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ABSTRACT: Dopamine D2 receptor-promoted activation of Gαo over Gαi may increase synaptic plasticity and thereby might
improve negative symptoms of schizophrenia. Heterocyclic dopamine surrogates comprising a pyrazolo[1,5-a]pyridine moiety
were synthesized and investigated for their binding properties when low- to subnanomolar Ki values were determined for D2L,
D2S, and D3 receptors. Measurement of [35S]GTPγS incorporation at D2S coexpressed with G-protein subunits indicated
significant bias for promotion of Gαo1 over Gαi2 coupling for several test compounds. Functionally selective D2S activation was
most striking for the carbaldoxime 8b (Gαo1, pEC50 = 8.87, Emax = 65%; Gαi2, pEC50 = 6.63, Emax = 27%). In contrast, the
investigated 1,4-disubstituted aromatic piperazines (1,4-DAPs) behaved as antagonists for β-arrestin-2 recruitment, implying
significant ligand bias for G-protein activation over β-arrestin-2 recruitment at D2S receptors. Ligand efficacy and selectivity
between D2S and D3 activation were strongly influenced by regiochemistry and the nature of functional groups attached to the
pyrazolo[1,5-a]pyridine moiety.

■ INTRODUCTION

Schizophrenia is characterized by the coexistence of positive
and negative symptoms, cognitive impairment, and a decline in
psychosocial functioning.1 The etiology of schizophrenia is still
unknown, but hyper- and hypofunctions in monoamine
neurotransmitter systems, especially the mesolimbic and
mesocortical dopaminergic pathways, play an important role.2

Due to a complex pathophysiology, an adequate treatment of
schizophrenia still remains a challenge.3,4 Whereas first-
generation antipsychotics mainly act via the blockade of
dopamine D2 receptors, second-generation compounds have a
broadened receptor-binding profile. This leads to a lower
liability to cause extrapyramidal side effects (EPS) and a more
efficient treatment of negative symptoms, but goes along with
other drawbacks caused by severe side effects including
agranulocytosis or obesity.2 Third-generation antipsychotics,
including aripiprazole (2a) and the promising drug candidate
N′-[trans-4-[2-[4-(2,3-dichlorophenyl)-1-piperazinyl]ethyl]-
cyclohexyl]-N,N-dimethylurea (cariprazine, RGH-188, 2b), act
as partial agonists at D2 and D3 receptors, thereby stabilizing
the dopaminergic system.5−7 Several other attempts to bring
dopamine receptor partial agonists to the market [e.g.,
bifeprunox, 7-[3-(4-[2,3-dimethylphenyl]piperazinyl)propoxy]-
2(1H)-quinolinone (OPC-4392) and N-[(8α)-2-chloro-6-

methylergoline-8-yl]-2,2-dimethylpropanamide (SDZ 208-
912)] failed either because of a lack of efficacy or for safety
reasons.4 The underlying question relating the optimal intrinsic
efficacy and ligand selectivity is further complicated by the
growing evidence for a phenomenon referred to as functional
selectivity or biased agonism.8 Functional selectivity explains
the capacity of a ligand to preferentially orientate the coupling
of a GPCR with a subset of signal transducers, including G-
protein-mediated effects and G-protein-independent re-
sponses.9,10 The possibility to modulate these pathways
independently from each other was convincingly demonstrated
by applying the angiotensin II receptor as a model system by
Lefkowitz and co-workers.11,12 Such ligand-induced bias
between β-arrestin recruitment and G-protein coupling was
also reported for 2a, 2b, and structurally related analogues.13−15

Interestingly, Masri et al. identified inhibition of β-arrestin-2
recruitment rather than antagonism of G-protein-promoted
signaling at D2L and D2S receptors as a common property of
clinically effective antipsychotics.16 Very recently, we could
demonstrate that dopaminergics comprising an enyne moiety
are able to separate G-protein activation from β-arrestin
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recruitment and to discriminate between Gαo1- and Gαi2-
mediated signaling at D2L and D2S receptors.

17 Encouraged by
these findings on the biased signaling of atypical dopaminergics,
we explored novel 1,4-disubstituted aromatic piperazines (1,4-
DAPs) of type 1 for their structural determinants of D2/D3
subtype selectivity on a functional level, ligand efficacy, and
individual ligand controlled activity patterns. Gαo protein
triggers neurite outgrowth in several different neuronal cell
lines, suggesting that partial agonists that favor the D2-
promoted activation of Gαo over Gαi may have positive effects
on synaptic plasticity18−21 and thereby might improve negative
symptoms of schizophrenia. Moreover, the D3 receptor partial
agonist 2b positively affects cognitive deficits in a mouse model
treated with phencyclidine.22 Thus, functionally selective
promotion of Gαo1-, Gαi2-, and β-arrestin-2-mediated signaling
at the D2S receptor, and Gαo1 activation at the D3 receptor was
investigated. On the basis of recent findings indicating that the
nature of the heterocyclic appendage of 2a derivatives is
associated with the ratio of G-protein activation and β-arrestin-
promoted signaling,23,14 the quinolinone scaffold was bio-
isosterically replaced. Since an incorporation of the pyrazolo-
[1,5-a]pyridine unit using different attachment points proved to
be beneficial for fine-tuning the dopaminergic properties of 1,4-
DAPs,24−28 we prepared and studied a collection of
regioisomeric target compounds of type 1, formally hybridizing
the antipsychotic 2a, the drug candidate 2b, and our previously
described dopaminergics of type 3 (Figure 1).29

■ RESULTS AND DISCUSSION
Synthesis. Pyrazolo[1,5-a]pyridines were shown to be

valuable azaindole derivatives incorporating a hydrogen-bond-
accepting nitrogen in position 1.30 The chemically stable
heterocyclic system has been proven to be very useful in
medicinal chemistry because it is readily accessible by 1,3-
dipolar cycloaddition, allowing various functionalizations in any
position.31 We intended to bioisosterically displace the
dihydroquinolinone unit of our lead compound 2a by the
pyrazolo[1,5-a]pyridine framework that should be linked to an
oxyalkylene spacer via different points of attachment.
Introduction of a second H-bond-accepting functional group
into the heteroarene moiety mimicking the lactam group of the
lead structure 2a was also envisioned. Starting from 1,4-
disubstituted phenylpiperazines (1,4-DAPs), known as priv-

ileged structural surrogates for biogenic amines,32,33 we built
our synthesis strategy in analogy to previously described routes
leading to analogues of 2a (Scheme 1).34−36 Initially,
pyrazolo[1,5-a]pyridine scaffolds 4a−4e were prepared in
different regioisomeric forms.25,29,37−39 For the synthesis of
the 5-substituted carboxylate 4f, we adopted our previously
described protocol40 involving 1,3-dipolar cycloaddition of
dimethylacetylene dicarboxylate and 4-methoxy-N-aminopyr-
idinium ions under oxidative conditions, followed by
simultaneous ester hydrolysis, decarboxylation, and ether
cleavage by hydrobromic acid and subsequent re-esterification
(for details, see the Supporting Information).
Alkylation of the phenolic hydroxyl group with 1,4-

dibromobutane in analogy to a literature described protocol34

afforded the alkyl bromides 5a−f, which were subsequently
reacted with 1-(2,3-dichlorophenyl)piperazine in the presence
of sodium iodide to yield the target compounds 6a−f. To
mimic the carboxamide moiety of the dihydroquinolin-2(1H)-
one substructure of 2a, we introduced a formyl group into
position 3 of the pyrazolo[1,5-a]pyridine ring41 by a protocol
involving the Vilsmeyer reaction,42 resulting in formation of the
test compounds 7a−e. Because direct formylation of the π-
electron-poor position 2 was not possible, the regioisomer 7f
was prepared by reduction of the ethyl ester 6f and subsequent
oxidation of the hydroxymethyl-substituted intermediate 6g
with manganese(IV) oxide. Conversion of the carbaldehydes 7a
and 7f to the corresponding aldoximes by refluxing with
hydroxylamine hydrochloride in ethanol41 yielded mixtures of s-
cis and s-trans isomers in each case. For the 3-substituted
pyrazolo[1,5-a]pyridine, the isomers could be separated by
column chromatography. Diagnostic NOESY experiments
revealed oxime E- and s-trans configuration for isomer 8a and
a combination of E and s-cis configuration for isomer 8b,
respectively (Figure 2). Oxime 8c exists as an inseparable
mixture of a major isomer (75%) with E and s-cis configuration
and a minor component (25%) with s-trans relationship and an
oxime geometry that could not be determined. To study the
impact of individual substituents on GPCR binding and
activation, the aldoximes 8a,b and 8c were converted into the
cyano derivatives 9a and 9b by employing acetic anhydride and
cyanuric chloride/DMF, respectively.43−45

Ligand Binding Experiments. To evaluate the impact of
the pyrazolo[1,5-a]pyridine-derived lipophilic appendages on
receptor binding, radioligand displacement assays were
conducted. The resulting affinity and selectivity profiles of the
target compounds were compared with those of 2a and 2b
(Table 1). Binding data were generated by measuring the ability
of the test compounds to compete with [3H]spiperone for the
cloned human dopamine receptor subtypes D2L, D2S, D3, and
D4.4 stably expressed in Chinese hamster ovary (CHO) cells. D1
and 5-HT2A receptor affinities were determined utilizing the
D1-selective radioligand [3H]SCH23390 or [3H]ketanserine
and cloned human D1/5-HT2A receptors transiently expressed
in HEK 293 cells. For 5-HT1A and α1 receptor affinities,
competition experiments were performed by employing
porcine cortical membranes and the selective radioligands
[3H]WAY600135 and [3H]prazosin, respectively. Our initial
investigations were directed to the evaluation of the attachment
point of the pyrazolo[1,5-a]pyridine moiety. Interestingly, all
regioisomers of type 6a−6e displayed Ki values between 2.1
and 64 nM for D2L, D2S, and D3 receptors, indicating substantial
binding affinity. A linkage via position 6 was most favorable,
leading to affinities of 4.2, 2.1, and 2.3 nM at D2L, D2S, and D3

Figure 1. Structural hybridization of 2a, 2b, and the dopaminergic
azaindoles (3).
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receptors, respectively, for test compound 6c. When the
delocalized π-electron system was enlarged by addition of a
formyl substituent in position 3 of the heterocyclic ring, an
approximately 10-fold increase in D2 receptor affinity was
observed for the 5-alkoxy-substituted azaindole 7a, compared
to the nonfunctionalized 5-alkoxy precursor 6a (4.6 and 3.2 nM
vs 34 and 39 nM at D2L and D2S, respectively). Likewise, 2−15-
fold increases of D2 affinities were observed for ligands 6f, 6g,
and 7f when polar substituents were formally introduced into
position 2 of the 5-alkoxy-substituted heteroarene scaffold. The
conversion of the carbaldehydes 7a and 7f to the corresponding
aldoximes 8a, 8b, and 8c led to low to subnanomolar affinities
of 1.8, 0.17, and 3.3 nM at D2L, 1.7, 0.25, and 2.3 nM at D2S,
and 2.3, 0.69, and 0.86 nM at D3 receptors, respectively.
Interestingly, the s-cis configurated aldoxime 8b showed a
receptor binding profile similar to those of the lead compounds
2a and 2b, except for a 10−20-fold higher D4 receptor affinity.
Introduction of a cyano group into position 3 of the azaindole
ring led to high D2 affinity: subnanomolar Ki values of 0.58 and
0.32 nM were observed for test compound 9a at D2L and D2S
receptors, respectively. Interestingly, D4 and D3 receptor
affinities were in the same low nanomolar range for this 3-
substituted cyano derivative (1.5 and 5.7 nM). Only moderate
to poor D1 receptor affinities could be determined for the
compound collection. However, Ki values in the nanomolar
range were observed for the D4 subtype and 5-HT1A, 5-HT2A,
and α1 receptors.
Functional Experiments. To investigate the impact of the

functionalized pyrazolo[1,5-a]pyridine moiety on balanced or
biased G-protein activation at D2S and D3 receptors, ligand-

induced nucleotide exchange was determined in cell lines
coexpressing receptor and individual Gα subunits. Whereas
highly selective coupling to Gαo

