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Abstract

We report the synthesis of four series of 3,5-disubstituted-phenyl ligands targeting the
metabotropic glutamate receptor subtype 5: (2-methylthiazol-4-yl)ethynyl (1a-,), (6-
methylpyridin-2-yl)ethynyl (2a-), (5-methylpyridin-2-yl)ethynyl (3a,), and (pyridin-2-
ylethynyl (4a—,). The compounds were evaluated for antagonism of glutamate-mediated
mobilization of internal calcium in an mGIuRS5 in vitro assay. All compounds were found to be
full antagonists and exhibited low nanomolar to subnanomolar activity.
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It is well established that glutamate is the main excitatory neurotransmitter in the central
nervous system (CNS) and acts through two classes of receptors. Fast excitatory
transmission at glutamate synapses is mediated by the ligand-gated ionotropic receptors
(iGIuRs), consisting of a-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid (AMPA),
kainate (KA), and A-methyl-o-aspartate (NMDA) receptors. iGIuRs are permeable to both
potassium and sodium, and in the case of NMDA receptors and some AMPA receptors,
calcium ions.12 In contrast, metabotropic glutamate receptors (mGIuRs) mediate slower
responses through G-proteins, coupled to various transduction cascades.? Group | mGIuRs
(mGIuR1 and 5) are positively associated with phospholipase C via Gg11 proteins, leading
to phosphoinositide hydrolysis and formation of two intracellular second messengers:
inositol triphosphate (IP3), which induces intracellular Ca2* release, and diacylglycerol
(DAG), which can activate protein kinase C. The mGIuR subtypes belonging to Group |1
(mGIuR2 and 3) and group 111 (mGIluR4, 6, 7 and 8) are negatively coupled to adenylate
cyclase via Gjjq proteins and will therefore decrease the intracellular concentration of
cAMP.34 In addition, glutamate can, through the mGIuRs, modulate excitatory (AMPA and
NMDA) and inhibitory (GABA) signaling pathways as well as other ion channel
receptors.>~” Modulation of mGIuRS5 through the action of specific antagonists has potential
for treatment of various CNS related diseases. In rodent models of Parkinson’s disease (PD),

© 2011 Elsevier Ltd. All rights reserved.
"Corresponding author. Tel.: +1 203 401 4310; fax: +1 203 401 4301. dalagille@indd.org, dalagille@mnimaging.com. .

Supplementary data Supplementary data (experimental details for the synthesis and characterization of 7; 8; 9a—j; 1a,b,c,d,e,g,h,ij;
2a,b,c,d,f; 3a,b,c,d,e and 4a,b,c,d,f,g,h) associated with this article can be found, in the online version, at doi:10.1016/j.bmcl.
2011.04.047.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Alagille et al.

Page 2

the selective mGIUR5 antagonist 2-methyl-6-(phenylethynyl)-pyridine® (MPEP, Fig. 1) has
been shown to elicit a neuro-protective effect and attenuates both dyskinesia (L-DOPA-
induced) and akinesia (6-OHDA induced).®-11

The finding that antidepressant treatments change the mGIuRS5 receptor expression in rat
hippocampus!2 prompted investigations to relate mGIuR5 and affective disorders (anxiety
and depression). Both MPEP and 3-[(2-methyl-1,3-thiazol-4yl)-ethynyl]-pyridine (MTEP,
Fig. 1), a more selective and potent mGIuR5 antagonist, show antidepressant-like activity in
mouse and rat forced swim test, with an interesting synergistic effect with the tricyclic
antidepressant imiprimine.13.14

Both peripheral and central mGIuR5 receptors are implicated in pain transmission!® and
MPEP was recently shown to dose-dependently attenuate pain in a rat post-operative model
of pain (MPEP EDsg = 15 mg/kg ip; morphine EDsq = 1.3 mg/kg sc).16

The absence of reinforcing and locomotor stimulant effects of cocaine in mGIuR5 null
mutant mice was pivotal to link mGIuR5 and addiction.1’ Since then, MPEP has been shown
to attenuate cocaine self-administration, cocaine-induced reinstatement of drug seeking, and
the discriminative stimulus effects of cocaine at doses that did not markedly impair motor
function or operant behavior.18 In the same manner, MPEP seems to decrease the
reinforcing effects of ethanol in self-administrated mice!® and rats20, but divergent results
have been obtained in models of nicotine and morphine addiction.21-23

