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The CB2 receptor has emerged as a potential target for the treatment of pruritus as well as pain without
CB1-mediated side effects. We previously identified 2-pyridone derivatives 1 and 2 as potent CB2 ago-
nists; however, this series of compounds was found to have unacceptable pharmacokinetic profiles with
no significant effect in vivo. To improve these profiles, we performed further structural optimization of 1
and 2, which led to the discovery of bicyclic 2-pyridone 18e with improved CB2 affinity and selectivity
over CB1. In a mouse pruritus model, 18e inhibited compound 48/80 induced scratching behavior at a
dose of 100 mg/kg. In addition, the docking model of 18e with an active-state CB2 homology model indi-
cated the structural basis of its high affinity and selectivity over CB1.

� 2013 Published by Elsevier Ltd.
1. Introduction

Atopic dermatitis (AD) is a chronic and relapsing inflammatory
skin disease that is characterized by intense itching (pruritus), dry
skin, redness and exudation.1,2 The often unbearable pruritus expe-
rienced by AD patients led it to be referred to commonly as ‘the itch
that rashes’. Another common feature of AD is the itch–scratch–itch
cycle. Scratching further intensifies the itch and damages the skin,
which in turn increases inflammation and the establishment of an
itch–scratch–itch cycle plays a key role in increasing the severity of
AD.3 Although itching is one of the principal symptoms of AD, there
is a lack of therapeutic drugs that can quickly and effectively tackle
the itch associated with it.4

Both cannabinoid receptors CB1 and CB2 are expressed on cuta-
neous sensory nerve fibers, mast cells, and keratinocytes.2 The
involvement of cannabinoid receptors in reducing pruritus has
been shown in itch models.5,6 For example, peripheral administra-
tion of cannabinoid agonist HU-210 has been shown to attenuate
histamine-induced itch in humans.5 Furthermore, the CB2 agonist
has reduced pruritus in patients with AD, lichen simplex, and CKD-
associated pruritus.1 Unlike CB2 agonists, the CB1 agonist acts on
the central CB1 receptor to cause central nervous system (CNS)
mediated effects such as catalepsy, hypothermia and hypoactivity.
Thus, selective CB2 agonists should be useful against pruritus with-
out CB1-mediated side effects.

A number of CB2 selective agonists have been reported on from
various studies.9 For example, HU-308,7 AM1241,8 and
GW842166X9b are well-known selective CB2 agonists that are ac-
tive in animal models of pain. We recently reported the discovery
of pyridone-based CB2 agonists 1 and 2 designed from an isoquino-
lone based screening hit (Fig. 1 ),10 but this series of compounds
was found to have unacceptable pharmacokinetic profiles (2:
F = 8.2%; CL = 119 mL/min/kg in rat), which resulted in no signifi-
cant effect in vivo. Therefore, in our research, we decided to try
to discover selective CB2 agonists with in vivo activity. Herein,
we report the identification and optimization of bicyclic 2-pyri-
done derivatives. Our effort led to the discovery of 18e as a potent,
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Scheme 1. Reagents and conditions: (a) benzenesulfonyl chloride, pyridine, THF,
0 �C (70%); (b) phenyl isocyanate, THF, rt (94%).

Scheme 2. Reagents and conditions: (a) DCC, HOBt, benzylamine, THF, rt (27%).

Figure 1. Lead compounds 1 and 2.
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selective, and orally available CB2 agonist, which was active in a
mouse pruritus model. We also predicted a binding mode of 18e
in a CB2 homology model, which explained its high affinity for
CB2 and selectivity over CB1.

2. Chemistry

The syntheses of 10 and 11 are illustrated in Scheme 1. Amine 9
was treated with benzenesulfonyl chloride in THF to give com-
pound 10. Urea 11 was prepared by the reaction of 9 with phenyl
isocyanate. As shown in Scheme 2, condensation of acid 12 with
benzyl amine gave compound 13.

The syntheses of 18a and bicyclic pyridones 18b–e proceeded
as shown in Scheme 3. Ketones 14a–e were condensed with
n-butylamine to give the corresponding ketimines, which were
Scheme 3. Reagents and conditions: (a) (i) compounds 14a–g, n-BuNH2, toluene, reflux
chloride, DMF, toluene, 75 �C, (ii) benzylamine, DCM, rt (70%).
cyclized by treatment of malonate 15 to yield esters 16a–e. Hydro-
lysis of the esters in 16a–e followed by reactions of corresponding
acid chlorides with benzyl amine resulted in the final compounds
18a–e. Preparation of pyridones 21a–c was conducted in a similar
manner to that of 18a–e (Scheme 4). Scheme 5 also depicts the
synthesis of 22a–f. Finally, carboxylic acid 17e was coupled with
various amines to give the final compounds 22a–f.

3. Results and discussion

3.1. Optimization of lead 1 and identification of bicyclic 2-
pyridone 18e

We first explored the effects of the linker groups at the C3 posi-
tion (Table 1). Replacement of the amide group with ‘reversed’
benzyl amide led to analog 13 that had similar CB2 potency as
benzamide 1. However, changes, such as replacement of the benz-
amide with either sulfonamide or urea, resulted in a dramatic loss
of activity, as suggested by compounds 10 and 11. Benzamide 1
and ‘reversed’ benzyl amide 13 were nearly equipotent, and we se-
lected ‘reversed’ benzylamide for further optimization due to its
synthetic accessibility.

