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SULFUR DIOXIDE INTERACTION WITH MONOETHANOLAMMONIUM

AND POLYETHYLENEPOLYAMMONIUM CITRATES AQUEQUS
SOLUTIONS PRODUCTS COMPOSITION AND THE RELATIVE STABILITY.

R. E. Khoma', K. V. Tsyganenko, T. S. Bienkovska, Yu. V. Ishkov, S. V. Vodzinskii

Odessa I.I. Mechnikov National University,
2 Dvoryanska str., 65082 Odessa, Ukraine
‘e-mail: rek@onu.edu.ua

The paper presents the results of pH, redox, and conductometric studies on the acid-base in-
teraction during sulfur dioxide chemisorption by aqueous solutions containing 0.1 mol/L mono-
ethanolammonium (MEA-1/3CA) and polyethylenepolyammonium (PEPA-1/3CA) citrates, as well
as buffer solutions of monoethanolamine — monoethanolammonium citrate (MEA-1/6CA)and poly-
ethylenepolyamine - polyethylenepolyammonium citrate (PEPA-1/6CA), in comparison with sodium
citrate. The composition of the compounds formed during SO, absorption by Na,Cit, MEA-1/3CA,
PEPA-1/3CA, MEA-1/6CA, and PEPA-1/6CA solutions at 273-313 K was determined. For the same
amount of absorbed sulfur dioxide, an increase in specific electrical conductivity (z) with rising tem-
perature was observed in SO,-Na,Cit-H,0 and SO,-MEA-1/3CA-H,O solutions within the 273-313 K
range. However, in the SO,-MEA-1/3CA-H,0, SO,-PEPA-1/3CA-H,0, SO,-MEA-1/6CA-H,0O, and
SO,-PEPA-1/6CA-H,O systems, a decrease in Aa was noted upon heating to 303 K, which is attri-
buted to their ion-molecular composition.

Based on developed mathematical models, the ion-molecular component composition of
SO,-MEA-1/3CA-H,0 and SO,-MEA-1/6CA-H,O solutions was determined at 283-313 K. The con-
centration and thermodynam1c constants for the formation of ionic associates were calculated:
(NH,CH,CH,0H),SO,, {NH CH,CH,OHH{HOC,H,(COOH),(COO")} (Ia),

{N H3CH2CHZOH}2{HOC H (COOH)(COO ), (IIa)

{N H3CH2CHZOH}2{HOC3H4(COOH)2(COO‘)} (Ib),

{NH,CH CH,0H} {HOC H,(COO") } (IIfa),

as well as ion-molecular associates:
{NH,CH,CH,OHH{HOC H (COOH) } (Ib),
{NH,CH,CH,0H},{N H,CH,CH,OH} {HOCH,(CO0").} (IVa),
{NH,CH,CH ,0OH},{N H,CH,CH OH} ,{HOC,H (COO") } (IVb).

In SO,-MEA-1/3CA-H,O solutions, as the temperature increases, bond rearrangement occurs in
jonic associates ITa and Ib as indicated by the absence of a clear temperature dependence of p 3],
along with the strengthening of ITa and Ib. Conversely, in SO, —-MEA-1/6CA-H,O solutions, increas-
ing temperature leads to the weakening of the bonds in compounds Ia, IlIa, IVa, and IVDb, while in
compound Ib, the bonds strengthen.

Keywords: sulfur dioxide, ammonium citrates, acid-base interaction, ion associates, ion-molecular
associates.
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INTRODUCTION. For sanitary air puri-
fication from acidic gases (particularly SO,),
absorption and adsorption methods using
various chemisorbents are widely used [1, 2].
Previously, the authors [3, 4] studied the ac-
id-base interaction of sulfur dioxide with mo-
del aqueous solutions of organic N-containing
bases (AM), including monoethanolamine
(MEA) and polyethylenepolyamine (PEPA), to
develop chemisorbents for acidic gas filtration
in respiratory protection [3-5]. To prevent the
evaporation of volatile MEA from the surface
of impregnated fibrous chemisorbents (IFCS)
under the flow of a gas-air mixture, polybasic
acids (particularly citric acid (CA)) were added
to the impregnating aqueous solutions based
on MEA. This modification enhanced the pro-
tective characteristics of IFCS against SO, ex-
posure [5]. Additionally, aqueous sodium cit-
rate solutions (HOC(CH,COONa),COONa;
Na,Cit) have been identified as effective
chemisorbents for this gas [6-8].

Methods of pH-, redox- and conductomet-
ric titration have been successfully applied to
determine the reactivity of model aqueous AM
solutions towards SO, and CA, allowing for the
calculation of their ion-molecular composition
and formation constants of weakly dissocia-
ted compounds (such as ammonium sulfites,
hydrosulfites, pyrosulfites; and ion-molecular
complexes) 3, 4, 9].

In [9] the acid-base and electrochemical
behavior of Na,Cit - CA - H O, MEA - CA -
H O, and PEPA - CA - H,O solutions were
analyzed using pH-metric and conductomet-
ric data. The study determined the influence
of amine type and temperature on the ionic-
molecular composition, ionic strength, and
structural characteristics of these systems. It
also identified key factors (component ratios

and temperature) affecting the formation cons-
tants of ionic associates. In [10], the influence
of water content and MEA on the physical and
chemical adsorption of sulfur dioxide by IFCS
samples based on citrate-monoethanolammo-
nium buffer systems was investigated. Com-
petitive adsorption of H,O and SO, by the sur-
face of the indicated IFCS was noted. However,
no comprehensive data exists in the literature
regarding the interaction of sulfur dioxide with
ammonium citrates.

Given this gap, the present study aims to de-
termine the composition and relative stability
of the products formed during the interaction
of sulfur dioxide with aqueous solutions of so-
dium citrate, monoethanolammonium citrate
(MEA-1/3CA), and polyethylenepolyammoni-
um citrate (PEPA-1/3CA), as well as with buffer
solutions of monoethanolamine - monoetha-
nolammonium citrate (MEA-1/6CA) and po-
lyethylenepolyamine - polyethylenepolyam-
monium citrate (PEPA-1/6CA). To achieve
this goal, a pH, redox, and conductometric
study of the above interactions was carried out.

EXPERIMENT AND DISCUSSION OF
RESULTS. In this study, monoethanolamine
(MEA), sodium citrate (Na,Cit), and citric
acid (CA) of “chemically pure” classification,
as well as polyethylenepolyamine (PEPA)
(CAS 29320-38-5) without preliminary pu-
rification were used. Their characteristics are
given in Table 1. Additionally, gaseous sul-
fur dioxide was supplied from a cylinder. As
chemisorbents, aqueous solutions of Na,Cit,
MEA-1/3CA, MEA-1/6CA, PEPA-1/3CA, and
PEPA-1/6CA with a Na* ion or amine nitrogen
concentration of 0.1 mol/L were used. Aque-
ous solutions of MEA-1/3CA and MEA-1/6CA
were prepared by adding a CA solution to an
MEA solution at a molar ratio of components
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of 1.0:3.0 and 1.0:6.0, respectively. Aqueous
solutions of PEPA-1/3CA and PEPA-1/6CA
were prepared similarly. The procedure for
pH-, redox- and conductometric titration of
aqueous solutions with gaseous sulfur dioxide
is described in detail in [20].

Figures 1-8 present the pH, redox, and
conductometric titration curves for 0.1 mol/L
aqueous solutions of Na,Cit, MEA-1/3CA,
PEPA-1/3CA, MEA-1/6CA and PEPA-1/6CA
with gaseous sulfur dioxide.

PH s
8.0
7.0
6.0
50 f
4.0

3.0

2.0

On the integral pH-metric titration curves
(Fig. 1, 2) of aqueous solutions of sodium
citrates, monoethanolammonium, and poly-
ethylenepolyammonium with gaseous sulfur
dioxide, a single jump is observed at the mo-
lar ratios Q(SO,):Q(Na) = (0.86 + 0.97):2.00,
Q(SO):Q(N,.) = (0.92 + 0.98):2.00 and
Q(80,):Q(N,,,,) = (0.63 + 0.81):2.00. These
correspond to the peaks on the differential
curves (see, for example, Fig. 4a) and contrast
with the MEA and PEPA solutions [3], which
exhibit two effects.

0.04

0.06 0.08 0.1

Q(S0O,), mol/l

Fig. 1. Integral pH-metric titration curves of a 0.1 mol/L Na,Cit aqueous solution with gaseous SO, at
different temperatures (T, K): 273 - 1; 283 - 2; 293 - 3; 298 — 4; 303 - 5; 313 - 6.

This behavior is due to the weakly alkaline
nature of the initial citrate solutions (Fig. 1-2;
pH 7.61 + 8.82 (Na,Cit), 6.32 + 6.50 (MEA-1/
3CA), and 4.80 + 5.42 (PEPA-1/3CA)). The
observed effects on the differential curves oc-
cur in an acidic environment (Table 2; pH 3.60
+ 3.94 (NaCit), 3.30 + 3.96 (MEA-1/3CA)
and 2.81 + 3.74 (PEPA-1/3CA)) and are as-

https://ucj.org.ua

sociated with the formation of hydrosulfites
of the corresponding cations. Deviations of
the Q(SO,):Q(Na), Q(SO,):Q(N,,,), and
Q(S80,):Q(N,_,,) ratios from the stoichiometry
value (1.00:2.00) are due to additional interac-
tions, particularly the stepwise protonation of
citrate ions in the specified pH range [9, 20].
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Fig. 2. Integral pH-metric titration curves of a 0.1 mol/L MEA-1/3CA (a) and PEPA-1/3CA (b) aqueous
solution with gaseous SO, at different temperatures (T, K): 273 - 1; 278 - 2; 283 - 3; 288 - 4; 293 - 5;
298 - 6; 303 — 7; 308 - 8; 313 - 9.

pH pH
10.0 (N so 8
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0 002 004 006 008 01 0.2 0 002 004 006 008 0.1 0.2
Q(S0Oy), mol/l Q(S0Oy), mol/l
a b

Fig. 3. Integral pH-metric titration curves of MEA-1/6CA (a) and PEPA-1/6CA (b) aqueous solutions
with gaseous SO, at different temperatures (T, K): 273 — 1; 278 — 2; 283 — 3; 288 — 4; 293 — 5; 298 - 6; 303 - 7;
308 - 8;313-09.
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Table 1.
Physicochemical characteristics of the starting compounds.

Name Citric acid Sodium citrate Mono- . Polyethy!ene

ethanolamine polyamine
Designation CA Na, Cit MEA PEPA

OHO OH Na' O*o\ o
Structural O o Na' OH * *
formula HO, O}j(?/ HNT \[\AN/]:
OH +
Na OH
o 0

General HOC.H,(COOH). HOC.H, (COON NH,CH,CH,OH NH-(CH,CHNH) -H
formula 3 4( )3 3 4( a)3 2t z'( 20 )k-
M, g/mol 192.12 258.06 61.08 42.0
pK, 3.13;4.76; 6.39 [12] 3.13;4.76; 6.39 [12, 16] 9.20 [1] 9.21 18]
Melting 153 [12, 13] 300 [16] 1051, 17] -32.0 [18,19]
point, °C ’ T ) ’
Boiling
point, 5C 310 [14] - 170.3 [1, 17] Decompos. [18, 19]
P, Pa (20 °C) 2.21-10° [13] 0 53 (1, 17] <1.33[18, 19]
lgP -1.64 [15] -1.72 [16] -1.31[1, 17] -3.67 [18, 19]

In the case of MEA-1/6CA solutions, two
jumps are observed on the integral pH-met-
ric curves (Fig. 3a; Table 2) and two maxima
on the differential pH-metric curves (e.g.,
Fig. 4b) at the ratios Q(SO,):Q(N,,.,) = (0.34
+0.52):2.00 and (0.49 = 0.63):1.00. In contrast,
PEPA-1/6CA solutions (Fig. 3b; Table 2) exhi-
bit only one effect on the corresponding curves
at Q(S0,):Q(N,,,) = (0.68 + 0.86):2.00. This
difference arises from the more alkaline nature
of the initial MEA-1/6CA solutions (pH 9.53 +
9.74) compared to PEPA-1/6CA solutions (pH
7.76 + 8.67).

Analyzing the data shown in Fig. 1-3, the
pH values of chemisorption systems at 293 K

https://ucj.org.ua

can be arranged in the following sequence:

- for Q(SO,) < 0.02 mol/L MEA-1/6CA
> PEPA-1/6CA > MEA-1/3CA > Na3Cit >
PEPA-1/3CA;

- for 0.02 < Q(SOZ) < 0.05 mol/L MEA-1/
6CA > MEA-1/3CA > Na3Cit > PEPA-1/6CA >
PEPA-1/3CA;

~ for 0.05 < Q(SO,) < 0.10 mol/L MEA-1/
3CA > MEA-1/6CA > NaSCit > PEPA-1/6CA >
PEPA-1/3CA.

