ROYAL SOCIETY

OF CHEMISTRY

MedChemComm

View Article Online
View Journal | View Issue

RESEARCH ARTICLE

Development of selective agents targeting
serotonin 5HT,, receptors with subnanomolar
activities based on a coumarin coret

i '.) Check for updates ‘

Cite this: Med. Chem. Commun.,
2017, 8, 1690

K. Ostrowska, ©*2 D. Grzeszczuk,® M. Gtuch-Lutwin,® A. Grybos,® A. Siwek,®
t. Dobrzycki® and B. Trzaskowski @ ¢

A series of 18 new 5-[3-(4-aryl-1-piperazinyl)propoxylcoumarin derivatives from the corresponding bromo-
alkyl derivatives have been designed and synthesized by us using a microwave-assisted protocol.
Radioligand binding assays of this series of compounds as well as a previously synthesized series of 17
structurally-similar compounds showed that six systems have very high affinities to the 5-HTa receptor
(0.3-1.0 nM) and good selectivity against the 5-HT, receptor. Molecular docking, structural studies and
structure-activity relationship studies were used to gain more insight into the atomistic details of ligand
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1. Introduction

Despite the wealth of known serotonin and dopamine recep-
tor antagonists, agonists and partial agonists, there is still a
lot of interest in designing and synthesizing new agents inter-
acting with these G protein-coupled receptors (GPCRs) and
potentially modulating the release of various neurotransmit-
ters. 5-HT is a neurotransmitter that plays an important role
in several brain functions and are involved in the pathogene-
sis of several psychiatric and neurological disorders, includ-
ing anxiety, depression, schizophrenia, and Parkinson's dis-
ease." Among many classes of chemical compounds, those
containing the N-arylpiperazine moiety are often biologically
active against one or several serotonin 5-HT; receptors.>
Linking a carbocyclic or heterocyclic system to one of the pi-
perazine nitrogen atoms via a lipophilic chain has been
shown to result in enhanced selectivity against the 5-HT;, re-
ceptor versus the o, and D, receptors3'4 and/or 5-HT;a/Dsu
receptors.’
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binding and rationalize the obtained results.

Oxygen-containing heterocyclic compounds, including
coumarins, are on the other hand an important class of natu-
ral compounds, reported to have antitumor, antifungal and
antimicrobial activities.*” 7-Hydroxycoumarin derivatives
have been also shown to increase central nervous system
(CNS) activity.® For example, arylpiperazines linked to a cou-
marin system via a propyloxy chain, such as 4-methyl-7-(3-(4-
phenylpiperazin-1-yl)propoxy)coumarin, have pronounced af-
finity towards both D2A and 5-HT;, receptors.”’® 7-(4-(4-(6-
fluorobenzo|[d]isoxazol-3-yl)-piperidin-1-yl)butoxy)-4-methyl-8-
chloro-2H-chromen-2-one possessed, on the other hand,
unique pharmacological features which include high affinity
for dopamine D,/D; and serotonin 5-HT,;,/5-HT,, receptors.
This compound has also shown low affinity for 5-HT,c and
H, receptors and hERG channels."" A similar compound,
7-(4-(4-(6-fluorobenzo[d]isoxazol-3-yl)piperidin-1-yl)butoxy)-6-
methyl-2,3-dihydrocyclopenta[c]chromen-4(1H)-one, has shown
high affinity for dopamine D,/D; receptors and serotonin
5-HT;4/5-HT,, receptors coupled with a low affinity for H1 re-
ceptors. In animal models, this compound inhibited
apomorphine-induced climbing and MK-801-induced hyper-
activity without observable catalepsy at the highest dose
tested; interestingly, this compound was more potent than
clozapine.'” Other examples of coumarin-containing deriva-
tives with CNS activity include 7-3-(4-aryl-1-piperazinyl)-
propoxy|coumarins, which showed high affinity for o4, D,
and 5-HT,, receptors."’

