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A series of 6-aryl-3-pyrrolidinylpyridine analogs was explored as structurally novel negative allosteric
modulators of the mGlu5 receptor lacking an alkyne or oxadiazole moiety. Compounds in this series were
characterized by tractable SAR, good in vitro potencies and brain penetration in rodents.
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L-Glutamic acid (1) is the major excitatory neurotransmitter in
the mammalian central nervous system and is responsible for a
variety of physiological effects acting through a number of recep-
tors.1 These receptors are either ionotropic (iGluRs) or metabotropic
glutamate receptors (mGluRs). iGluRs are ion channels, and have
been divided in three classes based on their selective interactions
with three different ligands: N-methyl-D-aspartic acid (NMDA, 2),
kainic acid (KA, 3) and (S)-2-amino-3-(-3-hydroxy-5-methyl-4-
isoxazolyl)propionic acid (AMPA, 4).
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mGluRs, on the other hand, are coupled to a variety of second
messenger systems via G proteins, thus belonging to the G-protein
coupled receptor family (GPCRs). The main structural feature of all
known GPCRs is their extensive amino acid sequence similarities,
ll rights reserved.
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generating seven a-helical transmembrane domains. GPCRs have
been classified into six distinct classes, identified as A–F.2 How-
ever, from a drug discovery perspective, classes A, B and C have
captured most of the efforts aimed at finding new therapeutic
agents.3

mGluRs belong to class C of GPCRs, together with calcium-
sensing receptors, GABAB receptors, and sweet taste receptors,
among a variety of others. Class C GPCRs are characterized by a
unique molecular pharmacology.4 The so-called orthosteric ligands
of mGlu receptors bind in the extracellular amino-terminal do-
main (Fig. 1). These ligands often suffer from poor selectivity
among mGlu receptor subtypes due to a relatively highly con-
served binding region across the receptor family.5 In the past dec-
ade a number of allosteric sites, those not native to the glutamate
binding site, have been identified for several of the mGlu recep-
tors. In most cases, allosteric binding sites are thought to be in
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the seven-transmembrane spanning region of the mGlu receptors,
and designing ligands that target this region is a strategy that has
been demonstrated to produce selective receptor modulation.6

To date, eight different mGluR subtypes (mGlu1-8) have been
cloned and subsequently expressed in various cell lines. The
mGluRs are further subdivided into three groups based on se-
quence homology, second messenger coupling and pharmacology:
Group 1 (mGlu1 and 5), Group 2 (mGlu2 and 3) and Group 3
(mGlu4, 6, 7 and 8). mGlu5 receptors are principally localized post-
synaptically and couple primarily via activation of members of the
Gq/11 family of G-proteins to phospholipase C-b and, hence, have
been reported to lead to elevation of intracellular calcium ion
levels.3

A number of reports in the literature reviewed the potential
clinical use of novel mGlu5 allosteric modulators.6,7 In the late sev-
enties, fenobam (5) demonstrated clinical efficacy as an anxiolytic
operating through a then unknown, non-benzodiazepine mecha-
nism. Eventually, it was found to be a potent mGlu5 receptor
NAM.8 Although the compound did not progress into late stage tri-
als due to poor pharmacokinetics, the efficacy demonstrated in a
clinical setting propelled investigations seeking novel NAMs of
the mGlu5 receptor. Research intensified upon discovery of tool
compounds like MPEP (6) or MTEP (7), which have shown efficacy
in a variety of preclinical models, including pain, anxiety, L-dopa
induced dyskinesia (LID) and Fragile X Syndrome.9 In addition, a
number of mGlu5 NAMs have entered clinical studies and proven
efficacious in indications such as migraine,10 gastro-esophageal re-
flux disease (GERD),11 Fragile X syndrome,12 and LID.13 Many of
these compounds [e.g., ADX10059 (8), ADX48621 (9), AFQ056
(10)] are characterized by a disubstituted alkyne as a key compo-
nent of the structural motif. The safety and toxicological properties
of this moiety have been questioned for a number of reasons, not
the least of which was the termination of the clinical studies of
ADX10059 for chronic indications due to liver function abnormal-
ities.14 This and our interest in this target and its potential thera-
peutic value motivated us to explore novel mGlu5 chemical
space lacking the alkyne functionality.
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In search of novel chemotypes lacking the alkyne moiety as the
central feature, the 6-aryl-3-pyrrolidinylpyridine series was inves-
tigated as a potential starting point (scaffold A, 11). Conceptually,
this scaffold is related to recently reported lead compounds (e.g.,
1215a and 1315b) and evolved through a scaffold hopping exercise
(Fig. 2). We reasoned that a potential advantage of the pyridine
ring over the oxadiazole system is the possibility of adding substit-
uents in the pyridine ring as a strategy leading to optimized drug
candidates through potency improvements or by modulation of
physicochemical/biochemical attributes. A computational overlay
showed that the optimal Ar and/or Y substituents might not be
identical, since they project differently into space (Fig. 3).16

