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Abstract

Selective N-methyl-D-aspartate receptor subunit 2B (NR2B) antagonists show potential as
analgesic drugs, and do not cause side effects associated with non-selective N-methyl-D-aspartate
(NMDA) antagonists. Using a scaffold-hopping approach, we previously identified isoxazole
derivative 4 as a potent selective NR2B antagonist. In this study, further scaffold hopping of
isoxazole derivative 4 and optimization of its pharmacokinetic profile led to the discovery of the
orally bioavailable compound 6v. In a rat study of analgesia, 6v demonstrated analgesic effects

against neuropathic pain.

Text body

The N-methyl-D-aspartate (NMDA) receptor (NR), a glutamic acid receptor, is highly expressed
throughout the central nervous system.! The NR is a heterotetrameric complex composed of the
three subunits NR1 (a-h), NR2 (A-D), and NR3 (A-B), and is activated by the amino acids glutamate
and glycine.23 The NMDA receptor subunit 2A (NR2A) is involved in memory formation and learning
acquisition, whereas excessive activation of the NMDA receptor subunit 2B (NR2B) results in
neurodegenerative cell death and transmission of pain related to brain ischemia.t Studies
investigating mice overexpressing NR2B have revealed its important role in pain.5> Because of the
restricted distribution of NR2B to the forebrain and spinal cord dorsal horn, NR2B-selective
antagonists may reduce side effects associated with the use of non-selective antagonists.6 This

evidence points to the use of selective NR2B antagonists as a promising strategy in the development



of novel analgesics.

In a previous report, we introduced the use of a scaffold-hopping approach to develop a new
selective NR2B antagonist, by utilizing the structure of a known compound.” Considering the
improved inhibitory activity against human ether-a-go-go-related gene (hERG) channels conferred
by the structure of the selective NR2B antagonist radiprodil (1)8 and compound 2 (Pfizer),%10 we
designed the acetamide derivative 3 by hybridizing the side-chain in compound 1 and the
cyclohexanol ring in compound 2. Compound 3 showed high in vitro potency, but unfortunately
displayed low brain penetration. To improve brain penetration, this series was further optimized via
replacement of the amide in compound 3 with an isoxazole, and efforts to optimize the
pharmacokinetic profiles led to the discovery of the orally available brain penetrant compound 4,
which displayed analgesic activity in mice.

In this study, we designed the novel isoxazole derivative 5, in which the cyclohexanol ring in
compound 4 was converted wvia scaffold hopping to create a chemotype with improved
pharmacokinetics. Although isoxazole derivative 5 showed potent activity as expected, its
pharmacokinetic profile was unsatisfactory. Next, we developed the novel oxamide derivative 6, in
which the isoxazole ring was converted to an amide. Certain derivative compounds maintained high
activity, showed improved pharmacokinetic profiles, and exerted strong analgesic effects in a rat
model of neuropathic pain. Here, we describe our efforts to identify the novel isoxazole derivative 5

and oxamide derivative 6.
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Figure 1. Summary of compounds described in previous reports (red) and in this report (blue)

The syntheses of pyrazoles 5a-c (Scheme 1) started with 3-ethynyl-1H-pyrazole (7), which was
treated with ethyl 2-chloro-2-hydroxyiminoacetate to produce ester 8. Hydrolysis of ester 8 following
amide coupling with corresponding amines 10 yielded pyrazoles 5a-c. Amine 10 was commercially
available or prepared from commercially available starting materials following standard

procedures.!!
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Scheme 1. Synthesis of pyrazoles 5a-c

Reagents and conditions: (a) Ethyl 2-chloro-2-hydroxyiminoacetate, NaHCOs, 7PrOH, room
temperature (rt) 3 days, yield: 76%; (b) 2M-NaOH agq., MeOH, rt 2h, 75% (c) 10- HC1, HOBt, DMAP,
WSCD: HCI, EtsN, DMF, rt 2 h, 69-90%.

The pyridones 5d-h (Scheme 2) were prepared from 5-ethynyl-2-methoxypyridine (11) via synthetic
methods similar to those depicted in Scheme 1. Removal of a methyl group from 14 yielded the
pyridones 5d-h.
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Scheme 2. Synthesis of pyridones 5d-h

Reagents and conditions: (a) Ethyl 2-chloro-2-hydroxyiminoacetate, NaHCOs, 7PrOH, 40 °C 24 h,
80%; (b) 2M-NaOH agq., MeOH, rt 2 h, quant.,; (c) 10- HC1, HOBt, DMAP, WSCD- HCI, EtsN, DMF, rt
2 h, 91-97%; (d) (COCD2, dimethylformamide (DMF, cat.), tetrahydrofuran (THF), reflux 2 h, then 10
- HCl, pyridine, THF, rt 3 h, 69-94%; (e) Trimethylsilyl chloride (TMSC]), Nal, MeCN, reflux 2 h,
20-91%.

