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The derivatives of hydrogenated pyrido[4,3-b]indoles as potential neuroprotectors have been synthe-
sized. The different substituents were introduced into position 8 of the carboline fragment of the mole-
cule: methyl-, methoxy-, fluorine- and chlorine-. Biological tests have shown that all the studied
compounds can modulate glutamate-dependent uptake of calcium ions in rats’ cerebral cortex synapto-
somes. The shake-flask method was used to measure the solubility of the compounds in the buffer solu-
tion (pH 7.4), hexane and 1-octanol within the temperature interval of 293.15-313.15 K. All the
derivatives have been found to have low solubility (not exceeding 8 - 10~ mole fractions) in the men-
tioned solvents. The effect of thermophysical and protolytic properties of the compounds on the solubil-
ity have been studied and the thermodynamic functions of compounds dissolution in the solvents used
have been calculated.
© 2018 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

A number of the most important drug structures have been
identified by analyzing the results of experimental bioscreening
of a large set of substances, their medical applications and struc-
tural data (Rekker and Mannhold, 1992). Among them are pyrido
[4,3-b]indole derivatives with a wide range of biological activity:
antihistamine, central depressant, anti-inflammatory, neuroleptic
and other types (Ivachtchenko et al., 2010; Stefek et al., 2011;
Dondas et al., 2016). The structural analogues of this series, and
the antihistamine drug Dimebon (Latrepirdine) in particular, were
found to slow down the neurodegenerative process (Ikonomidou
and Turski, 2002; Doody et al., 2008). Although Dimebon had not
passed the final clinical tests, it stimulated new research aimed
at studying molecular mechanisms of its activity and developing
its efficient structural analogues (Eckert et al., 2012; Steele and
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Gandy, 2013; Hung et al., 2015). The aim of this work is to synthe-
size new Dimebon derivatives too.

According to the modern understanding of the Alzheimer’s dis-
ease pathogenesis, the key factor in the development of neurode-
generative processes in human brain is the pathological form of
amyloid peptide. Neurodegenerative processes caused by p-
peptide include calcium homeostasis disorder, higher levels of
oxidative stress, potentiation of toxicity of excitatory neurotrans-
mitter amino acids, and cell death initiation (Mattson et al.,
1992). Abnormal increase in calcium ion concentration in body
cells is known to trigger a series of degenerative processes accom-
panying body aging. Calcium homeostasis disorder is the basis of
the calcium theory of aging and dementia (Khachaturian, 1994).
Scientists are now working on a whole range of approaches to pre-
vention and correction of cell neurodegeneration including devel-
opment of blocking agents of glutamate-induced calcium ion
influx as potential neuroprotectors with a high biological activity
(Parsons et al., 1998; Farlow, 2004).

Drug delivery plays an important role in creating biologically
active compounds, along with specific interactions with ferments
and receptors. A medicinal drug is expected to have a number of
physical and chemical properties ensuring its distribution in the
body. Among the most important properties is drug solubility in
pharmaceutically relevant media that influences the drug ability
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to overcome biological barriers, including the blood-brain barrier.
Physicochemical properties of medicinal drugs, their structure
and experimental data about solubility are now widely used to
develop new methods of predicting solubility of biologically active
compounds (Avdeef, 2007; Faller and Erlt, 2007). But, despite a
considerable progress in modeling methods, the accuracy of calcu-
lating the solubility of compounds with a big molecular weight and
containing several functional groups remains rather low (Du-Cuny
et al., 2008).

Among such complex molecular structures are representatives
of the y-carboline series - derivatives of hydrogenated pyrido
[4,3-b]indoles. Synthesis of new substances and revealing the
dependence of their biological activity on physicochemical proper-
ties and molecular structure is the basis of the research direction
named QSAR (Quantitative Structure-Activity Relationship) in
modern medicinal chemistry (Danishuddin and Khan, 2016). To
date it is largely unknown how different functional groups intro-
duced into a molecule change the substance influence on the body
(Waterbeemd and Rose, 2008; Asirvatham et al., 2016). Solving this
problem could help optimize the molecular design aimed at devel-
oping efficient drugs with predictable biological activity. The aim
of the work was to synthesize heterocyclic derivatives of tetrahy
dro-1H-pyrido[4,3-b]indole with substituents of different chemical
nature in the carboline fragment, to study their neurocorrection
activity, thermophysical properties and solubility in pharmaceuti-
cally relevant media. This work is a continuation of our studies of
biological activity, solubility, lipophilicity and membrane perme-
ability of drugs and drug-like compounds (Perlovich et al., 2006;
Blokhina et al., 2014; Sharapova et al., 2017).

2. Experimental section
2.1. General

All the chemicals were of reagent grade, purchased from com-
mercial sources and used without further purification. Dimebon
with 98% purity was purchased from Sigma-Aldrich (Saint Louis,
MO, USA). The solvents used, namely 1-octanol and hexane from
Merck, were of the highest purity. 'H and '3C NMR spectra were
recorded on a Bruker CXP-200 (Germany) (200.13 and 50.04
MHz, respectively). The chemical shift values are given in the &
scale relative to Me4Si. Mass spectra were recorded on a Finnigan
4021 mass spectrometer operating at 70 eV. Elemental analyses
were determined on a Carlo-Erba CHN analyzer.

