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Abstract

In recent years, mGluy has received great research attention because of the potential benefits of
mGluy activation in treating numerous brain disorders, such as Parkinson’s disease (PD). A
specific mGluy PET radioligand could be an important tool in understanding the role of mGluy in
both healthy and disease conditions, and also for the development of new drugs. In this study, we
synthesized four new N-(methylthiophenyl)picolinamide derivatives 11-14. Of these ligands, 11
and 14 showed high in vitro binding affinity for mGlu, with 1Cgq values of 3.4 nM and 3.1 nM,
respectively, and suitable physicochemical parameters. Compound 11 also showed enhanced
metabolic stability and good selectivity to other mGIuRs. [1C]11 and [*1C]14 were radiolabeled
using the [*1C]methylation of the thiophenol precursors 20a and 20c¢ with [11C]CH3l in 19.0% and
34.8% radiochemical yields (RCY), and their specific activities at the end of synthesis (EOS) were
496 + 138 GBg/umol (n=6) and 463 + 263 GBg/umol (n=4), respectively. The PET studies
showed that [11C]11 accumulated fast into the brain and had higher uptake, slower washout and
25% better contrast than [11C]2, indicating improved imaging characteristics as PET radiotracer
for mGlu, compared to [11C]2. Therefore, [*1C]11 will be a useful radioligand to investigate
mGluy in different biological applications.
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As the most abundant excitatory neurotransmitter in the central nervous system (CNS) of
vertebrates, L-glutamate mediates more than 50% of all synapses.!: 2 Metabotropic
glutamate receptors (mGIuRs) and ionotropic glutamate receptors (iGIuRs) are two major
classes of glutamate receptors. The mGIuRs belong to the class C G protein-coupled
receptors (GPCR) superfamily, which have a distinct large extracellular N-terminus. The
mGIuRs can be further divided into three subgroups including eight known receptor
subtypes (group I: mGlu; and mGlus, group Il: mGlu, and mGlug, and group I11: mGlug,
mGlug, mGluy and mGlug) based on their structural similarity, ligand specificity, and
preferred coupling mechanisms.3 The mGIuRs have distinctive biodistribution in CNS
depending on subtypes and subgroups and are involved in glutamate signaling in almost
every excitatory synapse in CNS.4

In recent years, mGluy has received a lot of research attention because of the potential
benefits of mGluy activation in treating several brain disorders, such as Parkinson’s disease
(PD).>7 As a group 11l mGIuR, mGluy interacts with the G subunit of G-protein which
negatively couples with adenylate cyclase to inhibit cCAMP dependent signal pathways.8 ©
The mGluy is expressed at multiple synapses throughout the basal ganglia, mainly localized
presynaptically and expressed in the striatum, hippocampus, thalamus, and

cerebellum.3: 10. 11 |ts activation reduces neurotransmitter release, a mechanism implicated
in the pathophysiology of PD. The activation of mGluy, can be accomplished by two
different mechanisms: orthosteric agonists (competing with L-glutamate at the extracellular
N-terminal’s Venus Flytrap Domain) or noncompetitive positive allosteric modulators
(PAMS). Previous orthosteric ligands of mGluy lack clear subtype selectivity and blood-
brain barrier (BBB) penetration. However, noteworthy examples of selective and brain
penetrant orthosteric agonists such as LSP4-2022 exist.12 13

Much recent effort has been focused on the development of allosteric modulators, which
target the seven-transmembrane spanning domain. In particular, the allosteric modulation of
mGluy has prompted intense interest after (—)-PHCCC (1), a partially selective mGluy PAM,
was discovered and demonstrated activity in models of neuroprotection and PD.14 There has
been substantial progress in identifying PAMs for mGluy, and hundreds of mGlus PAMs
have been reported and/or patented since 2009.5 15 16 Fig. 1 shows representative mGluy
PAMs.5: 15, 17-20 gyhsequent results with mGlus PAMs have further validated the
antiparkinsonian activity in animal models of PD.11: 19 21-24 Thjs approach has opened a
new avenue for developing nondopaminergic treatments for PD and for identifying novel
disease modifying therapeutics.

