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A series of 3-aryl-5-acylpiperazinyl-pyrazoles (e.g., 3a–b) initially identified through a high-throughput
screening campaign using the aequorin Ca2+ bioluminescence assay as novel, potent small molecule
antagonists of the G protein-coupled human tachykinin NK3 receptor (hNK3-R) is described. Preliminary
profiling revealed poor plasma and metabolic stability for these structures in rodents. Further optimiza-
tion efforts resulted in analogs with improved potency, stability, and pharmacokinetic properties as well
as good brain permeability, for example, compounds 26 and 42. Unexpected cytotoxicity was observed in
such N-Me pyrazole structures as compounds 41–42.

� 2011 Elsevier Ltd. All rights reserved.
The NK3 receptor (NK3-R) is a GPCR that belongs to the tachyki-
nin receptor family and is preferentially activated by neurokinin B
(NKB).1 NK3-R is expressed centrally in cortical regions and in basal
ganglia structures relevant to psychiatric disorders. Based on pre-
clinical studies, NK3-R has been found to modulate monoaminergic
and GABA and glutamate neurotransmission in the mammalian
brain, thus raising the speculation that NK3-R modulators may be
useful for treatment of psychological disorders such as schizophre-
nia.2 Discovery of osanetant (2) by Sanofi researchers in 1994, and
shortly thereafter, talnetant (1a) by GSK scientists fueled the
search for non-peptidic antagonists to hNK3-R3 and has subse-
quently resulted in the development of many variants of such
structures, especially in the case of talnetant.4

Compounds 3a–b (Fig. 1) were two of the initial hit structures
detected in our hNK3-R high-throughput screening campaign, using
the aequorin Ca2+ bioluminescence assay.5 Of the two, the ortho
anisyl analog 3b was superior in potency and was further profiled.
Thus 3b, as an initial hit, was found to be reasonably potent in
hNK3-R binding (Ki = 1.1 lM) and in its cellular response in the
aequorin assay (IC50 = 480 nM), even though it displayed a >10-fold
right-shift in binding against rNK3-R (rNK3-R Ki = 12 lM). Further-
more, 3b displayed a reasonable off-target selectivity profile, both
in terms of hNK-R subtypes (hNK1-R Ki = 6.7 lM, hNK2-R
Ki = 12 lM) as well as CYP P-450 isoforms (IC50 >15 lM for 3A4,
2D6, 1A2, 2C9, and 2C19). These considerations, together with
the structural novelty of such structures as hNK3 antagonists,2–4
ll rights reserved.

oveyda).
encouraged us to consider this series for further development.
However preliminary profiling results quickly revealed additional
challenges in terms of the instability of analogs 3a–b in rodent
plasma and hepatic microsomal stability assays (cf. Table 1), even
though in human plasma and microsomal incubations these
analogs proved significantly more stable (e.g., 3a and 3b human
liver microsomes (HLM) T1/2 = 55 and 71 min, respectively). In view
of the practical utility of rat animal models in the development
phase, we sought to evaluate whether such hNK3-R antagonist
structures were amenable to improvements in potency as well as
the stability profiles.

The majority of the five-membered heterocyclic acids required
for the present work were directly purchased. Conventional pyra-
zole synthesis through a 1,3-ketoester intermediate followed by
cyclization with hydrazine (or ammonia for the pyrrole acid pre-
cursor6 to 43) and subsequent saponification of the ester afforded
the pyrazole acid building blocks for analogs 22, 24, 27, 29, and 30.
The pyrazole sulfonyl chloride used to prepare analog 37 was made
using an in situ diazotization approach as outlined in Scheme 1
(step f).7 With the heterocyclic acid building blocks in hand, the
preparation of arylpiperazines was carried out using Buchwald
amination (step b, Scheme 2) for the phenylpiperazine analogs,
or via reductive amination (Scheme 3) for analogs 5–9. For struc-
tures with more elaborate ortho-alkoxy substituents (20–21), a
benzyl group protective strategy was employed (Scheme 2). The
syntheses were completed through amide coupling of the five-
membered heterocyclic acids (step f, Scheme 2). Methyl-substi-
tuted piperazines (38–40) and pyrazole ring bioisostere variants
(41–45) were also prepared as per Scheme 2. The versatility of
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Figure 1. Structures of talnetant variants (1a–b), osanetant (2), and the initial hit structures (3a–b).