To improve CB2 affinity and selectivity over CB1, substitutions
at the 5- and 6-positions of pyridone ring were investigated (Ta-
ble 2). Replacement of the methyl group at the 6-position with a
slightly larger ethyl group (18a) led to a threefold increase in activ-
ity. Introduction of a cyclopentyl ring at the 5- and 6-positions
gave rise to bicyclic pyridone 18b, which was equipotent with
monocyclic 18a, but both compounds (18a and 18b) showed no
improvement in selectivity over CB1 as compared to 13 (16-fold
and 8.9-fold, respectively). It was gratifying to see that compound
18c with a cyclohexyl ring showed improved selectivity (44-fold)
over CB1, and retained good CB2 affinity with agonist activity
(CB2 Ki = 17 nM; CB2 cAMP IC50 = 17 nM). Encouraged by this re-
, (ii) compound 15, diglyme, 120 �C (71%); (b) NaOH, EtOH, rt (88%); (c) (i) thionyl



Scheme 4. Reagents and conditions: (a) (i) cyclooctanone, R-NH2, toluene, reflux, (ii) 15, diglyme, 120 �C (47%); (b) NaOH, EtOH, rt (86%); (c) (i) thionyl chloride, DMF,
toluene, 75 �C, (ii) benzylamine, DCM, rt (97%).

Table 1
SAR of the 3-position on the pyridione ring

Compd R hCB2 Ki (nM) hCB1 Kia (nM)

1 89 1376

10 >5000 NT

11 >5000 NT

13 66 606

a NT = not tested.

Scheme 5. Reagents and conditions: (a) (i) thionyl chloride, DMF, toluene, 75 �C, (ii)
R-NH2, DCM, rt (87%).
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sult, a number of bicyclic pyridones were also investigated. As a
general trend, expanding ring size led to an increase in affinity.
For example, bicyclic pyridones containing cycloheptane and cyc-
lodecane resulted in an improvement in CB2 affinity (6.0 nM and
2.5 nM, respectively; data not shown). Finally, compound 18e,
bearing a cyclooctane ring on the pyridone ring, showed the best
affinity and selectivity (CB2 Ki = 1.5 nM; 593-fold selectivity) com-
pared with other bicyclic pyridones. In contrast, introduction of an
oxygen atom at the bicyclic pyridone ring of 18c caused a dramatic
loss in activity as shown by 18d, suggesting that introduction of
hydrophobic group significantly contributes to an increase in CB2
affinity of this series of analogues.

Having identified the optimal bicyclic pyridone scaffold (18e),
we next investigated substitutions at the pyridone N-1 position
(Table 3). The isopentyl analog 21a had high affinity for CB2, but
failed to exhibit selectivity for CB2. The methoxyethyl analog 21b
was equipotent with the n-butyl analog 18e. In contrast, there
was a marked decrease in activity when a morpholinopropyl group
was introduced (21c), indicating that increased polarity in this re-
gion reduced CB2 affinity. Taken together, the n-butyl group was
found to be the optimal choice.

Using the optimal side chain and scaffold, we shifted our atten-
tion to exploring the amide side chain of the pyridone ring (Ta-
ble 4). Exploration of this region revealed that hydrophobic
substituents led to increased affinity for both CB2 and CB1. For
example, removing the benzyl substituent of 18e, as with
compound 22a, caused reduction in activity. Introduction of a
hydrophobic substituent such as an isopropyl group (22b) led to
a 10-fold increase in affinity for CB2 and CB1 compared to unsub-
stituted 22a. Introduction of additional hydrophobicity with a
cyclohexyl group (22c) gave an impressive further 20-fold increase
in CB2 potency over 22b while maintaining a 95-fold selectivity
over CB1. Installation of a gem-dimethyl group at the benzylic
position in 18e, compound 22e, resulted in a 15-fold increase in
activity, but 22e also exhibited high affinity for CB1 (Ki = 1.0 nM).
These results suggested that a lipophilic substituent next to the
nitrogen of the amide bond was important for both CB1 and CB2
affinity, but particularly for CB1. Replacement of the benzyl side
chain with 2-phenethyl led to compound 22f that had a similar
level of CB2 potency and selectivity for CB1 as the benzyl analog
18e. Finally, benzylamide 18e and cyclohexylamide 22c were
notable for their high CB2 potency and moderate to high selectivity
for CB1, and thus were selected for further in vivo evaluation.

3.2. Putative binding mode of 18e in an active-state CB2
homology model

To better understand the SAR results and these binding modes,
we performed a modeling analysis of compound 18e using a CB2
homology model. In our previous paper,10 we constructed a CB2
homology model using the crystal structure of the b2 adrenergic
receptor–Gs protein complex14 as a template and also reported the



Table 2
SAR of the A ring on the bicyclic pyridone ring

Compd A hCB2 Ki (nM) hCB2 cAMP IC50
a (nM) hCB1 Kia (nM) hCB1/hCB2b

18a 20 NT 322 16

18bc 16 NT 143 8.9

18cc 17 17 746 44

18d 204 NT NT ND

18ec 1.5 1.4 890 593

a NT = not tested.
b ND = not determined.
c Emax (%) is the maximum inhibition rate against forskolin-induced cAMP production at indicated concentration. Emax values for selected compounds were determined:

18b: 83% at 2 lM, 18c: 76% at 2 lM, 18e: 100% at 0.2 lM.

Table 3
SAR of N-1 position on the bicyclic pyridone

Compd R hCB2 Ki (nM) hCB1 Kia (nM) hCB1/hCB2b

18e 1.5 890 593

21a 0.9 9.0 10

21b 8.0 1769 221

21c 209 NT ND

a NT = not tested.
b ND = not determined.
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Table 4
SAR of C-3 amide derivatives

Compd R hCB2 Ki (nM) hCB2 cAMP IC50
a (nM) hCB1 Kia (nM) hCB1/hCB2b

18ec Benzyl 1.5 1.4 890 593
22a H 40 NT >5000 >125
22bc i-Pr 4.0 2.5 591 148
22cc Cyclohexyl 0.2 <0.2 19 95

22d 147 NT NT ND

22e 0.1 0.2 1.0 1.0

22fc 2-Phenethyl 1.6 1.7 908 568

a NT = not tested.
b ND = not determined.
c Emax (%) is the maximum inhibition rate against forskolin-induced cAMP production at indicated concentration. Emax values for selected compounds were determined:

