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Abstract—Some j opioid receptor agonists of the arylacetamide class, for example, ICI 199441 (1), were found to strongly inhibit
the activity of cytochrome P450 2D6 (CYP2D6) (1: CYP2D6 IC50 = 26 nM). Certain analogs bearing a substituted sulfonylamino
group, for example, 13, were discovered to have significantly reduced CYP2D6 inhibitory activity (13: CYP2D6 IC50 > 10 lM) while
displaying high affinity toward the cloned human j opioid receptor, good j/d and j/l selectivity, and potent in vitro and in vivo
agonist activity.
� 2005 Elsevier Ltd. All rights reserved.
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During the past several years, a number of groups have
demonstrated that selective kappa (j) opioid receptor
agonists were antinociceptive agents that lacked the ad-
verse side effects associated with mu (l) opioid receptor
agonists (constipation, respiratory depression).1–3 Some
j agonists of the arylacetamide class, for example, ICI
199441 (1),4 were found to strongly inhibit the activity
of the drug-metabolizing cytochrome P450 2D6
(CYP2D6) enzyme in vitro (1: CYP2D6 IC50 = 26 nM).
CYP2D6 is a polymorphic member of the P450 super-
family, which is absent in 5–9% of the Caucasian popu-
lation, resulting in a deficiency in drug oxidation known
as debrisoquine/sparteine polymorphism.5 Metabolism
by polymorphic isoenzymes such as CYP2D6 can be
problematic in drug development because of the wide
variation in the pharmacokinetics of the patient popula-
tion. Synthetic strategies to improve the selectivity of the
arylacetamide class of j agonists toward CYP2D6 were
investigated. We report here the synthesis (Schemes 1–
3), opioid receptor binding properties, in vitro func-
tional activity at the j opioid receptor, and CYP2D6
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inhibitory activity (Tables 1 and 2) of compounds of
general formula A.6
A number of molecules of the lipophilic aryl–alkyl
amine type are CYP2D6 substrates. Most tightly bound
CYP2D6 ligands contain a protonated basic amine
nitrogen thought to be essential for electrostatic interac-
tions with an active site aspartate (Asp301) or glutamate
(Glu216) residue. Binding of substrate is generally fol-
lowed by oxidation 5–7 Å from this interaction.7–10

We initiated computer-based docking studies to define
the binding mode of 1 in the active site of the CYP2D6
isoenzyme. A homology model was generated using the
recently crystallized rabbit CYP2C5 structure as the
template.11 The active site, identified using the active site
finder routine of MOE,12 corresponded to the pocket
formed from the known active site residues.7 The refined
structure was used in GLIDE13 for the docking experi-
ments. Figure 1 shows the CYP2D6 active site com-
plexed with compound 1. In this model, the
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Scheme 1. Reagents and conditions: (a) TBTU, (iPr)2EtN, CH3CN,

25 �C, 95%; (b) H2SO4, MeOH, reflux, 93–97%; (c) CuCN, DMF,

reflux, 63–70%; (d) H2, Pd/C, MeOH, concd HCl, 70 psi, 25 �C, 85–
93%; (e) Boc2O, Et3N, THF, 25 �C, 85–94%; (f) LiOH, H2O/THF,

25 �C, 97–100%; (g) TBTU, (iPr)2EtN, CH3CN, 25 �C, 34–65%; (h)

anhyd HCl/Et2O, MeOH, 25 �C, 90–99%; (i) CH3COCl, Et3N,

CH2Cl2, 25 �C, 41–87%; (j) CH3SO2Cl, Et3N, CH2Cl2, 25 �C, 41–

49%; (k) CH3NCO, Et3N, CH2Cl2, 25 �C, 83%.
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Scheme 2. Reagents and conditions: (a) MeOH, EDC, DMAP, THF,

25 �C, 58%; (b) KCN, DMF, 25 �C, 26%; (c) H2, Pd/C, MeOH, concd

HCl, 70 psi, 25 �C, 59%; (d) CH3SO2Cl, Et3N, CH2Cl2, 25 �C, 66–99%;

(e) LiOH, H2O/THF, 25 �C, 54–87%; (f) CaCO3, dioxane/H2O, reflux,

77%; (g) Dess–Martin periodinane, CH2Cl2, 25 �C, 94%; (h)

(C6H5)3P@CHCN, benzene, reflux, 98%; (i) H2, Pd(OH)2/C, MeOH,

concd HCl, 70 psi, 25 �C, 70%; (j) RSO2Cl, Et3N, CH2Cl2, 25 �C, 33–
93%; (k) TBTU, (iPr)2EtN, CH3CN, 25 �C, 20–78%.
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protonated pyrrolidine nitrogen of 1 interacts with
Asp301, while the 3,4-dichlorophenylacetamide moiety
is located in a predominantly hydrophobic cavity above
the heme group. Based on the findings from numerous
quantitative structure–activity relationship (QSAR)
studies on structurally diverse CYP2D6 ligands, lipo-
philicity and amine basicity have emerged as crucial
determinants of binding.8–10

