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Abstract: Based on previously highlighted structural features, the development of highly selective
5-HTj 4 receptor inhibitors is closely linked to the incorporation of a 4-alkyl-1-arylpiperazine scaffold
on them. In this paper, we present the synthesis of two new compounds bearing the 2-MeO-Ph-
piperazine moiety linked via a three carbon atom linker to the amine group of 1-adamantanamine and
memantine, respectively. Both were tested for their binding affinity against 5-HTj 4 receptor. N-(3-(4-
(2—methoxyphenyl)piperazin—l-yl)propyl)tricyclo[3.3.1.13/7]decan—1—amine fumarate (8) and N-(3-(4-
(2-methoxyphenyl)piperazin-1-yl)propyl)-3 5-dimethyl-tricylo[3.3.1.13” |decan-1-amine fumarate (10)
proved to be highly selective ligands towards 5-HT; s receptor with a binding constant of 1.2 nM and
21.3 nM, respectively, while 5-carboxamidotriptamine (5-CT) (2) was used as an internal standard for
this assay with a measured K; = 0.5 nM.

Keywords: serotonin receptors; 5-HTa receptors; arylpiperazine inhibitors; carbocyclic rings; cage-
like structures; blood-brain barrier; adamantane derivatives; NMR

1. Introduction

More than one-third of all drugs approved in 2017 by the US Food and Drug Ad-
ministration (FDA) acted as G protein-coupled receptors (GPCRs) [1]. They are the most
studied class of receptors due to their wide involvement in human diseases such as diabetes,
obesity, Alzheimer’s and several other central nervous system disorders [1,2]. Among the
GPCRs belong also the serotonin class of receptors, specifically the serotonin 1A subtype
(5-HT14) [3]. This receptor has been tied to a variety of conditions (i.e., anxiety, mood, cog-
nition) and its primary substrate is serotonin (Figure 1), a monoamine neurotransmitter that
modulates brain function [3]. Recent therapeutic applications of receptor modulation have
expanded towards prostate cancer, gastrointestinal and cardiopulmonary disorders and
L-DOPA (Figure 1) induced dyskinesia [4]. 5-HT; 5 was one of the first discovered and still
remains one of the most studied serotonin receptors. In the human brain they are abundant
with localization both presynaptically on serotonergic neurons and postsynaptically in non-
serotonergic neurons [5]. Dysfunctions associated with 5-HTj 4 neurotransmission have
been directly implicated with stress response, aggressive behavior, psychiatric disorders,
anxiety, depression and movement disorders [4,6].
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Figure 1. Chemical structures of serotonin and various arylpiperazine known inhibitors.

Despite all the progress with 5-HT;5 receptors, very little was known about the
inhibitor’s binding mode in the absence of an available crystal structure, which was only re-
cently published [7]. Therefore, drug design efforts were mostly based in structure-activity
relationship data. Some of the most important identified class of drugs inhibiting the
5-HT1 4 receptor with increased selectivity contains an 4-alkyl-l-arylpiperazine moiety [8].
Representative structures (Figure 1) of marketed drugs are the anxiolytic buspirone [9] and
the antipsychotic aripiprazole [10].

Herein we report the synthesis and biological evaluation of two new 5-HT o inhibitors
bearing the 2-MeO-Ph-piperazine moiety linked via a three carbon atom linker to cage-like
structures of 1-adamantanamine and memantine. The introduction of this kind of bulky
carbocyclic ring increases lipophilicity and biological membrane crossings [11]. Hence,
the chemistry of adamantane continues to attract research interest due to the significant
pharmacological activity of its derivatives [12-15].

2. Results and Discussion
2.1. Chemistry

The target compounds, (7) and (9), are obtained by following the synthetic procedure
shown in Scheme 1. The key intermediate 1-(3-chloropropyl)-4-(2-methoxyphenyl)piperazine (6)
was obtained by a nucleophilic substitution of 1,3-dichloropropane with 1-(2-methoxyphenyl)
piperazine in dry acetonitrile under reflux. The latter (6) was condensed in dry acetonitrile
in the presence of K,COj3 and a catalytic amount of Nal either with amantadine hydrochloride
to afford the target N-(3-(4-(2-methoxyphenyl)piperazin-1-yl)propyl)tricyclo[3.3.1.13” |decan-
1-amine (7) or with memantine hydrochloride to yield the target N-(3-(4-(2-methoxyphenyl)
piperazin-1-yl)propyl)-3,5-dimethyl-tricyclo[3.3.1.13”|decan-1-amine (9). Both analogues
(7) and (9) were biologically tested as fumarate salts (8) and (10), respectively.
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Scheme 1. Synthesis of the two lipophilic arylpiperazine derivatives (8) and (10).