The oxamide derivatives 6a-v were prepared according to the method depicted in Scheme 3. Amide
coupling of amine 15 with ethyl 2-chloro-2-oxoacetate followed by hydrolysis yielded the carboxylic
acid 16. Amine 15 was commercially available or synthesized according to reported procedures.!2

Finally, amide coupling of 21 with anilines produced oxoamide derivatives 6a-v.
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Scheme 3. Synthesis of oxamide 6a-v
Reagents and conditions: (a) CICOCO:2Et, EtsN, CH2Clz, 0 °C 0.5-1 h, 80-99%; then 2M-NaOH aq.,
EtOH, rt 1.5 h, 77-99%; (c) R1-NHz, HOBt, DMAP, WSCD- HCI, EtsN, DMF, rt overnight, 46-91%.

Compounds were assessed via an NR2B-selective binding assay!3 using the radiolabeled ligand
[3H]-ifenprodil, an NR1/NR2B-specific antagonist. Compounds active in this test were then
evaluated in a functional assayl4? to assess the level of inhibition of Ca ion influx in
NR-overexpressing human embryonic kidney (HEK) 293 cells. A positive correlation between binding
and functional inhibitory potency was observed. Compounds 5a-f, in which the cyclohexanol ring in
compound 4 was substituted with a piperidine ring, were investigated (Table 1). All compounds
displayed potent binding and antagonistic activities, especially compound 5f, which was more potent
than compound 4 and radiprodil (1). Conversion of the cyclohexanol ring in compound 4 to a
piperidine ring had no significant influence on the activity of the compounds. The amide moiety
present in radiprodil (1) is converted to an isoxazole ring in compounds 5a-f, and considering both the
present results and those of previous reports,?1516 both the amide moiety and isoxazole ring are
assumed to be bioisosteres.

The rat pharmacokinetic studies of the compounds described in Table 1 (with the exception of 5b)
were conducted in male Sprague-Dawley (SD) rats with intravenous (iv) and oral administration of
0.5 and 1 mg/kg doses, respectively. Although the pyrazole-type compounds 5a and 5¢ showed high
brain partition coefficients (Kp), their total clearance and bioavailability were low. In contrast,
although the pyridine-type compounds 5d-f showed lower brain Ap than the pyrazoles, their total
clearance and bioavailability were acceptable. However, none of the compounds (5a and 5¢-f) showed
comparable pharmacokinetic profiles to that of compound 4. Because radiprodil (1) also displayed a
high total clearance, these results suggest that the piperidine ring may be responsible for the poor

pharmacokinetic profiles displayed by the compound series 5.



Table 1. Structure-activity relationships (SARs) of isoxazole

0]
R1MN R2
O/N

derivatives ba-f

Compound NR2B (bind)2 NR2B(Ca2+)b CLtc Fe Brain
R! R2
No pICso pICso (mL/min/kg) (%) Kpt
5a H 7.1 7.3 71.6 0.2 3.89
74
5b N\N | 4-F 7.1 7.2 NT NT NT
5¢ H 4-Cl 7.2 7.4 29.2 0.6 3.27
5d H 7.2 7.2 19.3 18.4 0.37
7
5e ﬂ 4-F 7.3 7.4 19.7 18.4 0.50
0N
5f H 4-Cl 7.6 8.0 5.4 9.3 0.38
radiprodil (1) 75 8.5 37.1 30.0 1.00
4 7.0 7.9 4.0 67.5 2.66

a Inhibition of binding of [3H]-ifenprodil to rat brain membranes

b Inhibition of Ca ion influx in mouse N-methyl-D-aspartate (NMDA) receptor-overexpressing
HEK293 cells

¢ CLt = total clearance; F' = bioavailability. Compounds were administered at doses of 0.5 mg/kg
(intravenous injection, iv) and 1.0 mg/kg (oral) using a cassette dosing method.

d Brain Kp = total brain-to-plasma ratio. Plasma and brain samples were collected 0.5 h after iv
administration of a 0.5-mg/kg dose using a cassette dosing method.