The protonated nitrogen of most j agonists is also of
crucial importance for ligand binding; the carboxylate
group of Asp138 located in the transmembrane domain
of the j receptor is presumed to form a salt bridge with
the amino proton of the j ligands.14 Therefore, altering
the basic nature of the pyrrolidine nitrogen of 1 is likely
to result in a decrease in the affinity of the ligands for
both the j receptor and a reduced inhibitory activity to-
ward CYP2D6. Previous structure–activity relationships
(SAR) in the arylacetamide class of j agonists demon-
strated that the phenacetyl group could accommodate
various substituents.15 Our strategy consisted of incor-
porating polar and hydrophilic substituents into the aro-
matic ring of the phenacetyl group of the ICI template in
order to reduce CYP2D6 inhibitory activity while main-
taining potent j agonist activity in vitro and in vivo.

The target compounds 2–12 were prepared according to
Scheme 1. Coupling of phenylacetic acid or the carbox-
ylic acid derivatives 27 (prepared in five steps from com-
mercially available 2-, 3-, or 4-bromophenylacetic acids)
with the chiral diamine 2816 in the presence of O-benzo-
triazol-1-yl-N,N,N 0,N 0-tetramethyluronium tetrafluoro-
borate (TBTU), followed by acidic deprotection of the
corresponding tert-butylcarbamates, provided the opti-
cally pure compounds 2–5. The primary amines 3–5 fur-
ther reacted with acetyl chloride or methylsulfonyl
chloride to give the acetamides 6–8 and sulfonamides
10–12, respectively. Condensation of 5 with methyl iso-
cyanate in dichloromethane in the presence of triethyl-
amine provided the urea 9. The sulfonamides 13–25
were prepared according to Scheme 2. The carboxylic
acid derivatives 29 and 30 were obtained in five and
seven steps, respectively, from commercially available
4-bromomethylphenylacetic acid. The carboxylic acid
derivative 31 was obtained in two steps, from commer-
cially available ethyl 4-aminophenylacetate. Condensa-
tion of methyl 4-aminomethylphenylacetate with
various sulfonyl chloride derivatives followed by ester
hydrolysis provided the acids 32a–j. The target com-



Table 1. Opioid receptor (j, l, and d) binding data, in vitro agonist activity (j) and CYP2D6 inhibitory activity of substituted arylacetamides

N
N

O
R2R1

2
3

4

Compd R1 R2 Ki(j)
(nM)a

EC50(j)
(nM)b

Ki(l) (nM)a

or % inh. @ 10 lMc

Ki(d) (nM)a

or % inh. @ 10 lMc

CYP2D6 inhibition

IC50 (nM)d or % inh. @ 10 lMe

ICI 199441 (1) 0.04 0.30 53 24 26

2 H H 5.8 50 25% 31% 46

3 CH2NH22 H 10 18 29% 37% 18

4 CH2NH23 H 8.7 15 2300 1.4% 107

5 CH2NH24 H 57 81 41% 17% 326

6 CH2NHCOCH32 H 1.9 1.3 1240 900 35

7 CH2NHCOCH33 H 23 19 21% 15% 600

8 CH2NHCOCH34 H 47 55 26% 0% 1108

9 CH2NHCONHCH34 H 6.1 390 43% 1300 1220

10 CH2NHSO2CH32 H 12 14 570 898 295

11 CH2NHSO2CH33 H 10 32 1900 1500 1820

12 CH2NHSO2CH34 H 2.9 5.7 440 1125 45%

13 CH2NHSO2CH34 OH 0.6 1.2 151 167 25%

a The potencies of the compounds were determined by testing the ability of a range of concentrations of each compound to inhibit the binding of the

non-selective opioid antagonist, [3H]diprenorphine, to cloned human j, l, and d opioid receptors, expressed in separate cell lines.19 Ki values are

geometric means computed from at least three separate determinations.
b The potencies of the agonists were assessed by their abilities to stimulate [35S]GTPcS binding to membranes containing the cloned human j opioid

receptor. EC50 values are geometric means computed from at least three separate determinations.
c % Inhibition of [3H]diprenorphine binding to the cloned human j, l, and d opioid receptors using a concentration of the competitor of 10 lM.
dCYP2D6 activity was measured using 7-methoxy-4-aminomethyl-coumarin (MAMC) as substrate (source of the enzyme: microsomes containing

human recombinant CYP2D6 obtained from BD Biosciences). Conversion of MAMC to 7-hydroxy-4-aminomethyl-coumarin (HAMC) was

measured using a Perkin–Elmer Fusion with a 390 nm excitation filter and a 460 nm emission filter. IC50 values are geometric means computed from

at least three separate determinations.
e % Inhibition of HAMC production using a concentration of the competitor of 10 lM.
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Scheme 3. Reagents and conditions: (a) NBS, benzoylperoxide, CCl4, reflux; (b) C6H5CH2NH2, Et3N, benzene, reflux; (c) LiAlH4, THF, 25 �C, 50%,

steps a–c; (d) H2, Pd/C, MeOH, concd HCl, 70 psi, 25 �C, 86%; (e) Boc2O, Et3N, CH2Cl2, 25 �C, 94%; (f) CH3SO2Cl, Et3N, CH2Cl2, 25 �C, 43–60%;