2.2. Biological Activity

Target compounds were screened for their affinity against the serotonin 5-HT re-
ceptor. The exhibited activities were both in low nM magnitude, with (8) and (10) having
a Kj of 1.2 nM and 21.3 nM respectively. Taken together, these data indicate that a (2-
methoxyphenyl)piperazine motif delivers highly potent 5-HT; 4 ligands.

As an internal control for the 5-HTj 5 receptor, compound 5-CT (2) was used, based on
Hamon et al. [16,17], which returned a K; value of 0.5 nM.

Based on the recently revealed crystal structure of 5-HTj 5 receptor (Figure 2, PDB entry
7e2z [7]) with the presence of an arylpiperazine moiety bearing inhibitor (i.e., aripiprazole)
such as our class of compounds, we were mobilized to perform a docking analysis in order
to visualize important structural features. Therefore, we performed docking simulations
for our compounds in the aripiprazole crystallized region. Residues defining the surface of
study are Tyr96, GIn97, Phel12, Asp116, Val117, Cys120, Thr121, lle189, Ser199, Phe361,
Phe362, Ala365, Thr379, Ala383, Asn386, Trp387 and Tyr390. The software used for our
experiments was the OpenEye Scientific Software, Inc., Santa Fe, NM, United States [18-20].

The new compound (8) presented in this study exhibits a 4-fold drop for its binding
constant (K; = 1.2 nM) as measured over 5-HT; 4 receptor when compared to the value
reported for the known drug aripiprazole (K; = 5.0 nM) [21]. The docking pose of (8) gave a
—12.81 Chemgauss4 scoring function. As shown in Figure 3, there are two major hydrogen
bonds forming for the compound. One is between the protonated tertiary piperazine amine
and Asp116, while the second is between the adamantane amine with Tyr390. On the other
hand, (10) gave a —12.64 Chemgauss4 scoring function with exactly the same interaction
network (Figure 4), since the only difference in their structure is on the branched carbocycles.
The measured constant in that case is approximately four-fold higher (K; = 21.3 nM). The
difference in their affinities is due to the methyl groups of the memantine core, since one
of the methyl groups is situated in the hydrophobic cavity formed by Ala93, Trp387 and
Tyr390, while the other is directed towards Tyr96, introducing hindering effects. These
results are in accordance with both in vitro and in silico results and they justify the high
affinity of the 4-alkyl-l-arylpiperazine moiety towards 5-HT; receptor [8].
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Co-crystallized aripiprazole reveals only one important bond forming between the
tertiary amine of the piperazine and Asp116 residue. Interestingly the etheric oxygen and
the quinolinone do not show any apparent interactions with neighboring receptor residues,
without excluding the possibility of a water-mediated bond network. However, as a fact
there are no solvent molecules included in the deposited structure. Therefore it is rational
that during the model validation, conducted by also performing the docking experiment
for aripiprazole (scoring function —12.77 Chemgauss4, see also supporting information
Table S1), we witnessed a flipped quinolinone orientation (see Figure 5) in order for the
molecule to form hydrogen bonds with GIn97 residue. This deviance from the co-crystallized
pose resulted in an acceptable (RMSD < 2.0) [22] but high RMSD value (i.e., 1.986) [23].

5-HT 1A
rec eptor

Subunit Gy

Figure 2. Crystal structure of the 7e2z PBD entry [7] of the 5-HT; 5 serotonin receptor in green colored
cartoon representation and the respective complexed G-coupled proteins subunit Gy in yellow,
subunit Gf1 in orange and subunit Gy; in purple.

