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ABSTRACT: Biased agonism at GPCRs highlights the
potential for the discovery and design of pathway-selective
ligands and may confer therapeutic advantages to ligands
targeting the dopamine D2 receptor (D2R). We investigated
the determinants of efficacy, affinity, and bias for three
privileged structures for the D2R, exploring changes to linker
length and incorporation of a heterocyclic unit. Profiling the
compounds in two signaling assays (cAMP and pERK1/2)
allowed us to identify and quantify determinants of biased agonism at the D2R. Substitution on the phenylpiperazine privileged
structures (2-methoxy vs 2,3-dichloro) influenced bias when the thienopyridine heterocycle was absent. Upon inclusion of the
thienopyridine unit, the substitution pattern (4,6-dimethyl vs 5-chloro-6-methoxy-4-methyl) had a significant effect on bias that
overruled the effect of the phenylpiperazine substitution pattern. This latter observation could be reconciled with an extended
binding mode for these compounds, whereby the interaction of the heterocycle with a secondary binding pocket may engender
bias.

■ INTRODUCTION

Dopamine receptors (DRs) belong to the G-protein-coupled
receptor (GPCR) superfamily that is characterized by seven
transmembrane (TM) domains. There are five receptor
subtypes (D1−D5) expressed both in the central nervous
system (CNS) and in the periphery.1 In the CNS the dopamine
D2 receptor (D2R) is a primary target for the treatment of
disease including Parkinson’s and schizophrenia.2 Antipsy-
chotics have evolved from first generation antipsychotics
(FGAs), which act as D2 antagonists, to second generation
antipsychotics (SGAs), which display robust polypharmacology
with high affinities for GPCRs in addition to the D2R.

3−5

Aripiprazole (1, Figure 1) is classified as a third generation
antipsychotic (TGA). This comes from its unique pharmaco-
logical profile, as it is a potent partial agonist at both
presynaptic and postsynaptic D2 receptors while also displaying
partial agonist activity at the serotonin 5-HT1A receptor.

6−8 The
exploration of D2R partial agonists for treating schizophrenia
was driven by the hypothesis that they would stabilize levels of
dopamine in the CNS but avoid the extrapyramidal side effects
associated with complete D2R blockade (for a detailed review of
the use of partial agonists in the treatment of schizophrenia and
other related psychoactive disorders, see Tamminga et al.9).
Since the discovery of aripiprazole, other partial agonists have
emerged, such as cariprazine (2), brexpiprazole (3), and
bifeprunox (4) (Figure 1), with 2 currently awaiting FDA
approval and 3 in phase III clinical trials for the treatment of
schizophrenia.

Biased agonism (sometimes termed “functional selectivity” or
“stimulus bias”) refers to the phenomenon by which different
agonists acting at the same receptor can stabilize distinct
receptor conformations linked to different functional re-
sponses.10−12 Of interest, aripiprazole has been identified as a
ligand that displays biased agonism, and evidence has been
provided that this bias may contribute to its antipsychotic
efficacy.13 Previous SAR studies, focused on aripiprazole,
revealed that small structural changes to the phenylpiperazine
core, the linker region, and the bicyclic heterocycle resulted in
changes in biased agonism. These studies identified novel D2R
ligands that displayed bias toward the recruitment of β-
arrestin.14,15 Further examples of biased agonists targeting the
D2R have been provided by a number of groups, including
Mailman et al. with dihydrexidine,16,17 Tschammer et al. with
1,4-disubstituted phenylpiperazines,18 and Shonberg et al. with
tetrahydroisoquinoline derivatives.19

Privileged structures are often versatile scaffolds that can be
functionalized to produce ligands that may be selective for a
class of receptors and, more ideally, a single receptor
target.20−23 Privileged structures can be “built in” to a molecule
by replacing certain functional groups or can be used as the
starting scaffold, where one can “build out” to create an
optimized ligand. The aim of the current study was to
investigate the structure−activity relationships underlying
affinity and efficacy of distinct privileged structures for the
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D2R. Many ligands targeting the D2R incorporate a substituted
phenylpiperazine; therefore, we selected 2-methoxyphenylpi-
perazine (5) and 2,3-dichlorophenylpiperazine (6) to use as
privileged structures in our study (Figure 2). We also
investigated 4,4-chlorophenyl-4-hydroxypiperidine (7), as it
represents a common structural feature of two very potent D2
antagonists, haloperidol (8) and L-741,626 (9)24 (Figure 2).
Another structural attribute of many D2R targeting antagonists
and partial agonists is the incorporation of a linker to the
ionizable nitrogen, usually from two to five atoms in length
followed by a heterocyclic group. For example, the two
antipsychotics risperidone (10) and ziprasidone (11), while
devoid of a substituted phenylpiperazine moiety, retain either a
piperazine or a piperidine system to bear the ionizable nitrogen,
a spacer, and a heterobicyclic group (Figure 2). Such scaffolds

have been shown to confer subtype selectivity across the D2-like
receptor subfamily.25 However, of relevance to this study,
Newman and co-workers revealed that the presence of a
heterocyclic group, or even the linker alone, could modulate the
efficacy of compounds based on 6 in an assay measuring
activation of a Gαo1 G protein. In contrast, an equivalent
compound based on 5 displayed no agonism at this assay end
point.26 These observations beg the question whether such
structural determinants of efficacy are consistent across
different signaling end points or whether they differ and thus
engender biased agonism.
In our study, we have synthesized and characterized a

focused library of novel D2R antagonists and partial agonists
based on a previously described structural model27 (Figure 3)
incorporating the aforementioned three privileged structures,

Figure 1. Partial agonists: aripiprazole (1), cariprazine (2), brexpiprazole (3), and bifeprunox (4).

Figure 2. Privileged structures: 2-methoxyphenylpiperazine (5), 2,3-dichlorophenylpiperazine (6), and 4,4-chlorophenyl-4-hydroxypiperidine (7).
Antipsychotics and/or potent D2R antagonists: haloperidol (8), L-741,626 (9), risperidone (10), and ziprasidone (11).

Figure 3. Model pharmacophore for the development of novel D2R antagonists and/or partial agonists.
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different spacer lengths (ranging from two to six carbon atoms),
and novel heterocyclic units identified from our in-house
muscarinic GPCR drug discovery program. These versatile
heterocyclic motifs were selected, as they exhibit structural
similarities to that of the tetrahydroquinolinone moiety of
aripiprazole. Additionally, the use of a thiophene has previously
been shown to be advantageous in increasing the affinity for D2-

like receptor subtypes, relating to its electron-rich system and
its ability to form hydrophobic interactions within a binding
pocket, essentially acting as an isostere of benzene.28 As such,
we envisioned that our thienopyridine scaffolds may also exhibit
these properties. The ligands generated were evaluated using in
vitro assays to measure their ability to displace [3H]spiperone
binding at the D2R and to stimulate ERK1/2 phosphorylation

Scheme 1. Synthesis of Various Linker Lengths Incorporating Privileged Structuresa

aReagents and conditions: (a) Boc anhydride, Et3N, DCM, rt, 1−1.5 h, 28−96%; (b) methanesulfonyl chloride, Et3N, DCM, 0 °C → rt; (c) 5, 6, or
7, CH3CN, reflux, 24 h, 28−64%; (d) 5 or 7, NaI, DIPEA, CH3CN, reflux, 24 h, 34−93%.

Scheme 2. Synthesis of Key Thienopyridine Scaffoldsa

aReagents and conditions: (a) P4S10, EtOAc, reflux 1.5−4 h, 30%; (b) acetylacetone, KOH, MeOH, reflux, 4 h, 67%; (c) ethyl 2-chloroacetate, Et3N,
0 °C → rt, 3.5 h, 86%; (d) 1 M KOH, DMF, rt, 15 min, 93%; (e) 2 M NaOH, EtOH, reflux, 4 h, 83%; (f) methyl acetoacetate, morpholine, EtOH,
reflux 8 h, 51%; (g) ethyl 2-chloroacetate, Et3N, DMF, 0 °C → rt, 5 h, 81%; (h) (i) MeI, K2CO3, DMF, 4 h, rt; (ii) 1 M KOH, 15 min, 58%; (i)
phthalic anhydride, AcOH, reflux, 20 h, 55%; (j) N-chlorosuccinimide, conc HCl, EtOH, reflux, 1.5 h, 93%; (k) (NH2)2·H2O, EtOH, reflux, 3 h,
84%; (l) 2 M NaOH, EtOH, reflux, 1.5 h, 84%.
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through activation of the D2R. For selected compounds, we
extended our characterization to a second functional assay,
inhibition of forskolin-induced cAMP production, to allow
identification and quantification of biased agonism.29

■ RESULTS AND DISCUSSION
Chemistry. Derivatives of the previously described priv-

ileged structures (5−7) were synthesized utilizing a single
linkage point, namely, the aliphatic nitrogen of the piperazine
or piperidine, and included chain lengths of two to six carbon
atoms (Scheme 1). To furnish derivatives with linker lengths of
two to three carbon atoms, we commenced with bromoalkan-
amines (15a,b) and subsequently Boc-protected the amines to
afford the intermediates 16a,b. These compounds were then
reacted with 5 or 7 to give products 17a,b and 18a,b in yields
ranging from 34% to 93%. We utilized a modified pathway for
generating the required analogues 17c−e and 18c−e, since
linker lengths greater than four carbon atoms were not directly
available as the bromoalkanamines. Aminoalkanols (12c−e)
with carbon atom spacers of four to six were Boc-protected to
give intermediates 13c−e in excellent yields (83−96%). The
primary alcohol functionality was activated with methanesul-
fonyl chloride to generate the mesylated intermediates 14c−e.
Because of the reactivity and/or stability of the mesylated
compounds, the formation of products was confirmed by the
disappearance of starting material via TLC and then reacted
immediately without further purification in the next reaction.
Subsequent reaction of 5 or 7 with the mesylates 14c−e
produced analogues 17c−e and 18c−e. To furnish the five
carbon atom spaced Boc protected 2,3-dichlorophenylpiper-
azine (19), the mesylate 14d was reacted with 6 under the same
conditions as described above.
Synthesis of the thienopyridine scaffold is represented in

