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ABSTRACT: A series of 1,4-disubstituted piperazine-based
compounds were designed, synthesized, and evaluated as
dopamine D2/D3 receptor ligands. The synthesis relies on the
key multicomponent split-Ugi reaction, assessing its great
potential in generating chemical diversity around the
piperazine core. With the aim of evaluating the effect of
such diversity on the dopamine receptor affinity, a small library
of compounds was prepared, applying post-Ugi transforma-
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tions. Ligand stimulated binding assays indicated that some compounds show a significant affinity, with K; values up to 53 nM for
the D2 receptor. Molecular docking studies with the D2 and D3 receptor homology models were also performed on selected
compounds. They highlighted key interactions at the indole head and at the piperazine moiety, which resulted in good agreement
with the known pharmacophore models, thus helping to explain the observed structure—activity relationship data. Molecular
insights from this study could enable a rational improvement of the split-Ugi primary scaffold, toward more selective ligands.
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D opamine receptors have been targeted in pharmacother-
apeutic treatments of numerous disorders, including
schizophrenia, depression, abuse of drugs, and Parkinson’s
disease." They are members of the G-protein-coupled receptor
(GPCR) family of proteins and are classified into two types, the
D1-like and D2-like receptors, based on their sequence and
similarity in signal transduction. Among the D2-like, the most
abundant D2 and D3 receptor subtypes share about 50% overall
sequence homology and 78% in their agonist binding sites. We
are sure that even moderately D3/D2 selective compounds
might offer a favorable profile compared to currently available
drugs. Therefore, the design of selective ligands is a notable and
challenging task.>® D2-like receptor antagonists are of great
interest for the treatment of schizophrenia. Starting from the
privileged ligand family of 1,4-disubstituted aromatic piperazines
and piperidines (1,4-DAPs) including the traditional antipsy-
chotic agent haloperidol, both subtype-selective and balanced
antagonists showing polypharmacological affinity patterns were
developed.*

In particular, an intensive effort has been directed toward the
development of selective ligands for the dopamine D3 receptor,
affording a large number of compounds with various selectivities,
acting as full or partial agonists and antagonists.” ' Recently, D3
receptor bound to an antagonist was also crystallized,"* leading to
additional ways to substantiate a reliable pharmacophore model
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for the rationalization of the observed binding affinities and
selectivities."*

Most of the D3 receptor ligands contain a piperazine ring,
connected to suitable lipophilic moieties via linkers of variable
size and an aromatic head residue. Structure—activity relation-
ship studies show that the lipophilic appendage controls the
affinity, the linking unit is involved with the subtype selectivity
among dopamine receptors, while the aromatic group ensures
the overall activity.

Being aware that even minor structural modifications of these
three key elements would be able to deeply affect the biological
action, we decided to exploit the great potential of multi-
component reactions (MCR) in order to generate molecular
diversity around a well-defined array of assessed recognition
elements. MCRs enable the synthesis of target compounds in a
single step from three or more reactants with greater efficiency
and atom economy. Nowadays, MCR chemistry represent a
successful approach both to combinatorial and diversity-oriented
synthesis playing a central role in the development of efficient
synthetic methodologies for pharmaceutical and drug discovery
research.
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Scheme 1. General Scheme for the Synthesis of Compounds 1-16
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Relying on our previous experience with isocyanide-based Ugi
reactions,">~"® we investigated into the split-Ugi methodology, a
modified four-component protocol suitable for bis-secondary
diamines, developed by Giovenzana et al. in 2006.'”*° When
applied to the piperazine heterocycle, it allows to generate a
molecular scaffold in which one nitrogen atom is acylated and the
other is alkylated, achieving in this way the regiochemical
desymmetrization of the amine core in only one step, without the
necessity of protecting groups. This is a most relevant advantage,
in view of the preparation of a large array of compounds for drug
discovery and lead optimization programs.

With the aim of first evaluating the applicability and limitations
of the split-Ugi methodology to the dopamine receptor ligands
chemistry, we focused our attention on some of the most D3
selective agonists known to date. Starting from common
elements of their molecular framework, we carried out the
selection of promising components for the MCR reaction.

We report here the synthesis of a small library of piperazine-
based potential ligands (1—35), the evaluation on their binding
affinity on D2 and D3 dopamine receptors, and a molecular
docking study on most active compounds 22 and 24.

