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SYNTHESIS AND PROPERTIES OF CHALCONES BASED 
ON DEHYDROACETIC ACID

V. Ya. Chernii1*, I. M. Tretyakova1, N. M. Fedosova1, I. M. Denysenko1, Ya. M. Dovbii1, 
V. B. Kovalska1,2, S. V. Chernii1,2, V. I. Pekhnyo1, A. S. Starukhin3

1V. I. Vernadskii Institute of General and Inorganic Chemistry NAS of Ukraine, Kyiv, Ukraine
2Institute of Molecular Biology and Genetics NAS of Ukraine, Kyiv, Ukraine
3B. I. Stepanov Institute of Physics NAS of Belarus, Minsk, Belarus
*e-mail: v.chernii@gmail.com

The Knoevenagel condensation reaction between dehydracetic acid and aromatic alde-
hydes is described in this work. The reaction is carried out directly between dehydroacetic 
acid and aromatic aldehydes in the presence of organic bases. The optimal conditions for the 
Knoevenagel reaction based on dehydroacetic acid and various aldehydes were determined. 
Twenty-one chalcones with substituents of different nature were synthesized. The composi-
tion and structure of the obtained compounds were determined. All characteristic signals of 
chalcones are present in the 1H NMR spectra of the obtained compounds registered in CDCl3 
and DMSO-d6: OH groups in the range of 18.7–16.5 ppm, CH proton – 6.3–5.9 ppm, and 
methyl group of the pyran cycle 2.3–2.2 ppm. The corresponding signals of methine protons 
and aryl substituents are also present in the spectra. The most sensitive to solvent changes 
is the OH proton bound by an intramolecular hydrogen bond to the carbonyl group of the 
pyran ring. Signals in DMSO are usually shifted by 0.1–1.0 ppm in a stronger field compared 
to CDCl3 for dehydroacetic acid and chalcones based on it. CH proton signals are shifted by 
approximately 0.3 ppm in a weaker field, and the signals of the protons of the methyl group 
are almost insensitive to the solvent. The optical properties of obtained compounds were 
investigated in DMF, MeOH, MeCN. The synthesized chalcones absorb light in the visible 
range 330–490 nm with molar extinction coefficients of 3.5–4.5. The solvatochromic effects 
for most of them are weak – the position of the maximum changes by less than 10 nm. The 
electron-donor substituents in the phenyl ring (-NMe2 and -NEt2) shift the absorption ma
ximum bathochromically by almost 100 nm compared to others in all investigated solvents.

Keywords: dehydroacetic acid, Knoevenagel condensation, chalcones.
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INTRODUCTION. Dehydroacetic acid 
(3-acetyl-4-hydroxy-6-methyl-2H-pyran-2-one, 
(DHA)) is a α‑pyrone derivative. Its structure 
was first established by Hale in 1911 [1]. Сom-
plexes of dehydroacetic acid with ions of alu-
minum, zinc, copper(II), beryllium, manga
nese (II), and other metals are described in the 
literature. DHA is proposed as a complexing 
agent in analytical chemistry for gravimetric 
determination of copper, aluminum, and be-
ryllium  [2]. The corresponding mixed ligand 
complexes are formed when DHA interacts with 
zirconium and hafnium phthalocyanines  [3]. 
An annealed analog of dehydroacetic acid – 

3-acetyl-4-hydroxycoumarin has been pro-
posed for the determination of titanium(IV), 
cerium(IV), thorium(IV), uranium(VI), and 
iron(II) ions [4, 5]. X-ray diffraction data ob-
tained for dehydroacetic acid complexes with 
manganese(II) (Mn(DHA)2(CH3OH)2), cad-
mium, and zinc [6, 7], confirm the formation 
of chelate complexes in which the metal atom 
is coordinated through 3-acetyl and 4-oxy 
groups of dehydroacetic acid.

DHA is also widely used in organic che
mistry since it enters into dozens of reactions 
to form very diverse classes of substances [8] 
(Fig. 1).
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Fig. 1. Examples of dehydroacetic acid derivatives containing chelating 

centers. 
 
Some of these compounds contain -keto-enol or other fragments that may 

be promising to inorganic chemists as ligands. For example, the interaction of 
dehydroacetic acid with aromatic aldehydes by the Knevenagel reaction produces 
the corresponding chalcones [9–14]. These are colored substances that can also 
form complexes with metals [15] and boron [16]. Metal complexes have also been 
widely studied not only with dehydroacetic acid [17–19] but also with its 

Fig. 1. Examples of dehydroacetic acid derivatives containing chelating centers.

Some of these compounds contain β-ke-
to-enol or other fragments that may be promis-
ing to inorganic chemists as ligands. For exam-
ple, the interaction of dehydroacetic acid with 
aromatic aldehydes by the Knoevenagel reaction  
produces the corresponding chalcones [9–14]. 
These are colored substances that can also form 
complexes with metals [15] and boron [16]. 

Metal complexes have also been widely studied 
not only with dehydroacetic acid [17–19] but 
also with its derivatives - Schiff bases [20-25] 
and other various O, N, S donor ligands [26–28]. 
For dehydroacetic acid and its derivatives, an-
timicrobial [15, 29], antitumor [30, 31], antivi-
ral, in particular, anti-HIV activity [16, 32, 33], 
etc., are widely studied.
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The interaction of chalcones with aliphatic 
amines opens the pyran cycle, preserving the 
chromophore fragment and forming the cor-
responding alkylamino-β-keto-enols. These 
compounds have found their application to 
monitor the amyloid fibril formation of pro-
teins [34, 35] and as fluorescent probes for 
functional amyloid visualization in biofilm by 
confocal microscopy [36].

There are two main methods for preparing 
chalcones based on dehydroacetic acid by the 
Knoevenagel reaction (Fig. 2).

Fig. 2. Methods of obtaining chalcones – deriva-
tives of dehydroacetic acid: activation of the methyl 
group by forming boron difluoride complex (A), 
the direct reaction between dehydroacetic acid and 
aromatic aldehydes (B).

According to the first method, the methyl 
group of dehydroacetic acid is activated by 
converting dehydroacetic acid into a boron 
difluoride complex [16], which reacts with 
aromatic aldehydes with the formation of the 
corresponding complex. In the next step, this 
compound is hydrolyzed with alkalis to the 
corresponding chalcone. According to the 
second method, the reaction is carried out 

directly between dehydroacetic acid and aro-
matic aldehydes [1] in the presence of organic 
bases, for example, piperidine.

We have obtained a wide range of chalcones 
with substituents of different natures in the 
aromatic nucleus (Fig. 3) and investigated their 
spectral properties.

Fig. 3. Molecular structures of obtained chal
kones
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Fig. 3. General scheme of synthesis of chalcones – derivatives of dehydroacetic 
acid. 
 

EXPERIMENT AND DISCUSSION OF THE RESULTS. All characteristic 
signals of chalcones are present in the 1H NMR spectra of the obtained compounds 
registered in CDCl3 and DMSO-d6: OH groups in the range of 18.7–16.5 ppm, CH 
proton  –  6.3–5.9 ppm, and methyl group of the pyran cycle 2.3–2.2 ppm (Table). 
In addition, corresponding signals of methine protons and aryl substituents are also 
present in the spectra. The most sensitive to solvent changes is the OH proton 
bound by an intramolecular hydrogen bond to the carbonyl group of the pyran ring. 
Signals in DMSO are usually shifted by 0.1–1.0 ppm in a stronger field compared 
to CDCl3 for dehydroacetic acid and chalcones based on it. CH proton signals are 
shifted by approximately 0.3 ppm in a weaker field, and the signals of the protons 
of the methyl group are almost insensitive to the solvent. 

The investigated compounds' absorption maxima in DMF are located in the 
range of 348–490 nm (except for compounds with a nitro group, which have a 
maximum absorption in the UV region), with extinction coefficients (log ε) in the 
range of 3.93–4.46.  
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18.7–16.5 ppm, CH proton – 6.3–5.9 ppm, and 
methyl group of the pyran cycle 2.3–2.2 ppm 
(Table). In addition, corresponding signals of 
methine protons and aryl substituents are also 
present in the spectra. The most sensitive to 
solvent changes is the OH proton bound by an 
intramolecular hydrogen bond to the carbo
nyl group of the pyran ring. Signals in DMSO 
are usually shifted by 0.1–1.0 ppm in a strong-
er field compared to CDCl3 for dehydroacetic 
acid and chalcones based on it. CH proton sig-
nals are shifted by approximately 0.3 ppm in a 

weaker field, and the signals of the protons of 
the methyl group are almost insensitive to the 
solvent.

The investigated compounds absorption 
maxima in DMF are located in the range of 
348–490 nm (except for compounds with a ni-
tro group, which have a maximum absorption 
in the UV region), with extinction coefficients 
(log ε) in the range of 3.93–4.46. 

In methanol, the absorption maxima are lo-
cated between 350 and 472 nm, the extinction 
coefficients (log ε) are 3.66–4.54. 

Fig. 4. UV-VIS spectra of chalcones 7, 11, and 18 in dimethylformamide (C = 1•10-4M).

In acetonitrile, the absorption maxima are 
in the range of 279–477 nm, the extinction co-
efficients (log ε) are 3.55–4.75. The electron-do-
nor substituents in the phenyl ring (-N(CH3)2 
and -N(C2H5)2) shift the absorption maximum 
bathochromically by almost 100 nm compared 
to others in all investigated solvents.

Comparing the absorption spectra of one 
compound in different solvents lead to the 
conclusion that the solvatochromic effects for 
most of them are weak - the position of the 

maximum changes by less than 10 nm. How-
ever, for compounds 10, 13, and 16, the maxi-
mum is shifted to the red region in acetonitrile 
by 15–17 nm compared to DMF. Moreover, for 
compounds 12 and 15 the maximum is shift-
ed to the red region by 19 nm. The most sig-
nificant shift is observed for the compound  
20 by 30 nm. Compound 21, in contrast, in 
DMF has a red-shifted maximum in compa
rison to acetonitrile, 381 and 345 nm, respec-
tively (table).
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Table
The proton signals of the pyran cycle in the 1H NMR spectra and the UV-VIS data of the 

obtained chalcones.
№ 1H NMR, δ, ppm UV-VIS, λ, nm (log ε)

CDCl3 DMSO CDCl3 DMSO CDCl3 DMSO DMF MeOH MeCN
OH CH Me

DHA 16.67 16.54 5.92 6.28 2.26 2.25 - - -
1 17.95 17.55 5.97 6.32 2.29 2.28 354(4,15) 350(3,96) 357(4,20)
2 17.44 16.94 6.01 6.36 2.31 2.28 357(4,03) 354(3,66) 356(3,87)
3 17.48 17.12 6.01 6.34 2.31 2.28 356(3,95) 352(3,67) 360(3,55)
4 17.42 17.04 6.01 6.34 2.32 2.28 326(4,22) 360(3,49) 361(3,55)
5 - 18.01 - 6.28 - 2.26 357(4,09) 371(4,18) 378(4,24)
6 17.86 17.66 5.95 6.28 2.27 2.26 474(3,96) 358(4,22 ) 361(4,09)
7 17.53 18.08 5.95 6.25 2.27 2.25 369(4,27) 383(4,52) 383(4,23)
8 18.13 17.78 5.93 6.29 2.26 2.26 367(4,17) 371(4,12) 376(4,21)
9 17.92 17.49 5.97 6.31 2.29 2.26 360(4,16) 356(4,06) 360(4,17)
10 18.18 17.89 5.94 6.27 2.27 2.25 366(4,21) 375(4,51) 381(4,75)
11 18.24 17.93 5.94 6.27 2.27 2.25 377(4,09) 373(3,95) 383(4,07)
12 18.16 17.80 5.96 6.18 2.26 2.18 374(4,22) 391(4,26) 393(4,49)
13 18.44 17.42 5.93 6.25 2.26 2.24 382(4,04) 396(4,24) 399(4,05)
14 17.80 17.32 5.90 6.29 2.22 2.29 360(4,16) 357(4,10) 360(4,14)
15 17.97 17.64 5.95 6.31 2.27 2.28 360(3,91) 370(4,40) 279(4,24)
16 18.11 17.78 5.94 6.28 2.27 2.25 372(4,16) 381(4,15) 387(3,96)
17 17.80 17.50 5.90 6.33 2.22 2.28 357(4,14) 354(4,19) 358(4,15)
18 18.61 18.57 5.89 6.22 2.24 2.25 474(4,29)

347(4,14)
456(4,45)
330(3,98)

465(4,25)

19 18.71 18.57 5.90 6.18 2.24 2.23 490(4,39) 472(4,54) 477(4,02)
20 17.98 17.51 5.98 6.34 2.29 2.28 348(4,08) 378(4,22) 378(3,88)
21 18.13 17.77 5.98 6.35 2.30 2.30 381(4,46) 345(4,35) 345(4,42)

The general synthesis method of dehydroacetic 
acid condensed derivatives. The reactions were 
performed by a slightly modified procedure giv-
en in the work [3]. 10 mmol of substituted ben-
zaldehyde was added to 10 mmol of dehydro-
acetic acid in 10 ml of n-butanol and was heated 
up to boiling temperature. 10 drops of a mixture 
of pyridine and piperidine (1:1 by volume) were 
added to the boiling homogeneous solution and 

refluxed for 2–4 h. Half of the solvent was dis-
tilled, the solution was cooled down and filtered 
from fell-out crystals. The product was washed 
twice on the filter with a small amount of meth-
anol and recrystallized from the DMF-ethanol 
system. After that, the product was filtered, 
washed on the filter with methanol, twice with 
hot water, and air-dried. Data from 1H NMR 
and UV-VIS spectroscopy are given in the table.
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DHA  (3-acetyl-4-hydroxy-6-methyl-2H-
pyran-2-one). 1H NMR (300 MHz, DMSO-d6) 
δ 16.54 (s, 1H), 6.28 (s, 1H), 2.54 (s, 3H), 2.25 
(s, 3H). 1H NMR (300 MHz, CDCl3) δ 16.67 
(s, 1H), 5.92 (s, 1H), 2.64 (s, 3H), 2.26 (s, 3H).

1)  3-cinnamoyl-4-hydroxy-6-methyl-2H-
pyran- 2-one. Yield: 59 %. 1H NMR (400 MHz, 
DMSO-d6) δ 17.55 (s, 1H), 8.17 (d, J = 15.8 Hz, 
1H), 7.91 (d, J = 15.9 Hz, 1H), 7.79–7.66 (m, 
2H), 7.59–7.37 (m, 3H), 6.32 (s, 1H), 2.28 
(s, 3H). 1H NMR (300 MHz, Chloroform-d)  
δ 17.95 (s, 1H), 8.32 (d, J = 15.7 Hz, 1H), 7.97 
(d, J = 15.7 Hz, 1H), 7.76–7.54 (m, 2H), 7.51–
7.34 (m, 3H), 5.97 (s, 1H), 2.29 (s, 3H).

2)  (E)-4-hydroxy-6-methyl-3-(3-(2-ni-
trophenyl)acryloyl)-2H-pyran-2-one. Yield: 
43 %. 1H NMR (500 MHz, DMSO-d6) δ 16.94 
(s, 1H), 8.20–7.99 (m, 3H), 7.95–7.81 (m, 2H), 
7.73–7.62 (m, 1H), 6.36 (s, 1H), 2.28 (s, 3H). 
1H NMR (300 MHz, Chloroform-d) δ 17.44 
(s, 1H), 8.34 (d, J = 15.6 Hz, 1H), 8.22 (d, J = 
15.5 Hz, 1H), 8.05 (d, J = 8.1 Hz, 1H), 7.85 (d, 
J = 7.8 Hz, 1H), 7.76–7.64 (m, 1H), 7.57 (td, J = 
7.8, 1.5 Hz, 1H), 6.01 (s, 1H), 2.31 (s, 3H).

3)  (E)-4-hydroxy-6-methyl-3-(3-(3-nitro-
phenyl)acryloyl)-2H-pyran-2-one. Yield: 31 %. 
1H NMR (500 MHz, DMSO-d6) δ 17.12 (s, 
1H), 8.52 (s, 1H), 8.35–8.26 (m, 1H), 8.25–8.08 
(m, 2H), 7.98 (d, J = 15.9 Hz, 1H), 7.78–7.68 
(m, 1H), 6.34 (s, 1H), 2.28 (s, 3H). 1H NMR 
(300  MHz, Chloroform-d) δ 17.48 (s, 1H), 
8.47 (t, J = 2.0 Hz, 1H), 8.39 (d, J = 15.8 Hz, 
1H), 8.26 (dd, J = 8.2, 3.3 Hz, 1H), 8.02 (d, J = 
7.8 Hz, 1H), 7.93 (d, J = 15.8 Hz, 1H), 7.60 (t, 
J = 8.0 Hz, 1H), 6.01 (s, 1H), 2.31 (s, 3H).

4)  (E)-4-hydroxy-6-methyl-3-(3-(4-nitro-
phenyl)acryloyl)-2H-pyran-2-one. Yield: 20 %. 
1H NMR (500 MHz, DMSO-d6) δ 17.04 
(s, 1H), 8.29 (d, J = 8.3 Hz, 2H), 8.23 (d, J = 
15.8 Hz, 1H), 7.97 (d, J = 8.2 Hz, 2H), 7.93 (d, 

J = 16.1  Hz, 1H), 6.34 (s, 1H), 2.28 (s, 3H). 
1H NMR (300  MHz, Chloroform-d) δ 17.42 
(s, 1H), 8.41 (d, J = 15.8 Hz, 1H), 8.27 (d, J = 
8.7 Hz, 2H), 7.91 (d, J = 15.8 Hz, 1H), 7.82 (d, 
J = 8.7 Hz, 2H), 6.01 (s, 1H), 2.32 (s, 3H).