Figure 3. (A) Green cartoon representation of the 5-HTj 5 receptor with the presence of (8) at lowest
scoring function binding mode as obtained from the software OpenEye in blue colored sticks, (B) 2D
representation of (8) binding network forming as obtained from OpenEye software. Brick red dashed
lines represent HB between receptor and (8).
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Figure 4. (A) Green cartoon representation of the 5-HT; 5 receptor with the presence of (10) at lowest
scoring function binding mode as obtained from the software OpenEye in blue colored sticks, (B) 2D
representation of (10) binding network forming as obtained from OpenEye software. Brick red dashed
lines represent HB between receptor and (10).

Figure 5. (A) Distant green representation of the 5-HT7 4 receptor with the presence of crystallized
aripiprazole as magenta stick, (B) 90° rotation of the 5-HT1 receptor from the Y towards the Z axis
revealing the whole interior of it, (C) 2D representation of aripiprazole crystal structure with the
formed binding network, (D) overlay of co-crystallized aripiprazole as magenta colored sticks and
docked solution of it as pink colored sticks.

To conclude, based on the scoring function order (see supporting information Table S1)
and biological activity, these go hand in hand. Thus, the docking model showcases a
desired mutual compatibility, providing important information for the mode of activity.
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3. Materials and Methods
3.1. Chemistry

Melting points were determined using a Biichi capillary apparatus and are uncorrected.
NMR experiments (see Supplementary Materials) were performed to elucidate the structure
and determine the purity of the newly synthesized compounds. 'H-NMR and 2D NMR
spectra (COSY, HSQC-DEPT, HMBC) were recorded on a Bruker Ultrashiel™ Plus Avance III
600 spectrometer (150.9 MHz, '3C-NMR) and a Bruker DRX400 spectrometer (100.62 MHz,
13C.NMR). Chemical shifts & (delta) are reported in parts per million (ppm) downfield from
the NMR solvent, with the tetramethylsilane or solvent (DMSO-dg) as internal standard. Data
processing, including Fourier transformation, baseline correction, phasing, peak peaking
and integrations, were performed using MestReNova software v.12.0.0. Splitting patterns
are designated as follows: s, singlet; d, doublet; t, triplet; dd, doublet of doublets; td,
triplet of doublets; m, multiplet; complex m, complex multiplet. Coupling constants (J) are
expressed in units of Hertz (Hz). The spectra were recorded at 293 K (20 °C) unless otherwise
specified. The solvent used to obtain the spectra was deuterated DMSO, DMSO-dg (quin,
2.50 ppm, 'H-NMR; septet, 39.52 ppm, 1>*C-NMR). Analytical thin-layer chromatography
(TLC) was used to monitor the progress of the reactions, as well as to authenticate the
compounds. TLCs were conducted on aluminum sheets precoated with normal-phase silica
gel (Silica gel 60 Fps4, Merck, Darmstadt, Germany) (layer thickness 0.2 mm), aluminum
sheets precoated with reverse phase silica gel (Silica gel 60 RP-18 F;s545, Merck) and precoated
aluminum oxide plates (TLC Aluminum oxide 60 Fjs4, neutral). Developed plates were
examined under a UV light source at wavelengths of 254 nm or after being stained by iodine
vapors. The Retention factor (R¢) of the newly synthesized compounds, which is equal to
the distance migrated over the total distance covered by the solvent, was also measured on
the chromatoplates. Elemental analyses (C, H, N) were performed by the Service Central de
Microanalyse at CNRS (France) and were within +0.4% of the theoretical values. Elemental
analysis results for the tested compounds correspond to >95% purity. The HRMS spectra
were acquired in the negative ionization mode, employing a QTOF-MS (Maxis Impact,
Bruker Daltonics, Bremen, Germany) using a resolving power of 40,000. The commercial
reagents were purchased from Alfa Aesar, Sigma-Aldrich and Merck, and were used without
further purification. Solvent abbreviations: ACN, acetonitrile; AcOEt, ethyl acetate; Et,O,
diethyl ether; EtOH, ethanol; MeOH, methanol.