NR2B, MN-methyl-D-aspartate receptor subunit 2B; plICso, negative log of the 50% inhibitory
concentration, -1log(ICs0); NT = not tested

To improve the pharmacokinetic profiles of compounds 5, the piperidine ring in compound 5f was
converted, resulting in compounds 5g and 5h (Table 2). Unfortunately, piperazine derivatives 5g and
5h showed reduced binding activity. However, a similar conversion was conducted on radiprodil (1),
yielding the benzyl piperazine 6a which showed reduced activity, and the phenylpiperazine 6b which
showed increased activity. In rat pharmacokinetic studies, 6a and 6b showed lower total clearance
than radiprodil (1). Furthermore, the benzoxazolone ring in 6b was converted to an indolone ring or a
dihydroquinolone ring, which showed high activity in our previous study.” Compounds 6¢ and 6d
showed greatly decreased binding activity. From the piperazine derivatives described above, only 6b

showed high activity.



Table 2. SARs of piperidine linker moieties 5f-h and 6a-d

X
Cl
R ONTY
X
Y
Compound NR2B (bind)2  NR2B(Ca2*)b CLite Fe Brain
R3 X Y
No pICso pICso (mL/min/kg) (%)  Kp
5f — J CH, CH, 7.6 8.0 5.4 9.3 0.38
o) |
59 HN / o-N N CH, <6.0 NT NT NT NT
5h N None <6.0 NT NT NT NT
1 H CH, CH, 75 8.5 37.1 30.0 1.00
NT('
6a N CH, 6.3 7.2 6.8 7.4 0.41

6b N None 7.8 8.1 7.2 17.8 0.53

o]
o=
H
N
o g
6c {;{j ° N None <6.0 NT NT NT NT

6d o@ © N  None <6.0 NT NT NT NT

a Inhibition of binding of [3H]-ifenprodil to rat brain membranes

b Inhibition of Ca ion influx in mouse N-methyl-D-aspartate (NMDA) receptor-overexpressing
HEK293 cells

¢ CLt = total clearance; F' = bioavailability. Compounds were administered at doses of 0.5 mg/kg
(intravenous injection, iv) and 1.0 mg/kg (oral) using a cassette dosing method.

d Brain Kp = total brain-to-plasma ratio. Plasma and brain samples were collected 0.5 h after iv
administration of a 0.5-mg/kg dose using a cassette dosing method.

NR2B, MN-methyl-D-aspartate receptor subunit 2B; plCso, negative log of the 50% inhibitory
concentration, -log(ICs0); NT = not tested

Phenyl piperazine 6b, which showed potent binding activity and an adequate pharmacokinetic
profile, was identified as the lead compound via a scaffold-hopping approach. We next investigated
R? substituents in 6b (Table 3). Binding activity comparable to that of 6b was observed in the
compound with 4-CF3 (6g), whereas reduced binding activity was observed with 4-F (6f) and 4-MeO



(6h). Removal of the R? substituent (6e) caused diminished binding activity. In addition, the
activities of 3,4-disubstituted compounds (6i, 6k-n) were comparable to those of 4-substituted
compounds, whereas the activity of the 3,5-disubstituted compound (6j) was reduced. Among
3,4-disubstituted compounds, those with 3-F-4-Cl (6]) and 3-F-4-CF3 (6m) displayed the most potent
antagonistic activities. In rat pharmacokinetic studies of these compounds, 61 displayed a suitable
pharmacokinetic profile. Total clearance of the compound with 3-F-4-MeO (6n) was extremely high,
and we therefore assume that the MeO group in 6n was the main metabolic point.

To improve pharmacokinetics profiles, the introduction of a methyl group into the piperazine ring
was investigated.l” Introduction of a methyl group with £ configuration into the substituent R4 (60)
resulted in binding activity comparable to that of 6b. Introduction of a methyl group with S
configuration into the substituent R (6p) caused diminished binding activity. Furthermore, when a
methyl group was introduced into the substituent R5, 6q (Z configuration) showed high activity
whereas 6r (S configuration) displayed low binding activity. Compound 60 showed improved oral
bioavailability compared to 6b, and 6q showed slightly higher total clearance than 6b, and much
improved oral bioavailability and brain penetration. Therefore, a methyl group was introduced into
the piperazine ring with R2(3,4-F2 and 3-F-4-Cl). As a result, compounds 6s-v displayed improved

pharmacokinetic profiles while maintaining high binding activity.