5)  E)-4-hydroxy-3-(3-(2-hydroxyphenyl)
acryloyl)-6-methyl-2H-pyran-2-one. Yield: 50 %. 
1H NMR (400 MHz, DMSO-d6) δ 18.01 (s, 1H), 
10.52 (s, 1H), 8.53–7.86 (m, 2H), 7.58 (d, J = 
7.9 Hz, 1H), 7.31 (t, J = 15.7 Hz, 1H), 6.98–6.78 
(m, 2H), 6.28 (s, 1H), 2.26 (s, 3H). Insoluble in 
chloroform-d.

6)  (E)-4-hydroxy-3-(3-(3-hydroxyphenyl)
acryloyl)-6-methyl-2H-pyran-2-one. Yield: 39 %. 
1H NMR (500 MHz, DMSO-d6) δ 17.66 (s, 
1H), 9.77 (s, 1H), 8.11 (d, J = 15.8 Hz, 1H), 
7.81 (d, J = 15.8 Hz, 1H), 7.28 (t, J = 8.0 Hz, 
1H), 7.13 (d, J = 6.4 Hz, 2H), 6.89 (dd, 1H), 
6.28 (s, 1H), 2.26 (s, 3H). 1H NMR (400 MHz, 
Chloroform-d) δ 17.86 (s, 1H), 8.26 (d, J = 
15.7 Hz, 1H), 7.88 (d, J = 15.7 Hz, 1H), 7.28 
(t, J = 7.7 Hz, 3H), 7.15 (s, 1H), 6.97–6.86 (m, 
1H), 5.95 (s, 1H), 2.27 (s, 2H).

7)  (E)-4-hydroxy-3-(3-(4-hydroxyphenyl)
acryloyl)-6-methyl-2H-pyran-2-one. Yield: 
21 %. 1H NMR (500 MHz, DMSO-d6) δ 18.08 
(s, 1H), 10.35 (s, 1H), 8.01 (d, J = 15.7 Hz, 1H), 
7.88 (d, J = 15.7 Hz, 1H), 7.59 (d, J = 8.5 Hz, 
2H), 6.87 (d, J = 8.5 Hz, 2H), 6.25 (s, 1H), 2.25 
(s, 3H). 1H NMR (500 MHz, Chloroform-d) δ 
17.53 (s, 1H), 8.20 (d, J = 16.0 Hz, 1H), 7.94 (d, 
J = 15.7 Hz, 1H), 7.62 (d, J = 7.9 Hz, 2H), 6.88 
(d, J = 8.0 Hz, 2H), 5.95 (s, 1H), 2.27 (s, 3H).

8)  (E)-4-hydroxy-3-(3-(2-methoxyphenyl)
acryloyl)-6-methyl-2H-pyran-2-one. Yield: 68 %. 
1H NMR (400 MHz, DMSO-d6) δ 17.78 (s, 1H), 
8.24 (d, J = 15.9 Hz, 1H), 8.15 (d, J = 16.0 Hz, 
1H), 7.67 (dd, J = 7.7, 1.7 Hz, 1H), 7.54–7.43 
(m, 1H), 7.13 (d, J = 8.4 Hz, 1H), 7.05 (t, J = 
8.0 Hz, 1H), 6.29 (s, 1H), 3.89 (s, 3H), 2.26 (s, 
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3H). 1H NMR (500 MHz, Chloroform-d) δ 
18.13 (s, 1H), 8.51–8.16 (m, 2H), 7.72 (d, J = 
7.7 Hz, 1H), 7.38 (t, J = 8.1 Hz, 1H), 6.98 (t, J = 
7.5 Hz, 1H), 6.92 (d, J = 8.4 Hz, 1H), 5.93 (s, 
1H), 3.91 (s, 3H), 2.26 (s, 3H).

9)  (E)-4-hydroxy-3-(3-(3-methoxyphe-
nyl)acryloyl)-6-methyl-2H-pyran-2-one. Yield: 
63 %. 1H NMR (500 MHz, DMSO-d6) δ 17.49 
(s, 1H), 8.13 (d, J = 16.1 Hz, 1H), 7.86 (d, J = 
15.8 Hz, 1H), 7.39 (t, J = 7.9 Hz, 1H), 7.31 (d, J 
= 7.5 Hz, 1H), 7.24 (s, 1H), 7.11–6.99 (m, 1H), 
6.31 (s, 1H), 3.79 (s, 3H), 2.26 (s, 3H). 1H NMR 
(300 MHz, Chloroform-d) δ 17.92 (s, 1H), 8.30 
(d, J = 15.7 Hz, 1H), 7.93 (d, J = 15.8 Hz, 1H), 
7.41–7.26 (m, 2H), 7.23 – 7.13 (m, 1H), 6.98 
(ddd, J = 7.7, 2.6, 1.5 Hz, 1H), 5.97 (s, 1H), 3.85 
(s, 3H), 2.29 (s, 3H).

10)  (E)-4-hydroxy-3-(3-(4-methoxyphe-
nyl)acryloyl)-6-methyl-2H-pyran-2-one. 
Yield: 49 %. 1H NMR (500 MHz, DMSO-d6) 
δ 17.89 (s, 1H), 8.05 (d, J = 15.7 Hz, 1H), 7.90 
(d, J = 15.7 Hz, 1H), 7.69 (d, J = 8.4 Hz, 2H), 
7.04 (d, J = 8.2 Hz, 2H), 6.27 (s, 1H), 3.81 (s, 
3H), 2.25 (s, 3H). 1H NMR (400 MHz, Chlo-
roform-d) δ 18.18 (s, 1H), 8.20 (d, J = 15.6 
Hz, 1H), 7.96 (d, J = 15.7 Hz, 1H), 7.66 (d, J = 
8.8 Hz, 2H), 6.93 (d, J = 8.8 Hz, 2H), 5.94 (s, 
1H), 3.86 (s, 3H), 2.27 (s, 3H).

11)  (E)-4-hydroxy-6-methyl-3-(3-(4-
propoxyphenyl)acryloyl)-2H-pyran-2-one. 
Yield: 65 %. 1H NMR (500 MHz, DMSO-d6) 
δ 17.93 (s, 1H), 8.04 (d, J = 15.8 Hz, 1H), 7.90 
(d, J = 15.7 Hz, 1H), 7.67 (d, J = 8.2 Hz, 2H), 
7.02 (d, J = 8.3 Hz, 2H), 6.27 (s, 1H), 3.98 (t, J 
= 6.4 Hz, 2H), 2.25 (q, 3H), 1.73 (q, J = 7.1 Hz, 
2H), 0.96 (t, J = 7.2 Hz, 3H). 1H NMR (300 
MHz, Chloroform-d) δ 18.24 (s, 1H), 8.20 (d, 
J = 15.6 Hz, 1H), 7.96 (d, J = 15.6 Hz, 1H), 
7.70–7.60 (m, 2H), 6.97–6.88 (m, 2H), 5.94 (s, 
1H), 3.97 (t, J = 6.6 Hz, 2H), 2.27 (s, 3H), 1.83 

(q, J = 7.1, 6.7 Hz, 2H), 1.05 (t, J = 7.4 Hz, 3H).
12)  (E)-4-hydroxy-3-(3-(4-hydroxy-3-

methoxyphenyl)acryloyl)-6-methyl-2H-
pyran-2-one. Yield: 43 %. 1H NMR (500 MHz, 
DMSO-d6) δ 17.80 (s, 1H), 9.87 (s, 1H), 7.93 
(d, J = 15.6 Hz, 1H), 7.81 (d, J = 15.6 Hz, 1H), 
7.42–7.05 (m, 2H), 6.80 (d, J = 8.1 Hz, 1H), 
6.18 (s, 1H), 3.75 (s, 3H), 2.18 (s, 3H). 1H NMR 
(500 MHz, Chloroform-d) δ 18.16 (s, 1H), 8.16 
(d, J = 15.6 Hz, 1H), 7.92 (d, J = 15.6 Hz, 1H), 
7.24–7.14 (m, 2H), 6.94 (d, J = 8.2 Hz, 1H), 
5.96 (s, 1H), 5.94 (s, 1H), 3.96 (s, 3H), 2.26 (s, 
3H). 

13)  (E)-3-(3-(2,4-dimethoxyphenyl)acry-
loyl)-4-hydroxy-6-methyl-2H-pyran-2-one. 
Yield: 51 %. 1H NMR (500 MHz, DMSO-d6) 
δ 17.42 (s, 1H), 8.13 (s, 2H), 7.76–7.49 (m, 1H), 
6.79–6.51 (m, 2H), 6.25 (s, 1H), 3.89 (s, 3H), 
3.83 (s, 3H), 2.24 (s, 3H). 1H NMR (300 MHz, 
Chloroform-d) δ 18.44 (s, 1H), 8.31 (d, J = 
4.0 Hz, 2H), 7.69 (d, J = 8.8 Hz, 1H), 6.55 (dd, 
J = 8.6, 2.4 Hz, 1H), 6.45 (d, J = 2.4 Hz, 1H), 5.93 
(s, 1H), 3.91 (s, 3H), 3.87 (s, 3H), 2.26 (s, 3H).

14)  (E)-3-(3-(3,5-dimethoxyphenyl)acry-
loyl)-4-hydroxy-6-methyl-2H-pyran-2-one. 
Yield: 52 %. 1H NMR (400 MHz, DMSO-d6) 
δ 17.32 (s, 1H), 8.09 (d, J = 15.8 Hz, 1H), 7.82 
(d, J = 15.8 Hz, 1H), 6.87 (s, 2H), 6.64 (s, 1H), 
6.29 (s, 1H), 3.81 (s, 6H), 2.29 (s, 3H). 1H NMR 
(500 MHz, Chloroform-d) δ 17.80 (s, 1H), 8.20 
(d, J = 15.7 Hz, 1H), 7.81 (d, J = 15.7 Hz, 1H), 
6.75 (s, 2H), 6.46 (s, 1H), 5.90 (s, 1H), 3.77 (s, 
6H), 2.22 (s, 3H). 

15)  (E)-4-hydroxy-6-methyl-3-(3-(3,4,5-
trimethoxyphenyl)acryloyl)-2H-pyran-2-one. 
Yield: 51 %. 1H NMR (400 MHz, DMSO-d6) 
δ 17.64 (s, 1H), 8.05 (d, J = 15.5 Hz, 1H), 7.87 
(d, J = 15.7 Hz, 1H), 7.06 (s, 2H), 6.31 (s, 1H), 
3.84 (s, 6H), 3.73 (s, 3H), 2.28 (s, 3H). 1H NMR 
(500 MHz, Chloroform-d) δ 17.97 (s, 1H), 8.20 
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(d, J = 15.6 Hz, 1H), 7.88 (d, J = 15.7 Hz, 1H), 
6.89 (s, 2H), 5.95 (s, 1H), 3.91 (s, 6H), 3.89 (s, 
3H), 2.27 (s, 3H).

16)  (E)-3-(3-(benzo[d][1,3]dioxol-5-yl)
acryloyl)-4-hydroxy-6-methyl-2H-pyran-
2-one. Yield: 75 %. 1H NMR (500 MHz,  
DMSO-d6) δ 17.78 (s, 1H), 7.99 (d, J = 15.7 
Hz, 1H), 7.85 (d, J = 15.7 Hz, 1H), 7.43–7.14 
(m, 2H), 7.01 (d, J = 8.0 Hz, 1H), 6.28 (s, 1H), 
6.11 (s, 2H), 2.25 (s, 3H). 1H NMR (300 MHz, 
Chloroform-d) δ 18.11 (s, 1H), 8.14 (d, J = 
15.6 Hz, 1H), 7.88 (d, J = 15.6 Hz, 1H), 7.22 (d, 
J = 1.8 Hz, 1H), 7.16 (dd, J = 8.1, 1.7 Hz, 1H), 
6.83 (d, J = 8.0 Hz, 1H), 6.03 (s, 2H), 5.94 (s, 
1H), 2.27 (s, 3H).

17)  (E)-3-(3-(4-fluorophenyl)acryloyl)-
4-hydroxy-6-methyl-2H-pyran-2-one. Yield: 
49 %. 1H NMR (300 MHz, DMSO-d6) δ 17.50 
(s, 1H), 8.12 (d, J = 15.8 Hz, 1H), 7.92 (d, J = 
15.9 Hz, 1H), 7.88–7.74 (m, 2H), 7.34 (t, J = 
8.8 Hz, 2H), 6.33 (s, 1H), 2.28 (s, 3H). 1H NMR 
(500 MHz, Chloroform-d) δ 17.80 (s, 1H), 8.17 
(d, J = 15.7 Hz, 1H), 7.85 (d, J = 15.7 Hz, 1H), 
7.62 (dd, J = 8.5, 5.5 Hz, 2H), 7.04 (t, J = 8.4 Hz, 
2H), 5.90 (s, 1H), 2.22 (s, 3H). 

18)  (E)-3-(3-(4-(dimethylamino)phenyl)
acryloyl)-4-hydroxy-6-methyl-2H-pyran-
2-one. Yield: 32 %. 1H NMR (500 MHz,  
DMSO-d6) δ 18.57 (s, 1H), 7.95 (s, 2H), 7.59 
(d, J = 9.0 Hz, 2H), 6.79 (d, J = 9.0 Hz, 2H), 
6.22 (s, 1H), 3.34 (s, 6H), 2.25 (s, 3H). 1H NMR 
(500 MHz, Chloroform-d) δ 18.61 (s, 1H), 8.10 
(d, J = 15.4 Hz, 1H), 7.99 (d, J = 15.3 Hz, 1H), 
7.60 (d, J = 8.9 Hz, 2H), 6.67 (d, J = 9.0 Hz, 2H), 
5.89 (s, 1H), 3.06 (s, 6H), 2.24 (s, 3H).

19)  (E)-3-(3-(4-(diethylamino)phenyl)ac
ryloyl)-4-hydroxy-6-methyl-2H-pyran-2-one. 
Yield: 49 %. 1H NMR (500 MHz, DMSO-d6) 
δ 18.57 (s, 1H), 7.92 (s, 2H), 7.54 (d, J = 8.6 
Hz, 2H), 6.74 (d, J = 8.5 Hz, 2H), 6.18 (s, 1H), 

3.42 (q, J = 7.0 Hz, 4H), 2.23 (s, 3H), 1.11 (t, 
J = 6.9 Hz, 6H). 1H NMR (500 MHz, Chloro-
form-d) δ 18.71 (s, 1H), 8.36–7.79 (m, 2H), 
7.59 (d, J = 9.0 Hz, 2H), 6.65 (d, J = 8.5 Hz, 2H), 
5.90 (d, J = 0.9 Hz, 1H), 3.43 (q, J = 7.1 Hz, 4H), 
2.24 (s, 3H), 1.21 (t, J = 7.1 Hz, 6H)

20)  (E)-4-hydroxy-6-methyl-3-(3-(naph-
thalen-1-yl)acryloyl)-2H-pyran-2-one. Yield: 
31 %. 1H NMR (500 MHz, DMSO-d6) δ 17.51 
(s, 1H), 8.67 (d, J = 15.6 Hz, 1H), 8.39–8.16 (m, 
2H), 8.08 (d, J = 8.1 Hz, 1H), 7.99 (dd, J = 22.5, 
7.1 Hz, 2H), 7.72–7.50 (m, 3H), 6.34 (s, 1H), 2.28 
(s, 3H). 1H NMR (300 MHz, Chloroform-d) δ 
17.98 (s, 1H), 8.85 (d, J = 15.5 Hz, 1H), 8.42 (d, J 
= 15.5 Hz, 1H), 8.29 (d, J = 7.7 Hz, 1H), 8.04 (d, J 
= 7.3 Hz, 1H), 7.99–7.80 (m, 2H), 7.66–7.50 (m, 
3H), 5.98 (s, 1H), 2.29 (s, 3H).

21)  (E)-4-hydroxy-6-methyl-3-(3-(pyren-
1-yl)acryloyl)-2H-pyran-2-one. Yield: 68 %. 
1H NMR (300 MHz, DMSO-d6) δ 17.77 (s, 1H), 
9.02 (d, J = 15.4 Hz, 1H), 8.64 (d, J = 9.4 Hz, 
1H), 8.53–8.36 (m, 6H), 8.35–8.20 (m, 3H), 
6.35 (s, 1H), 2.30 (s, 3H). 1H NMR (500 MHz, 
Chloroform-d) δ 18.13 (s, 1H), 9.17 (d, J = 15.4 
Hz, 1H), 8.68–8.49 (m, 3H), 8.30–7.99 (m, 
7H), 5.98 (s, 1H), 2.30 (s, 3H).

CONCLUSIONS
The optimal conditions for the Knoevenagel 

reaction based on dehydroacetic acid and va
rious aldehydes were determined. Twenty-one 
chalcones with substituents of different nature 
in the aromatic nucleus were obtained and 
characterized by 1H NMR spectroscopy. The 
optical properties of synthesized compounds 
were investigated in DMF, MeOH, MeCN. It 
was found that the absorption maxima are in 
the visible range from 330 to 490 nm with a 
weak solvatochromic effect for these com-
pounds in studied solvents. 
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У роботі досліджено реакцію конденсації 
Кневенагеля між дегідрацетовою кислотою 
та ароматичними альдегідами. Отримано 
21 халкон із замісниками різної природи. 
Встановлено склад та будову отриманих 
сполук, досліджено їхні оптичні властивості 
в різних розчинниках. Синтезовані халкони 
поглинають світло у видимому діапазоні 
330–490 нм із молярними коефіцієнтами 
екстинкції 3,5–4,5.