Scheme 2 and commences with reacting 2-cyanoacetamide
(20) with phosphorus pentasulfide (P4S10) to afford 2-
cyanothioacetamide (21) in approximately 30% after recrystal-
lization. To synthesize the 4,6-dimethylthienopyridine com-
pound, 21 was reacted with acetylacetone under basic
conditions to form the 4,6-dimethyl substituted pyridine core
(22) in 67% yield. Subsequent reaction of 22 with ethyl 2-
chloroacetate under basic conditions gave the monocyclic ethyl
ester (23). The monocyclic structure was successfully
converted to the bicyclic form (24) in rapid time (15 min)
in the presence of 1 M aqueous potassium hydroxide. Ester
hydrolysis of 24 using 2 M sodium hydroxide in ethanol,
followed by acidic workup, gave the first key thienopyridine
core carboxylic acid (25). To furnish the 5-chloro-6-methoxy-4-
methylthienopyridine scaffold, compound 21 was reacted with
methyl acetoacetate and morpholine which initially afforded the
product as the morpholinium salt. The desired thiol (26) was
isolated in the free form by acidification with 1 M aqueous
hydrochloric acid. Further reaction with ethyl chloroacetate
gave the monocyclic ethyl ester (27) in good yield (81%). In
order to convert the pyridinone into the corresponding
pyridine alkyl ether, 27 was reacted with iodomethane under
basic conditions. One equivalent of a stronger base, such as 1 M
aqueous potassium hydroxide, was necessary to ensure
complete conversion to the thienopyridine scaffold (28). It
was imperative to protect the free amine of the bicycle prior to
chlorination at the 5′ position to avoid N-halogenation.
Phthalic anhydride was employed under acidic conditions
which resulted in the phthalimide-protected product (29) in
good yield. N-Chlorosuccinimide (NCS) was used to install the

chlorine atom at the 5′ position to give 30 in excellent yield.
Subsequent removal of the phthalimide protecting group using
hydrazine monohydrate afforded 31 in excellent yield. Finally,
the base-catalyzed ester hydrolysis conditions mentioned earlier
were commissioned that, following acidic workup, afforded the
key carboxylic acid intermediate compound, 32.
The syntheses of the target compounds incorporating

privileged structures 5, 6, and 7 and the thienopyridine
scaffolds are summarized in Scheme 3. We initially combined

the 4,4-chlorophenyl-4-hydroxypiperidine analogues (17a−e),
which were deprotected prior to use, with the 4,6-
dimethylthienopyridinecarboxylic acid (25). This was carried
out using a BOP-mediated coupling reaction to give analogues
33a−e in 31−56% yield. Similarly the 2-methoxyphenylpiper-
azine analogues 18a−e following Boc deprotection were
coupled to the carboxylic acid 32 to furnish the target
compounds 34a−e in respectable yield. Compound 19,
following removal of the protecting group, was then

Scheme 3. Synthesis of Full Length Structures Including
Privileged Structures, Linker, and Thienopyridine Scaffolda

aReagents and conditions: Compounds 17a−e, 18a−e, and 19 were
all deprotected prior to performing the coupling reaction. (a) BOP
reagent, DIPEA, DMF, rt, 1−12 h, 29−70%.
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immediately reacted with 32 to yield the analogue 35, while
compound 25 furnished analogue 36. Reaction of the
carboxylic acid precursor 25 with 18d (Boc deprotected) in
the presence of BOP also afforded compound 37 in respectable
yield.
Pharmacology. Binding Characterization of Privileged

Structures and Linkers. Both 5 and 6 privileged structures have
been evaluated in terms of their ability to bind the D2R in a
previous study.26 We therefore evaluated the binding affinities
of 7, incorporating linker lengths of two to six carbon atoms
and conserving the Boc group for stability purposes and to add
lipophilicity to the end of the linker, with equivalent 5
structures as comparators. As expected, both privileged
structures (5 and 7) demonstrated poor binding affinity (∼10
μM, Table 1), most likely because of their small fragment-like

size that confers minimal points for contact with residues in the
D2R orthosteric pocket. Modest increases in affinity were
observed upon addition of the linkers to 7 (17a−e) with the six
carbon atom linker (17e) conferring a 10-fold increase in
affinity. Comparatively, a more pronounced increase in binding
affinity was evident for the 2-methoxyphenylpiperazine
derivatives (Table 1). Analogues containing a three, four, or
five carbon atom linker (18b−d) demonstrated enhanced
affinity compared to the two carbon atom linker (18a), with
these analogues displaying a 200-fold increase in affinity
compared to 5 alone. However, there seems to be no clear
linker length dependence for affinity within this set of
compounds 18b−e (n = 3−6).
Binding Characterization of Full-Length Structures. We

then investigated the effect of the addition of a heterocyclic
group to each of the linkers as indicated in our model
pharmacophore (Figure 3). While the substitution pattern on
each of the heterocycles listed in Table 2 is different (4,6-
dimethyl vs 5-chloro-6-methoxy-4-methyl), the general core of
the heterocycle (thienopyridine) is the same. The subtle
differences in these substitutions and their consequences on
pharmacology at the D2R will be explored at a later stage in our
SAR study. The results in Table 2 showed that analogues based
on privileged structure 7 (33a−e) bind the D2R with only
moderate affinity (micromolar range) with no significant
increase compared to the equivalent linker precursors (Table

1). A similar analogue using privileged structure 7 in
combination with the heterocycle present in aripiprazole
(dihydroquinolinone) showed poor binding affinity at the
D2R;

30 therefore, this is consistent with our results. Structures
incorporating 5 retained their affinity, and in the cases of the
two and six carbon atom spacers (34a and 34e), their binding
affinities were improved in comparison to their linker
precursors (18a and 18e). On this occasion, a definite trend
of increasing binding affinity with carbon linker length was
evident, with the six carbon atom linker derivative (34e) as the
standout displaying subnanomolar affinity (Ki = 0.6 nM). This
notable enhancement in affinity is supported by literature that
describes a secondary hydrophobic pocket in the D2R that is
only reached via longer chain lengths. Interaction with this
secondary pocket has been demonstrated to confer both
increases in affinity and subtype selectivity.18,26,31 While we
acknowledge that the heterocycles added to these two distinct
privileged structures are subtly different, the lack of affinity gain
observed for the 4,6-dimethyl substituted thienopyridine
derivatives (33a−e) is unlikely to be attributed to this
difference.

SAR of 2-Methoxyphenylpiperazine Linkers and Full
Structures: ERK1/2 Phosphorylation Assays. To expand on
our initial results with the 5 and 7 series linkers and full
structures (Tables 1 and 2), we tested these compounds in
functional ERK1/2 phosphorylation (pERK1/2) assays. Ana-
logues 5, 7, 17a−e, 18a−e, 33a−c, and 34a−e at 10 μM were
initially tested in time-course assays to identify potential
agonists and determine the appropriate peak stimulation time
for subsequent construction of concentration−response curves.
Compounds derived from 7 displayed no agonism (data not
shown). As such, while also considering their poor binding
affinities, we did not pursue these compounds for further
characterization. Ligands 5, 18a, and 18e were determined to
be antagonists (based on time-course data and binding data).
They were further analyzed in a pERK1/2 assay for their ability
to antagonize a 10 nM concentration of dopamine, to obtain
values of inhibitory potency (pIC50) for both compounds. We
observed a striking increase in inhibitory potency from the
parent molecule 5 (>1000 nM) to compounds containing a
linker (18a, 93.3 nM; 18e, 3.98 nM). The remainder of
compounds displayed agonism in our time-course experiments
(18b−d). These analogues exhibited partial agonism, consistent
with the observations of Newman et al. using similar linked

Table 1. Binding Data at the Dopamine D2R for 2-
Methoxyphenylpiperazine and 4,4-Chlorophenyl-4-
hydroxypiperidine Linker Derivativesa

aCompounds were tested against [3H]spiperone through competition
binding studies using D2L CHO cell membranes. Data represent the
mean ± SEM of three separate experiments performed in duplicate.

Table 2. Binding Data at the Dopamine D2R for 2-
Methoxyphenylpiperazine and 4,4-Chlorophenyl-4-
hydroxypiperidine Full Length Derivativesa

aCompounds are tested against [3H]spiperone through competition
binding studies using D2L CHO cell membranes. Data represent the
mean ± SEM of three separate experiments performed in duplicate.
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derivatives of 526 (Table 3). The four-carbon atom spacer 18c
has a lower Emax (the maximum stimulation achieved as a
percentage of the maximal effect of dopamine, Emax = 13 ± 1)
compared to the five-carbon atom spacer 18d (Emax = 19 ± 1).
The three-carbon atom spacer analogue (18b) displayed a
significantly higher Emax of 31 ± 1 (P < 0.05). An enhancement
of affinity at the D2R was observed for a similar series of
compounds upon addition of alkyl linkers to 5.26 We also
observed an enhancement of affinity (Table 1) consistent with
the hypothesis of Newman et al. whereby this increase in
affinity is conferred by additional hydrophobic interactions
between residues within the orthosteric pocket of the D2R and
the linker. However, we also observe a gain in agonist efficacy
that is dependent on linker length (Table 3). This pattern is
distinct from the lack of effect of the addition of a linker to the
scaffold of 5 observed by Newman et al. This discrepancy could
be due to the subtle differences between the two sets of
compounds, the different cell backgrounds used in these
experiments, or the different assay end point used to measure
agonism (pERK1/2 of our study vs Gαo1 G protein coupling of
Newman et al).
Next we investigated if such linker length dependencies in

efficacy are also observed for those compounds with a
heterocyclic group attached to the linker. Table 4 represents

the functional data for compounds 34a−e at the D2R. We
identified compounds 34a−c (linker lengths from two to four
carbon atoms) as antagonists and compounds 34d−e (with
linker lengths of five and six carbon atoms, respectively) as
partial agonists. This pattern is distinct from the linker only
compounds (18a−e) in which a linker length of three carbon
atoms was optimal in terms of the maximal effect of the agonist.
The partial agonists 34d and 34e displayed the same maximum
response at the D2R (Emax= 17 ± 4 and 14 ± 2, respectively).
Moreover, the partial agonism observed in the five carbon atom
2-methoxyphenylpiperazine linker (18d, Emax = 19 ± 1) was
maintained upon incorporation of the heterocyclic group to the
linker (34d, Emax = 17 ± 4). Compounds 34a−c displayed no
gain in functional affinity (pKB) compared to the parent
molecule 5.
In combination, these data highlight that subtle changes to

the linker length appear to be important in switching between
antagonism and partial agonism. Of note, the pattern is
different for linker analogues as opposed to the extended
structures with a heterocycle group suggesting a different
binding mode at the D2R.

Biased Agonism at the D2R. The partial agonists 34d and
34e displayed similar binding affinity (Table 2) and functional
activity (Table 4). The 2,3-dichlorophenylpiperazine moiety

Table 3. Functional ERK1/2 Phosphorylation Assays at the Dopamine D2 Receptor for 2-Methoxyphenylpiperazine Linker
Derivativesa

compd n pIC50 ± SEM (IC50, nM)b pEC50 ± SEM (EC50, nM)c Emax ± SEM (% DA)d

5 na <6 (>1000)
18a 2 7.03 ± 0.54 (93.3)
18b 3 9.41 ± 0.15 (0.39) 31 ± 1
18c 4 9.22 ± 0.25 (0.60) 13 ± 1
18d 5 8.84 ± 0.16 (1.43) 19 ± 1
18e 6 8.40 ± 0.29 (3.98)

aData represent the mean ± SEM of three to four separate experiments performed in duplicate. bValues are obtained via interacting ligands with a 10
nM concentration of dopamine. cValues are obtained via concentration−response assays at the appropriate stimulation time. dEmax data are
represented as a % of the maximal effect of dopamine (DA).