Starting from 1H-indole-2-carboxylic acid or the correspond-
ing N-(methoxymethyl)-derivative®" as acid components,
piperazine, formaldehyde as carbonyl component, and two
different aromatic isocyanides,* namely, 1-isocyano-4-methox-
ybenzene or 1-isocyano-4-bromobenzene, reaction in methanol
at reflux allowed to obtain cleanly the split-Ugi products 1—4 in
high yields (Scheme 1). In order to evaluate the effect on
biological activity of a higher flexibility and more basicity of the
original scaffold, we considered to reduce the amide carbonyl
groups in selected compounds. From 1 and 2, double reduction
using LiAlH, afforded quantitatively the corresponding triamines
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5 and 6, from which the more lipophilic compounds 7 and 8
could be easily obtained by reductive amination with
propionaldehyde. From 3 and 4, alkylation with 1-bromopro-
pane and with 3,3-dimethylallyl bromide afforded overall
compounds 9—12, from which the corresponding NH-indole
derivatives 13—16 could be achieved, by reaction with aq. HCI 3
N in THF.

The split-Ugi reaction showed to perform well also using 2-(1H-
indol-3-yl)acetic acid and the corresponding N-(methoxymethyl)-
derivative as acid components, affording in comparable yields
compounds 17—20 (Scheme 2). Reactions conducted on 17—18
allowed to obtain triamines 21—22 and the corresponding
N-propyl derivatives 23—24. From direct alkylation of 19—20,
amides 25—26 have been achieved.

Finally, aiming to consider the linker’s length as valuable
element for biological activity, we employed 1-(isocyanomethyl)-
4-methoxybenzene and 1-(isocyanomethyl)-4-bromobenzene™ as
isocyanide component for the split-Ugi reaction (Scheme 3).
The multicomponent step proceeded well to afford amides
27-29, from which final compounds 30—35 have been easily
synthesized.

Compounds 1—35 have been evaluated for their affinity and
selectivity through competitive binding assay for the dopamine
D, and Dj receptors. Selected data are summarized in Table 1.
More active compounds are among these characterized by the
triamine scaffold, with p-Br-substituted compounds more active
than the correspondent p-OMe-substituted ones, with 22 and 24
showing the best D2 affinities of 53 and 58 nM, respectively.
From comparison between compounds 8, 24, and 33, the
beneficial effect of elongation from the indolyl substituent side
could be highlighted. For the most promising compounds 22 and
24 binding selectivity within the dopamine receptor family was
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Scheme 2. General Scheme for the Synthesis of Compounds 17—26
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Scheme 3. General Scheme for the Synthesis of Compounds 27—35
o)
R
N N
RO(C )
N MeOH N
HN NH +  (CHO)n CO,H +
"! refiux to HN
R'=H R2 = OCH,4 27 (R' =H, R? = OCHy)
R = MOM R2 = Br 28 (R'=H, R2=Br)

LiAIH,
—_—
HN*& THF reflux HN
¢}
27 (R? = OCH3) 30 (R? = OCH3)
28 (R?=Br) 31 (R?=Br)
R? R?
(90-93%)
o} o}
Iy GRS
’} N—> N N—>
MeO Q—N n-PrBr, NaH MeO Q—N
HN_g DMF 0 °C to rt / ‘ng
(o} (o}
29 34 (87%)
OMe

OMe

29 (R' = MOM, R% = OCHj)
(78-85%)

EtCHO
S L/
Na(AcO);BH N
CHCly rt
32 (R? = OCH3)
33 (R2=Br)
RZ
(90-92%)
o]
I
N N
e
HCI 3N Q_
—_—
THF rt

b

35 (90%)
OMe

determined. While both ligands display D, affinities (48 nM,
51 nM), similar to D5, reduced binding data was observed for
D, (480 nM, 250 nM) and D; (3600 nM, 1300 nM).
Surprisingly, best affinities within the dopamine receptor family
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could be determined for D4 with 20 nM for 22 and even 0.72 nM
for 24. Furthermore, 22 and 24 were tested on D,g receptor
activation properties showing antagonist effects in a cAMP
accumulation assay.
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Table 1. Radioligand Binding Data for the Most Promising Test Compounds 5—8, 21—24, and 30—33 Employing the Human D,