Table 1
Potency and stability SAR at Ring A

3-4, 10-14

N
N

O

Ring A

N

H
N

R2
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Ring A:

9

OMe

5

N3

4

6 = 2-pyridyl
7 = 3-pyridyl
8 = 4-pyridyl

Compd R1 R2 hNK3 IC50
a (nM) hNK3 Ki

b (nM) RLM T1/2 (min) %Plasma stabilityc

3a H H 2100 NDd 9 15
3b 2-OMe H 480 1100 5 3
4 2-OMe Cl 130 250 3 8
5 See diagram Cl 130 490 8 46
6 See diagram Cl 5090 ND ND ND
7 See diagram Cl 3810 ND ND ND
8 See diagram Cl 1800 ND ND ND
9 See diagram Cl >10,000 ND ND ND
10 3-OMe Cl >10,000 ND ND ND
11 4-OMe Cl >10,000 ND ND ND
12 2-CF3 Cl >10,000 ND ND ND
13 2-CH3 Cl >10,000 ND 12 ND
14 2-Ph H >10,000 ND ND ND
15 2-Et Cl 180 190 5 14
16 2-CN Cl 480 ND 22 ND
17 2-OH Cl 1300 ND ND ND
18 2-C(O)NH2 Cl >10,000 ND ND ND
19 2-OMe, 5-Cl Cl 370 400 120 0
20 cf. Scheme 2 Cl 60 20 8 0
21 cf. Scheme 2 Cl 80 240 29 48

a Inhibition of NKB-induced aequorin Ca2+ signal in CHO cells expressing recombinant hNK3-R.
b Displacement of [3H]-labeled 1b (cf. Fig 1) from recombinant hNK3-R in CHO cells.
c Ex vivo rat plasma stability reported as % intact compound at 1 h.
d ND = no data.
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reductive amination chemistry (Scheme 3) that includes ready
access to myriad benzaldehyde building blocks was exploited
using parallel synthesis to rapidly scan the potency SAR through
benzylpiperazine (e.g., 5) variants, with the most active analogs
thus discovered confirmed subsequently in the corresponding phe-
nylpiperazine (e.g., 4) structure as well.

For brevity each of the four rings in the lead structure is anno-
tated alphabetically (thus ‘Rings A–D’), as defined in the illustra-
tions that accompany Tables 1–4, and are used throughout the text.

In an early follow-up to the discovery of compound 3b as an
hNK3-R antagonist hit, we observed that para chloro-substitution
in Ring D (i.e., R2 = Cl in 4) further improved potency appreciably
both in terms of binding and cellular response (cf. Table 1).8 More-
over, 4 displayed a less right-shifted binding potency in rNK3-R
(Ki = 250 nM) versus analog 3b (Ki = 12 lM). Finally, analog 4
appeared to maintain the good off-target selectivity profile exhib-
ited by 3b, both in terms of hNK-R subtypes (hNK1-R: Ki = 1.8 lM,
hNK2-R Ki = 8 lM) as well as CYP P-450 profile (IC50 >15 lM for
3A4, 2D6, 1A2, 2C9, and 2C19 isoforms). However, despite the over-
all improved in vitro bioactivity profile, 4 like 3b proved unstable,
especially in rat plasma and microsomal assays (cf. Table 1). Thus
it remained to establish whether the instability issues observed in
rodent assays in the more potent analog 4 could be improved. An
additional early key observation was that benzylpiperazine analogs
such as 5 were potent antagonists of hNK3-R (cf. Table 1), but not of
rNK3-R (Ki = 4 lM). In terms of the initial off-target selectivity, 5
proved reasonably selective against hNK-R subtypes (hNK1-R:
Ki = 1.9 lM, hNK2-R Ki = 19 lM), but it was less attractive than con-
gener 4 in terms of its CYP P-450 profile with the IC50 values for
three key isoforms 3A4, 2D6, and C9 determined as 8, 3, and 3 lM,
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Scheme 2. Preparation of phenylpiperazine analogs. Reagents and conditions: (a) BnBr, K2CO3, 18-crown-6, MeCN, reflux, 20 h; (b) N-Boc-piperazine, X-Phos, Pd(OAc)2,
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respectively. Furthermore, 5 offered no advantages in terms of rat
plasma stability versus 4 and also displayed a short half-life of
8 min in the rat liver microsome assay (cf. Table 1). Thus a greater
preference was accorded to the phenylpiperazine analogs, exempli-
fied by 4, which also contain one less rotatable bond than 5,9

whereas the benzylpiperazine variants10 were utilized for a rapid
initial scan of the potency SAR through generation of focused
libraries.