46 has been described for the
D3 subtype, the two isoforms of D2 (D2S and D2L) are known to
couple promiscuously to different Gαi/o subunits.47−51

However, activation of Gαo has been associated with neurite
outgrowth in different neuronal cell lines, thereby offering the
possibility to alter interneuronal connections.18−21 A reduction
of dendritic spines in the hippocampus and prefrontal cortex of
schizophrenic patients was found to be associated with
cognitive impairment.52−54 To better understand differential
contributions of distinct signaling pathways of the dopaminer-
gic system, functionally selective ligands are required. To
identify such ligands, we performed [35S]GTPγS incorporation
assays with membrane preparations from HEK 293 cells
coexpressing D2S receptors and the previously described PTX-
insensitive C352I and C351I variants55 of Gαi2, the most
abundant Gαi subunit,

56,57 and Gαo1, the predominant isoform
in the central nervous system (CNS), respectively.51,58 Pertussis
toxin was used in control experiments to exclude interference of
endogenously expressed G-proteins in the used HEK cell line
(Figure S1, Table S1, Supporting Information). Likewise,
ligand-induced activation of D3 receptors coexpressed with
Gαo1 was evaluated. As indicated in Table 2, the reference
agonists quinpirole and dopamine displayed similar potencies
for activation of Gαo1 and Gαi2 subunits at D2S receptors.
However, the endogenous ligand was slightly less effective in
Gαo1 coupling (87% vs 102%). Interestingly, 2a, 2b, and our
novel 1,4-DAPs showed substantially higher ligand efficacy for
D2S-induced Gαo1 coupling (Emax = 25−72%) than for Gαi2
coupling (Emax < 3−39%). Functional selectivity for D2S-
promoted Gαo1 activation was most striking for the 5-
substituted azaindole-3-carbaldoxime 8b, showing a difference
in potency of 2 orders of magnitude and a substantial bias of
ligand efficacy (Gαo1 activation: pEC50 = 8.87, Emax = 65%; Gαi2
activation: pEC50 = 6.63, Emax = 27%) (Figure 3). It is worthy
to note that the pEC50 value for 8b induced Gαo1 activation at
the D2S receptor indicated 30-fold higher potency than the lead
compound 2a (pEC50 = 7.41), although D2S affinity was in the
subnanomolar range for both compounds. Superior and
functionally selective D2SGαo1 activation was also observed

Scheme 1. Synthesis of Dopaminergic Pyrazolo[1,5-a]pyridinesa

aReagents and conditions: (a) 1,4-dibromobutane, K2CO3, 60 °C, 8 h (31−85%); (b) (1) NaI, acetonitrile, reflux, 30 min; (2) 1-(2,3-
dichlorophenyl)piperazine, Et3N, 85 °C, 5−16 h (62−84%); (c) LiAlH4, Et2O, 0 °C to rt, 3 h (85%); (d) for 7a−7e, POCl3, DMF, rt, 1 h (40−
95%); (e) for 7f, MnO2, DCM, rt, 14 h (99%); (f) NH2OH HCl, H2O/EtOH (1:8), reflux, 2 h (81−82%); (g) for 9a, Ac2O, reflux, 8 h (72%); (h)
for 9b, cyanuric chloride, DMF, rt 7 h (65%).

Figure 2. Diagnostic NOESY experiments revealed the exact
configuration of aldoximes 8a−8c. Arrows indicate the observed
NOE signals in DMSO-d6.

Journal of Medicinal Chemistry Article

dx.doi.org/10.1021/jm5004039 | J. Med. Chem. XXXX, XXX, XXX−XXXC



T
ab
le
1.
R
ec
ep
to
r
B
in
di
ng

D
at
a
fo
r
th
e
C
om

po
un

ds
6a
−
g,
7a
−
f,
8a
−
c,
an
d
9a
,b

C
om

pa
re
d
to

th
e
R
ef
er
en
ce

C
om

po
un

ds
Q
ui
np

ir
ol
e,
2a
,a
nd

2b
,E

m
pl
oy
in
g
H
um

an
D

1,
D

2L
,

D
2S
,
D

3,
D

4.
4,
an
d
5-
H
T
2A

R
ec
ep
to
rs

an
d
P
or
ci
ne

5-
H
T
1A

an
d
α
1
R
ec
ep
to
rs

K
i
±

SD
(n
M
)a

[3
H
]S
C
H
23
39
0

[3
H
]s
pi
pe
ro
ne

[3
H
]W

A
Y
10
06
35

[3
H
]k
et
an
se
rin

[3
H
]p
ra
zo
si
n

co
m
pd

R
1

R
2
po
si
tio

n
hD

1
hD

2L
hD

2S
hD

3
hD

4.
4

p5
-H

T
1A

h5
-H

T
2A

pα
1

qu
in
pi
ro
le

87
00
0
±

60
00

26
0
±

38
70

±
18

15
±

3.
7

8.
5
±

1.
4

63
00

±
11
00

25
00
0
±

92
0b

55
00
0
±

62
00

2a
31
0
±

11
0

0.
54

±
0.
17

0.
45

±
0.
05

3.
0
±

0.
61

81
±

14
88

±
7.
1

4.
0
±

1.
1

17
±

0.
70

2b
21
00

±
12
00

0.
47

±
0.
13

0.
41

±
0.
06

0.
27

±
0.
07

11
0
±

10
0.
49

±
0.
13

22
±

6.
0

70
±

2.
5

6a
H

5
29
00

±
80
0b

34
±

12
39

±
16

7.
0
±

1.
3

13
0
±

39
11
0
±

5.
0

39
0
±

30
b

62
±

8.
0

6b
H

4
18
00

±
45
0b

25
±

3.
5

30
±

6.
5

10
±

2.
8

16
±

0.
0

83
±

11
34
0
±

70
b

22
±

1.
5

6c
H

6
12
00

±
34
0b

4.
2
±

2.
2

2.
1
±

0.
0

2.
3
±

0.
55

4.
4
±

0.
95

82
±

1.
0

26
0
±

35
b

28
±

7.
5

6d
H

7
58
0
±

30
b

64
±

9.
5

16
±

3.
0

7.
2
±

2.
1

16
±

3.
0

43
±

16
77

±
17
b

15
±

0.
50

6e
H

2
11
00

±
19
0b

9.
4
±

0.
60

10
±

0.
65

3.
5
±

0.
45

33
±

2.
0

17
±

2.
5

15
0
±

0.
0b

23
±

5.
0

6f
2-
C
O
O
Et

5
15
0
±

10
7.
4
±

0.
70

6.
7
±

2.
4

2.
1
±

0.
77

47
±

18
48

±
1.
0

22
±

0.
0

43
±

6.
2

6g
2-
C
H

2O
H

5
24
0
±

20
3.
1
±

2.
6

2.
3
±

0.
79

1.
3
±

0.
54

35
±

7.
4

5.
7
±

1.
7

16
±

1.
0

5.
1
±

0.
50

7a
3-
C
H
O

5
97
0
±

10
4.
6
±

2.
2

3.
2
±

1.
1

6.
9
±

3.
1

57
±

13
95

±
68

24
0
±

12
18

±
0.
50

7b
3-
C
H
O

4
39
0
±

5.
0b

29
±

7.
0

24
±

6.
0

20
±

4.
5

41
±

3.
5

42
±

1.
0

95
±

5.
5b

20
±

2.
0

7c
3-
C
H
O

6
57
0
±

85
b

6.
2
±

0.
85

8.
1
±

0.
75

2.
0
±

0.
05

18
±

1.
0

15
±

0.
0

17
0
±

45
b

9.
7
±

3.
3

7d
3-
C
H
O

7
16
00

±
25
0b

51
±

11
15

±
0.
0

6.
4
±

0.
20

78
±

1.
5

31
±

17
53

±
15
b

15
±

1.
5

7e
3-
C
H
O

2
59
0
±

70
b

10
±

0.
55

14
±

1.
5

5.
9
±

0.
10

29
±

6.
0

29
±

1.
5

26
0
±

13
0b

11
±

1.
8

7f
2-
C
H
O

5
18
0
±

70
14

±
8.
9

14
±

4.
8

6.
0
±

2.
1

89
±

23
36

±
1.
5

56
±

6.
0

18
±

2.
0

8a
3-
C
H
N
O
H

(E
)-
s-
tr
an
s

5
43
00

±
30
0

1.
8
±

0.
25

1.
7
±

0.
10

2.
3
±

0.
35

5.
3
±

0.
30

21
±

6.
5

7.
7
±

0.
50

2.
9
±

0.
30

8b
3-
C
H
N
O
H

(E
)-
s-
ci
s

5
67
0
±

50
0.
17

±
0.
05

0.
25

±
0.
01

0.
69

±
0.
10

6.
0
±

3.
5

4.
2
±

1.
5

4.
0
±

0.
10

6.
6
±

2.
7

8c
2-
C
H
N
O
H

5
26
0
±

75
3.
3
±

1.
1

2.
3
±

0.
21

0.
86

±
0.
12

24
±

4.
7

7.
1
±

1.
1

7.
9
±

0.
50

8.
0
±

1.
2

9a
3-
C
N

5
93
0
±

28
0

0.
58

±
0.
16

0.
32

±
0.
04

1.
5
±

0.
51

5.
7
±

1.
8

98
±

13
49
0
±

40
13

±
4.
9

9b
2-
C
N

5
35
00

±
95
0

8.
9
±

3.
9

6.
7
±

1.
6

1.
9
±

0.
22

9.
3
±

3.
1

16
±

2.
5

81
±

20
16

±
4.
0

a
K
i
va
lu
es

in
nM

±
st
an
da
rd

er
ro
r
of

m
ea
n
de
riv
ed

fr
om

at
le
as
t
tw
o
in
di
vi
du
al
ex
pe
rim

en
ts
ea
ch

pe
rf
or
m
ed

in
tr
ip
lic
at
e.
b
D
at
a
ob
ta
in
ed

w
ith

po
rc
in
e
re
ce
pt
or
s
(p
D

1,
p5
-H

T
2)
.