18e: 100% at 0.2 lM, 22b: 92% at 2 lM, 22c: 98% at 0.02 lM, 22f: 98% at 0.2 lM.
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docking model of 2 with the CB2 model. Using the CB2 homology
model, pyridone 18e was docked using ASEDock.15 The binding
mode of 18e is essentially identical to that of 2 (Fig. 2a). The amide
group of 18e forms a hydrogen bond between the amide carbonyl
and the hydroxyl group of S1935.42 (superscripts indicate Ballester-
os–Weinstein numbers20) (Fig. 2b and c). The phenyl ring displays
van der Waals interactions with T1143.33 and Y1905.39. The cyclo-
octane ring lies in a hydrophobic pocket defined by F1975.46,
W2586.48, V2616.51, and C2887.42. The pyridone ring shows p–elec-
tron stacking interactions with W1945.43. The N-1 n-butyl chain fits
well in a pocket formed by V1133.32, F1173.36, F2817.35, and
S2857.39.

The ‘reversed’ amide 13 was equipotent with the ‘normal’ amide
2 as shown in Table 1. An overlap of ‘reversed’ amide 18e (blue) and
2 (yellow) in CB2, as shown in Figure 2a, reveals that both amide
carbonyl groups are directed toward the OH of S1935.42 and form
the hydrogen bonding interactions. This may contribute to the
nearly equipotent activity. Unlike the amide carbonyl groups, the
amide side chains are located in different regions. The benzyl group
of 18e is oriented toward Y1905.39 in transmembrane helix (TM) 5,
while the phenyl ring of 2 is located in the TM4-second extracel-
lular loop (ECL2)-TM5 region. The SAR of 2 was very sensitive
around the phenyl ring as reported in our previous paper,10 while
that of 18e was well tolerated around the benzyl group as shown
in Table 2. These differences in the SAR between the ‘reversed’
and ‘normal’ amides may result from the differences in location
and vector of the amide side chains in the pocket.

Introduction of alkyl chains or rings on the pyridone (18a, 18b,
18c, and 18e) led to an increase in CB2 affinity as compared with
dimethyl derivative 13. The docking model of 18e with CB2
showed that the cyclooctane ring fits well in this hydrophobic
pocket to create van der Waals contact with non-conserved
F1975.46, which is valine in CB1 (Fig. 2b). This observation explains
why 18e is more potent as well as selective for CB1. In contrast,
incorporation of the hydrophilic tetrahydropyranyl ring on the
pyridone (18d) resulted in a 136-fold decrease in CB2 affinity as
compared with 18e. As mentioned above, there are hydrophobic
residues in this area, which explains the loss of potency in 18d.

3.3. Pharmacokinetics and in vivo efficacy

We conducted a pharmacokinetic study of CB2 agonists 18e and
22c in mice (Table 5). When given orally (10 mg/kg), 22c exhibited
an oral bioavailability of 48% and an AUC of 6917 ng h/mL. This
compound also showed a good clearance of 35 mL/min/kg with
iv dosing. On the other hand, 18e had lower oral bioavailability
(25%) and higher clearance (96 mL/min/kg). To evaluate these com-
pounds in a mouse model, we examined the mouse CB1 and CB2
affinity (Ki) of 18e and 22c. These compounds showed similar po-
tency for mouse and human CB2, but 22c showed a further in-
crease in affinity for CB1 (Ki = 12 nM). Therefore, we selected 18e
for further in vivo pharmacological evaluation.

The anti-pruritic effect of 18e was evaluated in a mouse pruri-
tus model. This experiment was carried out by the method of Ina-
gaki et al.16 with some modifications. The backs of ICR strain mice
were clipped, and compound 48/80 was injected intradermally to
elicit the response. The scratching behavior of the mice was ob-
served immediately after the injection, and the number of times
that the mice scratched itself was counted for 30 min. Evaluation
of the inhibitory effects against pruritus was performed by com-
paring the number of times the mice scratched in the compound-
administered group with that in the vehicle-administered group.
Orally administered 18e at a dose of 100 mg/kg inhibited the
scratching behavior induced by compound 48/80 (81% inhibition).
Furthermore, 18e did not show any decrease in locomotor activity
which was considered to be a CB1-mediated CNS side effect.

4. Conclusions

A series of bicyclic 2-pyridone derivatives were identified as
selective CB2 agonists. Incorporation of the cyclooctane ring on
the pyridone core was crucial to achieving both high affinity for



Figure 2. (a) Overlay of 2 (yellow) and 18e (cyan) in CB2 homology model (side view with TM4 in front). Hydrogen bonds with S1935.42 (white) are shown. (b) Docking model
of 18e (cyan) with CB2 (side view with TM4 in front). F1975.46 (blue) and key residues (white) are shown. (c) Docking model of 18e (cyan) with CB2 (extracellular view). (d)
Diagram of 18e in the binding pocket. Hydrophobic interactions are shown as red lines and the hydrogen bond appear as dotted red lines. Figures a–c were generated with
PyMOL.21

Table 5
Pharmacokinetic properties of 18e and 22d in mice

Compd iv (1 mg/kga or 2 mg/kgb) po (30 mg/kg)

Vdss
c (L/kg) CLtotal

d (mL/min/kg) t1/2
e (h) AUCf (ng h/mL) Cmax

g (ng/mL) Fh (%)

18e 2.29 96 0.28 390 168 25
22c 0.89 35 0.30 6917 1845 48

a Compound 22c.
b Compound 18e.
c Volume of distribution.
d Total plasma clearance.
e Half-life.
f Area under the curve.
g Maximum plasma concentration.
h Oral bioavailability.
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CB2 and CB2 selectivity for CB1. This effort led to potent and selec-
tive CB2 agonists 18e and 22c with moderate to good bioavailabil-
ity, and 18e had high potency in the itch model induced by
compound 48/80. In addition, the docking model of 18e with our
active-state CB2 homology model indicated the structural basis
of its high affinity and selectivity over CB1. Further studies on
SAR around these compounds led to the discovery of the clinical
candidates S-77746918 and S-444823.19
5. Experimental section