Ключові слова: дегідрацетова кислота, 
конденсація Кневенагеля, халкони.

REFERENCES

1.	 Hale William J. The constitution of dehy-
droacetic acid. J. Am. Chem. Soc.  1911. 
33(7): 1119–1135. https://doi.org/10.1021/
ja02220a015

2.	 Bhat A.N., Jain B.D. Separation and  
determination of uranium and thorium 
with 3-acetyl-4-hydroxy-coumarin. Talan-
ta. 1960. 4: 13–16. https://doi.org/10.1016/ 
0039-9140(60)80066-5

3.	 Dovbii Ya.M., Chernii V.Ya., Tretyako
va  I.M., Gorski A.V., Starukhin A.S., Vol
kov S.V. Synthesis of dehydroacetic acid 
derivatives with chromophoric chain and 
their complexes with zirconium phthalo-
cyanine. Ukr. Chem. Journ. 2015. 81(12): 
79–82. 

4.	 Bhat A.N., Jain B.D. Gravimetric determi-
nation of cerium(IV) and its separation 
from rare earths using 3-acetyl-4-hydroxy-
coumarin. J. Less Common. Metals. 1961. 3: 
259–261.

5.	 Bhat A.N., Jain B.D. Spectrophotometric 
studies of uranium (VI)-3-acetyl-4-hy-
droxycoumarin complex in ethanol. J. In-
org. Nucl. Chem. 1961. 23: 136–139. https://
doi.org/10.1016/0022-1902(61)80095-X

6.	 Hsieh W.Y., Zaleski  C.M.. Pecoraro V.L.,  
Liu S.  Mn(II) Complexes of Monoanionic 
Bidentate Chelators: The x-ray Crystal Struc-
tures of Mn(DHA)2(CH3OH)2 (DHA=-
Dehydroacetic Acid) and [Mn(ema)2  
(H2O)]2 2H2O (Hema= 2-Ethyl-3-Hy-
droxy-4-Pyrone). Inorg. Chim. Acta. 2006. 
359: 228–236. https://doi.org/10.1016/j.ica.  
2005.09.025

7.	 Chalaca M.Z., Figueroa-Villar J.D., El-
lena  J.A., Castellano E.E. Synthesis and 
structure of cadmium and zinc complexes 



SYNTHESIS AND PROPERTIES OF CHALCONES BASED ON DEHYDROACETIC ACID

12 ISSN 2708-129X. Укр. хім. журн., 2021

INORGANIC CHEMISTRY

of dehydroacetic acid. Inorg. Chim. Acta. 
2002. 328: 45–52. https://doi.org/10.1016/
S0020-1693(01)00672-7

8.	 Jilalat A., Al-Garadi W., Karrouchi K., 
Essassi  E. Dehydroacetic acid (part 1): 
chemical and pharmacological properties. 
J. Mar. Chim. Heterocycl. 2017. 16: 1–47. 
https://doi.org/10.48369/IMIST.PRSM/
jmch-v16i1.8199

9.	 Walker G. N. Reduction of Enols. New Syn-
thesis of Certain Methoxybenzsuberenes 
via Hydrogenation of Dehydroacetic Ac-
ids. Journal of the American Chemical So-
ciety. 1956. 78: 3201–3205. https://doi.
org/10.1021/ja01594a062

10.	Rehse K., Rüther D. Einfluß der S-Oxi-
dation auf anticoagulante Wirkungen bei 
4-Hydroxycumarinen, 4-Hydroxy-2-py-
ronen und 1,3-Indandionen. Archiv der 
Pharmazie, 1984. 317:  262–267. https://
doi.org/10.1002/ardp.19843170313

11.	Yi Y. Y., He J. J., Su J. Q., Kong S. Z.,  
Su J. Y., Li Y. C., Huang S. H., Li C. W.,  
Lai X. P., Su Z. R. Synthesis and antimi-
crobial evaluation of pogostone and its 
analogues. Fitoterapia, 2013. 84: 135–139. 
https://doi.org/10.1016/j.fitote.2012.11.005

12.	Aït-Baziz N., Rachedi Y., Chemat F., 
Hamdi  M. Solvent Free Microwave-As-
sisted Knoevenagel Condensation of De
hydroacetic Acid with Benzaldehyde De-
rivatives. Asian Journal of Chemistry. 2008. 
20: 2610–2622.

13.	Rachedi Y., Hamdi M., Spéziale V. Synthe-
sis of 4-Hydroxy 6-Methyl 3-β-Arylpro-
pionyl 2-Pyrones by Selective Catalytic 
Hydrogenation of 3-Cinnamoyl 4-Hyd
roxy 6-Methyl 2-Pyrones. Synthetic Com-
mun. 1989. 19: 3437–3442. https://doi.
org/10.1080/00397918908052752

14.	Sundar P. S., Gunasheela D. Synthesis, 
characterization and determination of an-
timicrobial activity of novel chalcones of 
3-acetyl 4-hydroxy-6-methyl-2hpyran-2-
one. Europ. J. Pharm. Med. Research. 2016. 
3(7): 381–384. 

15.	Patange V., Arbad B. Synthesis, spectral, 
thermal and biological studies of transition 
metal complexes of 4-hydroxy-3-[3-(4-hy-
droxyphenyl)-acryloyl]-6-methyl-pyran-
2-one. J. Serb. Chem. Soc. 2011. 76: 1237–
1246. doi: 10.2298/JSC100531108P

16.	Tambov K. V., Voevodina I. V., Mana
ev  A.  V., Ivanenkov Y. A.. Neamati N., 
Traven V. F. Structures and biological acti
vity of cinnamoyl derivatives of coumarins 
and dehydroacetic acid and their boron di-
fluoride complexes. Russ. Chem. Bul. 2012. 
61: 78–90. https://doi.org/10.1007/s11172-
012-0012-y

17.	Hanuza J., Ptak M., Lisiecki R., Janczak J., 
Kwocz A., Kucharska E., Roszak S., Ry-
ba-Romanowski W., Mączka M., Her-
manowicz K., Macalik  L. Spectral and 
energetic transformation of femtosecond 
light impulses in the Eu3+ complex with 
dehydroacetic acid. J. Lumines. 2018. 198: 
471–481. https://doi.org/10.1016/j.jlumin. 
2018.02.067

18.	Wu B., Wang Y., Chen S., Wang M., Ma M., 
Shi Y., Wang X. Stability, mechanism and 
unique “zinc burning” inhibition synergis-
tic effect of zinc dehydroacetate as thermal 
stabilizer for poly(vinyl chloride). Poly-
mer Degradation and Stability. 2018. 152: 
228–234. DOI: 10.1016/j.polymdegrad-
stab.2018.04.025

19.	Malik B.A., Mir J.M. Synthesis, characteri-
zation and DFT aspects of some oxovana-
dium(IV) and manganese(II) complexes 



V. Ya. Chernii, I. M. Tretyakova, N. M. Fedosova, I. M. Denisenko, Ya. M. Dovbii, V. B. Kovalska, S. V. Chernii, V. I. Pekhnyo, A. S. Starukhin

13https://ucj.org.ua

UCJ № 5 / Vol. 87

involving dehydroacetic acid and β-dike-
tones. J.Coord. Chem. 2018. 71: 104–119. 
https://doi.org/10.1080/00958972.2018.14
29600

20.	Vashisht D., Sharma S., Kumar R., Saini V., 
Saini V., Ibhadon A., Sahoo S.C., Sharma S., 
Mehta, S.K., Kataria, R. Dehydroacetic acid 
derived Schiff base as selective and sensitive 
colorimetric chemosensor for the detection 
of Cu(II) ions in aqueous medium. Micro-
chemical Journal. 2020. 155: 1–10. https://
doi.org/10.1016/j.microc.2020.104705

21.	Chen K.-H., Lin T.-H., Hsu T.-E., Li Y.-J., 
Chen G.-H., Leu W.-J., Guh J.-H., Lin C.-H., 
Huang J.-H. Ruthenium (II) complexes 
containing dehydroacetic acid and its im-
ine derivative ligands. Synthesis, character-
ization and cancer cell growth anti-proli
feration activity (GI50) study. J. Organome-
tall. Chem. 2018. 871: 150–158. https://doi.
org/10.1016/j.jorganchem.2018.07.014

22.	Kendur U., Chimmalagi G.H., Patil S.M., 
Gudasi K.B., Frampton  C.S. Synthesis, 
structural characterization and biological 
evaluation of mononuclear transition met-
al complexes of zwitterionic dehydroacetic 
acid N‑aroylhydrazone ligand. Appl. Orga-
nometall. Chem. 2018. 32: 1–21. https://doi.
org/10.1002/aoc.4278

23.	Emam S.M., El-Tabl A.S., Ahmed H.M., 
Emad E.A. Synthesis, structural charac-
terization, electrochemical and biological 
studies on divalent metal chelates of a new 
ligand derived from pharmaceutical pre-
servative, dehydroacetic acid, with 1,4-di-
aminobenzene. Arabian J. Chem. 2017. 
10: S3816 – S3825. DOI: 10.1016/j.ara
bjc.2014.05.019

24.	Devi J., Devi S., Kumar A. Synthesis, spec-
tral, and in vitro antimicrobial studies of 

organosilicon(IV) complexes with Schiff 
bases derived from dehydroacetic acid. 
Monatshefte fur Chemie. 2016. 147: 2195–
2207. https://doi.org/10.1007/s00706-016-
1720-z

25.	Benferrah N., Hammadi M., Philouze C., 
Berthiol F., Thomas F. Copper(II) com-
plex of a Schiff base of dehydroacetic acid: 
Characterization and aerobic oxidation 
of benzyl alcohol. Inorg. Chem. Commun. 
2016. 72: 17–22. https://doi.org/10.1016/j.
inoche.2016.07.020

26.	Mir J.M., Rajak D.K., Maurya R.C. Oxo
vanadium(IV) complex of 8‑hydroxy qui
noline and 3-acetyl-6-methyl-2H-pyran-
2,4(3H)-dione: Experimental, theoretical 
and antibacterial evaluation. Journal of 
King Saud University – Science. 2019. 31: 
1034–1041. https://doi.org/10.1016/j.jk-
sus.2018.03.023

27.	Sarhan A.M., Elsayed S.A., Mashaly M.M., 
El-Hendawy A.M. Oxovanadium(IV) 
and ruthenium(II) carbonyl complexes of 
ONS-donor ligands derived from dehy-
droacetic acid and dithiocarbazate: Syn-
thesis, characterization, antioxidant activi-
ty, DNA binding and in vitro cytotoxicity. 
Appl. Organometall. Chem. 2019. 33: 1–16.  
№ e4655. https://doi.org/10.1002/aoc.4655

28.	Saini S., Pal R., Gupta A.K., Beniwal V. Syn-
thesis, characterization, DNA photocleav-
age and antibacterial study of a novel de-
hydroacetic acid based hydrazone Schiff ’s 
base transition metal complexes. Res. J. 
Chem. Environ. 2017. 21: 49–57.

29.	Nechak R., Bouzroura S. A., Benmalek Y., 
Salhi L., Martini S. P., Morizur V., Du
nach, E., Kolli, B. N. Synthesis and Antimi-
crobial Activity Evaluation of Novel 4-Thi-
azolidinones Containing a Pyrone Moiety. 



SYNTHESIS AND PROPERTIES OF CHALCONES BASED ON DEHYDROACETIC ACID

14 ISSN 2708-129X. Укр. хім. журн., 2021

INORGANIC CHEMISTRY

Synthetic Commun. 2015. 45: 262–272. 
https://doi.org/10.1080/00397911.2014.97
0278

30.	Swamy P. G., Sri B. R., Giles D., Shashid
har B., Das A. K., Agasimundin Y. Synthesis, 
anticancer, and molecular docking studies 
of pyranone derivatives. Med. Chem. Re-
search. 2013. 22: 4909–4919. https://doi.
org/10.1007/s00044-013-0478-7

31.	Kashar T. I., El-Sehli A. H. Synthesis, cha
racterization, antimicrobial and anticancer 
activity of Zn(II), Pd(II) and Ru(III) com-
plexes of dehydroacetic acid hydrazine. 
Journal of Chemical and Pharmaceutical 
Research. 2013. 5(11): 474–483.

32.	Thaisrivongs S., Romero D. L., Tomma-
si R. A., Janakiraman M. N., Strohbach J. W., 
Turner S. R., Biles C., Morge R. R., John-
son  P. D., Aristoff P. A., Tomich P. K.,  
Lynn J. C., Horng M. M., Chong K. T., Hin-
shaw R. R., Howe W. J., Finzel B. C., Waten-
paugh K. D. Structure-Based Design of HIV 
Protease Inhibitors: 5,6-Dihydro-4-hy-
droxy-2-pyrones as Effective, Nonpeptidic 
Inhibitors. J. Med. Chem. 1996. 39: 4630–
4642. doi: 10.1021/jm960228q.

33.	Defant A., Mancini I., Tomazzolli R., Balza-
rini J. Design, Synthesis, and Biological 

Evaluation of Novel 2H-Pyran-2-one De-
rivatives as Potential HIV-1 Reverse Tran-
scriptase Inhibitors. Archiv Der Pharmazie. 
2014. 348: 23–33. https://doi.org/10.1002/
ardp.201400235

34.	Kovalska V., Chernii S., Losytskyy M., Dov-
bii Y., Tretyakova I., Czerwieniec R., Cher-
nii V., Yarmoluk S., Volkov S. β-ketoenole 
dyes: Synthesis and study as fluorescent 
sensors for protein amyloid aggregates. 
Dyes and Pigments. 2016. 132: 274–281. 
DOI: 10.1016/j.dyepig.2016.04.053

35.	Kovalska V., Chernii S., Losytskyy M., Tret-
yakova I., Dovbii Y., Gorski A., Chernii V., 
Czerwieniec R., Yarmoluk S. Design of 
functionalized β-ketoenole derivatives as 
efficient fluorescent dyes for detection of 
amyloid fibrils. New Journal of Chemistry. 
2018. 42 (16): 13308-13318. DOI: 10.1039/
c8nj01020j

36.	Moshynets O., Chernii S., Chernii V., Lo-
sytskyy M., Karakhim S., Czerwieniec  R., 
Pekhnyo V., Yarmoluk S., Kovalska V. Flu
orescent β-ketoenole AmyGreen dye for 
visualization of amyloid components of 
bacterial biofilms. Methods and Applica-
tions in Fluorescence. 2020. 8 (3): 035006. 
DOI: 10.1088/2050-6120/ab90e0

Стаття надійшла 17.06.2021. 



15

UDC: 549.641.1; 661.8; 621.315.61; 621.317  doi: 10.33609/2708-129X.87.05.2021.15-24

THE SYNTHESIS IMPACT ON DIELECTRIC PROPERTIES 
OF La0.5Li0.5-xNaxTiO3

T.O. Plutenko, O.I. V’yunov *, O.P. Fedorchuk, O.Z. Yanchevskii, A.G. Belous 

V.I. Vernadsky Institute of General and Inorganic Chemistry of National Academy of Sciences of 
Ukraine, Akad. Palladin ave, 32/34, Kyiv, 03142, Ukraine
e-mail: vyunov@ionc.kiev.ua

Using X-ray powder, diffraction the sequence of reactions occurring during the synthesis 
La0.5Li0.5-xNaxTiO3 by solid-state reaction technique has been determined. Using electron mi-
croscopy it has been shown that the grain size decreases with increasing x in La0.5Li0.5-xNax-
TiO3 system. The influence of the grain size of ceramics on the dielectric characteristics has 
been indicated. The frequency dependences of permittivity and dielectric loss tangent have 
been investigated by ac impedance spectroscopy. It has been established that ceramic sample 
of La0.5Li0.4Na0.1TiO3 solid solution has the largest value of permittivity ɛ > 104 at wide frequen-
cy range (1–104 Hz) in La0.5Li0.5-xNaxTiO3 system.

Keywords: solid solution, lithium-sodium-lanthanum titanate, perovskite, complex im-
pedance, colossal permittivity.

INTRODUCTION. LLTO and other ABO3 
perovskites attract great attention for the last 
years and are investigated intensively. These 
materials can be used in microelectronics and 
electrochemical devices. One of the conductive 
perovskites applications is the development of 
electrolytes for lithium-ion batteries, which are 
for now the critical technology in  energy storage. 
Such solid electrolytes have crucial advantages 
over liquid analogs: nonflammability and 
generally improved safety (critical for power 
supplies of vehicles), low-temperature stability, 
higher power, and energy densities [1, 2]. 
There are other different classes of materials 
for solid electrolytes: phosphates on the base 
of NASICON, LISICON, garnets  [3– 5]. 

But LLTO stands out due to relatively high 
conductivity σ = 10-3 S/cm for bulk samples [6]. 
It is the ion-conducting material, in which the 
high ionic conductivity provided by lithium 
transport through vacancies in A-sublattice, 
formed by lanthanum and substituting ions and 
surrounded by oxygen ions, in the perovskite 
structure.