These results indicate that at SO, concent-
rations above 0.05 mol/L, solutions based on
monoethanolammonium citrate exhibit the
highest efficiency in binding this toxicant.
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Fig. 4. Differential pH-metric titration curves of 0.1 M Na,Cit (1a), MEA-1/3CA (2a), PEPA-1/3CA
(3a), MEA-1/6CA (1b) and PEPA-1/6CA (2b) aqueous solutions with gaseous SO, at 298 K.

E, mV g | E’ m
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Fig. 5. Redox-metric titration curves of 0.1 mol/L Na,Cit (a) and MEA-1/3CA (b) aqueous solutions
with gaseous SO, at different temperatures (T, K): 273 - 1; 283 - 2; 293 - 3; 298 - 4; 303 - 5; 313 - 6.

8 ISSN 2708-129X. VKp. xim. XypH., 2025




R. E. Khoma, K. V. Tsyganenko, T. S. Bienkovska, Yu. V. Ishkov, S. V. Vodzinskii

900 -

600

dE/dpQ(S0O,)
W
8

! Il 1 J

-300 : :
0,00 0.02 0,04 006 0,08 0.10 0.12

Q(S0y), mol/l

a

500

200

-100

-400

-700

-1000

dE/dpQ(SO,)

-1300

-1600

-1900

_2200 1 1 1 1 1 1 l
0.00 0.02 0,04 0,06 0,08 0,10 0.12
Q(S0Oy), mol/l

b

Fig. 6. Differential Redox-metric titration curves of 0.1 mol/L Na,Cit (a) and MEA-1/3CA (b) aqueous
solutions with gaseous SO, at 288 K (b), and 293 K (a).

Negative Az values suggest the formation
of weakly dissociated compounds in the SO, -
Na,Cit - H,0O, SO, - MEA-1/3CA - H,0, and
SO, - MEA-1/6CA - H,O systems (Fig. 7 - 9;
Table 3). In PEPA-containing solutions, posi-
tive Az values (Q(SO,) > 0.05 mol/L; T = 273 -

02

=
=2
=43
-4
-5

Az. C m/m

=] L L 1 Il 1

0.04 0.06 0.08 0.10
Q(SO,), mol/l
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283 K) indicate an increase in the degree of
dissociation of existing species (H,0, SO,-H,O,
HSO;), the formation of new strongly dissocia-
ted compounds, and an increase in the mobili-
ty of newly formed ions [3, 11, 20], as discussed
below.

Fig. 7. Conductometric titration curves of 0.1 M
Na,Cit aqueous solutions with gaseous SO, at dif-
ferent temperatures (T, K): 273 - 1; 283 - 2; 293 - 3;
303 -4;313-5.

UCJ Nz 3 / Vol. 91
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In the SO, - MEA-1/3CA - H,O system
(Fig. 8a; Table 3), the relative decrease in Az
with increasing sulfur dioxide content up to
0.040 mol/L (at 303, 283 K) and 0.050 mol/L
(at 273, 278, 293, and 313 K) is attributed to
the formation of monoethanolammonium
sulfite, similar to findings in [3, 20]. Further
increases in Q(SO,) are accompanied by a rel-

Az.C m/m

0.04 0.06

0.08
Q(S0y), mol/l

0.10

a

ative increase in the specific electrical conduc-
tivity, driven by the formation of monoetha-
nolammonium hydrosulfite and pyrosulfite.
As the temperature increases within the 283-
303 K range, a relative decrease in Az is ob-
served at the same Q(SO,) values in the 0.01 +
0.05 mol/L region.

09 r
0.7
0.5 —-—1
-=-2
=) 0.3 A3
B
g 0.1 X4
&) :
g 0.1 Reb
< = ——6
-0.3 —a—7
-0.5
-0.7
-0.9 !
0.00 0.02 0.04 0.06 0.08 0.10
Q(S0Oy), mol/l
b

Fig. 8. Conductometric titration curves of 0.1 M MEA-1/3CA (a), and PEPA-1/3CA (b) aqueous
solutions with gaseous SO, at different temperatures (T, K): 273 - 1; 278 - 2; 283 - 3; 293 - 4; 298 - 5;

303 -6;313-7.
Table 2.

Characteristics of pH-metric titration curves of Na,Cit, MEA-1/3CA, PEPA-1/3CA,
MEA-1/6CA, and PEPA-1/6CA aqueous solutions with gaseous SO,.

T, K Ist maximum 2nd maximum
Q(SO,) : Q(Na/N) pH dpH/dpQ(SO,) Q(SO,) : Q(Na/N) pH dpH/dpQ(SO,)
Na,Cit
273 0.429 3.88 8.21 - — -
283 0.429 3.60 7.32 - - -
293 0.476 3.90 8.56 - — -
298 0.404 3.62 7.15 - — -
303 0.486 3.81 7.60 - — -
313 0.476 3.94 7.49 - — -
10 ISSN 2708-129X. VKp. Xim. XypH., 2025
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T, K 1st maximum 2nd maximum
Q(SO,) : Q(Na/N) pH dpH/dpQ(SO,) Q(SO,): Q(Na/N) pH dpH/dpQ(SO,)
MEA-1/3CA
273 0.472 3.78 13.47 - - -
278 0.472 3.78 18.71 - - -
283 0.458 3.96 14.51 - - -
288 0.472 3.55 14.97 - - -
293 0.486 3.30 18.51 - - —
298 0.458 3.61 13.33 - - -
303 0.472 3.47 10.48 - - -
308 0.486 3.30 15.43 - - -
313 0.458 3.65 10.15 - - -
PEPA-1/3CA
273 0.404 3.30 3.73 0.543 2.79 4.26
278 0.315 3.66 3.62 0.515 2.94 4.43
283 0.315 3.74 3.62 0.515 2.97 4.03
288 0.572 3.04 448 - - -
293 0.458 3.07 3.57 - - -
298 0.572 2.82 4.49 - - -
303 0.543 2.81 341 - - -
308 0.515 2.92 4.03 - - -
313 0.343 3.16 2.90 - - -
MEA-1/6CA
273 0.172 7.75 16.92 0.572 3.64 16.61
278 0.200 8.67 8.96 0.601 3.9 14.16
283 0.172 7.75 10.74 0.572 3.5 21.10
288 0.258 7.63 15.05 0.629 4.32 19.80
293 0.200 8.26 18.97 0.543 3.94 15.33
298 0.200 7.77 14.79 0.486 4.58 13.67
303 0.200 7.91 10.91 0.572 3.94 13.02
308 0.129 8.02 8.41 0.486 3.92 12.91
313 0.229 7.61 10.0 0.601 4.15 14.16
313 0.343 3.16 2.90 - - -
PEPA-1/6CA
273 0.372 3.42 7.48 - - -
278 0.486 3.51 8.36 - - -
283 0.372 3.68 8.34 - - -
288 0.315 4.18 7.25 - - -
293 0.372 3.98 7.48 - - -
298 0.372 3.61 7.19 - - -
303 0.429 3.28 6.01 - - -
308 0.404 3.66 6.84 - - -
313 0.3432 3.75 6.35 - - -

https://ucj.org.ua 11
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Table 3.
Characteristics of conductometric titration curves of MEA-1/3CA, PEPA-1/3CA,
MEA-1/6CA, and PEPA-1/6CA aqueous solutions.

I-th effect [I-th effect [II-th effect IV-th effectr
LK Qs0):QN) Az, QES0,):QN)  Ax,  Q(S0):QN) Az,  Q(S0):QN) Aw,
(curve shape) Cm/m  (curve shape) Cm/m?  (curve shape) Cm/m?' (curve shape) Cm/m
MEA-1/3CA

273 0200 (bend)  -0.35  0.510 (bend) -0.608  0.740 (bend) -0.276 - -

278 0.480 (bend)  -1.06  0.540 (bend) -1.060 0.710 (bend)  -0.760 - -

283 0.071 (bend)  -0.06  0.400 (min)  -0.510  0.710 (bend)  0.020 - -

293 0.043 (bend) -0.114  0.457 (min)  -0.640  0.570 (bend)  -0.565 - -

298 0428 (min)  -0.833  0.570 (bend) -0.729  0.714 (bend)  -0.503 - -

303 0400 (bend) -0.895 0.510 (bend) -0.885 0.740 (bend) -0.510 - -

313 0.171 (bend) -0.156  0.457 (min)  -0.415  0.686 (bend) -0.130 - -

PEPA-1/3CA

273 0.143 (bend) -0.192  0.404 (min) -0.258 0.715 (bend)  0.332 - -

278 0.072 (max)  0.002 0429 (min) -0.259 0.715 (bend)  0.221 - -

283 0.057 (bend) -0.017 0.143 (bend) -0.078 0.400 (bend) -0.096  0.744 (bend)  0.734

293 0.572 (bend) -0.717 - - - - - -

298 0572 (bend) -0.222 0429 (min) -0.520 0.486 (bend) -0.498  0.629 (bend) -0.506

303 0400 (min) -0.729  0.486 (bend) -0.699  0.686 (bend) -0.700 - -

313 0.086 (min)  -0.090  0.129 (max) -0.070  0.286 (bend) -0.110  0.400 (bend)  -0.12

MEA-1/6CA

273 0.110 (max)  0.026  0.486(min)  -0.38  0.714 (bend)  0.134 - -

278 0.110 (min)  0.086  0.466 (bend) 038  0.514 (min)  -0.520 0.714 (bend)  -0.030

283 0.100 (max) 0.220 0.486 (min) -0.21 0.714 (bend)  0.160 - -

293 0.170 (max) 0.040 0.514 (min) -0.29  0.714 (bend)  0.140 - -

298 0428 (min) -0.215  0.200 (max) -0.074  0.486 (min) -0.480 0.714 (bend) -0.043

303 0.043 (min) -0270 0.710 (max)  -024  0.151 (bend) -0.280  0.540 (bend)  -0.780

313 0.071 (min)  -0.070  0.020 (max) 0.04 0.543 (min)  -0.200  0.628 (bend)  -0.20

PEPA-1/6CA

273 0.143 (bend) -0.248  0.468 (min)  -0.432  0.743 (bend) -0.182 - -

278 0.071 (bend) -0.013  0.310 (bend) -0.236  0.400 (bend) -0.236  0.743 (bend)  0.434

283 0.100 (bend) -0.068  0.143 (bend) -0.015 0.400 (min)  -0.231  0.710 (bend)  0.258

293  0.200 (bend) -0.313  0.314 (bend) -0.326  0.428 (min)  -0.381  0.743 (bend) -0.159

298  0.143 (bend) -0.364  0.428 (min)  -0.540  0.629 (max)  -0.396 - -

303  0.400 (bend) -0.701  0.714 (max)  -0.661 - - - -

313 0.017 (min) -0.123  0.129 (bend) -0.129  0.429 (bend) -0.148  0.571 (bend) -0.038
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Fig. 9. Conductometric titration curves of 0.1 mol/L MEA-1/6CA (a) and PEPA-1/6CA (b) aqueous
solutions with gaseous SO, at different temperatures (T, K): T (K): 273 - 1; 278 - 2; 283 - 3; 293 - 4;

298 - 5;303 -6;313 - 7.

At the same Q(SO,) values, an increase
in o with rising temperature (273-313 K) is
observed for SO, - Na,Cit - H,0O and SO, -
MEA-1/3CA - H,O solutions. In contrast, in
SO,- MEA-1/3CA - H,0, 50, - PEPA-1/3CA -
H,0, SO, - MEA-1/6CA - H,O and SO, -
PEPA-1/6CA - H,O systems (Figs. 8, 9), A=
values decrease upon heating within the 283-
303 K range. his behavior is attributed to the
ionic-molecular composition of the studied
systems, which is discussed below.

When sulfur dioxide is absorbed by an
MEA-1/6CA solution, Az acquires positive
values (Fig. 9a) only in specific sections of
the Az = f{Q(SO,)) curves at: 273 K (0.005 <
Q(S0,) <0.020 mol/L), 278 K (0.002 < Q(SO,) <
0.020 mol/L), 283 K (0.002 < Q(SO,) <
0.030 mol/L), 293 K (0.012 < Q(SO,) <
0.025 mol/L) and 313 K (0.013 < Q(SO,) <

https://ucj.org.ua

0.025 mol/L). Under other experimental con-
ditions, Aee < 0 Cm-m’'. For PEPA-1/6CA
solutions, Aa values remain negative (Fig. 9b)
during SO, chemisorption, except at T = 278
and 283 K (curves 2 and 3) when Q(SO,):Q(N)
> 0.55.