In general, there is a wealth of 7-hydroxycoumarin deriva-
tives which have been synthesized and comprehensively
tested in biological screenings but the library of derivatives
of 5-hydroxycoumarin is less prominent, though also poten-
tially interesting. As a result we decide to combine two
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important classes of compounds commonly used in CNS dis-
order therapies, namely systems containing the
N-arylpiperazine moiety and 5-hydroxycoumarin derivatives to
design new leads. Previously we have synthesized a series of
18 derivatives of 8-acetyl-7-hydroxy-4-methylcoumarin with five
compounds possessing affinities to 5HT;, receptors in the
0.8-1.3 nM range."* In this work we have designed a series of
N-arylpiperazine derivatives attached to 5-hydroxy-4,7-
dimethylcoumarin via a propyloxy chain. We report the syn-
thesis, structural analysis and molecular docking studies of a
series of 18 coumarin derivatives characterized by a high af-
finity to 5-HT;, and good selectivity against the 5-HT,, recep-
tors. The goal of this study was to achieve an optimum inter-
action with serotonin receptors for a new series of chemical
systems (3b-11b, 3d-10d) and compare them with a previ-
ously synthesized, structurally similar series of compounds
(3a-11a, 3c-10c) with potential cytotoxic and antimicrobial
activities (Scheme 1)."> The synthesized series of
arylpiperazine derivatives, prepared in this study, can be used
as a starting point for further optimization of ligands against
5-HT receptors.

2. Experimental
2.1 General methods

Reagents were purchased from Aldrich or Merck, of the
higher grade available, and used without further purification.
Solvents were used as received from commercial suppliers,

Br R,
OH A oo
R R R
1 0 1 S i N
o~ S0 0" N0 0~ ™0
1a Ry=H 2a Ry=H, n=4 3a-11a Ry=H, n=4
1b Ry=COCHj 2b Ry=H,n=3 3b-11b  R,=H, n=3
2c  R;=COCH,, n=4 3c10c  R,=COCHj, n=4
2d Ry=COCHj, n=3 3d-10d R,=COCH, n=3

[iJ: Br(CH,);Br or Br(CH,)4Br, KI, K,CO,, ACN, MW

[iil: HRy; KI, K,CO4, ACN, MW
PN
(N /© N AN (\}\l OCH,

Y
N_J F N _N

3a, 3b, 3c, 3d 4a, 4b, 4c,
4d

NS e
o o~ oY

6a, 6b, 6¢, 6d

5a, 5b, 5¢, 5d

7a,7b, 7c, 7d 8a, 8b, 8¢, 8d

—Z

10a, 10b, 10d 11a, 11b, 11c,

11d

9a, 9b, 9¢, 9d

Scheme 1 Synthesis of aryl/heteroarylpiperazinyl derivatives of
5-hydroxy-4,7-dimethylcoumarin.
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and no further attempts were made to purify or dry them.
Melting points were determined with a ElectroThermal 9001
Digital Melting Point apparatus (ElectroThermal, Essex, UK)
and are uncorrected. A microwave oven, Plazmatronika 1000
W, equipped with a single mode cavity suitable for micro-
scale synthesis and a microwave choked outlet connected to
an external condenser set to 30% power was used. High reso-
lution mass spectra were recorded on a Quattro LCT (TOF).
'H NMR and "*C NMR spectra in solution were recorded at
25 °C with a Varian Unity plus-300 spectrometer and stan-
dard Varian software was employed (Varian, Inc., Palo Alto,
CA, USA). TLC was carried out using Kieselgel 60 F,5, sheets
(Merck, Darmstadt, Germany) and spots were visualized by
UV - 254 and 365 nm. Kieselgel 60 was used for column
chromatography.