5.1. General chemistry

All commercial reagents and solvents were used as received un-
less otherwise noted. Thin layer chromatography (TLC) analysis
was performed using Merck silica gel 60 F254 thin layer plates
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(250 lm thickness). Flash column chromatography was carried out
on an automated purification system using Yamazen prepacked sil-
ica gel columns. 1H NMR spectra were recorded on a Varian Gemini
300 MHz. Spectral data are reported as follows: chemical shift (as
ppm referenced to tetramethylsilane), multiplicity (s = singlet,
d = doublet, dd = double doublets, dt = double triplet, t = triplet,
q = quartet, m = multiplet, br = broad peak), coupling constant,
and integration value. Analytical LC/MS was performed on a
Waters X-Bridge (C18, 5 lm, 4.6 mm � 50 mm, a linear gradient
from 10% to 100% B over 3 min and then 100% B for 1 min
(A = H2O + 0.1% formic acid, B = MeCN + 0.1% formic acid), flow rate
3.0 mL/min) using a Waters system equipped with a ZQ2000 mass
spectrometer, 2525 binary gradient module, 2996 photodiode ar-
ray detector (detection at 254 nm), and 2777 sample manager. IR
spectra were recorded on a Nicolet 20SXB FT-IR spectrometer.
HRMS-FAB spectra were measured on a JEOL JMS-SX/SX102A.

5.1.1. N-(1-Butyl-5,6-dimethyl-2-oxo-1,2-dihydropyridin-3-
yl)benzenesulfonamide (10)

To a solution of 9 (78 mg, 0.40 mmol) in pyridine (1 mL) was
added a solution of benzenesulfonyl chloride (60 lL, 0.47 mmol,
1.2 equiv) in THF (1 mL) at 0 �C. The mixture was stirred at 0 �C
for 1 h, and diluted with H2O and EtOAc. The aqueous layer was
separated and extracted with EtOAc. The combined organic ex-
tracts were washed with 1 M HCl solution, H2O and saturated
aqueous NaHCO3 solution, dried over MgSO4, filtered and concen-
trated. The residue was diluted with ethyl ether, and resulting solid
was collected on a glass filter. The solid was recrystallized from
CH2Cl2/ethyl ether to give 10 (94 mg, 70%) as a tan solid. Mp
170–171 �C. 1H NMR (300 MHz, CDCl3) d 0.92 (t, J = 7.2 Hz, 3H),
1.25–1.37 (m, 2H), 1.45–1.55 (m, 2H), 2.08 (s, 3H), 2.23 (s, 3H),
3.97 (t, J = 7.8 Hz, 2H), 7.35 (s, 1H), 7.41–7.55 (m, 2H), 7.65 (br s,
1H), 7.83–7.87 (m, 2H). Anal. calcd for C17H22N2O3S: C, 61.05; H,
6.63; N, 8.38; S, 9.59. Found: C, 60.98; H, 6.71; N, 8.35; S, 9.53.

5.1.2. 1-(1-Butyl-5,6-dimethyl-2-oxo-1,2-dihydropyridin-3-yl)-
3-phenylurea (11)

To a solution of 9 (54 mg, 0.278 mmol) in THF (1.5 mL) was
added a solution of phenyl isocyanate (37 mg, 0.311 mmol,
1.1 equiv) in THF (1.5 mL) at room temperature. The mixture was
stirred overnight at room temperature and evaporated. The residue
was diluted with methanol, and added activated carbon was
added. The suspension was filtered, and the filtrate was evapo-
rated. The resulting solid was crystallized from CH2Cl2/ethyl ether
to give 11 (82 mg, 94%) as a tan solid. Mp 208–209 �C. 1H NMR
(300 MHz, CDCl3) d 1.00 (t, J = 7.2 Hz, 3H), 1.39–1.51 (m, 2H),
1.61–1.71 (m, 2H), 2.15 (s, 3H), 2.35 (s, 3H), 4.15 (t, J = 7.8 Hz,
2H), 6.98–7.03 (m, 1H), 7.25–7.30 (m, 2H), 7.41–7.45 (m, 2H),
8.03 (s, 1H). Anal. calcd for C18H23N3O2; C, 68.98; H, 7.40; N,
13.41. Found: C, 68.72; H, 7.35; N, 13.35.

5.1.3. N-Benzyl-1-butyl-5,6-dimethyl-2-oxo-1,2-
dihydropyridine-3-carboxamide (13)

To a solution of 12 (223 mg, 1.0 mmol), N,N0-dicyclohexylcarbo-
diimide (243 mg, 1.18 mmol), and 1-hydroxybenzotriazole (20 mg,
0.15 mmol) in THF (10 mL) was added benzylamine (120 lL,
1.1 mmol), and the mixture was stirred overnight at room temper-
ature. The reaction mixture was diluted with EtOAc and H2O. The
aqueous layer was separated and extracted with EtOAc. The com-
bined organic extracts were washed with 1 M HCl, H2O, and brine,
dried over MgSO4, filtered and concentrated. The residue was puri-
fied by flash column chromatography (silica gel, toluene/ace-
tone = 3/1), and crystallized from CH2Cl2/hexane to give 12
(85 mg, 27%) as a colorless solid. Mp 73–75 �C. 1H NMR
(300 MHz, CDCl3) d 2.20 (s, 3H), 2.39 (s, 3H), 3.62 (s, 3H), 4.65 (d,
J = 6.0 Hz, 2H), 7.21–7.38 (m, 5H), 8.37 (s, 1H), 10.28 (br s, 1H).
Anal. calcd for C19H24N2O2: C, 73.05; H, 7.74; N, 8.97. Found: C,
72.27; H, 7.78; N, 8.95.