Perovskite-based materials also demon-
strate the giant dielectric constant [7]. High 
dielectric constant (ε′ = 103–106) is the key fea-
ture for further miniaturization of microelect
ronics components, development of capaci-
tors for high-energy storage (Multi-Layer Ce-
ramic Capacitors [8]). LLTO-based materials 
are also remarkable among other perovskites 
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due to the stability of properties in a wide 
temperature range [7]. One of such materials 
is, for example, La0.67Li0.25Ti0.75Al0.25O3 ceram-
ics. It  was revealed, that high dielectric per-
mittivity in the case of La0.67Li0.25Ti0.75Al0.25O3 
is associated with the barrier layer capacitor 
effect, caused by the depletion of Li ions at 
the grain boundaries. Therefore, conductiv-
ity, structural and morphological features of 
LLTO have a considerable impact on the giant 
dielectric constant in it.

It was found that in the La0.5Na0.5TiO3 
(LNTO) material high dielectric constant is due 
to the heterogeneous distribution of cations, 
which leads to a strong local field fraction [9]. It 
was also shown that solid solutions are formed 
in the system La0.5Li0.5-xNaxTiO3 (LLNTO) [10]. 
The dielectric properties of LLNTO have been 
studied in the microwave region. It can be as-
sumed that in the frequency range of 100–106 Hz 
the presence of sodium will lead to a strong 
change in the dielectric properties. At first sight, 
sodium has a big ionic radius and causes many 
effects, leading to reduction in both conductiv-
ity and dielectric constant [10]. It decreases the 
concentration of mobile charge carriers; reduces 
the number of vacancies in A site. But also so-
dium provokes shifts in the crystal structure of 
perovskite and has an ambiguous impact on re-
sulting properties [11–13].

Despite the long-lasting studies, there are 
many open challenges regarding lithium con-
ductive perovskites. It is known, for example, 
that synthesis of these ones is a complex and 
hard task. Almost all of the existing works 
concentrated on the final properties of ob-
tained materials without the understanding of 
intermediate processes during the synthesis. 
In this paper, we studied the formation and 
changes of transitional phases during the La0.

5Li0.5-xNaxTiO3 ceramics synthesis by solid-state 
reactions technique in a temperature range 
20–1300 oC as an attempt to clarify the nature 
of these processes. In addition, we studied the 
effect of increasing sodium concentration on 
dielectric properties of La0.5Li0.5-xNaxTiO3. 

EXPERIMENT AND DISCUSSION OF THE 
RESULTS. Samples were obtained from stoi-
chiometric amounts of dried Li2CO3 (Merck), 
Na2CO3 (Merck), La2O3 (Aldrich 99.99%), and 
TiO2 (Aldrich 99 %) by solid-state reaction 
technique. Li2CO3 and Na2CO3 compounds 
were dried at 300 ºC, La2O3 at 800 ºC, and TiO2 
at 600  ºC. The mixtures of Li2CO3, Na2CO3, 
La2O3, and TiO2 were ground in an agate mor-
tar with acetone, and calcined in air for 4 h at 
1250 ºC. The rate of temperature increase was 
200 ºC/hour. The phases were characterized by 
X-ray powder diffractometry (XRPD) using 
DRON-4-07 diffractometer (Cu Kα radiation; 
40 kV, 20 mA). The calcined powders were 
ground and pressed into pellets with a diame
ter of 10 mm and a thickness of 6 mm under 
a pressure of 500 kg/cm2 (50MPa). The pellets 
were sintered at 1300–1330  ºC depending on 
Na content (6 h). Finally, samples with 1 mm 
thickness were cut out from prepared raw ce-
ramic.

In order to determine intermediate phases 
during synthesis, isothermal heat treatment was 
carried out in the temperature range from room 
temperature (RT) to 1300 °C during 2 h. The 
change in the phase composition was studied in 
the temperature range 20–1100 ºC by method 
X-ray phase diffraction (XRD) analysis using  
DRON-4-07 CuKα-radiation; 40 kV, 20 mA). 
SiO2 and Al2O3 were used as external standards 
(for 2Θ and intensity). 

Grain sizes of ceramic samples of 
La0.5Li0.5-xNaxTiO3 system (where 0  ≤  x  ≤  0.5) 



T.O. Plutenko, O.I. V’yunov, O.P. Fedorchuk, O.Z. Yanchevskii, A.G. Belous 

17https://ucj.org.ua

UCJ № 5 / Vol. 87

were determined using a scanning electron 
microscope JEM 10CX II (JEOL) and scan-
ning electron microscope SEC miniSEM 
SNE 4500MB equipped with EDAX Element 
PV6500/00 F spectrometer. Sintered cylindri-
cal pellets 10 mm in diameter and 2 mm thick, 
with evaporated electrodes, were used for elec-
trical measurements.

Impedance spectroscopy measurements we
re performed using a 1260 Impedance / Gain 
phase Analyzer (Solartron Analytical).

Using X-ray powder diffraction analy-
sis it has been shown that single-phase sol-
id solutions in La0.5Li0.5-xNaxTiO3 system are 
formed at temperatures above 1200 °C (Fig. 1). 
All samples of La0.5Li0.5-xNaxTiO3 system have 
rhombohedral (trigonal) symmetry with space 
group R-3c. The parameters of the unit cell 
were calculated by the full-profile Rietveld anal-
ysis. As can be seen from Fig. 2, the parame
ters of the unit cell in the La0.5Li0.5-xNaxTiO3 
system change by Vegard's law, which indicates 
the formation of solid solutions. The increase 

in the volume of the unit cell with increasing 
x is explained by the rise in the average ionic 
radius in the lithium-sodium sublattice.

Intermediate phases of synthesis depending 
on the temperature of calcination are presen
ted in Table 1.

Fig. 1. X-ray powder diffraction analysis of  
La0.5Li0.5-xNaxTiO3 at x  =  0.2, calcined at different 
temperatures. Marked phases La0.5Li0.3Na0.2TiO3 (◊), 
La0.5Na0.5TiO3 (□), La2O2CO3 (●), TiO2 (○), Na2Ti3O7 
(▼), Li2Ti2O5 (▲), Na2Ti2O5 (*), La2O3 (♦), La2Ti2O7 
(■).

Fig. 2. Dependence of the unit cell parameters a, c (a) and unit cell volume V (b) of La0.5Li0.5-xNaxTiO3 
on x.
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Table 1
Phase composition of powders in the La0.5Li0.5-xNaxTiO3 system

T, °C х = 0 х = 0.2 х = 0.5
20–400 Li2CO3, TiO2, La(OH)3 Na2CO3, Li2CO3, TiO2, La(OH)3 TiO2, Na2CO3, La(OH)3

500 TiO2, Li2TiO3, La2O2CO3 TiO2, Li2TiO3, Na2CO3,  La2O2CO3 TiO2, Na2CO3,  La2O2CO3

600 TiO2, Li2TiO3, La2O3 TiO2, Li2TiO3, Na2CO3,  La2O2CO3 TiO2, Na2CO3,  La2O2CO3

800 TiO2, Li2Ti2O5, La2Ti2O7 TiO2, La2O2CO3, La2O3, Li2Ti2O5, 
Na2Ti2O5, Na2Ti3O7

TiO2, La2O2CO3, La2O3, 
Na2Ti2O5, Na2Ti3O7, Na2TiO3

900 TiO2, La2O3, 
La0.5Li0.5TiO3, Li2Ti2O5, 
Li2Ti3O7, La2Ti2O7

TiO2, La2O3, La2Ti2O7, 
La0.5Li0.5TiO3, Li2Ti2O5, Li2Ti3O7, 
Na2Ti2O5, Li4Ti5O12

TiO2, La2O3, Na2Ti2O5, 
Na2Ti3O7, Na2TiO3

1000 TiO2, La2O3, 
La0.5Li0.5TiO3, Li2Ti2O5, 
Li2Ti3O7, La2Ti2O7

TiO2, La2O3, La2Ti2O7, 
La0.5Li0.5TiO3, Li2Ti2O5, Li2Ti3O7, 
Na2Ti2O5, Na2TiO3, NaLiTi3O7, 
Li4Ti5O12

TiO2, La2O3, La2Ti2O7, 
Na2Ti2O5, Na2Ti3O7, Na2TiO3, 
Na4Ti5O12

1100 Li2Ti2O5, La0.5Li0.5TiO3, 
La2Ti2O7

Li2Ti2O5, Na2Ti2O5, La0.5Li0.5TiO3, 
La0.5Na0.5TiO3, La2Ti2O7

Na2Ti2O5, La2Ti2O7, 
La0.5Na0.5TiO3

1200 La0.5Li0.5TiO3 La0.5Li0.3Na0.2TiO3, La0.5Li0.5TiO3, 
La0.5Na0.5TiO3

La0.5Na0.5TiO3

1300 La0.5Li0.5TiO3 La0.5Li0.3Na0.2TiO3 La0.5Na0.5TiO3

Fig. 3. Scheme of the La0.5Li0.5-xNaxTiO3 solid solutions synthesis by the solid-state reaction technique.
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The scheme of phase transformation occur-
ring during La0.5Li0.5-xNaxTiO3 synthesis by the 
solid-state reaction technique is presented in 
Fig. 3. 

Synthesis by the solid-state reaction tech-
nique is a complex and multi-stage process. 
At room temperature in contact with air La2O3 
absorbs water and forms lanthanum hydroxide 
La(OH)3:

La2O3 + 3H2O 20–400 °C  2La(OH)3

At higher temperatures, lanthanum hydro
xide intensively adsorbs carbon dioxide pro-
ducing lanthanum dioxycarbonate.

2La(OH)3 + CO2 
500–800 °C

 La2O2CO3 + 3H2O

Titanium (IV) oxide react with lithium car-
bonate to produce lithium metatitanate and 
carbon dioxide:

Li2CO3 + TiO2 
500–600 °C

 Li2TiO3 + CO2↑

In the temperature range from 700 to 
800 °C a reaction between lithium metatitanate 
and titanium (IV) oxide and the formation of  
Li2Ti2O5 takes place.

Li2TiO3 + TiO2 
700–800 °C

 Li2Ti2O5

Na2CO3 + 2TiO2 
700–800 °C  Na2Ti2O5 + CO2↑

Decomposition of lanthanum dioxycar-
bonate leads to La2O3 formation:

La2O2CO3 
800–900 °C  La2O3+ CO2↑

Complicated parallel processes of Na2Ti3O7 
formation can be presented by:

Na2Ti2O5 + TiO2 
800–1000 °C  Na2Ti3O7

Formation of La2Ti2O7 occurs during the re-
action between lanthanum hydroxide and tita-
nium (IV) oxide:

La2O3 + 2TiO2 
850–1000 °C La2Ti2O7

Li2Ti2O5 phase reacts with La2Ti2O7 to form 
La0.5Li0.5TiO3

Li2Ti2O5 + La2Ti2O7 
900–1100 °C

 4La0.5Li0.5TiO3

At the same time parallel processes of  
Li2Ti3O7 formation/decomposition occur:

Li2Ti2O5 + TiO2 
900–1000 °C

 Li2Ti3O7

Na2Ti2O5 + La2Ti2O7 
800–1100 °C  4La0.5Na0.5TiO3

After all, solid solution La0.5Li0.5-xNaxTiO3 
is formed by the interaction of two perovskite 
phases of La0.5Na0.5TiO3 and La0.5Li0.5TiO3:

xLa0.5Na0.5TiO3 + (1-x)La0.5Li0.5TiO3 
1200–1250 °C

1200–1250 °C La0.5Li0.5-xNaxTiO3

Fig. 4 shows SEM photographs of  
La0.5Li0.5-xNaxTiO3 samples. The grain size of 
ceramics in La0.5Li0.5-xNaxTiO3 solid solutions 
decreases from 4.5 to 3.5 μm for x = 0.15 and 
0.35, respectively. Sintering reduces surface 
area by growing bonds between contacting 
particles during heating. Due to random ori-
entations of the particles, the bond forms with 
an embedded grain boundary accommodating 
the crystal disorientation between particles. 
Effectively, early sinter bonding replaces sur-
face area with a lower energy of grain bound-
ary area. As surface area is annihilated, the 
driving force of the process declines, resulting 
in slower sintering rates. Mass transport mech-
anisms act a great role during sintering. From 
one point of view, the sintering temperature of  
La0.5Li0.5-xNaxTiO3 rises with x and this must 
lead to an increase in grain size of ceramics.  
On the other hand, the solid solution contains 
elements Li and Na that tend to evaporate at 
high temperatures, resulting in the forma-
tion of vacancies. Evaporation from the grain 
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boundary leads to a decrease in the mass trans-
fer of the substance, which in turn leads to the 
appearance of smaller grains [14, 15]. The im-
portance of small grain size is illustrated in 

terms of the increased dielectric constant of 
barium titanate and reduced sensitivity of it to 
temperature [16].

    

Fig. 4. Micrographs of La0.5Li0.5-xNaxTiO3 at x = 0.15 (a), 0.25 (b), 0.35 (c). 

Fig. 5. a - Frequency dependence of dielectric constant La0.5Li0.5-xNaxTiO3 solid solutions at x = 0(1), 
0.1(2), 0.2(3), 0.3(4); inset: the dependence of the dielectric constant on x at a frequency of 1 Hz. b - Fre-
quency dependence of dielectric loss tangent in La0.5Li0.5-xNaxTiO3 at x = 0(1), 0.1(2), 0.2(3), 0.3(4).

Fig. 5 shows the frequency dependencies of 
the dielectric constant (Fig. 5a) and dielectric 
loss tangent (Fig. 5b) at room temperature. So
lid solutions La0.5Li0.5xNaxTiO3 with a sodium 
concentration less than x < 0.25 exhibit high 
dielectric constant ɛ  >  103 at low frequencies 
(f ≤ 10 Hz). At x = 0.3 the dielectric constant 
gradually decreases, which may be associated 
with a decrease in the grain size (Fig. 4) and 
an increase in the total number of grains in the 
ceramic sample. The mobility of lithium in the 
grain core is greater than at the grain boun
dary [16]. As the grain size decreases, the pro-

portion of grain boundaries increases, which re-
duces the contribution to polarization, and the 
dielectric constant decreases. The dielectric loss 
tangent (which is determined by the dissipation 
of energy due to the movement of charges) de-
creases with an increase in the sodium concen-
tration at frequencies f > 103 Hz (Fig. 5b). As can 
be seen from Fig. 5a, the value of the dielectric 
constant in the La0.5Li0.5-xNaxTiO3 system passes 
through a maximum in the La0.5Li0.4Na0.1TiO3 
solid solution. It is known that in solid solutions 
where lithium is gradually replaced by sodium 
in the lanthanum sublattice, the mobility of 
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lithium decreases. On the other hand, an in-
crease in the amount of sodium increases the 
unit cell volume, which expands the distance 
by which the charge carrier can move (Fig. 2). 
Described above factors lead to contradictory 
effects that explain the maximum conductivity 
in the La0.5Li0.4Na0.1TiO3 solid solution. As at x 
= 0.1 concentration, the number of vacancies 
and charge carriers Li+ is still quite large and 
there is no Li-ion conduction, which leads to 
high dielectric response.

CONCLUSIONS. The structure of 
La0.5Li0.5-xNaxTiO3 perovskites, with 0 < x < 0.5, 
has been deduced with the Rietveld method. It 
has been found that an increase in x leads to the 
rise in unit cell volume that can be explained by 
the rise in the average ionic radius in the lantha-
num sublattice. Using X-ray powder diffraction 
analysis, it has been found that at the first stage 
two phases of La0.5Li0.5TiO3 and La0.5Na0.5TiO3 
are formed while synthesis of La0.5Li0.5-xNaxTiO3. 
The final solid solution is formed by the in-
teraction between lithium-lanthanum titanate 
and sodium-lanthanum titanate. Intermediate 
main phases during solid-state reaction synthe-
sis are La2O2CO3, Li2TiO3, Na2Ti2O5, Na2Ti3O7, 
Li2Ti3O7. Using SEM it has been shown that  
grain size of ceramics in La0.5Li0.5-xNaxTiO3 so
lid solutions decreases from 4.5 to 3.5 μm for  
x = 0.15 and 0.35, respectively. Impedance 
spectroscopy has been used to analyze dielectric 
permittivity and as a result lithium mobility in  
La0.5Li0.5-xNaxTiO3 system. The dielectric constant 
passes through a maximum in La0.5Li0.4Na0.1TiO3 
ceramic. This can be explained by the increase 
in lithium ions mobility due to the growth of 
unit cell volume which makes a contribution to 
the polarization and leads to the maximum va
lue of dielectric constant in these materials.
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Тверді розчини на основі титанату лі-
тію-натрію-лантану La0,5Li0,5-xNaxTiO3 син-
тезовано методом твердофазних реакцій за 
температур понад 1200 °C. За допомогою ме-
тоду рентгенівської порошкової дифракції 
визначено послідовність реакцій, що відбу-
ваються під час синтезу. Встановлено, що на 
першому етапі синтезу La0,5Li0,5-xNaxTiO3 іде 
одночасне утворення двох перовськитних 
фаз La0,5Li0,5TiO3 та La0,5Na0,5TiO3. Кінцевий 
твердий розчин утворюється при взаємо-
дії між титанатом літію-лантану та титана-
том натрію-лантану. Основними проміж-
ними фазами є La2O2CO3, Li2TiO3, Na2Ti2O5, 
Na2Ti3O7, Li2Ti3O7. За допомогою методу 
Рітвельда було визначено параметри криста-
лічної структури La0,5Li0,5-xNaxTiO3. Усі зраз-
ки системи La0,5Li0,5xNaxTiO3 мають ромбое-
дричну (тригональну) симетрію з просторо-
вою групою R-3c. Параметри елементарної 
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комірки в системі титанатів літію-натрі-
ю-лантану змінюються відповідно до закону 
Вегарда, що свідчить про утворення твердих 
розчинів. Знайдено, що збільшення x при-
зводить до збільшення об’єму елементарної 
комірки, що можна пояснити зростанням 
середнього іонного радіуса в підґратці лан-
тану. За допомогою електронної мікроско-
пії показано, що розмір зерен зменшується 
зі збільшенням x у системі La0,5Li0,5xNaxTiO3. 
Механізми масового транспорту відіграють 
велику роль під час спікання. З одного боку, 
температура спікання La0,5Li0,5-xNaxTiO3 під-
вищується з x, і це повинно призвести до 
збільшення розміру зерен кераміки. З іншо-
го боку, твердий розчин містить іони літію 
і натрію, які мають тенденцію до випаро-
вування за високих температур, що при-
зводить до утворення вакансій. Утворення 
вакансій на границях зерен призводить до 
зменшення масообміну речовини, що, сво-
єю чергою, призводить до появи менших 
за розміром зерен. Показано вплив розмі-
ру зерен кераміки на діелектричні характе-
ристики. За допомогою методу імпедансної 
спектроскопії було вивчено діелектричні 
властивості в системі La0,5Li0,5-xNaxTiO3. По-
казано, що значення діелектричної проник-
ності проходить через максимум у кераміці 
La0.5Li0.4Na0.1TiO3. Це можна пояснити вели-
кою кількістю іонів літію та збільшенням їх-
ньої рухливості внаслідок збільшення об’є-
му елементарної комірки, що дає великий 
вклад у  поляризацію і призводить до макси-
мального значення діелектричної проник-
ності в цих матеріалах.