Based on prior SAR knowledge for mGlu5 receptor NAMs,17 the
initial focus was centered on 3-chlorophenyl derivatives. Scheme 1
depicts the reaction sequence leading to analogs without substitu-
tion on C-4 of the pyridine core. Starting with 6-chloropyridine-3-
carboxaldehyde 14a, the procedure reported by Stetter et al. for the
addition of aldehydes to activated double bonds yielded ketoester
15.18 Reductive amination followed by spontaneous cyclization
afforded lactam 16, which was submitted to a standard Suzuki cou-
pling to yield compound 17. Reduction to pyrrolidine 18 was
accomplished in good yield with BH3�THF complex. Acylation with
an appropriate carboxylic acid in the presence of EDCI and DMAP
provided compounds 11a–11f (Table 1).19

Scheme 2 shows the reaction sequence leading to analogs with
4-methyl or 4-methoxy substitution in the pyridine ring. To that
end, the appropriately substituted 6-chloropyridine-3-carboxalde-
hyde 14b or 14c (R1 = Me or OMe, respectively) underwent a Suzu-
ki coupling to establish the biaryl functionality of the scaffold. The
aldehyde group in 19a or 19b was functionalized to the homoallyl
azide 21a or 21b, respectively, via a Grignard addition of allylmag-
nesium bromide, followed by reactions of alcohols 20a or 20b with
diphenylphosphoryl azide (DPPA). Treatment of intermediate
azides 21a or 21b with dicyclohexylborane (prepared in situ) affor-
ded the pyrrolidine 22a or 22b, respectively, in very good overall
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Figure 1. Schematic representations of the architecture of class A, B and C GPCRs, indicating the spatial relationship between the allosteric and the orthosteric binding sites.
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Figure 3. Low energy conformations overlay for pyridine and oxadiazole scaffolds.
Cyclobutylamide analogs are exemplified. The 3-chlorophenyl groups are projected
into slightly different directions, and the chlorine atoms are separated by ca. 4 Å.
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Figure 2. Series of scaffold hopping operations leading to series A.
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yield. Finally, amide formation with the corresponding carboxylic
acid afforded the desired final products in scaffold A.

Early SAR studies focused on the effects of modifying the amide
substituent R2, as well as exploiting the potential impact of an R1

group in the 4-position of the pyridine ring on basicity and overall
shape. Functional activities were measured by the ability of the
compound to inhibit calcium mobilization caused by an EC80 con-
centration of glutamate in HEK293 cells expressing the human
mGlu5 receptor.20a Binding affinities were determined via dis-
placement by a compound of the allosteric radioligand [3H]-
MPEP.20b Values for relevant compounds are summarized in Table
1.

Pyridine analogs unsubstituted at the 4-position (11a–11f)
showed excellent functional potency and potent binding, the later
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Scheme 1. Synthesis of analogs in scaffold A (R1 = H). Reagents and conditions: (a) NaCN
Na2CO3, DME, water, 70 �C, 73%; (d) BH3�THF, reflux, 78%; (e) R2CO2H, EDCI, DMAP, DCM
being ca. 10-fold shifted (vide infra). Testing of a number of cyclic
amide analogs indicated that ring size of 4 or 5 was preferred over
6, with the pyrazine amide 11e being the most potent compound
among the six-membered heteroaryl amides (data not shown).
Among five-membered heterocyclic rings, the 2-thiazolyl or 5-
thiazolyl moieties were particularly potent (11b and 11c, respec-
tively). Polar surface areas (PSA) and c Log P values were consistent
with those required for optimal design of CNS drugs.21 However,
lipophilic ligand efficiency (LLE) values were relatively low, indi-
cating that further potency increases were needed to afford im-
proved compounds. This was accomplished by substitution on
the pyridine ring.

