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Abstract

Orexins are a family of neuropeptides that regulate various physiological events such as
sleep/wakefulness as well as emotional and feeding behavior, and that act on two G-protein-coupled
receptors, i.e., the orexin 1 (OX;R) and orexin 2 receptors (OX2R). Since the discovery that dysfunction of
the orexin/OX:R system causes the sleep disorder narcolepsy, several OX;R-selective and OXi,R dual
agonists have been disclosed. However, an OX;R-selective agonist has not yet been reported, despite the
importance of the biological function of OX;R. Herein, we report the discovery of a potent OX;R-selective
agonist, (R,E)-3-(4-methoxy-3-(N-(8-(2-(3-methoxyphenyl)-N-methylacetamido)-5,6,7,8-
tetrahydronaphthalen-2-yl)sulfamoyl)phenyl)-N-(pyridin-4-yl)acrylamide ((R)-YNT-3708; ECso = 7.48
nM for OXiR; OX,R/OXiR ECsg ratio = 22.5). Unlike the OX;,R-selective agonist, the OX R-selective
agonist (R)-YNT-3708 exhibited antinociceptive and reinforcing effects in mice more potently than the

dual agonist.

Introduction

The orexin/orexin receptor system plays a fundamental role in the central nervous system and
contributes to functions such as arousal and emotion. Orexin A and B (OXA and OXB, also called
hypocretin 1 and 2) are hypothalamic neuropeptides derived from prepro-orexin that are specifically
produced by neurons in the lateral hypothalamic area and that act on two G protein-coupled receptors,
OXR and OX;R.!? The affinity of these peptides toward OXRs is different; OXA has a comparable affinity
toward OX R and OX2R, while OXB shows selectivity toward OXzR.! Moreover, given that the expression
patterns of OX R and OX»R differ significantly, each receptor subtype has been postulated to have distinct
functions under physiological conditions."** The orexin/OX>R system is mainly involved in the regulation
and stability of sleep and wakefulness, and its dysfunction causes the sleep disorder narcolepsy, which is
characterized by excessive daytime sleepiness, cataplexy, hypnagogic/hypnopompic hallucinations, sleep
paralysis, and disturbed nighttime sleep.>™ Accordingly, OX2R agonists are attracting attention as potential
therapeutic agents for narcolepsy.>® In contrast, although dysfunction of the orexin/OX;R system has not

been implicated in the development of narcolepsy symptoms, several genetic and pharmacological studies
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have revealed that the orexin/OX;R system is involved in the regulation of sleep—wakefulness,®!%!! feeding

4,13,14 15-17 18,19 20-23

behavior,!!? reward seeking, analgesia, energy homeostasis, emotion, and the autonomic
nervous system.?*?> Despite the importance of the physiological roles of OX;R, its contribution to disease
pathogenesis is not fully understood yet.

The medicinal chemistry of orexin receptor agonists has been vigorously investigated with a focus
on narcolepsy therapeutics. The first potent nonpeptidic OX,R-selective agonist, YNT-185, was discovered
via a high-throughput screening and subsequent optimization, and ameliorated narcolepsy symptoms in
animal models (Figure 1).26?7 Since this report, several more OX,R-selective small-molecule agonists have
been reported,?®? including TAK-925, which has entered clinical trials for the treatment of hypersomnia
including narcolepsy.’® Recently, a dual orexin receptor agonist, RTOXA-43, in which the
dimethylcarbamoyl group of YNT-185 was replaced with a 4-pyridyl carbamoyl group, has been disclosed
to exhibit comparable agonist activity for both OX;R and OXzR (ECso = 24 nM for both receptors).?!
Moreover, we have independently reported (R)-2, which is derived from a naphthalene-type OX>R agonist
and exhibits highly potent agonist activity for both receptors (ECso = 13.5 nM for OX;R, 0.579 nM for
OX3R).3233 Despite the significant progress in the development of OX:R-selective and dual OX;,R

agonists, no OX;R-selective agonists have been reported so far.