Ключові слова: твердий розчин, тита-
нат літію-натрію-лантану, перовськит, ме-
тод комплексного імпедансу, гігантська ді
електрична проникність.
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PROTOLYTIC EQUILIBRIUM OF TETRA- AND PENTANITROFLUORESCEINS 
IN A BINARY SOLVENT ACETONITRILE – DIMETHYL SULFOXIDE 
(MASS RATIO 96 : 4) 

E.G. Moskaeva, A.V. Mosharenkova, S.V. Shekhovtsov, N.O. Mchedlov-Petrossyan

V. N. Karazin Kharkiv National University, Svoboda sq. 4, Kharkiv, 61022, Ukraine
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In this paper, the acid-base and tautomeric equilibria of four nitrofluorescein dyes, 
2,4,5,7-tetranitrofluorescein, 2,4,5,7,4’-pentanitrofluorescein, 2,4,5,7,5’-pentanitrofluoresce-
in, and 2,4,5,7-tetranitrofluorescein methyl ester, were studied. As reaction media, a binary 
solvent acetonitrile – dimethyl sulfoxide (96 : 4 by mass) was used. The acidity scale in this 
solvent was established previously. The indices of the dissociation constants of the dyes were 
determined using the spectrophotometric method. 

Interpreting the  apK values ​​requires an understanding of the state of tautomeric equilibria. 
The behavior of these compounds differs significantly from that of other fluorescein dyes, e.g., 
halogen derivatives. In the case of the first three compounds, i.e., for dyes with a free carboxyl-
ic group, the lactonic structure is predominant not only for the neutral form, but even for the 
double-charged anion. The single-charged anionic form exists as an equilibrium mixture of 
a colored (and fluorescent) tautomer and an almost colorless lactone. The fourth compound 
with esterified carboxylic group exhibits extreme stability in its anionic form.  

Evaluation of the tautomerization constants made it possible to calculate the microscopic 
equilibrium constants of the stepwise dissociation of dye lactones, k1L and k2L. The consid-
eration of the difference (pk2L – pk1L) allowed estimating the effective relative permittivity 
of the space between the ionizing groups basing on the Bjerrum – Kirkwood – Westheimer 
equation. Tautomerism of anions was discussed from the point of view of stabilization of 
symmetric structures. 

Key words: nitrofluorescein dyes, acetonitrile-DMSO binary solvent, buffer solutions, ab-
sorption spectra, dissociation constants, tautomerism, anionic lactones. 
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INTRODUCTION. Fluorescein and its nu-
merous halogen derivatives are widely used 
in chemistry and contiguous fields of science. 
Their behavior in solutions was a matter of nu-
merous studies. Nitro derivatives of fluorescein, 
however, are much less explored. During past 
two decades, some publications devoted to 
acid ionization and tautomerism of nitrofluo-
resceins appeared from this laboratory [1–6]. 

In this paper, we continue our research in this 
direction. 

The compounds studied are as follows: 
2,4,5,7-tetranitrofluorescein, 2,4,5,7,4’-penta
nitrofluorescein, 2,4,5,7,5’-pentanitrofluores-
cein, and 2,4,5,7-tetranitrofluorescein methyl 
ester. Except the first one [4, 6], they were syn-
thesized and identified by us; the details will be 
published elsewhere.  

Scheme 1 – Molecular structure of 2,4,5,7-tetranitrofluorescein and its methyl ester; the pentanitro
fluoresceins bear the NO2 group in 4’ or 5’ positions. 

Key words: nitrofluorescein dyes, acetonitrile-DMSO binary solvent, buffer solutions, 

absorption spectra, dissociation constants, tautomerism, anionic lactones  

INTRODUCTION. Fluorescein and its numerous halogen derivatives are widely used in 

chemistry and contiguous fields of science. Their behavior in solutions was a matter of numerous 

studies. Nitro derivatives of fluorescein, however, are much less explored. During past two 

decades, some publications devoted to acid ionization and tautomerism of nitrofluoresceins 

appeared from this laboratory [1–6]. In this paper, we continue our research in this direction.  

The compounds studied are as follows: 2,4,5,7-tetranitrofluorescein, 2,4,5,7,4'-

pentanitrofluorescein, 2,4,5,7,5'-pentanitrofluorescein, and 2,4,5,7-tetranitrofluorescein methyl 

ester. Except the first one [4, 6], they were synthesized and identified by us; the details will be 
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Scheme 1 – Molecular structure of 2,4,5,7-tetranitrofluorescein and its methyl ester; the 

pentanitrofluoresceins bear the NO2 group in 4' or 5' positions.  

H2R ⇌ HR− + H+, 𝐾𝐾a1    (1) 

HR− ⇌ R2− + H+,  𝐾𝐾a2    (2) 

Fluorescein dyes bearing NO2 groups in the xanthenes portion are relatively strong acids. 

Therefore, their investigation in terms of apK  values should be conducted in a polar weakly 

basic solvent, e.g., in acetonitrile. However, even traces of water can distort the results obtained 

with this solvent. In order to avoid this interfering factor, a new binary solvent was proposed 

recently, namely, acetonitrile with 4 mass % dimethyl sulfoxide [7]. In this solvent, the acidity 

– +
2 a1H R HR + H , K

             (1)
– 2– +

a 2HR R + H , K               (2)
Fluorescein dyes bearing NO2 groups in the 

xanthenes portion are relatively strong acids. 
Therefore, their investigation in terms of apK  
values should be conducted in a polar weak-
ly basic solvent, e.g., in acetonitrile. However, 
even traces of water can distort the results ob-
tained with this solvent. In order to avoid this 
interfering factor, a new binary solvent was 
proposed recently, namely, acetonitrile with 
4 mass % dimethyl sulfoxide [7]. In this sol-
vent, the acidity scale ( +

*
H

pa ) was established, 
and a set of buffer solutions was proposed. It 
was shown that the proton is associated with 

the molecules of the protophilic dimethyl sulf
oxide, while other ionic and molecular species 
are solvated mainly by acetonitrile. Hence, 
this binary solvent can be regarded, as first ap-
proximation, as acetonitrile with lyonium ion 
H(DMSO)2

+ [7]. 
EXPERIMENT AND DISCUSSION OF 

THE RESULTS. Acetonitrile was stored several 
days over P4O10 and distilled over dehydrated 
K2CO3. Water content was 0.015 % as deter-
mined by coulometric Karl Fischer method. 
Dimethyl sulfoxide was purified by freezing 
and distilled under vacuum; water content 
0.023 %. Benzene was purified from water by 
P4O10 and distilled; water content ≤ 0.01 %. 
Benzoic and salicylic acids were purified by 
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sublimation. Potassium benzoate and sodium 
hydrosalicylate were purified by re-crystalli-
zation. Picric acid was twice re-crystallized 
from ethanol and dried as described previous-
ly [7]. Tetra-n-butylammonium picrate was 
prepared by the reaction between picric acid 
and tetra-n-butylammonium iodide and puri-
fied by double re-crystallization from metha-
nol. p-Toluenesulfonic acid monohydrate was 
re-crystallized from acetonitrile. 98% aqueous 
sulfuric acid was of analytical grade. Diaza-
bicyclo[5.4.0]undec-7-ene (DBU) was used 
as purchased from Merck. 2,4-dinitrophenol 
was re-crystallized from benzene–cyclohexa
ne mixture (1 : 1 by volume). The synthesis 
and purification of tetramethylammonium 
2,4-dinitrophenolate was described previous-
ly  [8]. The purity of 2,6-dinitrophenol, an-
alytical grade, melting point 64 oC. Sodium 
2,6-dinitrophenolate was prepared through 
the following procedure. 4.00 g of 2,6-dini-
trophenol was solved under heating in 50 % 
aqueous ethanol, which contained 2.00 g so-
dium hydroxide. The hot solution was filtrated 
through a syringe membrane filter and cooled 
to +6 0С. On the next day, the deposit of the 
sodium salt of the 2,6-dinitrophenol was fil-
tered, washed with 10 mL of 50 % aqueous eth-
anol and dried. The mass of the dried salt was 
4.28 g. After re-crystallization from 50 mL of 
50 % aqueous ethanol the mass of the dry salt 
was 3.74 g (yield 83.5%). 

Absorption spectra of the dyes were run on 
a Hitachi U-2000 instrument, against the sol-
vent blanks at 25 oC. The optical path length 
was 1.00 cm. Normally, the dye concentrations 
were within the range of (0.3 – 4.7)×10–5 M. 

Following reagents and buffer systems were 
used for acidity variation: picric acid, benzoic 
acid – potassium benzoate, salicylic acid – so-

dium salicylate, 2,4-dinitrophenol – sodium 
2,4-dinitrophenolate, 2,6-dinitrophenol – so-
dium 2,6-dinitrophenolate, picric acid, tet-
ra-n-butylammonium picrate, p-toluenesul-
fonic acid, sulphuric acid (98 %), and DBU. 
For calculations of the +

*
H

pa  values, the follow-
ing thermodynamic HApK  values of acids were 
used as determined previously [7]: 3.30 (pic-
ric), 8.68 (2,4-dinitrophenol), 8.73 (2,6-dini-
trophenol), 9.61 (salicylic), 13.98 (benzoic). 
The 

2HA
fK −  values of homoassociation for the 

last two acids are 2.5×102 and 2.2×103 M–1, 
respectively, the logarithms of the association 
constants of ions, asslogK , for sodium salts are 
2.85, 3.46, and 3.46 for 2,4-, 2,6-dinitrophe-
nolate and salicylate, respectively [7]. The rela
tive permittivity of the binary solvent is 36.95 
at 25 oC. The ionic activity coefficients of the 
buffer components and dyes were calculated 
using the Debye–Hückel equation, second ap-
proach; the A and B parameters are 1.58 and 
0.48, respectively; the ionic parameter a was 
equated to 0.5 nm; Ba = 2.40. Molecular acti
vity coefficients were taken as unity. 

Determination of the apK  values of the 
dyes. The dissociation constants were deter-
mined using the dependence of the absorption 
spectra on +

*
H

pa . These data are presented in 
Figures 1–5. The +

*
H

pa  values were calculated 
using the HApK , asslogK , and 

2HA
fK −  values re-

ported previously [7, 8]. For the picric acid and 
2,6-dinitrophenol, the last value is close to zero 
owing to the well-known blocking effect, while 
for the 2,4-dinitrophenol it is unknown. Three 
schemes of +

*
H

pa  calculations were used. They 
are as follows: 

(i)	 For salicylate, benzoate, 2,6-, and 
2,4-dinitrophenolate buffer mixtures, a com-
plete calculation of the equilibrium compo-
sition was made as described earlier [8]. For 
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the 2,6-dinitrophenol, the homoassociation is 
not typical. The 

2HA
fK −  value for 2,4-dinitrophe-

nolate was roughly estimated as 24 M–1, because 
in pure acetonitrile it equals 2.5×102 M–1  [9], 
whereas in the binary solvent under study the 

2HA
fK −  values are 1.8 to 8 times lower than in 

acetonitrile [8]. 
(ii)	 Diluted unbuffered solutions of the pic-

ric acid were used. In this case, the dye concen-
tration was taken into account when calculating 
the equilibrium concentrations of all ionic and 
molecular species. The ratio of the molecular, 
H2R, and ionic, HR–, forms of the given dye was 
estimated from the absorption spectra. The sole 
exception was the case of the 2,4,5,7-tetrani-
trofluorescein methyl ester, because of the high 
concentration of the picric acid. 

In the above cases, +
*
H

pa  was calculated as 
1log[H ] log f+− − . 

(iii)	The limited acidity and basicity of the 
solvent system was created using the H2SO4 
and DBU solutions, respectively. In some cas-
es, p-toluenesulfonic acid tetra-n-butylammo-
nium picrate were used. 

The apK  values of the dyes were re-calculat-
ed to the thermodynamic ones using the acti
vity coefficients f1 and f2 for single and double 
charged anions. The value of the ionic strength 
was calculated for each working solution.  
It did not exceed 0.005 M in buffer solutions 
and diluted picric acid. The sole exception was 
the 2,4,5,7-tetranitrofluorescein methyl ester 
(Figure 1). 

In the case of this compound, the dissoci-
ation of the HR form takes place at very low 

+
*
H

pa  values. The molecular spectrum was avail-
able only in benzene with small H2SO4 addi-
tion. Higher concentrations of the sulfuric acid 
and additions of the p-toluenesulfonic acid led 
to decolorization, obviously due to hydrolysis 

of the ester group and turning to the mother 
compound. The appearance of the R– ion in 
pure benzene may be caused by small traces of 
water (see the Experimental section). 

Figure 1 – Absorption spectra of 2,4,5,7-tetrani-
trofluorescein methyl ester (3.1×10–6 M) in the bina-
ry solvent at different picric acid solutions. The spec-
trum of the anionic form R– was obtained in a sali
cylate buffer solution. The spectrum of the entire HR 
form was measured in benzene with 0.1 M sulfuric 
acid; without such acidifying, some amounts of the 
anion R– are present in the solution (dotted curve). 

Three wavelengths around the absorption 
maximum were used as analytical positions. 
Here, the absorption of the molecular form 
HR is small. The thermodynamic value a1pK  = 
1.95±0.19 was obtained from measurements 
with 8 different +

*
H

pa  values, from 1.45 to 
2.35. Here, the utilization of the Debye–Hü
ckel equation is conventional. Note that in this 
binary solvent and in entire DMSO, the anion 
R– exhibits bright fluorescence. 

Much more diluted solutions of picric acid 
were used in the case of 2,4,5,7-tetranitrofluo-
rescein (Figure 2a). Here, the neutral form H2R 
is almost colorless due to predominance of the 
lactonic tautomer, as in other solvents [1,2,4,6]. 
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Figure 2 – Absorption spectra of 2,4,5,7-tetranitrofluorescein (4.2×10–5 M) in diluted picric acid (a) 
and in the salicylate buffer solutions (b). The R2– spectrum was obtained in 0.02 M DBU solution. 

The spectrum of the dianion R2– of the dye is 
obtained in DBU solution (Figure 2). This ab-
sorption band is shifted to some extent as com-
pared with the spectra in salicylate buffers. This 
can be explained by the specific interaction of 
this double-charged anion with either DBUH+ 
cation or salicylic acid molecules. Such interac-
tions may also somewhat contribute to the main 
equilibrium. The dependence of absorbance at 
522 nm on +

*
H

pa  is given in Figure 3. 

Figure 3 – Absorption of 2,4,5,7-tetranitroflu-
orescein (4.2×10–5 M) at 522 nm vs. +

*
H

pa . Picric 
acid solutions (left-hand side) and salicylate buffers 
(right-hand side); 2,6-dinitrophenolate buffer solu-
tions shown with asterisks. 