A methyl group on the 4-position of the pyridine ring led to a
three- to four-fold enhancement in binding affinity and 4–13-fold
increase in functional potency (11h vs 11c, and 11i vs 11d). A 4-
methoxy substituent had 5–30-fold increase in binding affinity
(11s vs 11c, and 11t vs 11f), but changes in functional potency were
modest (one to three-fold for the same two pairs of compounds).
There is precedent for such disconnects between functional and
binding affinity for mGlu5 receptor allosteric modulators.15c These
enhancements in binding affinity may reflect increases in basicity
from the 4-unsubstituted core (pKa 3.5) to the more basic 4-methyl
(pKa 4.1) and 4-methoxy (pKa 5.0) derivatives (Table 1). The 4-
hydroxypyridine 11u and the tertiary alcohol 11v were less potent.
Five- and six-membered heterocyclic amides, as well as cyclobutyl
carboxamides (11p and 11t) were preferred substituents. As previ-
ously noted, among five-membered heterocycles, both 2- and 5-
thiazolyl amides were preferred substituents. Alicyclic five-mem-
bered ring systems were explored, but were not tolerated (e.g.,
11q–r), and six-membered heteroaromatic rings were less potent,
with the notable exception of the 2-pyrazinyl derivative 11j.

In spite of having good binding and functional potency at the
target, physicochemical parameters within the optimal range for
CNS drug candidates and, in some cases, LLE values approaching
5, compounds showed high human microsomal intrinsic clearance
and, in some cases, modest aqueous solubility. Thus, our optimiza-
tion efforts turned to other regions in the scaffold as the structure
activity requirements at the amide region were apparently tight.
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, DMF, rt, 93%; (b) NH4OAc, NaCNBH3, MeOH, rt, 42%; (c) m-Cl-PhB(OH)2, Pd(PPh3)4,
, 70–80%.



Table 1
Structure–activity relationships and physicochemical properties for a series of scaffold A analogs

N

R1

N

O R2Cl

Scaffold A 

Compd R1 R2 c Log P PSA (Å2) IC50 (nM) Ki (nM) LLEa hCLint
b (L/min) Solubilityc (lM) pKa

11a H
S

4.5 33 8 89 3.6 3.0 24 3.6

11b H
S

N
3.5 46 5 140 4.8 3.8 35 —

11c H
S

N
3.5 46 9 110 4.5 1.6 210 3.6

11d H
N O

3.5 59 41 540 3.9 — 100 3.5

11e H

N

N
3.1 59 74 540 4.0 3.3 230 3.4

11f H 3.2 33 23 360 4.4 — 190 —

11g Me
S

N
3.9 46 14 19 4.0 5.2 18 —

11h Me
S

N
3.9 46 2 30 4.8 35 170 4.2

11i Me
N O

4.0 59 3 150 4.5 38 100 4.2

11j Me

N

N
3.1 59 10 120 4.9 3.3 230 4.1

11k Me
N

N
3.1 59 84 180 4.0 5.3 170 —

11l Me
N

N
3.1 59 110 290 3.9 — 240 —

11m Me
N

4.1 46 140 370 2.8 — 160 —

11n Me
N

4.1 46 140 540 2.8 — 200 —

11o Me
N

4.1 46 68 180 3.1 — 200 —

11p Me 3.7 33 11 15 4.3 5.3 140 —

11q Me SO2
2.0 67 1900 7000 3.7 — 220 —

11r Me
N

O

Me

4.0 53 10,000 16,000 1.0 — 240 —

11s OMe
S

N
3.9 55 8 20 4.2 1.7 8.7 5.0

11t OMe 3.6 42 8 12 4.5 — 54 —
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Table 1 (continued)

Compd R1 R2 c Log P PSA (Å2) IC50 (nM) Ki (nM) LLEa hCLint
b (L/min) Solubilityc (lM) pKa

11u OH 3.5 53 680 7800 2.7 — 210 2.8

11v
OH S

N
3.3 66 2400 13,000 2.3 — 12 —

a LLE = pIC50-c Log P.
b Human hepatic blood flow = 1.5 L/min.23

c Kinetic solubility.24
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Scheme 2. Synthesis of analogs in scaffold A (R1 = Me or OMe). Reagents and conditions: (a) m-Cl-PhB(OH)2, Pd(PPh3)4, Na2CO3, toluene, water, 50%; (b) CH2@CHCH2MgBr,
THF, 70%; (c) DPPA, DBU, toluene, 90 �C, 85%; (d) BH3–DMS, cyclohexene, THF, 75%; (e) R2CO2H, EDCI, DMAP, DCM, 30–70%.
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The effect of varying the aryl group on position 6 of the pyridine
core on analogs within scaffold A was investigated next, and the re-
sults are shown in Table 2. At the outset, our goal was to identify a
less lipophilic substituent than the 3-chlorophenyl group, seeking
to improve the overall physicochemical properties in our target
compounds. The only analogs made were those containing the pre-
ferred amides R2 (vide supra). These studies showed that the 3-
chlorophenyl substituent afforded an optimal balance between
in vitro potency at the target and physicochemical properties. A
simple switch to the fluoro analog showed a 10-fold loss of potency
(23a and 23b). The 3-chloro-5-fluorophenyl disubstituted analogs
23e and 23f were about 20 times less potent than the 3-chloro-
phenyl, but five times more potent than the 3,5-difluorophenyl
substituent, further illustrating the preference for the chloro group.
Aqueous solubilities were not improved comparing with the 3-
chlorophenyl analogs. A number of heterocyclic replacements were
explored. The most potent analogs obtained incorporated a 3-
methyl-2-pyridyl group, albeit these were still 10-fold weaker than
the 3-chlorophenyl. While LLE values approached 5 for compounds
23g and 23h, mainly due to their low c Log P, these compounds had
relatively weak potencies.