These reports highlight the need for potent mGIuR5 antagonists as therapeutic drugs and as
radiotracers for clinical imaging studies. Among the radiotracers available to image mGIuR5
receptors in vivo, the most studied is [18F]F-PEB ([18F]4d), which has shown excellent
results in non human primates;242% however, this tracer suffers from the relatively short
half-life of 18F (110 min), limiting its use to centers near a cyclotron facility. Other
radiohalogens, such as 1231 (73, 13.2 h), /8Br (71 16.2 h) and 7Br (712 55.9 h), have
longer physical half lives, but because of limitations in availability and matching of
radiation properties to imaging equipment, radioiodine is favored over radiobromine.28 In
our efforts to develop new iodinated radiotracers that can be used with the 1231, we explored
the structure—activity relationship between four groups of pyridyl and thiazolyl-ethynyl-3,5-
disubstituted-phenyl derivatives and their mGIuR5 antagonist properties. Ex vivo saturation
experiments in rat reveal a density of mGIuR5 receptors ranging from 21 nM in the
hypothalamus to 83 nM in caudate/putamen?’ (fmol/mg tissue = nM, assuming a specific
gravity of 1 for the tissue and homogeneous distribution in the region of interest). It is
generally accepted that a ratio Bmax/ Kg >>1 is required to obtain a good imaging agent,
which leads in the case of mGIuR5 to compounds with an affinity of at least 2-5 nM. Low
non specific binding is also a criterion for good radiotracer and is often associated with low
lipophilicity; as a general rule, a value of Log A<3 usually leads to low non specific binding
(higher values are acceptable for tracers with high Byax/ Ky ratio). Log Pvalues <1 are
usually too polar to penetrate the blood—brain-barrier and therefore render the tracer useless
for brain imaging. Similarly, compounds that are substrates of the brain p-glycoprotein
efflux pump (P-gp) will not achieve sufficient brain levels for imaging.

The same synthetic methodology was used in the preparation of the four different structural
series and is exemplified in Scheme 1. The pyridylethynyltrimethylsilyl derivatives 6-8
were prepared by Sonogashira coupling reaction between the desired bromopyridine and
trimethylsilylacetylene using bis(triphenylphosphine)palladium(ll) chloride as catalyst and
triethylamine as both base and solvent. The thiazole analog 5 was prepared from
chloroacetyl chloride as previously reported.28 The 3,5-disubstituted phenyl bromide or
iodide derivatives 9a— were either commercially available (9i and j) or were synthesized
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using two different approaches (Scheme 2). The first one involves the introduction of a
cyano group by dehydration of the corresponding amide with thionyl chloride, in which case
the starting materials were the commercially available benzoic acids (9a,d,ef). The second
approach involves the introduction of one or two halogens using the ortho-directing effect of
commercial aniline, followed by deamination via the diazonium salt (9b,c,g,h). The target
compounds 1-4 were obtained using a one-pot modified Sonogashira cross-coupling
reaction, in which the trimethylsilylacetylenes 5-8 were desilylated in situ with
tetrabutylammonium fluoride (TBAF) and underwent cross-coupling with the phenyl
bromide or iodide 9a—j. This reaction is usually carried out at 60 °C, but in the case of the
di- or tri-halogenopheny! derivatives (9b,h,i,j) the reaction was performed at room
temperature in order to limit formation of bis coupling adduct.