2.2 General procedure to obtain compounds 2b and 2d

A mixture of 5-hydroxy-4,7-dimethylcoumarin (1b) (0.190 g, 1
mmol) or 6-acetyl-5-hydroxy-4,7-dimethylcoumarin (1d) (0.232
g, 1 mmol), 1,3-dibrompropane (0.34 cm® 3 mmol), anhy-
drous K,CO; (0.1 g), and a catalytic amount of KI were placed
in a microwave flask. The mixture was refluxed (acetonitrile)
in the temperature range 70-80 °C in the monomode micro-
wave oven (300 W) and monitored by TLC on silica-gel plates
(eluent CHCl;-MeOH 10:0.25). Two cycles were needed to
obtain  5-(3-bromopropoxy)-4,7-dimethylcoumarin  (2b) or
6-acetyl-5-(3-bromopropoxy)-4,7-dimethylcoumarin (2d). Then
the solvent was removed on a rotary evaporator and the oily
residue was purified by column chromatography (chloro-
form: hexane 5: 3).

2.3 General procedure to obtain compounds 3b-11b and
3d-11d

A mixture of derivative 2b or 2d (1 mmol, 0.310 g or 1 mmol,
0.353 g, respectively) and the corresponding amine (2 mmol),
anhydrous K,CO; (0.3 g), and a catalytic amount of KI were
placed in a microwave flask. The mixture was refluxed (aceto-
nitrile) in the temperature range 70-80 °C in the monomode
microwave oven (300 W) and monitored by TLC on silica-gel
plates (eluent CHCl;-MeOH 10:0.25). Four cycles were
needed to obtain 5-[3-(4-aryl-1-piperazinyl)propoxy|coumarins.
Then the mixture was filtered off and the solvent was evapo-
rated. The residue was purified by column chromatography
(chloroform : hexane, 5:2). Atom numbering, '"H NMR and
3C NMR spectra of all synthesized compounds is available in
the ESLT

2.4 Pharmacology

Preparation of solutions of test and reference compounds
for radioligand binding assays. 1 mM stock solutions of
tested compounds were prepared in DMSO. Serial dilutions
of compounds were prepared in a 96-well microplate in assay
buffer using an automated pipetting system, epMotion 5070
(Eppendorf). Each compound was tested in 6 concentrations
from 10-5 to 10-10 M (final concentration).
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5-HT,, receptor binding assay. Radioligand binding was
performed using membranes from CHO-K1 cells stably trans-
fected with the human 5-HT,, receptor (CHO-K1 cells which
had undergone 10 passages were acquired from Perkin Elmer
- product number ES-310-C). All assays were carried out in du-
plicate. 50 pl working solution of the tested compounds, 50 pl
[3H]-ketanserin (final concentration 1 nM) and 150 pl diluted
membranes (7 pg protein per well) prepared in assay buffer
(50 mM Tris, pH 7.4, 4 mM CaCl,, 0.1% ascorbic acid) were
transferred to a polypropylene 96-well microplate using a 96-
well pipetting station, Rainin Liquidator (Mettler Toledo).
Mianserin (10 uM) was used to define nonspecific binding.
The microplate was covered with sealing tape, mixed and in-
cubated for 60 minutes at 27 °C. The reaction was terminated
by rapid filtration through a GF/B filter mate presoaked with
0.5% polyethyleneimine for 30 minutes. Ten rapid washes
with 200 pul 50 mM Tris buffer (4 °C, pH 7.4) were performed
using an automated harvester system, Harvester-96 MACH 111
FM (Tomtec). The filter mates were dried at 37 °C in a forced
air fan incubator and then a solid scintillator, MeltiLex, was
melted on the filter mates at 90 °C for 5 minutes. Radioactiv-
ity was counted in a MicroBeta2 scintillation counter
(PerkinElmer). Data were fitted by a one-site curve-fitting
equation with Prism 6 (GraphPad Software) and K; values were
estimated from the Cheng-Prusoff equation.