Bioorg Med Chem Lett. Author manuscript; available in PMC 2017 January 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kil et al.

Page 3

As a noninvasive medical and molecular imaging technique and a powerful tool in
neurological research, positron emission tomography (PET) offers a possibility to visualize
and analyze the target receptor expression under physiological and pathophysiological
conditions. PET has mostly been used to detect disease-related biochemical changes before
the disease-associated anatomical changes can be found using standard medical imaging
modalities. Moreover, PET radiotracers serve as invaluable biomarkers during the
development of potential therapeutic drugs. Thus, extensive research effort has been directed
towards the development of PET radioligands suitable for probing mGlu; and mGlus, in
which many PET radiotracers have been reported and several of which, such as
[18F]FIMX?25 for mGluy, and [18F]FPEB26:27, [18F1SP20328 and [11C]ABP6882° for mGlus,
have been advanced for human clinical trials.

Although many PET probes have been developed for mGlu; and mGlug, mGluy still lacks
useful PET radioligands for clinical study. A specific mGlu, PET radioligand could be an
important tool for understanding the role of mGlug in healthy and disease conditions, and
also for the development of new drugs targeting this receptor. Recently, we reported a
carbon-11 labeled PET radioligand [*1C]230 and a fluorine-18 labeled PET radioligand
[18F]1831 (Fig. 2). These compounds exhibited some favorable features as PET radioligands
such as fast uptake into the brain and specific accumulation in mGlug-rich regions of the
brain. However, in comparison to one of the best mGlus PET radiotracers [18F]FPEB26: 27,
these compounds showed decreased retention time in the brain, which may affect the quality
of imaging. The results indicate that the affinity and metabolic stability of this class of
radiotracers need further optimization.

Thus, we have carried out the structure-affinity relationship (SAR) study of a series of new
N-phenylpicolinamide derivatives.3? It was then discovered that the 3-methylthio group was
superior to the 3-methoxy group for mGluy affinity by comparing compounds 9 (IC50=13.7
nM) and 10 (IC59=4.9 nM), showing a 2.8 fold enhancement in affinity. Metabolic stability
was considered one of the major issues for ML128 (2), in which the 3-methoxy group was
recognized as the metabolic soft group. As the N-methylthiophenyl derivatives may have a
different metabolic profile from the corresponding N-methoxyphenyl analogs, it is
interesting to understand its effect on the metabolic stability of the picolinamide derivatives.
Based on these reasons, we extended our SAR study to four new N-
(methylthiophenyl)picolinamide derivatives 11-14 (Fig. 3).

Compounds 11 and 12 have a Cl- or F-substitution at the 4-phenyl position, respectively, in
which the same substitutions have enhanced the affinity for N-(3-
methoxyphenyl)picolinamide and they may have a similar effect for N-(3-
(methylthio)phenyl)picolinamide. The 4-phenyl position of the N-phenylpicolinamide was
tolerated with a relatively large substitution as demonstrated in compounds 6 and 7, so we
synthesized compounds 13 and 14, which are the regioisomers of 10 and 11, respectively.
Furthermore, these compounds can be easily radiolabeled by carbon-11 on the thiomethyl

group.

Since poor BBB permeability and high nonspecific binding (NSB) are among the frequent
causes for failure in CNS PET radioligand development, it is necessary to consider some
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important physicochemical parameters such as MW, cLogP, tPSA, and HBD at the design
stage. It has been proposed that more desirable ranges for CNS drugs are tPSA < 90; HBD <
3; 2 < cLogP < 5; and MW < 450.33 As shown in Fig. 3, these compounds possess favorable
physicochemical parameters, making them good candidates for CNS ligand development.