I\I/Ie
0=$=0
o H H Q  NMe; HN o H H
AN N~ AN N
Me,N s N o Me,N 5;
o) O N " N ) O © o N
N" N
OMe OJ\OMe OMe \ 7
YNT-185 TAK-925 1
OX;R: ECsp = 2,750 nM OX4R: ECso > 30 uM OX4R: ECsp = 36 uM
OX,R: ECsp = 28 nM OX,R: ECsp = 5.5 1M OX5R: ECsp = 5.3 M

(e}
(e}
Me MeN OMe
| P N O \\S\\,N NV\H Me Q\ H T
5 O (¢} MeoN O S\\
OMe o o
OMe

RTOXA-43 (R)-2
OX4R: ECgp = 24 nM OX4R: ECsp = 13.5 nM
OX,R: ECsp = 24 nM OX,R: ECsp = 0.579 nM

Figure 1. Structures of typical small-molecule orexin receptor agonists.
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During our efforts to develop orexin receptor agonists based on the structure of (R)-2, we found
that the potency of agonist activity for OX R and OX;R was reversed by modification of the biphenyl
sulfonamide moiety of (R)-2 and discovered the first OXR-selective agonist, (R,E)-3-(4-methoxy-3-(N-(8-
(2-(3-methoxyphenyl)-N-methylacetamido)-5,6,7,8-tetrahydronaphthalen-2-yl)sulfamoyl)phenyl)-/N-
(pyridin-4-yl)acrylamide ((R)-YNT-3708; (R)-18). We herein describe the process of finding (R)-18 and
report its in vivo pharmacological activity, with a focus on OX;R-related functions such as reinforcing and

analgesic effects.

In Vitro Pharmacology and Structure—Activity Relationship Studies

The structure—activity relationships of compounds obtained by modifying the biphenyl
sulfonamide moiety of 2 are shown in Table 1. The removal of the dimethylcarbamoyl group on the A ring
(3) dramatically attenuated the agonist activity against both receptors, while the removal of the A ring along
with the dimethylcarbamoyl group (4) resulted in weak but OX; R-selective agonist activity over OX;R.
Additionally, the removal of both the A and B rings (5) caused the compound to have no activity. These
data suggest that the dimethylcarbamoyl group is important for potent activity, while the A ring is not
essential for agonist activity, especially toward OX;R. Encouraged by these results, we then investigated
the spacer structure between the B ring and carbamoyl group to improve the activity toward OX;R. The
introduction of a dimethylcarbamoyl group directly onto the B ring improved the potency for both receptors,
and 6 showed rather selective OX,R-agonist activity. Elongation of the spacer carbon chain attenuated the
activity toward both receptors (7-9), albeit that the receptor selectivity was inverted when two carbon atoms
were inserted, with 8 showing a 15-fold increase in selectivity toward OX R compared to that of 6. Further
extension of the carbon chain improved the potency toward both receptors (9), while the receptor selectivity
toward OXR decreased. Finally, the restriction of the saturated carbon chain of 8 with a double bond (10)
further improved both the activity and selectivity toward OX;R. Interestingly, the OX,;R-agonist activity of
6—10 in Table 1 differs significantly, whereas their agonist activity toward OX;R is similar. These results
imply that the A ring in the biphenyl unit efficiently interacts with OX2R rather than OX;R and that the

double-bond spacer would be suitable for the activation of OX;R.
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OMe

. 607 146
6 MezNJ\@ [95.7] [121] 024
OMe
MezN " 1,038 192
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100  2Emax expressed as a percentage of OXA maximum. ® Value obtained at 10 uM. € Not active.

101
102 As cinnamoyl derivative 10 showed moderate but selective OXiR-agonist activity, we

103 subsequently conducted a structural optimization of the substituents on the carbamoyl group, which was



104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121
122

assumed to be important for the potency (Table 2). Conversion of the tertiary N,N-dimethyl amide of 10
into a secondary N-methyl amide (11) or primary amide (12) resulted in a more than two-fold increase in
agonist activity toward OX;R, indicating that the N—H group can be expected to play an important role in
the interaction with OX;R. Although the replacement of N-methyl with N-n-butyl (13) on the secondary
amide group resulted in a slight decrease in OX;R activity, the introduction of ether oxygen and N-methyl
nitrogen atoms increased the activity (14 and 15). These results suggest that the receptor pocket has enough
space around the carbamoyl group and that the presence of a hydrogen-bond acceptor (HBA) on the amide
sidechain is favorable for the enhancement of OX;R-agonist activity. In order to investigate the orientation
of the HBA on the carbamoyl group, we attempted to fix the basic nitrogen atom via ring formation. The
3-pyridyl derivative 16, in which the nitrogen atom is tethered at the same distance as that of 15, showed
6-fold more potent OX R-agonist activity than 15. While moving the nitrogen atom from the 3- to the 2-
position (17) resulted in a ca. 5-fold decrease in the OX;R-agonist activity compared to that of 16, 4-pyridyl
derivative YNT-3708 (18) showed a significant increase in OX;R-agonist activity and receptor selectivity.
On the other hand, N-methyl 4-pyridyl amide 19 exhibited a 12 times weaker OX R-agonist activity than
18. Moreover, anilide 20, which does not contain HBA on the aromatic ring, showed 30 times weaker
activity than 18, which is the same activity range as N-methyl amide 11. These results indicate that a suitable

orientation of HBA on the frans-amide substituent is crucial for potent OX;R-agonist activity.