3.2. Synthesis

1-(3-chloropropyl)-4-(2-methoxyphenyl)piperazine (6): A solution of 1, 3-dichloropropane
(1.13 g, 10 mmol) in acetonitrile was added to a stirring solution of 1-(2-methoxyphenyl)-
piperazine (1.28 g, 6.67 mmol) and K,COj3 (2.69 g, 20.00 mmol) in 25 mL acetonitrile at 70 °C.
The mixture was refluxed for 14 h. After it had been cooled to room temperature, the solvent
was removed under vacuum. The crude product was purified by column chromatography
on silica gel eluting with 1% MeOH in DCM (R¢= 0.75). Light yellow oil, yield: 70%.

'H-NMR (400 MHz, CDCl3) § 1.22 (t, ] = 10.8 Hz, 2H, 3-H), 1.84 (quintet, ] = 10.8 Hz,
2H, 2-H), 2.49 (t, ] = 10.8 Hz, 2H, 1-H), 2.69 (br s, 4H, 2,6 piperazine-H), 3.11 (br s, 4H,
3,5 piperazine-H), 3.83 (s, 3H, OCHj3), 6.91-6.89 (m, 4H, 3,4,5,6 Ar-H) ppm.

I3C-NMR (100 MHz, CDCl3) § 23.7 (C,), 30.8 (C3), 50.3 (3,5 piperazine-C), 53.3
(2,6 piperazine-C), 55.2 (Cy), 56.0 (OCH3), 111.0 (6-Ar-C), 120.9 (3-Ar-C), 122.9 (4,5-Ar-
C), 141.0 (1-Ar-C), 152.1 (2-Ar-C) ppm.

N~(3-(4-(2-methoxyphenyl)piperazin-1-yl)propyltricyclo[3.3.1.137 Jdecan-1-amine (7): Tricylo
[3.3.1.137]decan-1-amine (Amantadine) hydrochloride (188.00 mg, 1.0 mmol) was stirred
in dry acetonitrile (10 mL) with 3 equivalents of K,CO3 (414.60 mg, 3.0 mmol) for 3 h at
55 °C. To this solution was added 1-(3-chloropropyl)-4-(2-methoxyphenyl)piperazine (6)
(268.80 mg, 1.0 mmol) and a catalytic amount of Nal. The mixture was heated at reflux for
8 h. The precipitate was filtered and the filtrate was evaporated under vacuum to obtain a
viscous oil residue, which was purified by column chromatography over silica gel eluting
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first with ethyl acetate—-methanol 9:1, 8:2, 7:3 and then ethyl acetate—-methanol-triethylamine
70:29:1 to afford the title compound (7) as a colorless viscous oil (yield: 74%).

'H-NMR (600 MHz, CDCl3) § 1.55-1.70 (complex m, 14H, 2,4,6,8,9,10 Ad-H, 2-H),
2.05 (br s, 3H, 3,5,7 Ad-H), 2.46 (t, ] = 7.2 Hz, 2H, 3-H), 2.65 (br t, | = 4.8 Hz, 6H, 2,6
piperazine-H, 1-H), 3.08 (br s, 4H, 3,5 piperazine-H), 3.85 (s, 3H, OCHj3), 6.83-6.99 (m, 4H,
3,4,5,6 Ar-H) ppm.

13C-NMR (150 MHz, CDCl3) § 28.7 (Cy), 30.5 (C3 Cs,C7-Ad), 37.6 (C4,Cs,C10-Ad), 40.1
(Cy),43.8 (Cy,Cg,Cy-Ad), 51.7 (3,5 piperazine-C), 53.7 (C1-Ad), 54.6 (C1), 54.6 (2,6 piperazine-
C), 55.2 (Cq), 56.1 (OCH3), 58.1 (C3), 112.2 (6-Ar-C), 119.2 (3-Ar-C), 122.1 (4-Ar-C), 123.9
(5-Ar-C), 141.4 (1-Ar-C), 151.9 (2-Ar-C) ppm.

HRMS (ESI+) m/z calculated for C,4H37N30 is 383.2937 found (M + H)* 384.3018.

The fumarate salt (8) was prepared and obtained as a white crystalline solid and upon
recrystallization from methanol-ether gave an mp: 219-221 °C (dec.). Anal. Calcd for
C3Hy5N309: C, 62.42; H, 7.37; N, 6.82. Found: C, 62.70; H, 7.30; N, 7.01.