Unlike pH-metric curves (Fig. 3), conducto-
metric curves (Fig. 9; Table 3) exhibit three or
four effects. When sulfur dioxide is introduced
into the MEA-1/6CA solution, a decrease in Az
is observed within 0.020 < Q(SO,) < 0.050 mol/L
across the studied temperature range (Fig. 9a).
Further addition of SO, leads to a Ae in-
crease up to Q(SO,) = 0,070 mol/L (except at
T = 293 K), after which the Az = f{Q(SO,))
dependencies reach stationary regions.

The addition of SO, to the PEPA-1/6CA solu-
tion leads to a decrease in Aa within 0.010 <
Q(SO,) < 0.040 mol/L across the studied

13
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temperature range (Fig. 9b). When Q(SO,) ex-
ceeds (0.040 + 0.045 mol/L), Az values begin
to increase.

Each Az = f(Q(SO,)) curve for SO, che-
misorption in the studied solutions at a given
temperature exhibits distinct effects (Fig. 9; Ta-
ble 3).

_l 1 1

The uniformity of acid-base and electro-
chemical behavior in solutions containing
sodium, monoethanolammonium, and poly-
ethylenepolyammonium citrates is confirmed
by the overlapping initial sections of the
dpH/dpQ(SO,) - Q(SO,) and A= - Q(SO,)
curves (Fig. 4, 10).

—i-1
—&—2

--3

0.00 0.02

0.04

0.06 0.08 0.10

Q(S0,), mol/l

Fig. 10. Conductometric titration curves of 0.1 mol/l Na,Cit (1), MEA-1/3CA (2) and PEPA-1/3CA (3)
MEA-1/6CA (4), and PEPA-1/6CA (5) aqueous solutions with gaseous SO, at 293 K.

Physicochemical models of SO, interaction with
MEA - CA - H,0 and PEPA - CA - H,O solutions.

According to [9], in aqueous MEA-1/3CA
solutions, the following processes take place:

water autoprotolysis (reaction 1), MEA proto-
nation (reaction 2), and stepwise dissociation
of CA (reactions 3-5). Additionally, the forma-
tion of ionic associates occurs:

{N'H,CH,CH OH}{HOC H,(COOH) (COO")} (Ia),
{N'H,CH,CH,0H},{HOC,H,(COOH)(COO") } (ITa),

{§y H,CH,CH,0H},{HOC,H, (COOH),(COO")} (IIb),

{NH,CH,CH,OH},{HOC H, (COO"),} (Illa), as well as the ionic-molecular associate
{NH,CH,CH,0H}HHOC,H,(COOH),} (Ib) (reactions 6-10).

14
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2H,0 72> H,0" + OH- (1)
1/Ka

NH,CH,CH,OH + H,0* < N'H,CH,CH,0H + H,0 (2)
HOC,H,(COOH), + H,0 &2 HOC,H,(COOH),COO" + H,0* (3)
HOC,H (COOH),COO" + H,0 22 HOC,H,(COOH)(COO"), + H,0" (4)
HOC,H,(COOH)(COO"), + HO = HOC,H,(COO"), + H,0" (5)
N H,CH,CH,0H + HOC,H,(COOH),(CO0") £2 (©)

= {N'H,CH,CH,0HHHOC,H,(COOH) (COO")}
N H,CH,CH,0H + HOC,H,(COOH), £> )

2 {N'H,CH,CH,0HH{HOC,H,(COOH) }

2N H,CH,CH,0H + HOC H,(COOH)(CO0"), ¢ (8)

= {NH,CH,CH,0H} {HOC,H,(COOH)(CO0") }
2N H,CH,CH,OH + HOC H,(COOH), (COO") £ )

3
< {NH,CH,CH,OH},{HOC H,(COOH),(COO")}
3NH,CH,CH,0H + HOC H,(CO0"), 2 (10)
2 (NH,CH,CH,OH},{HOC H,(CO0") }

When $02 interaFts with MEA-1/3CA - 2NH,CH,CH,OH + SOZ-HZOé
H0 solutions, reactions 11-18 occur, lead- (NHSCHZCHZOH)ZSO3

ing to the formation of sulfur dioxide hydrate, NH,CH,CH,OH + SO -H.0 /3& 1)

sulfite, hydrosulfite, and pyrosulfite anions, N
as well as monoethanolammonium sulfite < (NH,CH,CH,OH)HSO, Bus

(IS), hydrosulfite (IIS), and pyrosulfite (IIIS) 2NH,CH,CH,OH +2(SO,-H,0) &= (18)
(3, 20]. z2 (NH,CH,CH,0H) §,0, + H,O

(16)

27275

SO &2 S0? (11) SO, - Na,Cit - H,0 solutions
Based on [3, 4, 11, 20], the interaction of

% . 12 b bl b >
507+ H,0&=250,H,0 (12) citrate ions with SO, hydrate results in the for-
SO,H,0 + H,0 Kﬁl HO"+HSO; (1 3) mation of sulfite and hydrocitrate anions (re-
s action 19). Additionally, the reaction of sulfite
2HSO; 25,07 + H,0 (14) jons with SO, in water leads to the formation
K of hydrosulfite ions (reaction 20). These pro-
- S5O + SO 15
HSO;+ H,0 &2 H,0" + 507, (15) cesses are responsible for the initial jumps ob-
when SOj, SOF - sulfur dioxide in the gas served on the pH-metric titration curves of so-
phase and dissolved in water, respectively. dium citrate aqueous solutions (Fig. 1).

https://ucj.org.ua 15
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When HOC,H,(COOH)(COO"), ions in-
teract with SO, hydrosulfite and dideprotona-
ted citrate anions are formed (reaction 21). Hyd-
rosulfite ions are also generated through the
dissociation of «sulfuric» acid (reaction 13).
Reactions 13 and 21 are responsible for the se-

SO,*H,0 + HOC,H,(COOH)(CO0"), - HSO; + HOC,H,(COOH),(COO")

SO, - MEA-1/3CA - H,O solutions

The replacement of sodium citrate with mo-
noethanolammonium citrate in chemisorption
solutions introduces additional reactions 22-23.
Alongside the reactions occurring in the SO, -
Na,Cit - H,O system, this system also allows
for the interaction of the ionic associate (mono-

{N'H,CH,CH,0H},{HOC,H (COO"),} + SO,'H,0 — {N H,CH,CH,0H},(S0?) +

(19)
(20)

cond jumps on the pH-metric titration curves
and the minima on the conductometric curves.
Additionally, at pH 4.5-6.0, hydrosulfite ion
dimerization (reaction 14) leads to the forma-
tion of pyrosulfite ions, causing the first jumps
on the redox-metric curves (Fig. 5a).

(21)

ethanolammonium citrate) with SO,, which is
responsible for the first jumps on the pH-met-
ric curves (Fig. 2a). At pH 4,0-6,0, the reaction
between SO, and monoethanolammonium ca-
tions in water produces an ionic associate — am-
monium sulfite (reaction 23), leading to mini-
ma on the conductometric curves (Fig. 8 a).

(22)

+ NH,CH CH OH + HOC,H,(COOH) (COO")

2N H,CH,CH,0H + SO,"H,0 + 2H,0 - {N H,CH,CH,0H},(SO%) + 2H,0"

The multicomponent nature of SO, -
MEA-1/3CA - H,O solutions, resulting from
the formation of H-bonded ionic associates,
leads to variations in redox-metric curve
shapes at different temperatures.

SO, - PEPA-1/3CA - H,O solutions.

The interaction of SO, with polyethylene-

{NH,(CH,CH,NH) H} {HOC,H, (COO") }
- {NH,(CH,CH,NH,) H} (SO?), ., + NH,(CH,CH,NH) H +

(23)

polyammonium citrate (reaction 24) leads to
the formation of polyethylenepolyammoni-
um sulfite, polyethylenepolyamine, and di-
hydrocitrate ions. This process causes jumps
in the pH-metric curves (Fig. 2 b) and breaks
or minima in the conductometric curves
(Fig. 8 b).

+ (k+1)SO,-H,0 + H,O -

k+1

(24)

+ (k+1)HOC,H,(COOH),(COO") + H,0

The component composition of SO, - MEA-1/
3CA - H,O solutions.

Considering the law of mass action (equa-
tions 1 - 18), along with the material balance

16

equations for nitrogen (25), citrates (26), and
sulfur (27), and the electroneutrality condition
(28), a system of mathematical equations (1-
18, 25-28) is established.
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Q.= [NH,CH CH,0H] + [NH,CH,CHOH] + C,_ + C, +2C, +2C,, +

(25)
+ 3CIIIa+ 2(:IS + CIIS + 2C:IIIS
Q, = [HOC,H,(COOH),] + [HOC,H, (COOH),CO0 ] + [HOC,H,(COOH)(COO), 1 + )
[HOCH,(COO),]+C_+C +C +C, +C
Q(SO,) = [SO,-H,0] + [HSO;] + 2[S,02] + [SOX] + C, + C, + 2C (27)
[H'] + [NH,CH,CH,0H] + C, + C, = [OH"] + [HSO;] + 2[S,0%] + 2-[SOZ] (28)

where C,, = [(NH,CH,CH,OH) SO,], C,, = [(NH,CH,CH OH)HSO ],

= [(NH,CH,CH,0H)

27275

C
C,, = [{NH,CH,CH,0OHH{HOCH, (COOH),}],

C,, = {NH,CH,CH,OH},{HOC,H,(COOH)(CO0"),}1,
C

C

nb:[

Solving this system using pH-metric data
(Fig. 2 a) and incorporating the pK_ values of
CA and MEA (Table 1) enabled the calcula-
tion of the component composition of SO, -
MEA-1/3CA - H,O solutions (Fig. 11).

According to the obtained data, as Q(SO,)
increases from 1.4-10° to 1.4-102 mol/L, arise in
the relative content of monoethanolammonium
cation (curve 6) is observed due to the dissocia-
tion of ionic associate IITa (Fig. 11, curves 4, 7).
In the region where ionic associate IIIa and
ionic-molecular associate IIb form (Table 2),
the total SO2 content increases the cation’s par-
tial binding into ammonium sulfite IS (curve 8).
When ionic associate IIb transitions into com-
pound ITa Q(SO,) > 0.26 mol/L, the relative con-
tent of IS decreases (curve 8), while the binding
of monoethanolamine and citrate in Ila increa-
ses sharply (curves 4 and 7). Across the calcula-
ted section of the pH = {Q(SO,)) curve, arise in
the molar fraction of hydrosulfite ions (curve 9;
Q(SO,) > 0.01 mol/L) is observed, along with a
decrease in ammonium sulfite content (curve
10) relative to the total SO, concentration. The

https://ucj.org.ua

$,0.], C, = [{NH,CH,CH OH}{HOC H,(COOH),(COO)}],

{NH,CH,CH,0H} {HOC,H, (COOH) (COO)}],
. = {NH,CH,CH OH} {HOC H,(COO") }.

relative content of SO, hydrate, sulfite, and py-
rosulfite ions, as well as free MEA, does not ex-
ceed 0.7%.

N;

09 f -1
0.8 ka -@-2
0.7 F & -3
0.6 =
05 | s
04 + —&—6
03 | Sl
02 | Bl
0 L& —-9
§ —#—10

0 0.01 0,02 0.03 0.04 0,05
Q(S0y), mol/l

Fig. 11. Partial distribution diagrams of dif-
ferent forms of interaction in the SO, - MEA-1/
3CA - H,O system depending on Q. at 293 K.
N. - molar fraction of Cit* (1), HCit* ), H,Cit
(+3), C,+C, +C, .4 7),NHCHCHOH (5),
N H,CH,CH,0OH (6), C (8, 10), HSO;(9) relative
to the total content of citrates (1-4), nitrogen (5-8)
and sulfur (9, 10).
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The concentration constants for the forma-
tion of ionic associates (B, B, - B, B, and
B,;,) have been calculated. Under the experi-
mental conditions, these formation constants
exceed 10.

The concentration and thermodynamic con-
stants (B,) for ammonium sulfite formation
in SO -MEA-1/3CA-H,O solutions are nearly
identical to those in SO, - MEA solutions [3,
20]. The dependences of pp, (for compounds
Ib, Ila, and IIla) on ionic strength (u, M)
follow a linear relationship (equation 29),
whereas the dependence of pf,, = flu) is
more complex (equation 30). The parameters

Table 4.

of these equations are provided in Table 4.
p/)’i =A +B-u (29)
pB, =A, + B>+ C-u (30)

By definition [21], the coefficients A, in
equations 29 and 30 represent the negative
decimal logarithms of the conditional ther-
modynamic constants (- 3, ). As tempera-
ture increases, bond rearrangements occur in
ionic associates Ila, IIla, and compound Ib,
as indicated by the lack of a clear dependence
of pf,.= f(T). Additionally, compounds Ila
and Ib exhibit increased stability, as reflected
in the A, values of equation 29 (Table 4).