2.2. Synthesis and characterization of compounds

The synthetic goal of the work was to obtain new compounds of
the carboline series - “direct analogues” of Dimebon possessing
neurocorrecting activity. Dimebon modification consists in intro-
ducing a triazole cycle instead of the pyridyl one. The target com-
pounds G4 were prepared using the synthetic route shown in
Scheme 1. The pyrido[4,3-b]indoles (G1) were prepared by the Fis-
cher reaction. Pyrido [4,3-b] indoles G1 were attached to ethyl
acrylate in the presence of Triton B in boiling benzene to give
esters G2. The latter were converted by hydrazine hydrate to the
corresponding hydrazides G3. The reaction of hydrazides of car-
boxylic acids and methyl isothiocyanate in boiling ethanol leads
to 2,4-dihydro-1,2,4-triazole-3-thiones G4. The structures of these
synthesized compounds were characterized by 'H NMR, '3C NMR,
MS methods and elemental analysis. In the 'H NMR spectra in the
9-11 ppm range there are no signals of NH-group protons of inter-
mediate thiosemicarbazides, but a signal is observed in the range
13.37-13.54 ppm characteristic for 1,2,4-triazoles. Absence of a

signal of the proton of the SH group in NMR spectra indicated that
synthesized 1,2,4-triazoles are present in thione form.

2.2.1. Synthesis of 3-(2-Methyl-2,3,4,5-tetrahydropyrido[4,3-b]indol-
5-yl)propionic acid ethyl ester (G2)

A solution of benzyltrimethylammonium hydroxide (40 wt.% in
methanol, 3.5 ml) was added to a solution of G1 (17.114 g, 92
mmol) containing a mixture of benzene (170 ml) and ethyl acrylate
(75 ml). The mixture was heated under reflux for 7 h, cooled,
washed with water, and extracted with 2 M HCI. The acidic solu-
tion was extracted with benzene, basified with 10% NaOH, and
extracted with benzene. The combined extracts were washed with
water, dried and evaporated to an oil (21.18 g, 80%).

2.2.2. Synthesis of 3-(2-Methyl-2,3,4,5-tetrahydropyrido[4,3-b]indol-
5-yl)propionic acid hydrazide (G3)

Hydrazine monohydrate (20 mL, 0.41 mol) was added to a solu-
tion of G2 (20.356 g, 0.071 mol) in ethanol (50 mL), and the mix-
ture was heated under reflux for 2 h 30 min. After 72-h storage
at —12 °C, the resulting crystals were collected, washed with 2-
propanol, and dried to produce 12.7 g (65.6%) of G3, mp 123-
124 °C. 'H NMR (DMSO-ds/CDCls, 1:1, 8, ppm, J/Hz): 9.07 (s, 1H,
NH), 7.32 (m, 2H, Harom), 7.01 (m, 2H, Harom), 4.30 (t, 2H, ] = 6.7),
4.05 (br s, 2H, NH,), 3.54 (s, 2H, MeNCH,), 2,75 (m, 4H, MeNCH,-
CH,), 2.47 (m, 5H, CH,, Me).

Other acid hydrazides G3 were prepared by the above-
mentioned method for compound L

3-(2,8-Dimethyl-1,2,3,4-tetrahydropyrido[4,3-b]indol-5-yl )propio
nic acid hydrazide was prepared in 73% yield, mp 163.5-165.5 °C.
'H NMR (CDCls, 8, ppm, J/Hz): 7.14 (m, 2H, Haom), 7.02 (br, s,
NH), 6.95 (dd,1H, Harom, J = 8.6, ] =1.2), 4.31 (t, 2H, CH,, ] = 6.6),
3.59 (s, 2H, MeNCH,), 3.48 (br s, 2H, NH,), 2.78 (s, 4H,MeNCH,-
CH,), 2.51 (s, 3H, Me), 2.42 (m, 5H, CH,, Me).

3-(8-Methoxy-2-methyl-1,2,3,4-tetrahydropyrido[4,3-b]indol-5-y
1) propionic acid hydrazide was prepared in 44.6% yield, mp 126.5-
127.5 °C. 'TH NMR (DMSO-dg/CDCls, 1:1, 8, ppm, J/Hz): 9.05 (s, 1H,
NH), 7.23 (d, Harom, ] =8.6), 6.79 (d, 1H, Harom, J = 2.2), 6.69 (dd,
1H, Harom, ] =8.6, ] =2.2), 4.25 (t, 2H, CH,, J=7.0), 3.76 (s, 3H,
MeO), 3.51 (s, 2H, MeNCH,), 2.79 (m, 4H, MeNCH,CH,), 2.42 (m,
5H, CH,, Me).

3-(8-Fluoro-2-methyl-1,2,3,4-tetrahydropyrido[4,3-b]indol-5-yl)
propionic acid hydrazide was prepared in 72% yield, mp 158-159 °C.
'H NMR (DMSO-dg/CDCls, 1:1, 8, ppm, J/Hz): 9.06 (s, 1H, NH), 7.35
(dd, 1H, Harom, J = 8.6, J =4.5), 7.00 (dd, 1H, Harom, J =9.6, ] = 2.5),
6.84 (td, 1H, Harom, ] = 9.2, ] = 2.5), 4.29 (t, 2H, ] = 6.7), 4.06 (br s,
2H, NH,), 3.49 (s, 2H, MeNCHs), 2.79 (m, 4H, MeNCH,CH,), 2.46
(m, 5H, CH,, Me).

3-(8-Chloro-2-methyl-1,2,3,4-tetrahydropyrido[4,3-b]indol-5-yl)
propionic acid hydrazide was prepared in 74% yield, mp 172-173 °C.
'H NMR (DMSO-dg/CDCls, 1:1, 8, ppm, J/Hz): 9.06 (s,1H, NH), 7.35
(d, 1H, Harom, ] = 8.6), 7.29 (d, 1H, Harom, ] = 1.9), 7.02 (dd, 1H, Harom,
J]=8.6,]=1.9),4.29(t, 2H, CH,, ] = 6.7), 4.01 (br S, 2H, NH>), 3.50 (s,
2H, MeCH,), 2.80 (m, 4H, MeNCH,CH,), 2.46 (m, 5H, CH,, Me).