Table 2. Orexin receptor-agonist activity of cinnamamide derivatives 10-20

ECs (M) Selectivit ECso (nM) Selectivit
a electivity a electivity
Comp. R [Emex (%)) (OX/RIOX:R) ~ ComP R [Enex O] (OXiR/OX:R)
OX R OX2R OXiR OX2R
0 Me.” 1279 >10,000 - 16 N/\ L . 434 295 6.0
me  [109] [70.1°] N 1s2] [130] :
H
Me. - 501 >10,000 “ 201 955
u N X _ 17 N . 475
8 [99.5] [48.5°] N” N [81.8] [101]
H
v
H . 18 N |
N° 581 7,010 15.3 229
12 \ b 12.1 (YNT- NN 15.0
4 [95.0]  [74.5] 3708) b [85.4] [104]
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* Emax expressed as a percentage of OXA maximum. ® Value obtained at 10 pM.

Synthetic Chemistry and Eutomer Determination

The synthesis of the evaluated compounds is summarized in Scheme 1. The common intermediate
21 was prepared according to a previously reported method.?? Initially, 21 was treated with 5-bromo-2-
methoxybenzenesulfonyl chloride to yield intermediate 22. Suzuki—Miyaura coupling with phenylboronic
acid and hydrogenation of 22 furnished 3 and 4, respectively. Condensation of 21 with
methanesulfonylchloride afforded 5, while 6 was obtained from a Pd-catalyzed esterification®* followed by
amidation of 23 with dimethylamine. Derivatives 7, 9, and 10 differ with respect to the length of their
carbon chain and were synthesized using the corresponding sulfonyl chlorides (25a—¢), which were
prepared from the corresponding anisole derivatives (24a—c) and treated with amine 21 to provide the
corresponding esters (26a—c). The latter were converted into amides 7, 9, and 10 via hydrolysis under basic
conditions followed by a condensation with dimethylamine. Moreover, 8 was obtained from the
hydrogenation of amide 10. The other cinnamoyl derivatives (11-20) were synthesized in the same manner
as 10, using the corresponding amines. The solid-state structure of 18 was determined unequivocally using

single-crystal X-ray diffraction analysis (for details, see the Supporting Information).
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3 (R' = Ph)
4 (R'=H)

23 (R' = 2,4,6-trichlorophenoxy carbonyl)
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26a: X = OMe, Y = CH, 7:Y = CHy, Z = NMe,
(rac)-26b: X = OEt, Y = CH=CH 8: Y = CH,-CH,, Z = NMe,
(R)-26b: X = OEt, Y = CH=CH 9:Y = CH,-CH,-CHy, Z = NMe;, k
26c: X = OEt, Y = CH,-CH,-CH, ) 10: Y = CH=CH, Z = NMe,

[ 11:Y = CH=CH, Z = NHMe
27a: X = OH, Y = CH, 12:Y = CH=CH, Z = NH,
(rac)-27b: X = OH, Y = CH=CH 13: Y = CH=CH, Z = NHnPr

14: Y = CH=CH, Z = NHC,H,OMe

OMe g OMe (R)-27b: X = OH, Y = CH=CH
j\ O/ o JOL /@i 27¢: X = OH, Y = CH,-CH»-CH, 15:Y = CH=CH, Z = NHC,H;NMe,
Ny N 50,Cl 16: Y = CH=CH, Z = NH(3-pyridyl)

17:Y = CH=CH, Z = NH(2-pyridyl)
(rac)-YNT-3708 ((rac)-18): Y = CH=CH, Z = NH(4-pyridyl)

24a: X = OMe, Y = CH, 25a: X = OMe, Y = CH, (R)-YNT-3708 ((R)-18): Y = CH=CH, Z = NH(4-pyridyl)
24b: X = OEt, Y = CH=CH 25b: X = OEt, Y = CH=CH 19: Y = CH=CH, Z = NMe(4-pyridyl)
24c: X = OEt, Y = CHy-CH,-CH,  25¢: X = OEt, Y = CH,-CH,-CH, 20: Y = CH=CH, Z = NHPh