The values of the coefficients A, B, in equation (29) for compounds Ib, IIa, and IIIa,
and A, B, C, in equation (30) for associate IIb in SO, - MEA-1/3CA - H,O solutions *

T, K A, R? Q(S0,):Q,
IIIa
288 -12.53 28.5 0.9142 0.0715+0.172
293 -16.16 41.93 0.9384 0.0715+0.129
303 -9.078 16.76 0.9735 0.0572+0.257
313 -15.10 38.30 0.9492 0.0572+0.486
ITa
283 -5.55 9.18 0.9868 0.072+0.143
293 -8.10 21.6 0.9690 0.286+0.515
Ib
283 -17.44 69.80 0.9839 0.400+0.515
288 -20.24 87.86 0.9653 0.343+0.458
303 0.05 - 0.315
ITb
A, B, C, R? Q(80,):Q,
283 -21.11 115.72 -191.1 0.9900 0.172+0.372
288 -13.28 63.59 -88.61 0.9993 0.200+0.315
293 -9.083 0 23.97 0.7959 0.172+0.257
303 -1.730 0 0 - 0.286

"R? is the value of the approximation reliability.

18
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. . . T
With rising temperature, the absolute pf|

values decrease, following a relationship de-
scribed by equation 31 within the 283-303 K

range.

pp". = 264,15 - 88312/T, (31)

1Ib
where T is the absolute temperature, K.

3NH,CH,CH,OH + 3N H,CH,CH,0OH + HOC,H,(COO"), &
<> (NH,CH,CH,0H},{N H,CH,CH,OH} {HOC H (COO") },
2NH,CH,CH,OH + 4N H,CH,CH,OH + HOC,H,(COO"), 2>
z {NH,CH,CH,0H},{N H,CH,CH,0H},{HOC,H, (COO"),}.

Based on experimental data (Fig. 3a) and
a mathematical model that incorporates the
law of mass action (equations 1-18, 32, 33),
along with the material balance equations for
nitrogen (34), citrates (35), and sulfur (27), as

Q= [NH,CH,CH,OH] + [NH,CH,CH,0H] + C_+ C, +2C,_+2C,, +
+3C,, +2C +C +2C

Q, = [HOC,H (COOH) ] + [HOC,H,(COOH),COO] + [HOC,H,(COOH)(COO") ] +
+ [HOC3H4(C007)3] + CIa + CIb + CIIa + CIIb + CIHa + CIVa + CIVb

[H] + [N H3CH2CHZOH] +Cy+Cp +Cyy

Composition of SO, - MEA-1/6CA - H,O
solutions

For MEA-1/6CA solutions, in addition to
reactions 1-24, there is also the potential for-
mation of ion-molecular associates I'Va and
IVb, as described by equations 32 and 33.

(32)

(33)

well as the electroneutrality condition (36), the
ionic-molecular composition of SO,~MEA-1/
6CA-H,O solutions was determined (for
example, Fig. 12).

(34)

IS + 6CIVa + 6CIVb
(35)
= [OH"] + [HSO;] + 2[S,0] + 2.[sO>]  (36)

ne C,,, = {NH,CH,CH OH} {N H,CH,CH OH} ,{HOC H,(CO0") },
C,,, = {NH,CH,CH,OH} {N H,CH,CH OH} {HOCH,(COO") }.

Ni

0.9 -1

0.8 -2

0.7 -3

o 4
e g Fig. 12. Partial distribution diagrams of
o i different forms of interaction in the SO,-
2'; g MEA-1/6CA—HZQ system dep.ending on
’ P Q,, at 293 K. Ni — molar fraction of Cit*
02 ey (DJHCIE (2), HCit (3), C\- (4, 7),
01 —+ 10 NH,CH,CH,OH (5), NH,CH,CH,OH (6),
0 C, (8, 10), HSO; (9) relative to the total
' ; - ‘ ' content of citrates (1-4), nitrogen (5-8) and

0 0.01 0.02 0.03 0.04 0.05
Q(S0,). mol/ sulfur (9, 10).
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According to the calculations (Fig. 12), the
chemisorption of sulfur dioxide by an MEA-1/
6CA aqueous solution occurs due to its binding
to monoethanolammonium sulfite IS (curve
10) at Q(SO,) < 0.0572 mol/L, following reac-
tion 37. This process is accompanied by:

2{NH,CH,CH OH},{N H,CH,CH OH},{HOC ,H (CO0").} + 3S0,-H,0 >
3(NH,CH,CH,OH) SO, + 2HOC,H,(COO"), + 6N H,CH,CH OH

With further SO, addition, the relative
content of hydrosulfite anions (curve 9) and

(NH,CH,CH,0H),S0, + SO,-H,0 > 2N H,CH CH,OH + 2HSO;

In this case:

The mole fraction of the IS compound re-
lative to total nitogen (curve 8) reaches a maxi-
mum at Q(SO,):Q, = 1.0:4.0;

The mole fraction of citrate anions (curve 1)
reaches a maximum at Q(S0O,):Q,, = 1.0:10.0,
accompanied by partial protonation of citrate
anions with the formation of HOC H,(COOH)
(COO"), (curve 2) and dihydrocitrate anions
(curve 3).

The relative content of HOC,H (COOH)
(COO7), (curve 2) reaches a maxi-
mum at Q(SO,) = 0.0286 mol/L, while
HOC,H,(COOH),COO" (curve 3) increases
throughout the studied range.

The content of unbound MEA (as a free
base), undissociated CA, sulfite and pyrosulfite
anions, and SO,-H,O does not exceed 0.02 re-
lative units. Notably, ionic associates ITa and
IIb are not formed during the chemisorption
of SO, in the studied concentration (Q(SO,))
and temperature ranges, unlike in the MEA-1/
3CA solution.

The concentration dependences p =
f(Q(SO,)) exhibit complex behavior due to
the multicomponent nature of the chemisorp-

20

An increase in the molar fraction of citrate
anions (curve 1) and monoethanolammonium
cations (curve 6).

A decrease in the relative content of com-
pound IVa (curves 4, 7).

(37)

monoethanolammonium cations (curve 6) in-
creases due to reaction 38.

(38)

tion system during SO, absorption (at 283-
288 and 298-313 K). However, at 293 K, only
the ion-molecular complex I'Va is formed be-
tween MEA and CA, leading to a linear de-
pendence:

W= 0,0177 + 1,0261-Q(SO);

n = 14; R* = 0,9940. (39)

Using the obtained component composition
data for SO,-MEA-1/6CA - H,O solutions,
the concentration constants for the formation
of compounds IIIS, Ia, Ib, IIIa, Iva, and IVb
were calculated. The dependence pf,, = f(u)
is described by equation 29, with parameters
provided in Table 5.

With increasing temperature, bond weake-
ning is observed in compounds Ia, IIIa, IVa
and IVb, as indicated by an increase in pp,
values, which are numerically equal to the
A, coefficients in equation 29 (Table 5). Con-
versely, the stability of complex Ib increas-
es. The concentration and thermodynamic
constants f, . for SO -MEA-1/6CA-H O
and SO,-MEA-1/3CA-H,O solutions show
no significant difference compared to SO, -
MEA solutions [3, 20].
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Table 5.

The values of the A, B, coefficients in equation (29) for compounds Ia, Ib, IIIa, IVa,
and IVb in SO, —~MEA-1/6CA-H,O in solutions™

T, K A, B, R? Q(S0,):Q,
Ia
303 -5,44 79,27 0,9954 0,315+0,458
313 19,11 -274,7 0,9890 0,286+0,400
Ib
283 -3,94 6,63 0,9895 0,315+0,949
288 -5,08 -9,78 0,9741 0,257+0,486
IIIa
288 -17,33 -102,56 0,9978 0,0715+0,200
313 -6,873 41,14 0,9995 0,0286+0,143
IVa
293 -12,16 -45,31 0,9885 0,014+0,529
313 22,835 -382 0,8303 0,172+0,257
IVb
283 -18,14 15,30 0,9920 0,072+0,286
303 18,23 -377,0 0,9935 0,175+0,263

‘R? - the value of the approximation confidence.

CONCLUSIONS.

This study, based on pH, redox, and con-
ductometric analyses, evaluates the acid-base
interaction during the chemisorption of sulfur
dioxide by aqueous solutions of monoethanol-
ammonium and polyethylenepolyammonium
citrates in comparison with sodium citrate.

The composition and relative stability of the
reaction products formed during SO, interac-
tion with aqueous solutions of Na,Cit, MEA-1/
3CA, PEPA-1/3CA, MEA-1/6CA, and PEPA-1/
6CA were determined. It was shown that in
the presence of ammonium citrates (MEA and
PEPA), the following species are formed: ionic
associates Ia, Ila, IIb, IIIa; ion-molecular as-
sociates Ib, IVa, IVb; and ammonium sulfites,

https://ucj.org.ua

hydrosulfites, and pyrosulfites. The component
composition, as well as the concentration and
thermodynamic constants of these associates,
were calculated. In SO,-MEA-1/3CA-H,O
solutions, increasing temperature enhances the
relative stability of compounds IIa and Ib. In
SO,—~MEA-1/6CA-H,O solutions, the stability
of compounds Ia, IIla, IVa and IVb decrea-
ses, while Ib increases with rising temperature.
Adding CA to the SO,—~MEA-H,O system in
MEA:CA ratios of 3:1 and 6:1 has no significant
effect on the concentration and thermodyna-
mic constants of ammonium sulfites formation.

The results obtained will be applied in the
development of chemosorbents for respiratory
protection.
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PO3YNHAMMW LIUTPATIB MOHOETAHOJI-
AMOHIH TA NOJIETUNEHNONIAMOHIKO
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T. C. Benuvxoscvka, IO. B. Iiuxos,
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B pobori HaBemeHo pesympratu pH-, pe-
TOKC- Ta KOHJYKTOMETPUYHOTO IOCHTiJKEeH-
HA KUCTOTHO-OCHOBHOI B3a€MOJII IIPU XEMO-
copOuii fiOKCUAY Cipky BOZHUMY PO3YMHAMMU
Ha OocHOBi 0,1 MO/Ib/I UTpPATiB MOHOETAHO-
namoHiro (MEA-1/3CA) Ta mosieTuneHIoni-
amoHito (PEPA-1/3CA), a takox 6ydepHu-
M pO3YMHAMM MOHOETaHOJaMiH - IUTpaT
moHoeTtanonamoHiro (MEA-1/6CA) Ta moi-
eTWJIEHIIONIIaMiH — LMTpPAT IO/ieTUIEHIIONI-
amonio (PEPA-1/6CA) y nopiBHAHHI i3 nuT-
paToM Harpir. BcTaHOBNIEHO CKIaf CIIONYK,
[0 YTBOPIOWTbCA mpu nornuHanHi SO, pos-
unHamu Na Cit, MEA-1/3CA, PEPA-1/3CA,
MEA-1/6CA, PEPA-1/6CA npu 273 - 313 K.
3a OmHUX i TMX caMUX 3Ha4eHb KiJTbKOCTi ITO-
IJIMHYTOTO NiOKCUAY CipKu) A PpO34YMHIB

22

SO,-Na,Cit-H O ta SO,-MEA-1/3CA-H,O
BigMideHO 36i/bIIEHHA 3HAYE€Hb MMTOMOI
eJIeKTPOIPOBigHOCTI (&) 3 pOCTOM TeMIle-
parypu nipu 273-313 K; sHayeHHsa Az 3men-
mryrothes B cuctemax SO,-MEA-1/3CA-H O,
SO,-PEPA-1/3CA-H,O, SO,-MEA-1/6CA-
H,O ta SO,-PEPA-1/6CA-H,O mig yac Ha-
rpianHa npu 283-303 K, mo cnpuyumHeHO
IXHIM JIOH-MOJIEKYIAPHUM CK/IajoM. Ha ocHo-
Bi po3p0o0/IeHN X MaTeMaTYHUX MOJIeNell po3-
PaxoBaHO JOH-MOJIEKY/IAPHUII KOMIIOHEHT-
Huit ckmap posunnis SO~ MEA-1/3CA-H O
ta SO,-MEA-1/6CA-H,O npn 283-313 K Ta
KOHIIEHTpalliifHi 1 TepMOAMHAaMI4HI KOHCTaH-
TU YTBOPEHHA iOHHMX acolliaTiB:
(NH,CH,CH,0H) SO,, {N H,CH,CH,0OH}
{HOC (COOH) (COO )} (Ia)
{NH CH CH OH}
{HOC H (COOH)(COO ),} (ITa),
{NH CH CH,OH},
{HOC H (COOH) (COO )} (IIb),
{NH CH CH OH} {HOC,H,(COO"),} (IlIa),
a TaKOXX i0H-MOJIEKY/IAPHMX acOLiaTiB
{NH CH,CH OH}{HOC H,(COOH),} (Ib),
{NH,CH, CH OH} {NH CH CH,OH},
{HOC H (COO ).} (IVa) {NH CH CH LOH},
{NH CH CH OH} {HOC,H (COO ), } (IVb)
Y posumHax SO -MEA- 1/3CA—HZO 3 po-
CTOM TeMIlepaTypu Bin6yBaeTbc51 neperpymny-
BaHHA 3B A3KiB y ionHuX aconiatax IlataIb, Ha
1110 BKa3ye€ BiICYTHICTb YiTKOI TeMIIEpATypPHOIL
3a7IeKHOCTI P, @ TAKOX 3MiITHEHHS CIOTYK
IIa ta Ib. B posunnax SO -MEA-1/6CA-H O
3 NiIBUIIEHHAM TeMIepaTypu Bi}I6YBa€TI)CH
nocnabeHHs 3B’ A3KiB y crionykax Ia, ITIa, IVa
ta IVb, a y cionyni Ib, HaBmaku, mocuieHHs.