2.2.3. Synthesis of 4-Methyl-5-[2-(2-methyl-1,2,3,4-tetrahydropyrido
[4,3-b]indol-5-yl)ethyl]-2,4-dihydro[1,2,4]triazole-3-thione (G4 -
compound I)

A mixture of 2.187 g (8 mmol) 3-(2-methyl-1,2,3,4-tetrahydro
pyrido[4,3-b]indol-5-yl)-propionic acid hydrazide, 0.587 g (8
mmol) methyl isothiocyanate and 55 ml of ethanol was heated
under reflux for 6 h 30 min and then left for 48 h at ambient tem-
perature. The resulting crystals were collected, washed with etha-
nol, and dried. Yield 2.268 g (86%), mp 216-219 °C (EtOH). Found:
C62.58; H 6.54; N 21.27%. Calcd for C;7H,1N5S: C 62.36; H 6.46; N
21.39; S 9.79%. 'H NMR (DMSO-dg/CDCl3, 1:1, 3, ppm, J/Hz): 13.51
(brs, 1H in exchange, NH), 7.31 (m, 2H, Ha;om), 7.04 (m, 2H, Harom),
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Scheme 1. Synthesis of 2,4-dihydro-1,2,4-triazole-3-thiones: R - H (I); -CHs (II); -OCHj5 (III); -F (IV); -CI (V).

4.43 (t, 2H, CH,, ] = 6.9), 3.56 (s, 2H, MeNCH,), 3.15 (s, 3H, Me), 3.06
(t, 2H, CH,, ] = 6.9), 2.75 (s, 4H, MeNCH,CH,), 2.48 (s, 3H, Me). 13C
NMR (DMSO-dg, 8, ppm): 166.55, 150.21, 135.52, 133.26, 125.14,
120.40, 118.67, 117.22, 108.94, 107.54, 51.88, 51.15, 45.32, 29.32,
25.68, 21.82. MS (m/z): 327 (M").

Other 2,4-dihydro-1,2,4-triazole-3-thiones were prepared by
the above-mentioned method for compound L.

5-[2-(2,8-Dimethyl-1,2,3,4-tetrahydropyrido[4,3-b]indol-5-yl )ethy
1]-4-methyl-2,4-dihydro [1,2,4] triazole-3-thione (compound II).
Yield 80%, mp 219-222°C (EtOH). Found: C 63.52; H 6.73;
N20.64%. Calcd for C1gH,3NsS: C 63.31; H 6.79; N 20.51; S 9.39%.
'H NMR (DMSO-dg/CDCls, 1:1, 8, ppm, J/Hz): 13.37(br s, 1H in
exchange, NH), 7.14 (m, 2H, Haom), 6.90 (dd, 1H, Harom, ] = 8.3, ]
=1.3), 4.39 (t, 2H, CH,, ] = 6.9), 3.54 (s, 2H, MeNCH,), 3.13 (s, 3H,
Me), 3.03 (t, 2H, CH,, ] =6.9), 2.73 (m, 4H, MeNCH,CH,), 2.48 (s,
3H, Me), 2.39 (s, 3H, Me). '*3C NMR (DMSO-dg, 8, ppm): 166.53,
150.25, 133.97, 133.26, 127.12, 125.36, 121.85, 117.03, 108.65,
107.04, 51.89, 51.18, 45.32, 29.32, 25.70, 21.83, 21.05. MS (m/z):
341 (M").

5-[2-(8-Methoxy-2-methyl-1,2,3,4-tetrahydropyrido[4,3-b]indol-5
-yl)ethyl]-4-methyl-2,4-dihydro[1,2,4]triazole-3-thione (compound
III). Yield 93%, mp 219-222 °C (EtOH). Found: C 60.71; H 6.54; N
19.47%. Calcd for C;gH»3N50S: C 60.48; H 6.49; N 19.59; O 4.48;
S 8.97%. 'H NMR (DMSO-dg/CDCls, 1:1, 3, ppm, J/Hz): 13.51 (br s,
1H in exchange, NH), 7.18 (d, 1H, Harom, ] = 8.8), 6.82 (d, 1H, Harom,
J=1.9),6.70 (dd, 1H, Hyrom, ] = 8.8,] = 1,9), 4.39 (t, 2H, CH,, ] =6.7),
3.78 (s, 3H, MeO), 3.53 (s, 2H, MeNCH,), 3.13 (s, 3H, Me), 3.03 (t,
2H, CH,, ] = 6.8), 2.72 (m, 4H, MeNCH,CH,), 2.47 (s, 3H, Me). '3C
NMR (DMSO-dg, 8, ppm): 166.51, 153.20, 150.27, 133.83, 130.66,
125.48, 109.78, 109.58, 107.28, 99.76, 55.21, 51.89, 51.26, 45.32,
29.30 25.75, 21.90. MS (m/z): 357 (M").