Seeking to further optimize these analogs in terms of physico-
chemical properties and improving microsomal stability, we ex-
plored the effects of introducing fluorine or hydroxy substituents
on the pyrrolidine ring, while using optimal fragments on the other
regions. These hydroxy- and fluoro-pyrrolidine derivatives were
prepared via a cyanomorpholine intermediate, an acyl anion equiv-
alent, as shown in Scheme 3.22 The cyanomorpholine was prepared
by reacting the previously described aldehyde 19a (R1 = Me) with
morpholine in the presence of sodium cyanide. This intermediate
24 was alkylated with epibromohydrin yielding the epoxide 25,
which was subsequently treated with 7 N methanolic ammonia
at 60 �C. During the course of this reaction, the ketone intermedi-
ate was liberated and spontaneously cyclized to the pyrroline 26.
Sodium borohydride reduction of 26 followed by amide coupling
produced the hydroxypyrrolidine 27 as a ca. 1:1 mixture of diaste-
reomers. Fluorination of intermediate 27 with DAST followed by
amide coupling gave rise to the fluoropyrrolidine 28, also as a
1:1 mixture of isomers. Amidation of 27 or 28 under standard con-
ditions yielded the final amide analogs 29a–f.

The results obtained with this strategy are shown in Table 3.
Hydroxy substitution rendered compounds 29a–c having c log P
values greater than 1 unit lower than the corresponding unsubsti-
tuted analog, bringing the lipophilicity of these compounds closer
to preferred values for CNS drugs.21 Human microsomal intrinsic
clearance was also improved, albeit at the cost of a 10-fold loss
in potency at the target. Fluoro substituted compounds 29d–f
had c log P values similar to the corresponding unsubstituted ana-
logs and also showed weaker in vitro potencies as mGlu5 NAMs. In
vitro clearance and LLE values did not improve.

In order to gain further insight on the structure–activity rela-
tionships of the compounds made, an examination of the pIC50 ver-
sus pKi was undertaken (Fig. 4). A linear relationship between the
functional and binding potencies of these analogs was observed,
showing that under the assay conditions used for these in vitro
screens the binding affinity Ki was consistently shifted ca. one
log unit to the right (weaker values) compared to IC50 values. High
potency was achieved with compounds having c Log P values in the
3.5–4.5 range. Compounds with LLEs near five were obtained with
c Log P values more appropriate for CNS drugs, albeit their potency
was weak. This indicated the lead optimization within this series
required the need for a compromise between potency and lipophil-
icity, and limited the potential scope of this scaffold.

Based on the argument above and the balanced properties
shown for racemic 11g (Table 1), we selected this compound for
resolution and further in vivo brain and plasma exposure studies



Table 2
Structure–activity relationships and physicochemical properties for a series of scaffold A analogs

NAr

N

O R2

Compound Ar R2 c Log P PSA (Å2) IC50 (nM) Ki (nM) LLEa Solubilityb (lM)

23a
F S

N
3.4 46 30 110 4.1 100

23b

F

N

N
2.6 59 120 1100 4.3 52

23c

F

F

S

N 3.5 46 570 360 2.7 69

23d

F

F
N

N

2.7 59 2000 2400 3.0 77

23e

F

Cl

S

N 4.1 46 74 150 3.0 —

23f

F

Cl
N

N

3.3 59 390 800 3.1 54

23g
N

S

N
2.3 59 120 840 4.6 —

23h N
N

N
1.5 72 370 — 4.9 170

a LLE = pIC50-c Log P.
b Kinetic solubility.24
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Scheme 3. Synthesis of substituted pyrrolidine analogs. Reagents and conditions: (a) morpholine, NaCN, PTSA, THF, 90%; (b) NaH, epibromohydrin, DMF, 60%; (c) NH3, MeOH,
reflux, 40%; (d) NaBH4, EtOH, H2O, 99%; (e) DAST, DCM, 26–58%; (f) R2CO2H, EDCI, DMAP, DCM, 30–50%.
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Table 3
Structure–activity relationships and physicochemical properties for a series of substituted pyrrolidines