(g) KCN, DMF, 70 �C, 48%; (h) KOH, EtOH/H2O, reflux, 88%; (i) TBTU, (iPr)2EtN, CH3CN, 25 �C, 60%; (j) anhyd HCl, MeOH/Et2O, 25 �C,
100%.
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pounds 13–25 were obtained by condensation of the
appropriate carboxylic acids (29–31, 32a–j) with the
chiral diamine 3317 using TBTU as the coupling agent.
The synthesis of the N-methanesulfonamido isoindoline
derivative 26 is outlined in Scheme 3. The carboxylic
acid 35 was obtained in five steps from the alcohol



Table 2. Opioid receptor (j, l, and d) binding data, in vitro agonist activity (j) and CYP2D6 inhibitory activity of substituted sulfonamido

arylacetamides

N
N

O
OH

N
H

S
O O

R
( )n

Compd R n Ki(j) (nM)a EC50(j) (nM)b Ki(l) (nM)a

or % inh. @ 10 lMc

Ki(d) (nM)a

or % inh. @ 10 lMc

CYP2D6 inhibition

IC50 (nM)d or % inh. @ 10 lMe

14 CH2CH3 1 1.3 1.0 1026 513 31%

15 CH(CH3)2 1 2.7 2.8 1100 470 27%

16 (CH2)2CH3 1 1.3 4.6 1050 124 27%

17 (CH2)3CH3 1 0.8 1.4 1050 167 7888

18 1 5.9 9.5 878 83 4337

19 F 1 5.9 22 1080 63 5792

20 1 1.7 14 703 27 5653

21
H2
C 1 1.3 1.5 478 173 5702

22
S

1 2.8 4.8 1062 55 4776

23 CH3 0 0.4 0.2 105 177 5526

24 CH3 2 2.8 17 785 107 48%

25 CH3 3 1.7 5.7 319 238 46%

26 See structure

in Scheme 3

1.9 9.0 74 1496 1037

a See Table 1, footnote a.
b See Table 1, footnote b.
c See Table 1, footnote c.
d Sec Table 1, footnote d.
e See Table 1, footnote e.

Figure 1. Compound 1 docked into the CYP2D6 homology model.

The heme moiety (magenta) and the Asp301 residue (backbone atoms

in orange) responsible for binding are also shown. The carboxylate of

Asp 301 is obscured by the surface (color code: green represents

hydrophobic regions, blue represents hydrophilic regions).
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34.18 Condensation of 35 with the chiral diamine 28,
using TBTU as the coupling agent, provided the Boc
derivative 36, which was converted to the target com-
pound 26 in two steps (Boc deprotection, mesylation).

Compounds 1–26 were tested for their affinities toward
the cloned human j, l, and d opioid receptors as mea-
sured by their abilities to displace [3H]diprenorphine
from its specific binding sites.19 The agonist potencies
of the target compounds were assessed by their abilities
to stimulate guanosine 5 0-O-(3-[35S]thio)triphosphate
([35S]GTPcS) binding to membranes containing j opioid
receptors.19 All of the synthesized compounds were also
evaluated for their inhibitory activity toward the drug-
metabolizing CYP2D6 enzyme. The CYP2D6 activity
was measured essentially as described in the literature,
using 7-methoxy-4-(aminomethyl)-coumarin (MAMC)
as substrate.20a,b The results of the opioid receptor
binding properties, j in vitro functional activity and
CYP2D6 inhibitory activity of compounds 1–26 are pre-
sented in Tables 1 and 2.