Reduction of the aryl ring to cyclohexyl at Ring A resulted in an
inactive structure (e.g., 9 vs 5, Table 1), while reduction of Ring D
caused a significant (Pfourfold) right shift in potency (e.g., 35 vs
3b, Tables 1 and 2), indicating a preference for an aromatic Rings
A–D combination for good hNK3-R antagonist potency. Contrary
to the phenyl ring structures, pyridyl ring variants failed to furnish
potent antagonists when applied either at Ring A (6–8 vs 5, Table
1) or at Ring D (32–34 vs 4, Tables 1 and 2). However, exploration
of the impact of aromatic ring substitution in Rings A and D in
terms of hNK3-R antagonist potency SAR proved more fruitful. As
mentioned above, ortho anisyl Ring A had a significant (�fourfold)
impact on potency as revealed by a comparison of IC50 values for
3a versus 3b (cf. Table 1). Indeed ortho substitution in Ring A
was typically preferred over meta or para analogs as exemplified
by the three anisyl Ring A regioisomers (4, 10–11). In terms of
the nature of ortho substituents, the potency SAR results did not
correlate either with the electronic or the lipophilicity properties
of the substituent. For example, both ortho methyl and ortho CF3

moieties resulted in inactive compounds (12, 13), yet both ortho
cyano (16) and ortho ethyl (15) Ring A analogs yielded compara-
tively active antagonists (cf. Table 1). Comparison between ortho
phenol (17) versus ortho anisyl (4) congeners and between ortho
methyl versus ethyl analogs (13 vs 15) seemed to suggest that
for optimal receptor interaction, the ortho Ring A side-chain must
be comprised of two heavy (non-hydrogen) atoms. Subsequently,
the latter structural feature was further investigated using a wide
range of ortho Ring A substituents bearing a rotatable bond (com-
prised of two non-hydrogen atoms), initially through the benzylpi-
perazine variants, as discussed above. The most active analogs
were eventually confirmed in the analogous phenylpiperazine
structures, such as with 20–21, hNK3-R IC50 <90 nM (Table 1).
The significant impact of the presence of a rotatable bond linker
at the ortho substituent in Ring A in terms of antagonist potency
was again apparent by comparing analogs 20 versus 14 and 21 ver-
sus 18. In each case the absence of a rotatable bond resulted in an
inactive analog (14, 18: IC50 >10 lM), in sharp contrast to the po-



Table 2
Potency and stability SAR at Ring D

N
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Ring D

OMe
2

5
3

4

6
R2

Ring D:

22 23-34 35

Compd R2 hNK3 IC50 (nM) hNK3 Ki (nM) RLM T1/2 (min) %Plasma stability

22 See diagram 3300 ND ND ND
23 2-F 1200 2500 ND ND
24 3-F 580 1600 ND ND
25 4-F 240 530 4 18
26 4-CF3 42 120 5 55
27 4-OCF3 130 310 5 59
28 4-CH3 390 510 ND ND
29 4-SO2Me 2500 ND ND ND
30 4-CN 208 700 8 91
31 2,4-DiCl 205 260 45 5
32 2-N 3100 3600 ND ND
33 3-N 7100 ND ND ND
34 4-N 7200 ND ND ND
35 See diagram 2000 2900 ND ND

Table 3
Potency and stability SAR at Ring B

Ring B:

38 (S)-Me
39 (R)-Me
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Compd R2 hNK3 IC50 (nM) hNK3 Ki (nM) RLM T1/2 (min) %Plasma stability

36 Cl 3100 ND ND ND
37 H 7400 ND ND ND
38 Cl 190 370 2 100
39 Cl 2900 ND ND ND
40 Cl 93 240 147 48
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tent analogs bearing similar side-chains but attached through a
rotatable bond linker (20–21: IC50 <90 nM). In addition to im-
proved potency, the ca. tenfold improved rodent metabolic stabil-
ity in analog 21 (c log P = 2.8) versus 4 (c log P = 4.4)11 is consistent
with the reduced lipophilicity in 21 through introduction of the po-
lar acetamide side-chain. In addition, we observed that metabolic
blocking through chloro-substitution in Ring A para to the elec-
tron-rich ortho anisyl moiety also imparted significant metabolic
stability to the attendant molecule (cf. 19 RLM T1/2 = 120 min in Ta-
ble 1), although the rodent plasma instability issue remained unaf-
fected. Overall, these results demonstrated the utility of Ring A to
improve potency and rodent metabolic stability through either
reduction of lipophilicity and/or through metabolic blocking
strategies.