Journal of Medicinal Chemistry Article

dx.doi.org/10.1021/jm5004039 | J. Med. Chem. XXXX, XXX, XXX−XXXD



for the stereoisomeric carbaldoxime 8a with s-trans geometry,
the unsubstituted 6-alkoxy-azaindole 6c, and its 3-carbaldehyde
7c (pEC50 = 8.14, 8.00, and 7.70, Emax = 53, 63, 64%,
respectively). Interestingly, lead compound 2b promoted Gαo1

coupling with a high potency (pEC50 = 8.51) and the highest
intrinsic activity (Emax = 72%) of all 1,4-DAPs investigated.
Simultaneously, 2b was the most potent compound in D2SGαi2

activation (pEC50 = 6.95, Emax = 34%).
Regarding D3 receptor promoted nucleotide exchange,

dopamine and quinpirole activated Gαo1 coupling with equal
potencies and similar efficacies. Compared to the D2SGαo1

activation, potencies were measured to be 50-times higher.47,59

Interestingly, our subtle modifications of the pyrazolo[1,5-
a]pyridine regiochemistry and substitution pattern led to a
diverse ligand-controlled receptor activation profile. Whereas
the partial agonists 2a and 2b promoted a nearly balanced
activation of Gαo1 signaling at D2S and D3 receptors, the 5-
alkoxy carbaldehyde 7a preferentially activated D3 receptors
with a pEC50 of 8.72 and a maximal effect of 79% compared to
pEC50 of 6.73 and 64% at D2SGαo1, respectively. In contrast, the
regioisomeric 6-alkoxy carbaldehyde 7c preferentially activated
Gαo1 coupling at the D2S receptor. This preference was even

Table 2. Intrinsic Activities and Potencies of Compounds 2a,b, 6a,c,f,g, 7a,c,f, 8a−c, and 9a,b Determined by [35S]GTPγS
Accumulation with Membranes from HEK 293 Cells Transiently Transfected with D2S or D3 and the PTX Resistant Gαo1 or
Gαi2 G-Protein Subunits

[35S]GTPγS binding (mean ± SEM)a

D2SGαo1 D2SGαi2 D3Gαo1

compd pEC50 EC50 (nM) Emax (%)
b pEC50 EC50 (nM) Emax (%)

b pEC50 EC50 (nM) Emax (%)
b

quinpirole 6.21 ± 0.02 610 100 ± 1 5.79 ± 0.02 1600 100 ± 1 8.01 ± 0.03 9.7 100 ± 1
dopamine 6.51 ± 0.09 310 87 ± 4 6.33 ± 0.09 470 102 ± 3 8.03 ± 0.09 9.3 97 ± 4
2a 7.41 ± 0.09 39 67 ± 2 6.80 ± 0.20 160 29 ± 3 7.71 ± 0.17 20 52 ± 3
2b 8.51 ± 0.09 3.1 72 ± 2 6.95 ± 0.13 110 34 ± 2 8.24 ± 0.15 5.8 58 ± 3
6a 6.45 ± 0.09 360 48 ± 2 6.75 ± 0.23 180 22 ± 2 7.18 ± 0.15 66 78 ± 5
6c 8.00 ± 0.09 10 63 ± 2 5.89 ± 0.20 1300 39 ± 4 7.38 ± 0.26 41 41 ± 4
6f 6.13 ± 0.22 740 37 ± 4 6.36 ± 0.24 440 23 ± 3 7.25 ± 0.14 57 67 ± 4
6g 6.59 ± 0.17 260 49 ± 4 6.27 ± 0.19 540 28 ± 3 8.23 ± 0.19 5.9 57 ± 4
7a 6.73 ± 0.11 190 64 ± 3 6.19 ± 0.20 650 27 ± 3 8.72 ± 0.16 1.9 79 ± 5
7c 7.70 ± 0.12 20 64 ± 3 6.47 ± 0.17 340 35 ± 3 6.95 ± 0.21 110 55 ± 5
7f 6.21 ± 0.13 620 25 ± 2 nd nd ≤3 8.30 ± 0.21 5.0 32 ± 2
8a 8.14 ± 0.09 7.2 53 ± 2 6.56 ± 0.16 270 33 ± 2 7.37 ± 0.13 42 67 ± 4
8b 8.87 ± 0.06 1.3 65 ± 1 6.63 ± 0.18 240 27 ± 2 7.41 ± 0.14 39 68 ± 4
8c 6.21 ± 0.12 610 34 ± 2 nd nd ≤3 7.82 ± 0.21 15 35 ± 3
9a 7.20 ± 0.11 64 48 ± 2 6.96 ± 0.25 110 18 ± 2 7.91 ± 0.22 12 58 ± 5
9b 5.75 ± 0.10 1800 43 ± 3 7.01 ± 0.27 98 16 ± 2 7.39 ± 0.16 41 60 ± 4

aData represent mean ± standard error of the mean from the pooled curve of three to eight individual experiments, each performed as triplicates.
bEmax derived from the pooled curve and relative (%) to the maximal effect of quinpirole; nd, not determined.

Figure 3. Dose−response curves of the agonist-stimulated [35S]GTPγS binding at D2S and D3 receptors and β-arrestin-2 recruitment at the D2S
receptor. Membranes from HEK 293 cells transiently transfected with D2S or D3 and the PTX-insensitive G-proteins Gαo1 or Gαi2 (D2S + Gαo1, red;
D2S + Gαi2, blue; D3 + Gαo1, green) or HEK 293-β-arrestin-2 cells transiently transfected with D2S-ARMS2-PK2 (light blue) were stimulated with
dopamine, 2a, 7a,c, and 8b,c, respectively. Responses were normalized to basal (0%) and the maximum effect of quinpirole (100%).
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more pronounced for the 3-substituted carbaldoxime 8b, which
promoted Gαo1 coupling at the D2S with a 30-fold selectivity
over Gαo1 coupling at D3 receptors, although no significant
difference in binding affinities for the two receptors was
observed. Interestingly, besides the nature of the functional
group, the attachment point of the functional group to the
pyrazolo[1,5-a]pyridine moiety was of particular relevance for
ligand efficacy. Whereas a substitution in position 3 of the
aromatic heterocycle led to a significant partial agonist effect at
D2S and D3 receptors, the regioisomeric functionalization in
position 2 reduced ligand efficacy for D2S and D3 coupling to
Gαo1 and even revealed neutral antagonist properties for the 2-
substituted carbaldehyde 7f and the corresponding carbaldox-
ime 8c at D2S coexpressed with Gαi2. To further quantify the
bias for differential activation of G-proteins elicited by the test
compounds, we applied the operational model of agonism first
derived by Black and Leff,60 as it is one of the methods that
allows one to account for differences in potencies and efficacies
for different signaling pathways simultaneously.61−65 The
obtained transduction coefficient log(τ/KA) can be used as an
overall measure for the power of an agonist and allows the
comparison across different pathways after normalization to a
reference agonist [ΔΔlog(τ/KA)].

13 As expected, the calcu-
lation revealed the aldoxime 8b as the compound with the
highest bias toward Gαo1-mediated signaling at the D2S receptor
[ΔΔlog(τ/KA) = 2.51 ± 0.28]. Moreover, this compound
showed the strongest preference for D2S- over D3-promoted
activation of Gαo1 [ΔΔlog(τ/KA) = 3.01 ± 0.26] (Table S4,
Figure S9, Supporting Information).
Besides G-protein-mediated signaling, β-arrestin recruitment

is another important aspect of 7-transmembrane (7-TM)
receptor activation.9 Moreover, Masri and co-workers identified
the inhibition of β-arrestin-2 recruitment at D2 receptors, rather
than antagonism of G-protein activation, as a property shared
among clinically effective antipsychotics.16 Hence, receptor-
mediated recruitment of β-arrestin-2 at the D2S was investigated
by utilizing the DiscoveRx PathHunter technology. For this
purpose, HEK 293 cells stably expressing a chimeric protein of
β-arrestin-2 and an enzyme acceptor (β-galactosidase fragment)
were transiently transfected with a D2S receptor that was C-
terminally tagged with the ARMS2-PK2 donor sequence. Upon
stimulation with the test compounds of type 1 and the
reference agents, β-arrestin-2 recruitment was determined by
measuring the occurring chemiluminescence. For the tradi-
tional agonist quinpirole and the endogenous ligand dopamine,
full dose−response curves were obtained, whereas the
antipsychotic 2a was not able to induce β-arrestin-2 recruit-
ment. In contrast, the drug candidate 2b acted as a weak partial
agonist with a maximal effect of 11% and a pEC50 of 8.46 (data
not shown), which is in excellent agreement with the
literature.66 The most interesting target compounds 6a,c,f,g,
7a,c,f, 8a−c, 9a,b did not show β-arrestin-2-recruitment at D2S,
when tested at a concentration up to 10 μM, implying
substantial bias for G-protein activation over β-arrestin-2
recruitment at D2S receptors.
To prove receptor mediated antagonism, we tested the ability

of the test compounds 2a,b, 7a,f, and 8b to inhibit agonist-
induced recruitment of β-arrestin-2 at D2S receptors (Table 3,
Figure S8, Supporting Information). Interestingly, all tested
pyrazolo[1,5-a]pyridines were able to completely antagonize
the agonist-induced β-arrestin-2 recruitment, displaying pIC50
values that are similar to the Gαo-promoted potency values
obtained from the γS-GTP assay. Whereas the 3-substituted

aldoxime 8b was the most potent full inhibitor of β-arrestin-2
recruitment with a pIC50 of 8.42, the closely related 3-
substituted aldehyde 7a and its regioisomer 7f showed pIC50
values of 6.44 and 7.54, respectively, corroborating that these
atypical dopaminergics show substantial bias between G-
protein activation and β-arrestin recruitment. Haloperidol was
used as a reference antagonist (pIC50 = 9.15). Whereas 2a also
behaved as an antagonist, 2b could not completely attenuate β-
arrestin-2 recruitment.
To delineate the physicochemical properties of our

compounds, we calculated the lipophilicity (clogP, Table S3,
Supporting Information) of the representative pyrazolopyr-
idines 7a, 8b, and 9a, which does not significantly differ from
the properties found for the CNS active phenylpiperazines 2a
and 2b. Moreover, preliminary in vivo studies of the
representative compound 7a showed significant influence on
auditory startle response, indicating CNS activity at a
concentration of 3 mg/kg, and thus, the ability to cross the
blood−brain barrier (Figure S7, Supporting Information).
These data are in agreement with our recently published in
vivo activity of an analogous pyrazolo[1,5-a]pyridine-
carboxamide in a MPTP mouse model of Parkinson’s disease.67

Structure−Affinity/Activity Relationships. The applica-
tion of 2,3-dichlorophenylpiperazines as atypical dopaminergic
pharmacophores leads to a high affinity for D2-like receptors for
any of the investigated compounds. However, the affinity
profile is highly influenced by the heterocyclic headgroup.
Whereas most of the pyrazolo[1,5-a]pyridines show a small
preference for the D3 over the D2L receptor (1.5−8.9-fold), the
enlargement of the delocalized π-electron system by
introduction of a formyl-, an oxime-, or a cyano-substituent
in position 3 of the heterocycle leads to a preference for D2
over D3 receptors for compounds 7a, 8a,b, and 9a. In contrast,
high 5-HT1A affinity is observed for the introduction of an H-
bond-donating substituent in position 2 of the pyrazolo[1,5-
a]pyridine moiety (6g and 8c). In any case, introduction of an
aldoxime-substituent to the five-membered aromatic ring goes
along with an increase in 5-HT2A and α1 affinity. The
investigated compounds behaved as partial agonists for G-
protein activation at D2S and D3 receptors and as antagonists
for the recruitment of β-arrestin-2 at D2S receptors. The
intrinsic efficacy for the promotion of G-protein coupling is

Table 3. Inhibition of 100 nM Quinpirole-Induced D2S-
Mediated β-Arrestin-2 Recruitment in HEK 293 Cells for the
Reference Compounds Haloperidol, 2a, 2b, and compounds
7a,f and 8b

inhibition of β-arrestin-2 recruitmenta

compd pIC50
b IC50 (nM) Emax (%)

b,c

haloperidol 9.15 ± 0.05 0.70 0 ± 1
2a 7.95 ± 0.07 11 ≤2
2b 8.78 ± 0.08 1.7 13 ± 2
7a 6.44 ± 0.10 360 ≤2
7f 7.54 ± 0.11 22 ≤1
8b 8.42 ± 0.07 3.8 ≤2

aInhibition of β-arrestin-2 recruitment was measured with the
PathHunter assay in HEK 293 cells transiently transfected with D2S-
ARMS2-PK2 construct coincubated with 100 nM quinpirole and the
test compounds. bData represent mean ± SEM from the pooled curve
of three to eight individual experiments, each performed as duplicates.
cEmax is relative to the maximal effect of 100 nM quinpirole (100%)
and the maximal inhibition thereof caused by haloperidol (0%).
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related to the substituent of the aromatic heterocycle. Thus,
substituents in position 2 lead to a low intrinsic efficacy. H-
bond-donating substituents in position 3 such as a carbaldox-
ime moiety increase the extent of partial agonism observed.
Ligand−Receptor Interactions. To investigate the bind-

ing mode of the remarkable test compounds 7a and 8b at D3
and D2, respectively, molecular-dynamics-refined docking
studies were performed using the crystal structure of the D3
receptor68 and a recently established homology model of D2.