5-HT;, receptor binding assay. Radioligand binding was
performed using membranes from CHO-K1 cells stably trans-
fected with the human 5-HT,, receptor (PerkinElmer). All as-
says were carried out in duplicate. 50 ul working solution of
the tested compounds, 50 pl [3H]-8-OH-DPAT (final concen-
tration 1 nM) and 150 pl diluted membranes (10 pg protein
per well) prepared in assay buffer (50 mM Tris, pH 7.4, 10
mM MgSO,, 0.5 mM EDTA, 0.1% ascorbic acid) were trans-
ferred to a polypropylene 96-well microplate using a 96-well
pipetting station, Rainin Liquidator (Mettler Toledo). Seroto-
nin (10 pM) was used to define nonspecific binding. The
microplate was covered with sealing tape, mixed and incu-
bated for 60 minutes at 27 °C. The reaction was terminated
by rapid filtration through a GF/C filter mate presoaked with
0.3% polyethyleneimine for 30 minutes. Ten rapid washes
with 200 ul 50 mM Tris buffer (4 °C, pH 7.4) were performed
using an automated harvester system Harvester-96 MACH III
FM (Tomtec). The filter mates were dried at 37 °C in a forced
air fan incubator and then a solid scintillator, MeltiLex, was
melted on the filter mates at 90 °C for 4 minutes. Radioactiv-
ity was counted in a MicroBeta2 scintillation counter
(PerkinElmer). Data were fitted by a one-site curve-fitting
equation with Prism 6 (GraphPad Software) and K; values
were estimated from the Cheng-Prusoff equation.

2.5 Molecular docking studies

The homology model for the docking part of the study has
been prepared using Prime.'® BLAST homology search revealed
that human dopamine receptor D3 had the most similar se-
quence to 5HT;, (among all templates available in Prime) and
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we used it to build the homology model. The obtained model
was verified to have all the amino acid residues implied in the
binding of various agonists and antagonists in the binding
pocket as well as appropriate distances between crucial resi-
dues, in accordance with previous studies.”*

All ligands have been prepared manually in Maestro (Mae-
stro, Schrodinger, LLC, New York, NY, 2016). We used LigPrep
software (LigPrep, Schrédinger, LLC, New York, NY, 2016.) to
obtain the starting structure for docking and Epik to quickly
evaluate the pK, of the nitrogen atom in the piperazine ring."’
In the next step of the investigation we used a flexible docking
protocol, as implemented in Autodock 4.2.”° Atomic interaction
energy grids have been calculated using probes corresponding
to each atomic type found in the ligand, at standard 0.375 A
grid resolution. We have used a 48 x 52 x 40 A box centered
protein binding pocket. In the docking part we have used
Autodock 4.2 with the Lamarckian Genetic Algorithm and stan-
dard options, but including 100 docking poses per compound
and 5000000 energy evaluations per docking.”" In all docking
experiments each ligand has been treated in a fully flexible
manner with the Gasteiger partial charges added by
AutoDockTools 4. We have separately docked all compounds in
both possible protonation states (charged and neutral); in
Table 2 we report the K; values only for the protonation state
giving the lower K; value. The protein has been treated as a
rigid model, also with Gasteiger partial charges, with seven res-
idues of the binding pocket (D116, V117, W358, F361, F362,
N386 and Y390) described in a fully flexible manner. K; values
reported in Table 2 were obtained by converting estimated li-
gand binding energies using the standard equation for Gibbs
free energy. ADME analysis, presented in the ESLj has been
performed using the QikProp software.

3. Results and discussion
3.1 Chemistry

The synthesis of new aryl/heteroarylpiperazinyl derivatives of
5-hydroxy-4,7-dimethylcoumarin (3b-11b, 3d-10d) was carried
out through an efficient synthetic protocol outlined in
Scheme 1. The bromoalkyl derivatives of coumarins (2b, 2d)
were obtained according to the procedure described earlier
and used as an alkylating agent in the next step."® Starting
compounds 5-hydroxy-4,7-dimethylcoumarin (1a) and 6-acetyl-
5-hydroxy-4,7-dimethylcoumarin  (1b) were converted to
5-(3-bromopropoxy)-4,7-dimethylcoumarin (2b) and 6-acetyl-5-
(3-bromopropoxy)-4,7-dimethylcoumarin (2d), respectively, by
refluxing with 1,3-dibromopropane in the presence of KI and
K,CO; in acetonitrile using microwave irradiation. In the sec-
ond step, reactions with the corresponding N-substituted piper-
azine in acetonitrile and in the presence of K,CO; and KI
yielded the final compounds 3b-11b and 3d-10d, respectively.
All synthesized compounds were purified by column chroma-
tography using appropriate solvents. The structures of target
compounds were characterized by '"H NMR, *C NMR and
HRMS spectrometry, and the molecular structures of 3b and 6d
were confirmed by X-ray crystallography (see ESIt). Numbering