5.1.4. Butyl-6-ethyl-5-methyl-2-oxo-1,2-dihydropyridine-3-
carboxylic acid (17a)

Compound 17a was prepared in a similar manner as 17c. Mp
121 �C. 1H NMR (300 MHz, CDCl3) d 1.00 (t, J = 7.3 Hz, 3H), 1.27
(t, J = 7.6 Hz, 3H), 1.47 (td, J = 14.8, 7.4 Hz, 2H), 1.66–1.76 (m,
2H), 2.23 (s, 3H), 2.79 (q, J = 7.6 Hz, 2H), 4.15 (t, J = 8.1 Hz, 2H),
8.29 (s, 1H), 14.77 (s, 1H).

5.1.5. N-Benzyl-1-butyl-6-ethyl-5-methyl-2-oxo-1,2-
dihydropyridine-3-carboxamide (18a)

Compound 18a was prepared in a similar manner as 18c. Mp
74–75 �C. 1H NMR (300 MHz, CDCl3) d 0.98 (t, J = 7.5 Hz, 3H),
1.22 (t, J = 7.5 Hz, 3H), 1.36–1.51 (m, 2H), 1.61–1.72 (m, 2H), 2.19
(s, 3H), 2.73 (quint, J = 7.5 Hz, 2H), 4.05 (t, J = 7.8 Hz, 2H), 4.64 (d,
J = 6.0 Hz, 2H), 7.20–7.39 (m, 5H), 8.35 (s, 1H), 10.03 (br s, 1H).
Anal. calcd for C20H26N2O2: C, 73.59; H, 8.03; N, 8.58. Found: C,
73.50; H, 8.00; N, 8.57.

5.1.6. Methyl 1-butyl-2-oxo-2,5,6,7-tetrahydro-1H-
cyclopenta[b]pyridine-3-carboxylate (17b)

Compound 17b was prepared in a similar manner as 18c. 1H
NMR (300 MHz, CDCl3) d 0.96 (t, J = 7.3 Hz, 3.0H), 1.40 (dt,
J = 15.0, 7.4 Hz, 2.2H), 1.65–1.76 (m, 2.2H), 2.12–2.22 (m, 1.9H),
2.81 (t, J = 7.3 Hz, 2.2H), 2.98 (t, J = 7.8 Hz, 1.9H), 3.89 (s, 3.2H),
3.96 (t, J = 7.8 Hz, 2.2H), 8.09 (s, 1.0H).

5.1.7. N-Benzyl-1-butyl-2-oxo-2,5,6,7-tetrahydro-1H-
cyclopenta[b]pyridine-3-carboxamide (18b)

Compound 18b was prepared in a similar manner as 18c. 1H
NMR (300 MHz, CDCl3) d 0.97 (t, J = 7.5 Hz, 3H), 1.41 (sextet,
J = 7.5 Hz, 2H), 1.69 (quint, J = 7.5 Hz, 2H), 2.19 (quint, J = 7.5 Hz,
2H), 2.85 (t, J = 7.5 Hz, 2H), 3.00 (t, J = 7.5 Hz, 2H), 3.98 (t,
J = 7.8 Hz, 2H), 4.64 (d, J = 6.0 Hz, 2H), 7.23–7.39 (m, 5H), 8.46 (s,
1H), 10.31 (br t, J = 6.0 Hz, 1H). HRMS-FAB (m/z): [M+H]+ calcd
for C20H25N2O2, 325.1911; found: 325.1914.

5.1.8. Butyl-2-oxo-1,2,5,6,7,8-hexahydroquinoline-3-carboxylic
acid (17c)

A flask with a Dean–Stark apparatus was charged with cyclo-
hexanone (10.36 mL, 0.1 mol), 1-butyl amine (9.98 mL, 0.1 mol),
and toluene (15 mL). The mixture was heated to refluxing and stir-
red for 24 h. The solution was distilled (64 �C, 2 mmHg) to give N-
cyclohexylidenebutan-1-amine (12.8 g, 84%) as a colorless oil. 1H
NMR (300 MHz, CDCl3) d 0.93 (t, J = 7.5 Hz, 3H), 1.35 (sextet,
J = 7.5 Hz, 2H), 1.58 (quint, J = 7.5 Hz, 2H), 1.61–1.70 (m, 4H),
1.71–1.77 (m, 2H), 2.30 (t, J = 6.0 Hz, 2H), 2.34 (t, J = 6.0 Hz, 2H),
3.30 (t, J = 7.5 Hz, 2H). A solution of N-cyclohexylidenebutan-1-
amine (12.8 g, 83.6 mmol) in diglyme (75 mL) was heated to
120 �C. To this solution was added a solution of dimethyl 2-(meth-
oxymethylene)malonate (14 g, 80.4 mmol) in diglyme (75 mL)
dropwise over 1 h. The mixture was stirred at 120 �C for 3 h and
then evaporated. The residue was purified by column chromatog-
raphy (silica gel, EtOAc/toluene 1/1) to give 16c (15 g, 71%) a yel-
low oil. 1H NMR (300 MHz, CDCl3) d 0.93 (t, J = 7.5, 3H). 1.43
(sextet, J = 7.5 Hz, 2H), 1.63–1.78 (m, 4H), 1.87 (quint, J = 6.0 Hz,
2H), 2.57 (t, J = 6.0 Hz, 2H), 2.73 (t, J = 6.0 Hz, 2H), 3.90 (s, 3H),
4.02 (t, J = 7.8 Hz, 2H), 7.92 (s, 1H). To a solution of 16c (263 mg,
1 mmol) in ethanol (6 mL) was added 2 M NaOH aqueous solution
(0.6 mmol, 1.2 mmol). The mixture was stirred for 30 min at room
temperature, and the resulting mixture was diluted with 0.4 M HCl
aqueous solution (6 mL) and EtOAc. The aqueous layer was sepa-
rated and extracted with EtOAc. The combined organic extracts
were washed with brine, dried over MgSO4, filtered and concen-
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trated. The residue was crystallized from EtOAc/hexane to give 17c
(220 mg, 88%) as a white solid. Mp 116 �C. 1H NMR (300 MHz,
CDCl3) d 1.00 (t, J = 7.5 Hz, 3H), 1.46 (sextet, J = 7.5 Hz, 2H), 1.68–
1.73 (m, 2H), 1.77 (quint, J = 6.0 Hz, 2H), 1.92 (quint, J = 6.0 Hz,
2H), 2.65 (t, J = 6.0 Hz, 2H), 2.80 (t, J = 6.0 Hz, 2H), 4.10 (t,
J = 7.8 Hz, 2H), 8.22 (s, 1H), 14.82 (s, 1H). Anal. calcd for
C14H19NO3: C, 67.45; H, 7.68; N, 5.62. Found: C, 67.19; H, 7.68;
N, 5.53.