Scheme 1. Reagents and conditions for the synthesis of assayed compounds: (a) 5-bromo-2-methoxysulfonyl chloride,
pyridine, CH>Cl,, r.t., 99%; (b) phenylboronic acid, Pd(PPhs)s, 2.5 M Na>COs aq., DME, reflux, 55%; (c) H», Pd/C,
MeOH/EtOAc, r1.t., 78%; (d) methanesulfonyl chloride, pyridine, CH>Cly, r.t., 81%; (e) 2,4,6-trichlorophenyl formate,
Pd(OAc),, Xantphos, DBU, toluene, 80 °C; (f) dimethylamine hydrochloride, EtsN, DMAP, THF, r.t. 30% over 2 steps;
(g) chlorosulfonic acid, CH2Cla, 0 °C, then SOCl,, DMF, reflux, 45% for 25a, 83% for 25b, and 95% for 25c¢; (h) 25a—c,
pyridine, CH>Clo, 74% for (rac)-26a, 95% for 26b, and 92% for 26¢; (i) NaOH aq. or LiOH agq., THF, r.t., 90% for (rac)-
27a, 78% for (rac)-27b, 99% for 27¢; (j) corresponding amines (Z-H), COMU or HATU, DIPEA, DMF, r.t., 97% for 7,
96% for 9; 56% for 10, 98% for 11, 68% for 12, 75% for 13, 87% for 14, 65% for 15, 53% for 16, 40% for 17, 81% for
(rac)-YNT-3708 ((rac)-18), 62% for (R)-YNT-3708 ((R)-18) in 2 steps, 73% for 19, and 80% for 20; (k) H2, Pd/C, MeOH,

r.t., 82%.

In our previous study, separation of the enantiomers of tetralin derivative (rac)-2 identified the
(R)-tetralin core structure as a eutomer structure for both receptors.®* While we also separated the optical
isomers of (rac)-18 using preparative chiral HPLC, the individual isomers did not crystallize, whereas
(rac)-18 crystallized. Therefore, the absolute sterecochemistry of each isomer was determined by
asymmetric synthesis of the (R)-isomer from optically pure (R)-21°3 according to the same procedure as

(rac)-18 (Scheme 1) and comparison of the optical properties. Consistent with our previous research, (R)-
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18 showed a ca. two-fold increase in agonist activity for both receptors compared to (rac)-18, while (5)-18
showed a significant decrease in agonist activity for both receptors (Table 3). Importantly, the eutomer (R)-
18 showed 290-fold weaker OX,R-agonist activity than (R)-2, but a 1.8-fold more potent OX;R-agonist
activity than (R)-2, leading to a significant improvement in OX;R selectivity for (R)-2 (OX2R/OXR =22.5
vs. 0.042). Given that the active-state structure of OX R bound with its agonist has not yet been elucidated,
it is difficult to estimate the binding modes of (R)-18. However, these results suggested that the tetralin-
phenylacetamide unit with an (R)-stereochemistry is important for the strong activation of both receptors,
while the sulfonamide unit plays a more important role in the receptor selectivity. This is probably due to
the differences in the binding pocket around the biphenyl group. The binding pockets of OX;R and OX,R
differ in only two residues (S103261/T11126! and A127%33/T135333), which give rise to a larger volume in
the OX;R-binding pocket than that of OX,R.?® While the rigid biphenyl moiety can potentially occupy the
binding pocket of both receptors, the cinnamoyl amide moiety can be expected to be unstable in the slightly
tighter binding pocket of OX>R due to lack of key hydrophobic interactions between the aromatic A-ring

and OX>R and/or on account of the flexibility of the acrylamide unit.

Table 3. Orexin receptor-agonist activity of each enantiomer of (rac)-YNT-3708 (18)

ECso (nM) Selectivity
a-
Comp. Structure — [lfmax (%)O]X — (OX:R/OXR)
1 2
0 (j
MeN OMe
racr1is - NN § o N 15:0 271 19.0
~ Y- [104] [98.6] :
\
Yo
OMe
QL
MeN
o V) 0 o K © OMe 3 505 1,661 0.46
s A Y- (712°]  [47.47] :
W
N o)
OMe
PG

(0] H H 7.47 168

(R)-18 | A N : 225
- 101 168
OMe

* Emax expressed as a percentage of OXA maximum. ® Value obtained at 10 uM.