5-[2-(8-Fluoro-2-methyl-1,2,3,4-tetrahydropyrido[4,3-b]indol-5-y
lethyl]-4-methyl-2,4-dihydro[1,2,4]triazole-3-thione (compound
IV). Yield 83%, mp 215-218 °C (EtOH). Found: C 59.39; H 5.75; N
20.38%. Calcd for C;7H,oFNsS: C 59.11; H 5.84; F 5.50; N 20.27; S
9.28%. '"H NMR (DMSO-ds/CDCls, 1:1, §, ppm, J/Hz): 13.49 (br s,
1H in exchange, NH), 7.26 (dd, 1H, Harom, J = 8.9, ] = 4.4), 7.03 (dd,
1H, Harom, ] = 9.6, ] = 2.4), 6.84 (td, 1H, Harom, ] = 9.2, ] = 2.4), 4.43
(t, 2H, CH,, ] = 7.0), 3.52 (s, 2H, MeNCH,), 3.16 (s, 3H, Me), 3.05
(t, 2H, CHa, J=7.0), 2.75 (s, 4H, MeNCH,CH,), 2.48 (s, 3H, Me).
13C NMR (DMSO-dg, 8, ppm, J/Hz): 166.57, 156.82 (d, 'Jcr = 231.4),
150.16, 135.47, 132.22, 125.32 (d, *Jcr = 9.9), 109.91 (d, *Jcr = 9.6),
108.06 (d, e =22.1), 107.75, 102.33 (d, }Jcr = 23.2), 51.76, 50.99,
45.27, 29.34, 25.67, 21.95. MS (m/z): 345 (M").

5-[2-(8-Chloro-2-methyl-1,2,3,4-tetrahydropyrido[4,3-b]indol-5-y
ethyl]-4-methyl-2,4-dihydro[1,2,4]triazole-3-thione (compound V).
Yield 88%, mp 216-219 °C (EtOH). Found: C 56.17; H 5.64; N
19.47%. Calcd for C;7H,0CINsS: C 56.42: H 5.57; Cl 9.80; N 19.35;
S 8.86%. '"H NMR (DMSO-dg/CDCl5, 1:1, 5, ppm, J/Hz): 13.54 (br s,
1H in exchange, NH), 7.32 (d, 1H, Haom, ] = 1.9), 7.27 (d, 1H, Harom,
J=8.7),7.02 (dd, 1H, Harom, ] = 8.7, ] = 1.9), 4.43 (t, 2H, CH,, ] = 6.8),
3.53 (s, 2H, MeNCH,), 3.18 (s, 3H, Me), 3.05 (t, 2H, CH,, ] = 6.8), 2.75
(s, 4H, MeNCH,CH5), 2.48 (s, 3H, Me). '3C NMR (DMSO-de, 5, ppm):
166.56, 150.09, 135.32, 134.06, 126.19, 123.38, 120.10, 116.60,
110.54, 107.50, 51.70, 50.83, 45.24, 29.37, 25.62, 21.86. MS (m/
z): 361 (M*).

2.3. Biological activity
Determination of the effect of compounds on glutamate-

induced 4°Ca* uptake into synaptosomes of rat brain cortex was
performed according to the method presented in the work (Hung
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et al., 2015). The interaction between the compounds and the
glutamate-dependent calcium uptake system was studied on P,-
fraction of mitochondrial crude synaptosomes (Gylys et al.,
2000). obtained from celebral cortex of newborn (9-10 days) Wis-
tar rats using the standard Hajos method (Hajos, 1975). The brain
was homogenized with 10 volumes of cooled 0.32 M sucrose at
900 rpm. The homogenate was centrifuged at 1500 g for 10 min,
and the resulting supernatant was centrifuged at 10,000 g for 20
min. The radioactive label was accumulated by suspension of the
synaptosomals P,-fraction in the incubation buffer A having the
following composition: 132 mM NaCl, 5 mM KCI, 5 mM HEPES,
10 mM glucose, pH 7.4 (protein concentration of approximately
1.5-2 mg/ml). The biological activity of the synthesized derivatives
was studied by adding 50 pl of buffer A to the incubation medium
with the substance studied in the concentration range of 0.01-100
puM. The mixture was further incubated for 5 min with 200 uM of
glutamate at 37 °C and then the >Ca?* uptake was stopped by fil-
tration through GF/B-filters (Whatman, England) followed by three
washes with cold buffer B (145 mM KCI, 10 mM Tris, 5 mM Trilon
B, pH 7.4). The radioactivity probes were analyzed by a fluid scin-
tillation B-analyzer (TriCarb, Perkin Elmer). All the tests were per-
formed in three parallel trials in 2-3 independent experiments. The
45Ca?* uptake amount was estimated by calculating the difference
of radioactive label during stimulation with glutamate and without
stimulation with an agonist. The result is presented as percents
with respect to the control measurement which was 100%.
NMDA-antagonist Dizocilpine (MK-801) has been used for positive
Control. MK-801 with purity 98% was purchased from Sigma-
Aldrich (Saint Louis, MO, USA). The specific °Ca®"uptake was esti-
mated using the following equation:

Percentage “*Ca®" of Control = [(Cas — Cas)/(Ca; — Ca;)] - 100%
(1)

where Ca; - 4°Ca* is the uptake for the Control (without glutamate
and the tested compound), Ca, is the glutamate-induced #°Ca%*
uptake (glutamate only), Ca; - 4°Ca®* is the uptake in the presence
of the tested compound (without glutamate), Ca, - 4°Ca®* is the
uptake in the presence of glutamate and the tested compound.