KnrouoBi cmoBa: fiokcup cipku, aMoHie-

Bl LIMTpaTy, KMUCIOTHO-OCHOBHA B3a€MOfid,
10HHI acoliaTy, I0H-MOEKY/IAPHI acoliaTu.
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E®EKTMBHUKA CNOCIB YTBOPEHHS

2-CTUPUNNMIPUMIANH-4(3H)-0HIB

A. O. Asonoscvkuii’, /1. B. Ipuwyx’, C. M. Ilnyscnuux-Inaoup’, A. C. [lasmsan’,
II. E. Cmenanoé’, IO. B. Iuuxoé?, I.. JI. Kamanos'

'@isuxo-ximiunuti incmumym im. O. B. boeamcvkozo Hayionanvroi akademii Hayx Ykpainu,
JTiocmoopgcvka dopoza, 86, Odeca 65080, Ykpaina;

*Ooecvkuiit HauionanvHuti yrieepcumem imeri I. 1. Meunuxosa MOH Yxpainu,

syn. [leopsancoxa, 2, Odeca 65082, Yxpaina,

e-mail: sergey_pluzhnik@ukr.net

PospobrneHo 3pyuny cxemy cuHTe3dy crnonyk papy (E)-6-R-2-crupwnnipuminns-(4H)-
OHIiB BiflHOBNEHHAM 2-(2-0Kco-2-apuieTunifeH)-2,3-gurigponipumiguu-4(1H)-oniB 60p-
TiZpUOOM HATpil0 3 TOAA/IBIIOKI JieTifipaTalielo OoTpuMaHuX 2-(2-rifpoKcu-2-apuaeTun)
nipuminna-4(3H)-oHiB y oprodocdopHiil KucrIoTi 3a MigBNIEHOI TeMIepaTypu. 3alporio-
HOBaHO JBa BapiaHTu Mopudikauii 2-ctupmnmipuminnn-4(3H)-oHiB. A came: cuHTe30BaHi
4-MeTnnOeH30CyNb(OHATH, @ TAKOXK BCTAHOBJICHO, 1110 3a B3aeMopil (E)-6-MeTni-2-cTupu-
nipumiguH-(4H)-0Hy 3 €KBIMOZIEKY/IAPHOI KilbKicTio Br, mpomykTtom peakuii BUABMBCA
(E)-5-6pom-6-R-2-ctupunnipuminnn-(4H)-oH. BynoBy cHTe30BaHVX CIIOTTYK BCTAHOBJIEHO
3a gonomoro IMP-cnekTpockorrii i Mac-CIIeKTpoMeTpii.

KmrouoBi crmoBa: 2-(2-okco-2-apunermicynbdanin)-nipuminna-4(3H)-onu, 2-(2-rig-
pokcu-2-apuietwn)nipuMigni-4(3H)-ouu, (E)-6-R-2-ctupunnipuminuu-(4H)-oHu, BigHOB-
JIEHHA, Jerifparanid, 6pOMYBaHHH, CUHTE3, 6y;[0Ba.

BCTVYII. Cepep mtyuyHux ¢GOTOYyTAMBUX 3y 2-cTupuminipuMigyiis. [lepmii gBa moms-

CUCTeM IIOMiTHe MicClle 3aliMaloTh MHOXigHI
cTunbOeHy. BOHM € CMHTeTVYHO HOCTYIHUMMA
CIIO/TyKaMM, IKi BUAB/IAIOTH 3JaTHICTH JO MO-
JIEKY/ISIPHOTO (POTONEPEKTI0OYEeHHS 3 BICOKOIO
eeKTUBHICTIO i XapaKTepusylTbCs MyJIb-
TUPOTOXPOMHMMM  BHACTMBOCTAMM  [1-3].
Hecumerpuuni retapmmapunerenn (y Tomy
YICTi i30MepHi CTUPUIIIPUMIANHA) € MEHII
HNOCITIKEeHUMM, HDK cuMeTpu4Hi noxigni. Ha
ChOTOJIHI BIOMO [eKiZbKa MeTOMiB CUHTe-

raloTh B YTBOPEHHI IMipUMIZVHOBOIO LMKy
LUIAXOM KOHJIEHCAllil ecTepy iMiHOKOPMYHOI
KWIOTU 3 e€CTepOM 3-aMiHOKPOTOHOBOI KIC-
noTu (4] abo ecTepy KOPMYHOI KUCTOTY 3 aMi-
IoM 3-aMiHOKpOTOHOBOI Kucmotu [5]. Buxo-
o 6-MeTwn-2-ctupunnipuminua-4(3H)-ony
CTaHOBJIATD, BIIIOBimHO, 22% i 33%. Bimomi
TAaKOXX METOAV OTPVMMAHHA HU3KM 2-CTUPUI-
MipUMIVHIB KOHJIEHCALI€0 2-MeTUIIIPUMI-
IOVHIB i3 OeH3ampheriaMm; BUXOOV KiHIIEBUX
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OPTAHIYHA XIMIf

EDEKTUBHWIA CMOCIE YTBOPEHHS 2-CTUPUIINIPUMIAWH-4(3H)-OHIB

IPOAYKTIB CYTTEBO 3ajeXXaTb BiJj KMCIOTHO-
CTi MeTa/bHOI IPYIM BUXIJHUX IipUMIiIVHIB
Ta Karanizaropa [6,7].

Pobory npucssyeHO pO3pOO/IEHHIO ajlb-
TE€PHATVBHOIO BapiaHTy CMHTE3Y 2-CTUPWIIi-
PUMIAVHIB HUIAXOM IIOC/IiJOBHOTO BiJJHOB-
JIeHHs Ta JierifipaTanii 2-(2-okco-2-apunern-
nigen)-2,3-pgurigpo- 1 H-nipuminuu-4-oHis.
3anpoNoHOBaHi METOAMKI CUHTE3Y i BUIi/IEH-
Hs JO3BOJIAIOTH OTPUMATY LIIIbOBI IIPOSYKTH
3 BUCOKVMMU BUXOMAMM i IOCTAaTHIM CTyII€HEM
9ICTOTU 0€e3 MOJATKOBOTO OYUILEHHS IIPO-
MDKHMX CIIMPTIB Ta 3 MiHIMa/JIbHUM BUKOPUC-
TaHHAM OPraHiYHUX PO3YMHHUKIB.

EKCIIEPMIMEHT I ObI'OBOPEHHA PE-
3YJIBTATIB. BigHoBneHHA  KapOOHITBHOI
TPYIM BUXiTHMX 2-(2-0KCO-2-apuIeTuIifieH)-
2,3-purigponipuminuu-4(1H)-oniB 1la-d [8, 9]
3I1MICHIOBA/IM HAIIMIIKOM OOprifpupy Hart-
pito y eranoni (puc 1).

0
] HNJI
WN ‘
H
R d

1 la-

NaBH,

OH HNﬁ
EtOH WN R
Rj 2a-d

Bukopucrana meTtopuka cuHTE3y i BUJi-
nenHs 2-(B-rigpoxcuankin)-nipumigny-4(3H)-
oHiB (2a-d) Ko3BOMMIA OTPUMATI IIPOIYKTH 3
BJMICOKVMMM BUXOfIaMM i JIOCTaTHIM CTyIIeHEM
4icTOTH 0€e3 JOZaTKOBOro oumineHHs. [lerif-
paTalilo CIUPTIB 3 YTBOPEHHAM IOABIIHOTO
C=C-3B’4A3Ky MOXKHa 3[iJICHIOBAaTH fAK KaTa-
AITUYHUMM METOJaMM, TaK 1 i€ pevyoBMH,
mo Big'egHyloTh BoAmy. HaiBaskmmBimmmm
pe4OBMHAMM, AKi BUKOPUCTOBYIOTH Yy IIpema-
PaTMBHIN XiMil Jy1g X Ljinei, € MiHepaabHi
Ta OpraHiyHi KMUC/IOTH, aHTiApuay OOpHOI i
docdopHOI KUCTOTH, JIOH, aLeTWIXIOPUL,.
OCKinbKM y HalIOMY BUIIAZIKy CIIUPTH € TBEP-
OVIMUA peYOBMHAMIU, TO AK JETifpaTyrounii 3a-
¢i6 My BuKkopucTanyu opropochopHy KUCTIOTY,
sIKa BOJTHOYAC BMKOHYBaJjIa pO/Ib PO3YMHHMKA.
Peakuiro 3fificHIOBany B IHTEpBaJi TeMIlepa-
Typ 150-200 °C (puc 1).

0
Q H-.PO
3 4 HN |
150-200°C | SN OR
3a-d
Rl

R=Me, R,=H (a); R=Me, R,=Ph (b); R=Ph, R,=H (¢); R=R,=Ph (d)

Puc. 1. 3aranbHa cxema cuHTe3y (E)-6-R-2-cTupwmipuminns-(4H)-ouis 3a-d
Fig. 1. General scheme for the synthesis of (E)-6-R-2 styrylpyrimidin-(4H)-ones 3a-d.

3a manumu JMP 'H, cnonykn 3a-d icHy-
10Th y popMi TpaHCci3oMepiB.

Ha npuxnazi pedoBuH 3a, e (puc. 2) 6yno
JOCTIIPKEHO ~ MOXX/IVBICTD ~ BMKOPMCTAHHSA
cy/nb(OHATHOTO METOJY SIK IepIoi cTajil Mo-
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nuikarnii 3a3HaYeHOro BUILE KIACy CHOMYK.
Peaxniiro mpoBoaIm 3 HaJUIMIIKOM H-TOJIYOJI-
cynpdoxnopuny B Terparigpodypani 3a kim-
HaTHOI TeMIiepaTypu. SIK OCHOBY BUKOPUCTO-
BYyBa/IM TpUETUIAMiH.
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O OTs
TsCl, TEA
A X
| N~ “CH, THF | N~ “CH,
3a.e
R R 4a,b

R=H (a); R=NO, (e, b)

Puc. 2. CxeMa yTBOpeHH: CynbpOHATIB
Fig. 2. Scheme of sulfonate formation.

Buxomyu KiHLEeBUX NIPOAYKTIB — CepefHi.
CyTTEBMM HENOMIKOM Iji€l METOAVKY MOXKHA
BBXAT! Jy>Ke IOBiIbHMII Iepebir peakuii —
6/m13bK0 30 1i6.

OpHi€o 3 XapaKTepHUX BIACTUBOCTEN ajl-
KeHiB € YTBOPEeHHA 1,2-nuranoreHankaHis. Pe-
aKIjig MpOTiKae 3a iIOHHUM MEXaHi3MOM TUILY

(0]

HN

e7eKTPOdIIPHOTO TpMELHAHHA. Y HALIOMY
BUMNAJIKy Ipu B3aemopii (E)-6-MeTun-2-cTu-
pwinipuminnu-4(3H)-ony (3a) 3 exkBiMonsap-
HOIO KiNbKicTIo O6poMmMy Oyn1o BuAiTEHO He
OYiKyBaHMIT IPOAYKT IpuenHaHHs 5 (puc. 3),
a IPOAYKT 3aMillleHHsI aTOMa BOJHIO y I10JIO-
XKeHH] «5» reTepounkiy 6 (puc. 3).