N~(3-(4~(2-methoxyphenyl)piperazin-1-ylpropyl)-3,5-dimethyl-tricyclo[3.3.1.1%” |decan-1-amine
(9): 3,5-Dimethyl-tricylo[3.3.1.137]decan-1-amine (Memantadine) hydrochloride (215.76 mg,
1.0 mmol) was stirred in dry acetonitrile (10 mL) with 3 equivalents of K,CO3 (414.60 mg,
3.0 mmol) for 3h at 55 °C. To this solution was added 1-(3-chloropropyl)-4-(2-methoxyphenyl)
piperazine (6) (268.80 mg, 1.0 mmol) and a catalytic amount of Nal. The mixture was heated
at reflux for 8 h. The precipitate was filtered and the filtrate was evaporated under vacuum
to obtain a viscous oil residue, which was purified by column chromatography over silica
gel eluting first with ethyl acetate-methanol 9:1, 8:2, 7:3 and then ethyl acetate—-methanol-
triethylamine 70:29:1 to afford the title compound (9) as a colorless viscous oil (yield: 68%).

'H-NMR (600 MHz, CDCl3) & 0.82 (s, 6H, 3-CH3, 5-CH3), 1.09 (br s, 2H, 4 Ad-H),
1.22-1.38 (m, 8H, 2,6,9,10 Ad-H), 1.52 (br s, 2H, 8 Ad-H), 1.74 (br t, | = 9.6 Hz, 2H, 2-H), 2.12
(s, 1H,7 Ad-H), 2.48 (br t, ] = 9.6 Hz, 2H, 3-H), 2.67 (br s, 4H, 2,6 piperazine-H, 1-H), 2.72
(brt, ] =9.6 Hz, 2H, 1-H), 3.07 (br s, 4H, 3,5 piperazine-H), 3.83 (s, 3H, OCH3), 6.82-6.99 (m,
4H, 3,4,5,6 Ar-H) ppm.

I3C-NMR (150 MHz, CDCl3) § 26.2 (C5), 29.9 (C7-Ad), 30.1 (3,5-CHj), 32.2 (C3,Cs-Ad),
39.8 (Cq), 40.2 (Cg-Ad), 42.7 (C4,C10-Ad), 47.9 (C2,Co-Ad), 50.5 (3,5 piperazine-C), 50.7
(C4-Ad), 53.3 (2,6 piperazine-C), 54.2 (C1-Ad), 55.1 (OCH3), 57.4 (C3), 111.1 (6-Ar-C), 118.2
(3-Ar-C), 121.0 (4-Ar-C), 123.0 (5-Ar-C), 141.2 (1-Ar-C), 152.0 (2-Ar-C) ppm.

HRMS (ESI+) m/z calculated for CogHyN3O is 410.3171 found (M + 2H)* 412.3303.

The fumarate salt (10) was prepared and obtained as a white crystalline solid and
upon recrystallization from methanol-ether gave an mp: 208-210 °C (dec.). Anal. Calcd for
C34HgN309: C, 63.43; H, 7.67; N, 6.53. Found: C, 63.62; H, 7.92; N, 6.42.

3.3. Computational

A library of the newly synthesized compounds (8) and (10) along with the known
crystalized drug aripiprazole serving as control substance were compiled in both a smile
formatted file (*.smi) and a Sybyl MOL2 file (*.mol2) using the free program Open Babel
v3.1.1 [24]. Following this step, the smile library was subjected to conformer generation
using Omega v.4.1.0.0 software (OpenEye Scientific Software, Inc., Santa Fe, NM, USA;
www.eyesopen.com (accessed on 10 March 2021) [25,26]. Experiments were then performed
running on a basic laptop pc with an operating system of Windows 10 64-bit (Intel® Core™
i5-1035G1 1.00 GHz CPU processors, RAM 8 GB), using the OEDocking suite v4.0.0.0
programs (OpenEye Scientific Software, Inc., Santa Fe, NM, USA; www.eyesopen.com
(accessed on 10 March 2021) [18-20]. Visualization of the results was performed over the
software PyMol v1.4.1 [27].