5.1.9. N-Benzyl-1-butyl-2-oxo-1,2,5,6,7,8-hexahydroquinoline-
3-carboxamide (18c)

To a solution of 17c (100 mg, 0.38 mmol) in toluene (3 mL) was
added thionyl chloride (83 lL, 1.14 mmol), followed by DMF (one
drop). The mixture was heated to 75 �C and stirred for 30 min.
The mixture was allowed to cool to room temperature, and evapo-
rated. The mixture was diluted with CH2Cl2, and benzyl amine
(250 lL, 2.28 mmol) was added to this solution. The reaction mix-
ture was stirred for 30 min at room temperature, and poured onto
1 M HCl aqueous solution. The mixture was extracted with EtOAc,
and the combined organic extracts were washed with H2O, dried
over MgSO4, filtered and concentrated. The residue was purified
by flash column chromatography (silica gel, toluene/EtOAc = 6/1)
to give 18c (90 mg, 70%) as a white solid. 1H NMR (300 MHz, CDCl3)
d 0.97 (t, J = 7.5 Hz, 3H), 1.43 (sextet, J = 7.5 Hz, 2H), 1.62 (quint,
J = 7.5 Hz, 2H), 1.74 (quint, J = 6.0 Hz, 2H), 1.88 (quint, J = 6.0 Hz,
2H), 2.62 (t, J = 6.0 Hz, 2H), 2.74 (t, J = 6.0 Hz, 2H), 4.03 (t,
J = 7.8 Hz, 2H), 4.64 (d, J = 6.0 Hz, 2H), 7.23–7.38 (m, 5H), 8.28 (s,
1H), 10.32 (br t, J = 6.0 Hz, 1H). Anal. calcd for C21H26N2O2: C,
74.52; H, 7.74; N, 8.28. Found: C, 74.42; H, 7.73; N, 8.20.

5.1.10. Methyl 1-butyl-2-oxo-2,5,7,8-tetrahydro-1H-pyrano[4,3-
b]pyridine-3-carboxylate (16d)

Compound 16d was prepared in similar manner as 17c. 1H NMR
(300 MHz, CDCl3) d 0.97 (t, J = 7.3 Hz, 3H), 1.43 (dt, J = 14.9, 7.3 Hz,
2H), 1.62–1.73 (m, 2H), 2.81 (t, J = 5.5 Hz, 2H), 3.90 (s, 3H), 3.98–
4.03 (m, 4H), 4.55 (s, 2H), 7.85 (s, 1H).

5.1.11. N-Benzyl-1-butyl-2-oxo-2,5,7,8-tetrahydro-1H-
pyrano[4,3-b]pyridine-3-carboxamide (18d)

Compound 18d was prepared in a similar manner as 18c. 1H
NMR (300 MHz, CDCl3) d 0.98 (t, J = 7.5 Hz, 3H), 1.43 (sextet,
J = 7.5 Hz, 2H), 1.66 (quint, J = 7.5 Hz, 2H), 2.82 (t, J = 6.0 Hz, 2H),
4.01 (t, J = 6.0 Hz, 2H), 4.02 (t, J = 7.5 Hz, 2H), 4.60 (s, 2H), 4.64
(d, J = 6.0 Hz, 2H), 7.24–7.38 (m, 5H), 8.22 (s, 1H), 10.22 (br t,
J = 6.0 Hz, 1H). HRMS-FAB (m/z): [M+H]+ calcd for C20H25N2O3,
341.1860; found: 341.1866.

5.1.12. Butyl-2-oxo-1,2,5,6,7,8,9,10-
octahydrocycloocta[b]pyridine-3-carboxylic acid (17e)

Compound 17e was prepared in a similar manner as 17c. Mp
110 �C. 1H NMR (300 MHz, CDCl3) d 1.00 (t, J = 7.3 Hz, 3H), 1.40–
1.50 (m, 6H), 1.66–1.73 (m, 4H), 1.76–1.84 (m, 2H), 2.67 (t,
J = 6.0 Hz, 2H), 2.94 (t, J = 6.4 Hz, 2H), 4.16 (t, J = 7.8 Hz, 2H), 8.28
(s, 1H). Anal. calcd for C16H23NO3: C, 69.29; H, 8.36; N, 5.05. Found:
C, 68.97; H, 8.49; N, 5.05.