O )

Br, or NBS Br
' HN |

CH,

Br, HN
Br N | \ | “
N~ “CH, | N° CHj | N
Br
5 3a 6

Puc. 3. Cxema 6poMyBaHHA CIIOTYKH 3a
Fig. 3. Scheme of bromination of a compound 3a.

[Topi6HMit HanpsAM peaxiil MOXKHa IOsAC-
HUTY YTBOPEHHAM Ha IEpLIiil CTafil peakiil
aKTMBHOTO iHTepMerniary, a came N-Opomiri-
pumiguHy. OnocepenKoBaHO Ha KOPUCTD I1bO-
ro NPUITYLIeHHA CBigunTh (PaKT yTBOPEHHS
crionykn 6 mpu 6pomysanHi 3a N-6poMcyk-
OUHIMITOM.

https://ucj.org.ua

KoHTponb 3a XxooM peaklii i 4MCTOTOIO
CUHTE30BaHUX PEYOBUH 3[i/ICHIOBA/IM METO-
pom TIIX nHa mractunax Silufol UV-254-VIS,
eMI0eHT  XJI0pOdOpM-alleTOHITPUI-TEKCaH,
5:2:1, Ta MeTaHOJI-aLeTOHITPUI-XI0POPOpPM,
1:2:5. Mac-cnektpu (FAB) oTpumano Ha
mac-cnektpoMeTpi VG Analitical 7070 ED.
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Cnextpu SIMP 'H i PC oTpuMaHO Ha CIeKT-
pomerpi Varian WXP-500 (po6oua wacToTa
499.88 1 125.71 MI11 BigmoBifjHO), BHY TPillIHii
crauaapt - SiMe,.
2-(2-Tidpoxcu-2-peninemun)-6-memuu-
nipumioun-4(3H)-on (2a) 1 r (4 mmonb) pe-
voBunM la i 0.1 r NaBH, y 100 cm® eTanomny
nepeMilllyBasy HPOTATOM 5 f1i6 MarHiTHOIO
MillIa/IKOI0, OAI0YNM Ha APYTY i TpeTio moby
we aBi mopuil NaBH, mo 0.1 r Ilicisa 3akin-
yeHHs peakuii (koHTponb Meromom TIIX,
eTI0OeHT — XJI0pOPOPM-aLeTOHITPIUI-TEKCaH,
5:2:1) peakuiitny cymimm Hevitpanisysam HCI,
nepeminryroun, i pinerpysanu ocan. @inprpar
BUTIAPIOBA/I Ha POTOPHOMY BMIIAPHUKY Ha-
cyxo. TBepauil 3a/MIIOK IPOMUBAIU BOJOI0
i pinprpyBanu Ha ¢inerpi lorra. Buxin 0.9 r
(89%), 6e3bapBHi KpucTtamn, T. TOIIL. = 155-
160 °C. Cuektp SIMP 'H (DMSO-d°), §, m.u.:
2.14 ¢ (3H CH,), 2.80 n (2H, CH,, ] 5.8 In),
5.04-5.10 m (1H, CH), 5.55 posur. ¢ (1H, OH),
6.02 ¢ (1H, CH_ . ), 722 v (1H, CH__,
]7.6Fu),7.31T(2H,2CHap0M,]7.6Fu),7.37)1(2H,
2CHap0M, J 7.6 Tt1), 12.22 ¢ (1H, NH). Cnektp
AMP “C (DMSO-d®): 23.40, 44.35, 70.80,
110.03, 125.68, 127.09, 128.12, 144.80, 159.53,
162.40, 164.31. Mac-cnextp: 231 [M+H]".
3naingeno, %: C 67.70, H 6.20, N 12.09.
C13H14N202. Pospaxosano, %: C 67.81, H 6.13,
N 12.14.
2-(2-([1,1-6igpenin]-4-in)-eiopoxcuemun)-
6-memunnipumioun-4(3H)-on. (2b). Otpu-
MyBa/jM aHamoriyHo 3 pedoBuHu 1b. Buxip
80%, 6e306apBHi Kpucramyu, T. TOWI. = 210-
215°C. Crektp SIMP 'H (DMSO-d®), 6, m.u.:
2.16 ¢ (3H CH,), 2.85 i (2H, CH,, J 8.8 Im),
5.12-5.16 m (1H, CH), 5.55 posmu. ¢ (1H, OH),
6.03 ¢ (1H, CH . ), 733 v (1H, CH_,
J 7.6 It), 7.42 T (2H, 2CH,,,,J 7.6 Im), 747 1
(2H, 2CH,_,, ] 7.6 Iny), 7.62 1 (2H, 2CH_
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J 7.6 Tu), 7.64 1 (2H, 2CH, , ] 7.6 Tu),
12.22 posu. ¢ (1H, NH). Cnextp AMP "C
(DMSO-d°): 164.22, 162.52, 159.55, 144.08,
140.00, 139.01, 128.91, 127.32, 126.59, 126.46,
126.33, 110.04, 70.54, 44.29, 23.30. Mac-
ciektp: 307 [M+H]*. 3naitgeno, %: C 79.50,
H 6.00, N 9.00. C _H N O,. Pogpaxosano, %:
C79.49,H592,N9.14.
2-(2-Tidpoxcu-2-eninemusn)-6-peninnipu-
mioun-4(3H)-on (2¢). OTpumMyBanyu aHamori-
HO 3 peyoBuHU 1¢. Buxin 90%, 6e36apBHi kpuic-
Tany, T. Tomwn. = 210-220°C. Cnextp AMP 'H
(DMSO-d°), 8, m.u.: 2.96 1 (2H, CH,, ] 6.8 I1y),
5.21 o (1H, CH, J 11.0, 6.8 Iu), 5.61 1 (1H,
OH, J 4.5 Iy), 6.74 ¢ (1H, CH, ), 725 1
(1H, CH, ] 7.3 Tu), 7.34 © (2H, 2CH,_,
J 7.3 Im), 743 o (2H, 2CHap0M’ J 7.3 Iu),
7.47-7.49 m (3H, 3CHaP0M), 8.04-8.06 m (2H,
2CHaPOM), 12.45 ¢ (1H, NH). Cnextp SIMP
BC (DMSO-d%): 45.11, 71.33, 107.48, 126.28,
127.40, 127.55, 128.60, 129.11, 130.83, 136.85,
145.33, 160.50, 161.02, 163.37. Mac-cnekrp:
293 [M+H]*. 3naitmeno, %: C 74.00, H 5.60,
N 9.50. C H N, O,. Pospaxosano, %: C 73.95,
H 5.52, N 9.58.
2-(2-([1,1-6icpenin]-4-in)-eiopoxcuemun)-
6-¢penrinnipumioun-4(3H)-on (2d). Otpumy-
Ba/IM aHaIOTiyHO 3 pevoyHM 1d. Buxin 75%,
0e3bapBHi Kpucramy, T. ToL = 260-262°C.
Cnextp SMP 'H (DMSO-d°), §, m.u.: 2.98 &
(2H, CH,, J 5.6 Iy, 5.23-5.26 m (1H, CH),
5.62 posur ¢ (1H, OH), 6.73 ¢ (1H, CHmpMMiM),
7331 (1H, CH, ] 73 Iu), 7.42-7.50 M (7H,
7CH, ), 7.62-7.64 M (4H, 4CH, ), 8.02-
8.06 m (2H, 2CHaP0M), 12.44 posu. ¢ (1H, NH).
Cuextp SIMP BC (DMSO-d®): 162.92, 160.58,
159.96, 144.05, 140.00, 139.01, 136.39, 130.35,
128.91, 128.63, 127.32, 126.94, 126.59, 126.45,
126.43, 107.04, 70.59, 44.55. Mac-cnekrp:
369 [M+H]*. 3naitneno, %: C 78.20, H 5.50,
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N 7.50. C,,H, N,O,. Pospaxosano, %: C 78.24,

H 5.47, N 7.60.

(E)-6-Memun-2-cmupunnipumiour-4(3H)-
ot (3a). 0.23 r (6 MMoOnIB) peyoBMHM 22y 7 cM’
opToocHOpPHOI KUCIOTU BUTPUMYBAIN IIPO-
taroM 0.5 rop. 3a temmneparypu 150-200 °C.
[Tica OXONOMKEHHA peakliliHy CyMill Iie-
pemimyBanu 3 100 cm’ Bogu i dinprpyBamm
Ha Qinbrpi lllorTa. Ocan mpoMmBamu BOAOIO
[0 HelTpanpHOI peakuii inbrpary, cymm-
mu Ha noBitpi. Buxin 0.18 r (85%), 6e36aps-
Hi KpucTanu, T. Tomwl. = 223-225°C. Cnekrp
SAMP 'H (DMSO-d°), 6, m.u.: 2.19 ¢ (3H CH,),
6.05 ¢ (1H, CH__ . ), 6.88 n (1H, CH
J16.1Tu) 7.37-7.59 M (3H, CH_ ), 7.59 1 (2H,
2CH, ] 7.8 ), 7.83 1 (1H, CHamH] 16.1 Ix)
9.76 ¢ (lH, NH). Cnextp AMP *C (DMSO-d°):
23.41, 110.23, 120.29, 127.69, 129.04, 129.90,
134.75, 138.99, 155.38, 162.59, 164.19. Mac-
ciextp: 213 [M+H]*. 3naiigeno, %: 73.52,
H 5.73, N 13.17. C ,H N, O. Pospaxosano, %:

C 73.56, H 5.70, N1320
(E)-2-(2-([1,1"-6icbenin]-4-in)sinin)-6-me-

munnipumioun-4(3H)-on. (3b). Orpumysanu
aHajIoriuHo 3 pevoByHu 2b. Buxix 98%, 6es-
6apBHi Kpucramu, T. Tomwi. > 250°C poski.
Cnextp JAMP 'H (DMSO-d9), §, m.u.: 2.21 ¢
(3H CH,), 6.06 ¢ (IH, CH,_ ), 6.90 z (1H,
_J16.1 Ty) 732-7.71 . (9H, CH,,.),
7 89 1 (1H,CH__J16.1Tiy) 10.07 ¢ (1H, NH),
Coexrp SIMP PC (DMSO—dG): 164.99, 162.80,
155.83, 141.83, 139.67, 138.74, 134.34, 129.46,
128.71, 128.35, 127.67, 127.08, 120.73, 110.60,
24.02. Mac-criextp: 289 [M+H]*. 3naigeno,
%: C79.10, H 5.60, N 9.70. C H, N O. Pospa-
XO0BaHoO, %: C 79.14, H 5.59, N 9.72.
(E)-6-®enin-2-cmupunnipumioun-(4H)-
o# (3¢). OTpuMyBany aHAJIOTiYHO 3 PEYOBUHYI
2c¢. Buxin 93%, 6e36apBHi KpucTamm, T. TOIIL
= 270-272°C. Cuextp IMP 'H (DMSO-d?®), 9,

https://ucj.org.ua

M.4.:6.79 ¢ (1H, CH MMWH), 7.02 1 (1H,CH
]160Fu) 7.43-7.54 m (6H, CH,,,.

H /75 I), 8.05 1 (1H, CH__ J16.1 I,
8 17m(2H, CH__,]7.5T), 12.57 ¢ (1H, NH).
Cuektp SIMP “C (DMSO-d®): 107.56, 121.09,
127.47, 128.28, 129.16, 129.57, 130.46, 130.95,
135.32, 136. 81, 139.90, 156.33, 161.13, 163.43.
Mac-cnexrp: 275 [M+H]'. 3naiigeno, %:
C78.80,H5.15,N 10.20. C H N O. Pospaxo-
BaHoO, %: C 78.81, H 5.14, N1021

(E)-2-(2-([1,1 -6igpenin]-4-in)eitin)-6-cpe-
Hinnipumioun-4(3H)-on (3d)

OTpumyBanyu aHajoOrivyHO 3 pedoBMHU 2d.
Buxin 99%, 6e3b6apBHi Kpucramyu, T. TOIL
>290 °C poskn. Mac-cnektp: 351 [M+H]".
3nanpeno, %: C 82.23, H 5.20, N 7.97.
C H13N20 Pospaxosano, %: C 82.26, H 5.18,
N 7.99.