The syntheses of compounds 11-14 are illustrated in Scheme 1. Compounds 11 and 12 were
synthesized in six steps (Scheme 1a). 5-Amino-2-halo-thiophenol (17a and 17b) were
prepared by the chlorosulfonylation of 4-halo-nitrobenzene (15a and 15b) followed by
tin(I) chloride mediated reduction in acidic media. To prevent nucleophilic attack on the
thiol group during the amide coupling reaction, 17a and 17b were oxidized to form a
disulfide bond. The resulting amino-dimer 18a and 18b were coupled with picolinic acid or
its acid chloride under the corresponding amide coupling conditions to give 19a and 19b.
The disulfide bond in 19a and 19b was reduced using either sodium borohydride or tris(2-
carboxyethyl)phosphine hydrochloride (TCEP'HCI) to give the corresponding thiophenol
derivatives, 20a and 20b, respectively. 20a and 20b were methylated using iodomethane
(CHgl) in presence of potassium carbonate (K,CO3) or diisopropylethylamine (DIPEA) to
give 11 and 12, respectively. Compound 13 was synthesized by an amide coupling reaction
between acid chloride of picolinic acid and aniline 21 in 60% yield (Scheme 1b). Compound
14 was synthesized from 22 in four steps. 22 was derivatized with ammonium thiocyanate to
give 23 in 65% yield. Picolinic acid was converted to acid chloride and then coupled with 23
to form amide 24 in 88% yield. The nitrile group in 24 was removed by sodium borohydride
to give 20c in 75% yield. The methylation of 20c was carried out using CH3l and K,CO3 to
give 14 in 28% yield (Scheme 1c).

Compounds, 2 and 9-14, were evaluated with competitive binding studies using mGlug
transfected CHO cells by increasing the concentration of test materials from 0.01 nM to 10
UM in the presence of 2 nM of [3H]2.31 As shown in Table 1, the 1Csq values of 11 and 14
are 3.4 and 3.1 nM, respectively, in which the affinity is enhanced by 1.5-1.6 fold compared
to 2 (IC5p = 5.1 nM). Compound 10 (IC5p = 4.9 nM) has a similar affinity to 2, while
compounds 12 and 13 show reduced affinity. Compounds 10-14 were further tested for their
metabolic stability in microsome from rat liver extract. Compound 2 was also examined at
the same time as a reference. As Table 1 shows, the metabolic stabilities are in the following
order: 11>2>10>12>13>14. Although the half-life difference between compounds 2 and 11
is not significant, we anticipate that the difference of the half-life in the brain between these
two compounds could be more significant. It is interesting to note that as the regioisomers of
10 and 11, compounds 13 and 14 display a substantial decreased trend in metabolic stability.
The results show that compound 11 has the most promising enhanced affinity and/or
increased in vitro microsomal stability compared to other compounds (significance p<0.05,
t-test) in this series.

The selectivity of 11 to other mGIuRs including group | (mGlu; and mGlus), Il (mGlu,) and
Il (mGlug and mGlug) were checked (Supplementary material). The assays were carried out
at eight different concentrations between 0.1 nM and 30 pM of 11. The results indicated that
compound 11 did not have agonist and antagonist activities (>30 uM) toward mGluj,
mGlus, mGlu, and mGlug, but displayed a weak agonist activity to mGlug (ECsq = 14
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1M).34. 35 The selectivity data supports compound 11 as the most promising imaging agent
candidate.

Since compounds 11 and 14 displayed the most promising affinity, they were selected for in
vivo evaluation as potential mGlu, radiotracers and were compared to [11C]2 to understand
how their structure, affinity, and metabolic stability affect PET imaging.

Carbon-11 labeling was performed by methylation of the thiophenol precursors (20a and
20c) using [11C]CH3l and K,CO3 in acetone at 50 °C for 3 min (Scheme 2). All
radiosyntheses took 35-40 min from the end of bombardment (EOB) to the end of synthesis
(EOS). The carbon-11 labeled compounds [*1C]11 and [11C]14 were obtained in 19.0 +
7.7% (n=7) and 34.8 = 8.0% (n=4) RCYs from [11C]CO,, respectively. Their specific
activities were 496 + 138 GBg/umol (h=6) and 463 + 263 GBg/umol (h=4) at EOS,
respectively.