Table 4. Functional ERK1/2 Phosphorylation Assays at the Dopamine D2R for Compounds Containing the 2-
Methoxyphenylpiperazine Privileged Structurea

compd n pKB ± SEM (KB, nM)b pEC50 ± SEM (EC50, nM)c Emax ± SEM (% DA)d

5 na 6.32 ± 0.18 (479)
34a 2 6.45 ± 0.17 (355)
34b 3 6.13 ± 0.16 (741)
34c 4 6.31 ± 0.14 (490)
34d 5 8.57 ± 0.66 (2.69) 17 ± 4
34e 6 8.26 ± 0.31 (5.49) 14 ± 2

aData are the mean of four to five experiments ± SEM. bData are based on interaction studies with varying concentrations of dopamine. Data are fit
to the Gaddum−Schild model of competitive antagonism using Graph Pad Prism (version 6) with Schild slopes constrained to 1. cValues are
attained from concentration−response curves at the appropriate concentration and stimulation time. dEmax data are represented as a % of the
maximal effect of dopamine (DA).
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and the aromatic bicycle of aripiprazole are separated by a five-
atom spacer. This is analogous to the five carbon atom spacer
separating the substituted thienopyridine and the 2-methox-
yphenylpiperazine motif of compound 34d. Therefore, we
decided to further investigate 34d based upon its linker length
and structural similarity to aripiprazole. In particular, given that
a number of studies have described aripiprazole as a biased

agonist,8,13 we extended our characterization of a limited
number of compounds to activity at two assay end points,
ERK1/2 phosphorylation and inhibition of forskolin stimulated
cAMP production. In order to gain some preliminary SAR
around this compound, we synthesized a small number of
compounds related to 34d. We retained the five-carbon atom
linker for all derivatives and instead focused on subtle structural

Table 5. Binding Data for Compounds at the D2R That Incorporate 2,3-Dichlorophenylpiperazine and Have Variations to the
Thienopyridine Unita

aCompounds are tested using [3H]spiperone through competition binding studies using D2L CHO cell membranes. bData represent the mean ±
SEM of three separate experiments performed in duplicate.

Figure 4. (A) ERK1/2 phosphorylation concentration−response assays. (B) Inhibition of FSK-induced cAMP production. (C) Bias plot
representing the bias factor (ΔΔlog(τ/KA)) of ligands between pERK1/2 and cAMP signaling pathways. Values are represented in Table 6
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changes to the phenylpiperazine scaffold and the aromatic
heterocyclic unit (thienopyridine scaffold). We utilized the 2,3-
dichlorophenylpiperazine moiety present in aripiprazole and
attached a five carbon atom spacer with the Boc appendage to
generate ligand 19. This compound was used as a comparator
to compound 18d which contains the same spacer but with the
2-methoxyphenylpiperazine moiety. We subsequently replaced
the 2-methoxyphenylpiperazine moiety of 34d with the 2,3-
dichlorophenylpiperazine moiety to generate the target
compound 35. We also synthesized a further two analogues
incorporating the simplified 4,6-dimethylthienopyridine to
explore whether substitution around the thienopyridine core
engendered an influence on bias. These structural motifs were
combined with 6 and 5 to give 36 and 37, respectively.
The new structures (19 and 35−37) were first tested in a

binding assay to measure their biochemical affinity for the D2R
(Table 5). Compound 6 displayed a micromolar binding
affinity for the D2R similar to that of the other two privileged
structures (5 and 7). A small but significant (3-fold) increase in
affinity was observed upon addition of a heterocyclic unit
(compounds 35 and 36) to the linker derivative of 6,
compound 19 (P < 0.05). There is, however, no difference in
the binding affinities of compounds 35−37.
Given that the new set of analogues all exhibited noteworthy

binding affinities (42.6−9.1 nM) for the D2R, we extended our
characterization to functional assays. Compounds 18d, 19, 34d,
35−37, the reference agonist dopamine, and control ligand
aripiprazole were tested in pERK1/2 and cAMP (inhibition of
forskolin-induced cAMP production) signaling pathways
(Figure 4A and Figure 4B). We utilized a derivation of the
operational model of agonism32 to quantify bias by determining
a transduction coefficient, log(τ/KA), for all ligands at both

pathways.11 This transduction coefficient is a descriptor of the
agonist effect of a single pathway that takes into account the
intrinsic efficacy (τ) of the compound and its affinity (KA) for
the receptor coupled to that signaling pathway. The results
from performing these analyses are summarized in Table 6 and
displayed in Figure 4C. For values of potency (pEC50) and
maximal stimulation (Emax) for all compounds, see Supporting
Information Table 1. We confirmed the biased action of
aripiprazole, which displayed a 400-fold bias toward cAMP
(ΔΔlog(τ/KA) = 2.65 ± 0.32) when compared to our reference
agonist dopamine. Ligands 34d and 35 both displayed no
significant bias to either pathway; however, the linker derivative
of 6 (19) showed a significant bias toward cAMP (ΔΔlog(τ/
KA) = 1.73 ± 0.40). Conversely, the linker derivative of 5 (18d)
did not display significantly different bias compared to
dopamine. Compound 36 displayed biased agonism toward
cAMP (ΔΔlog(τ/KA) = 2.04 ± 0.67), a bias profile that is
statistically indistinguishable from that of aripiprazole and
equates to a 100-fold bias toward the cAMP pathway.
Compound 37 did not produce a response in pERK1/2
signaling assays but acted as a partial agonist in the cAMP assay.
As such, we were unable to quantify the bias of this compound
compared to dopamine. If we compare the transduction
coefficient determined in the cAMP assay for 37 (log(τ/KA)
= 8.45 ± 0.36) with those determined for 36 (changes in the
phenyl substitution), 34d (changes in the thienopyridine
substitution pattern), and 18d (no heterocyclic group), then
compound 37 has a higher log(τ/KA) value in comparison to
34d and 18d and is similar to 36. This means that compound
37 is at least as efficacious in the cAMP assay as compounds
34d, 18d, and 36 and suggests that compound 37 may also be a
biased ligand. However, it is important to note that of all the

Table 6. Calculated Bias Factors and Functional Affinities for Selected Full Agonists and Partial Agonists at the Dopamine D2L
Receptor

aData are the mean of n = 4 experiments ± SEM. ND: no agonist activity detected. bBias is defined as the fold bias relative to the reference agonist
dopamine: (∗) P < 0.05, (∗∗∗) P < 0.001, significantly different from the reference agonist dopamine determined by a one-way ANOVA, Tukey post
hoc test.
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compounds, 37 displays the lowest maximal effect (Emax = 33 ±
5) in the cAMP assay (Supporting Information Table 1). It is
therefore possible that compound 37 is not a biased ligand
relative to dopamine but that its action in the pERK1/2 assay
was too weak to be detected.
Table 6 illustrates that the 2,3-dichlorophenylpiperazine

derivative containing the tert-butylcarbamate five-carbon linker
(19) is biased toward the cAMP pathway. Altering the
substitution pattern on the phenyl ring from 2,3-dichloro to
2-methoxy gives compound 18d that exhibits no bias for either
the cAMP or pERK1/2 end points, thus highlighting that the
substitution pattern on the phenylpiperazine moiety can itself
confer differences in bias. Substitution around the phenyl ring
on the phenylpiperazine moieties also seems to be important
for bias for compounds that incorporate a tail heterocycle (34d
versus 36). Differences between 2-methoxyphenylpiperazine-
and 2,3-dichlorophenylpiperazine-substituted analogues could
be attributed to the electronic effects of these substituents, i.e.,
weakly inductively electron-withdrawing (-Cl) compared to
moderately electron-donating (-OCH3). Tschammer et al. also
provided evidence that differential substitution of the phenyl
moiety of phenylpiperazine ligands can modulate biased
agonism at the D2R.

18 Such observations are an extension of
those made by Newman et al. whereby measuring G protein
activation by the D2R revealed that addition of linkers of
different length and/or tail heterocyclic groups modulated
agonist efficacy for derivatives of 6 whereas derivatives of 5
displayed no agonism.26 However, replacing the 2-methox-
yphenylpiperazine moiety on 34d with 6 to give 35 does not
produce significant biased agonism when compared to the
reference agonist dopamine. If we simplify the thienopyridine
core by altering the 5-chloro-6-methoxy-4-methyl substitution
pattern with that of the 4,6-dimethyl substitution to give
compound 36, the biased agonism profile is recapitulated. This
suggests that (1) the signaling pathway bias does not simply
arise from the 2,3-dichlorophenylpiperazine moiety and (2) the

substitution of the thienopyridine core has an important role in
determining the bias profile of such compounds. The influence
of the addition of a heterocycle upon both ligand affinity and
efficacy suggests that this heterocycle makes an interaction with
the D2R. Newman et al. provided evidence of a secondary
binding pocket that was exploited by extended phenyl-
piperazine ligands to gain subtype selectivity and modulate
ligand efficacy.26 It is tempting to speculate that our novel
extended phenylpiperazine derivatives interact with an
analogous secondary binding pocket and the nature of this
interaction influences biased agonism.
Taking advantage of the partial agonism displayed by the

compounds in this study, we were able to determine values of
functional affinity (KA) and efficacy (τ) as separate parameters
rather than the composite transduction coefficient (log τ/KA)
(Table 6). By doing this, we can observe which of these
parameters might be important drivers for signal bias at the
D2R. First, if we compare our partial agonists in Table 6, there
are no significant differences between the ligands in terms of
functional affinity (pKA) in the pERK1/2 signaling pathway or
efficacy (τ) at both pathways. However, in the cAMP signaling
pathway, compound 36 exhibits a functional affinity that is
significantly different from analogues 18d, 34d, and 35 (P <
0.05). As such, the distinct bias profile displayed by compound
36 is largely driven through a change in functional affinity at the
cAMP assay. This is consistent with the findings of an SAR
exploration of biased agonsim at the D2R focused on
cariprazine.19 It is also of interest to compare the different
parameters of compound 36 with that of aripiprazole. Both
have very similar scaffolds and display a bias profile that is not
statistically different. Although both have a similar transduction
coefficient in the cAMP assay, compound 36 has a 10-fold
higher functional affinity but a 10-fold lower efficacy at this
pathway compared to aripiprazole. Similarly, in the pERK1/2
end point, compound 36 displays a 10-fold higher functional
affinity than aripirazole but a smaller value of efficacy (τ).

Figure 5. Progression of functionalizing privileged structure 6 with a linker (19) and substituted thienopyridine heterocycles (35, 36).
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As previously mentioned in the Introduction, aripiprazole has
a high affinity at serotonin receptors, particularly 5-HT1A.

7

Therefore, in light of the structural similarities of aripiprazole
with some of our analogues, particularly the biased analogue
(36), it is worth mentioning that these ligands may also have
high affinities at serotonin receptors. As such, the action of
these ligands may have an unprecedented complexity of action
that should be considered in the characterization of bias not
only at the D2R but also at serotonin receptors as potential dual
dopamine−serotonin biased ligands.
We have revealed that the SAR of biased agonism at the D2R

is complex and, depending on the functional scaffold explored,
cannot be defined by a single functional group or trans-
formation.19 The differential bias observed for compounds 18d
and 19 is governed only by the nature of the privileged
structure, i.e., 5 or 6, with the latter conferring bias toward the
cAMP assay. For the extended structures, it appears that the 4-
methyl-5-chloro-6-methoxy substitution pattern on the thieno-
pyridine scaffold (34d and 35) engenders no bias irrespective
of the privileged structure used. However, the 4,6-dimethyl
substitution pattern on the thienopyridine motif appears to
confer bias regardless of the privileged structure implemented
(36) (Figure 5). Therefore, for these compounds, this suggests
that the bias is driven primarily by the thienopyridine
heterocycle and more specifically the substitution pattern
upon this heterocycle whereby the influence of the privileged
structure is overridden.

