solid (680
mg, 100%). 1H NMR (500 MHz, CDCl3) δ 0.32−0.42 (m, 2H), 0.54−
0.65 (m, 2H), 1.16−1.24 (m, 1H), 2.65−2.71 (m, 2H), 3.72 (d, J = 7.2
Hz, 2H), 3.91 (t, J = 5.5 Hz, 2H), 4.31 (br q, J = 2.9 Hz, 2H), 5.72−
5.75 (m, 1H), 5.94 (d, J = 7.8 Hz, 1H), 7.16−7.20 (m, 1H), 7.21−7.26
(m, 2H), 7.34 (d, J = 8.1 Hz, 1H), 7.36−7.39 (m, 1H). LC−MS m/z
366 [M + H]+.

1-(Cyclopropylmethyl)-4-[4-(2,4-difluorophenyl)-3,6-dihy-
dro-2H-pyridin-1-yl]-2-oxo-pyridine-3-carbonitrile (48d). Start-
ing from 41a (0.67 g, 2.67 mmol) and 4-(2,4-difluorophenyl)-1,2,3,6-
tetrahydropyridine (0.57 g, 2.94 mmol) and following the procedure
described for 10, compound 48d was obtained as a white solid (900
mg, 92%). 1H NMR (500 MHz, CDCl3) δ 0.32−0.42 (m, 2H), 0.54−
0.65 (m, 2H), 1.15−1.24 (m, 1H), 2.71 (br s, 2H), 3.72 (d, J = 7.2 Hz,
2H), 3.90 (t, J = 5.5 Hz, 2H), 4.30 (br q, J = 2.6 Hz, 2H), 5.93 (d, J =
8.1 Hz, 1H), 5.95−5.98 (m, 1H), 6.81 (ddd, J = 11.2, 8.7, 2.6 Hz, 1H),
6.84−6.89 (m, 1H), 7.23 (td, J = 8.7, 6.4 Hz, 1H), 7.34 (d, J = 7.8 Hz,
1H). LC−MS m/z 368 [M + H]+.

1-(Cyclopropylmethyl)-4-[4-(4-fluorophenyl)-4-hydroxy-1-
piperidyl]-2-oxo-pyridine-3-carbonitrile (49). To a solution of 46
(0.77 g, 1.88 mmol) in CH3CN (10 mL) were added 4-(4-fluoro-
phenyl)-piperidin-4-ol (0.369 g, 1.89 mmol) and DIPEA (0.697 mL, 4
mmol). The mixture was heated under microwave irradiation at 140
°C for 30 min. The cooled mixture was evaporated in vacuo. The
residue was taken up in CH2Cl2 and washed with saturated solution of
NaHCO3. The combined organic layers were dried over Na2SO4 and
concentrated in vacuo. The crude was purified by flash column
chromatography (silica gel, silica gel, MeOH−NH3 in CH2Cl2, 0:100
to 2:98); compound 49 was obtained as a white solid (0.53 g, 73%).
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1H NMR (500 MHz, CDCl3) δ 0.32−0.42 (m, 2H), 0.56−0.67 (m,
2H), 1.15−1.24 (m, 1H), 1.60 (br s, 1H), 1.90−1.97 (m, 2H), 2.20
(td, J = 13.2, 4.2 Hz, 2H), 3.66 (td, J = 12.9, 2.2 Hz, 2H), 3.72 (d, J =
6.9 Hz, 2H), 4.09−4.16 (m, 2H), 5.91 (d, J = 8.1 Hz, 1H), 7.07 (br t, J
= 8.7 Hz, 2H), 7.30 (d, J = 7.8 Hz, 1H), 7.44−7.51 (m, 2H). LC−MS
m/z 368 [M + H]+.
1-(Cyclopropylmethyl)-4-(4-phenyl-1-piperidyl)pyridin-2-