N

N

O R2

R1

Cl

Compd R1 R2 c Log P PSA (A2) IC50 (nM) Ki (nM) LLEa hCLint
b (L/min)

29a OH
S

N
2.7 66 80 230 4.4 0.9

29b OH 2.8 53 320 570 3.7 —

29c OH

N

N
1.9 79 320 3000 4.6 1.6

29d F
S

N
3.9 46 94 100 3.1 7.1

29e F 3.7 33 140 130 3.2 —

29f F

N

N
3.1 59 120 260 3.8 2.6

a LLE = pIC50-c Log P.
b Human hepatic blood flow = 1.5 L/min.23

J. M. Weiss et al. / Bioorg. Med. Chem. Lett. 21 (2011) 4891–4899 4897
on the preferred enantiomer, once identified. Upon resolution, we
found that mGlu5 activity resided essentially in one enantiomer,
the absolute configuration of which has been arbitrarily assigned.
The eutomer obtained from the chiral chromatographic separation
(compound 30) showed an eudismic ratio of 46 and was potent in
both binding and functional mGlu5 assays (Ki = 12 nM and
IC50 = 17 nM, respectively), had good aqueous solubility at pH 7.4
(44 lg/mL), and reasonable passive membrane permeability (PAPP

of 15 � 10�6 cm/s, estimated using a PAMPA assay). Experimental
Log D7.4 was 4.3, in line with high rat and human plasma protein
binding (rPPB = 99.5% and hPPB = 99.6%, respectively) and a low
rat brain free fraction (UBBR = 0.7%). A single dose–exposure study
in Sprague–Dawley rats revealed that 1 h after an oral dose of
10 mg/kg (formulated in 20% w/v aqueous b-hydroxypropylcyclod-
extrin), 30 had moderate plasma and brain concentrations, and a
brain/plasma ratio of 0.8. Free drug concentrations of 30 in plasma
and brain (both 1 nM) were similar to its CSF concentration (3 nM),
albeit below the mGlu5 NAM IC50 or Ki values at this oral dose, a
likely consequence of extensive hepatic metabolism.
Compd Structure IC50 (nM) Ki (nM) LLEa Brain (nM) Plasma (nM) CSF (nM) rPPBb (%) rUBBR
c (%)

30
N

N

O
Cl

N

S 17 12 3.9 133 162 3 99.5 0.7

a LLE = pIC50-c Log P.
b Rat plasma protein binding.25

c Rat brain free fraction.25
Additional exploration of pharmacokinetic properties of multi-
ple derivatives in this series did not afford the appropriate periph-
eral or central drug exposure profiles to support once daily oral
administration in human. The strategy of exploring alternate im-
proved scaffolds is ongoing.

In summary, while several mGlu5 NAMs have achieved clinical
proof-of-concept for a number of indications, the discovery of no-
vel chemotypes lacking the alkyne functionality remains a chal-
lenge. We discovered a series of 6-aryl-3-pyrrolidinylpyridines as
structurally novel, non-alkyne negative allosteric modulators of
the mGlu5 receptor. Functional and binding potency correlate well
in the in vitro screens used, SAR was found to be tractable, and the
switch to either positive or silent (PAMs or SAMs, respectively)
allosteric modulators reported in other series has not been ob-
served in this chemotype.15b,c At the amide moiety, five-membered
heterocycles are preferred, while the 3-chlorophenyl group ap-
pears to be preferred and difficult to replace. Substitution in the
4-position of the pyridine core with a methyl or methoxy group
yielded compounds with superior in vitro potency, and reasonable
CNS partition profiles and physicochemical properties. Further-
more, the SAR observed in these pyridine derivatives matches
observations recently reported for related five-membered hetero-
cyclic ring systems (e.g., oxadiazoles and tetrazoles).15a,b Follow



Figure 4. Representation of pIC50 versus pKi for analogs in Tables 1–3.
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up efforts expanding the six-membered heterocyclic central ring to
diverse heterocyclic systems will be reported in future
communications.
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CLint ¼ 0:693� 1
T1=2ðminÞ �

g liver weight
kg body weight

� mL incubation
mg microsomal protein

�mg microsomal protein
g liver weight

� kg body weight
where, liver weight is 20 g/kg in human and 45 g/kg in rat, and body weight is 70 kg
for human and 250 g in rat. In this equation, it was assumed that 1 g of liver contains
45 mg of microsomal protein and the binding of the drug to microsomal proteins
was assumed to be zero, hence the unbound drug fraction, fu,mic = 1.
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