17

Therefore, the test compounds 7a and 8b were docked into
both receptors (Figure S3, Supporting Information). On the
basis of a subsequent molecular dynamics (MD) refinement, we
selected an energetically favored conformation of 7a in D3 and
8b in D2 (Figure S4, Supporting Information) and submitted
these complexes to simulation runs of 200 and 100 ns for 7a−
D3 and 8b−D2, respectively, carried out in a pre-equilibrated
and hydrated bilayer environment, to allow the test compounds
to adapt to their binding sites. We finally performed a cluster
analysis on these trajectories and selected representative
snapshots of the most highly populated clusters for each
ligand−receptor complex (Figure S5, Supporting Information).
Overall, the test compounds 7a and 8b occupy virtually

identical binding pockets in D3 and D2 receptors, respectively,
thereby forming interactions to homologous residues of
transmembrane helices (TMs) 1−7 and extracellular loops
(ELs) 1 and 2 [(Figures 4 and S6 (Supporting Information)].
However, the particular conformations of the test compounds
within their binding pockets differ significantly. One of these
differences is related to the position of the phenylpiperazine
moieties of the test compounds, as the phenylpiperazine part of
7a is buried around 2 Å deeper in the orthosteric binding site of
D3 than is the case for the analogue 8b in the D2 receptor
(Figure 4, inset). In addition, compound 8b showed a flipped
conformation of its dichlorophenyl group compared to 7a.
Similar binding modes of closely related 1,4-DAPs have been
previously reported.13,69,70 In its main conformation, the
carbonyl unit of the carbaldehyde 7a preferentially points
toward EL2 of the D3 receptor (Figure S5, Supporting
Information), where it is stabilized by a hydrogen bond to

Ser182 of EL2 [Figures 4a and S5 (Supporting Information)].
As the homologous residue in D2 is a more lipophilic isoleucine
(Ile183), the polar carbaldoxime moiety of 8b is oriented in the
opposite direction, thereby strengthening the interaction of
Glu2.65 and Ser7.36 via hydrogen bonding (Figure 4b). We have
observed that the lipophilic appendages of 7a and 8b fit into
and modify an extended binding site, which was identified
earlier to be associated not only with subtype selectivity
between D2 and D3

26,71 but also with receptor activation and
functionally selective signaling.72 The predicted binding mode
for 7a and 8b is in agreement with results from mutational
studies employing V2.61F mutants of D2L and D3 receptors.

26

As expected, replacement of the diagnostic residue valine in
position 2.61 by a sterically more demanding phenylalanine led
to a decrease in receptor affinity (Table S2, Supporting
Information) by a factor of 610 and 1230 for 7a and 46 and 33
for 8b at D2L and D3 receptors, respectively. This observation
indicates an adoption of an extended binding pocket, which has
been described as a general property of 1,4-DAPs.26,71 Although
the binding modes for the 7a−D3 and 8b−D2 complexes are
similar, some conformations of interacting residues differ
significantly between the two subtypes investigated. It is
conceivable that subtle modifications at the heterocyclic
appendage have a considerable influence on ligand potency
and efficacy for different receptor subtypes and signaling
pathways, as these would most likely alter the capacity of the
compounds to stabilize distinct active-state conformations of
the receptors. As the individual transducer protein may alter the
ensemble of relevant receptor conformations, comparative
studies are required that employ active-state receptors coupled
to Gαi, Gαo, or β-arrestin in order to fully sample the range of
conformations stabilized by biased ligands.

■ CONCLUSIONS

Bioisosteric replacement of the dihydroquinolinone unit of our
lead compound 2a led to a group of atypical dopaminergics
comprising a pyrazolo[1,5-a]pyridine moiety. To learn more
about the structural determinants of D2/D3 subtype selectivity
on a functional level, ligand efficacy, and individual ligand

Figure 4. Ligand−receptor interactions for the test compounds 7a and 8b bound to D3 (dark gray ribbons) and D2 (light gray ribbons), respectively.
Amino acids that are expected to stabilize the test compounds have been visualized by dark gray and light gray sticks (* refers to the conserved
residue Asp3.32). Compound 7a within the D3 receptor is shown by blue sticks (a), whereas compound 8b within the D2 receptor is shown by green
sticks (b). The inset depicts an alignment indicating conformational differences between the ligands bound to the respective receptor subtype.
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controlled activity patterns, we measured ligand binding and
[35S]GTPγS incorporation at D2S receptors in coexpression
with PTX-resistant variants of Gαo1 or Gαi2 and D3 receptors
coexpressed with Gαo1. The investigated 1,4-DAPs showed
substantial bias for the promotion of Gαo1 over Gαi2 coupling
at D2S receptors. Because Gαo protein triggers neurite
outgrowth in several different neuronal cell lines,18−21 we
suggest that partial agonists that favor the D2-promoted
activation of Gαo over Gαi may have beneficial effects on
synaptic plasticity and thereby might improve negative
symptoms of schizophrenia, as was described for the lead
compound ariprazole previously.73−75 Functionally selective
D2S receptor activation was most striking for the 5-substituted
azaindole-3-carbaldoxime 8b, showing a difference in potency
of 2 orders of magnitude and a substantial bias of ligand
efficacy. Interestingly, our modifications of the pyrazolo[1,5-
a]pyridine regiochemistry and substitution led to a diverse
ligand controlled receptor activation profile. Whereas the
antipsychotic 2a showed a nearly balanced signaling for Gαo1
activation at D2S and D3 receptors, the 5-alkoxy-carbaldehyde
7a preferentially activated D3 receptors. In contrast, the closely
related carbaldoximes 8a,b and the regioisomeric 6-alkoxy
carbaldehyde 7c preferentially activated Gαo1 coupling at the
D2S receptor. Computational studies underlined our findings
that subtle modifications of the heteroaromatic pyrazolo[1,5-
a]pyridine are capable of strongly influencing ligand efficacy
and functional selectivity at D2S and D3 receptors. In contrast to
their partial agonist activity for G-protein activation, the
investigated if 1,4-DAPs behaved as neutral antagonists for β-
arrestin-2 recruitment, a property that was associated with
clinically effective antipsychotics. However, a possible in vivo
effect of the investigated 1,4-DAPs will also be influenced by
the response to other receptors, as the compounds have a
promiscuous receptor affinity profile, including low nanomolar
affinity to serotonergic 5-HT1A and 5-HT2A and α1 receptors.

■ EXPERIMENTAL SECTION
Chemistry. Reagents and dry solvents were of commercial grade

and used as purchased. Except for 1,3-dipolar cycloadditions and
ester/ether hydrolysis, all reactions were carried out under nitrogen
atmosphere. MS was run on a Bruker Esquire 2000 by APC or ES
ionization. HR-EIMS was run on a JEOL JMS-GC mate II with a solid
inlet and EI (70 eV) using peak-matching (M/ΔM > 5000). NMR
spectra were obtained on a Bruker Avance 360 or a Bruker Avance 600
spectrometer at ambient temperature. All 1H and 13C chemical shifts
are reported in ppm (δ) relative to TMS in the solvents indicated (J in
hertz). Melting points were determined with a MEL-TEMP II
apparatus (Laboratory Devices) in open capillaries and are given
uncorrected. IR spectra were performed on a JASCO FT/IR 410 or a
JASCO FT/IR 4100 spectrometer. Purification by column chromatog-
raphy was performed using silica gel 60. TLC analyses were performed
using Merck 60 F254 aluminum sheets and analyzed with UV light
(254 nm). Analytical HPLC was performed on Agilent 1100 HPLC
systems employing a VWL detector or on Agilent 1200 HPLC systems
using a DAD detector. As column, a ZORBAX ECLIPSE XDB-C8 (4.6
mm × 150 mm, 5 μm) was used. HPLC purity was measured using the
following binary solvent system: 10% CH3OH in 0.1% aqueous formic
acid for 3 min, from 10% to 100% CH3OH in 15 min, and 100%
CH3OH for 6 min (flow rate 0.5 mL/min, λ = 254 nm). The purity of
all test compounds and key intermediates was determined to be >95%.
C, H, N elementary analyses were performed at the Chair of Organic
Chemistry, Friedrich Alexander University Erlangen-Nuremberg.
5-(4-Bromobutoxy)pyrazolo[1,5-a]pyridine (5a). To a suspen-

sion of 4a (1.19 g, 8.88 mmol) and K2CO3 (1.23 g, 8.89 mmol) in
DMF (44.1 mL) was added 1,4-dibromobutane (3.18 mL, 26.7 mmol)
dropwise. After stirring at 60 °C for 8 h, H2O was added and the

aqueous layer was extracted with ethyl acetate. The combined organic
layers were dried over Na2SO4 and evaporated. The crude product was
purified by flash chromatography (hexane/EtOAc 2:3) to yield 5a as
an orange oil (1.69 g, 71%). IR (NaCl): 3097, 2945, 2874, 1648, 1537,
1290, 1227, 1040, 746 cm−1. 1H NMR (CDCl3, 360 MHz): δ 1.95−
2.02 (m, 2 H), 2.04−2.12 (m, 2 H), 3.50 (t, J = 6.5 Hz, 2 H), 4.02 (t, J
= 6.5 Hz, 2 H), 6.30−6.31 (m, 1 H), 6.43 (dd, J = 7.8, 2.6 Hz, 1 H),
6.72 (d, J = 2.6 Hz, 1 H), 7.85 (d, J = 2.1 Hz, 1 H), 8.28 (d, J = 7.8 Hz,
1 H). 13C NMR (CDCl3, 360 MHz): δ 27.6, 29.4, 33.2, 67.2, 95.4,
95.5, 106.6, 129.4, 141.0, 142.8, 155.5. HPLC: tR = 22.5 min, purity
96%. APCI-MS: m/z 268 [M+ − 1], 270 [M+ + 1]. Anal. Calcd (%) for
C11H13N2OBr: C 49.09, H 4.87, N 10.41. Found: C 48.94, H 4.78, N
10.23.