In vivo Pharmacology of (R)-YNT-3708 ((R)-18)
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With the first OX;R-selective agonist in hand, we then assessed the potential of the OXR-selective
small-molecule agonist (R)-18 for in vivo experiments. Several pharmacological studies using 1-SORA and
genetic studies have suggested that the reinforcing effect of OXA is mainly mediated by OXiR rather than
by OX3R.*3 Moreover, our group has recently reported that the OX:R-selective peptide AL-OXB does not

t.!* However, the direct involvement of

show any preference in a conditioned place-preference (CPP) tes
receptor-selective activation in the reward system has not yet been investigated using selective small-
molecule agonists. Thus, we first performed a CPP test using the OX;R-selective agonist (R)-18, OX2R-
selective agonist (5)-2, and OX1R/OX;R dual agonist (R)-2 to clarify the involvement of OX;R-selective
activation in the reward system. The subcutaneous (s.c.) administration of OX;R-selective agonist (5)-2 did
not induce a place preference (Figure 3A), while dual agonist (R)-2 and OX;R-selective agonist (R)-18
produced a detectable place preference at 40 mg/kg (Figure 3B and 3C), although their reinforcing effect

was significantly weaker than that of the typical addictive drug cocaine, especially for (R)-18. The (R)-18-

induced place preference in wild-type mice was significantly reduced in OX;R-knockout mice (Figure 3D).

These results indicate, as previously reported, that OX;R-selective activation induces reinforcing effects,
albeit that these effects might not necessarily be as strong as those of existing addictive drugs; the
clarification of this point requires further investigations that are beyond the scope of the present study.
Next, we evaluated the antinociceptive effect of (R)-18 using the mouse tail-flick test. OXR are
localized in areas of the brain and spinal cord associated with nociceptive processing,’®*” and stimulation
of the lateral hypothalamus area, where orexin neurons are located, produces analgesia.*® Additionally,
several studies have shown that the central administration of the endogenous dual agonist OXA, but not the
endogenous OX>R-selective agonist OXB, shows an antinociceptive effect in rats and mice, suggesting that
the OX\R system plays an important role in pain modulation.?” The subcutaneous administration of OX;R-
selective agonist (R)-18 showed a dose-dependent antinociceptive effect in the mouse-tail-flick test,
whereby the maximum effect is observed 30 min after administration (Figure 4). These data suggest that

OXiR-selective agonists can be expected to be useful as a new class of antinociceptive agents.

10
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Figure 3. Effects of orexin receptor agonists in a conditioned place-preference (CPP) test. (A—C) Effects
of different doses of (S)-2 (B), (R)-2 (C), and (R)-18 on the CPP score. The same CPP data for vehicle and
cocaine (COCA) injections are presented in (A), (B), and (C). Data represent the mean values = SEM from
8 mice for 10, 20, and 40 mg/kg (S)-2, 8 mice for 10, 20, and 40 mg/kg (R)-2, 5 mice for 10 and 20 mg/kg
(R)-18, 8 mice for 40 mg/kg (R)-18, 8 mice for the vehicle, and 8 mice for 20 mg/kg cocaine. Statistical
analysis: one-way ANOVA followed by Tukey’s multiple comparisons test. (D) Effects of (R)-18 at 40
mg/kg in wild-type mice and OX; R-knockout mice. The same CPP data for 40 mg/kg (R)-18 injections are
presented in (C) and (D). Data represent the mean values £ SEM from 5 mice for 40 mg/kg (R)-18 in OX;R-
knockout mice and 8 mice for 40 mg/kg (R)-18 in wild-type mice. Statistical analysis: unpaired Student’s

t-test.
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Figure 4. Antinociceptive effect of (R)-18 in a tail-flick test. Time course of analgesic effect induced by
different doses of (R)-18 (20-60 mg/kg, s.c.) in the mouse-tail-flick test. Data represent the mean value +
SEM from 9 mice for 20 and 40 mg/kg (R)-18 and 8 mice for 60 mg/kg (R)-18 and vehicle. Statistical

analysis: two-way ANOVA followed by Dunnett test.
11



Conclusions

In conclusion, we have discovered a potent and centrally active OX R-selective agonist, YNT-
3708 (18), through a structure—activity relationship study focusing on the biphenyl moiety based on the
structure of a tetralin-type agonist 2. The replacement of the biphenyl unit with a vinylogous phenyl scaffold
enhances the potency toward OX;R but not OX>R, which is important to achieve selective interactions with
OXjR. After enantiomer separation, (R)-YNT-3708 ((R)-18) exhibited superior OX;R-selective agonist
activity. The peripheral (subcutaneous) administration of (R)-18 induced a weak reinforcing effect in a
conditioned place-preference (CPP) test and an antinociceptive effect in a mouse-tail-flick test. These
results suggest that OX; R-selective agonists can be expected to serve as a new class of useful
antinociceptive agents. To the best of our knowledge, OX;R-selective agonists have not been disclosed so
far (including patents), even though several OX;R-selective- and dual orexin receptor-agonists have already
been reported. OX R plays prominent roles in the physiological events such as not only reward and
analgesia, but also sleep—wakefulness, feeding behavior, energy homeostasis, emotions, and the autonomic
nervous system. Our findings thus contribute not only to the development of medicinal chemistry targeting
orexin receptors, but also to further investigations for the elucidation of the physiological and pathogenetic

functions of OXR.