Fig. 4a indicates that the difference in retention times between the precursors (20a and 20c)
and the corresponding radiolabeled products ([11C]11 and [11C]14) was big enough to purify
the radiotracers as a baseline separation. The HPLC profile of [11C]14 was similar to that of
[11C]11. The identities of [11C]11 and [*1C]14 were confirmed by coinjection with the
corresponding unlabled compound on a radio-HPLC. As shown in Fig. 4b, the retention time
of [11C]11 was the same as that of coinjected nonradioactive standard 11. The QC analysis
of [11C]14 was also conducted in the same way. The radiochemical purities of [11C]11 and
[11C]14 determined by radio-TLC were 98.0 + 0.5% (n = 7), and 97.5 + 1.0% (n = 4),
respectively. Similar results were also observed in the radio-HPLC analyses.

We determined the LogD5 4 values for [11C]11 and [11C]14 as 3.15 + 0.04 (n = 4) and 3.00
+ 0.05 (n = 4) using octanol and phosphate buffered saline (PBS, pH7.4), which lie in the
range normally considered favorable for a PET radioligand. The calculated cLogP values of
11 and 14 are both 3.63 (Fig. 3), which is higher than the experimental values.

PET imaging studies were conducted using male Sprague Dawley rats. The in vivo uptake
and kinetics were examined using small-animal PET. The PET images (Fig. 5) indicated that
[11C]11 and [1C]14 crossed the BBB quickly and were mainly accumulated in the
thalamus, hippocampus, cerebellum, and striatum, which were reported as the mGluy-rich
regions of the rat brain.10: 36-38 We also acquired PET images of [11C]2 in the same time
frames for comparison. To confirm the corresponding brain regions, anatomical templates of
rat brains were used for the images with [11C]11 (Fig. 5). The results suggested that [11C]11
gave the best contrast among the three radiotracers and displayed better images in the
hippocampus, striatum, thalamus and cerebellum. Using the mGlug-negligible region in the
brain as a reference, we calculated the uptake ratio (contrast) of radioactivity between the
mGluy-rich and the reference regions (areas immediately outside the cortical areas) from the
reconstructed PET images. The maximum ratio was 1.67 + 0.08 (n = 30; 10 images in 3
baseline studies) for [11C]2 and 2.10 + 0.25 (n = 30) for [11C]11. The results show that the
signal to noise ratio of [11C]11 was enhanced up to 25% compared to [11C]2.

Bioorg Med Chem Lett. Author manuscript; available in PMC 2017 January 01.
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The regional time-activity curves (TACs) of PET with [11C]2, [11C]11, and [11C]14 in the
hippocampus, striatum, thalamus and cerebellum of rat brains are given in Fig. 6. The
%ID/cc values at each time point obtained from the different PET images were averaged for
each radiotracer and converted into TACs. As shown in the TACs, the radioactivity of
[11C]2, [11C]11, and [11C]14 quickly increased in the brain within 2 min after a tail vein
injection and then washed out within 20 min. The maximum radioactivity uptake depends on
the region in the brain. The highest uptake for [11C]11 was seen in the thalamus, followed
by the striatum, hippocampus, and cerebellum. The results indicate that [11C]11 has better
brain uptake than [11C]2 and [11C]14 and is an improved PET radioligand for mGlu,.

A blocking experiment for [11C]11 was carried out 2 h after the baseline scans to compare
blocking images with baseline images. An mGlug PAM (3-HCI) was used as an mGluy
blocking agent. The blocking agent was administered intravenously 1 min before [11C]11
injection.