For a fixed wavelength, the following equa-
tion is valid: 

+ 2

+ +

* 1 1
a1 1 a1 a2 2HR H R

* 2 * 1 1
a1 1 a1 a2 2H H

( )
A a K f A K K f

A
a a K f K K f

− −
− −

− −

+
=

+ +
.     (3) 

Here A stands for the absorbance at the 
current +

*
H

a  value; 2R
A −  and 

HR
A −  are absor

bances under conditions of complete conver-
sion of the dye into the corresponding form. 
Here, 

2H RA  = 0. This equation can be represent-
ed in three forms for calculation of both disso-
ciation constants and the 

HR
A −  value: 

2

+ +
1 1 * 1 1 * 2HR R

a1 1 a2 1 2H H
( ) ( )

A A A A
K f a K f f a

A A
− −− − − − −− −

= + 

2

+ +
1 1 * 1 1 * 2HR R

a1 1 a2 1 2H H
( ) ( )

A A A A
K f a K f f a

A A
− −− − − − −− −

= +
 

(4)

+ +

2 2

1 * 1 * 2HR
a2 2 1 a1 2H H

R R

( )
A A AK f f a K f a
A A A A

−

− −

− −−
= −

− −
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2 2
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a2 2 1 a1 2H H
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−

− −

− −−
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+ + 2 +
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+ + 2 +
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If the difference between the dissociation 
constants is big enough, the HR

A −  value can be 
determined directly and only the first items in 
the right-hand side of Equations 4 and 5 can be 
used for calculation of the constants. But if the 
yield of the single-charged anion, HR–, does 
not reach 100 % at any +

*
H

pa  value, then an 
iterative procedure should be used. The meth-
od of calculations was as follows. As first ap-
proximation, 

HR
A −  was equated to the maximal 

absorption in Figure 3. The dissociation con-
stants were calculated under the assumption 
that stepwise equilibria are isolated. Then the 

HR
A −  value was refined using Equation 6, and 
the  

1
a 2K −  and a2K  values were successively im-

proved via Equations 4 and 5. 
In dilute picric acid solution, the [HR ]−  

values were determined from the absorption 
spectra. The +

*
H

a  values were calculated using 
Equation 7, which is derived using the equa-
tions of mass action law for the picric acid, 
mass balance, and electroneutrality. 

+ +
* 2 * 1

HPic 1 1 HPic HPicH H
( ) { [HR ] } { [HR ]} 0a a K f f K c− − −+ − − − =

+ +
* 2 * 1

HPic 1 1 HPic HPicH H
( ) { [HR ] } { [HR ]} 0a a K f f K c− − −+ − − − =   

(7)

First, the 1f  value was equated to unity. 
Then, the ionic strength was approximately 
equated to +

*
H

a , and after evaluation of the 1f  
value the calculations were repeated. Finally, 
knowing +

*
H

a , [HR ]− , and 1f , the a1K  value 
was obtained. After five iterations, the results 
became stable. The +

*
H

pa  values indicated in 
Figures 2a and 3 are obtained as a result of the 
first iteration. 

The calculations of the +
*
H

pa  values and 
ionic strengths of the buffer mixtures were 
performed by Dr. A. V. Lebed in this Depart-
ment using the previously determined equi-

librium constants and calculation procedure 
[7]. In Table 1, the data for the salicylate buff-
er solutions are presented. In Tables 2 and 3, 
analogous data for the dinitrophenols are gi
ven. These +

*
H

pa s were used in further deter-
minations of the dissociation constants. They 
can also be used for other purposes in this bi-
nary solvent. 

Table 1 
The +

*
H

pa  values and ionic strength of buff-
er solutions in acetonitrile with 4 mass  % 
DMSO: salicylic acid + 0.00487 M sodium 
salicylate, 25 oC 

Salicylic acid, M +
*
H

pa I, M

0.1733 6.27 0.0041

0.1722 6.28 0.0041

0.1570 6.35 0.0041

0.1037 6.69 0.0038

0.0948 6.76 0.0037

0.0689 7.01 0.0035

0.0584 7.14 0.0034

0.0555 7.18 0.0033

0.0420 7.40 0.0031

0.0118 8.31 0.0021

0.0050 8.86 0.0017

0.0022 9.32 0.0015
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Table 2 
The +

*
H

pa  values and ionic strength of 
2,6-dinitrophenolate buffer solutions in ace-
tonitrile with 4 mass % DMSO, 25 oC 

2,6-Dinitro
phenol

Sodium
2,6-dinitro
phenolate

+
*
H

pa I, M

0.3619 0.0510 6.76 0.0049

0.3547 0.0510 6.77 0.0049

0.3521 0.0510 6.78 0.0049

0.2997 0.0048 6.29 0.0012

0.2954 0.0048 6.23 0.0012

0.2881 0.0048 6.31 0.0012

0.1590 0.0048 6.57 0.0012

0.1362 0.0048 6.64 0.0012

0.1317 0.0048 6.65 0.0012

0.0090 0.0040 7.77 0.0011

0.0045 0.0040 8.07 0.0011

Table 3
The +

*
H

pa  values and ionic strength of 
2,4-dinitrophenolate buffer solutions in ace-
tonitrile with 4 mass % DMSO, 25 oC 

2,4-Dinitro
phenol

Sodium
2,4-dinitro
phenolate

+
*
H

pa I, M

0.1086 0.0040 6.30 0.0018

0.0698 0.0010 6.18 0.0006

0.0551 0.0008 6.25 0.0005

0.0549 0.0008 6.26 0.0005

2,4-Dinitro
phenol

Sodium
2,4-dinitro
phenolate

+
*
H

pa I, M

0.0519 0.0005 6.14 0.0004

0.0455 0.0004 6.14 0.0003

0.0449 0.0004 6.15 0.0003

0.0270 0.0040 7.12 0.0014

0.0090 0.0040 7.68 0.0012

0.0045 0.0040 8.01 0.0012

0.0018 0.0040 8.42 0.0011

However, the data obtained with the two 
dinitrophenolate buffer systems were conside
red only as supporting information. The rea-
sons are as follows. For the 2,4-dinitrophenol, 
the exact value of the homoassociation constant 
is unknown, whereas the concentrations of the 
2,6-dinitrophenol, which allow receiving neces-
sary acidities, are too high, and some additional 
interactions may take place. Only the results ob-
tained with the salicylate buffer solutions were 
used for final calculations. Despite the lower 

HApK  value of 2,6-dinitrophenol (8.73) as com-
pared with that of salicylic acid (9.61), the latter 
is more suitable for creating lesser +

*
H

pa  values 
due to pronounced homoassociation effect. 

As a rule, three wavelength around the 
absorption maximum of the HR– anion were 
used. For instance, the final 

HR
A −  value at 

522  nm (Figure 3) was 2.455. This value was 
used to calculate the molar absorptivity of the 
single-charged anion. 

Spectrophotometric data for the two penta
nitrofluoresceins (Figures 4 and 5) were pro-
cessed in the same way. 

table 3 
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Figure 4 – Absorption spectra of 2,4,5,7,4’-pentanitrofluorescein (4.7×10–5 M) in diluted solutions of the 
picric acid (a) and in the salicylate buffer solutions (b). The R2– spectrum was obtained in 0.02 M DBU solution. 

Figure 5 – Absorption spectra of 2,4,5,7,5’-pentanitrofluorescein (4.4×10–5 M) in diluted solutions of the 
picric acid (a) and in the salicylate buffer solutions (b). The R2– spectrum was obtained in 0.02 M DBU solution. 

The results are collected in Tables 4 and 5. Table 4 
Molar absorptivities of the dyes in acetonitrile – DMSO binary solvent (96 : 4 by mass). 

Dye
( )3 1 1

max max, nm 10 ,M cmE − − −×λ

Neutral Monoanion Dianion
2,4,5,7-Tetranitrofluorescein methyl ester 452 (37.9)a 523 (112.0) —
2,4,5,7-Tetranitrofluorescein —b 522 (58.4)c 422 (20.0)
2,4,5,7,4’-Pentanitrofluorescein —b 526 (49.2)c 425 (16.1)
2,4,5,7,5’-Pentanitrofluorescein —b 525 (64.0)c 421 (16.5)

Note. a In benzene with 0.1 M sulfuric acid. b Almost colorless. c Calculated from the equilibrium data jointly 
with the dissociation constants. 
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Table 5 
Indices of the thermodynamic dissociation constants of the dyes in acetonitrile – DMSO 

binary solvent (96 : 4 by mass). 

Dye a1pK a2pK
a2pK  – a1pK

2,4,5,7-Tetranitrofluorescein methyl ester 1.95± 0.19 — —

2,4,5,7-Tetranitrofluorescein 4.49± 0.08 6.48± 0.17 1.99

2,4,5,7,4’-Pentanitrofluorescein 4.02± 0.03 6.58± 0.10 2.56

2,4,5,7,5’-Pentanitrofluorescein 4.11± 0.08 6.50± 0.16 2.4

Scheme 2 – Dissociation equilibrium of 2,4,5,7-tetranitrofluorescein methyl ester. 

Tautomerism of the dye anions. The neutral 
HR and anionic R– forms of the methyl ester of 
2,4,5,7-tetranitrofluorescein exists as colored 
quinonoidal structures HQ and X–, respective-
ly (Scheme 2). 

The esterification of the carboxylic group 
makes the formation of lactone impossible.  
The absorption spectra were presented above 
in Figure 1. 

In contrast, the lactone tautomer H2L 
(Scheme 3) predominates in the case of neutral 
species of the other three dyes. The H2R forms 
are almost colorless, and the fraction of mole-
cules existing as quinonoidal tautomer, 

2H Qα , 

are out of detection limits in spectra. Moreover, 
unlike most fluorescein dyes, 2,4,5,7-tetra
nitro derivatives, both with and without a 
nitro group in the phthalic acid residue, are 
prone to lactonization even in the dianionic 
form R2–. The band maxima of the dianions of 
the tetra- and pentanitroderivatives are located 
close to the UV portion of the spectrum (Fi
gures 2b, 4b, and 5b; Table 4) because of the 
“nitrophenolate” absorption of the lactones L2– 
(Scheme  3). Long-wavelength absorption, as 
for X– anions in Figure 1, for the dianions R2– is 
not observed. 
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The esterification of the carboxylic group makes the formation of lactone impossible.  

The absorption spectra were presented above in Figure 1.  

In contrast, the lactone tautomer H2L (Scheme 3) predominates in the case of neutral 

species of the other three dyes. The H2R forms are almost colorless, and the fraction of 

molecules existing as quinonoidal tautomer, 
2H Q , are out of detection limits in spectra. 

Moreover, unlike most fluorescein dyes, 2,4,5,7-tetranitro derivatives, both with and without a 

nitro group in the phthalic acid residue, are prone to lactonization even in the dianionic form R2–. 

The band maxima of the dianions of the tetra- and pentanitroderivatives are located close to the 

UV portion of the spectrum (Figures 2b, 4b, and 5b; Table 4) because of the “nitrophenolate” 

absorption of the lactones L2– (Scheme 3). Long-wavelength absorption, as for X– anions in 

Figure 1, for the dianions R2– is not observed.  
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Scheme 3 – Detailed scheme of protolytic equilibrium of 2,4,5,7-tetranitro dyes with free COOH group.

In contrast, the lactone tautomer H2L (Scheme 3) predominates in the case of neutral 

species of the other three dyes. The H2R forms are almost colorless, and the fraction of 

molecules existing as quinonoidal tautomer, 
2H Q , are out of detection limits in spectra. 

Moreover, unlike most fluorescein dyes, 2,4,5,7-tetranitro derivatives, both with and without a 

nitro group in the phthalic acid residue, are prone to lactonization even in the dianionic form R2–. 

The band maxima of the dianions of the tetra- and pentanitroderivatives are located close to the 

UV portion of the spectrum (Figures 2b, 4b, and 5b; Table 4) because of the “nitrophenolate” 

absorption of the lactones L2– (Scheme 3). Long-wavelength absorption, as for X– anions in 

Figure 1, for the dianions R2– is not observed.  
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 Such deeper colored species appear only for HR– anions of the dyes with four nitro 

groups in 2, 4, 5, and 7 positions. The bands resemble that of the monoanion of the ester (Figure 

1) but the molar absorptivities are substantially lower, as is seen in Table 4. This allows to 

assume that the HR– forms consist of an equilibrium mixture of intensively colored HX– 

tautomer and an lactonic anion HL–. Note that the single-charged anions are fluorescent owing to 

the presence of the HX– tautomer.  

Such deeper colored species appear only for 
HR– anions of the dyes with four nitro groups 
in 2, 4, 5, and 7 positions. The bands resemble 
that of the monoanion of the ester (Figure 1) 
but the molar absorptivities are substantially 
lower, as is seen in Table 4. This allows to as-
sume that the HR– forms consist of an equilib-
rium mixture of intensively colored HX– tau-
tomer and an lactonic anion HL–. Note that the 
single-charged anions are fluorescent owing to 
the presence of the HX– tautomer. 

If the maxE  value of the HX– tautomer of 
2,4,5,7-tetranitrofluorescein is equated to that 
of the R– (= X–) anion of the methyl ester of 
the dye (Table 4), the 

HX−α  value can be es-
timated as 58.4/112.0 = 0.52. Accordingly,  

HL−
α  = 1 – 

HX−α  = 0.48. Analogous evaluations 
of the tautomer fractions were made for the 
two pentanitrofluoresceins (Table 6). 

Knowing these values, the so-called micro-
scopic dissociation constants, k, can be esti-

mated. From the detailed dissociation scheme 
(Scheme 3), equations (8)–(10) can be derived: 

 
2,L a2 HL

p p logk K −= + α                   (8)

21,L a1 H L HL
p p log logk K −= + −α α           (9) 

21,OH a1 H Q HX
p p log logk K −= + −α α        (10)

The 1,Lpk  value can be calculated by taking 
2H Lα  close to unity. The results are collected 

in Table 6. The tautomerization constants of 
the HX– ⇌ HL–  equilibrium are 0.92, 1.27, 
and 0.75, respectively. Also, the fractions of 
the tautomer H2Q may be estimated. For ex-
ample, if the 1,OHpk  value of 2,4,5,7-tetrani-
trofluorescein is equated to that of its methyl 
ester, a 

2H Qα  value of 1.5  310−×  follows from 
equation (10). Hence, the negligible content 
of this tautomer is confirmed in such an in-
direct way. 
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Table 6 
Fractions of tautomers and the indices of the microscopic dissociation constants.

Dye HX−α
HL−

α 1,Lpk 2,Lpk 2,L 1,Lp pk k− effε

2,4,5,7-Tetranitrofluorescein 0.52 0.48 4.8 6.2 1.4 32

2,4,5,7,4’-Pentanitrofluorescein 0.44 0.56 4.3 6.3 2.0 18

2,4,5,7,5’-Pentanitrofluorescein 0.57 0.43 4.5 6.2 1.7 24

Thus obtained 1,Lpk  and 2,Lpk  values allow 
to evaluate the difference between the stepwise 
dissociation of the OH groups of the lactone 
H2L, 2,L 1,Lp pk k−  (Table 6). The effect can be 
explained by the Bjerrum – Kirkwood – Wes-
theimer equation (11), where the term log 4
reflects the statistical factor. 

2
A

2,L 1,L
0

24.7p p log 4 0.602
2.303 4 eff eff

e Nk k
RT r r

− = + = +
× πε ε ε

  	

2
A

2,L 1,L
0

24.7p p log 4 0.602
2.303 4 eff eff

e Nk k
RT r r

− = + = +
× πε ε ε

(11) 

Here, R, T, and 0ε  have their usual mean-
ings, effε  is the effective relative permittivity of 
the space permeated by the electric field lines, 
r is the distance (in nm) between the dissoci-
ating group and the negatively charged sub-
stituent [10]. For more details, see the book by 
Vereshchagin [11]. The r = 0.95 nm value for 
these dyes was estimated by Dr. V. S. Farafonov 
in this Department. Thus estimated effε  values 
are presented in Table 6. The average value is 
25, while the relative permittivity of the sol-
vent equals 36.95. This allows concluding that 
the influence of charged group occurs both 
through the aromatic molecule and through 
the solvent. 

Finally, the reasons of the strongly pro-
nounced lactonization of molecules and di-
anions, on the one hand, and commensura-

ble concentrations of HL– and HX– tautomers 
should be explained. Electro-deficient nitro 
groups reduce the electron density on the no
dal carbon atom thus favoring the intramole
cular acid-base reaction, i.e., lactone forma-
tion. This leads to lactonization even in the 
case of dianions. On the other hand, the struc-
ture HL– is an asymmetrical one. In contrast, 
the negatively charged chromophore system 
of the quinonoidal structure HX– is symmet-
rical, because the image is conventional and 
both oxygen atoms are equal [12]. Therefore, 
the equipotential charge distribution favors the 
stability of the structure. In addition, the pre
sence of DMSO molecules, which are hydrogen 
bond acceptors, stabilizes the COOH groups.   

CONCLUSIONS. The apK  values of 2,4, 
5,7-tetranitrofluorescein, 2,4,5,7,4’-, and 2,4, 
5,7,5’-pentanitrofluoresceins in acetonitrile 
with 4 mass % DMSO are within the range 
of 4.0 – 6.6. Whereas the lactone tautomers 
predominate in the case of the neutral and 
dianionic forms, H2R and R2–, respectively, 
the equilibrium concentrations of the colored 
quinonoid and almost colorless lactone tauto
mers of the HR- forms of the dyes are commen-
surable; the corresponding tautomerization 
constants are close to unity. The microscopic 
dissociation constants of lactones and the dif-
ference between their indices, pk2L – pk1L, are 
estimated. 
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ПРОТОЛІТИЧНА РІВНОВАГА ТЕТРА- І ПЕНТА-
НІТРОФЛУОРЕСЦЕЇНУ У БІНАРНОМУ РОЗ
ЧИННИКУ АЦЕТОНІТРИЛ — ДИМЕТИЛСУЛЬФ
ОКСИД (МАСОВЕ СПІВІДНОШЕННЯ 96 : 4) 

О. Г. Москаєва, О. В. Мошаренкова, 
С. В. Шеховцов, М. О. Мчедлов-Петросян

Харківський національний університет 
імені В. Н. Каразіна, м. Свободи 4, Харків 
61022, Україна
e-mail mchedlov@karazin.ua 

У цій роботі досліджено кислотно-ос-
новні та тавтомерні рівноваги чотирьох ні-
трофлуоресцеїнових барвників: 2,4,5,7-те-
транітрофлуоресцеїну, 2,4,5,7,4’-пентаніт
рофлуоресцеїну, 2,4,5,7,5’-пентанітрофлуо
ресцеїну та метилового естеру 2,4,5,7-те-
транітрофлуоресцеїну. Як реакційне сере-
довище було обрано бінарний розчинник 
асцетонітрил – диметилсульфоксид (96 : 4 
за масою). Шкалу кислотності в цьому роз-
чиннику було розроблено раніше. Констан-
ти дисоціації цих барвників було визначено 
за допомогою спектрометричного методу.  