and D; Receptors

3
HN TN ,
2 K/Nb\/\ y n
R? i
K; + (SEM) [nM]® of [*H]spiperone
compd pos n! n’ R? R? hD,; hD;
S 2 0 0 OCH; H 7500 + 990 18000 + 0
6 2 0 0 Br H 920 + 49 2300 + 730
7 2 0 0 OCH; n-Pr 520 + 150 1300 £ 0
8 2 0 0 Br n-Pr 220 + 32 600 + 100
21 3 1 0 OCH; H 430 + 160 620 + 65
22 3 1 0 Br H 53+ 11 200 + 18
23 3 1 0 OCH; n-Pr 120 + 15 280 + 38
24 3 1 0 Br n-Pr 58 + 6.7 89 +3.8
30 2 0 1 OCH; H 4000 + 2500 4300 + 1600
31 2 0 1 Br H 5200 + 1800 1800 + 640
32 2 0 1 OCH; n-Pr 4100 + 990 4600 + 570
33 2 0 1 Br n-Pr 920 + 680 930 + 28
haloperidol 0.96 + 0.15 68 +13

“K; values in nM + standard error of mean (SEM) derived from 3 to 4 individual experiments each performed in triplicate.

Aimed to guide the future structure optimization of the split-
Ugi primary scaffold, the ligand receptor interactions were
investigated for selected most active compounds 22 and 24, by
molecular docking with Autodock 4.2>* on D, and D, homology
models (prepared with the YASARA™® software, starting from
the X-ray structure of human Dj receptor (PDB code: 3BPL)).
The docking results were then submitted to a molecular
dynamics optimization in a membrane model with YASARA.
As most piperazine-based reference structures, at physiological
pH both the two piperazine nitrogens are protonated, while the
less basic aniline nitrogen is present as free base. Referring to the
D; receptor, for both compounds, a piperazine N,"H hydrogen is
involved in a strong hydrogen bond with the key residue Aszg
110%* thus anchoring the ligand to the receptor binding site.>*
Indole ring as headgroup is disposed in a more internal region
promoting 77— interactions with Phe34S, Phe346, and His349.
Cation—r interactions are also present between the protonated
nitrogens and Phe34S and Tyr365, in particular for compound
24. Compound 24 exhibits additional strong lipophilic
interactions between the n-propyl residue and Val86, Leu89,
and Glu90 and a stronger 7—7 contact between the bromoaryl
group and Tyr 365. Notably, the presence of the n-propyl group
enforces the indole ring to go deeper in the receptor pocket thus
enabling a further H-bond with Ser-192. This different
orientation of both bromoaryl and indole terminal groups
could be related to the slightly higher activity of 24. The relevant
contribution of the cited above individual amino acid residues to
the binding of small molecules in the dopamine receptor D5 has
been recently highlighted, after accurate QM/MM calculations
(Figure 1).%°

Docking of 22 and 24 on the D, model receptor yielded simi-
lar results, even if in this case no practical difference has
been observed in the biological activity of the two compounds
(Figure 2). The H-bond interaction of N,"H with Asp 114 is
present for both 22 and 24. In 24 an additional Ny,"H—Tyr
408 H-bond is observed, whereas 22 shows an indole—Ser

Figure 1. Docking poses for 22 (cyan) and 24 (orange) on the Dj
receptor model.
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Figure 2. Docking poses for 22 (cyan) and 24 (orange) on the D,
receptor model.

193 H-bond. Other lipophilic contacts are established with Val
91, Leu 94, and Thr 412. Residues Trp 386, Phe 389, Phe 390,
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and His 393 are involved in 7— interactions with the indole ring
of both the compounds.

However, the lower activity of compounds 21 and 23 has to be
ascribed to a different position of the phenyl ring in the binding
site, due to the presence of the more hindered MeO group, which
causes a reorganization of the entire molecule thus resulting in a
less efficient interaction with both the D2 and D3 receptors.

In summary, we developed an original approach to the
synthesis of piperazine-based dopamine receptor ligands, relying
on the key split-Ugi multicomponent reaction and successive
modifications. This strategy is suitable for the modification and
distancing of all key pharmacophoric elements, such as the indole
head, the piperazine core, and the linker to the aromatic moiety,
resulting also in tuning flexibility and basicity of the whole
molecule.

Biological evaluation on D, and Dj receptors highlighted few
active compounds, for which docking studies allowed identi-
fication of key intramolecular interactions, thus confirming the
ability of such compounds to assume a biologically active correct
conformation. Further work is currently underway in order to
extend the split-Ugi library with the aim of improving the current
poor D,/Dj selectivity.
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