■ CONCLUSION

We explored the determinants of efficacy and affinity for three
distinct privileged structures for the D2R. The privileged
structure 7 showed little gain in affinity in both the precursors
containing the linkers (17a−e) and also the extended structures
incorporating an additional thienopyridine heterocycle (33a−
e). Focusing on the privileged structure 5, we confirm that the
addition of linker groups resulted in a gain in affinity (18a−e,
Table 1) and in efficacy (Table 3). In particular, we observed a
linker length relationship with efficacy with three to five carbon
atoms engendering partial agonism (18b−d). Inclusion of a
heterocyclic structure (34a−e) resulted in a different pattern of
linker length dependent efficacy, as only extended compounds
containing linker lengths of five and six carbon atoms (34d−e)
exhibited partial agonism. It is therefore likely that compounds
that possess only the linker component bind the D2R in a
different orientation to the extended structures incorporating a
thienopyridine motif. Extending our studies around the novel
partial agonist 34d, we generated a focused set of compounds
that explored the SAR around the two privileged structures 5
and 6. Of note is that not only can the type of substitution on
the phenylpiperazine influence bias, the substitution on the
thienopyridine scaffold can have dramatic effects on bias to the
point whereby the type of privileged structure used is no longer
the principal driver of bias. This observation is consistent with
the interaction of the thienopyridine scaffold with a secondary
pocket previously identified to interact with other extended
D2R ligands. Our findings suggest that the nature of this
interaction confers bias at the D2R receptor. Our novel D2R
partial agonists 35 and 36 display a similar affinity for the D2R
as aripiprazole but exhibit distinct bias profiles. As such, they
may represent useful tools to explore the contribution of biased
agonism to antipsychotic efficacy.

■ EXPERIMENTAL SECTION
Chemistry. All solvents and chemicals were purchased from

standard suppliers and were used without any further purification. 1H
NMR and 13C NMR spectra were acquired at 400.13 and 100.62 MHz,
respectively, on a Bruker Advance III 400 MHz Ultrashield Plus NMR
spectrometer using TOPSPIN 2.1 software. Chemical shifts (δ) for all
1H spectra are reported in parts per million (ppm) using
tetramethylsilane (TMS, 0 ppm) as the reference. The data for all
spectra are reported in the following format: chemical shift (δ),
(multiplicity, coupling constants J (Hz), integral), where the
multiplicity is defined as s = singlet, d = doublet, t = triplet, q =
quartet, p = pentet, and m = multiplet. For 13C NMR spectra C =
quaternary carbon, CH = methine carbon, CH2 = methylene carbon,
and CH3 = methyl carbon.

The purity and retention time of final products were determined on
an analytical reverse-phase HPLC system fitted with a Luna C8 (2)
100 Å column (50 mm × 4.60 mm, 5 μm) using a binary solvent
system: solvent A of 0.1% TFA/H2O; solvent B of 0.1% TFA/80%
MeOH/20% H2O. Gradient elution was achieved using 100% A for 10
min, 20% A and 80% B over 2 min, and 100% A over 10 min at a flow
rate of 1 mL/min monitored at 214 nm using a Waters 996
photodiode array detector.

Thin layer chromatography (TLC) was carried out routinely on
silica gel 60F254 precoated plates (0.25 mm, Merck). Flash column
chromatography was carried out using Merck silica gel 60, 230−400
mesh ASTM. Melting points were determined using an electronic
MP50 melting point system by Mettler Toledo analytical 2009 and are
uncorrected.

Synthesis of Linkers. General Procedure A. The required
aminoalkanol 12c−e (1 equiv) was added to 10−30 mL of
dichloromethane. Di-tert-butyl dicarbonate (1 equiv) was then added
followed by dropwise addition of triethylamine (1.1 equiv) at room
temperature. The reaction mixture was stirred for 1 h. After this time,
the solvent was removed in vacuo and the resulting oil purified via
column chromatography (ethyl acetate).

tert-Butyl (4-Hydroxybutyl)carbamate (13c). 12c (0.41 mL,
4.49 mmol) and di-tert-butyl dicarbonate (979 mg, 4.49 mmol) were
added to dichloromethane (10 mL). Triethylamine (0.69 mL, 4.94
mmol) was added dropwise and the mixture stirred for 1 h at room
temperature and worked up according to general procedure A.
Purification gave the product as a pale yellow oil (809 mg, 95%). 1H
NMR (CDCl3): δ 1.44 (s, 9H), 1.53−1.62 (m, 4H), 2.52 (br s, 1H,
OH), 3.14 (m, 2H), 3.65 (m, 2H), 4.78 (br s, 1H, NH). 13C NMR
(CDCl3): δ 26.7 (CH2), 28.5 (CH3), 29.8 (CH2), 40.4 (CH2), 62.3
(CH2), 79.2 (C), 156.3 (C).

General Procedure B. The required bromoalkanamine 15a,b (1.1
equiv) was added to 20−30 mL of dichloromethane. Di-tert-butyl
dicarbonate (1 equiv) was then added followed by dropwise addition
of triethylamine (1.1 equiv) at room temperature. The reaction
mixture was stirred for 1−1.5 h. After this time, an additional 20 mL of
dichloromethane was added and the reaction mixture was washed with
3 × 50 mL portions of saturated potassium hydrogen sulfate solution.
The organic layer was then dried over anhydrous sodium sulfate,
filtered and the solvent removed to afford the crude product. Further
purification of the product was achieved via column chromatography
(9:1 petroleum spirits/ethyl acetate).

tert-Butyl (2-Bromoethyl)carbamate (16a). 15a (1.50 g, 7.32
mmol) and di-tert-butyl dicarbonate (1.45 g, 6.66 mmol) were added
to dichloromethane (20 mL). Triethylamine (1.02 mL, 7.32 mmol)
was added dropwise and the mixture stirred for 1.5 h at room
temperature and worked up according to general procedure B to give
the product as a colorless oil (413 mg, 28%). 1H NMR (CDCl3): δ
1.45 (s, 9H), 3.45 (m, 2H), 3.53 (m, 2H), 5.01 (br s, 1H, NH). 13C
NMR (CDCl3): δ 28.5 (CH3), 32.9 (CH2), 42.5 (CH2), 80.0 (C),
155.7 (C).

Coupling of Linkers with Privileged Structures 5, 6, and 7.
General Procedure C. To a solution of 5 or 7 (1 equiv) in
acetonitrile (30 mL) at room temperature under N2 were added
sodium iodide (1 equiv) and N,N-diisopropylethylamine (2 equiv).

Journal of Medicinal Chemistry Article

dx.doi.org/10.1021/jm500457x | J. Med. Chem. XXXX, XXX, XXX−XXXJ



The required Boc protected amines 16a,b (1.1−1.5 equiv) were
dissolved in 1−2 mL of acetonitrile and added slowly to the reaction
mixture which was then heated at reflux for 24 h. The reaction was
then concentrated in vacuo and the resulting residue partitioned
between ethyl acetate (50 mL) and 1 M potassium carbonate (50 mL).
The organic layer was removed, and the aqueous layer was further
extracted with 2 × 50 mL portions of ethyl acetate. The organic
fractions were pooled, washed with water (50 mL), brine (50 mL),
dried over anhydrous sodium sulfate, and filtered and the solvent was
removed to afford the crude product. Purification is achieved by
column chromatography as indicated.
General Procedure D. The Boc protected aminoalkanol 13c−e (1

equiv) was added to dichloromethane (5 mL). Triethylamine (3
equiv) was added and the reaction mixture cooled to 0 °C via an ice
bath. Methanesulfonyl chloride (2 equiv) was then added slowly, and
stirring continued for 30 min at 0 °C. After this time the temperature
was warmed to room temperature and stirring continued for 1−12 h.
The reaction mixture is then diluted with dichloromethane (10 mL),
washed with water (3 × 15 mL), dried over anhydrous sodium sulfate,
filtered and the solvent removed in vacuo. The mesylates were then
reacted immediately with 5, 6, or 7 (2−2.5 equiv) in acetonitrile (5
mL) and heated at reflux for 8−24 h. The solvent was then removed in
vacuo and the resulting residue redissolved in dichloromethane and
washed with saturated sodium bicarbonate (3 × 20 mL). The organic
layer was then dried over anhydrous sodium sulfate, filtered, and
evaporated to dryness to give the crude product. Further purification
was achieved by column chromatography as indicated.
tert-Butyl (2-(4-(4-Chlorophenyl)-4-hydroxypiperidin-1-yl)-

ethyl)carbamate (17a). 7 (300 mg, 1.21 mmol), sodium iodide
(181 mg, 1.21 mmol), and N,N-diisopropylethylamine (0.21 mL, 1.21
mmol) were added to acetonitrile (30 mL) at room temperature under
N2. 16a (350 mg, 1.56 mmol) was then combined with acetonitrile (2
mL) and added slowly to the reaction mixture (full amount added after
1.5 h). After 6 h of reflux, the reaction mixture was worked up as
described in general procedure C to give the product as a white foam
(348 mg, 81%). Mp: 129.8−131.1 °C. 1H NMR (CDCl3): δ 1.46 (s,
9H), 1.71−1.75 (m, 2H), 2.11 (td, J 13.2, 4.3 Hz, 2H), 2.46−2.55 (m,
4H), 2.79 (m, 2H), 3.26 (m, 2H), 5.02 (br s, 1H, NH), 7.31 (m, 2H),
7.44 (m, 2H). 13C NMR (CDCl3): δ 28.6 (CH3), 38.5 (CH2), 40.7
(CH2), 49.4 (CH2), 57.4 (CH2), 71.1 (C), 79.4 (C), 126.3 (CH),
128.6 (CH), 133.0 (C), 147.0 (C), 156.1 (C). HPLC purity (λ = 214
nm): 97%, tR = 7.68 min. HRMS (ESI) TOF (m/z): [M + H]+