Інтерпретація значень apK   вимагає ро-
зуміння положення тавтомерних рівноваг. 
Поведінка цих сполук суттєво відрізня-
ється від такої для інших флуоресцеїнових 
барвників, наприклад, галоген-похідних.  
У разі перших трьох сполук, тобто для 
барвників з вільною карбоксильною гру-
пою, лактонний тавтомер є домінуючим не 
тільки для нейтральних форм, але навіть і 
для двічі заряджених аніонів. Однозарядні 
аніонні форми в розчині існують як рівно-
важна суміш забарвленого (та флуоресцію-
ючого) тавтомера та практично безбарвно-
го лактону. Четверта сполука з естерифі-
кованою карбоксильною групою проявляє 
високу стабільність в аніонній формі. 

Оцінка констант тавтомерних рівноваг 
дозволила розрахувати мікроскопічні кон-
станти дисоціації лактонів барвників, k1L 
and k2L. Аналіз різниці (pk2L – pk1L) дозволяє 
оцінити ефективну діелектричну проник-
ність простору між групами, що іонізують-
ся, базуючись на рівнянні Б’еррума – Кірк
вуда – Вестхаймера. Тавтомерію аніонів 
барвників обговорено з точки зору стабілі-
зації симетричних структур. 

Ключові слова: нітрофлуоресцеїнові 
барвники, бінарний розчинник ацетоніт-
рил-ДМСО, буферні розчини, спектри по-
глинання, константи дисоціації, тавтоме-
рія, аніонні лактони.
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IN SILICO PREDICTION AND MOLECULAR DOCKING STUDIES OF 
BIOLOGICAL ACTIVITY OF HYDROACRIDINE (QUINOLINE) DERIVATIVES

N.V. Smetanin, S.V. Tokarieva, S.A. Varenichenko*, O.K. Farat, V.I. Markov

Ukrainian State University of Chemical Technology, 49005 Dnipro, Ukraine
*е-mail: svetlanavarenichenko@gmail.com

To find biological activity among easily available 2-[(4S,4’S/4R,4’R)-2’,5’-dioxo-2,3,5,6,7,8-
hexahydro-1H-spiro[acridine-4,3’-pyrrolidin]-4’-yl]-N-aryl-acetamide, (4S/4R)-4-[(3R/3S)-
1-(2-aryl)-2,5-dioxopyrrolidin-3-yl]-1,2,3,4,5,6,7,8-octahydroacridine-4-carbonitrile, 
(3S/4R)-3-[(3R/4S)-9-chloroacridine(quinoline)-4-yl]-1-N-aryl)pyrrolidine-2,5-diones. 
Methods: Organic synthesis, spectral methods, and molecular docking. We investigated by 
molecular docking the potential biological activity of previously synthesized compounds 
containing acridine and pyrrolidine-2,5-diones fragments in their structure, as well as syn-
thesized in this work N’-hydroxy-1,2,3,4,5,6,7,8-octahydroacridine-4-carboximidamide. 
Based on the literature data, 3 directions of searching for the biological activity of the synthe-
sized compounds have been chosen: cholinesterase inhibitors, anti-inflammatory, and anti-
convulsant agents. As inhibitors of acetylcholinesterase and butylcholinesterase, substances 
with good binding free energy and hydrogen bonds with the desired amino acid residues 
of the Glu-His-Ser triad have been found among the tested compounds. The indicators of 
synthesized products have exceeded the literature data. The docking data for anti-inflam-
matory activity has revealed compounds with values above the docking data of the reference 
drugs - celecoxib and indomethacin. The compounds tested have shown moderate activity as 
anticonvulsant agents. 3-(7-bromo-9-chloro-1,2,3,4-tetrahydroacridin-4-yl)-1-(3-nitrophe-
nyl)pyrrolidine-2,5-dione is potentially promising as an acetylcholinesterase inhibitor due 
to its high binding free energy (-13.7 kcal/mol) and hydrogen bonds with two amino acid 
residues Ser200, His440. Compound (4S/4R)-4-[(3R/3S)-1-(3-nitrophenyl)-2,5-dioxopyrro-
lidin-3-yl]-1,2,3,4,5,6,7,8-octahydroacridine-4-carbonitrile has proved to be the best as an 
anti-inflammatory agent. The presence of a pyrrolidine-2,5-diones fragment increases the 
indicators of the biological activity of the synthesized compounds in comparison with just 
acridine derivatives. 

Keywords: 9-chloroacridine(quinoline)-N-aryl)pyrrolidine-2,5-diones, docking studies, 
cholinesterase inhibitors,  anti-inflammatory activity, anticonvulsant activity.
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INTRODUCTION. In recent years, more 
and more information has appeared on the syn-
thesis, structure, pharmacological properties, 
and use in the medical practice of compounds 
containing an acridine (quinoline) fragment in 
their structure [1–2]. Such derivatives have a 
wide spectrum of therapeutic action causing 
an increased interest in such structures. 

Derivatives of 2,5-pyrolidin-ones are also 
known for their biological activity, anti-can-
cer [3], antinociceptive [4], antibacterial [5],  
anti-tubercular [6], anti-inflammatory [7], and 
neuroprotective agents [8]. Pyrrolidine-2,5-di-
one and its 1,3 substituted derivatives have ap-
peared as the predecessor for pharmacological 
activity [9]. In this regard, an urgent task in the 
field of chemistry of heterocyclic compounds 
is the development of methods for the synthe-
sis of new substances containing the acridine 
ring and pyrrolidine-2,5-dione in their com-
position, in order to search for new biological-
ly active substances on their basis.  

Previously, we developed a new method 
for the synthesis of hydroacridine derivatives 
as a result of rearrangement of geminal azines 
and oxazines under the action of the Vilsmei-
er-Haack reagent [10, 11] and studied the reac-

tivity of the rearrangement products [12, 13]. 
Chloracridines are obtained in one stage with 
a quantitative yield under the action of a three-
fold excess of the formylating agent [11]. To 
obtain bromderivatives of acridines 2b,c, the 
excess must be doubled. Under the action of 
an equimolar amount of PBr3 / DMF complex, 
acridone derivatives 3a,b (Scheme 1).

During the functionalization of tetrahy-
droacridine by N-arylmaleimides under 
non-catalytic conditions, succinimides 1–6 
have been obtained [13] containing acridine 
and pyrrolidine fragments in their structure. 
Considering both the practical importance of 
hydroacridines 2a-c and the new method of 
direct transformation of the sp3 С–Н bond of 
these compounds, the number of examples of 
effective functionalization has been expanded, 
and products 7–12 have been synthesized [14] 
(Scheme 2).

To compare the indicators of biological ac-
tivity, acridine derivative 13 without a pyrroli-
dine fragment has been also synthesized by the 
interaction of 1,2,3,4,5,6,7,8-octahydroacri-
dine-4-carbonitrile with hydroxylamine 
(Scheme 3).

Scheme 1: 1: а – R = H; b – R = CH3; 2: a – R = CH3, X = Cl; b – R = H, X = Br, c – R = CH3, X = Br; 
3: a – R = H, b – R = CH3
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Scheme 3

EXPERIMENT AND DISCUSSION OF THE 
RESULTS. Molecular Docking Studies Acetyl-
cholinesterase (AChE). For acetylcholinester-
ase inhibitors, binding to certain amino acids 
is important. Important amino acid residues 
in the esterase site are glutamate (Glu), histi-
dine (His), and serine (Ser). According to [15], 
the aromatic cluster Trp286, Tyr72, Tyr124, 
Phe338 enhances the binding of ligands to 
AChE. Phenolic side residues Tyr341, Tyr124, 
and Tyr337 are directly involved in controlling 
the movement of substrates and inhibitors to 
the active site [16]. All the synthesized com-
pounds 1–13 were subjected to docking study. 
For the receptor-oriented flexible screening, 

we used the Autodock 4 and the AutoDock 
Vina software packages [17]. Additionally, mo-
lecular modeling studies were performed in 
order to rationalize the biological activities of 
the proposed compounds. Test data for com-
pounds 1–13 as acetylcholinesterase inhibitors 
are shown in Table 1.

Binding to only one of the three required 
amino acid residues has been found for com-
pounds 4 (His440) and 8 (Ser122). Com-
pounds 5, 7, 10 and 12 have already demon-
strated the blocking of two amino acid residues 
Ser200 (122) and His440. However, compound 
10 has a higher binding free energy (-13.7 kcal/
mol) (Fig. 1).

T a b l e 1 
Binding free energy calculation results for synthesized compounds 1-13 bound with 1acl

Compound
Binding 

free energy 
(kcal/mol)

H-bonds

Amide-Pi 
Stacked,Pi-Pi 
Stacked, Pi-Pi 

T-shaped

Compound
Binding 

free energy 
(kcal/mol)

H-bonds

Amide-Pi 
Stacked,Pi-Pi 
Stacked, Pi-Pi 

T-shaped

1 -12.2 - Trp84 8 -13.1 Ser122 Tyr334, 
Tyr121

2 -11.8 Tyr334 Trp84, 
Phe331 9 -13.5 Tyr121 Tyr279

3 -12.9
Tyr121, 
Phe288, 
Arg289

Trp84 10 -13.7

Gly123, 
Tyr121, 
His440, 
Ser200

Tyr121, 
Trp279

4 -11.2
Gly119, 
His440, 
Tyr121

Tyr121, 
Trp279 11 -13.4 Tyr121

Tyr121, 
Tyr334, 
Trp279
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Compound
Binding 

free energy 
(kcal/mol)

H-bonds

Amide-Pi 
Stacked,Pi-Pi 
Stacked, Pi-Pi 

T-shaped

Compound
Binding 

free energy 
(kcal/mol)

H-bonds

Amide-Pi 
Stacked,Pi-Pi 
Stacked, Pi-Pi 

T-shaped

5 -12.4
His440, 
Tyr121, 
Ser200

Trp84, 
Trp279 12 -12.0

Gly119, 
Tyr121, 
His440, 
Ser200

-

6 -12.4 Tyr121

Phe331, 
Tyr334, 
Phe330, 
Tyr121

13 -9.7 Asp72 Trp84, 
Phe330

7 -12.8
Tyr121, 
Ser122, 
His440

Trp84, 
Tyr334, 
Gly117

Fig. 1. Binding model of compound 10 for the best docked pose in the active site of AChE (model of 
the complex obtained by molecular docking, hydrogen bonds are shown in green dashed lines).  

T a b l e 1

Based on the results obtained, the presence 
of a pyrrolidine-2,5-dione fragment in com-
pounds 1–12 promotes an increase in activity 
in comparison with acridine derivative 13. 

Molecular Docking Studies butyrylcholineste
rase (BChE). Butylcholinesterase, like other me
tabolic serine hydrolases, belongs to the family 
of α/β-hydrolases, and binding to the amino acid 

residues of the Glu-His-Ser triad is important 
for their inhibitors. Amino acid residues Asp70, 
Tyr332, especially Asp70, play an essential role 
in the binding and transport of substrates and 
inhibitors to the active site of BChE [18]. Table 2 
shows the binding free energy and the presence 
of hydrogen bonds of compounds 1–13 with the 
active site of butylcholinesterase.
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The best binding free energy has been 
demonstrated by compound 8 as well as the 
presence of interaction with the amino acid 
residue His438 (Fig. 2). Compound 3, with 
lower binding free energy but with the pre

sence of interaction with two amino acid res-
idues Clu197, Ser287, or compound 5, with 
good binding free energy and the presence 
of a hydrogen bond with Asp70, may also be 
promising (Fig. 3).

T a b l e 2 
Binding free energy calculation results for synthesized compounds 1-13 bound with 1p0p

Compound
Binding 

free energy 
(kcal/mol)

H-bonds π-anion/ 
π-cation Compound

Binding 
free energy 
(kcal/mol)

H-bonds π-anion/ 
π-cation

1 -10.7 - 8 -12.4 His438, 
Gly116,

2 -10.9 Tyr128, 
Pro285 Asp70 9 -10.4 His438

3 -11.4 Glu197, 
Ser287 His438, Asp70 10 -11.2 Tyr128

4 -12.3 - Asp70 11 -10.6 - Asp70,His438

5 -12.3 Asp70 Glu197,His438 12 -12.6 Tyr82, 
Tyr440

6 -12.6 - Asp70 13 -8.8 -

7 -10.3 -

Fig. 2. Binding model of compound 8 for the best docked pose in the active site of BChE (model of the 
complex obtained by molecular docking, hydrogen bonds are shown in green dashed lines).  
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Fig. 3. Binding model of compound 5 for the best docked pose in the active site of BChE (model of the 
complex obtained by molecular docking, hydrogen bonds are shown in green dashed lines).  

Our results exceeded the literature data [19], 
for which the binding free energy was within 
(-4.43696)-(-6.67689) kcal/mol, and there was 
an interaction with the side chain and back-
bone donor of residues Gly118, Ser122.

Molecular Docking Studies of compounds 
1–13 as anti-inflammatory agents.

Inflammation is a defense mechanism in the 
body that is triggered by various stimulatory 
factors including radiation, heat, microbial in-
fections and is often associated with tissue dam-
age. Arachidonic acid metabolism plays a vital 
role in the mechanism of inflammation. Ara-
chidonic acid is metabolized to thromboxane 
A2 and prostaglandins by the cyclooxygenase-2 
(COX-2) cascade or by the 5-lipoxygenase (5-
LOX) pathway with suitable stimulation of the 
neutrophil. Inhibition of proteases can help fight 
several diseases, including inflammation. This is 
more relevant than ever during the fight against 
COVID-19, since overcoming inflammatory 
processes plays a key role in its treatment. Some 
ketoester derivatives of succinimides and acri-
dines [20] exhibit strong anti-inflammatory ac-
tivity. The good test results for such succinim-

ides have prompted us to test the succinimide 
derivatives we synthesized for the presence of 
anti-inflammatory activity. The results of mo-
lecular docking of compounds 1–13 as anti-in-
flammatory agents are presented in Table 3.

The results obtained agree with the litera-
ture data of similar compounds, which were 
tested in vitro showing binding free energy of 
-6.60-(-6.95) kcal/mol [9].

All synthesized compounds are docked in 
the COX-2 binding pockets. In COX-2, an ad-
ditional secondary side pocket contains an 
Arg120/Tyr355 residue. This additional pocket 
is bordered by a small Val523 residue. In ad-
dition, COX-2 also contains the conservative 
Arg513. Other residues important for COX-2 
selectivity are His90, Gln192, Leu352, and 
Ser353. The docking data have been compared 
with the docking data of the reference drugs – 
celecoxib and indomethacin. Interaction analy-
sis of celecoxib, a COX-2 selective inhibitor, has 
shown that it interacts with amino acid residues 
(His90, Leu352, Ser353, and Arg513) present in 
the COX-2 additional pocket. Likewise, indo-
methacin interacts with Ser353 and Tyr355.
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T a b l e 3
Binding free energy calculation results for synthesized compounds 1–13 bound with 1CX2

Compound
Binding 

free energy 
(kcal/mol)

H-bonds Amide-Pi 
Stacked Compound

Binding 
free energy 
(kcal/mol)

H-bonds Amide-Pi 
Stacked

1 -7.6 Asn581 - 8 -9.0 Gln192, 
Asp515 Gln350

2 -7.8 - Asp515 9 -8.4 - -

3 -7.9 His351, 
Gln192 - 10 -9.5 Gln192, 

Asp515 Gln350

4 -9.0 Asn581 - 11 -9.0 Gln192 Asp515

5 -9.7 Gln192 - 12 -8.1 Tyr355, 
Asn581 -

6 -8.5 Gln192 - 13 -7.5 Met522 -

7 -8.3 Gln192, 
Asn581 -

Compounds 3, 5, 6, 7, 8, 10–12 have exhibited binding free energy in the range of -7.9 to -9.7 
kcal/mol; and they bind to the amino acid residue Gln192. The energy index is better for com-
pound 5, and it has a hydrogen bond with the amino acid Gln192 as well (Fig. 4). Compound 10 
with good binding free energy and a hydrogen bond with the amino acid residue Gln192 is also 
promising (Fig. 5).

Fig. 4. Binding model of the most active compound 5 with 1CX2 (model of the complex obtained by 
molecular docking, hydrogen bonds are shown in green dashed lines).  
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Fig. 5. Binding model of compound 10 for the best docked pose in the active site of 1CX2 (model of the 
complex obtained by molecular docking, hydrogen bonds are shown in green dashed lines).

Molecular Docking Studies of compounds 
1–13 as anticonvulsant agents.