2.4. Differential scanning calorimetry

Fusion temperatures and enthalpies of the compounds under
investigation have been determined using a Perkin-Elmer Pyris 1
DSC differential scanning calorimeter (Perkin-Elmer Analytical
Instruments, Norwalk, Connecticut, USA) with Pyris software for
Windows NT. DSC runs were performed in an atmosphere of flow-
ing 20 cm®/min dry helium gas of high purity 0.99996 (mass frac-
tion) using standard aluminum sample pans and a heating rate of
2 °C/min. The accuracy of weight measurements was 0.005 mg.
The DSC was calibrated using two-point calibration, measuring
the onset temperatures of indium and zinc standards. The onset
of melting was used for calibration because it is almost indepen-
dent of the scan rate. The melting temperatures for indium and
zinc were 156.6 and 419.5 °C, respectively (determined by at least
ten measurements). The enthalpy scale was calibrated using the
indium fusion heat. The measured value of the fusion enthalpy cor-
responded to 28.69 ]J/g (the reference value was 28.66 /g (Archer
et al., 2003). The standard uncertainty of the melting temperature
was determined as twice the standard deviation of five indepen-
dent measurements.

2.5. Solubility

The saturated equilibrium solubility of the studied compound
was determined by the shake flask method at atmospheric pres-

sure and in the temperature range from 293.15K to 313.15K.
The essence of the above mentioned method consists in determi-
nation of the compound concentration in the saturated solution.
An excess amount of the compound was added to the known
amount of various pure solvents in triplicate. The concentrated
compound suspensions in each solvent were shaken continuously
in an air thermostat containing a stirring device. The point of the
solution thermodynamic equilibrium was determined based on
the solubility kinetic dependences and averaged 72 h. The solid
phase sedimentation time after stirring was 4 h. After the satura-
tion was achieved, the solution aliquot was taken and centrifuged
in a centrifuge Biofuge stratus (Germany) for 5 min at a fixed tem-
perature. Then, the supernatant solutions were filtered through a
0.45 um filter MILLEX®HA (Ireland). The saturated solution was
diluted with the corresponding solvent to the required concentra-
tion. The concentration in molarity was assessed by measuring the
absorbance at the wavelength of 329 nm using a UV-vis spec-
trophotometer (Cary-50, USA) at room temperature.

The calibration procedure was conducted at room temperature
using the solutions with known concentrations of each substance
in each investigated solvent. The solutions were prepared by add-
ing an appropriate mass of the substance and volume of the solvent
(1-octanol, hexane) to the flask and mixing until the substance was
totally dissolved. The absorbance of the solutions was measured
and the calibration curves were constructed. The calibration curve
was observed to be linear in the concentration range of 0.2-1.0 pug
ml~! with a correlation coefficient of 0.9995. The experimental
setup and its accuracy were validated by comparing the experi-
mental solubility data of benzoic acid in water with those in
(Stephen and Stephen, 1963). The deviation of the measured solu-
bilities from the literature values did not exceed 1%.

The standard Gibbs energies of the dissolution processes AGY,,
were calculated using the following equation:

AGY, = —RTIna, (2)

sol —

where a, = 75X, is the activity of the solute molecule; x is the drug

molar fraction in the saturated solution; 7, is the activity coefficient
0

of the solute molecule. The standard solution enthalpies AH,, were
calculated using the van’t Hoff equation:
d(Inay)/dT = AHY,/RT? 3)

Due to very low solubilities of the compounds under investiga-
tion in buffer solutions it was assumed that y, = 1. The temperature
dependences of drug solubilities within the chosen temperature
interval can be described by the linear function:

Inx=A-B/T (4)
This indicates that the change in heat capacity of the solutions
with the temperature is negligibly small.
The standard solution entropies AS., were obtained from the
well-known equation:
AGY, = AH2, — TAS? (5)

sol — sol sol

3. Results and discussion
3.1. Biological activity

In order to develop medicinal drugs with neurocorrecting activ-
ity, the derivatives of the hydrogenated pyrido[4,5-b]indoles (I-V)
were synthesized, the structural formulae of which are given in
Scheme 1. Since the target of Dimebon and, consequently, of the
obtained compounds is the glutamatergic system of the central
nervous system, the in vitro studies of their physiological activity
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Table 1
Effect of compounds studied on glutamate-induced “°Ca®* uptake into synaptosomes of rat cortex.
Concentration, pM Percentage “°Ca* of Control (Control — 100%)
MK-801 I 1l 11 I\ \'% Dimebon
0.01 99.7 - 84.7+1.2 86.7+4.0 102.0+9.8 103.5+7.7 -
0.1 98.9 90.5+5.1 85.5+39 57.5+83 78.7+10.3 953+1.0 120.5+3.3
0.5 98.4 94.8+3.0 102.6 £3.6 83.0+79 78.7£8.0 102.2+6.3 644124
1 97.5 945+11.8 93.6+3.6 83.4+12.7 83.2+10.9 94.5+47 61.3 8.1
5 76.1 80.0+3.0 113.1+76 86.6+4.5 947 +8.5 80.7£10.5 83.2+4.1
10 65.2 69.9+44 109.7+7.5 85.8+15.2 93.4+6.9 75.6 +10.0 89.3+1.2
50 35.0 90.0 +6.1 118.6 £2.7 93.1+12.8 96.9+6.0 933+11.0 98.7£8.8
100 26.9 104.2+12.8 127.1+£171 96.1 £13.2 87.1+£11.5 135.5+94 132.0+£2.9

were conducted on the P,-fraction of synaptosomes of rat celebral
cortex containing NMDA, kainate and metabotropic receptors of
type L. The synthesized compounds have been found to be able to
modulate the glutamate-dependent uptake of calcium ions in rat
cerebral cortex synaptosomes. The results of studying the biologi-
cal activity of the synthesized compounds are given in Table 1 and
Fig. 1. As these data show, the concentration dependences of the
inhibitory factor have a dome shape, just like those of Dimebon.
Compound I did not affect glutamate-induced calcium ion
uptake into synaptosomes of rat cortex at a concentration of 0.1-
1.0 uM. At the concentrations of 5-50 puM, this compound inhib-
ited calcium ion uptake. The maximum inhibition was 30% at the
substance concentration of 30 puM. Compound II inhibited
glutamate-induced uptake of calcium ions into the synaptosomes
(inhibition ~ 15%) at the concentration of 0.01-0.1 uM. At the con-
centrations of 5-100 puM, the studied compounds caused an
increased uptake of calcium ions into the synaptosomes (109-

—.—
—e—1

11
—v=IV

v
—e— Dimebon

40

20 1

Inhibition (%)
o
1

-20

40

T T
-8.0 -7.2 -6.4 -5.6 -4.8 -4.0
1gC (M)
Fig. 1. Glutamate-induced “°Ca®* uptake into synaptosomes of rat cortex at

different concentrations (I1gC) of compounds studied introduced into the incubation
mixture of the suspension of synaptosomes.