As shown in Table 1, compound 2, the unsubstituted
phenacetyl analog of 1, binds to the j opioid receptor
with a Ki of 5.8 nM and displays good opioid receptor
selectivity. However, despite its reduced lipophilicity
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when compared to 1, compound 2 strongly inhibited the
activity of CYP2D6. Various polar substituents were
introduced at the 2-, 3-, and 4-position of the phenacetyl
group of 1 in an attempt to reduce the CYP2D6 inhibi-
tory activity while maintaining potent j agonist activity.
Introduction of an aminomethylene side chain at the 4-
position of the phenacetyl group of 1 (compound 5) re-
sulted in a sevenfold decrease in the CYP2D6 inhibitory
activity. However, this structural modification also re-
sulted in a 10-fold decrease in j binding. Comparison
of the in vitro profile of 3, 4, and 5 suggested that sub-
stitution at the 4-position of the phenacetyl group is pre-
ferred to lower the CYP2D6 inhibitory activity, whereas
substitution at the 2- or 3-position is required for good j
binding affinity. Conversion of the aminomethylene
group of 5 to an acetamidomethylene moiety (com-
pound 8) resulted in a further decrease in the CYP2D6
inhibitory activity, with no enhancement of the j affin-
ity. However, changing the acetamidomethylene moiety
by a methylureamethylene group (compound 9) resulted
in an increase in j binding affinity. Surprisingly, substi-
tution of the amine functionality of 5 with a meth-
ylsulfonyl group (compound 12) resulted in a
significant increase in the affinity toward the j receptor
and a marked decrease in the CYP2D6 inhibitory acti-
vity. Comparison of the in vitro profile of 10, 11, and
12 further confirmed that substitution at the 4-position
of the phenacetyl group is optimal to decrease CYP2D6
binding. Analysis of the docking results generated for 1
confirmed that there is ample space in the CYP2D6 ac-
tive site for substituents at the 2- and 3-position of the
phenacetyl group. In contrast, the CYP2D6 active site
is more constrained near the 4-position, accommodating
preferably small hydrophobic substituents (see Fig. 1).
Introduction of a hydroxyl group at the 3-position of
the pyrrolidine ring of the arylacetamide class of j-ago-
nists is known to enhance receptor affinity.17 Similarly,
in this series, potency at the j receptor was further in-
creased, by substituting the pyrrolidine ring of 12 with
a hydroxyl group (compound 13, R2 = OH). This modi-
fication also resulted in a further decrease in the
CYP2D6 inhibitory activity (IC50 > 10 lM), presumably
due to a decreased lipophilicity. With the identification
of 13 as a novel potent j agonist with reduced CYP2D6
liability, we investigated further the SAR at the 4-posi-
tion of the phenylacetamide group, concentrating on
sulfonamide derivatives. Among the various sulfon-
amides prepared (Table 2), the aliphatic substituted deriva-
tives (compounds 14–16) had better CYP2D6 profiles
than the aryl/heteroaryl sulfonamides (18–22), and still
maintained potent agonist activity at the j receptor.
The comparison of the CYP2D6 inhibitory activity of
13 and 23 suggested that the spatial orientation of the
methylsulfonamido moiety influences the CYP2D6
inhibitory activity of the compounds. Comparison of
the CYP2D6 inhibitory activity of 13, 23, 24, and 25
showed that an optimal CYP2D6 profile was obtained
when the methylsulfonamido group was attached to
the core arylacetamide template with a methylene linker
(compound 13). Comparison of the CYP2D6 profile of
12 (IC50 > 10 lM) with its constrained analog 26
(CYP2D6 IC50 = 1037 nM) further demonstrated that
flexibility of the methylsulfonylaminomethyl moiety is
an important factor to disrupt the key interaction with
the CYP2D6 isoenzyme.

In further studies, compound 13 showed very little
inhibitory activity toward other drug-metabolizing
CYP enzymes (CYP1A2: 0% inh. @ 10 lM; CYP2C19:
25% inh. @ 10 lM; CYP2C9: 20% inh. @ 10 lM;
CYP3A4: 15% inh. @ 10 lM). With regard to ancillary
activity, 13 did not inhibit (0% block @ 10 lM) hERG
channel currents in vitro (experiments performed in
voltage-clamped HEK293 cells that stably expressed
hERG potassium channels). The blocking of this cardiac
K+ channel (Ikr) has been linked to drug-induced long
QT syndrome (LQT), which can lead to torsades de
pointes, a life threatening form of arrhythmia, and sub-
sequent ventricular fibrillation.21 Based on its favorable
in vitro profile, 13 was evaluated in an in vivo model of
antinociception. Compound 13 displayed potent antino-
ciceptive activity in the mouse acetic acid-induced writh-
ing assay after subcutaneous or oral administration
(ED50 values of 0.87 and 8.3 mg/kg, respectively).22

In summary, the new series of sulfonamido arylacet-
amide j agonists provided ligands with reduced
CYP2D6 liability (e.g., 13: IC50 > 10 lM) compared to
the reference compound, ICI 199441 (1: IC50 = 26 nM),
from which they evolved. Introduction of an alkylsulfon-
amidomethylene group at the 4-position of the phen-
acetyl moiety was critical to disrupt the interaction of
the compounds with CYP2D6 while maintaining potent
j agonist activity. The flexibility of the sulfonamide side
chain played an important role in reducing the inhibi-
tory activity of the compounds toward CYP2D6.
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