5.1.13. N-Benzyl-1-butyl-2-oxo-1,2,5,6,7,8,9,10-
octahydrocycloocta[b]pyridine-3-carboxamide (18e)

Compound 18e was prepared in a similar manner as 18c. Mp
70 �C. 1H NMR (300 MHz, CDCl3) d 0.97 (t, J = 7.5 Hz, 3H), 1.35–
1.53 (m, 4H), 1.44 (sextet, J = 7.5 Hz, 2H), 1.60–1.78 (m, 6H), 2.64
(t, J = 6.0 Hz, 2H), 2.88 (t, J = 6.0 Hz, 2H), 4.09 (br t, J = 7.8 Hz, 2H),
4.64 (d, J = 6.0 Hz, 2H), 7.17–7.39 (m, 5H), 8.34 (s, 1H), 10.34 (br
t, J = 6.0 Hz, 1H). Anal. calcd for C23H30N2O2: C, 75.37; H, 8.25; N,
7.64. Found: C, 75.39; H, 8.51; N, 7.58.

5.1.14. N-Benzyl-1-isopentyl-2-oxo-1,2,5,6,7,8,9,10-
octahydrocycloocta[b]pyridine-3-carboxamide (21a)

Compound 21a was prepared as described for 17c and 18c. 1H
NMR (300 MHz, CDCl3) d 0.99 (d, J = 6.7 Hz, 6H), 1.32–1.82 (m,
11H), 2.64 (t, J = 6.3 Hz, 2H), 2.87 (t, J = 6.3 Hz, 2H), 3.98–4.20 (br
s, 2H), 4.64 (d, J = 5.8 Hz, 2H), 7.23–7.40 (m, 5H), 8.34 (s, 1H),
10.3 (br t, J = 6.0 Hz, 1H). HRMS-FAB (m/z): [M+H]+ calcd for
C24H33N2O2, 381.2537; found: 381.2540.

5.1.15. N-Benzyl-1-(2-methoxyethyl)-2-oxo-1,2,5,6,7,8,9,10-
octahydrocycloocta[b]pyridine-3-carboxamide (21b)

Compound 21b was prepared as described for 17c and 18c. Mp
66 �C. 1H NMR (300 MHz, CDCl3) d 1.36 (quint, J = 6.0 Hz, 2H), 1.49
(quint, J = 6.0 Hz, 2H), 1.61–1.68 (m, 2H), 1.69 (quint, J = 6.0 Hz,
2H), 2.66 (t, J = 6.0 Hz, 2H), 3.03 (t, J = 5.4 Hz, 2H), 4.32 (t,
J = 5.4 Hz, 2H), 4.64 (d, J = 6.0 Hz, 2H), 7.26–7.40 (m, 5H), 8.36 (s,
1H), 10.25 (br r, J = 6.0 Hz, 1H). HRMS-FAB (m/z): [M+H]+ calcd
for C22H29N2O3, 369.2178; found: 369.2178. Anal. calcd for
C22H28N2O3: C, 71.71; H, 7.66; N, 7.60. Found: C, 71.54; H, 7.50;
N, 7.54.

5.1.16. N-Benzyl-1-(3-morpholinopropyl)-2-oxo-1,2,5,6,7,8,9,10-
octahydrocycloocta[b]pyridine-3-carboxamide (21c)

Compound 21c was prepared as described for 17c and 18c. 1H
NMR (300 MHz, CDCl3) d 1.34–1.54 (m, 4H), 1.60–1.81 (m, 4H),
1.82–1.94 (m, 2H), 2.28–2.50 (m, 6H), 2.64 (t, J = 6.4 Hz, 2H), 2.93
(t, J = 6.4 Hz, 2H), 3.70 (t, J = 4.5 Hz, 2H), 4.17 (t, J = 7.5 Hz, 2H),
4.17 (t, J = 7.5 Hz, 2H), 4.64 (d, J = 5.8 Hz, 2H), 7.20–7.39 (m, 5H),
8.34 (s, 1H). 10.29 (br t, 1H). HRMS-FAB (m/z): [M+H]+ calcd for
C26H36N3O3, 438.2751; found: 438.2755.

5.1.17. Butyl-2-oxo-1,2,5,6,7,8,9,10-
octahydrocycloocta[b]pyridine-3-carboxamide (22a)

Compound 22a was prepared in a similar manner as 18c after
substituting 17e for 17c. 1H NMR (300 MHz, CDCl3) d 0.99 (t,
J = 7.2 Hz, 3H), 1.37–1.56 (m, 4H), 1.47 (sextet, J = 7.2 Hz, 2H),
1.63–1.81 (m, 6H), 2.64 (t, J = 6.0 Hz, 2H), 2.90 (t, J = 6.0 Hz, 2H),
4.11 (t, J = 7.2 Hz, 2H), 5.69 (br s, 1H), 8.30 (s, 1H), 9.63 (br s,
1H). HRMS-FAB (m/z): [M+H]+ calcd for C16H25N2O2, 277.1905;
found: 277.1910.

5.1.18. Butyl-N-isopropyl-2-oxo-1,2,5,6,7,8,9,10-
octahydrocycloocta[b]pyridine-3-carboxamide (22b)

Compound 22b was prepared in a similar manner as 18c after
substituting 17e for 17c. 1H NMR (300 MHz, CDCl3) d 0.99 (t,
J = 7.2 Hz, 3H), 1.26 (d, J = 6.9 Hz, 6H), 1.34–1.52 (m, 4H), 1.47 (sex-
tet, J = 7.2 Hz, 2H), 1.60–1.80 (m, 6H), 2.65 (t, J = 6.0 Hz, 2H), 2.88 (t,
J = 6.0 Hz, 2H), 4.09 (br t, J = 7.2 Hz, 2H), 4.25 (sextet, J = 6.6 Hz,
1H), 8.31 (s, 1H), 9.82 (br s, 1H). HRMS-FAB (m/z): [M+H]+ calcd
for C19H31N2O2, 319.238; found: 319.2384.