The recently disclosed compounds F-MTEB and F-PEB24:25.28 (Fig. 1) represented a major
step in the development of highly potent and selective mGIuR5 antagonists. We
hypothesized that the increase in activity of those compounds could be attributed to the
favorable presence of the 3,5-disubstitution on the phenyl ring. In order to test this
hypothesis, we synthesized disubstituted compounds in four series previously shown to give
potent mGIURS antagonist: thiazolyl series 1, 6-methylpyridyl series 2, 5-methylpyridyl
series 3, and pyridyl series 4. The choice of 3,5-substitution was dictated by our previous
work showing good antagonist activity for compounds monosubstituted at position 3 bearing
a nitro, halo or cyano group.2%30 Compounds were evaluated for antagonism of glutamate-
mediated mobilization of intracellular calcium3® in cultured human embryonic kidney cells
(HEK-293) expressing rat mGIuRS5 receptors (Table 1). All compounds had full antagonist
properties at the mGIuRS5 receptor, with good to excellent activity (3b =7.3 nM to 3d = 0.32
nM), indicating tolerance for the different 3,5-disubstitution patterns. The combination of
cyano and nitro (group a) as 3,5-disubstitents seems to be less favorable, with values in all
four series averaging 2.5 nM, followed by iodo/nitro (group h) in series 1 and 4 averaging
1.9 nM, followed by cyano/chloro (group c) averaging 1.27 nM in all four series. No simple
trend appeared in the four series; the average activities gave the following group ranking: 4
(0.97 nM) > 1 (1.42 nM) = 2 (1.49 nM) > 3 (2.51 nM). However the classification of group
4 the best and 3 the worst is not totally satisfying, since series 3 contained both the most
potent antagonist (3d, 1Csg = 0.32 nM) and the least potent (3b ICgg = 7.36 nM).
Comparison of groups b versus e (NO,/Br vs CN/Br), g versus d (NOy/F vs CN/F) as well
as h versus f (NO2/1 vs CN/I) indicate the feasibility of substitution of the cyano group by a
nitro, leading to compounds with generally better or equal activity (except 4h and 3b).
Compounds of series 1 were further evaluated in a competition binding assay32 with
[3H]methoxy-PEPY on rat mGIuR5-HEK293A cells membrane (Table 2). All tested
compounds had binding affinity in the low nanomolar to subnanomolar range. The best
compounds in this series bore a cyano group (1c K; =0.12 nM and 1e K; = 0.10 nM) but
subnanomolar binding affinity was also observed without the presence of the cyano group,
as exemplified by compounds 1b, 1g, and 1j (Kj = 0.3-0.9 nM); all those compounds have
sufficient affinity for potential application as mGIuRS5 brain imaging agents (defined as
Bmax! Kq >>1). Substitution with an iodo group led in both cases (CN/I 1f, NO,/I 1h) to
compounds with the lowest binding affinity. The calculated lipophilicity of those compound
is relatively high, ranging from cLog P=2.72 (4a) to 5.47 (1j), however those values are
only estimates of the lipophilicity; the experimental value of compound 2a Log D= 2.30 is
well below its calculated value ¢ Log £=5.16 and we therefore estimate that most of these
compounds exhibit a lipophilicity appropriate for brain imaging application. None of the
compounds have been evaluated as P-gp substrate but their structural resemblance to MPEP,
MTEP, F-PEB, and F-MTEB (which are not P-gp substrates) is a good indicator of low
chances of being a P-gp substrate for the new compounds.
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summary, we synthesized 3,5-disubstituted phenylethynyl compounds in four series. All

compounds are potent mGIuR5 full antagonists. We demonstrated the apparent equivalency
between the cyano and nitro group as one of the 3,5-substituents. Specific trends are difficult

to

draw since each series seems to lead to different favorable 3,5-substitutents profile

(compounds 1g, 2b, 3d, and 4b were the best ligands in each series). The high-affinity
compound 1e might find application for imaging with 7’Br or 7®Br, but this would not be as
widely applicable as a radioiodinated ligand. Among the compounds bearing an iodine 1h,

1f

, 2f, 4f have promising in vitro potency, but the preliminary binding results (1f, 1h) shows

a relatively low affinity which might impair their use as SPECT imaging agents.
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Rat mGIuR5-HEK293A cells were loaded with calcium-sensitive dye according to the
manufacturer’s instructions (Calcium 3 kit; Molecular Devices, Sunnyvale, CA) after incubation in
glutamate/glutamine-free Dulbecco’s Modified Eagle Medium (DMEM; Invitrogen) containing
10% dialyzed fetal bovine serum for 5 h. Compound A (1 ml) from Calcium 3 kit was dissolved in
20 ml of 1x Hanks’ balanced salt solution (HBSS; Invitrogen) containing 2.5 mM probenecid
(Sigma), adjusted to pH 7.4. Cells were loaded for 50 min at 37 °C with 5% carbon dioxide. Dye
was then carefully removed and cells were washed with HBSS containing probenecid. Cells were
maintained in the same buffer at room temperature for the following assay. Test compound was
added 5 min before the manual addition of glutamate. Glutamate was added at a speed of 52 pL/s
and calcium flux was measured using a Flexstation 11 (Molecular Devices) at 25 °C. All of the
peaks of the calcium response were normalized to the maximum response to a saturated dose of
glutamate (10 pM). 1 uM glutamate was used to generate ECgg response, allowing for a response
varying from 70% to 90% of the maximum. ECsq values were calculated from nonlinear curve
fitting using GraphPad Prism v. 4.01 and of three separate experiments, presented as the mean +
standard error of the mean (SEM).

