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Figure 1. A few selective DA D3 receptor antagonists. SB-277011 (1), GSK
(2), PG01037 (3), CJ-1882 (4), YQA14 (5).
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in vitro profile and pharmacokinetic data are provided.
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A growing number of studies have demonstrated a close associ-
ation between the dopamine (DA) D3 receptor and drug addiction,
which suggested that selective DA D3 receptor antagonists may be
effective in reducing drug-induced incentive motivation, attenuat-
ing drug’s rewarding efficacy, and reducing reinstatement of drug-
seeking behavior.1,2 Selective DA D3 receptor antagonists have
been recently discovered, some with benzoazepine and [3.1.0]
templates,3,4 others with piperazine and alternative scaffolds.5,6

The original pharmacophore model reported by Stark in 20027

involving the presence of a key basic moiety within the different
templates used is still valid in its basic assumptions. Since then,
additional evidence has been generated including X-ray structures
and molecular modeling simulations.8,9 A few examples of these
templates are reported in Figure 1.

Several approaches can be used for the identification of an
appropriate basic moiety that interacts with Asp3.32 in the recently
described8 orthosteric binding site that endows the molecule with
an appropriate ‘anchor point’ that directs the remaining part of the
molecule to interact at a secondary site that is unique to D3R
allowing for selectivity versus the DA D2 receptor. A combination
of these approaches has been recently used9 by exploiting the DA
D3 receptor crystal structure to guide the drug design process.
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Although both affinity and selectivity are on the critical path of
the drug discovery process, the overall ‘developability’ profile10 of
the molecule is also essential to ensure the progression of the com-
pound toward clinical development.

This Letter describes a joint medicinal and computational
chemistry ‘scaffold hopping’ strategy (with respect to the classical
piperidines and to the azabicyclo[3.1.0]-hexanes series) that
Table 1
Affinity results for the selected derivativesa

Entry R R1 n Sterochem

1 N.A. N.A. N.A. s.e.
6 p-F 4-Methyl-1,3-oxazol-5-yl 1 rac.
7 p-F 4-Methyl-1,3-oxazol-5-yl 1 s.e.
8 p-CF3 4-Methyl-1,3-oxazol-5-yl 1 rac.
9 p-CF3 4-Methyl-1,3-oxazol-5-yl 1 s.e.
10 p-CF3 4-Methyl-1,3-oxazol-5-yl 2 rac.
11 p-CF3 4-Methyl-1,3-oxazol-5-yl 2 s.e.
12 2-F,4-CF3 4-Methyl-1,3-oxazol-5-yl 1 rac.
13 p-CH3 4-Methyl-1,3-oxazol-5-yl 1 rac.
14 p-Br 4-Methyl-1,3-oxazol-5-yl 1 rac.
15 p-CF3 Thiophen-3‐yl 1 rac.
16 p-CF3 1,3-Thiazol‐2‐yl 1 rac.
17 p-CF3 1-Methyl‐1H‐pyrazol‐5‐yl 1 rac.
18 p-CF3 1-Methyl‐1H‐pyrrol‐2‐yl 1 rac.

a N.A. = not applicable; N.T. = not tested. Affinity results: SEM for the data sets is ±0.1

Table 2
Affinity results for the selected derivativesa

Entry R R1 n Sterochem.

19 p-CF3 CyH 1 rac.
20 p-CF3 4-Py 1 rac.
21 p-CF3 3-Py 1 rac.
22 p-CF3 2-Pyrazine 1 rac.
23 p-CF3 5-Pyridine-2‐carboxamide 1 rac.
24 p-CF3 5-Pyridine-3‐carboxamide 1 rac.
25 p-CF3 4-Benzeneamide 1 rac.
26 p-CF3 4-Benzeneamide 1 s.e.
27 p-CF3 3-Benzeneamide 1 rac.
28 p-CF3 4-Phenylethan-1-one 1 rac.
29 p-CF3 4-Benzene‐1‐sulfonamide 1 rac.
30 p-CF3 4-Benzonitrile 1 rac.
31 2-F,4-CF3 4-Benzeneamide 1 rac.

a N.A. = not applicable; N.T. = not tested. Affinity results: SEM for the data sets is ±0.1