In terms of monosubstituted Ring D analogs, para substitution
was typically optimal for antagonist potency, as exemplified
through fluoro-substituted congeners (23–25, Table 2). In stark
contrast with Ring A, for Ring D a clear SAR was observed in that
the most potent analogs appeared to be confined to those possess-
ing lipophilic and electron-withdrawing substituents. For example,
para-CF3 analog 26 (IC50 = 42 nM) was nearly tenfold more potent
than the para toluyl congener (28, Table 2). Likewise, para-OCF3

analog 27 proved significantly more potent than 29–30 that bear
polar electron-withdrawing substituents (thus not lipophilic).
Interestingly, analogs 26–27 and 30 with para electron-withdraw-
ing substituents in Ring D displayed improved ex vivo plasma sta-
bility but not microsomal metabolic stability in rats. Moreover,
further reduction of electron density in phenyl Ring D through di-
chloro-substitution at both ortho and para phenyl ring positions
(31, Table 2) resulted in significant improvement in rat microsomal
half-life, albeit with little impact either on rodent plasma stability,
or on hNK3-R antagonist potency (vs 4). Thus collectively, the fore-
going results on aryl Rings A and D demonstrate that substitution
on these aromatic rings plays an important role in modulation of
potency and stability profiles.

Concerning the SAR for the piperazine ring (Ring B) and the
associated amide bond, the following serve as the key highlights
(cf. Table 3). Analog 36, wherein the piperazine ring was replaced
with a ketopiperazine ring, proved to be �24 times less potent
than 5; this established the importance of the sp3 hybridized basic



Table 4
Potency and stability SAR at Ring C

Ring C:
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41 42 43

44 45

Compd R2 hNK3 IC50 (nM) hNK3 Ki (nM) RLM T1/2 (min) %Plasma stability

41 Cl 180 540 44 100
42 Cl 180 370 40 100
43 Cl 280 350 17 100
44 H >5000 ND ND ND
45 Cl 1100 1800 17 78

Table 5
Comparative evaluation of the in vitro and in vivo profiles of analogs 1a, 2 versus 41–42

1a 2 41 42

Subtype selectivity, Ki
a (nM)

rNK3 190 57 3700 3400
hNK3 7.4 1.9 540 370
hNK2 3700 85 10,000 13,000
hNK1 >10,000 330 2200 1600

CYP P-450, IC50 (lM)
3A4, 2D6, 1A2 4, 18, 5 1, 55, >100 12, 29, 21 20, 42, 34
2C9, 2C19 2, 9 11, 7 3, 6 4, 9
% Cell viability (HepG2)b 82% 97% 6.7% 8.5%

Stability and protein binding (rat)
RLM, T1/2 (min) 60 23 44 40
Plasma stability (at 60 min) 100% NA 100% 100%
% Plasma protein binding 99.9 99.4 99.5 99.8

Pharmacokinetics (rat)c

CL (mL/min/kg) 1.9 57 13 7.3
Vdss (L/kg) 1.4 8.7 4.9 3.3
T1/2 (min) 450 110 270 310
AUC oral dosing (ng min/mL) 933,806 6856 ND 90,501
%F 53 17 NA 53

Brain penetration (mouse)d

Brain:plasma ratio (at 10 min) 0.07 0.03 0.88 0.64
Brain concn (ng/g) at 10 min 340 30 830 1700

a Radioligand binding assay.
b Measured at 50 lM test concentration after 24 h.
c Male Sprague–Dawley rats at 1 mg/kg iv and 3 mg/kg po in physiological saline with 9% 2-hydroxypropyl-b-cyclodextrin (HP-b-CD).
d Male CD-1 mice at 5 mg/kg ip in physiological saline with 9% HP-b-CD.
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nitrogen in piperazine for optimal receptor interactions. Replacing
the piperazine amide juncture with sulfonamide (37) resulted in
�15-fold right shift in potency (vs 3b, Table 1). Moreover, methyl
substitution on the piperazinyl ring provided further noteworthy
results summarized below. Thus methyl substitution at the carbon
adjacent to the amide piperazine nitrogen displayed a stereospe-
cific potency SAR with the (S)-Me enantiomer (38, Table 3) proving
to be �15-fold more potent than its antipode (39) and nearly equi-
potent to the reference analog 4 (Table 1). Importantly, analog 38
was found to be fully stable in rat plasma contrary to 4 that was
rather unstable in rat plasma. Nonetheless, the rat microsomal sta-
bility remained comparable between the latter analogs (RLM T1/2

2–3 min). The improved rat plasma stability in 38 may stem from
steric occlusion of the potentially hydrolyzable amide linkage.12

Interestingly, analog 40 (RLM T1/2 = 147 min) proved more robust
than congener 38 in terms of rat microsomal stability whereas
its rat plasma stability profile, while significantly better than 4,
was inferior to 38. Analog 40 was not pursued further due to infe-
rior plasma stability; nonetheless, these results made abundantly
clear that the piperazine ring modifications provide yet another
avenue for advanced lead optimization in the foregoing hNK3-R
antagonist series.