Table 3. SARs of phenylpiperazine derivatives 6b, e-v

Comp
NR2B (bind)a=  NR2B(Caz+)b CLte Fe Brain
ound R2 R4 R>

pICso pICso (mL/min/kg) (%) Kpd
No
6b 4-Cl H H 7.8 8.1 7.2 17.8 0.53
6e H H H <6.0 NT NT NT NT
6f 4-F H H 6.9 6.9 111 39.3 NT
69 4-CF; H H 7.6 8.2 151 24.8 2.99
6h 4-MeO H H 6.6 6.7 NT NT NT
6i 3,4-F, H H 7.7 8.0 4.0 13.0 0.82
6j 3,5-F, H H 6.8 7.0 NT NT NT
6k 3-Cl-4-F H H 7.5 8.0 18.3 24.6 1.24
6l 3-F-4-Cl H H 7.9 9.0 5.6 28.2 0.79
6m 3-F-4-CF3 H H 7.8 9.0 5.6 8.7 0.65
6n 3-F-4-MeO H H 7.8 7.8 100.8 0.6 3.17
60 4-Cl (R)-Me H 7.5 8.2 54 129.5 0.95
6p 4-Cl (S)-Me H <6.0 NT NT NT NT
6q 4-Cl H (R)-Me 7.2 8.2 15.6 52.6 1.85
6r 4-Cl H (S)-Me 6.2 7.0 NT NT NT
6s 3,4-F, (R)-Me H 7.3 8.2 5.6 117.9 0.67
6t 3,4-F; H (R)-Me 7.2 8.0 15.9 25.3 1.89
6u 3-F-4-Cl (R)-Me H 7.9 8.7 137 30.4 0.99
6v 3-F-4-Cl H (R)-Me 7.3 8.5 6.0 32.0 1.19

a Inhibition of binding of [3H]-ifenprodil to rat brain membranes

b Inhibition of Ca ion influx in mouse MN-methyl-D-aspartate (NMDA) receptor-overexpressing

HEK293 cells

¢ CLt = total clearance; F = bioavailability. Compounds were administered at doses of 0.5 mg/kg

(intravenous injection, iv) and 1.0 mg/kg (oral) using a cassette dosing method.

d Brain Kp = total brain-to-plasma ratio. Plasma and brain samples were collected 0.5 h after iv
administration of a 0.5-mg/kg dose using a cassette dosing method.

NR2B, MN-methyl-D-aspartate receptor subunit 2B; pICso, negative log of the 50% inhibitory

concentration, -log(ICs0); NT = not tested



Based on their favorable pharmacokinetic profiles, 60, 6u, 6q, and 6v were subjected to an in vivo
analgesic study. Their analgesic effects were evaluated after oral administration based on the change
in pain threshold relative to allodynia (von Frey test) in a rat partial sciatic nerve ligation model.!®
Mechanical allodynia was quantified by measuring the hind paw withdrawal response to von Frey
hair stimulation. The response before drug administration was measured (vehicle), and the
evaluation was carried out 3 h after oral administration of each compound (2.5, 5, 10, and 20 mg/kg).
The dose associated with an effect significantly different to that of the vehicle was considered the
minimum effective dose (MED). As shown in Table 4, all compounds showed a significant increase in
pain threshold at doses below 10 mg/kg. Among these compounds, 6v demonstrated a significant
analgesic effect at 2.5 mg/kg. Fortunately, the hERG inhibitory activity!® of 6v was lower than that of
the other compounds (6o, 6u, and 6q).

Table 4. Biological activity and human ether-a-go-go-related gene (hERG) inhibitory activity of

selected compounds

Compound Analgesic effects® hERG®
No MED (mg/kg) Inhibition at 1uM (%)
60 10.0 36
6q 10.0 25
6u 5.0 29
6v 25 10

a Data were obtained from 10 rats per group and expressed as the minimum effective dose (MED)
with antiallodynic effect; p < 0.01 vs the vehicle.
b % inhibition at 1 pM in‘human ether-a-go-go-related gene (hERG)-expressing HEK293 cells

In summary, the novel isoxazole derivative 5 was designed via a scaffold-hopping approach,
starting with the previously identified NR2B-selective antagonist 4. Although the compound series 5
exhibited high <binding activity, pharmacokinetic profiles required improvement. Further
optimization of 5 through bioisosteric replacement and efforts to optimize the pharmacokinetic
profiles led to the discovery of 6v, which demonstrated analgesic effects in the neuropathic pain

model.
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