Experimental Section
Chemistry

All reagents and solvents were purchased from the following commercial suppliers: Tokyo
Chemical Industry, Sigma-Aldrich, Inc., Kanto Chemical Co., Inc., Wako Pure Chemical Ind., Ltd. and
Nacalai Tesque. All commercially available chemicals and solvents were used as received. In general,
reaction mixtures were magnetically stirred at the indicated temperature under an argon atmosphere. The
synthetic compounds described in this study were checked with analytical thin-layer chromatography (TLC,
Merck Co., Ltd., Kieselgel 60 Fass4, 0.25 mm), visualized under UV light at 254 nm and phosphomolybdic
acid in an aqueous solution of sulfuric acid, Hanessian stain, ninhydrin, or p-anisaldehyde followed by

heating. Column chromatography was carried out on silica gel (a: spherical, neutral, 40-50 um, Kanto
12



Chemical Co., Japan; b: spherical, neutral, CHROMATOREX PSQ60B, 60 pum, Fuji Silysia Chemical Ltd.).
Preparative TLC was performed on Kieselgel 60 F2s4 (0.50 mm) plates (Merck Co., Ltd.). Infrared (IR)
spectra were recorded on a JASCO FT/IR-4100Plus. Nuclear magnetic resonance (NMR) spectra were
obtained on a JEOL JNM-ECS 400 ('H: 400 MHz; *C: 101 MHz). NMR chemical shifts are given in ppm
using tetramethylsilane (TMS, & 0 ppm) as the reference for the '"H NMR spectra and CDCl; (8 77.16 ppm)
for the *C NMR spectra. Some compounds were observed as a mixture of rotamers. Mass spectra (MS)
were obtained on a JEOL JMS-T100LP spectrometer. Elemental analyses were performed with on a J-
SCIENCE LAB microcorder JM10. The purity (=95%) of the assayed compounds was determined using
analytical HPLC. Analytical HPLC was performed on an ACQUITY UPLC system (Waters Co., Ltd)
equipped with an ACQUITY UPLC BEH C18 column (1.7 pm, 50 mm x 2.1 mm), with PDA detection at
254 nm at a column temperature of 40 °C. Optical rotations were measured using an Anton Paar MCP 100
Polarimeter.

Preparation of (R)-YNT-3708 ((R)-18)

Ethyl (E)-3-(3-(chlorosulfonyl)-4-methoxyphenyl)acrylate (25b)

Chlorosulfonic acid (0.321 mL, 4.87 mmol) was added to a solution of ethyl 4-methoxycinnamate (201 mg,
0.975 mmol) in CH2Cl (5.0 mL) at 0 °C, before the solution was stirred for 30 min. Subsequently, SOCl»
(0.703 mL, 9.75 mmol) and DMF (3.75 uL, 0.0487 mmol) were added to the reaction mixture, before the
mixture was heated to reflux for 10 min. Then, the reaction mixture was poured into water and extracted
with CHCI; (20, 20, 10, and 10 mL). The combined organic layers were dried over Na>SO4 and filtered
before the filtrate was concentrated under reduced pressure. The crude residue was purified by column
chromatography on silica gel (0-25% EtOAc in hexane) to afford 25b (247 mg, 83%) as a white solid. IR
(neat): 2983, 1710, 1603, 1499, 1370, 1173 cm™'. '"H NMR (400 MHz, CDCls) § 1.34 (t, J = 7.2 Hz, 3H),
4.10 (s, 3H), 4.27 (q, J = 7.2 Hz, 2H), 6.41 (d, J=16.0 Hz, 1H), 7.15 (d, /= 8.7 Hz, 1H), 7.62 (d, /= 16.0
Hz, 1H), 7.81 (dd, J= 8.7, 2.3 Hz, 1H), 8.12 (d, J= 2.3 Hz, 1H). 3C NMR (101 MHz, CDCls) § 14.4, 57.1,
60.9, 113.8, 119.4, 127.4, 129.2, 1324, 1364, 141.4, 1583, 166.5. EA Anal. Calcd for