This journal is © The Royal Society of Chemistry 2017
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Table 1 Binding affinities to serotonergic receptors of the reference and
tested compounds

K; (nM) + SEM
Compound 5-HT; 4 [*H]8-OH-DPAT 5-HT,, [*H]ketanserin
3a 1.7 £ 0.05 120.0 £ 9.0
4a 6.7 £ 0.2 2300.0 = 250.0
5a 1.0 £ 0.1 184.0 + 4.7
6a 3500.0 £ 350.0 >10000.0
7a 809.0 + 80.0 >10000.0
8a 60.0 + 2.0 465.0 + 34.7
9a 8.0+0.4 167.0 £ 15.0
10a 1.5+0.2 112.0 + 4.4
11a 389.0 £ 21.0 >5000.0
3b 3.0+0.1 55.0 + 3.7
4b 186.0 £ 7.0 4565.0 £ 269.0
5b 6.0 £ 0.8 106.0 + 11.0
6b 1304.0 + 50.0 >10000.0
7b 1210.0 £ 120.0 >10000.0
8b 161.0 + 15.0 70.0 + 6.4
9b 4.0 £ 0.8 42.0 £ 1.5
10b 3.0+ 0.2 200.0 +17.9
11b 450.0 £ 13.0 >5000.0
3¢ 0.7 £ 0.05 9.0 +0.3
4c 4.8 £ 0.08 2500.0 + 84.0
5¢ 15.0 £ 0.5 520.0 + 37.0
6¢ 250.0 £ 3.0 4460.0 £ 160.0
7¢ 33.0+1.0 46.0 £ 0.3
8c 7.0+1.0 1.7 £0.2
9c¢ 250.0 £ 29.0 2650.0 £ 215.0
11c 308.0 +14.4 1595.0 + 84.0
3d 0.3 + 0.05 28.0 + 0.5
4d 11.0+ 1.5 3000.0 + 334.0
5d 0.4 + 0.02 48.0 £ 2.8
6d 850.0 £ 11.0 >10000.0
7d 159.0 + 8.5 286.0 + 12.0
8d 1.2 £0.08 4.0 £ 0.5
9d 0.4 + 0.03 66.0 + 3.0
10d 0.3 + 0.04 64.0 + 2.3
11d 154.0 + 6.6 >10000.0
Serotonin 1.1+0.1 —
Mianserin — 1.2 £ 0.06

of atoms for both structures together with atomic displacement
parameters at the 50% probability level is presented in Fig. 1.

3.2 Pharmacology and structure-activity relationship

All studied compounds were tested for their affinity to 5-HT;,
and 5-HT,, receptors and most of them showed affinities in
the nanomolar range (Table 1). For 5-HT;, we can immedi-
ately notice a trend, since most of the compounds from the a
group (3-carbon linker) show lower K; values than those from
group b (4-carbon linker), but interestingly compounds of the
¢ group (3-carbon linker) are on average worse than those of
group d (4-carbon linker). These results suggest that the
4-carbon linker allows the ligands to find more favorable in-
teractions with residues in the binding pocket, but the addi-
tion of the acetyl group to the C-6 position makes the ligand
too large to optimally fit into the pocket.