3.4. Ligand and Protein Preparation

The 5-HT1 A crystal structure (PDB entry 7e2z [7]) was downloaded over the protein
databank [28]. The PDB file was prepared with the OEDocking suite program MAKE
RECEPTOR v4.0.0.0 (OpenEye Scientific Software, Inc., Santa Fe, NM, USA; www.eyesopen.


www.eyesopen.com
www.eyesopen.com
www.eyesopen.com
www.eyesopen.com

Molbank 2022, 2022, M1353

8 of 10

com (accessed on 10 March 2021) [29,30] to provide the respective oedu extension file,
which is used later in simulation experiments. The search space was centered around the
crystalized small molecule inhibitor. This generated an initial box of 12,411 A3, which
after a balanced site-shape creation resulted in an inner docking space of 1026 A® and
an outer docking space of 1692 A3 for the protein. Neither residue modifications nor
any constraints were implemented in the protein in the docking. The compiled SDF
library contained all of the compounds (8), (10) and aripiprazole. Conformer generation
took place with the use of Omega v4.1.0.0 software (OpenEye Scientific Software, Inc.,
Santa Fe, NM, USA; www.eyesopen.com (accessed on 10 March 2021)) [25,26] by setting
a threshold of 600 structures with the flipping option turned on, and the docking was
performed with the OEDocking suite program FRED v4.0.0.0 (OpenEye Scientific Software,
Inc., Santa Fe, NM, USA; www.eyesopen.com (accessed on 10 March 2021)) [18,30]. Model
calculations performed are produced by an Exhaustive Search Algorithm. Refinement
of results was additionally performed in order to sort poses with standard options by
OEDocking suite program Scorepose v4.0.0.0 (OpenEye Scientific Software, Inc., Santa Fe,
NM, USA; www.eyesopen.com (accessed on 10 March 2021)) [18,19].

3.5. Model Confidence Experiment

The aripiprazole structure was included for confidence reasons regarding the model
generated. Hence, the docked solution of the inhibitor was subjected to RMSD measurement
online using the DockRMSD utility [23]. The input format of the corresponding structures
are Sybyl MOL2.

3.6. Biology

Affinity of compounds was measured in cell membranes prepared in-house from a
HEK-293 cell line transfected with human 5-HT 4 receptors. 10 pg of membrane suspension
were incubated with 2 nM [*H]-8-hydroxy-DPAT (PerkinElmer) in assay buffer (50 mM
Tris-HCl, 5 mM MgSQOy4, 5 mM MgCly; pH = 7.4) for 120 min at 37 °C in multiscreen FC 96-
well plate (Millipore, Burlington, MA, USA). Non-specific binding was determined in the
presence of 10 uM 5-HT. After the incubation time, samples were filtered and radioactivity
was detected in a Microbeta Trilux reader.

Data were fitted to a 4-parameter logistic equation employing GraphPad Prism 5.1,
and K; values were calculated by employing the Cheng-Prusoff equation [31].

4. Conclusions

N-(3-(4-(2-methoxyphenyl)piperazin-1-yl)propyl)tricyclo[3.3.1. 137]decan-1-amine (7)
and N-(3-(4-(2-methoxyphenyl)piperazin-1-yl)propyl)-3,5-dimethyl-tricylo[3.3.1.137]decan-
1-amine (9) were designed and synthesized as 5-HT1 5 ligands. The fumarate salts of both of
them exhibited significant affinity for 5-HTja (1.2 nM and 21.3 nM, respectively), and thus
these compounds could be useful for researching the physiological and pharmacological
roles of this receptor. The docking analysis visualized some important structural features
and interactions, providing useful information for the mode of activity that will help
the future design of this class of compounds. Structures of the targeted compounds
were determined using IH-NMR, BBC-NMR, HSQC, HMBC, COSY, elemental analysis
and HRMS.

Supplementary Materials: The following are available online. Copies of NMR spectra; Figure S1:
(A) Distant green representation of the 5-HT1A receptor with the presence of crystallized Aripiprazole
as magenta stick, (B) 90° rotation of the 5-HT1A receptor from the Y towards the Z axis revealing the
whole interior of it, (C) 2D representation of Aripiprazole crystal structure with the formed binding
network, (D) overlay of co-crystalized Aripiprazole as magenta colored sticks and docked solution
of it as pink colored sticks. Brick red dashed lines represent HB between protein and the substrate,
Table S1: Molecular modeling results. Comparative presentation of in vitro & in silico results of
compounds versus 5-HT1A receptor.
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