355.1788 calcd for C18H27ClN2O3; found [M + H]+ 355.1796.
tert-Butyl (6-(4-(4-Chlorophenyl)-4-hydroxypiperidin-1-yl)-

hexyl)carbamate (17e). 7 (292 mg, 1.38 mmol) was added to
acetonitrile (5 mL) followed by dropwise addition of 14e (204 mg,
0.691 mmol). Reflux occurred overnight, and then the reaction
mixture was worked up as described in general procedure D to give the
product as a white foam (183 mg, 64%). Mp: 64.4−65.7 °C. 1H NMR
(CDCl3): δ 1.32−1.35 (m, 4H), 1.44 (s, 9H), 1.48 (m, 2H), 1.54 (m,
2H), 1.73 (m, 2H), 2.15 (m, 2H), 2.39−2.45 (m, 4H), 2.84 (m, 2H),
3.1 (m, 2H), 4.53 (br s, 1H, NH), 7.31 (m, 2H), 7.45 (m, 2H). 13C
NMR (CDCl3): δ 26.8 (CH2), 27.0 (CH2), 27.4 (CH2), 28.6 (CH3),
30.2 (CH2), 38.5 (CH2), 40.7 (CH2), 49.6 (CH2), 58.9 (CH2), 71.2
(C), 79.2 (C), 126.3 (CH), 128.6 (CH), 132.9 (C), 147 (C), 156.2
(C). HPLC purity (λ = 214 nm): 95%, tR = 8.77 min. HRMS (ESI)
TOF (m/z): [M + H]+ 411.2414 calcd for C22H35ClN2O3; found [M
+ H]+ 411.2429.
tert-Butyl (3-(4-(2-Methoxyphenyl)piperazin-1-yl)propyl)-

carbamate (18b). 5 (200 mg, 0.87 mmol) and N,N-diisopropylethyl-
amine (0.15 mL, 1.87 mmol) were added to acetonitrile (5 mL) and
stirred at room temperature under N2 for 2 min to generate the free
amine. Sodium iodide (131 mg, 0.87 mmol) and additional N,N-
diisopropylethylamine (0.15 mL, 1.87 mmol) were then also added.
16b (280 mg, 1.18 mmol) was then combined with acetonitrile (2
mL) and added slowly to the reaction mixture. After heating at reflux
for 24 h, the reaction mixture was worked up as described in general
procedure C and purified via a silica plug (ethanol) to give the product
as a colorless oil (286 mg, 93%). 1H NMR (CDCl3): δ 1.44 (s, 9H),
1.70 (p, J 6.6 Hz, 2H), 2.49 (t, J 6.8 Hz, 2H), 2.65 (m, 4H), 3.10 (m,

4H), 3.22 (m, 2H), 3.86 (s, 3H), 5.49 (br s, 1H, NH), 6.85−7.02 (m,
4H). 13C NMR (CDCl3): δ 26.5 (CH2), 28.6 (CH3), 40.2 (CH2), 50.8
(CH2), 53.6 (CH2), 55.5 (CH3), 57.1 (CH2), 78.9 (C), 111.3 (CH),
118.3 (CH), 121.1 (CH), 123.0 (CH), 141.4 (C), 152.4 (C), 156.2
(C). HPLC purity (λ = 214 nm): 99%, tR = 7.74 min. HRMS (ESI)
TOF (m/z): [M + H]+ 350.2444 calcd for C19H31N3O3; found [M +
H]+ 350.2455.

tert-Butyl (5-(4-(2-Methoxyphenyl)piperazin-1-yl)pentyl)-
carbamate (18d). 5 (683 mg, 2.99 mmol) was dissolved in
acetonitrile (10 mL) and triethylamine (0.21 mL, 1.49 mmol) and
stirred for 5 min. 14d (420 mg, 1.49 mmol) was then added dropwise
to the reaction mixture which was refluxed for 24 h. Workup
proceeded as described in general procedure D and the crude product
was purified by column chromatography (10% chloroform/methanol−
100% acetonitrile) to give a yellow/orange oil (334 mg, 59%). 1H
NMR (CDCl3): δ 1.36 (m, 2H), 1.44 (s, 9H), 1.47−1.59 (m, 4H),
2.43 (m, 2H), 2.68 (m, 4H), 3.09−3.15 (m, 6H), 3.86 (s, 3H), 4.63
(br s, 1H, NH), 6.84−7.01 (m, 4H). 13C NMR (CDCl3): δ 24.8
(CH2), 26.4 (CH2), 28.5 (CH3), 40.6 (CH2), 50.5 (CH2), 53.4 (CH2),
55.4 (CH3), 58.6 (CH2), 79.1 (C), 111.2 (CH), 118.3 (CH), 121.1
(CH), 123.0 (CH), 141.3 (C), 152.3 (C), 156.1 (C). HPLC purity (λ
= 214 nm): 98%, tR = 8.18 min. HRMS (ESI) TOF (m/z): [M + H]+

378.2757 calcd for C21H35N3O3; found [M + H]+ 378.2768.
tert-Butyl (5-(4-(2,3-Dichlorophenyl)piperazin-1-yl)pentyl)-

carbamate (19). 6 (1.09 g, 4.07 mmol) was added to acetonitrile
(15 mL) followed by 14d (572 mg, 2.03 mmol) and triethylamine
(0.57 mL, 4.07 mmol) and the mixture refluxed for 19 h. Workup
proceeded as described in general procedure D and the crude product
was purified by column chromatography (chloroform/methanol 99:1)
to give a yellow oil (431 mg, 51%). 1H NMR (CDCl3): δ 1.36 (m,
2H), 1.44 (s, 9H), 1.47−1.59 (m, 4H), 2.41 (m, 2H), 2.63 (m, 4H),
3.07 (m, 4H), 3.12 (m, 2H), 4.62 (br s, 1H, NH), 6.96 (m, 1H), 7.12−
7.17 (m, 2H). 13C NMR (CDCl3): δ 24.8 (CH2), 26.6 (CH2), 28.5
(CH3), 30.1 (CH2), 40.6 (CH2), 51.4 (CH2), 53.4 (CH2), 58.6 (CH2),
79.1 (C), 118.7 (CH), 124.6 (CH), 127.5 (CH), 127.6 (C), 134.1
(C), 151.4 (C), 156.1 (C). HPLC purity (λ = 214 nm): 98%, tR =
10.43 min. HRMS (ESI) TOF (m/z): [M + H]+ 416.1872 calcd for
C20H31Cl2N3O2; found [M + H]+ 416.1870.

Synthesis of Substituted Thienopyridine Scaffolds. 2-
Cyanothioacetamide (21). P4S10 (1.00 g, 4.52 mmol) and 2-
cyanoacetamide (20, 1.00 g, 11.89 mmol) were dissolved in ethyl
acetate (12 mL). The mixture was heated at reflux for 1.5−4 h. The
reaction mixture was then cooled to room temperature and the orange
solid filtered off and washed with ethyl acetate (100 mL). The solid
was recrystallized from toluene to give sharp yellow needles (389 mg,
∼30%). 1H NMR (DMSO-d6): δ 3.98 (s, 2H), 9.48 (s, 1H, NHa), 9.83
(s, 1H, NHb). 13C NMR (DMSO-d6): δ 33.9 (CH2), 116.5 (C), 194.5
(C).

4,6-Dimethyl-2-thioxo-1,2-dihydropyridine-3-carbonitrile
(22). 2-Cyanothioacetamide (21, 1.02 g, 10.2 mmol) and
acetylacetone (1.04 mL, 10.2 mmol) were suspended in methanol
(10 mL) and warmed until dissolved. Potassium hydroxide (0.75 g)
dissolved in methanol (50 mL) was added to the solution, which was
stirred for 2 h and then heated at reflux for a further 2 h. The mixture
was cooled to room temperature and acidified with 6 M aqueous
hydrochloric acid to pH 2−3, and a precipitate resulted. The
precipitous mixture was then cooled overnight, filtered, and washed
with water. The product was recrystallized from methanol to afford the
title compound as yellow needles (1.13 g, 67%). Mp: 266.9−270 °C.
1H NMR (DMSO-d6): δ 2.34 (s, 3H), 2.35 (s, 3H), 6.69 (s, 1H),
13.83 (br s, 1H). 13C NMR (DMSO-d6): δ 18.8 (CH3), 20.8 (CH3),
113.4 (C), 114.9 (CH), 116.3 (C), 152.6 (C), 156.9 (C), 177.5 (C).
HPLC purity (λ = 214 nm): 99%, tR = 5.56 min.

Ethyl 2-((3-Cyano-4,6-dimethylpyridin-2-yl)thio)acetate
(23). Compound 22 (1.00 g, 6.09 mmol) and triethylamine (0.93
mL, 6.70 mmol) were added to N,N-dimethylformamide (15 mL) and
cooled to 0 °C. Ethyl-2-chloroacetate (0.65 mL, 6.09 mmol) was
added to 1 mL of N,N-dimethylformamide and then added dropwise
to the reaction mixture. The mixture was then warmed to room
temperature for 3.5 h, and a yellow precipitate resulted. The solvent
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was then removed and the resulting residue partitioned between
dichloromethane (50 mL) and water (50 mL). The organic layer was
removed, and the aqueous layer was then washed with further 3 × 50
mL portions of dichloromethane. The organic fractions were
combined, dried over anhydrous sodium sulfate, and filtered, and
the solvent was removed to leave a yellow solid. Further purification
using a silica plug afforded the final compound as a white solid (1.30 g,
86%). 1H NMR (DMSO-d6): δ 1.17−1.21 (t, J 7.1 Hz, 3H), 2.41 (s,
3H), 2.43 (s, 3H), 4.07 (s, 2H), 4.09- 4.14 (q, J 7.1 Hz, 2H), 7.12 (s,
1H). 13C NMR (DMSO-d6): δ 14.1 (CH3), 19.6 (CH3), 24.2 (CH3),
32.2 (CH2), 61.0 (CH2), 103.6 (C), 114.6 (C), 120.6 (CH), 152.6
(C), 159.7 (C), 161.4 (C), 168.5 (C).
Ethyl 3-Amino-4,6-dimethylthieno[2,3-b]pyridine-2-carbox-

ylate (24). 23 (1.29 g, 5.15 mmol) was dissolved in 4−5 mL of N,N-
dimethylformamide followed by 1 M potassium hydroxide (5.15 mL,
5.15 mmol). The reaction mixture was stirred for 15 min at room
temperature. Quenching with water (15 mL) caused precipitation of
the product that was then filtered to leave a yellow crystalline solid
(1.20 g, 93%). Mp: 154.7−155.6 °C. 1H NMR (CDCl3): δ 1.39 (t, J
7.1 Hz, 3H), 2.58 (s, 3H), 2.72 (s, 3H), 4.34 (q, J 7.1 Hz, 2H), 6.14
(br s, 2H, NH2), 6.84 (s, 1H). 13C NMR (CDCl3): 14.6 (CH3), 20.3
(CH3), 24.5 (CH3), 60.6 (CH2), 91.2 (C), 121.9 (CH), 122.5 (C),
143.7 (C), 149.1 (C), 159.8 (C), 161.5 (C), 165.9 (C). HPLC purity
(λ = 214 nm): 99%, tR = 8.38 min.
3-Amino-4,6-dimethylthieno[2,3-b]pyridine-2-carboxylic