127% of control). The inhibiting ability of compound III becomes
apparent at the concentration of 0.01-10 pM, with the maximal
calcium ion uptake observed at the concentration of 0.1 uM
(42.5%). Compound IV can act as an inhibitor in this test at the con-
centration of 0.1-1 uM and had no effect at the concentration of 5-
100 puM. The inhibition of glutamate-induced calcium ion uptake
with compound V is most efficient (~20%) at the concentration
of 5-10 M. The increase in the calcium ion uptake into the rat cor-
tex synaptosomes is observed at the concentration of 100 uM
(135.5%). As the obtained results show, all the studied compounds
have inhibiting activity in this test. And their biological activity
depends on the chemical nature of the substituent introduced into
position 8 of the tetra-hydro-1H-pyrido[4,3-b]indole fragment of
the molecule. The highest inhibiting activity within a wide concen-
tration range (0.01-10 uM) comparable to the Dimebon action
(Table 1) was found in compound III with a methoxy-
substitutent, which allows to recommend it for further studies.
Compounds IV and V with fluorine and chlorine atoms as sub-
stituents are weak inhibitors of calcium ion uptake, and methyl-
derivative II even potentiates the uptake at high concentrations.
Besides, by comparing the inhibiting ability of compound II and
Dimebon (Fig. 1), can conclude that the biological activity of the
studied compounds depends both on the substituent nature in
the tetrahydro-carboline group and on the structure of the frag-
ment bound through an ethyl linker connected to the nitrogen
atom of the pyrrole cycle.

3.2. Thermophysical properties

The thermophysical properties of the synthesized compounds
were studied by the DSC method. The results of these studies are
given in Table 2. The DSC curves shown in Fig. 2 allow to conclude
that the compounds do not have polymorphic modifications and are
stable when heated to melting temperatures. The obtained melting
temperature values are within the range of 234.1-276.0 °C, while
the melting enthalpies vary in the range of 39.7-53.6 kJ/mol.
Derivative II with a methyl substituent has the highest melting
temperature and enthalpy. Replacing the fluorine atom with a
chlorine one in the molecular structure of compound IV and the

Table 2

Physico-chemical characteristics of compounds studied.
Compound M (g/mol) P (°C) “Hy, (kJ/mol) IpK,
I 327.45 2341102 443+0.5 9.65+0.2
1l 341.46 276.0+£0.2 53.6+0.5 9.63+0.2
il 357.47 254.5+0.2 39.7+0.5 9.62+0.2
v 345.44 272.7+0.2 41.1+05 9.62 £0.2
\ 361.89 2459+0.2 40.9 £+ 0.5 9.61+0.2

4 M - molecular mass of compound.
b T,, - melting temperature of compound.
¢ Hp, - melting enthalpy of compound.

4 Calculated using Advanced Chemistry Development (ACD/Labs) Software V11.02.
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transition to the structure of compound V result in a melting
temperature increase but do not change the melting enthalpy.

3.3. Solubility in pharmaceutically relevant solvents

The classical saturation shake-flask method to measure the
solubility of the synthesized substances have been used as it pro-
duces the most accurate results even for poorly soluble compounds

endo

— III

| LII

I

0 50 100 150 200 250 360
T (C)

Fig. 2. DSC-curves of compounds studied.
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(Baka et al., 2008). A buffer pH 7.4 simulating blood plasma and
1-octanol modeling membrane lipid layer were used as solvents
(Kerns and Di, 2008). In order to find out the capacity of the studied
organic substances for specific interactions, hexane was selected
that interacts with the dissolved substance only through the
van-der-Waals forces.

The solubility of the studied derivatives of hydrogenated pyrido
[4,3-blindoles (I-V) was measured in the buffer solution (pH 7.4),
1-octanol and hexane in the temperature range of 293.15-313.15 K
(Table 3). Fig. 3 shows temperature dependences of compound I
solubility as an example. Solubility of organic substances depends
on whether the molecules are in the charged or neutral state in the
water solution (Avdeef, 2007). The molecules of the studied com-
pounds belong to the y-carboline class, have a tetracyclic structure
and contain an N-acceptor fragment (the main atom is N in the
heterocycle) and an N-donor fragment (acidic secondary amino

® 1-octanol
-8 4 A hexane
\‘\‘\‘\“\bllffjith
-9 -
-10 4
E -1 4 ﬂ\‘\‘—\‘\‘\
12 4
My T, .
14 4
T T T T T T
3.20 3.25 3.30 3.35 3.40 3.45
107T (K"

Fig. 3. Temperature dependencies of solubility of the compound I in selected
solvents.

Table 3
Experimental mole fraction solubilities (x) of the compounds studied in buffer pH 7.4, hexane and 1-octanol at different temperatures.