6-(4-Bromobutoxy)pyrazolo[1,5-a]pyridine (5c). Compound
5c was prepared according to the protocol of 5a using a suspension of
4c (110 mg, 0.82 mmol) and anhydrous K2CO3 (120 mg, 0.87 mmol)
in DMF (4.1 mL) and 1,4-dibromobutane (0.29 mL, 2.46 mmol). The
crude compound was purified by flash chromatography (hexane/
EtOAc 1:1) to yield 5c as off-white solid (153 mg, 70%). Mp: 55 °C.
IR: 3105, 2943, 2873, 1642, 1525, 1291, 1239, 1199, 1025, 756 cm−1.
1H NMR (CDCl3, 360 MHz): δ 1.96−2.01 (m, 2 H), 2.07−2.11 (m, 2
H), 3.50 (t, J = 6.6 Hz, 2 H), 3.99 (t, J = 5.9 Hz, 2 H), 6.45 (d, J = 2.1
Hz, 1 H), 6.91 (dd, J = 9.5, 2.2 Hz, 1 H), 7.41 (d, J = 9.5 Hz, 1 H),
7.84 (d, J = 2.2 Hz, 1 H), 8.05−8.06 (m, 1 H). 13C NMR (CDCl3, 360
MHz): δ 27.8, 29.4, 33.3, 68.0, 96.8, 111.8, 117.9, 119.0, 136.5, 140.8,
148.2.6. HPLC: tR = 22.8 min, purity 100%. HR-EIMS: calcd
268.0211; found 268.0213. Anal. Calcd (%) for C11H13N2OBr: C
49.09, H 4.87, N 10.41. Found: C 49.26, H 4.84, N 10.44.

Ethyl 5-(4-Bromobutoxy)pyrazolo[1,5-a]pyridine-2-carboxy-
late (5f). Compound 5f was prepared according to the protocol of 5a
using a suspension of 4f (1.36 g, 6.58 mmol) and K2CO3 (910 mg,
6.58 mmol) in DMF (34.0 mL) and 1,4-dibromobutane (2.36 mL,
19.8 mmol). The crude compound was purified by flash chromatog-
raphy (hexane/EtOAc 3:1) to yield 5f as rose solid (1.41 g, 63%). Mp:
102 °C. IR (NaCl): 3123, 3079, 2988, 2958, 1717, 1644, 1538, 1469,
1403, 1392, 1245, 1200, 1105, 858 cm−1. 1H NMR (CDCl3, 600
MHz): δ 1.44 (t, J = 7.2 Hz, 3 H), 1.97−2.03 (m, 2 H), 2.06−2.11 (m,
2 H), 3.50 (t, J = 6.5 Hz, 2 H), 4.03 (t, J = 5.9 Hz, 2 H), 4.46 (q, J =
7.1 Hz, 2 H), 6.57 (dd, J = 7.7, 2.6 Hz, 1 H), 6.75 (d, J = 2.5 Hz, 1 H),
6.87 (s, 1 H), 8.34 (d, J = 7.6 Hz, 1 H). 13C NMR (CDCl3, 360 MHz):
δ 14.4, 27.5, 29.3, 33.0, 61.3, 67.4, 95.9, 98.7, 109.4, 129.7, 141.8,
145.9, 162.8. HPLC: tR = 20.7 min, purity 97%. HR-EIMS: calcd
340.0423; found 340.0422.

5-{4-[4-(2,3-Dichlorophenyl)piperazin-1-yl]butoxy}pyrazolo-
[1,5-a]pyridine (6a). A solution of 5a (456 mg, 1.69 mmol) and NaI
(381 mg, 2.54 mmol) in acetonitrile (7.6 mL) was refluxed for 30 min.
After cooling down, a solution of 1-(2,3-dichlorophenyl)piperazine
(430 mg, 1.86 mmol) in triethylamine (0.26 mL, 1.86 mmol) was
added and the resulting suspension was stirred at 85 °C for another 5
h. Then saturated NaHCO3 solution was added and the aqueous layer
was extracted with CH2Cl2. The combined organic layers were dried
over Na2SO4 and evaporated. The residue was purified by flash
chromatography (CH2Cl2 + 2% MeOH) to yield 6a as an off-white
solid (545 mg, 75%). Mp: 105 °C. IR (NaCl): 2944, 2817, 1647, 1578,
1290, 1227, 1190, 1044, 774 cm−1. 1H NMR (CDCl3, 600 MHz): δ
1.69−1.77 (m, 2 H), 1.84−1.92 (m, 2 H), 2.50 (t, J = 7.2 Hz, 2 H),
2.65−2.67 (m, 4 H), 3.06−3.09 (m, 4 H), 4.02 (t, J = 6.5 Hz, 2 H),
6.29−6.30 (m, 1 H), 6.44 (dd, J = 7.6, 2.6 Hz, 1 H), 6.73 (d, J = 2.6
Hz, 1 H), 6.95 (dd, J = 6.7, 2.9 Hz, 1 H), 7.13−7.15 (m, 2 H), 7.85 (d,
J = 2.1 Hz, 1 H), 8.28 (d, J = 7.6 Hz, 1 H). 13C NMR (CDCl3, 360
MHz): δ 23.4, 27.0, 51.4, 53.3, 58.1, 68.0, 95.3, 95.4, 106.7, 118.6,
124.6, 127.4, 127.5, 129.3, 134.0, 141.1, 142.7, 151.3, 155.7. HPLC: tR
= 17.1 min, purity 95%. APCI-MS: m/z 419 [M+], 421 [M+ + 2]. Anal.
Calcd (%) for C21H24N4OCl2: C 60.15, H 5.77, N 13.36. Found: C
59.79, H 5.81, N 13.14.

6-{4-[4-(2,3-Dichlorophenyl)piperazin-1-yl]butoxy}pyrazolo-
[1,5-a]pyridine (6c). Compound 6c was prepared according to the
protocol of 6a using a solution of 5c (40.0 mg, 0.15 mmol) and NaI
(33.5 mg, 0.22 mmol) in acetonitrile (0.9 mL) as well as a solution of
1-(2,3-dichlorophenyl)piperazine (37.8 mg, 0.16 mmol) in triethyl-
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amine (0.05 mL). After purification by flash chromatography (CH2Cl2
+ 2% MeOH) 6c was obtained as an off-white solid (43.0 mg, 69%).
Mp: 97 °C. IR (NaCl): 3106, 2944, 2811, 1647, 1578, 1291, 1240,
1199, 1043, 781 cm−1. 1H NMR (CDCl3, 360 MHz): δ 1.72−1.81 (m,
2 H), 1.85−1.93 (m, 2 H), 2.54 (t, J = 7.6 Hz, 2 H), 2.68−2.73 (m, 4
H), 3.10−3.12 (m, 4 H), 4.00 (t, J = 6.3 Hz, 2 H), 6.44−6.45 (m, 1
H), 6.92 (dd, J = 9.6, 2.2 Hz, 1 H), 6.96 (dd, J = 6.9, 2.6 Hz, 1 H),
7.14−7.16 (m, 2 H), 7.41 (d, J = 9.6 Hz, 1 H), 7.84 (d, J = 2.2 Hz, 1
H), 8.07−8.08 (m, 1 H). 13C NMR (CDCl3, 360 MHz): δ 23.2, 27.1,
51.1, 53.3, 58.1, 68.7, 96.7, 111.8, 117.8, 118.7, 119.1, 124.7, 127.5,
127.6, 134.1, 136.4, 140.8, 148.3, 151.2. HPLC: tR = 19.0 min, purity
99%. APCI-MS: m/z 419 [M+], 421 [M+ + 2]. Anal. Calcd (%) for
C21H24N4OCl2·0.6H2O: C 58.64, H 5.91, N 13.03. Found: C 58.86, H
5.81, N 12.78.
Ethyl 5-{4-[4-(2,3-Dichlorophenyl)piperazin-1-yl]butoxy}-

pyrazolo[1,5-a]pyridine-2-carboxylate (6f). Compound 6f was
prepared according to the protocol of 6a using a solution of 5f (504
mg, 1.48 mmol) and NaI (332 mg, 2.21 mmol) in acetonitrile (12.0
mL) as well as a solution of 1-(2,3-dichlorophenyl)piperazine (375
mg, 1.62 mmol) and triethylamine (0.23 mL, 1.66 mmol) in
acetonitrile (6.0 mL). The crude compound was purified by flash
chromatography (CH2Cl2 + 1% MeOH) to afford 6f as white solid
(297 mg, 41%). Mp: 144 °C. IR (NaCl): 3062, 2945, 2878, 2818,
1725, 1649, 1577, 1540, 1495, 1448, 1240, 1221, 1139, 963 cm−1. 1H
NMR (CDCl3, 600 MHz): δ 1.44 (t, J = 7.1 Hz, 3 H), 1.71−1.78 (m, 2
H), 1.86−1.89 (m, 2 H), 2.50 (t, J = 7.6 Hz, 2 H), 2.63−2.71 (m, 4
H), 3.05−3.13 (m, 4 H), 4.04 (t, J = 6.3 Hz, 2 H), 4.47 (q, J = 7.1 Hz,
2 H), 6.57 (dd, J = 7.6, 2.6 Hz, 1 H), 6.76 (d, J = 2.4 Hz, 1 H), 6.85 (d,
J = 0.8 Hz, 1 H), 6.95 (dd, J = 7.3, 2.4 Hz, 1 H), 7.13 (t, J = 7.7 Hz, 1
H), 7.16 (dd, J = 7.6, 2.0 Hz, 1 H), 8.34 (ddd, J = 7.3, 0.6, 0.6 Hz, 1
H). 13C NMR (CDCl3, 360 MHz): δ 14.4, 23.4, 26.9, 51.3, 53.3, 58.0,
61.3, 68.2, 95.9, 98.6, 109.5, 118.6, 124.6, 127.4, 127.5, 129.6, 134.0,
141.9, 145.9, 151.3, 156.0, 162.9. HPLC: tR = 17.0 min, purity 98%.
HR-EIMS: calcd 490.1539; found 490.1535.
(5-{4-[4-(2,3-Dichlorophenyl)piperazin-1-yl]butoxy}-

pyrazolo[1,5-a]pyridin-2-yl)methanol (6g). To an ice-cooled
solution of 6f (56.2 mg, 0.12 mmol) in Et2O (10.0 mL) was added
a 4 M solution of LiAlH4 in Et2O (29 μL, 0.12 mmol). After stirring at
0 °C for 1 h the cooling was removed and the solution was stirred at
room temperature for 2 h. Then saturated NaHCO3 solution (30 mL)
was added, the organic layer was separated, and the aqueous layer was
extracted with CH2Cl2. The combined organic layers were dried over
MgSO4 and concentrated. The residue was purified by flash
chromatography (CH2Cl2 + 1% MeOH) to afford 6g as a rose solid
(43.8 mg, 85%). Mp: 116 °C. IR (NaCl): 3298, 2926, 2823, 1646,
1577, 1541, 1228, 1421, 1241, 1203, 1044 cm−1. 1H NMR (CDCl3,
600 MHz): δ 1.72−1.80 (m, 2 H), 1.86−1.92 (m, 2 H), 1,92−2.06 (bs,
1H, OH) 2.53 (t, J = 6.7 Hz, 2 H), 2.65−2.75 (m, 4 H), 3.07−3.14 (m,
4 H), 4.02 (t, J = 6.3 Hz, 2 H), 4.85 (s, 2 H), 6.28 (s, 1 H), 6.43 (dd, J
= 7.6 Hz, 2.7 Hz, 1 H), 6.67 (d, J = 2.5 Hz, 1 H), 6.96 (dd, J = 7.4, 2.1
Hz, 1 H), 7.14−7.21 (m, 2 H), 8.21 (ddd, J = 7.6, 0.5, 0.5 Hz, 1 H);
signal for free OH not detected. 13C NMR (CDCl3, 600 MHz): δ 23.3,
26.9, 51.3, 53.3, 58.1, 59.4, 68.0, 93.6, 95, 106.7, 118.6, 124.6, 127.4,
127.5, 129.2, 134.1, 142.2, 151.3, 155.7, 155.9. HPLC: tR = 15.9 min,
purity 95%. HR-EIMS: calcd 448.1433; found 448.1434.
5-{4-[4-(2,3-Dichlorophenyl)piperazin-1-yl]butoxy}pyrazolo-