6-Memun-2-cmupunnipumioun-4-in _4-me-
munbensocynvgoram (4a)

Ho cymimi 0.6 r (3 MMonb) crionykn 3a i
0.8 T (4 MMONIB) M-TOMYONCYIbPOXIOPUAY B
60 cm® 6espomnoro TT® momaBamm 0.6 cMm?
IIEPErHAaHOrO TPUMETUIIAMIHY 1 3anuinany Ha
30 gi6 B i30/1bOBaHINl €MKOCTi 3a KiMHATHOI
temneparypu. ligpoxnopups TpueTnnaminy,
10 BUIUIMBCA 3 PEAKILiMHOI CyMilli, Bifiinb-
TpoByBa/mu. PinbTpaT BuNapoBaIy Ha poToOp-
HOMY BUIIApHUKY. PemTy mpomuBanm Bojoo
i dinprpyBamu uepes ¢inprp llorTa, cymmm
Iifl 3SHVDKEHVM TUCKOM BOJOCTPYMMHHOTO Ha-
coca. [TotiM mpoBOANM/IN €KCTPAKIIIO TOPAYNM
rentaHoM. Ocaf, 10 BUAIIMBCA IPU OXOJIO-
IPKEHHI €KCTPAKTY, BIigmiIsanm dinprpaniero.
Buxig 0.5 r (58%), 6e3bapBHi Kpucramu, T.
ton. = 153-157°C. Cnexrp IMP 'H (CDCl,),
8, mu.: 2.44 ¢ (3H, CH,), 2.50 ¢ (3H, CH,),
6.73 ¢ (1H, CH__ . ), 7.33 n (1H, CH
J.8.0 T1r), 7.03 1 (1H, CH
(2H, 2CH,.»

AJIKeH,

), 7.68 1 (2H,

apoM

] 162 T), 7.37 1
J.8.0 Tu), 7.52 n (2H, 2CH,_,
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J 7.8 Tw), 7.59 1 (2H, 2CH__, 16.2 Tiy),
7.98 1 (1H, CH_ J8.0 Iy). Cexrp SIMP “C
(CDCl,): 21.31, 23.57, 107.04, 125.75, 127.13,
128.38, 128.90, 129.22, 133.53, 135.21, 139.02,
145.18, 163.62, 164.29, 170.34. Mac-cnekrp:
367 [M+1]*. 3naitgeno, %: C 65.53, H 7.54,
N7.61.C, H N, O.S. Pogpaxosano, %: C 65.57,
H 7.50, N7.65.

6-Memun-2-(4-nimpocmupun) nipumioun-
4-in 4-memunbensocynvdornam (4b)

OTpuMyBanyu aHa/JIOTiYHO 3 PeYOBUHU 3e.
Buxin (53%), 6e36apBHi KpucTamy, T. TOIL =
182-185°C. Cnextp SIMP 'H (CDCl,), 8, m.p.:
2.46 c (3H, CH,), 2.54 c (3H, CH,), 6.80 ¢
(IH,, o) 7-16 % (IH__ J16.0 Tix), 7.39 1
(2H,,,J8.0 ), 7.66 n 2H_ . J8.5 1), 7.76 1
(IH, .y J16.0 Tu), 7.97 1 (2H, , J8.0 T),
823 & (2Hap0M, J8.5 It). Cmexktp SMP *C
(CDCL,): 21.40, 23.76, 107.88, 123.71, 127.66,
128.30, 129.34, 130.04, 133.37, 136.13, 141.49,
145.38, 147.43, 163.26, 163.72, 170.62. Mac-
criektp: 412 [M+1]*. 3naigeno, %: C 60.91,
H4.12,N 5.61. C H N.O.S. Pospaxosano, %:
C58.39, H4.16, N 10.21.

bpomysanns (E)-6-memun-2-cmupunnipu-
mioun-4(3H)-ony. Ilepuiuti eapianm

Y xonby Epnenmeitepa (100 cm®) 3i 3Bo-
POTHIM NOBITPAHUM XOJIOAMIBHIKOM, 006rop-
HYTy YOpPHUMM ManepoM, nomimanmyu 0,442 r
(2.08 mmomnb) (E)-6-MeTun-2-CTUPVIIpUMi-
nnH-4(3H)-ony (3a) ta 30 cM® TeTpaxymopuny
KapOOHYy i IepeminryBaay OTpUMaHy CYCIIeH-
3if0 y MarniTHiI mimanni. OkpeMo B MipHY
k0716y eMHicTIO 50 cM® momimanm 0.512 r 6po-
My i mopmaBamyM O MITKM TeTpaxIopup Kap-
Oony. Big orpmmanoro posumny Bifbmpamu
32.42 cm’ (mictuth 0,332 1, 2.08 MMONB OpO-
My) piguHu i gogaBanu ii o cybcrpary. Yepes
5 XBU/IMH yTBOPIOBAaBCsI 00 eMHMII ocafi. Peak-
Li/Hy CyMilll 3a/MIIa/JM Ha Hi4 3a KiMHaTHOI

30

temneparypu (15°C). [ani ocap Bigmimsmm
¢binbTpyBaHHAM i KpUCTaTi3yBanmm 3 eTaHONY.
Buxin (E)-5-6poM-6-MeTHI-2-CTUPUIITPUMi-
nnH-4(3H)-ony (6) 0,378 1, (62%), 6e36aps-
Hi KpucTamm, T. Tomn. = 270-271°C. Cnexrp
AMP 'H (DMSO-d°), §, m.u.: 2.37 ¢ (3H CH,),
6.84 1 (1H, CH___ J16.0 Iy) 7.30-7.50 m (3H,
CH, ), 7.5-7.70 M (2H, 2CH, ), 7.84 1 (1H,
CH_ . J 16.0 It) 12.83 ¢ (1H, NH). Cnekrp
AMP C (DMSO-d®): 25.02, 109.71, 119.68,
128.07, 129.53, 130.17, 134.99, 140.06,
154.00, 158.82, 162.79. Mac-cnekrtp: 292
[M+H]*. 3narigeno, %: 53.58, H 3.80, N 9.60.
C,H, BrN O. Pospaxosano, %: C 53.61,
H 3.78, N 9.62.

Lpyeuii eapianm. Konby Epnenmeiiepa
(100 cM?) obmapHyloTh fBOpOorMM Y-mopi6-
HUM GOpIITOCOM. []0 LIEHTPaIbHOTO OTBOPY
¢dopiTOoCy NPUERHYIOTh 3BOPOTHI MOBIiTp:A-
HUJ XOMOAVIbHUK. bokoBuit oTBip ¢dopiuro-
Cy 00NafHYIOTh CK/ISTHOK MPOOKOIO 3 IPOITy-
IIEHOI0 Kpi3b Hel PTOPOIIACTOBUM TOHKUM
LUIAHTOM, OfIHa YacCTMHA SIKOTO 3aHypeHa y
peaKklioHHY CyMilll, a Apyra IpuegHaHa 1o Mi-
Kpopo3aTopa. B peakuiitHy kon0y nomimanm
cymim 0,442 r (2.08 mmonb) (E)-6-meTnn-2-
crupwipnminua-4(3H)-ony (3a) B 30 cm’
TeTpaxyopuy Kap6ony. IlepeminryBamm ot-
pUMaHy CyCIEH3il0 y MarHiTHii Milnajini Ta
yepe3 BEPXHill OTBip XO/JOAMIbHMKA OCBIT-
noBaau YO-1aMmnow 3 OOBXMHOK XBUJII
365 M. Oxpemo 0.512 r 6poMy nomimanu B
MipHY K00y, emHicTI0O 50 cM?, i omaBamm 1o
MiTKM TeTpaxjopup kapOony. Bim orpuma-
HOTO pOo3umMHy Bigbmpamm 32.42 cm® (MicTUTD
0,332 1, 2.08 MMOIb OpOMY) i HOPLIHEBUM Mi-
KPOJI03aTOPOM JIOfIaBa/IM JIOTO JI0 CyOCTpaTy
nporAarom 90 xsunuH. Jlani peakyiitHy cyminr
HarpiBamu 4 roguHu 3a 50°C. Ilicna oxomno-
JDKeHHs 00’€MHMIT 0Cajj KpEMOBOTO KOTbOPY
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Bipminam QinbTpyBaHHAM i KpuUcTamisyBaan
3 etanony. Buxin (E)-5-6pom-6-MeTn-2-cTu-
pwipuMinnH-4(3H)-ony (6) (64%).

Tpemiii eapianm. Jlo cycnensii 0,426 r
(2.01 mmomnp) (E)-6-MeTmn-2-CTUpUIIipuMi-
nuH-4(3H)-ony (3a) B 50 cM* TeTpaxyiopuny
kap6ony fogasam 0,375 (2,1 MMOJIb) CyXOro
N-6pomcykuuHiminy i nepeminrysanu 60 XBu-
mmH 6e3 HarpiBaHHA. [licia nporo peakuinnHy
cymim ocpiTmoBamu Y®-1aMIow0 3 TOBXU-
HOI0 xBuIi 365 HM nipotsArom 60 xBunuH. ITo-
TiM peakuiiiHy cymim xuir aTumm 30 XBUINH
i saymmamm Ha Hiv. O6’€eMHMII >KOBTO-IIO-
MapaH4eBUil 0caj, 10 BuIas, QinbTpyBay,
IpOMUBaIK TpuU4i Bogoro mo 50 cm® i cymmmm
Ha nosBiTpi. Kpucranisysanu 3 eranony. Buxip
(E)-5-6poM-6-MeTna-2-CTUPUINIpUMiINH-
4(3H)-ony (6) (76%).

BMCHOBKJ. Po3pobnena meToguka Bifi-
HOBJIEHHsI KapOOHINbHOI rpymu 2-(2-0Kco-2-
apuietniifen)-2,3-gurigponipuminnu-4(1H)-
OHIB JIO3BOJIA€ OTPMMATY BiAIIOBIHI CIMPTN
JIOCTaTHBOTO CTYIEHs 4YMCTOTM 0e3 JopaT-
KOBOTO OYMIIEHHA Ta 3 BMCOKVMM BMXOJa-
mu. Ilomanplnia perifiparania BuIeo3Haye-
HIUX CIONTYK CTAaHOBUTb KOHKYPEHTO3IATHMIA
crioci6  yrBopenHsa (E)-6-R-2-ctupunmipn-
MifuH-(4H)-0HiB, AKUII Mae HM3KY IlepeBar
(FocTymHi BuXifiHi pe4OBMHM, BUCOKI BUXOAY
KiHIIEBUX CIIONYK, BUKOPUCTAHHA MiHIMyMy
OpraHiYHMX PO3UMHHUKIB) Iepen TUMM, SKi
3aCTOCOBYBa/IM paHillle.

Po60Ty BUKOHaHO B paMKaX IPOEKTY
HAH YVYxpainnm «EdextuBHi cmoco-
61 yTBOpeHHA 2-CTUpWINipUMimN-
HiB Ha OCHOBi 2-(2-riFpokcu-2-apmi-
etnn)-2,3-nipumipun-4(3H)-oHiB»,
Ne 0121U107518.

https://ucj.org.ua

I
EFFECTIVE METHOD FOR PRODUCING
2-STYRYLPYRIMIDIN-4(3H)-ONES.

A. A. Yavolovskiil, L. V. Grishchuk’,

S. M. Pluzhnik-Gladyr', A. S. Davtian',
D. E. Stepanov', Yu. V. Ishkov?,

G. L. Kamalov'

A. V. Bogatsky Physico-Chemical Institute of
National Academy of Science of Ukraine,

86 Lustdorfska doroga, 65080 Odessa, Ukraine;
2Odesa 1. I. Mechnikov National University,

2 Dvorianska vul., 65082 Odesa, Ukraine
e-mail: sergey_pluzhnik@ukr.net

A convenient scheme for the synthesis of
a series of compounds of (E)-6-R-2-styryl-
pyrimidin-(4H)-ones by reduction of 2-(2-
oxo-2-arylethylidene)-2,3-dihydropyrimi-
din-4(1H)-ones with sodium borohydride was
developedfollowed by dehydration of the ob-
tained  2-(2-hydroxy-2-arylethyl)pyrimidin-
4(3H)-ones in orthophosphoric acid at eleva-
ted temperature. Two variants of modification
of 2-styrylpyrimidin-4(3H)-ones are propo-
sed. Namely, 4-methylbenzosulfonates were
synthesized, and it was also established that
upon the interaction of (E)-6-methyl-2-sty-
rylpyrimidin-(4H)-one with an equimolecular
amount of Br, the reaction product turned out
to be (E)-5-bromo-6-R-2-styrylpyrimidine-
(4H)-one.The structure of the synthesized
compounds was established using NMR spec-
troscopy and mass spectrometry.