5.1.19. Butyl-N-cyclohexyl-2-oxo-1,2,5,6,7,8,9,10-
octahydrocycloocta[b]pyridine-3-carboxamide (22c)

Compound 22c was prepared in a similar manner as 18c after
substituting 17e for 17c. Mp 90 �C. 1H NMR (300 MHz, CDCl3) d
0.99 (t, J = 7.2 Hz, 3H), 1.20–1.53 (m, 12H), 1.59–1.80 (m, 8H),
1.95–2.01 8 m, 2H), 2.63 (t, J = 6.0 Hz, 2H), 2.88 (t, J = 6.0 Hz, 2H),
3.91–4.02 (m, 1H), 4.09 (br t, J = 7.2 Hz, 2H), 8.30 (s, 1H), 9.88 (d,
J = 7.5 Hz, 1H). HRMS-FAB (m/z): [M+H]+ calcd for C22H35N2O2,
359.2693; found: 359.2690.
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5.1.20. Butyl-N-(1-methylpiperidin-4-yl)-2-oxo-1,2,5,6,7,8,9,10-
octahydrocycloocta[b]pyridine-3-carboxamide (22d)

Compound 22d was prepared in a similar manner as 18c after
substituting 17e for 17c. 1H NMR (300 MHz, CDCl3) d 0.99 (t,
J = 7.2 Hz, 3H), 1.38–1.50 (m, 4H), 1.47 (quint, J = 7.2 Hz, 2H),
1.64–1.82 (m, 8H), 2.01–2.09 (m, 2H), 2.25–2.34 (m, 2H), 2.35 (s,
3H), 2.64 (t, J = 6.0 Hz, 2H), 2.82–2.90 (m, 2H), 2.88 (t, J = 6.0 Hz,
2H), 3.97–4.06 (m, 1H), 4.10 (br t, J = 7.2 Hz, 2H), 8.28 (s, 1H),
9.98 (d, J = 7.2 Hz, 1H). HRMS-FAB (m/z): [M+H]+ calcd for
C22H36N3O2, 374.2802; found: 374.2797.

5.1.21. Butyl-2-oxo-N-(2-phenylpropan-2-yl)-1,2,5,6,7,8,9,10-
octahydrocycloocta[b]pyridine-3-carboxamide (22e)

Compound 22e was prepared in a similar manner as 18c after
substituting 17e for 17c. 1H NMR (300 MHz, CDCl3) d 1.00 (t,
J = 7.2 Hz, 3H), 1.30–1.55 (m, 6H), 1.59 (s, 6H), 1.56–1.89 (m, 6H),
1.59 (s, 6H), 1.56–1.89 (m, 6H), 2.58 (t, J = 6.0 Hz, 2H), 2.88 (t,
J = 6.3 Hz, 2H), 4.00–4.23 (m, 2H), 7.10–7.40 (m, 5H), 7.46 (d,
J = 8.4 Hz, 2H), 8.23 (s, 1H). HRMS-FAB (m/z): [M+H]+ calcd for
C25H35N2O2, 395.2693; found: 395.2697.

5.1.22. Butyl-2-oxo-N-phenethyl-1,2,5,6,7,8,9,10-
octahydrocycloocta[b]pyridine-3-carboxamide (22f)

Compound 22f was prepared in a similar manner as 18c after
substituting 17e for 17c. 1H NMR (300 MHz, CDCl3) d 0.99 (t,
J = 7.5 Hz, 3H), 1.34–1.53 (m, 4H), 1.46 (sextet, J = 7.5 Hz, 2H),
1.62–1.80 (m, 6H), 2.64 (t, J = 6.0 Hz, 2H), 2.89 (t, J = 6.0 Hz, 2H),
2.94 (t, J = 7.5 Hz, 2H), 3.67 (dt, J = 9.0, 6.0 Hz, 2H), 4.10 (br t,
J = 7.8 Hz, 2H), 7.18–7.34 (m, 5H), 8.31 (s, 1H), 10.07 (br t,
J = 6.0 Hz, 1H). HRMS-FAB (m/z): [M+H]+ calcd for C24H33N2O2,
381.2537; found: 381.2530.

5.2. Biology

5.2.1. CB2/CB1 binding and cell-based cAMP assays
The CB1/CB2 binding assay and cell-based cAMP assay were

performed as described in Ref. 17a. In brief, the binding activities
of compounds were evaluated from their competition binding
against [3H]-CP-55,940.11,12 The cell membranes were prepared
from Chinese hamster ovary (CHO) cells stably expressed recombi-
nant human CB1 or CB2, or mouse brain (mouse CB1) or spleen
(mouse CB2). The functional activities of the selected compounds
were assessed by the inhibition effect on the forskolin-evoked
cAMP accumulation in CHO cells expressing human CB2.13 IC50

was determined by more than four duplicate assay points. The be-
tween-day coefficients of variation values of human CB1, CB2 bind-
ing, and cAMP assay were 0.24 (compound 11 in Ref. 17a), 0.53
(WIN-55,212-2), and 0.63 (WIN-55,212-2), respectively.
5.2.2. Anti-pruritic assay
This assay was carried out using the method of Inagaki et al.16

Briefly, the backs of female ICR strain mice were clipped, and com-
pound 48/80 (3 lg/50 lL/site) was injected intradermally to elicit
the response. The number of scratching behaviors to the injection
site by hind paws, which was observed from immediately after the
injection, was counted for 30 min. A series of these behaviors was
counted as one incidence of scratching, since mice generally
showed several scratches in one bout. Test compounds dissolved
in sesame oil or suspended in 0.5% methylcellulose were orally
administered once (n = 6), and then pruritus was elicited by the
injection of compound 48/80 at a pre-determined time when the
maximal plasma concentration of the compound was obtained.
Evaluation of the inhibitory effect against pruritus was performed
by comparing the number of scratchings in the compound-admin-
istered group with that in the vehicle-administered group. The sta-
tistical analysis was carried out using Dunnett’s t-test, and a p-
value less than 0.05 was considered to be statistically significant.
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