Table 3
Affinity results for the selected derivativesa

Entry R R1 n Steroc

32 p-CF3 4-(1,3‐Oxazol‐2‐yl)phenyl 1 rac.
33 p-CF3 4-(1,3‐Oxazol‐2‐yl)phenyl 1 s.e.#1
34 p-CF3 4-(1,3‐Oxazol‐2‐yl)phenyl 1 s.e.#2
35 p-CF3 1,2,4-Triazol‐4‐yl)phenyl 1 rac.
36 p-CF3 4-(1,3,4‐Oxadiazol‐2‐yl)phenyl 1 rac.
37 p-CF3 4-(5‐Methyl‐1,2,4‐oxadiazol‐3‐yl)phenyl 1 rac.
38 p-CH3 4-(5‐Methyl‐1,2,4‐oxadiazol‐3‐yl)phenyl 1 rac.

a N.A. = not applicable; N.T. = not tested. Affinity results: SEM for the data sets is ±0.1

Figure 2. The general structure of the newly reported DA D3 receptor antagonist.
resulted in the identification of a variety of basic moieties. Specifi-
cally, a morpholine scaffold is described together with its pharma-
cokinetic (PK) profile.11,12 The general structure of the newly
identified DA D3 receptor antagonists is reported in Figure 2.

Biological results are reported in Tables 1–3 where R, R1 and n
refer to the general structure reported in Figure 2. Experimental
details and further references for these assays can be found in
Ref. 2–4.

All the compounds were prepared in agreement with Schemes 1
and 2.

All the data were compared to the affinity of SB-277011 (1,
Fig. 1), which is one of the prototypical DA D3 receptor antagonists.
The screening cascade consisted of binding affinity at the DA D3
and D2 receptors, potency of the compounds at inhibiting the
human ERG potassium channel (hERG) tail current as well as
. DA D3 pKi DA D3 GTPcS fpKi DA D2 pKi hERG fpKi

8.2 8.4 6.3 6.2
6.4 N.T. <5.0 N.T.
6.6 N.T. <5.0 5.5
6.9 N.T. N.T. N.T.
7.3 7.6 4.9 5.5
7.1 7.6 <5.0 N.T.
7.1 7.8 <5.0 5.6
6.7 N.T. 5.0 N.T.
6.3 N.T. N.T. N.T.
6.7 N.T. 4.8 N.T.
7.0 N.T. 5.1 N.T.
6.6 N.T. 5.1 N.T.
6.2 N.T. <5.0 N.T.
6.9 N.T. 5.2 N.T.

. rac = racemate; s.e. = single enantiomer.

DA D3 pKi DA D3 GTPcS fpKi DA D2 pKi hERG fpKi

7.4 7.7 5.1 N.T.
7.0 N.T. 4.9 N.T.
6.6 N.T. 4.8 N.T.
6.8 N.T. 5.0 N.T.
7.5 7.8 4.6 5.7
7.0 N.T. 4.8 N.T.
7.5 7.7 5.0 5.3
7.8 8.2 4.9 5.2
6.5 N.T. 4.8 N.T.
7.2 7.7 4.7 N.T.
6.9 N.T. <4.5 N.T.
7.0 N.T. 5.0 N.T.
7.2 7.4 4.8 N.T.

. rac = racemate; s.e. = single enantiomer.

hem. DA D3 pKi DA D3 GTPcS fpKi DA D2 pKi hERG fpKi

8.3 8.0 5.8 6.0
6.4 N.T. 4.8 N.T.
8.2 8.5 5.3 5.9
6.9 N.T. 5.0 N.T.
7.8 7.9 4.9 N.T.
7.6 8.0 <5.0 N.T.
7.1 7.8 4.6 6.0

. rac = racemate; s.e. = single enantiomer.



Figure 3. Derivative 26 (orange) fitted in the DA D3 receptor model together with 2
(atom type). The interaction between the basic nitrogen of the morpholine or [3.1.0]
hexane moieties and Asp3.32 is clearly visible (red dotted line).

O
Br

R

OH
NH2

R

OH
H
N

R
O

O
NH

R

O
O

NH
R

i; ii; iii iv

v vi

Cl

Scheme 1. Reagents and conditions: (i) HMTA, CHCl3, 16 h, rt; (ii) 37% HCl, EtOH,
12 h, rt; (iii) NaBH4, MeOH, 30 min, 0 �C; (iv) chloroacetylchloride, TEA, DCM, 1 h,
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Scheme 2. Reagents and conditions: (vii) T3P in AcOEt, 4-methyl-3-thiosemicar-
bazide, DIPEA, DMF, 12 h, rt; (viii) 4 M NaOH, 40 min, reflux; (ix) K2CO3, methanol/
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selectivity of this new class versus the DA D1 and D4 receptors, and
Muscarinic M1 and M3 receptors.