Analyzing the 5-HT;, results in depth we see that some
substituents at the R, position (3, 5, 9 and 10) give, in gen-
eral, very favorable results with very low K; values. In the
group of compounds without the acetyl group (3a-11a,

This journal is © The Royal Society of Chemistry 2017
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Table 2 Computationally estimated K; values of serotonergic receptor

5HT;4 and pK, values of the basic piperazine nitrogen atom of the studied
compounds

Compound K; (nM) pKa
3a 3.73 7.55
4a 29.07 7.44
5a 2.09 7.55
6a 15.56 7.39
7a 10.74 7.27
8a 3.37 7.49
9a 5.38 7.39
10a 5.16 7.55
11a 11.57 6.86
3b 2.46 7.19
4b 26.08 7.08
5b 3.38 7.19
6b 54.54 6.98
7b 2.77 6.91
8b 1.22 7.13
9b 1.99 7.03
10b 10.57 7.19
11b 39.97 6.50
3c 21.25 7.55
4c 75.84 7.44
5c 11.42 7.55
6¢ 7.33 7.39
7c 33.63 7.27
8c 29.65 7.49
9¢ 5.65 7.39
11c 97.67 6.86
3d 2.22 7.19
4ad 63.60 7.08
5d 4.07 7.19
6d 85.07 6.98
7d 11.43 6.91
8d 3.24 7.13
9d 1.57 7.03
10d 6.86 7.19
11d 16.75 6.50

3b-11b) only 4,7-dimethyl-5-{4-[4-(3-methoxyphenyl)piperazin-
1-yl]butoxy}coumarin (5a) was active at the serotonin level
with a K; value of 1.0 nM (K; for serotonin was found to be
1.1 nM), while in the group of compounds with the acetyl
group  (3¢c-10c, 3d-11d) 6-acetyl-4,7-dimethyl-5-{4-[4-(2-
fluorophenyl)piperazin-1-yl]butoxy}coumarin (3c), 6-acetyl-4,7-
dimethyl-5-{3-[4-(2-fluorophenyl) piperazin-1-ylJpropoxy}-
coumarin (3d), 6-acetyl-4,7-dimethyl-5-{3-[4-(3-methoxyphenyl)-
piperazin-1-ylJpropoxy}coumarin (5d), 6-acetyl-4,7-dimethyl-5-

Fig. 1 Numbering scheme and thermal ellipsoid at the 50% probability
level for 6d a) and 3b b).
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{3{4-(2,3-dichlorophenyl)piperazin-1-yl|propoxy}coumarin (9d)
and 6-acetyl-4,7-dimethyl-5-{3-[4-(2-cyanophenyl)piperazin-1-yl}-
propoxy}coumarin (10d) have all shown K; values lower than
1.0 nM (K; = 0.7 nM for 3¢, 0.3 for 3d, 0.4 for 5d, 0.4 for 9d
and 0.3 for 10d). Clearly, (2-fluorophenyl)piperazinyl (3),
(3-methoxyphenyl)piperazinyl (5), (2,3-dichlorophenyl)
piperazinyl (9) and (2-cyanophenyl)piperazinyl (10) moieties
are able to form favorable interactions within the binding
pocket of the receptor. From this data we can conclude that
for the investigated arylpiperazinyl derivatives of 5-hydroxy-
4,7-dimethylcoumarin introduction of fluoro-, methoxy-,
dichloro- or cyano- substituents in the ortho, meta or ortho
and meta positions of the phenyl group increases their affini-
ties to 5-HT; receptors (K; = 0.3-1.0 nM). Replacing the pipera-
zine with a morpholine ring displayed a dramatic decrease in
affinities for 5-HT,, receptors (K; = 250.0-3500.0 nM, see com-
pounds 6a-d). The same is true in the case of replacement of
the phenyl ring with a heterocyclic moiety (compounds 4a-d,
11a-d), which also causes a decrease in affinities (K; = 154.0-
450.0 nM). Introduction of the nitro- or chloro- substituents in
the para position of the phenyl ring also decreases the activity,
regardless of the alkyl chain length or the presence of an acetyl
group in the coumarin core (see compounds 7a-d, 8a-d). It is
worth noting that we have previously obtained similar results
for arylpiperazinyl derivatives of 8-acetyl-7-hydroxy-4-
methylcoumarin and the results between those two classes of
compounds are very similar.'* In particular compounds with
the highest affinities to the 5-HT,;, receptor from both series
bear either the (2-fluorophenyl)piperazinyl or
(3-methoxyphenyl)piperazinyl moieties, which is also in agree-
ment with the data reported earlier by Chen et al'* Similarly,
both sets show low affinities upon the introduction of either
the morpholine ring or the (4-nitro)piperazinyl moiety.