mGIuR5 binding assay was determined by measuring the displacement by test compounds of
[3H]methoxy-PEPY from rat mGIuRS5 receptor on membranes prepared from stable rat mGIuR5-
HEK293A cells. 2 nM [3H]meth0xyPEPY was incubated with membrane (10 pg/well) in the
binding buffer (50 mM Tris/0.9% NaCl, pH 7.4) with the presence or absence of test compound at
room temperature for 1 h with shaking. The membrane-bound ligand was separated from free
ligand by filtration through 96-well glass—fiber filter plates (Unifilter-96 GF/B; PerkinElmer Life
and Analytical Sciences, Boston, MA) and washed three times with binding buffer (Brandel Cell
Harvester; Brandel Inc., Gaithersburg, MD). Scintillation fluid (30 yL) was added to each well and
the membrane-bound radioactivity was measured by liquid scintillation counting (TopCount;
PerkinElmer Life and Analytical Sciences). Nonspecific binding was estimated using 5 yM MPEP.
The inhibition constant Kj was calculated from ICgg, which was obtained from nonlinear curve
fitting by GraphPad Prism v. 4.01 from three separate experiments in duplicates.

Bioorg Med Chem Lett. Author manuscript; available in PMC 2013 November 13.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Alagille et al.

X S
- |
NT . NT S
RS R N
MPEP MTEP | P
N
N S
| |
N
N X CN X CN
F-PEB F-MTEB
F F
4d

Figure 1.
Selected mGIuR5 antagonists described in the literature.
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Scheme 1.
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Synthesis of compounds 1, 2, 3, and 4. Reagents and conditions: (a) trimethylsilylacetylene,
PdCI,(PPh3),, Et3N; (b) 9a, PACI,y(PPh3),, EtsN, TBAF, DMF, 60 °C or rt; (c) see Ref.

20.
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X:NOZY:F
X
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Scheme 2.
Synthesis of compounds 9a—h. Reagents and conditions: (a) (i) SOClI,, reflux, (ii) NH4OH;
(b) SOCI,, reflux; (c) Bry, AcOH, 50 °C; (d) isoamy!l nitrite, DMF, 50 °C.
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Table 1

Inhibition of MGIuR5 glutamate-mediated calcium mobilization?, ¢ Log A%, and Log D°

a(CN/NOy) b (NOy/Br) ¢ (CN/CI) d (CN/F) e(CN/Br)
1
1Cs 263+0.26 0.73+x0.22 161+049 189%038 1.06 +0.36
clLog P 3.47 4.85 4.40 4.00 4.67
2
IC%0 368+166 063+025 1.22+044 1.22+0.14
cLog P 3.18 457 4.36 3.96
3
1Csg 2.64£0.38 736+417 122+022 032+0.01 1.02+0.61
cLog P 3.14 452 414 3.74 4.41
4
ICso 132+0.03 039+007 1.03+0.88 0.66+0.22
clLog P 2.72 4.10 3.65 3.25

f (CN/) g (NO,/F) h (NOy/1) i (Br/F) j (Br/Br)
1
1Cs 105+0.24 061+022 175+033 111+0.19 145+0.32
clLog P 5.20 4.10 5.26 4.80 5.47
2
1Cs 0.71+0.16
clLog P 5.16
Log D¢ 2.30
4
1Cs 066+0.31 0.66%032 209+0.22
clLog P 4.45 3.35 451
Literature values MPEP MTEP F-PEB F-MTEB
ICs 2.0% 5.0% 0.66+0.2?%8 1.45+0.5%
clLog P 3.06 2.47 3.25 4.00

a . . .
1C50 values are expressed as mean + S.E.M (nM) of at least three independent experiments. In this assay MPEP IC5( = 2.93 nM.

bc Log Pvalues are calculated using ChemDraw Ultra 10.0.

CLog Dis the partition coefficient of [123I]2f in octanol/phosphate buffer pH 7.4.
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Table 2

Competition binding affinity (4, nM) of compounds 1a- using [H]methoxy-PEPY. Values are expressed as
mean £ S.E.M. (nM) of at least three independent experiments?

1 alCNINO,) b (NO./Br) c(CN/Cl) d (CN/F) e (CN/Br)
036001 093002 0127+0038 036009  0.106:0.023

1 f(CN/I) g (NOy/F) h (NO,/I) i (Br/F) j (Br/Br)
2.14+0.82 030+0.02 1.84+0.47 1.06 + 0.90 0.69 +£0.28
Literature MPEP MTEP F-PEB F-MTEB
values
K; 1224 1624 0.20 £0.012  0.08 +0.022%8

In this assay MPEP Kj = 18.7 nM.
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