[1,5-a]pyridine-3-carbaldehyde (7a). To a solution of 6a (360 mg,
0.86 mmol) in DMF (2.75 mL) was added POCl3 (0.25 mL, 2.66
mmol). After stirring at room temperature for 1 h, the mixture was
diluted with H2O under ice cooling and alkalized by addition of 5 M
NaOH. After extraction with CHCl3, the combined organic layers were
dried over Na2SO4 and evaporated. The residue was purified by flash
chromatography (CH2Cl2 + 2% MeOH) to yield 7a as off-white solid
(361 mg, 94%). Mp: 107 °C. IR (NaCl): 2946, 2818, 1663, 1633,
1577, 1527, 1275, 1241, 1194, 1044, 774 cm−1. 1H NMR (CDCl3, 600
MHz): δ 1.70−1.78 (m, 2 H), 1.88−1.96 (m, 2 H), 2.51 (t, J = 7.6 Hz,
2 H), 2.64−2.68 (m, 4 H), 3.07−3.09 (m, 4 H), 4.16 (t, J = 6.5 Hz, 2
H), 6.71 (dd, J = 7.6, 2.6 Hz, 1 H), 6.96 (dd, J = 6.5, 3.0 Hz, 1 H),
7.14−7.15 (m, 2 H), 7.58 (d, J = 2.6 Hz, 1 H), 8.26 (s, 1 H), 9.95 (s, 1
H). 13C NMR (CDCl3, 360 MHz): δ 23.3, 26.9, 51.4, 53.3, 58.0, 68.9,

97.7, 109.6, 113.2, 118.6, 124.6, 127.4, 127.5, 130.1, 134.0, 141.6,
147.5, 151.3, 160.6, 183.2. HPLC: tR = 17.1 min, purity 98%. APCI-
MS: m/z 446 [M+ − 1], 448 [M+ + 1]. Anal. Calcd (%) for
C22H24N4O2Cl2·0.3H2O: C 58.36, H 5.48, N 12.37. Found: C 58.34, H
5.43, N 12.27.

6-{4-[4-(2,3-Dichlorophenyl)piperazin-1-yl]butoxy}pyrazolo-
[1,5-a]pyridine-3-carbaldehyde (7c). Compound 7c was prepared
according to the protocol of 7a using a solution of 6c (60.0 mg, 0.14
mmol) in DMF (0.46 mL) as well as POCl3 (0.04 mL, 0.44 mmol).
The crude compound was purified by flash chromatography (CH2Cl2
+ 2% MeOH) to give 7c as off-white solid (40.0 mg, 63%). Mp: 99 °C.
IR (NaCl): 3096, 2946, 2818, 1663, 1578, 1519, 1278, 1242, 1185,
1044, 780 cm−1. 1H NMR (CDCl3, 360 MHz): δ 1.71−1.79 (m, 2 H),
1.88−1.95 (m, 2 H), 2.51 (t, J = 7.6 Hz, 2 H), 2.64−2.70 (m, 4 H),
3.06−3.11 (m, 4 H), 4.05 (t, J = 6.4 Hz, 2 H), 6.96 (dd, J = 6.6, 3.0 Hz,
1 H), 7.14−7.15 (m, 2 H), 7.30 (dd, J = 9.7, 2.2 Hz, 1 H), 8.16−8.18
(m, 2 H), 8.29 (s, 1 H), 9.98 (s 1 H). 13C NMR (CDCl3, 360 MHz): δ
23.3, 27.0, 51.4, 53.4, 58.0, 69.1, 112.8, 113.9, 118.7, 119.1, 123.7,
124.6, 127.5, 127.6, 134.1, 135.5, 146.2, 150.6, 151.3, 183.1. HPLC: tR
= 17.0 min, purity 95%. APCI-MS: m/z 447 [M+], 449 [M+ + 2]. Anal.
Calcd (%) for C22H24N4O2Cl2: C 59.07, H 5.41, N 12.52. Found: C
58.68 H 5.43, N 12.16.

5-{4-[4-(2,3-Dichlorophenyl)piperazin-1-yl]butoxy}pyrazolo-
[1,5-a]pyridine-2-carbaldehyde (7f). To a solution of 6g (56.8 mg,
0.126 mmol) in CH2Cl2 (5.0 mL) was added MnO2 (110 mg, 1.26
mmol). After stirring at room temperature for 14 h, the remaining
MnO2 was removed by filtration over Celite and the solvent was
evaporated to yield 7f as white solid (55.9 mg, 99%). Mp: 121 °C. IR
(NaCl): 3093, 2946, 2876, 2816, 2359, 2248, 1699, 1648, 1577, 1540,
1493, 1447, 1421, 1257, 1207, 1138, 1044, 1016 cm−1. 1H NMR
(CDCl3, 600 MHz): δ 1.71−1.80 (m, 2 H), 1.87−1.94 (m, 2 H), 2.52
(t, J = 7.3 Hz, 2 H), 2.64−2.72 (m, 4 H), 3.04−3.13 (m, 4 H), 4.05 (t,
J = 6.4 Hz, 2 H), 6.64 (dd, J = 7.6, 2.6 Hz, 1 H), 6.79 (d, J = 2.6 Hz, 1
H), 6.82 (d, J = 0.8 Hz, 1 H), 6.96 (dd, J = 7.4, 2.3 Hz, 1 H), 7.13−
7.18 (m, 2 H), 8.31 (ddd, J = 7.6, 0.8, 0.8 Hz, 1 H), 10.16 (s, 1 H). 13C
NMR (CDCl3, 360 MHz): δ 23.4, 26.9, 51.4, 53.3, 58.0, 68.3, 95.5,
96.3, 110.3, 118.6, 124.6, 127.4, 127.5, 129.6, 134.1, 142.3, 151.3,
152.5, 156.2, 187.7. HPLC: tR = 16.6 min, purity 97%. HR-EIMS:
calcd 446.1276; found 446.1276.

(E)-5-{4-[4-(2,3-Dichlorophenyl)piperazin-1-yl]butoxy}-
pyrazolo[1,5-a]pyridine-3-carbaldehyde Oxime (8a,b). A sol-
ution of hydroxylamine hydrochloride (18.0 mg, 0.26 mmol) in water
(0.74 mL) and 2 M NaOH (0.07 mL, 0.14 mmol) was adjusted to pH
5.0 by the addition of 2 M HCl and cooled to 0 °C. Subsequently, a
solution of 7a (57.8 mg, 0.13 mmol) in ethanol (6.45 mL) was added
and the mixture was refluxed for 2 h. After cooling, saturated NaHCO3
solution was added and the aqueous layer was extracted with
dichloromethane. The combined organic layers were dried over
Na2SO4 and evaporated. Purification of the residue by flash
chromatography (CH2Cl2/MeOH 2%) yielded the isomers 8a (s-
trans, 25.0 mg, 42%) and 8b (s-cis, 23.5 mg, 39%) as white solids.
Isomer 8a: Mp: 189 °C. IR (KBr): 3446, 3078, 2956, 2831, 1647,
1578, 1535, 1267, 1244, 1038, 789 cm−1. 1H NMR (DMSO-d6, 360
MHz): δ 1.60−1.68 (m, 2 H), 1.79−1.86 (m, 2 H), 2.44 (t, J = 7.6 Hz,
2 H), 2.52−2.60 (m, 4 H), 2.97−3.00 (m, 4 H), 4.09 (t, J = 6.4 Hz, 2
H), 6.68 (dd, J = 7.6, 2.6 Hz, 1 H), 7.11 (dd, J = 6.5, 3.0 Hz, 1 H),
7.26−7.30 (m, 3 H), 8.08 (s, 1 H), 8.29 (s, 1 H), 8.58 (d, J = 7.6 Hz, 1
H), 10.63 (s, 1 H). 13C NMR (DMSO-d6, 360 MHz): δ 23.2, 26.9,
51.5, 53.3, 57.8, 68.6, 97.0, 104.4, 108.0, 120.1, 124.9, 126.6, 129.0,
130.9, 133.2, 138.6, 142.5, 143.1, 151.6, 157.5. HPLC: tR = 16.8 min,
purity 99%. APCI-MS: m/z 462 [M+], 464 [M+ + 2]. Anal. Calcd (%)
for C22H25N5O2Cl2·0.4H2O: C 56.27, H 5.54, N 14.91. Found: C
56.48, H 5.47, N 14.69. Isomer 8b: Mp: 165 °C. IR (NaCl): 3425,
2846, 1684, 1649, 1542, 1204, 1051, 764 cm−1. 1H NMR (DMSO-d6,
360 MHz): δ 1.60−1.68 (m, 2 H), 1.79−1.86 (m, 2 H), 2.43 (t, J = 7.6
Hz, 2 H), 2.52−2.58 (m, 4 H), 2.97−3.00 (m, 4 H), 4.14 (t, J = 6.3
Hz, 2 H), 6.68 (dd, J = 7.6, 2.6 Hz, 1 H), 7.11 (dd, J = 6.5, 3.0 Hz, 1
H), 7.27−7.30 (m, 2 H), 7.45 (d, J = 2.6 Hz, 1 H), 7.75 (s, 1 H),
8.56−8.59 (m, 2 H), 11.06 (s, 1 H). 13C NMR (DMSO-d6, 360 MHz):
δ 23.2, 26.8, 51.5, 53.3, 57.7, 68.8, 95.6, 103.1, 108.0, 120.0, 124.8,
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126.5, 128.9, 130.6, 133.1, 137.0, 140.5, 145.6, 151.7, 157.4. HR-EIMS:
calcd 461.1385; found 461.1385. HPLC: tR = 18.1 min, purity 99%.
Anal. Calcd (%) for C22H25N5O2Cl2·0.5H2O: C 56.06, H 5.56, N
14.86. Found: C 55.91, H 5.40, N 14.73.
5-{4-[4-(2,3-Dichlorophenyl)piperazin-1-yl]butoxy}pyrazolo-