T (K) I 11 I

Buffer pH 7.4 Hexane 1-octanol Buffer pH 7.4 Hexane 1-octanol Buffer pH 7.4 Hexane 1-octanol

x-10° x-10° x-10% x-10° x-10° x-10% x-10° x-10° x-10%
293.15 1.69 7.96 2.16 1.64 1.42 0.89 5.57 3.30 0.71
298.15 1.86 9.41 2.74 1.96 1.70 1.13 6.55 3.71 0.93
303.15 2.04 11.41 3.48 2.27 2.02 1.39 7.53 4.18 1.22
308.15 2.23 13.26 4.28 2.70 235 1.68 8.77 4.68 1.61
313.15 2.42 15.50 5.40 3.21 2.72 2.11 10.09 5.31 2.05
A? —7.76 £ 0.04 -1.25+0.18 5.83+0.11 —2.90£0.22 -1.39+0.17 3.95+0.23 -2.82 £0.09 -2.93+0.14 7.10+0.15
B* 1649 +12 3073 +39 4179 £45 3054 + 67 2989 +49 3889 + 69 2719+29 2165 +43 4876 +47
RP 0.9999 0.9997 0.9998 0.9993 0.9996 0.9995 0.9998 0.9994 0.9999
[ 02-1072 0.9-1072 0.8-1072 1.1-1072 0.8-1072 1.2.1072 04-1072 0.7-1072 12.1072
T (K) v \Y

Buffer pH 7.4 Hexane 1-octanol Buffer pH 7.4 Hexane 1-octanol
x-10° x-10* x-10% x-10° x-10% x-10*

293.15 8.34 3.85 2.51 2.66 5.42 1.15
298.15 9.60 447 3.01 3.25 6.39 1.47
303.15 11.11 5.11 3.68 4.01 7.47 1.91
308.15 12.66 5.96 4.39 4.95 8.87 242
313.15 14.60 6.81 5.30 6.07 10.22 3.01
A? —2.96 £ 0.09 1.09 £ 0.1 3.65+0.15 0.12+0.16 2.45+0.12 6.03+0.15
B? 2558 +27 2624 +30 3501 +46 3799 +50 2922 +38 4423 +47
R° 0.9998 0.9998 0.9997 0.9998 0.9997 0.9998
o 04-1072 0.5-1072 1.0-1072 0.84-1072 0.7-072 0.8-1072

2 Parameters of the correlation equation: Inx =A — B/T.
b R - pair correlation coefficient.

c

o - standard deviation.
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group). The dissociation constant values (Table 2) indicate that all
the studied substances have almost the same protolytic properties
and are strong acids, which is explained by the presence of an NH-
group in the triazol-thion heterocycle. The content of ionized and
nonionized molecule forms depending on the pH of the water solu-
tion was determined based on pK, values using the Henderson-
Hasselbach equation (Po and Senozan, 2001). As Fig. 4 shows, the
molecules of the studied compounds are in the neutral state at
pH < 7.0, while at pH > 7.0 they act as acids and become deproto-
nated. In the buffer solution (pH 7.4) all the molecules are in the
neutral form.

All the studied compounds have very low solubility in the buffer
(pH 7.4), with the solubility values ranging between (1.86-46.2) -
10~® mole fractions at the temperature of 298.15 K. As it has deter-
mined, the solubility values of the substances can be arranged as
follows: I<II<V<II<IV (Fig. 5). Substitution of the hydrogen
atom in the benzene ring of compound I for a methyl group and
transformation of the latter into compound II slightly increase
the solubility in the aqueous medium. In this case, the influence
of the methyl group on the solubility of the mentioned heterocyclic
compound results from this substituent ability to disrupt the for-
mation of hydrogen-bonded water associates and is not the direct
effect of the electron density shift (Albert, 2007). Compounds III-V

100

80

60

% species

40
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0 T T T T T T T
2 4 6 8 10 12 14
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Fig. 4. Distribution of species as function of pH of buffer solution for compounds I-V.
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Fig. 5. Solubility histogram of compounds studied.

with halogen atoms and a methoxy-group as substituents have a
comparatively higher solubility in the buffer.

The polar groups in these compounds probably produce an
inductive effect shifting the electrons of the benzene ring to the
atoms of fluorine, chlorine and oxygen, which results in stronger
dipole-dipole interactions of the dissolved substances with the
water molecules and higher solubility. And the best solubility is
observed in compound IV with a fluorine atom that is the most
electronegative element.

The solubility of the studied compounds in hexane is almost an
order of magnitude higher than in the buffer solution but does not
exceed the value of 4.87 - 10~ mole fractions at the standard tem-
perature. The only exception is unsubstituted derivative I, the sol-
ubility of which increases by 5 times only. Since hexane can
interact with substances only through van-der-Waals forces, intro-
duction of substituents is characterized by higher solubility of the
compounds due to induced dipoles formed in the molecule aro-
matic ring and the resulting attraction between the dissolved sub-
stance and the solvent. The electron donating methyl group of
compound II increases the electron density of the aromatic ring
and, consequently, the strength of interaction with hexane, which
improves the solubility. The inductive effect of the oxygen atoms
and halogens results in electron shift toward electron accepting
substituents. And it is quite natural that substitution of the C—H
bond for C—OCH3, C—Cl and C—F bonds increases the solubility
of the compounds as the atoms become more electronegative.
Besides, it has been found that the solubility of derivatives II-V
in hexane increases in the same order as their melting tempera-
tures decrease (Table 2).