one (50a). To a solution of 47a (0.4 g, 1.58 mmol) in toluene (5 mL)
were added 4-phenylpiperidine (0.509 g, 3.16 mmol), Pd(OAc)2
(0.017 g, 0.079 mmol), NaOtBu (0.38 g, 3.95 mmol), and BINAP
(0.073 g, 0.11 mmol). The mixture was heated at 100 °C for 16 h in a
sealed tube. The cooled mixture was partitioned between water and
EtOAc. The crude was extracted with EtOAc (3 × 5 mL), and the
combined organic layers were dried (Na2SO4) and concentrated in
vacuo. The crude was purified by flash column chromatography (silica
gel, silica gel, MeOH−NH3 in CH2Cl2, 0:100 to 1:99); compound 50a
was obtained as brown oil (0.48 g, 98%). 1H NMR (500 MHz, CDCl3)
δ 0.31−0.42 (m, 2H), 0.53−0.64 (m, 2H), 1.19−1.28 (m, 1H), 1.77
(qd, J = 12.7, 3.9 Hz, 2H), 1.89−1.96 (m, 2H), 2.76 (tt, J = 12.1, 3.6
Hz, 1H), 2.96 (td, J = 12.8, 2.2 Hz, 2H), 3.73 (d, J = 7.2 Hz, 2H),
3.90−3.97 (m, 2H), 5.82 (d, J = 2.9 Hz, 1H), 5.98 (dd, J = 7.8, 2.9 Hz,
1H), 7.17−7.26 (m, 4H), 7.30−7.35 (m, 2H). LC−MS m/z 309 [M +
H]+.
1-Isobutyl-4-(4-phenyl-1-piperidyl)pyridin-2-one (50b). To a

solution of 47b (2 g, 8.69 mmol) in toluene (35 mL) were added 4-
phenylpiperidine (1.962 g, 12.16 mmol), Pd(OAc)2 (0.098 g, 0.43
mmol), NaOtBu (2.088 g, 21.72 mmol), and 2,2′-bis (diphenylphos-
phino)-1,1′-binaphthyl (0.406 g, 0.652 mmol). The mixture was
heated at 100 °C for 16 h in a sealed tube. The cooled mixture was
partitioned between water and EtOAc. The crude was extracted with
EtOAc (3 × 5 mL), and the combined organic layers were dried
(Na2SO4) and concentrated in vacuo. The crude was purified by flash
column chromatography (silica gel, silica gel, MeOH in CH2Cl2, 0:100
to 4:96); compound 50b was obtained as a white solid (1.9 g, 65%).
1H NMR (500 MHz, CDCl3) δ 0.93 (d, J = 6.6 Hz, 6H), 1.76 (qd, J =
12.8, 3.5 Hz, 2H), 1.87−1.94 (m, 2H), 2.11−2.21 (m, 1H), 2.74 (tt, J
= 12.1, 3.5 Hz, 1H), 2.94 (td, J = 12.8, 2.5 Hz, 2H), 3.64 (d, J = 7.5
Hz, 2H), 3.88−3.95 (m, 2H), 5.78 (d, J = 2.9 Hz, 1H), 5.93 (dd, J =
7.8, 2.6 Hz, 1H), 7.02 (d, J = 7.5 Hz, 1H), 7.17−7.25 (m, 3H), 7.28−
7.34 (m, 2H). LC−MS m/z 311 [M + H]+.
1-Butyl-4-(4-phenyl-1-piperidyl)pyridin-2-one (50c). To a

solution of 47c (2 g, 8.69 mmol) in toluene (75 mL) were added 4-
phenylpiperidine (2.1 g, 13.038 mmol), Pd(OAc)2 (0.98 g,0.435
mmol), NaOtBu (2.09 g, 21.73 mmol), and BINAP (0.406 g,0.652
mmol). The mixture was heated at 100 °C for 16 h in a sealed tube.
The cooled mixture was partitioned between water and EtOAc. The
crude was extracted with EtOAc (3 × 5 mL), and the combined
organic layers were dried over Na2SO4 and concentrated in vacuo. The
crude was purified by flash column chromatography (silica gel, silica
gel, MeOH−NH3 in CH2Cl2, 0:100 to 4:96); compound 50c was
obtained (1.8 g, 66%). 1H NMR (400 MHz, CDCl3) δ 0.95 (t, J = 7.4
Hz, 3H), 1.31−1.43 (m, 2H), 1.65−1.82 (m, 4H), 1.86−1.95 (m, 2H),
2.74 (tt, J = 12.1, 3.7 Hz, 1H), 2.94 (td, J = 12.8, 2.5 Hz, 2H), 3.84 (t, J
= 7.4 Hz, 2H), 3.88−3.95 (m, 2H), 5.79 (d, J = 2.8 Hz, 1H), 5.95 (dd,
J = 7.7, 2.9 Hz, 1H), 7.06 (d, J = 7.6 Hz, 1H), 7.17−7.25 (m, 3H),
7.28−7.35 (m, 2H). LC−MS m/z 311 [M + H]+.
1-Isopentyl-2-oxo-4-(2-phenylethynyl)pyridine-3-carboni-