[1,5-a]pyridine-2-carbaldehyde Oxime (8c). Compound 8c was
prepared according to the protocol of 8a/b, using a solution of 7f
(55.9 mg, 0.13 mmol) in ethanol (6.4 mL) as well as hydroxylamine
hydrochloride (17.4 mg, 0.25 mmol) in H2O (0.74 mL) and 2 M
NaOH (0.07 mL, 0.14 mmol). Purification by flash chromatography
(CH2Cl2 + 2% MeOH) yielded 8c as a white solid mixture of two
isomers (47.9 mg, 82%, 3:1 ratio). Mp: 126 °C. IR (NaCl): 3855,
2950, 2819, 1647, 1577, 1448, 1242, 1205, 1138, 961 cm−1. 1H NMR
(DMSO-d6, 600 MHz): δ isomer 1 (75%) 1.59−1.66 (m, 2 H), 1.76−
1.83 (m, 2 H), 2.41 (t, J = 7.2 Hz, 2 H), 2.52−2.59 (m, 4 H), 2.94−
3.03 (m, 4 H), 4.06 (t, J = 5.9 Hz, 2 H), 6.56 (s, 1 H), 6.57 (dd, J =
7.9, 3.0 Hz, 1 H), 7.01 (d, J = 2.3 Hz, 1 H), 7.12 (dd, J = 6.5, 3.1 Hz, 1
H), 7.28−7.32 (m, 2 H), 8.13 (s, 1 H), 8.48 (ddd, J = 7.4, 0.3, 0.3 Hz,
1 H), 11.42 (s, 1 H); isomer 2 (25%) 1.59−1.66 (m, 2 H), 1.76−1.83
(m, 2 H), 2.41 (t, J = 7.2 Hz, 2 H), 2.52−2.59 (m, 4 H), 2.94−3.03
(m, 4 H), 4.06 (t, J = 5.9 Hz, 2 H), 6.64 (dd, J = 7.6, 2.6 Hz, 1 H), 7.06
(d, J = 0.8 Hz, 1 H), 7.08 (d, J = 2.3 Hz, 1 H), 7.12 (dd, J = 6.5, 3.1
Hz, 1 H), 7.28−7.32 (m, 2 H), 7.57 (s, 1 H), 8.52 (ddd, J= 7.3, 0.3, 0.3
Hz, 1 H), 11.74 (s, 1 H). 13C NMR (DMSO-d6, 600 MHz): δ isomer 1
(75%) 22.6, 26.2, 51.0, 52.8, 57.2, 67.9, 92.2, 95.6, 107.2, 119.5, 124.3,
126.0, 128.4, 129.4, 132.6, 141.7, 142.6, 148.6, 151.2, 155.5; isomer 2
(25%) 22.6, 26.2, 51.0, 52.8, 57.2, 67.9, 96.1, 99.2, 108.2, 119.5, 124.3,
126.0, 128.4, 129.6, 132.6, 139.6, 141.3, 144.9, 151.2, 155.1. HPLC: tR
= 16.3 min, purity 97%. HR-EIMS: calcd 461.1385; found 461.1386.
5-{4-[4-(2,3-Dichlorophenyl)piperazin-1-yl]butoxy}pyrazolo-

[1,5-a]pyridine-3-carbonitrile (9a). A solution of 8a,b (126 mg,
0.27 mmol) in acetic anhydride (1.35 mL) was refluxed for 8 h. Then,
ice-cold water was added, and after extraction with CHCl3, the
combined organic layers were dried over Na2SO4. Purification by flash
chromatography (CH2Cl2 + 2% MeOH) yielded 9a as an off-white
solid (86.4 mg, 72%). Mp: 118 °C. IR (NaCl): 3065, 2948, 2817,
2219, 1648, 1578, 1542, 1243, 1064, 781 cm−1. 1H NMR (CDCl3, 600
MHz): δ 1.73−1.78 (m, 2 H), 1.90−1.95 (m, 2 H), 2.53 (t, J = 7.6 Hz,
2 H), 2.67−2.72 (m, 4 H), 3.07−3.12 (m, 4 H), 4.11 (t, J = 6.4 Hz, 2
H), 6.66 (d, J = 7.6 Hz, 1 H), 6.94 (d, J = 2.6 Hz, 1 H), 7.13−7.17 (m,
2 H), 8.11 (s, 1 H), 8.35 (d, J = 7.6, 1 H). 13C NMR (CDCl3, 600
MHz): δ 23.2, 26.8, 51.3, 53.3, 58.0, 68.9, 80.9, 95.0, 109.3, 114.5,
118.6, 124.7, 127.4, 127.5, 130.5, 134.0, 144.4, 145.6, 151.2, 159.2.
HPLC: tR = 18.8 min, purity 100%. APCI-MS: m/z 444 [M+], 446
[M+ + 2].
5-{4-[4-(2,3-Dichlorophenyl)piperazin-1-yl]butoxy}pyrazolo-

[1,5-a]pyridine-2-carbonitrile (9b). Cyanuric chloride (25.1 mg,
0.136 mmol) was dissolved in DMF (0.54 mL) under ice cooling.
After 5 min at 0 °C the mixture was warmed to room temperature and
stirred for 45 min. The formed suspension was subsequently added
dropwise to a solution of 8c (63.1 mg, 0.136 mmol) in DMF (2.0 mL).
After stirring at room temperature for 7 h, saturated NaHCO3 solution
was added and the aqueous layer was extracted with CHCl3. The
combined organic layers were dried over MgSO4 and concentrated.
The residue was purified by flash chromatography (CH2Cl2 + 0.5%
MeOH) to give 9b as white solid (39.3 mg, 65%). Mp: 128 °C. IR
(NaCl): 3090, 2942, 2874, 2813, 2236, 1649, 1577, 1448, 1428, 1378,
1239, 1209, 1134 cm−1. 1H NMR (CDCl3, 600 MHz): δ 1.70−1.77
(m, 2 H), 1.87−1.94 (m, 2 H), 2.51 (t, J = 7.6 Hz, 2 H), 2.62−2.70
(m, 4 H), 3.04−3.13 (m, 4 H), 4.04 (t, J = 6.3 Hz, 2 H), 6.66 (dd, J =
7.6, 2.6 Hz, 1 H), 6.71 (d, J = 0.8 Hz, 1 H), 6.76 (d, J = 2.6 Hz,1 H),
6.95 (dd, J = 7.3, 2.2 Hz, 1 H), 7.13−7.17 (m, 2 H), 8.29 (ddd, J = 7.6,
0.4, 0.4 Hz, 1 H). 13C NMR (CDCl3, 360 MHz): δ 23.4, 26.8, 51.3,
53.3, 58.0, 68.4, 95.6, 101.2, 110.3, 114.3, 118.5, 124.6, 127.3, 127.4,
127.5, 129.4, 134.1, 141.5, 151.2, 156.7. HPLC: tR = 17.0 min, purity
96%. HR-EIMS: calcd 443.1280; found 443.1280.
Receptor Binding Studies. Receptor binding studies were carried

out as described previously.76 Briefly, for competition binding
experiments with the human D2L, D2S,

77 D3,
78 and D4.4

79 receptors,
preparations of membranes from CHO cells stably expressing the

corresponding receptor were used together with [3H]spiperone
(specific activity of 81 Ci/mmol, Perkin-Elmer, Rodgau, Germany)
at a final concentration of 0.10−0.30 nM. The assays were carried out
at a protein concentration of 2−12 μg/assay tube, with observed KD
values of 30−85, 85−180, 30−95, and 130−290 pM and
corresponding Bmax values of 500−1600, 2200−6500, 2600−4800,
and 580−2600 fmol/mg protein for the D2L, D2S, D3, and D4.4
receptors, respectively. Competition binding experiments with the
human D1

80 and 5-HT2A
81,82 receptors were performed in an

analogous manner with membranes from HEK 293 cells transiently
transfected with these target receptors at a protein concentration of 3
and 4−6 μg/well, together with [3H]SCH23990 (specific activity 60
Ci/mmol, Biotrend, Cologne, Germany) (final concentration 0.40−
0.50 nM, KD = 0.32−0.48 nM, Bmax = 3000 fmol/mg) or
[3H]ketanserin (specific activity of 53 Ci/mmol, PerkinElmer, Rodgau,
Germany) (final concentration 0.20−0.50 nM, KD = 0.19−0.40 nM,
Bmax = 1000−2500 fmol/mg), respectively. Binding studies with the
porcine dopamine D1, serotonin, and adrenergic receptors were carried
out as described previously.76 Homogenates from porcine striatum
(D1) or cerebral cortex were prepared, and assays were run with
membranes at a protein concentration per each assay tube of 40, 80,
80, and 20−60 μg/mL for pD1, p5-HT1A, p5-HT2, and pα1,
respectively, in the presence of the radioligands [3H]SCH23390
(0.30 nM final concentration, KD = 0.47−0.67 nM, Bmax = 24−500
fmol/mg), [3H]WAY100635 (specific activity of 80 Ci/mmol,
Biotrend, Cologne, Germany) (0.30 nM final concentration, KD =
30−60 pM, Bmax = 40−90 fmol/mg), [3H] ketanserin (0.50 nM final
concentration, KD = 1.1−2.2 nM, Bmax = 120−520 fmol/mg), and
[3H]prazosin (specific activity of 83 Ci/mmol, PerkinElmer, Rodgau,
Germany) (0.10−0.20 nM final concentration, KD = 40−87 pM, Bmax
= 80−340 fmol/mg), respectively. Competition binding experiments
with V2.61F mutants of human D2L and D3 receptors were carried out
as described previously26 in the presence of [3H]spiperone (0.30 and
0.50 nM final concentration, protein concentration 10 and 50 μg/mL,
KD = 0.25 and 0.37 nM, Bmax = 3400 and 1360 fmol/mg for
hD2LV2.61F and hD3V2.61F, respectively). Protein concentration was
determined by the method of Lowry using bovine serum albumin as
standard.83

Membrane Preparations of Transiently Transfected HEK 293
Cells. Membrane preparations were obtained using the methods
described previously.84 Briefly, HEK 293 cells were grown to a
confluence of 70% and transiently transfected with the receptor of
interest and a PTX-insensitive Gα subunit using the Mirus TransIT-
293 transfection reagent (purchased from MoBiTec, Goettingen,
Germany) (for D2S + Gαi2 and D3 + Gαo1) or by CaHPO4
precipitation method (for D2S + Gαo1); 48 h after transfection, cells
were washed with ice-cold phosphate-buffered saline (PBS, pH 7.4)
and detached by rinsing with harvest buffer (10 mM Tris-HCl, 0.5 mM
EDTA, 5.4 mM KCl, 140 mM NaCl, pH 7.4). After centrifugation (8
min, 220g) the pellet was resuspended in 10 mL of ice cold
homogenate buffer (50 mM Tris-HCl, 5 mM EDTA, 1.5 mM CaCl2 5
mM MgCl2, 5 mM KCl, 120 mM NaCl, pH 7.4), and subsequently,
cells were lysed with an Ultraturrax. After ultracentrifugation at
50 000g the membranes were resuspended in binding buffer (50 mM
Tris-HCl, 1 mM EDTA, 5 mM MgCl2, 100 μg/mL bacitracin, 5 μg/
mL soybean trypsin inhibitor, pH 7.4) and homogenized with a glass−
Teflon homogenizer at 4 °C. Membrane preparations were shock-
frozen in liquid nitrogen and stored at −80 °C until usage. The protein
concentration was determined with the method of Lowry83 applying
bovine serum albumin as standard.