Ci3H1205SCl1-0.2H20: C, 46.74; H, 4.38; N, 0.00. Found: C, 46.78; H, 4.26; N, 0.00.
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Ethyl (R,E)-3-(4-methoxy-3-(NV-(8-(2-(3-methoxyphenyl)-N-methylacetamido)-5,6,7,8-
tetrahydronaphthalen-2-yl)sulfamoyl)phenyl)acrylate ((R)-26b)

A mixture of 21 (41.0 mg, 0.126 mmol) and 25b (40.4 mg, 0.133 mmol) in CH>Cl> (0.80 mL) was stirred
with pyridine (0.20 mL) for 2 h at room temperature under an argon atmosphere. The reaction mixture was
quenched with sat. NaHCOs3 aq. (30 mL) and extracted with CHCls (30, 15, and 5 mL). The combined
organic layers were washed with brine (30 mL), dried over Na>SO4 and filtered before the filtrate was
concentrated under reduced pressure. The thus obtained crude material was used for the next reaction
without further purification.

(R,E)-3-(4-Methoxy-3-(/V-(8-(2-(3-methoxyphenyl)- V-methylacetamido)-5,6,7,8-
tetrahydronaphthalen-2-yl)sulfamoyl)phenyl)acrylic acid ((R)-27b)

A solution of crude (R)-26b in THF (3.0 mL) was treated with 1 M NaOH aq. (3.0 mL) at room temperature
under an argon atmosphere, and the mixture was stirred for 15 h. Then, the reaction mixture was quenched
by the addition of 1 M HCI aq. (5.0 mL) and extracted with CHCl; (30, 15, and 5 mL). The combined
organic layers were dried over Na;SO4 and filtered before the filtrate was concentrated under reduced
pressure. The thus obtained crude product was used for the next reaction without further purification.
(R,E)-3-(4-Methoxy-3-(/V-(8-(2-(3-methoxyphenyl)- V-methylacetamido)-5,6,7,8-
tetrahydronaphthalen-2-yl)sulfamoyl)phenyl)-V-(pyridin-4-yl)acrylamide ((R)-YNT-3708; (R)-18)
A mixture of (R)-27b (1.22 g, 2.16 mmol), 4-aminopyridine (308 mg, 3.27 mmol), HATU (989 mg, 2.60
mmol), and DIPEA (739 pL, 4.32 mmol) in DMF (10 mL) was stirred for 22 h at room temperature under
an argon atmosphere. The reaction mixture was diluted with sat. NaHCOs3 aq. (100 mL) and extracted with
CHCIs (200, 100, 100, and 100 mL). The combined organic layers were dried over Na>xSO4 and filtered
before the filtrate was concentrated under reduced pressure. The thus obtained crude residue was purified
by column chromatography on silica gel (0-9% MeCN in CHCI3) and preparative TLC (5% MeOH in
CHClz and 9% MeOH in CHCIs) to afford (R)-18 (851 mg, 62%) as a colorless amorphous solid. IR (neat):
2936, 1629, 1599, 1496, 1156 cm™!. '"H NMR (400 MHz, CDCl3): § (ppm) 1.45-2.11 (m, 4H), 2.36 (s,
0.9H), 2.52-2.79 (m, 2H), 2.86 (s, 2.1H), 3.51-4.12 (m, 8H), 5.00-5.17 (m, 0.3H), 5.71-5.92 (m, 0.7H),

6.34 (d, J = 15.6 Hz, 0.7H), 6.55-6.83 (m, 2.3H), 6.83-7.05 (m, 4H), 7.16 (t, J = 7.8 Hz, 1H), 7.25-7.29

14



301

302

303

304

305

306

307

308

309

310

311

312

313

314

315

316

317

318

319

320

321

322

323

324

325

326

327

(m, 1H), 7.38-7.60 (m, 4H), 8.13 (d, J=2.3 Hz, 0.7H), 8.24 (d, /= 1.8 Hz, 0.3H), 8.32-8.53 (m, 2H), 9.70
(s, 0.7H), 10.01 (s, 0.3H). The NH peak was not observed. *C NMR (100 MHz, CDCI3): & (ppm) 22.0,
27.0,28.2,28.7,28.8,31.6,40.9,40.9, 53.7,55.1,55.4,56.8,57.5,112.0, 112.4,112.6, 112.8, 113.7, 113.9,
114.0, 114.6, 115.3, 116.2, 117.1, 118.2, 121.5, 121.9, 123.4, 123.7, 126.3, 127.5, 128.0, 128.5, 128.6,
128.9, 130.1, 130.3, 130.5, 130.7, 133.9, 134.1, 135.4, 135.7, 135.8, 136.1, 136.2, 136.2, 136.5, 136.6,
138.9, 139.4, 146.9, 146.9, 149.1, 149.5, 157.6, 160.0, 164.9, 165.3, 172.2, 173.4. HR-MS (ESI): m/z
[M+H]" caled for C3sH37N4O06S: 641.24338, found: 641.24228; [a]ss0>° = +46.131 (¢ = 0.336, CHCl3).