trile (51). To a solution of 41d (0.15 g, 0.6 mmol) in THF (6 mL)
were added phenylacetylene (0.064 mL, 0.6 mmol), PdCl2(PPh3)2
(0.02 g, 0.028 mmol), Et3N (0.0787 mL, 2.2 mmol), and PPh3 (0.0037
g, 0.014 mmol). The mixture was degassed for 5 min, and then CuI
(0.0013 g, 0.007 mmol) was added. The mixture was heated at 90 °C
for 10 h in a sealed tube. The mixture was cooled to room temperature
and treated with aqueous Na2S2O4 and CH2Cl2. The layers were
separated, the organic layer was washed with a saturated aqueous
solution of NaHCO3, and the combined organic layers were dried
(Na2SO4) and concentrated in vacuo. The crude was purified by
automated flash column chromatography over silica gel (silica gel,
silica gel, MeOH−NH3 in CH2Cl2, 0:100 to 2:98); compound 51 was
obtained (0.097 g, 60%). 1H NMR (400 MHz, CDCl3) δ 0.97 (d, J =

6.2 Hz, 6H), 1.56−1.71 (m, 3H), 3.94−4.01 (m, 2H), 6.36 (d, J = 6.8
Hz, 1H), 7.36−7.47 (m, 3H), 7.53 (d, J = 7.0 Hz, 1H), 7.59−7.65 (m,
2H). LC−MS m/z 291 [M + H]+.

Biology. Membrane Preparation. CHO cells expressing the
human mGlu2 receptor were grown until they were 80% confluent,
washed in ice-cold phosphate buffered saline, and stored at −20 °C
until membrane preparation. After thawing, cells were suspended in 50
mM Tris-HCl, pH 7.4, and collected through centrifugation for 10 min
at 23 500g at 4 °C. Cells were lysed in 5 mM hypotonic Tris-HCl, pH
7.4, and after recentrifugation for 20 min at 30 000g at 4 °C, the pellet
was homogenized with an Ultra Turrax homogenizer in 50 mM Tris-
HCl, pH 7.4. Protein concentrations were measured by the Bio-Rad
protein assay using bovine serum albumin as standard.

[35S]GTPγS Binding Assay. For [35S]GTPγS measurements,
compound and glutamate were diluted in buffer containing 10 mM
HEPES acid, 10 mM HEPES salt, pH 7.4, containing 100 mM NaCl, 3
mM MgCl2, and 10 μM GDP. Membranes were thawed on ice and
diluted in the same buffer, supplemented with 14 μg/mL saponin
(final assay concentration of 2 μg/mL saponin). Final assay mixtures
contained 7 μg of membrane protein and were preincubated with
compound alone (determination of agonist effects) or together with an
EC20 concentration (4 μM) of glutamate (determination of PAM
effects) for 30 min at 30 °C. [35S]GTPγS was added at a final
concentration of 0.1 nM and incubated for another 30 min at 30 °C.
Reactions were terminated by rapid filtration through Unifilter-96 GF/
B filter plates (Packard) using a 96-well Packard filtermate harvester.
Filters were washed six times with ice-cold 10 mM NaH2PO4/10 mM
Na2HPO4, pH 7.4, and filter-bound radioactivity was counted in a
microplate scintillation and luminescence counter from Packard.

Data Analysis. Data were processed using an internal software
interface and were calculated as the percent of the control agonist
challenge. Sigmoid concentration−response curves plotting these
percentages versus the log concentration of the test compound were
analyzed using nonlinear regression analysis. The EC50 is the
concentration of a compound that causes a half-maximal potentiation
of the glutamate response.The pEC50 values are calculated as the −log
EC50 (wherein EC50 is expressed in mol L−1).