All the compounds with pKi > 7.0 were tested to evaluate their
functional activity. No sign of agonism at the DA D3 receptor was
observed (fpKi < 5 for all the compounds tested) while the antago-
nistic fpKi values are reported in Tables 1–3.

Selected compounds went through generic developability
screens such as CYPEX bactosome P450 inhibition and rat and
human in vitro clearance in liver microsomes early in the screening
cascade to predict their PK and developability profiles.

The first compound identified during this ‘scaffold hopping’
exercise was the racemic derivative 6, which showed micromolar
affinity at the DA D3 receptor. The mixture was therefore separated
by chiral HPLC and the most potent enantiomer (7) was evaluated.
In terms of selectivity, this compound was completely inactive at
the DA D1, DA D4 and at the M3 receptors, showing functional
pKi (fpKi) = 5.5 at the M1 receptor. A 10-fold difference with hERG
electrophysiological measure was also observed.

From a developability point of view, compound 7 showed IC50

values greater than 30 lM on all CYP P450 isoforms tested (namely
CYP1A2, CYP2C9, CYP2C19, CYP2D6, CYP3A4 DBOMF and CYP3A4
7BQ), low-moderate clearance in human (hCli = 21.7 lL/min/mg
protein), and low clearance in rat (rCli) (<9 lL/min/mg protein)
microsomes.

In order to fully assess the potential of the scaffold, its proper-
ties were further explored in vivo11 in a portal vein-cannulated rat
model.12 Compound 7 had 100% fraction absorbed (Fa%), low distri-
bution volume (Vss = 2.6 l/kg), and moderate clearance as expected
from the in vitro parameters (Clb = 40.0 mL/min/kg) leading to a
relatively short half-life (T1/2 = 0.8 h). Nonetheless, hepatic extrac-
tion (Eh) was low (Eh = 0.1) resulting in almost full 100% bioavail-
ability. The percentage of fraction unbound (Fu%) in blood and
plasma was also measured with 17% of the compound in free form
in blood; in the brain this compound was present as ‘free’ for more
than 50%.

The importance of ‘developability’ and ‘drug efficiency’,13 led
quite naturally to the next exploration step that focused on replac-
ing the fluorine atom present on the aromatic ring of compound 6
with a trifluoromethyl group, resulting in the racemate 8 and in the
active enantiomer 9. This substitution led to approximately 10-fold
increased affinity at the DA D3 receptor, 100-fold selectivity over
the DA D2 receptor, and more than 50-fold selectivity over the
hERG channel. This substitution had no effect on the affinity at
DA D1 and D4 receptors (pKi < 4.0), but resulted in a slight increase
in affinity at the M1 and M3 receptors (fpKi = 6). Increased inhibi-
tion of CYP P450 was observed with this compound, which showed
IC50 values greater than 6 lM on all isoforms tested. A slight
increase in the in vitro clearance in human (hCli = 40.0 lL/min/
mg protein) with no observed changes in rat microsomes. This
compound also showed Fa% = 63%, Vss = 2.5 (l/kg), and Clb = 13.5
(mL/min/kg) leading to T1/2 = 3.5 (h); Eh was low (0.1) leading to
58% bioavailability. The percentage of fraction unbound in blood
and plasma was definitely lower with blood Fu% equal to 6.2%
and brain Fu% equal to 7.1%. This decrease might be linked to the
increased overall lipophilicity (cLogP from 2.13 to 2.87)14 due to
the introduction of the –CF3 moiety.

Increasing the length of the linker portion from 3 to 4 carbon
atoms (racemic derivative 10 and its enantiomer 11) had no major
impact on the primary pharmacological profile.

The introduction of an additional fluorine atom on the aromatic
ring linked to the morpholine moiety (12) led to slightly reduced
affinity at the DA D3 receptor. Replacement of the –CF3 with a
methyl group (13) resulted in decreased affinity at the DA D3
receptor, while a 4-bromine alone (14) was almost identical to
the 2-F, 4-CF3 substitution.

The next steps of the exploration focused on the heteroaromatic
portion of the scaffold, where the methyl oxazole was initially
replaced by a thiophene moiety (15) with similar affinity to 8.
The introduction of a nitrogen atom (thiazole-2-yl, 16) resulted
in decreased affinity at the DA D3 receptor, which was even worse
with the methyl-pyrazol-5-yl derivative 17. In contrast, a single
nitrogen atom (methyl-pyrrol-2-yl) 18 was very similar to the
original derivative 8.