To improve the solubility in aqueous solution for an in vivo assay, (R)-18 was converted into its
hydrochloric-acid salt.

(R)-18-HCI: Anal. Calcd for C3sH3sN4Os-HCI-3.4H>O: C, 56.93; H, 5.98; N, 7.59. Found: C, 56.90; H,

5.78; N, 7.45.

The preparation methods for other tested compounds are described in the Supporting Information.

Calcium-mobilization assay

Chinese hamster ovary (CHO)-K1 cells stably expressing human OX;R (CHOOX;R) or OX:R
(CHOOX;R) were seeded in a 96-well plate (10,000 cells/well) and then incubated with 5% FBS/DMEM
at 37 °C for 48 h. After the incubation, the cells were loaded with 5 uM of the fluorescent calcium indicator
Fura 2-AM (Cayman Chemical, Michigan, USA) in Hanks balanced salt solution (HBSS) including 20 mM
HEPES, 2.5 mM Probenecid, 0.04% Cremophor EL, and 0.1% BSA at 37 °C for 1 h. The cells were washed
once, and 75 pL of HBSS buffer was added. The cells were then treated with 25 pL of various
concentrations of test compounds or orexin A. The increase in intracellular Ca®>" concentration was
measured based on the ratio of emission fluorescence at 510 nm with excitation at 340 nm or 380 nm using
the Functional Drug Screening System 7000 system (Hamamatsu Photonics, Shizuoka, Japan). Sigmoidal
concentration—response curves were produced using the software GraphPad Prism (version 6.05; GraphPad
Software Inc., La Jolla, CA, USA). The agonist stimulation of all test compounds was determined by
normalizing all values to the maximum response (Emax) of the sigmoidal curve produced by orexin A. The
values of Emax and half maximal effective concentration (ECso) for all test compounds were obtained from
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the average of 1-2 independent experiments. For comparison of the stereoisomers of 18, the values of Enax

and ECs for (rac)-, (S)-, and (R)-18 were obtained from individual experiments (Table 3).

Conditioned place-preference (CPP) test

The conditioned place-preference (CPP) test was performed according to previous reports.’>*° The
measuring vessel was divided into two compartments of equal size. The surface of one compartment was
white and rough, while that of the other was black and smooth. The test involved three phases: a (i) pre-
test session, a (i1) conditioning session, and a (iii) post-test session. In the pre-test session, mice that had
not been treated with either the test compounds or vehicle were placed in the measuring vessel, and the
time spent by the mice in each compartment (total: 15 minutes) was measured. Next, conditioning sessions
were conducted for six days, and either the test compounds (dissolved in a solution of 5% DMSO, 5%
Cremophor EL®, 20% PEG400, and 70% 1% Soluplus® aq.) or the vehicle was administered by s.c.
injection each day. After administration of the test compounds, the animals were placed in the compartment
opposite that in which they spent the most time in the pre-test session for 1 h. On alternating days, the same
animals instead received the vehicle, and were placed in the other compartment for 1 h. On the day after
the final conditioning session, the post-test session was conducted under the same conditions as the pre-test
session. The CPP score was defined as the time spent in the drug-associated side of the box after drug

conditioning subtracted from the time spent there before drug conditioning.

Tail-flick test

Tail-flick tests were performed to assess test-compounds-induced analgesic effects. The tail-flick response
was evoked by thermal stimulation to the mouse tail and the latencies were determined by using a recording
equipment (model 336, IITC Inc. Life Science, Woodland Hills, CA, USA). To prevent tail-tissue damage,
the cut-off time was set to 15 5.4%*! The intensity of the thermal stimulus was adjusted to achieve an average
basal latency of approximately 4 s in naive mice. Post-injection latency was measured at 15, 30, 60, 90 and

120 min after subcutaneous treatment of test compounds (dissolved in a solution of 5% DMSO, 5%
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Cremophor EL®, 20% PEG400, and 70% 1% Soluplus® aq.) or vehicle. The analgesic percentage is defined

as 100 x (post-injection test latency — basal latency) / (cut-off time — basal latency).

Supporting Information
Preparation of tested compounds, enantiomer separation, chiral-column analysis, HPLC traces, and X-ray
crystallography (PDF)

Molecular formula strings (CSV)
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