All investigated compounds showed rather weak affinity to
5-HT,, receptors, usually much weaker than that to 5-HTj,
(see Table 1). Approximately half of them gave K; values in
the micromolar range, rendering them completely
uninteresting from a practical point of view. Only three of
them (6-acetyl-4,7-dimethyl-5-{4-[4-(4-chlorophenyl)piperazin-1-
yl]butoxy}coumarin (8c), 6-acetyl-4,7-dimethyl-5-{3-[4-(4-chloro-
phenyl) piperazin-1-ylJpropoxy}coumarin (8d) and 6-acetyl-4,7-
dimethyl-5-{4-4-(2-fluorophenyl)piperazin-1-yl|butoxy}coumarin
(3¢)) had affinities below the 10 nM threshold, with K;
values of 1.7, 4.0 and 9.0 nM, respectively. Compounds bear-
ing the (4-chlorophenyl)piperazine moiety (8c and 8d) and an
acetyl group at the 6-position of the coumarin ring produced
the best results regardless of the alkyl linker length. Never-
theless, none of the studied compounds reached the K; value
of mianserin, a known 5HT,, antagonist/inverse agonist (K; =
1.2 nM). It is worth pointing out, though, that compounds 8b
and 8c displayed higher affinity towards 5-HT,, than 5-HT},.

3.3 Molecular docking studies

The results of the computational part of this study are
presented in Table 2. We can see that the general trends of
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binding to 5-HT;, receptors are reproduced well, since the
strongest binding to this receptor was predicted for com-
pounds belonging to the 3, 5, 9 and 10 series. In many cases,
particularly for ligands with the smallest/best K; values, com-
putationally estimated values are very close to the experimen-
tal ones, ie. for 3b (experimental K; of 3.0 £ 0.1 nM versus
computational value of 2.46 nM). Additionally, all presented
ligand poses exhibit the crucial interaction between the basic
nitrogen atom of piperazine and D116, known to play a vital
role in the stabilization of the ligands of this class in the
binding pocket.”

Based on the computational results we can try to rational-
ize the obtained experimental K; values. Fig. 2 presents the
binding pocket and all ligand-protein interactions found for
3d - the compound with the lowest experimental K; value (0.3
+ 0.05 nM) found in this study. We can see that there are
multiple favorable interactions between the ligand and the
residues in the binding pocket. The most important ones are
the salt bridge between the basic piperazine nitrogen atom
and D116 as well as the hydrogen bonds between S199 and
the fluorine atom of the phenyl group and Y390 and the ace-
tyl group. There are also multiple van der Waals interactions
which stabilize both parts of the ligand. Due to its relatively
high flexibility compound 3d is able to find a number of rela-
tively strong and favorable interactions, which translate into
a very low K; value.

Franchini et al. synthesized earlier a number of series of
compounds based on 1,4-dioxa-spiro[4.5]decane, 1-oxa-4-
thiaspiro- and 1,4-dithiaspiro[4.5]decane or similar scaffolds
connected to either piperazine or aryloxyethylamine deriva-
tives, with high structural similarity to our series.”*>* As
expected their obtained binding poses are similar to ours. All
piperazine-derived ligands are anchored by the strong inter-
action between the basic nitrogen atom and D116. The
phenylpiperazynyl part of our ligands is positioned between
helices 5 and 6, also very similarly to the previous results. All
compounds belonging to the (2-fluorophenyl)piperazinyl or
(3-methoxyphenyl)piperazinyl family (3 and 5) form, however,
a strong interaction with S199, not described earlier, which
would explain their strong binding. The coumarin part, on
the other hand, is located close to helices 1, 2 and 3, simi-
larly to the 1,4-dioxa/dithia-spiro[4.5]decane core forming hy-
drogen bonds with W358/Y390, as shown in Fig. 2.