1332 F. Micheli et al. / Bioorg. Med. Chem. Lett. 26 (2016) 1329–1332
The results of the next exploration are reported in Table 2.
Additional exploration sought to further improve the SAR and

consolidate our knowledge of the DA D3 receptor. The complete
removal of the R1 aromatic ring and its replacement with a lipo-
philic cyclohexane (19, Table 2) resulted in a 200-fold selective
compound versus DA D2 receptor, but with very high lipophilicity
(cLogP = 5.1).14 The introduction of a 4-pyridyl ring (20) achieved
the desired 100-fold selectivity versus DA D2 receptor, but with
lower cLogP (3.7). In contrast, moving the pyridine nitrogen in
position 3 (21) had a detrimental effect on the primary affinity at
the DA D3 receptor, leading to half-log unit loss; the same held
true with the introduction of a 2-pyrazine moiety (22). A carbox-
amide moiety was then introduced to further reduce cLogP.
Derivative 23 (cLogP = 2.9) not only achieved a very high selectiv-
ity versus DA D2 receptor (800-fold), but was also assayed versus
hERG channel with about 60-fold selectivity. Modification of the
nitrogen position of the pyridine scaffold (24) reduced the affinity
at the DA D3 receptor, while its complete removal and the transfor-
mation into a benzamide moiety (25) maintained the affinity at the
DA D3 receptor and resulted in 150-fold selectivity versus hERG
channel. This compound was completely inactive at the DA D1,
DA D4 and M3 receptors, and had 30-fold selectivity over the M1
receptor (fpKi = 6.0). The single enantiomer (26) was even better
with 400-fold selectivity over the hERG channel; its Cli in rat was
16.3 while Cli in human was 63.2 (lL/min/mg protein). This com-
pound had IC50 values greater than 30 lM on all CYP P450 isoforms
tested, while its brain Fub% was 3.0% and blood Fub% 4.5%.

A change in the position of the amide (27) was detrimental to
the affinity at the DA D3 receptor, while the transformation in an
acetyl group (28) seemed well tolerated. The primary sulfonamide
(29) was slightly less active and comparable to the benzonitrile
(30). The introduction of a fluorine atom in position 2 on the aro-
matic ring holding the –CF3 portion (31) produced a compound
that was slightly less active than derivative 25, but with increased
lipophilicity (cLogP = 3.9).

The synthesis of bi-aryl derivatives was initiated to complete
the initial exploration of this new class and to understand how
much space was really available in the receptor around the mor-
pholine moiety (Fig. 3).15 Results are reported in Table 3.

The first attempt introduced a phenyl as a spacer before a
known and tolerated oxazole moiety (32). Despite the obvious
increase in cLogP (4.8), the compound showed unexpected
increased affinity at the DA D3 receptor resulting in 300-fold selec-
tivity versus DA D2 receptor and 200-fold selectivity versus hERG
channel. This profile was also characterized by a clear stereo-dif-
ferentiation of potency between the two enantiomers as clearly
illustrated by derivatives 33 (enant. #1) and 34 (enant. #2). The
increase in lipophilicity, however, decreased the developability
potential of derivative 34, which showed rat and human Cli of
113.7 and 668.0 (lL/min/mg protein), respectively. This compound
had IC50 values greater than 3 lM on all CYP P450 isoforms tested,
while its Fub% in brain and blood was 0.5% and 0.8%, respectively.

The introduction of a triazolyl moiety (35) clearly demonstrated
that lipophilicity (cLogP = 2.7) is manageable in this series even if
the affinity at the DA D3 receptor dropped more than 10-fold with
respect to derivative 32.

The oxadiazole 36 was somehow intermediate both in terms of
affinity (pKi = 7.8) and lipophilicity (cLogP = 3.9), while 37 resulted
in improved DA D2 selectivity with a slightly reduced affinity at
the DA D3 receptor despite higher cLogP (5.1). Another important
factor to be considered is the role played by the position of the sub-
stituents in such a crowded space as demonstrated by compound
38 (pKi = 7.1; cLogP = 4.7) where a substitution (–CH3 vs –CF3) on
the other side of the molecule exemplified the difference with
derivative 37.

In conclusion, a joint computational-medicinal chemistry ‘scaf-
fold hopping’ strategy resulted in the discovery of novel, selective
and developable DA D3 receptor antagonists. The lead optimization
of this new class is currently ongoing, while other scaffolds derived
from the same exercise will be presented in the near future.
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