Many succinimide derivatives exhibit high 
anticonvulsant activity [21]. Phenytoin, which 
forms hydrogen bonds with amino acid resi-
dues Asp415 and Ser403, has been chosen as 
a reference drug for testing antiepileptic ac-

tivity. Of the nine compounds tested, six have 
formed a hydrogen bond with the Ser403 ami-
no acid residue of the active site 1OHY (Ta-
ble 4). However, according to the binding free 
energy, compound 3 will be the most promi
sing for further testing (Fig. 6).

T a b l e 4
Binding free energy calculation results for synthesized compounds 1–3, 7–12 bound with 

1OHY

Compound 1 2 3 7 8 9 10 11 12

Binding 
free energy 
(kcal/mol)

-5.2 -4.0 -5.9 -3.4 -4.5 -4.6 -2.4 -5.5 -2.8

H-bonds Ser403 Arg404 Pro399, 
Ser403

Arg222, 
Ser403

Lys442, 
Arg404 Ser403 Lys442, 

Ser403
Arg404, 
Ser403 -
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Fig. 6. Binding model of compound 3 for the best docked pose in the active site 1OHY (model of the 
complex obtained by molecular docking, hydrogen bonds are shown in green dashed lines).

Ligand and Receptor Structure Preparation. 
Ligand structures were prepared using MGL 
Tools 1.5.6 software (MGL Tools 1.5.6 (Scrips 
Research Institute) http://mgltools.scripps.
edu/) and Vega ZZ [22]. Receptor-based vir-
tual screening was used to analyze the binding 
of the compound collection. Docking was per-
formed at ATP-binding sites of protein data-
bank AChe (database code PDB: 1acl – 2.80Å), 
BChE (database code PDB: 1p0p – 2.30Å), 
COX-2 (database code PDB: 1CX2 – 3.00Å), 
anticonvulsant activity (database code PDB: 
1OHY – 2.80Å), using Autodock 4.2.6. The 
structures taken for docking were kinase do-
mains in an active state. Water molecules, ions 
and ligands were removed from the PDB file. 
The receptor structures were prepared using 
MGL Tools and AutoGrid. Hydrogen atoms 
were removed from nonpolar atoms. The in-
coming formats of receptor and ligands data 
were converted into PDBQT-format with 
Vega ZZ in AUTODOCK force field. 

Flexible docking. Autodock 4.2.6 programs 
package was used for the receptor-based flexi-
ble docking [17]. 

Visual analysis.
A visual analysis of the molecular docking 

results (interaction of compounds with the 
amino acid residues of AChE, BChE, COX-2 
and GABA transaminase active-binding site) 
was carried out using Discovery Studio Vi
sualizer 4.0 (http://accelrys.com/). 

Chemical synthesis. 
1Н and 13C NMR spectrum was record-

ed on a Bruker Avance II 400 spectrometer 
(400 MHz,) in DMSO-d6 using TMS as an in-
ternal standard. Mass spectra (EI ionization, 
70 eV) was recorded on a МХ1321 apparatus 
with direct sample injection at 200 °С ioniza-
tion chamber temperature. Elemental anal-
ysis was performed on a LECO CHN-900 
Elemental analyzer. Melting points were de-
termined on an Electrothermal 9100 Digital 
apparatus. The reaction progress and purity of 
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compounds were monitored by TLC on Sili-
cagel gel 60 F254 (Merck) plates, eluent CHCl3− 
i-PrOH (10:1), visualization in the iodine 
chamber. Compound 1а was obtained accord-
ing to the literature method [23].

4’-Methylspiro[3,1-benzoxazine-2,1’-cy-
clohexan]-4(1H)-one (1b): The compound is 
obtained by literary methods [23]. The 1H and 
13C NMR spectra for compound are presented 
for the predominant isomer. Yield: 70 %. M. p.: 
150–152 °C. 1H NMR (400 MHz, DMSO-d6), 
δ, ppm: 7.46 (1Н, s, NH), 7.29-7.37 (2H, m, 
H-Ar), 6.70-6.73 (2H, m, H-Ar), 2.13-2.16 (1H, 
m, CH2), 2.04-2.06 (1H, m, CH2), 1.64-1.66 
(1H, m, CH), 1.47-1.54 (4H, m, 2CH2), 1.24-
1.27 (2H, m, CH2), 0.90 (3H, m, CH3). 

13C NMR 
(100 MHz, DMSO-d6), δ, ppm: 162.5, 147.1, 
135.4, 129.1, 128.2, 117.7, 115.1, 89.0, 34.6, 30.8, 
29.5, 21.6. MS (EI), m/z (Iотн, %): 231 [M]+ (16). 
Anal. calcd. for C14H17NO2: C, 72.70; H, 7.41; N, 
6.06. Found: C, 72.83; H, 7.65; N, 6.26.

9-Chloro-2-methyl-1,2,3,4-tetrahydroacri-
dine (2a): Compound 1b (2.17 g, 0.01 mol) was 
added to DMF (1 mL). The suspension formed 
was treated with the ice-cold Vilsmeier reagent 
obtained from DMF (6 mL) and POCl3 (2.75 
mL, 0.03 mol) under ice-cooling. A yellow sol-
id precipitated abundantly within 10-15 min. 
After 0.5 h, the reaction mixture was poured on 
ice and treated with aq ammonia, the obtained 
solid was filtered off and dried to give acridine 
2a. Yield: 75 %. M. p.: 58–60 °C. 1H NMR (400 
MHz, DMSO-d6), δ, ppm: 8.07-8.05 (1Н, d, 
J=8.3 Hz, H-Ar), 7.89-7.91 (1H, d, J=8.3 Hz, 
H-Ar), 7.69-7.73 (1H, t, J=7.3 Hz, H-Ar), 7.57-
7.61 (1H, t, J=7.3 Hz, H-Ar), 2.99-3.07 (3H, m, 
CH2+CH), 2.32-2.39 (1H, m, CH2), 1.89-1.92 
(2H, m, CH2), 1.42-1.46 (1H, m, CH), 1.06-
1.08 (3H, d, J=6.4 Hz, CH3). 13C NMR (100 
MHz, DMSO-d6), δ, ppm: 158.9, 146.0, 139.7, 

129.4, 128.4, 128.1, 126.8, 124.3, 123.0, 35.2, 
33.0, 29.9, 28.1, 21.4. MS (EI), m/z (Iотн, %): 233 
[М(37Cl)+H]+ (32), 231 [М(35Cl)+Н]+ (100). 
Anal. calcd. for C14H14ClN: C, 72.57; H, 6.09; 
N, 6.04. Found: C, 72.39; H, 6.15; N, 6.26.

9-Bromo-1,2,3,4-tetrahydroacridine (2b): 
The Vilsmeier reagent was prepared from PBr3 
(5.7 mL, 0.06 mol) and DMF (4,6 mL, 0.06 mol) 
with ice cooling. Chloroform in a volume of 15 
ml is used as a solvent. Compound 1a (2.17 g, 
0.01 mol) was added to the Vilsmeier reagent. 
After 2 h, the reaction mixture was poured on 
ice and treated with aq ammonia, the obtained 
solid was filtered off and dried to give acri-
dine 2b. Yield: 60 %. M. p.: 62–64 °C. 1H NMR 
(400 MHz, DMSO-d6), δ, ppm: 8.11-8.08 (1Н, 
d, J=8.3 Hz, H-Ar), 7.90-7.92 (1H, d, J=8.3, 
H-Ar), 7.75-7.77 (1H, t, J=7.3 Hz, H-Ar), 7.59-
7.61 (1H, t, J=7.3 Hz, H-Ar), 3.10-3.12 (2H, m, 
CH2), 2.39-2.41 (2H, m, CH2), 1.89-1.96 (4H, 
m, 2CH2). MS (FAB), m/z (Iотн, %): 262 [М+Н 
(81Br)]+ (90), 264 [М+Н (79Br)]+ (100). Anal. 
calcd. for C13H12BrN: C, 59.56; H, 4.61; N, 5.34. 
Found: C, 59.69; H, 4.55; N, 5.46.

9-Bromo-2-methyl-1,2,3,4-tetrahydroacri-
dine (2c): The synthesis procedure from com-
pound 1b is similar to the preparation of 2b. 
Yield: 58 %. M. p.: 65–67 °C. 1H NMR (400 
MHz, DMSO-d6), δ, ppm: 8.10-8.07 (1Н, 
d, J=8.3 Hz, H-Ar), 7.92-7.90 (1H, d, J=8.3, 
H-Ar), 7.71-7.75 (1H, t, J=7.3 Hz, H-Ar), 7.61-
7.65 (1H, t, J=7.3 Hz, H-Ar), 3.07-3.10 (2H, m, 
CH2), 2.41-2.45 (2H, m, CH2), 1.93-1.96 (2H, 
m, CH2), 1.46-1.51 (1H, m, CH), 1.11-1.13 
(3H, d, J=6.6 Hz, CH3). MS (FAB), m/z (Iотн, 
%): 275 [М+Н (81Br)]+ (90), 277 [М+Н (79Br)]+ 
(100). Anal. calcd. for C14H14BrN: C, 60.89; H, 
5.11; N, 5.07. Found: C, 60.67; H, 5.25; N, 5.26.

1,3,4,10-Tetrahydroacridin-9(2H)-one (3a): 
The Vilsmeier reagent was prepared from PBr3 
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(2.9 mL, 0.03 mol) and DMF (4,6 mL, 0.06 
mol) with ice cooling. Chloroform in a volume 
of 15 ml is used as a solvent. Compound 1a 
(2.17 g, 0.01 mol) was added to the Vilsmei-
er reagent. After 2 h, the reaction mixture was 
poured on ice and treated with aq ammonia, 
the obtained solid was filtered off and dried to 
give acridine 3а, as colorless crystals, mp 358– 
360 C (Ref. [24]: mp 355–358 C). Spectral data 
for 3а (FTIR, NMR) were identical to the re-
ported data [25].

2-Methyl-1,3,4,10-tetrahydroacridin-9(2H)- 
one (3b): The synthesis procedure from com-
pound 1b is similar to the preparation of 3a. 
Yield: 64 %. M. p.: 352–354 °C. 1H NMR (400 
MHz, DMSO-d6), δ, ppm: 11.24 (1Н, s, NH), 
8.05-8.03 (1H, d, J=7.8 Hz, H-Ar), 7.52-7.56 
(1H, t, J=7.8, H-Ar), 7.43-7.45 (1H, t, J=8.3 
Hz, H-Ar), 7.18-7.22 (1H, t, J=7.3 Hz, CH-Ar), 
2.69-2.73 (3H, m, CH2+CH), 1.85-1.89 (2H, m, 
CH2), 1.70-1.73 (1H, m, CH2), 1.34-1.37 (1H, 
m, CH), 1.04-1.06 (3H, d, J=6.4 Hz, CH3). 13C 
NMR (100 MHz, DMSO-d6), δ, ppm: 175.9, 
146.5, 139.2, 130.9, 124.8, 123.2, 121.9, 117.3, 
115.1, 30.2, 29.5, 28.0, 27.1 21.6. MS (EI), 
m/z (Iотн, %): 213 [M]+ (35). Anal. calcd. for 
C13H13NO: C, 78.36; H, 6.58; N, 7.03. Found: 
C, 78.58; H, 6.35; N, 7.26.

N’-Hydroxy-1,2,3,4,5,6,7,8-octahydroacri-
dine-4-carboximidamide (13): A portion of 
1,2,3,4,5,6,7,8-octahydroacridine-4-carboni-
trile [10] (1 g, 4.7 mmol) and hydroxylamine 
гидрохлорид (0.66 g, 10.2 mmol) was dis-
solved in 5 ml of DMSO. An equimolar amount 
of alcoholic solution of sodium methylate rel-
ative to hydroxylamine hydrochloride is then 
added to the solution as a catalyst. The reaction 
mixture was heated at 130 °C for 5 hours. Then 
the solution is poured into 20 ml of water. The 
precipitate formed is filtered off and purified by 

crystallization from isopropyl alcohol. Yield: 
64 %. M. p.: 162–164 °C. 1H NMR (400 MHz, 
DMSO-d6), δ, ppm: 8.89 (1Н, s, OH), 7.08 (1H, 
s, H-Ar), 5.27 (2H, s, NH2), 3.48 (1H, t, J=4.9 
Hz, CH), 2.69-2.63 (6H, m, 3CH2), 1.77-1.70 
(8H, m, 4CH2). MS (EI), m/z (Iотн, %): 245 [M]+ 
(100). Anal. calcd. for C14H19N3O: C, 68.54; 
H, 7.81; N, 17.13. Found: C, 68.29; H, 7.65; N, 
17.26.

CONCLUSIONS. 
Using molecular docking of the synthesized 

compounds, products with high performance 
have been found during the study. 3-(7-Bro-
mo-9-chloro-1,2,3,4-tetrahydroacridin-4-yl)-
1-(3-nitrophenyl)pyrrolidine-2,5-dione (10) is 
potentially promising as an acetylcholinester-
ase inhibitor due to its high binding free energy 
(-13.7 kcal/mol) and hydrogen bonds with two 
amino acid residues Ser200, His440. Compound 
(4S/4R)-4-[(3R/3S)-1-(3-nitrophenyl)-2,5-di-
oxopyrrolidin-3-yl]-1,2,3,4,5,6,7,8-octahy-
droacridine-4-carbonitrile (5) has proved to 
be the best as an anti-inflammatory agent. 
This allows them to be recommended for fur-
ther research as potential acetylcholinester-
ase inhibitors and anti-inflammatory agents. 
N’-Hydroxy-1,2,3,4,5,6,7,8-octahydroacri-
dine-4-carboximidamide do not form hydro-
gen bonds with amino acid residues while re-
vealing moderate binding energies. Compound 
13 differs from compounds 1–12 in that it does 
not contain a pyrrolidine-2,5-dione hetero-
cycle and a nitrobenzene nucleus, which are 
involved in the formation of additional hydro-
gen bonds with fragments of the correspond-
ing enzymes, as proved by molecular docking. 
The data obtained lead us to the conclusion 
that the presence of the pyrrolidine-2,5-diones 
fragment enhances the biological activity of 
acridine derivatives.
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ПРОГНОЗУВАННЯ IN SILICO БІОЛОГІЧНОЇ 
АКТИВНОСТІ ТА МОЛЕКУЛЯРНИЙ ДОКІНГ 
ПОХІДНИХ ГІДРОАКРИДИНІВ (ХІНОЛІНІВ)

М. В. Сметанін, С. В. Токарєва, 
С. А. Варениченко*, О. К. Фарат, 
В. І. Марков

Український державний хіміко-технологіч-
ний університет,  Дніпро 49005, Україна
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Мета: Знайти біологічну активність се-
ред легкодоступних 2-[(4S,4’S/4R,4’R)-2’,5’- 
діоксо-2,3,5,6,7,8-гексагідро-1H-спіро 
[акридин-4,3’-пірролідин]-4’-іл]-N-арил- 
ацетамідів, (4S/4R)-4-[(3R/3S)-1-(2-арил)- 
2,5-діоксопірролідин-3-іл]-1,2,3,4,5,6, 7,8- ок-
тагідроакридин-4-карбонітрилів, (3S/4R)-
3-[(3R/4S)-9-хлоракридин(хінолін)-4-іл]-
1N-арил)піролідин-2,5-діонів. Методи:  Ор
ганічний синтез, спектральні методи та 
молекулярний докінг. Результати: За допо-
могою молекулярного докінгу ми досліди-
ли потенційну біологічну активність рані-
ше синтезованих сполук, що містять у своїй 
структурі акридиновий та піролідин-2,5-ді-
оновий фрагменти, та синтезованого у цій 
роботі N’-гідрокси-1,2,3,4,5,6,7,8-октагідро
акридин-4-карбоксаміду. На  основі літера-

турних даних обрано 3 напрямки пошуку 
біологічної активності серед синтезованих 
сполук: інгібітори холінестераз, протиза-
пальні та протисудомні засоби. Як інгібітори 
ацетилхолінестерази та бутилхолінестерази 
серед досліджуваних сполук були знайдені 
речовини з хорошими показниками енергії 
зв’язування та водневих зв’язків із бажани-
ми амінокислотними залишками тріади Glu-
His-Ser. Показники синтезованих продуктів 
перевищили літературні дані. Дані докінгу 
протизапальної активності виявили сполу-
ки, показники яких перевищували дані до-
кінгу референтних препаратів – целекокси-
бу та індометацину. Випробувані сполуки 
показали помірну активність як протисудо-
мні засоби. 3-(7-бром-9-хлор-1,2,3,4-тетра-
гідроакридин-4-іл)-1-(3-нітрофеніл)піролі-
дин-2,5-діон потенційно перспективний як 
інгібітор ацетилхолінестерази завдяки його 
показникам енергії зв’язування (-13,7 ккал/
моль) та водневим зв’язкам із двома залиш-
ками амінокислот Ser200, His440 Сполука 
(4S/4R)-4-[(3R/3S)-1-(3-нітрофеніл)-2,5-ді-
оксопіролідин-3-іл]-1,2,3,4,5,6,7,8-октагід-
роакридин-4-карбонітрил виявилася кра-
щою у ролі протизапального засобу. Отри-
мані дані підводять нас до висновку, що при-
сутність піролідин-2,5-діонового фрагменту 
посилює біологічну активність похідних 
акридину.

Ключові слова: 9-хлоракридин(хінолін)- 
N-арил)піролідин-2,5-діони, дослідження 
стикування, інгібітори холінестерази, про-
тизапальна активність, протисудомна ак-
тивність. 
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