Principle features of the SAR for the five-membered heteroaryl
ring segment in the current lead structures are summarized in Ta-
ble 4. Replacing the pyrazole ring with an isoxazole ring resulted in
Peightfold loss of potency irrespective of the regioisomerism (cf.
44 vs 3b and 45 vs 4). Yet the 2-methyl-pyrrole bioisostere (43)
was merely twofold right-shifted in potency (vs 4, Table 1). More-
over, analog 43 proved devoid of rat plasma stability issues and
displayed moderately improved rat microsomal half-life of
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17 min. The results for analog 43, together with the relatively good
hNK3-R antagonist potency in the N-methyl pyrazole regioisomers,
41–42, tend to suggest that the diminished potency in isoxazole
isosteres is unrelated to the absence of the hydrogen bond donor
present in an unsubstituted pyrazole ring such as 4. In fact, the best
analogs in terms of the overall potency and stability profiles turned
out to be the N-methyl pyrazole analogs, 41–42. The improved
plasma stability in N-methyl pyrazole analog 41 recalls the effect
of methyl piperazine substitution in 38 that was suggested to be
at least partially due to steric occlusion nearby the amide linker
(vide supra). While the hNK3-R antagonist potency in the latter
analogs only marginally differed from the reference analog 4, the
rat plasma and microsomal stability profiles in 41 and 42 were sig-
nificantly ameliorated. Thus both analogs proved to be completely
stable in rat plasma in addition to displaying T1/2 >40 min in the rat
microsomal assay.

A comparative evaluation of analogs 41–42 against talnetant
(1a) and osanetant (2) is provided in Table 5.13 Among all analogs,
a right shift was observed in terms of human versus rodent NK3-R
binding potency, with talnetant showing >25-fold shift vis-à-vis
�30-fold shift for osanetant and �10-fold shift for 41–42. In addi-
tion, for all four analogs the best NK-subtype selectivity is that of
hNK3:hNK2 with talnetant being the most selective (500-fold),
while osanetant and analogs 41–42 display a�20- to 50-fold selec-
tivity. In terms of hNK3:hNK1 selectivity the following trend is dis-
cernible: talnetant (>1000-fold) > osanetant (174-fold) > 41–42 (4-
to 7-fold). However, in terms of CYP P-450 profile, analogs 41–42
proved superior to talnetant or osanetant. In addition, 41 and 42
were cleared from systemic circulation in rats at a reasonably
low rate, 3- to 6-fold more rapidly than talnetant14 and signifi-
cantly superior to the essentially flow-limited clearance rate for
osanetant. Compounds 41–42 also displayed distribution volumes
5- to 10-fold that of total body water, and were present at 0.5% and
0.2% fraction unbound based on plasma protein binding data in
rats. Analog 42 was also found to be 53% orally bioavailable in
rat. Indeed both 41 and 42 were found to be highly CNS-penetrant,
superior in this respect to both talnetant and osanetant, both in rel-
ative (brain-to-plasma ratios >0.6) and in absolute terms (>800 ng/
g at 10 min). Overall these analogs displayed promising pharmaco-
kinetic and brain permeability profiles in rodents and as such ap-
pear to be viable entities for further lead development towards
CNS therapeutic agents.

Despite these promising developments, however, high levels of
cytotoxicity (assessed in HepG2 cells at 50 lM after 24 h) were
encountered in 41 and 42 (cf. Table 5). These results were some-
what unexpected given the absence of any significant cytotoxicity
in several non-methylated pyrazole analogs such as 4, and clean
toxicology profile reported on related structures in the literature.15

Nonetheless, these results tend to implicate a potential role for N-
Me pyrazole as a toxicophore in such structures as 41–42.

We described herein a series of novel hNK3 antagonists that
proved amenable to optimization in terms of hNK3-R antagonist
potency and rodent stability profiles through several types of
structural modifications. Structures with good potency and oral
bioavailability that were CNS-penetrant were achievable in this
series, as exemplified by analog 42. Ultimately this work was aban-
doned in view of the cytotoxicity issue encountered in a subset of
these structures (namely 41 and 42) and further prompted by dis-
covery of other more promising lead series in this program, which
will be reported in due course.
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