Patch-Clamp Assay. Experiments were performed using HEK293
cells stably expressing the hERG potassium channel. Cells were grown
at 37 °C and 5% CO2 in culture flasks in MEM medium supplemented
with 10% heat-inactivated fetal bovine serum, 1% L-glutamine−
penicillin−streptomycin solution, 1% nonessential amino acids
(100×), 1% sodium pyruvate (100 mM), and 0.8% Geneticin (50
mg/mL). Before use, the cells were subcultured in MEM medium in
the absence of 5 mL of L-glutamine−penicillin−streptomycin. For use
in the automated patch-clamp system PatchXpress 7000A (Axon
Instruments), cells were harvested to obtain cell suspension of single
cells. The extracellular solution contained the following (mM): 150
NaCl, 4 KCl, 1 MgCl2, 1.8 CaCl2, 10 HEPES, 5 glucose (pH 7.4 with
NaOH). The pipette solution contained the following (mM): 120
KCl, 10 HEPES, 5 EGTA, 4 ATP-Mg2, 2 MgCl2, 0.5 CaCl2 (pH 7.2
with KOH). Patch-clamp experiments were performed in the voltage-
clamp mode, and whole-cell currents were recorded with an automated
patch-clamp assay utilizing the PatchXpress 7000A system (Axon
Instruments). Current signals were amplified and digitized by a
multiclamp amplifier, stored, and analyzed by using the PatchXpress
and DataXpress software and Igor 5.0 (Wavemetrics). The holding
potential was −80 mV. The hERG current (K+-selective outward
current) was determined as the maximal tail current at −40 mV after a
2 s depolarization to +60 mV. The pulse cycling rate was 15 s. Before
each test pulse, a short pulse (0.5 s) from the holding potential to −60
mV was given to determine (linear) leak current. After establishment
of whole-cell configuration and a stability period, the vehicle was
applied for 5 min followed by the test substance at increasing
concentrations of 10−7, 3 × 10−7, and 3 × 10−6 M. Each concentration
of the test substance was applied twice. The effect of each
concentration was determined after 5 min as an average current of
three sequential voltage pulses. To determine the extent of block, the
residual current was compared with vehicle pretreatment.
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Sleep−Wake EEG: Animals, Drug Treatment, and Exper-
imental Procedure. All in vivo experimental procedures were
performed according to the applicable European Communities
Council Directive of November 24, 1986 (86/609/EEC) and
approved by the Animal Care and Use Committee of Janssen
Pharmaceutical Companies of Johnson & Johnson and by the local
ethical committee. Male Sprague−Dawley rats (Charles River, France)
weighing 250−300 g were used. Animals were chronically implanted
with electrodes for recording the cortical electroencephalogram
(EEG), electrical neck muscle activity (EMG), and ocular movements
(EOG). All animals were housed in individually ventilated cages under
environmentally controlled conditions (ambient temperature, 22 °C;
humidity, 60%) on a 12 h light/dark cycle (lights on from 12:00 a.m.
to 12:00 p.m., illumination intensity of ∼100 lx). The animals had free
access to food and tap water. The effects of the tested molecule and
vehicle on sleep−wake distribution during the lights-on period were
investigated in 16 rats (n = 8 each group). Two EEG recording
sessions were performed: the first recording session started at 13:30 h
and lasted 20 h following oral administration of saline. The second
recording session was performed during the same consecutive
circadian time and for the same duration following administration of
either vehicle (20% CD + 2H2T) or tested compound. Sleep
polysomnographic variables were determined offline as described
elsewhere using a sleep stages analyzer, scoring each 2 s epoch before
averaging stages over 30 min periods. Sleep−wake state classifications
were assigned on the basis of the combination of dynamics of five EEG
frequency domains, integrated EMG, EOG, and body activity level:
active wake (AW); passive wake (PW); intermediate stage (pre-REM
transients); rapid eye movement sleep (REM); light non-REM sleep
(lSWS); deep non-REM sleep (dSWS). Different sleep−wake
parameters were investigated over 20 h postadministration, and time
spent in each vigilance state, sleep parameters, latencies for first REM
sleep period and the number of transitions between states were
determined.
Statistical Analysis. Time spent in each vigilance state (AW, PW,

lSWS, dSWS, IS, and REMS) was expressed as a percentage of the
recording period. A statistical analysis of the obtained data was carried
out by a nonparametric analysis of variance of each 30 min period,
followed by a Wilcoxon−Mann−Whitney rank sum test of
comparisons with the control group.
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