[35S]GTPγS Incorporation Assay. The [35S]GTPγS binding assay
was performed on membrane preparations of transiently transfected
HEK 293 cells expressing the corresponding dopamine receptor and a
PTX-insensitive Gα G-protein subunit (D2S + Gαo1, D2S + Gαi2, D3 +
Gαo1). The receptor expression level was determined in saturation
experiments with [3H]spiperone (1490 ± 190, 4840 ± 510, and 1150
± 140 fmol/mg protein, respectively). For control experiments, cells
were treated with PTX (Calbiochem, 2.5 μL per culture dish) for 18 h
prior to membrane preparation to inactivate endogenous G-proteins.
The assay was carried out in 96-well plates with a final volume of 200
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μL. In each well, 10 μM GDP, the compounds (from 0.1 pM to 10 μM
final concentration, for quinpirole up to 1 mM), and the membranes
(30 μg/mL final protein concentration) were incubated for 30 min at
37 °C in incubation buffer containing 20 mM HEPES, 10 mM MgCl2·
6H2O, 100 mM NMDG, and 70 mg/L saponin.85−87 After the
addition of 0.1 nM [35S]GTPγS (specific activity 1250 Ci/mmol,
PerkinElmer, Rodgau, Germany), incubation was continued for
another 75 min at 37 °C (30 min for D2S + Gαo1). The equilibration
was terminated by filtration through Whatman GF/B filters soaked
with ice-cold PBS. Bound radioactivity was measured as described
previously.84 Four to six experiments per compound were performed
with each concentration in triplicate.
β-Arrestin-2 Recruitment Assay. The measurement of receptor

stimulated β-arrestin-2 recruitment was performed using the Path-
Hunter assay (DiscoveRx, Birmingham, U.K.) according to the
manufacturer’s protocol. In brief, HEK-293 cells stably expressing
the enzyme acceptor (EA) tagged β-arrestin-2 fusion protein were
grown to a confluence of approximately 70% and transiently
transfected with the ProLink tagged D2S-ARMS2PK2 construct by
applying TransIT-293 Mirus transfection reagent (MoBiTec, Goettin-
gen, Germany). Twenty-four hours after transfection, cells were
detached from the culture dish with Versene (Life Technologies
GmbH, Darmstadt, Germany), seeded into 384-well plates (5000
cells/well), and maintained for 24 h at 37 °C. After incubation with the
test compounds dissolved in PBS (10 μM or for dose−response curves
1 pM up to 10 μM final concentration) for 6 h at 37 °C the detection
mix was added and incubation was continued for a further 60 min at
room temperature. Chemiluminescence was determined using the
Victor3-V plate reader (Perkin-Elmer, Rodgau, Germany). For the
inhibition experiments, cells were treated in an analogous manner and
incubated with the test compounds dissolved in PBS (1 pM to 100 μM
final concentration) together with quinpirole (100 nM final
concentration). Three to eight experiments per compound were
performed, with each concentration at least in duplicate.
Data Analysis. The resulting competition curves of the receptor

binding experiments were analyzed by nonlinear regression using the
algorithms in PRISM 5.0 (GraphPad software, San Diego, CA). The
data were initially fit using a sigmoid model to provide an IC50 value
representing the concentration corresponding to 50% of maximal
inhibition. IC50 values were transformed to Ki values according to the
equation of Cheng and Prusoff.88 Dose−response curves of
[35S]GTPγS binding were analyzed by nonlinear regression using
the algorithms in PRISM 6.0 (GraphPad software, San Diego, CA),
fitted with a sigmoid model and normalized to basal binding of
radioactivity (0%) and the maximal effect caused by the reference full
agonist quinpirole (100%). For each dose−response curve, a pEC50

value representing the concentration corresponding to 50% of maximal
radioactive binding (Emax) was calculated. Dose−response curves of β-
arrestin-2 recruitment were analyzed in the same way as [35S]GTPγS
binding curves, normalizing to basal luminescence (0%) and the
maximal luminescence caused by quinpirole (100%). Dose−response
curves of the inhibition of β-arrestin-2 recruitment were analyzed in an
analogous manner and normalized to the maximal effect of 100 nM
quinpirole (100%) and the maximal inhibition caused by 10 μM
haloperidol (0%). The operational model of agonism60 was used to
quantify ligand bias as described previously.13 In brief, dose−response
curves for the agonists were fitted to the following equations by
applying the algorithms of PRISM 6.0
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with basal being the response of a the system in the absence of an
agonist, Em the maximal response, EC50 the concentration necessary to
obtain a half-maximal effect, and [X] the concentration of the agonist.
Transduction coefficients (τ/KA) were used to quantify the ligand bias
along different signaling pathways and obtained in their logarithmic
form from
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where KA is the equilibrium dissociation constant of the compound
(X), τ the transducer constant, and n the transducer slope. As Hill
slopes were close to unity, this parameter was fixed to 1.0 throughout
the analysis. Transduction coefficients where then normalized to the
response of the endogenous agonist dopamine to account for cell-
system-dependent factors between different assay systems.
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Final quantification was performed by comparison of ΔΔlog(τ/KA)
between different signaling pathways for D2S receptors or between D2S
and D3 receptors for signaling via Gαo1.

Experimental Procedures for in Vivo Studies in Mice.
Assessment of the startle response for compound 7a was performed
by PsychoGenics Inc., Tarrytown, NY. All animals were handled in
accordance to the guidelines defined by the institutional Animal Care
and Use Committee. Adult, male C57Bl/6J mice were housed in
groups of four on a 12 h light/dark cycle (light on at 7:00) with food
and water ad libitum. Whole-body startles were measured in a sound-
proofed chamber. Compound 7a was dissolved in 1% Lutrol, 0.5%
carboxymethylcellulose in 50 mM citrate buffer and administered ip 15
min before the measurement (3 mg/kg). After a period of habituation
(5 min) to white noise background (70 dB), the startle pulse (120 dB,
40 ms) was delivered to measure the animal’s startle response.

Molecular Docking. The investigated test compounds 7a and 8b
were geometry-optimized by means of Gaussian 0989 at the
HF/6-31(d,p) level (attributing a formal charge of +1). We docked
these compounds into a recently published D2 model

17 (compound
8b) and the crystal structure of the D3 receptor68 (compound 7a)
using AutoDock Vina90 as previously described.17 On the basis of the
scoring function of AutoDock Vina and experimental data, we selected
one conformation of compound 8b in D2 and four conformations of
compound 7a in D3 (Figure S3, Supporting Information). Each
ligand−receptor complex was submitted to an energy minimization
procedure as described.17

Docking Refinement. To select one conformation of compound
7a in D3 for subsequent membrane simulations, we performed
molecular dynamics simulation runs of 30 ns in a water box at 310 K
on each of the four minimized 7a−D3 complexes using Amber10.91

The all-atom force field ff99SB92 and the general Amber force field
(GAFF)93 were used for D3 and compound 7a, respectively.
Parameters for the test compound were assigned using antechamber91

and charges were calculated using Gaussian 09 at the HF/6-31(d,p)
level and the RESP procedure according to the literature.94 A formal
charge of +1 was defined for compound 7a. The simulation steps were
carried out in an octahedral TIP3P95 water box with constant-pressure
periodic boundary conditions. The SHAKE96 algorithm was used to
constrain bonds involving hydrogen atoms, thereby enabling an
integration step size of 2 fs. The particle mesh Ewald (PME) method97

was used to treat long-range electrostatics. The minimized complexes
were gradually heated to 310 K over a simulation time of 500 ps by
coupling to a temperature bath98 and further equilibrated for 4.5 ns.
During this procedure, initial restraints of 5.0 kcal mol−1 Å−2 were
applied on the main chain atoms of the receptors, which were reduced
to 0.5 kcal mol−1 Å−2 in a stepwise manner and maintained for the 30
ns simulation runs. Data were collected every picosecond and analyzed
by means of the PTRAJ module of Amber10. Calculation of the
binding free energies was accomplished using MMPBSA.py,99

employing intervals of 1 ns between the snapshots. On the basis of
these calculations, we selected one 7a−D3 complex for subsequent
membrane simulations (Figure S4, Supporting Information). The final
complex was submitted to an energy minimization procedure as
described.17 Additionally, an identical MD-procedure was performed
for the docked 8b−D2 complex.
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Membrane Simulations. The Amber parameter topology and
coordinate files for the MD-refined and minimized complexes (7a in
D3 and 8b in D2) were converted into GROMACS input files.100,101

Each ligand−receptor complex was inserted into a pre-equilibrated
system bearing a hydrated membrane of dioleoylphosphatidylcholine
(DOPC) lipids by means of the GROMACS tool g_membed.102 The
membrane was built up according to a procedure successfully applied
earlier103 and equilibrated for 10 ns. The charges of the simulation
systems were neutralized by adding 8 and 10 chlorine atoms to the
7a−D3 and the 8b−D2 complexes, respectively. In total, the 7a−D3
system consisted of 101 177 atoms (273 amino acids, 243 DOPC
lipids, 21 090 water molecules), and the 8b−D2 system of 100 967
atoms (267 amino acids, 241 DOPC lipids, 21 090 water molecules).
For the membrane simulations, GAFF was used for the ligands and the
DOPC molecules and the force field ff99SB for the protein residues.
The SPC/E water model104 was applied. After insertion into the
membrane, the simulation systems were submitted to a short
simulation run of 10 ns each, with restraints of 1.0 kcal mol−1 Å−2

applied on the main chain atoms of D2 and D3, and subsequent
production molecular dynamics simulation runs of 200 and 100 ns for
the 7a−D3 and 8b−D2 complexes, respectively, using the GROMACS
4.5.2 simulation package as described earlier.103 The analysis of the
trajectories was performed with the PTRAJ module of Amber10, and
figures were prepared using PyMOL.105
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aripiprazole, 7-[4-[4-(2,3-dichlorophenyl)piperazin-1-yl]-
butoxy]-3,4-dihydroquinolin-2(1H)-one; Dx, dopamine Dx
receptor; GTPγS, guanosine 5′-O-(thiotriphosphate); spiper-
one, 8-[4-(4-fluorophenyl)-4-oxobutyl]-1-phenyl-1,3,8-
triazaspiro[4.5]decan-4-one; CHO, chinese hamster ovary;
CNS, central nervous system; SEM, standard error of the
mean; ketanserin, 3-[2-[4-(4-fluorobenzoyl)piperidin-1-yl]-
ethyl]quinazoline-2,4(1H,3H)-dione; prazosin, 2-[4-(2-furoyl)-
piperazin-1-yl]-6,7-dimethoxyquinazolin-4-amine; PTX, pertus-
sis toxin; quinpirole, (4aR-trans)-4,4a,5,6,7,8,8a,9-octahydro-5-
propyl-1H-pyrazolo[3,4-g]quinoline; APCI, atmospheric pres-
sure chemical ionization; ESI, electrospray ionization; haloper-
idol, 4-(4-(4-chlorophenyl)-4-hydroxypiperidin-1-yl)-1-(4-
fluorophenyl)butan-1-one; HEK, human embryonic kindney;
bifeprunox, 7-[4-(biphenyl-3-ylmethyl)piperazin-1-yl]-1,3-ben-
zoxazol-2(3H)-one; EPS, extrapyramidal side effects; 1,4-DAP,

1,4-disubstituted-aromatic piperazine; EL, extracellular loop;
TM, transmembrane helix.
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