The mGluy blocking effects with compound 3 were 19-24% for first 5 min in selected
regions of interest (ROIs). (Fig. 7) The incomplete blocking effect by compound 3 might be
attributed to its relatively weak affinity and fast kinetics.17:32

In this study, we synthesized four new N-(methylthiophenyl)picolinamide derivatives 11-14.
Of these ligands, 11 and 14 showed high in vitro binding affinity for mGlu, together with
suitable physicochemical parameters. Compound 11 also showed enhanced metabolic
stability and good selectivity to other mGIuRs. [11C]11 and [11C]14 were radiolabeled via
the [*1C]methylation of the thiophenol precursors, 20a and 20c, with [1C]CHgl in reliable
RCYs and specific activities. The PET studies showed that [11C]11 accumulated fast into the
brain and had higher uptake, slower washout and 25% better contrast than [11C]2, indicating
improved imaging characteristics as a PET radiotracer for mGlu, compared to [11C]2.
[11C]11 will be a useful radioligand to investigate mGluy in different biological applications.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Representative mGluy PAMs.
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Figure 2.
The PET radiotracers for mGluy.
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Figure 3.

The N-phenylpicoliamide derivatives for SAR study.
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The UV and radioactivity profiles (a) the reaction mixture was purified by a semi-
preparative HPLC and (b) the QC analysis of the purified [11C]11 was carried out by an
analytical HPLC. (a) Gemini-NX Cyg semi-preparative column (Phenomenex, 250 mm x 10
mm, 5 um), ammonium formate solution (0.1 M) : acetonitrile = 40:60, 4 mL/min (b)
Alltima C4g analytical column (150 mm x 4.6 mm, 5 pm), 0.1% TFA solution : acetonitrile

= 35:65, 1 mL/min.
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Figure 5.
Color-coded PET images of [11C]11, [11C]14, and [*1C]2 at different brain levels (striatum,

thalamus, hippocampus, and cerebellum). The images represent distribution of radioligand
from 5 to 10 min after administration. All the images were normalized to the highest voxel
value (%1D/cm3) of the whole data set. These images demonstrate improved imaging
characteristics of [11C]11 compared to [}1C]14 and [*1C]2 based on the high accumulation
and slow washout. The thickness of each slice was 0.625 mm.
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Figure 6.

Brain regional TACs of PET with [11C]2, [11C]11, and [11C]14 in (a) hippocampus, (b)
striatum, (c) thalamus and (d) cerebellum of rat brain. The %ID/cc values at each time point

were averaged from different studies for constructing TACs.
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Figure 7.
Blocking studies of [11C]11 with an mGluy PAM (3-HCI, 10 mg/kg, iv) during first 5 min

after injection of [11C]11. Each rat was scanned for baseline and individually normalized
(whole brain was set as 1.0). The blocking study was done with same instrumentation and
settings. The blocking results were normalized to corresponding baseline results. Integrals
were calculated over 0-5 min time periods. (n=4 blotted with S.D and significances were
calculated using t-test, ** = p<0.01)
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—_—
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20a vi, X=Cl: 55% 11 viii, X=CI: 47%
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\_/ )4 - ()
cl cl HN SCN \_/ HN SH \_/ HN SMe
SCN
22 23 65% 24 88% 20c 75% 14 28%

(i) CISOsH, 120°C (ii) SnCl,, HCI, reflux (iii) DMSO, 80°C (iv) EDC.HCI, DIPEA, HOBt, Dioxane, 50°C, (v) Picolyl chloride, DIPEA,
DMF, rt (vi) NaBH,, EtOH, refux (vii) TCEP.HCI, DMF, 1t (viii) K,COs3, Cs,CO;, Mel, rt (ix) DIPEA, Mel, CH,Cl,, rt (x) 1. Picolinic
acid, SOCl,, Benzene, reflux 2. TEA, THF, 40°C (xi) NH4SCN, I,, MeOH, rt (xii) NaBH,, Erythritol, MeOH, 0°C; (*) Yield was based on
15b.

Scheme 1.
Syntheses of 11-14 and thiophenol precursors, 20a and 20c.
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5M K,CO4 R!
11CH3
K))L Acetone Q))L
50 °C, 3 min
20a R'=Cl, R?=SH [''C]11 R'=CI, R?=S""CHj; (19.0£7.7% RCY, n = 7)
20c R'=SH, R?=Cl [''C]14 R'=S""CH;, R?=Cl (34.8+8.0% RCY, n = 4)

Scheme 2.
Radiosyntheses of [11C]11 and [1C]14.
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