Acid (25). To a solution of 24 (1.16 g, 4.62 mmol) in ethanol (15
mL) was added an aqueous solution of sodium hydroxide (2 M, 8
mL), and the mixture was refluxed for 4 h. The solvent was removed in
vacuo and the resulting residue dissolved in water (20 mL). Excess
aqueous hydrochloric acid (1 M, 10 mL) was added which caused
precipitation of the desired compound. Filtration of the precipitate
gave the title compound as a yellow solid (856 mg, 83%). Mp: 151.9−
152.9 °C. 1H NMR (DMSO-d6): δ 2.50 (s, 3H), 2.72 (s, 3H), 7.05 (s,
1H). 13C NMR (DMSO-d6): δ 19.9 (CH3), 23.4 (CH3), 95.2 (C),
121.9 (CH), 122.9 (C), 145.8 (C), 149.3 (C), 158.8 (C), 159.0 (C),
166.5 (C).
2-Mercapto-4-methyl-6-oxo-1,6-dihydropyridine-3-carboni-

trile (26). A mixture of 21 (8.00 g, 79.89 mmol) and morpholine
(6.99 mL, 79.9 mmol) in ethanol (50 mL) was warmed until all
components dissolved. Methyl acetoacetate (8.59 mL, 79.9 mmol) was
then added and the mixture heated at reflux for 8 h. After cooling to
room temperature, the mixture was filtered and the residue washed
with cold dichloromethane to give morpholinium 3-cyano-4-methyl-6-
oxo-1,6-dihydropyridine-2-thiolate. The desired thiol was isolated by
dissolving the thiolate in a minimum amount of water and then
acidifying with excess 1 M aqueous hydrochloric acid, which caused
precipitation of the molecule. The mixture was refrigerated overnight
and then filtered to give the title compound as a pale yellow powder
(6.83 g, 51%). Mp: 267−268.9 °C. LRMS (ESI) m/z: 165.1 [M − H]+

(100%).
Ethyl 2-((3-Cyano-4-methyl-6-oxo-1,6-dihydropyridin-2-yl)-

thio)acetate (27). Compound 26 (200 mg, 1.2 mmol) and
triethylamine (0.18 mL, 1.32 mmol) were added to N,N-
dimethylformamide (8 mL) and cooled to 0 °C. Ethyl 2-chloroacetate
(0.13 mL, 1.2 mmol) was added to 1 mL of N,N-dimethylformamide
and then added dropwise to the reaction mixture. The mixture was
then warmed to room temperature and stirred for 5 h. The solvent was
then removed and the resulting residue dissolved in dichloromethane
(50 mL) and partitioned between water (50 mL). The aqueous layer
was then washed with further 3 × 50 mL portions of dichloromethane,
and the organic layers were combined, dried over anhydrous sodium
sulfate, and filtered. The solvent was removed to leave a yellow solid.
Further purification by column chromatography afforded the final
compound as a white solid (247 mg, 81%). Mp: 102.7−103.5 °C. 1H
NMR (CDCl3): δ 1.28 (t, J 7.1 Hz, 3H), 2.38 (d, J 0.9 Hz, 3H), 3.93
(s, 2H), 4.23 (q, J 7.1 Hz, 2H), 6.33−6.35 (m, 1H), 11.03 (br s, 1H,
NH). 13C NMR (CDCl3): δ 14.1 (CH3), 20.9 (CH3), 34.1 (CH2),
62.8 (CH2), 98.2 (C), 113.9 (CH), 114.9 (C), 153.4 (C), 154.3 (C),
163.6 (C), 169.6 (C).

Ethyl 3-Amino-6-methoxy-4-methylthieno[2,3-b]pyridine-2-
carboxylate (28). Compound 27 (1.52 g, 6.02 mmol) was added to
N,N-dimethylformamide (20 mL) followed by potassium carbonate
(1.25 g, 9.04 mmol) and methyl iodide (0.41 mL, 6.63 mmol). The
reaction mixture was then stirred at room temperature for 2 h before
another 0.5−1 equiv of the methyl iodide was added. After 4 h, 1 M
aqueous potassium hydroxide is added and the reaction mixture stirred
for 15 min. Water (15 mL) is then added and the resulting white
precipitate is filtered and dried overnight over high vacuum (0.91 g,
58%). Mp: 149.5−150.2 °C. 1H NMR (CDCl3): δ 1.38 (t, J 7.1 Hz,
3H), 2.68 (d, J 0.9 Hz, 3H), 3.98 (s, 3H), 4.33 (q, J 7.1 Hz, 2H), 6.11
(br s, 2H, NH2), 6.43 (m, 1H). 13C NMR (CDCl3): δ 14.7 (CH3),
20.4 (CH3), 54.0 (CH3), 60.4 (CH2), 95.2 (C), 110.0 (CH), 119.4
(C), 145.9 (C), 149.5 (C), 160.6 (C),164.6 (C), 165.9 (C).

Ethyl 3- (1 ,3-Dioxoiso indol in-2-y l ) -6 -methoxy-4-
methylthieno[2,3-b]pyridine-2-carboxylate (29). To a solution
of 28 (65 mg, 0.244 mmol) in acetic acid (5 mL), a total of 4 equiv of
phthalic anhydride (150 mg, 1.01 mmol) was added over the 20 h
period. The reaction was stopped by cooling the mixture to room
temperature and then over an ice bath to initiate precipitation of the
final product as a white solid (53 mg, 55%). 1H NMR (CDCl3): δ 1.11
(t, J 7.1 Hz, 3H), 2.37 (s, 3H), 4.02 (s, 3H), 4.20 (q, J 7.1 Hz, 2H),
6.59 (s, 1H), 7.83 (m, 2H), 8.00 (m, 2H). 13C NMR (CDCl3): δ 13.9
(CH3), 18.5 (CH3), 54.2 (CH3), 61.7 (CH2), 112.2 (CH), 124.2
(CH), 124.7 (C), 125.4 (C), 127.6 (C), 132.4 (C), 134.7 (CH), 145.9
(C), 159.1 (C), 161.1 (C), 164.5 (C), 167.6 (C).

Ethyl 5-Chloro-3-(1,3-dioxoisoindolin-2-yl)-6-methoxy-4-
methylthieno[2,3-b]pyridine-2-carboxylate (30). Compound 29
(500 mg, 1.26 mmol), N-chlorosuccinimide (337 mg, 2.52 mmol), and
3 drops of concentrated HCl were refluxed in acetonitrile (10 mL) for
1.5 h. The solvent was then removed in vacuo and the resulting residue
redissolved in chloroform (50 mL) and washed with water (3 × 20
mL) and brine (50 mL). The organic layer was then dried over
anhydrous sodium sulfate, filtered, and evaporated to dryness to give
the compound as a white solid (506 mg, 93%). 1H NMR (CDCl3): δ
1.12 (t, J 7.1 Hz, 3H), 2.49 (s, 3H), 4.13 (s, 3H), 4.21 (q, J 7.1 Hz,
2H), 7.85 (m, 2H), 8.01 (m, 2H). 13C NMR (CDCl3): δ 13.9 (CH3),
14.7 (CH3), 55.4 (CH3), 61.9 (CH2), 118.8 (C), 124.3 (CH), 125.1
(C), 127.0 (C), 127.4 (C), 132.4 (C), 134.9 (CH), 143.0 (C), 155.9
(C), 159.5 (C), 160.9 (C), 167.6 (C).

Ethyl 3-Amino-5-chloro-6-methoxy-4-methylthieno[2,3-b]-
pyridine-2-carboxylate (31). A mixture of 30 (144 mg, 0.33
mmol) and hydrazine monohydrate (65 μL, 1.34 mmol) in ethanol
(10 mL) was refluxed for 3 h. Upon cooling to room temperature, the
white precipitate was filtered off and washed with cold chloroform (5
mL). The filtrate was then collected and diluted with a further 20 mL
of chloroform and washed with water (3 × 20 mL), dried over
anhydrous sodium sulfate, and filtered and the solvent removed in
vacuo to give the product as a pale yellow solid (85 mg, 84%). 1H
NMR (CDCl3): δ 1.38 (t, J 7.1 Hz, 3H), 2.83 (s, 3H), 4.08 (s, 3H),
4.33 (q, J 7.1 Hz, 2H), 6.14 (br s, 2H, NH2).

13C NMR (CDCl3): δ
14.6 (CH3), 16.4 (CH3), 55.2 (CH3), 60.6 (CH2), 116.3 (C), 120.1
(C), 142.9 (C), 149.1 (C), 157.3 (C), 159.5 (C), 165.7 (C), 168.4
(C).

3-Amino-5-chloro-6-methoxy-4-methylthieno[2,3-b]-
pyridine-2-carboxylic Acid (32). Compound 31 (236 mg, 0.783
mmol) was was added to a 50:50 mix of ethanol and 2 M sodium
hydroxide. Reflux occurs for 1.5 h before the mixture was cooled to
room temperature. An excess of 2 M HCl is added to cause
precipitation of the product which is then filtered and washed with a
small amount of cold water, giving the product as a beige-yellow solid
(179 mg, 84%). 1H NMR (DMSO-d6): δ 2.77 (s, 3H), 3.96 (s, 3H),
6.41 (br s, 2H, NH2). LCMS (ESI) m/z: 273.0 [M + H]+ (90%),
275.0 (30%).

General Procedure E for Amide Coupling Reactions Using
BOP Reagent. The required carboxylic acids (1 equiv) were added to
N,N-dimethylformamide (10 mL), followed by N,N-diisopropylethyl-
amine (1.05 equiv) and BOP (1.05 equiv) under N2 at room
temperature and stirred for 5−10 min. The amine (1 equiv) was
subsequently added and the reaction mixture stirred at room

Journal of Medicinal Chemistry Article

dx.doi.org/10.1021/jm500457x | J. Med. Chem. XXXX, XXX, XXX−XXXL



temperature for 2−3 h. The solvent was then removed in vacuo and
the resulting residue partitioned between dichloromethane (30 mL)
and sodium bicarbonate (50 mL). The organic layer was removed, and
the aqueous phase was further extracted with 3 × 20 mL portions of
dichloromethane. The organic fractions were combined, washed with
water (50 mL), brine (50 mL), dried over anhydrous sodium sulfate,
filtered, and concentrated to yield the crude product as an oily residue.
To remove excess HMPA, crude products are dissolved in ethyl
acetate and washed with 3 × 50 mL portions of 2 M brine. Purification
of the product was performed by column chromatography and/or
recrystalisation as indicated.
3-Amino-N-(2-(4-(4-chlorophenyl)-4-hydroxypiperidin-1-yl)-

ethyl)-4,6-dimethylthieno[2,3-b]pyridine-2-carboxamide
(33a). Carboxylic acid 25 (50 mg, 0.225 mmol), N,N-diisopropylethyl-
amine (0.041 mL, 0.24 mmol), and BOP (104 mg 0.24 mmol) were
added to N,N-dimethylformamide (2 mL). 17a (92 mg, 0.28 mmol)
was dissolved in 2 mL of N,N-dimethylformamide and N,N-
diisopropylethylamine (0.078 mL, 0.450 mmol) and then added to
the reaction mixture. After the mixture was stirred for 16 h at room
temperature, the crude product was worked up as per general
procedure E to give an amber solid (32 mg, 31%). Mp: 159−163 °C.
1H NMR (DMSO-d6): δ 1.58 (d, J 12.1 Hz, 2H), 1.91 (td, J 12.9, 4.1
Hz, 2H), 2.44−2.53 (m, 7H), 2.71−2.72 (m, 5H), 3.36 (m, 2H), 4.9
(s, 1H, OH), 6.78 (s, 2H, NH2), 7.02 (s, 1H), 7.36 (m, 2H), 7.50 (m,
2H), 7.55 (t, J 5.5 Hz, 1H, NH). 13C NMR (DMSO-d6): δ 19.7
(CH3), 23.8 (CH3), 36.7 (CH2), 37.9 (CH2), 49.1 (CH2), 57.2 (CH2),
69.4 (C), 97.6 (C), 121.8 (CH), 123.2 (C), 126.8 (CH), 127.7 (CH),
130.8 (C), 144.5 (C), 147.5 (C), 149.1 (C), 158.4 (C), 158.5 (C),
165.2 (C). HPLC purity (λ = 214 nm): 98%, tR = 8.06 min. HRMS
(ESI) TOF (m/z): [M + H]+ 459.1621 calcd for C23H27ClN4O2S;
found [M + H]+ 459.1634.
3-Amino-N-(6-(4-(4-chlorophenyl)-4-hydroxypiperidin-1-yl)-