The data in Table 3 show that the substances solubility in
1-octanol is also very low, with the values between (0.71-5.40) -
10~* mole fractions in the studied temperature range. In the order
of increasing solubility in this solvent the compounds are arranged
as follows: M <II<V<I<IV. And the values of solubility are
higher in 1-octanol than in the aqueous solution for all the com-
pounds. Introduction of methyl- and methoxy-substitutents into
the benzene ring insignificantly increases the solubility of com-
pounds II and III in alcohol compared to hexane. The opposite
effect is observed when the oxygen atoms are replaced with halo-
gen ones in the benzene ring: the solubility values of compounds
IV and V in 1-octanol are lower than in hexane. Therefore, despite
the presence of an active hydroxy-group in the molecules of
1-octanol and electronegative chlorine and fluorine atoms in the
structure of the dissolved substances, the solubility is not deter-
mined by the hydrogen bonding ability but by non-specific salva-
tion. It is worth noting that the low solubility of the studied
substances in 1-octanol is also caused by stronger association
and bigger molar volume of alcohol molecules compared to those
of hexane, which hinders the penetration of the molecules of the
dissolved substance into the free cavity of the solvent.

The solubility data are represented as linear functions Inx versus
1/T, and the thermodynamic solubility parameters of the com-
pounds in buffer (pH 7.4), hexane and 1-octanol are calculated
by Egs. (2)-(5) and summarized in Table 4. In all the studied sys-
tems “dissolved substance - solvent”, the solubility enthalpies
are positive, which indicates the endothermicity of the solubility
processes. The systems with hexane have the lowest solution
enthalpy values for the studied substances. These values are higher
in water solutions and the highest in the systems with 1-octanol.
The negative entropy contribution makes the Gibbs energy higher
and, as a result, lowers the substance solubility in the buffer and
hexane. On the opposite, the positive entropy values characterizing
the dissolution process of compounds IV and V in hexane increase
the solubility of these substances up to the values exceeding their
solubility in 1-octanol. When these compounds are dissolved in 1-
octanol, their high positive enthalpy and entropy contributions
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Table 4
Thermodynamic solubility functions of compounds studied in buffer pH 7.4, hexane and 1-octanol at 298.15 K.
Com—pound JAGsool bAHgol LAS?DI AGgol AHSOUI AS‘(s)ol Angl AH?OI Asgol
(kJ/mol) (kJ/mol) (J/mol-K) (kJ/mol) (kJ/mol) (J/mol-K) (KkJ/mol) (kJ/mol) (J/mol-K)
Buffer pH 7.4 Hexane 1-octanol
I 32.7 13.7 -63.73 28.6 25.6 -6.7 203 34.7 69.9
Il 32.6 254 -24.2 27.2 249 -7.7 225 323 329
111 29.6 22.6 -234 253 18.0 -24.5 23.0 40.5 58.7
v 28.6 213 -24.6 19.1 21.8 9.1 20.1 29.1 30.2
\Y 30.7 31.6 2.9 18.2 243 131 21.9 36.8 50.0

2 AGY, - standard molar dissolution Gibbs energy.
b AH?U, - standard molar dissolution enthalpy.
© ASY, - standard molar dissolution entropy.

produce a compensation effect on the Gibbs energy. As a result, the
solubility of compounds I-III in 1-octanol is higher, while that of
compounds IV and V is lower than in hexane.

Based on the obtained data about the solubility and ability of
the synthesized substances to block glutamate-induced calcium
ion uptake into synaptosomes of rat cerebral cortex, the compar-
ison their biological activity at the concentration of 1 uM corre-
sponding to the maximum Dimebon activity in this test was
carried out. The analysis has shown that the best inhibition param-
eters (~17%) are characteristic of derivatives IIl with a methoxy-
group and IV with a fluorine atom as the substituent. These com-
pounds are better soluble in the buffer (pH 7.4) and compound
IV also dissolves in hexane and 1-octanol better than the other
derivatives.

4. Conclusion

In this study, hydrogenated pyrido[4,3-b]indoles as potential
drug compounds with neurocorrecting activity have been synthe-
sized. The obtained compounds differ in the chemical nature of
the substituent (H—, CHs—, CH30—, F— Cl—) introduced into posi-
tion 8 of the carboline fragment of the molecule. The biological
tests have shown that all the studied compounds can modulate
glutamate-dependent uptake of calcium ions in rat cerebral cortex
synaptosomes. The compound with a methoxy-substituent has
been found to have the highest inhibiting activity within a broad
concentration range, which allows to recommend it as the object
of further research.

The shake-flask method was used to measure the solubility of
the studied compounds in pharmaceutically relevant media: buffer
solution (pH 7.4), hexane and 1-octanol. It was identified that all
the derivatives in these solvents have a very low solubility not
exceeding the value of 8 10~* mole fractions. And the compounds
with a methoxy-group and a fluorine atom as substituents are best
soluble in the buffer solution (pH 7.4) modeling the blood plasma
medium.

In order to find the reasons for the poor solubility of the studied
compounds, their thermophysical and protolytic properties were
analyzed. By using the DCS method it have found that these sub-
stances melt at the temperature above 230 °C. This indirectly
proves that the crystal lattice energy of the compounds is high
and is one of the factors lowering the solubility. Besides, the
obtained experimental and calculation data have shown that in
the studied solutions the molecules are in neutral form and inter-
act with the solvent only through non-specific salvation, which
also increases the solubility. Based on the temperature depen-
dences of solubility, the thermodynamic functions of substance
dissolution in the solvents used have been calculated. In the stud-
ied systems “dissolved substance - solvent”, the dissolution pro-
cesses are endothermic. In all the studied substances, when the

substituent is replaced, the solution enthalpy increases in the fol-
lowing order: hexane, buffer (pH 7.4), 1-octanol.
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