Interestingly, there is a relatively large discrepancy in the
experimental values of K; and their computational estima-
tions for a number of studied compounds (though the gen-
eral trend of computational estimates of K; versus experimen-
tal values is well preserved). These discrepancies are
particularly pronounced for compounds 6a, 7a, 6¢c and 9c,
with computational estimates of K; one to two orders of mag-
nitude lower than the experimental values. We can offer two
explanations for these results. The first possible explanation
involves the pK, values of the basic nitrogen atom of the pi-
perazine moiety. For most studied systems computational es-
timates of pK, values of this atom yield a slightly basic result
(7.10-7.55). This is, however, not true for compounds 6b, 7b,

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 Schematic representation of the 3d pose in the 5HT;4 binding pocket; a) 3D view of all residues within 3 A of the ligand; b) 2D view of all

residues interacting with the ligand.

11b, 11c¢, 6d, 7d and 11d with pK, values below 7. The less
basic piperazine nitrogen atoms of these systems are not able
to form strong interactions with Asp116, greatly reducing
their binding affinities. Since the accuracy of our pK, esti-
mates is around 0.5-1 pH unit it is likely that other systems
with large experimental K; values, including 6a, 7a, 6¢ and 9c,
are also affected by this feature. The second possible explana-
tion can be attributed to the imperfection of our computa-
tional model of the 5HT;, receptor, particularly in modelling
the binding site. The poor experimental affinities of the 7a-d
series can be likely attributed to the size of these particular
compounds, since the nitro group in the para position makes
them the largest molecules in the investigated set. These re-
sults stipulate that our modelled binding site is slightly too
large, since it can still incorporate these ligands and suggest
strong binding, which is not in agreement with experimental
data.

4. Conclusions

In this study we described the synthesis of a new series of 18
derivatives of  5-hydroxy-4,7-dimethylcoumarin  (3b-11b,
3d-11d). We also performed pharmacological evaluation of
the synthesized compounds as well as a series previously
reported, structurally similar compounds (3a-11a, 3c-10c) as
potential antipsychotic agents. Among all synthesized deriva-
tives, compounds 3d, 5d, 9d and 10d showed very high,
subnanomolar affinities to the serotonin 5-HT;, receptor and
good selectivity against the 5-HT,, receptor. In this series of
compounds the presence of the three-carbon alkyl linker be-
tween the coumarin and piperazine moieties, the acetyl
group in the C-6 position of the coumarin ring and the sub-

This journal is © The Royal Society of Chemistry 2017

stituents in the ortho, meta or ortho and meta positions of
the phenyl group of piperazine all increase the affinities to
the 5-HT;, receptor. On the other hand replacing the pipera-
zine with morpholine or with a heterocyclic ring displayed a
large decrease in affinities to the 5-HT;, receptors, as did the
introduction of the chloro- or nitro- substituents in the para
position of the phenyl ring in the piperazine moiety.

Crystals of 4,7-dimethyl-5-{3-[4-(2-fluorophenyl)piperazin-1-
yllpropoxy}coumarin  (3b) and 6-acetyl-4,7-dimethyl-5-[3-
(morpholin-4-yl)propoxy|coumarin (6d) were investigated
using a single crystal X-ray diffraction technique and provide
more evidence of their structure as well as showed some
interesting intermolecular bonding patterns. Computational
studies revealed, on the other hand, that compound with the
highest affinity to 5HT;, (3d) form a number of strong inter-
actions with the protein's binding pocket, including a salt
bridge to D116 and hydrogen bonds to S199 and Y390. Poor
binding of some of investigated compounds can be attributed
to a relatively low pK, value of the piperazine nitrogen atom
and the change of the total charge of the ligand, which
weakens the crucial salt bridge with D116.
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