hexyl)-4,6-dimethylthieno[2,3-b]pyridine-2-carboxamide
(33e). Carboxylic acid 25 (61 mg, 0.274 mmol), N,N-diisopropylethyl-
amine (0.146 mL, 0.837 mmol), and BOP (128 mg, 0.288 mmol) were
added to N,N-dimethylformamide (2 mL). 17e (116 mg, 0.302 mmol)
was dissolved in 2 mL of N,N-dimethylformamide and N,N-
diisopropylethylamine (0.096 mL, 0.550 mmol) and then added to
the reaction mixture. After the mixture was stirred for 5 h at room
temperature, the crude product was worked up as per general
procedure E to give the product as a pale yellow solid (49 mg, 35%).
Mp: 137.2−140.3 °C. 1H NMR (CDCl3): δ 1.39−1.42 (m, 4H),
1.57−1.65 (m, 4H), 1.72−7.75 (m, 3H), 2.19 (m, 2H), 2.43−2.5 (m,
4H), 2.58 (s, 3H), 2.74 (s, 1H), 2.87 (m, 2H), 3.42 (dd, J 13.1, 7 Hz,
2H), 5.55 (t, J 5.3 Hz, 1H, NH), 6.3 (s, 2H, NH2), 6.87 (s, 1H), 7.29
(m, 2H), 7.44 (m, 2H). 13C NMR (CDCl3): δ 20.2 (CH3), 24.3
(CH3), 26.8 (CH2), 27.0 (CH2), 27.4 (CH2), 29.9 (CH2), 38.4 (CH2),
39.8 (CH2), 49.5 (CH2), 58.7 (CH2), 71.1 (C), 98.7 (C), 122.3 (CH),
123.8 (C), 126.3 (CH), 128.5 (CH), 132.9 (C), 143.8 (C), 147.0 (C),
147.3 (C), 159.1 (C), 159.2 (C), 166 (C). HPLC purity (λ = 214
nm): 98%, tR = 8.39 min. HRMS (ESI) TOF (m/z): [M + H]+

515.2247 calcd for C27H35ClN4O2S; found [M + H]+ 515.2254.
3-Amino-5-chloro-6-methoxy-N-(4-(4-(2-methoxyphenyl)-

piperazin-1-yl)butyl)-4-methylthieno[2,3-b]pyridine-2-carbox-
amide (34c). Carboxylic acid 32 (100 mg, 0.367 mmol), N,N-
diisopropylethylamine (0.067 mL, 0.385 mmol), and BOP (176 mg,
0.398 mmol) were added to N,N-dimethylformamide (10 mL). 18c
(121 mg, 0.403 mmol) was dissolved in 2 mL of N,N-
dimethylformamide, and N,N-diisopropylethylamine (0.077 mL,
0.403 mmol) was then added to convert to the free base, which was
added dropwise to the reaction mixture. The reaction mixture was
then worked up as described in general procedure E to give the
product as a tan crystalline solid (55 mg, 29%). Mp: 99.1−101.6 °C
(methanol/water). 1H NMR (CDCl3): δ 1.62−1.69 (m, 4H), 2.46 (m,
2H), 2.67 (m, 4H), 2.80 (s, 3H), 3.11 (m, 4H), 3.44 (q, J 6.5 Hz, 2H),
3.86 (s, 3H), 4.06 (s, 3H), 5.66 (t, J 5.6 Hz, 1H, NH), 6.28 (s, 2H,
NH2), 6.84−7.01 (m, 4H). 13C NMR (CDCl3): δ 16.4 (CH3), 24.4
(CH2), 27.0 (CH2), 39.7 (CH2), 50.8 (CH2), 53.7 (CH2), 55.2 (CH3),
55.5 (CH3), 58.3 (CH2), 98.4 (C), 111.3 (CH), 116.6 (C), 118.4
(CH), 121.1 (CH), 121.3 (C), 123.1 (CH), 141.5 (C), 143.1 (C),

147.4 (C), 152.4 (C), 154.5 (C), 159.3 (C), 165.8 (C). HPLC purity
(λ = 214 nm): 97%, tR = 9.30 min. HRMS (ESI) TOF (m/z): [M +
H]+ 518.1993 calcd for C25H32ClN5O3S; found [M + H]+ 518.2005.

3-Amino-5-chloro-6-methoxy-N-(5-(4-(2-methoxyphenyl)-
piperazin-1-yl)pentyl)-4-methylthieno[2,3-b]pyridine-2-car-
boxamide (34d). Carboxylic acid 32 (100 mg, 0.367 mmol), N,N-
diisopropylethylamine (0.067 mL, 0.385 mmol), and BOP (170 mg,
0.385 mmol) were added to N,N-dimethylformamide (10 mL). 18d
(127 mg, 0.403 mmol) was dissolved in 2 mL of N,N-
dimethylformamide, and N,N-diisopropylethylamine (0.11 mL, 0.403
mmol) was then added to convert to the free base, which was added
dropwise to the reaction mixture. The reaction mixture was then
worked up as described in general procedure E to give the product as
pale red microneedles (97 mg, 50%). Mp: 96−97.7 °C (methanol/
water). 1H NMR (CDCl3): δ 1.43 (m, 2H), 1.56−1.69 (m, 4H), 2.43
(m, 2H), 2.66 (m, 4H), 2.83 (s, 3H), 3.10 (m, 4H), 3.42 (m, 2H), 3.86
(s, 3H), 4.07 (s, 3H), 5.44 (t, J 5.6 Hz, 1H, NH), 6.30 (br s, 2H, NH2),
6.84−7.02 (m, 4H). 13C NMR (CDCl3): δ 16.4 (CH3), 25.1 (CH2),
26.7 (CH2), 29.9 (CH2), 39.7 (CH2), 50.8 (CH2), 53.6 (CH2), 55.2
(CH3), 55.5 (CH3), 58.7 (CH2), 98.3 (C), 111.3 (CH), 116.6 (C),
118.3 (CH), 121.1 (CH), 121.3 (C), 123.0 (CH), 141.5 (C), 143.1
(C), 147.4 (C), 152.4 (C), 154.4 (C), 159.3 (C), 165.8 (C). HPLC
purity (λ = 214 nm): 99%, tR = 9.84 min. HRMS (ESI) TOF (m/z):
[M + H]+ 532.2149 calcd for C26H34ClN5O3S; found [M + H]+

532.2166.
3-Amino-5-chloro-N-(5-(4-(2,3-dichlorophenyl)piperazin-1-

yl)pentyl)-6-methoxy-4-methylthieno[2,3-b]pyridine-2-car-
boxamide (35). Carboxylic acid 32 (80 mg, 0.293 mmol), N,N-
diisopropylethylamine (0.05 mL, 0.308 mmol), and BOP (136 mg,
0.308 mmol) were added together. Compound 19, which was Boc
deprotected and isolated as the HCl salt (114 mg, 0.298 mmol), was
dissolved in 2 mL of N,N-dimethylformamide, and N,N-diisopropy-
lethylamine (0.05 mL) was then added to convert to the free base,
which was added dropwise to the reaction mixture. The reaction
mixture was then worked up as described in general procedure E to
give the product as a beige solid (106 mg, 63%). Mp: 114.5−116.5 °C.
1H NMR (CDCl3): δ 1.41 (m, 2H), 1.57−1.67 (m, 4H), 2.44 (m, 2H),
2.64 (m, 4H), 2.81 (s, 3H), 3.07 (m, 4H), 3.42 (m, 2H), 4.06 (s, 3H),
5.48 (t, J 5.7 Hz, 1H, NH), 6.30 (br s, 2H, NH2), 6.94 (dd, J 7.2, 2.4,
1H), 7.10−7.16 (m, 2H). 13C NMR (CDCl3): δ 16.3 (CH3), 24.9
(CH2), 26.6 (CH2), 29.9 (CH2), 39.7 (CH2), 51.3 (CH2), 53.4 (CH2),
55.1 (CH3), 58.5 (CH2), 98.2 (C), 116.5 (C), 118.7 (CH), 121.2 (C),
124.6 (CH), 127.5 (CH), 127.5 (C), 134.1 (C), 143.0 (C), 147.3 (C),
151.4 (C), 154.3 (C), 159.2 (C), 165.7 (C). HPLC purity (λ = 214
nm): 99%, tR = 11.66 min. HRMS (ESI) TOF (m/z): [M + H]+

570.1264 calcd for C25H30Cl3N5O2S; found [M + H]+ 570.1265.
3-Amino-N-(5-(4-(2,3-dichlorophenyl)piperazin-1-yl)pentyl)-

4,6-dimethylthieno[2,3-b]pyridine-2-carboxamide (36). Car-
boxylic acid 25 (73 mg, 0.32 mmol), N,N-diisopropylethylamine
(0.059 mL, 0.34 mmol), and BOP (150 mg, 0.34 mmol) were added
to N,N-dimethylformamide (2 mL). Compound 19, which was Boc
deprotected and isolated as the HCl salt (126 mg, 0.36 mmol), was
dissolved in 2 mL of N,N-dimethylformamide and N,N-diisopropyle-
thylamine (0.062 mL, 0.36 mmol) and then added to the reaction
mixture. The reaction mixture was then worked up as described in
general procedure E to give the product as a fluffy beige solid (119 mg,
70%). Mp: 142.9−143.8 °C. 1H NMR (CDCl3): δ 1.42 (m, 2H),
1.57−1.67 (m, 4H), 2.44 (m, 2H), 2.58 (s, 3H), 2.63 (m, 4H), 2.73 (s,
3H), 3.07 (m, 4H), 3.42 (m, 2H), 5.59 (t, J 5.6, 1H, NH), 6.31 (br s,
2H, NH2), 6.86 (s, 1H), 6.94 (dd, J 7.0, 2.6 Hz, 1H), 7.10−7.15 (m,
2H). 13C NMR (CDCl3): δ 20.3 (CH3), 24.4 (CH3), 24.9 (CH2), 26.6
(CH2), 29.9 (CH2), 39.7 (CH2), 51.4 (CH2), 53.4 (CH2), 58.5 (CH2),
98.6 (C), 118.7 (CH), 122.3 (CH), 123.7 (C), 124.6 (CH), 127.5
(CH), 127.6 (C), 134.1 (C), 143.7 (C), 147.3 (C),151.4 (C), 159.0
(C), 159.1 (C), 165.9 (C). HPLC purity (λ = 214 nm): 99%, tR =
10.13 min. HRMS (ESI) TOF (m/z): [M + H]+ 520.1705 calcd for
C25H31Cl2N5OS; found [M + H]+ 520.1703.

3-Amino-N-(5-(4-(2-methoxyphenyl)piperazin-1-yl)pentyl)-
4,6-dimethylthieno[2,3-b]pyridine-2-carboxamide (37). Car-
boxylic acid 25 (80 mg, 0.36 mmol), N,N-diisopropylethylamine
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(0.066 mL, 0.38 mmol), and BOP (167 mg, 0.38 mmol) were added
to N,N-dimethylformamide (2 mL). 18d (124 mg, 0.40 mmol) was
dissolved in 2 mL of N,N-dimethylformamide and N,N-diisopropyle-
thylamine (0.069 mL, 0.40 mmol) and then added to the reaction
mixture. The reaction mixture was then worked up as described in
general procedure E to give the product as a yellow-orange solid (66
mg, 38%). Mp: 127.6−128.2 °C. 1H NMR (CDCl3): δ 1.42 (m, 2H),
1.57−1.67 (m, 4H), 2.53 (m, 2H), 2.58 (s, 3H), 2.72 (s, 3H), 2.77 (m,
4H), 3.14 (m, 4H), 3.40 (m, 2H), 3.85 (s, 3H), 5.64 (t, J 5.7, 1H,
NH), 6.30 (br s, 2H, NH2), 6.84−7.02 (m, 5H). 13C NMR (CDCl3): δ
20.2 (CH3), 24.4 (CH3), 24.8 (CH2), 26.1 (CH2), 29.8 (CH2), 39.6
(CH2), 50.2 (CH2), 53.5 (CH2), 55.5 (CH3), 58.5 (CH2), 98.7 (C),
111.3 (CH), 118.4 (CH), 121.1 (CH), 122.3 (CH), 123.2 (CH),
123.7 (C), 141.0 (C), 143.7 (C), 147.3 (C), 152.3 (C), 159.0 (C),
159.1 (C), 166.0 (C). HPLC purity (λ = 214 nm): 97%, tR = 8.89 min.
HRMS (ESI) TOF (m/z): [M + H]+ 482.2590 calcd for
C26H35N5O2S; found [M + H]+ 482.2590.
Pharmacology. Cell Lines and Transfection. FlpIn CHO cells

(Invitrogen) were grown in Dulbecco’s modified Eagle medium
(DMEM) supplemented with 10% fetal bovine serum and maintained
at 37 °C in a humidified incubator containing 5% CO2. The FlpIn
CHO cells were transfected with the pOG44 vector encoding Flp
recombinase and the pDEST vector encoding the wild-type long
isoform of the human D2 receptor (D2LR) at a ratio of 9:1 using
polyethylenimine as the transfection reagent. At 24 h after transfection,
the cells were subcultured, and the medium was supplemented with
700 μg/mL HygroGold as a selection agent. Cells were grown and
maintained in DMEM containing 20 mM HEPES, 5% fetal bovine
serum, and 200 μg/mL hygromycin B. Cells were maintained at 37 °C
in a humidified incubator containing 5% CO2 and 95% O2.
Preparation of FlpIN CHO Cell Membranes. When cells were

approximately 90% confluent, they were harvested and centrifuged
(300g, 3 min). The resulting pellet was resuspended in assay buffer (20
mM HEPES, 100 mM NaCl, 6 mM MgCl2, 1 mM EGTA, and 1 mM
EDTA, pH 7.4), and the centrifugation procedure was repeated. The
intact cell pellet was then resuspended in assay buffer and
homogenized using a Polytron homogenizer for three 10 s intervals
on the maximum setting, with 30 s periods on ice between each burst.
The homogenate volume was brought up to 30 mL. The sample was
centrifuged (1000g, 10 min, 25 °C). The pellet was discarded, and the
supernatant was recentrifuged at 30 000g for 1 h at 4 °C. The resulting
pellet was resuspended in 5 mL of assay buffer, and the protein
content was determined using the method of Bradford. The
homogenate was then separated into 0.5 mL aliquots and stored
frozen at −80 °C until it was required for binding assays.
[3H]Spiperone Binding Assay. Cell membranes (D2L-FlpIn

CHO, 3 μg) were incubated with varying concentrations of test
compound in binding buffer (20 mM HEPES, 100 mM NaCl, 6 mM
MgCl2, 1 mM EGTA, and 1 mM EDTA, pH 7.4) containing 0.05 nM
of [3H]spiperone and 100 μM GppNHp to a final volume of 1 mL and
were incubated at 37 °C for 3 h. Binding was terminated by fast-flow
filtration over GF/B membranes using a Brandel harvester followed by
three washes with ice-cold 0.9% NaCl. Bound radioactivity was
measured in a Tri-Carb 2900TR liquid scintillation counter
(PerkinElmer).
ERK1/2 Phosphorylation Assay. FlpIn CHO cells stably

expressing the D2LR were seeded into 96-well plates at a density of
50 000 cells/well. After 5 h, cells were washed with phosphate buffered
saline (PBS) and incubated in serum-free DMEM overnight before
assaying. Initially, time-course experiments were conducted at least
twice for each ligand to determine the time required to maximally
promote ERK1/2 phosphorylation via the dopamine D2LR. Dose−
response experiments were performed in the absence and presence of
increasing concentrations of each ligand at 37 °C. Stimulation of the
cells was terminated by removing the media followed by the addition
of 100 μL of SureFire lysis buffer (PerkinElmer) to each well. The
plate was shaken for 5 min at room temperature before transferring 5
μL of the lysates to a white 384-well Proxiplate (PerkinElmer). Then 8
μL of a 240:1440:7:7 mixture of Surefire activation buffer/Surefire
reaction buffer/Alphascreen acceptor beads/Alphascreen donor beads

was added to the samples and incubated in the dark at 37 °C for 1.5 h.
Plates were read using a Fusion plate reader.

cAMP Accumulation Assays. The cells were grown and
incubated overnight and then preincubated for 45 min in 80 μL of
stimulation buffer (Hank’s buffered salt solution: 0.14 M NaCl, 5.4
mM KCl, 0.8 μM MgSO4, 1.3 mM CaCl2, 0.2 mM Na2HPO4, 0.44
mM KH2PO4, 5.6 mM D-glucose, 1 mg/mL BSA, 0.5 mM 3-isobutyl-1-
methylxanthine, and 5 mM HEPES, pH 7.4). The agonists (10 μL)
and 300 nM forskolin (10 μL) were added simultaneously to the cells
and incubated for 30 min at 37 °C. Stimulation was terminated via the
removal of the stimulation buffer and addition of 50 μL of ice cold
100% ethanol. The plates were then incubated at 37 °C to allow
evaporation of the ethanol. Then 50 μL of detection buffer (1 mg/mL
BSA, 0.3% Tween-20, and 5 mM HEPES, pH 7.4) was added and 5 μL
of each well transferred to a 384-well Optiplate (PerkinElmer,
Waltham, MA, U.S.). Anti-cAMP acceptor beads (0.2 units/μL)
diluted in stimulation buffer was added under green light for 30 min
before the addition of 15 μL of the donor beads/biotinylated cAMP
(0.07 units/μL) diluted in detection buffer. The plates were incubated
for 1 h at room temperature and read using a Fusion-α plate reader
using AlphaScreen presettings.

Inhibition Assays for Analogues 5, 18a, and 18e. The
required analogues were added to the cells at the appropriate dilutions
and incubated at 37 °C for 30 min before the addition of 10 nM
dopamine. After an additional 5 min stimulation time, termination of
the ERK1/2 phosphorylation was as stated above.

Concentration−Response Assays for Analogues 18b−d, 19,
34d, 35, and 36. The required analogues were added to the cells at
the appropriate dilutions and incubated at 37 °C for 5−10 min as
predetermined for each compound in the time-course assays.
Termination of the ERK1/2 phosphorylation was as stated above.

Interaction Studies with Dopamine for Compounds 34a−e.
The required analogues and dopamine were added to the cells
simulataneously at the appropriate dilutions and incubated at 37 °C for
5 min. Termination of the ERK1/2 phosphorylation was as stated
above.

Data Analysis. Computerized nonlinear regression was performed
using Prism 6.0 (GraphPad Software, San Diego, CA).

Agonist concentration−response curves were fitted via nonlinear
regression to the three-parameter logistic function (eq 1):
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−

+ − −E
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1 10
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( pEC log[A])50 (1)

where E is response, Emax and basal are the top and bottom asymptotes
of the curve, respectively, log[A] is the logarithm of the agonist
concentration, and pEC50 is the negative logarithm of the agonist
concentration that gives a response halfway between Emax and basal.

To compare agonist profiles and quantify stimulus bias, agonist
concentration−response curves were fitted to the following form of
the operational model of agonism (eq 2):
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where Em is the maximal possible response of the system; basal is the
basal level of response; KA denotes the equilibrium dissociation
constant of the agonist (A); τ is an index of the signaling efficacy of the
agonist and is defined as RT/KE, where RT is the total number of
receptors and KE is the coupling efficiency of each agonist-occupied
receptor; and n is the slope of the transducer function that links
occupancy to response. The analysis assumes that the maximal system
responsiveness (Em) and the transduction machinery utilized for a
given cellular pathway are the same for all agonists such that the Em
and transducer slope (n) are shared between agonists. The ratio τ/KA
(determined as a logarithm, i.e., log(τ/KA)) is referred to herein as the
“transduction coefficient”, as this composite parameter is sufficient to
describe agonism and bias for a given pathway; i.e., stimulus-biased
agonism can result from either a selective affinity (KA‑1) of an agonist
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for a given receptor state(s) and/or a differential coupling efficacy (τ)
toward certain pathways. To cancel the impact of cell-dependent
effects on the observed agonism at each pathway, the log(τ/KA) values
were then normalized to that determined for the endogenous agonist
dopamine at each pathway to yield a “normalized transduction
coefficient”, Δlog(τ/KA), i.e., Δlog(τ/KA) = log(τ/KA)test − log(τ/
KA)dopamine.
To determine the actual bias of each agonist for different signaling

pathways, the Δlog(τ/KA) values were evaluated statistically between
the pathways. The ligand bias of an agonist for one pathway, j1, over
another, j2 is given as (eq 3)

τ τ τΔΔ = Δ − Δ
−

⎛
⎝⎜

⎞
⎠⎟

⎛
⎝⎜

⎞
⎠⎟

⎛
⎝⎜

⎞
⎠⎟K K K

log log log
A j1 j2 A j1 A j2 (3)

A lack of stimulus bias compared to a reference agonist (in this case
dopamine) will result in values of ΔΔlog(τ/KA) not significantly
different from 0 between pathways. To account for the propagation of
error associated with the determination of composite parameters, eq 5
was used:

σ=
n

SEM
(4)

where σ is the standard deviation and n is the number of experiments,

= +pooled SEM (SEM1) (SEM2)2 2
(5)

All affinity, potency, and transduction ratio parameters were estimated
as logarithms. All results are expressed as the mean ± SEM. Statistical
analyses were performed where appropriate using one-way ANOVA
with the Tukey’s post hoc test. Statistical significance was taken as p <
0.05. For a more detailed explanation and analysis of using bias
calculations see van der Westhuizen et al.33
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