Keywords: 2-(2-Oxo-2-arylethylsulfanyl)-
pyrimidin-4(3H)-ones, 2-(2-hydroxy-2-aryl-
ethyl)pyrimidin-4(3H)-ones, (E)-6-R-2-styryl-
pyrimidine-(4H)-ones, reduction, dehydration,
bromination, synthesis, structure.
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Enantiomer purification is a critical process in the pharmaceutical, agrochemical, and food
industries, where chiral compounds often exhibit distinct biological activities. Traditional chiral
chromatography is effective but costly due to the use of expensive chiral stationary phases. This
review article highlights a recent breakthrough in enantiomer purification under entirely achiral
conditions. Specifically, it focuses on the convergence of achiral simulated moving bed chroma-
tography and the phenomenon of self-disproportionation of enantiomers (SDE). Experimental
validation using scalemic methyl p-tolyl sulfoxide as a model compound enabled the isolation of
the excess enantiomer with high purity (~99% ee) and a respectable yield (~50%). This innovative
process features exceptional productivity (up to 99 grams per liter of column volume per day), re-
producibility, and reliability. This breakthrough presents the first practical example of enantiomer
purification based on SDE, offering a scalable and economically viable alternative to conventional
chiral separations. Given that SDE is an inherent property of all chiral compounds, this innovative
approach is anticipated to become the method of choice for practical enantiomer purification in
both research and industrial production.

Key words: Chirality, Enantiomers, Purification, Self-Disproportionation of Enantiomers
(SDE), Achiral Chromatography, Simulated Moving Bed Chromatography.
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INTRODUCTION. Chiral compounds play
a crucial role in the pharmaceutical, agro-
chemical, and food industries [1-6]. Incor-
porating elements of chirality, particularly a
stereogenic carbon, in compounds under de-
velopment enhances the success rate of these
molecules as they progress from the discovery
phase to approval [7]. Approximately 70% of
approved drugs on the pharmaceutical market
contain at least one element of chirality [8].
Following the Thalidomide tragedy [9-11],
the FDA mandates a separate full biological
study for each enantiomer of submitted chiral
compounds. Asymmetric synthesis, whether
stoichiometric, catalytic, or enzymatic, very
rarely affords chiral compounds with the level
of enantiomeric purity required for the FDA-
mandated biological study [12]. Incredibly, the
final enantiomer purification stage can be the
most laborious and costly phase of the entire
chemical procedure [13, 14]. Therefore, the
ability to isolate pure enantiomers becomes an
absolutely essential part of successful drug de-
velopment, ensuring reasonable time and cost
structures.

Traditional enantiomer separation techni-
ques, such as chiral chromatography (CCh)
and diastereoisomeric crystallization, grapple
with challenges like high costs and the unpre-
dictably complex selection of resolving agents
and conditions [15-18]. However, a recent
study led by Professor Dorota Antos [19] has
achieved a significant breakthrough by mer-
ging two previously orthogonal innovations
in the fields of chirality and chromatographic
separations.

The first innovation is the self-dispropor-
tionation of enantiomers (SDE) [20, 21], which
allows for the separation of excess enantiom-
ers from the racemic portion under complete-
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ly achiral conditions. The second is simulated
moving bed (SMB) chromatography, current-
ly the most efficient solution for continuous
chromatographic separation [2, 23].

This newly reported approach - achiral
SMB (ACh-SMB) - undoubtedly deserves spe-
cial attention and widespread dissemination
among practitioners in the areas of chirality,
chromatography, asymmetric synthesis, and
drug development in academic and industrial
research institutions. Given the high methodo-
logical and practical potential of these results,
this brief Perspective aims to highlight the
reported methodological and technological
advances, situating them within the greater
concept of the SDE phenomenon. These recent
developments bode well for the future general
applications of ACh-SMB-SDE as an approach
of choice in enantiomer purifications.

Self-disproportionation of enantiomers
(SDE). As illustrated in Fig. 1, a scalemic mix-
ture of 6 red and 3 blue enantiomers can adopt
five general configurations based on intermo-
lecular interactions. In configuration A, where
such interactions are absent or very weak, all
nine molecules in an achiral environment will
behave congruently, requiring a chiral selector
to distinguish between red and blue enantio-
mers. However, when intermolecular interac-
tions occur, describing a scalemic compound
merely as a mixture of enantiomers becomes
conceptually incorrect and methodologically
misleading. Thus, if there is a preference for
heterochiral interactions, the sample should
be described as a collection of dimers (B) or
oligomers (E) along with the corresponding
monomers. Conversely, if homochiral inter-
molecular interactions dominate, the mole-
cular configurations will include dimers versus
monomers (C) and a mixture of oligomers (D)
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with molecular weight distributions reflecting
the ratio of the original enantiomers. These
four molecular configurations, driven by in-
termolecular interactions, are essentially mix-
tures of compounds with different molecular
weights and distinct physicochemical proper-
ties, resulting in their separation in a complete-
ly achiral environment. This spontaneous sepa-
ration of scalemic samples into fractions with
proportions of enantiomers different from the
original mixture is termed Self-Disproportio-
nation of Enantiomers (SDE) [24-26].

e e e (330
<"'.?‘.">/. N .\<:f-">

Fig. 1. Scalemic mixture of 33.33% ee and four
general configurations: absence of any intermole-
cular interactions (A); intermolecular interactions
leading to the formation of heterochiral dimers
(B), homochiral dimers (C), homochiral oligomers
(D), and heterochiral oligomers (E).

Since intermolecular interactions are an in-
herent property of all chemical compounds,
one can deduce that SDE is similarly an in-
herent property of all chiral compounds. Sys-
tematic research into SDE began only about
20 years ago, generating a wealth of SDE data
for compounds of various chemical structures
and all common types of chirality, including
helical [27], axial [28-34] chirality, central
chirality on carbon [35-37], sulfur [38-41], as
well as compounds possessing multiple stereo-
genic centers and C, symmetry [42]. A simi-
lar wide generality is also reported for areas of
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SDE manifestation, particularly in crystalliza-
tion [43, 44], sublimation [45-48], distillation
[49-51], density gradient ultracentrifugation
[52] or suspension precipitation [53], and chro-
matography - including simple gravity-driven
columns [54-56], flash chromatography [38],
MPLC [57-59], HPLC [28], size-exclusion
[51], and even gas chromatography [60].
Among the wider implications of the ubi-
quitous nature of SDE is the problem of ac-
curately reporting the enantiomeric purity of
chiral compounds isolated from natural sour-
ces or prepared in the laboratory [61-63]. SDE
is highly relevant to the field of chirality and
asymmetric synthesis. Understanding SDE
is crucial for accurately reporting the stereo-
chemical outcomes of enantioselective reac-
tions. SDE presents both a challenge and an
opportunity in chemistry, requiring careful
consideration and control to avoid errors in ex-
perimental results and interpretation [64-66].
A particularly exciting implication of SDE is
related to the origin of prebiotic homochirality.
Among various theories proposed, SDE is the
only experimentally proven mechanism for the
formation and maintenance of enantiomeri-
cally pure or highly enriched samples [67-69].
SDE and enantiomer purifications. In es-
sence, the SDE phenomenon is the spontane-
ous separation of the excess enantiomer from
the racemic portion. Therefore, enantiom-
er purification is an innate property and the
way of SDE manifestation. Thus, the primary
question is how to amplify this spontaneous,
innate enantiomer purification to a practical
application level. Research conducted on nu-
merous chiral compounds has identified cer-
tain structural classes and functional groups,
known as SE-phoric groups [21, 70], that allow
for high magnitudes of SDE, reaching prac-
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tical levels. As SDE can be used as a method
to obtain enantiopure samples from scalemic
mixtures, it can lead to the development of un-
conventional and superior methods for enan-
tiopurification. Particularly exciting results

were reported for the SDE-driven enantiomer
purification via sublimation [71-75] and achi-
ral column chromatography. Figure 2 and Ta-
ble 1 present several examples of various types
of chiral organic compounds.

Table 1. Examples of SDE-driven enantiomer purifications via achiral chromatography.

. | Type of First Last .
Entry |Cmpd. :::a[l;l]n 8 | chromato- | Eluent fraction |fraction |Aee [l;lilds
*" |graphy (%] |[%] °
c-Hex-benzene-
1 1 75.0 (S) |flash di-tert-butyl 28.0 >99 63.3 44.0
ether (1:1:0.1)
2 2 78.9 () |gravity C('fze)x/ MTBE |99 566 (433|240
3 2 71.0 (S) |MPLC ?l'_lf)eX'EtOAc >99 28 71 66.0
4 3 64.9 (R) |gravity Elhze)x/ MIBE | g9 332|667  |217
5 4 72.6 (S) |gravity Elhze)x/ MIBE g0 |00 |126 |-
6 4 69.0 (S) |MPLC ?z'?;X'EtOAC >99 52.0 47 40.0
7 5 64.2 (P) |gravity CH,CL, >99 44.6 55.3 0.7
8 5 658 (P) |MPLC  [n-Hex-EtOAc |>99 354|636 536
9 6 34.6 (R) |gravity ’Zj;’“EtOAC 8.1 >99 91.8 |43
10 7 34.6 (R) |gravity C('f;;‘/ EtOAC 199 130 |86 0.5
11 8 81.4 (S) |flash n-Hex-EtOAc 93.5 62.3 31.2 -
12 9 72.4(S) |gravity ?1 _If?f;‘"EtOAC 970  |474  |496 |-
13 10 82 (M) |gravity g?;x_EtOAC 69 89 20 -
https://ucj.org.ua 37
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Fig. 2. Examples of compounds exhibiting a high magnitude of self-disproportionation of enantiomers

(SDE) under achiral chromatography conditions.

Examples 1-10 (Fig.1) were selected to
showcase the structural variety of chiral com-
pounds demonstrating significant SDE magni-
tudes, leading to laboratory-scale enantiomer
purifications. These examples include unpro-
tected amino alcohol 1 [76], amide-protec-
ted amine 2 [55, 77, 78], a-amino acid 4 [79],
B-amino acids 3 [54, 57, 80] and 6 [37], phos-
phorus analog of B-amino acid 9 [81], unpro-
tected a-amino ester 8 [82], sulfoxide 7 [39],
compound with axial chirality 5 [83], and heli-
cine 10 [27].

For each compound (1-10), Table 1 pro-
vides data on initial enantiomeric purity, type
of achiral chromatography, eluent, enantio-
meric excess in the first and last fractions, the
difference in enantiomeric excess (Aee), and
the yields of isolated enantiomerically pure
compounds. These data overwhelmingly high-
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light the prowess of SDE via achiral chroma-
tography as a general approach for the enantio-
purification of scalemic organic compounds.
However, practical application has been se-
verely hindered by difficulties in scaling up
from gram to a practically useful level of 100 g
or more. This is why the breakthrough repor-
ted by Dorota Antos’ group [19] represents a
critically needed advancement in this field.
Simulated moving bed chromatography.
Simulated Moving Bed (SMB) chromatography
is an advanced technique used to separate and
purify different components from a mixture
[84-87]. Unlike traditional batch chromatogra-
phy, which processes samples in fixed amounts,
SMB operates continuously, making it more
efficient and cost-effective for large-scale sep-
arations. SMB chromatography consists of se-
veral interconnected columns filled with a sta-

ISSN 2708-129X. YKp. XiM. XypH., 2025



UCJ Nz 3 / Vol. 91

Alicja Wzorek, Karel D. Klika, Jianlin Han, Alexander E. Sorochinsky, Taizo Ono, Vadim A. Soloshonok

tionary phase that interacts uniquely with each
component of the mixture. A liquid containing
the mixture flows through the system, and the
continuous alternation of input and output po-
sitions facilitates the separation process, rep-
licating the effect of a moving solid phase. The
number of columns typically used can vary de-
pending on the specific application and scale of
the process. Generally, 8, 12, or 16 columns are
commonly employed. Simplified version of the
SMB system is illustrated in Fig. 2.

Feed

Column switching

Fig. 2. Schematic of SMB units separating a bi-
nary mixture.

. ./s e . /s pe
JOR SR
(R)-1 (R)-1
. / . 0 . }S__\\o -
JCGRR ST
(R)1 (SH1

Scalemic mixture of MTSO

SMB consists of several connected columns
filled with a stationary material that inte-
racts differently with each component of the
mixture. A liquid carrying the mixture flows
through the system, and due to the constant
switching of input and output positions, the
separation process mimics the effect of a mo-
ving solid phase [88-90].

SMB is widely used in industries like phar-
maceuticals, food processing, and petrochem-
icals [91-95]. It offers several benefits such as
higher efficiency, better purity, and cost-effec-
tiveness. SMB is widely used in pharmaceutical
industry for large-scale isolation/purification
of drug components, especially enantiomers
in chiral drugs. In food industry for refining
sugars, amino acids, and other food additives.
More generally, in chemical industry for sepa-
ration of petrochemical products and bio-
based chemicals. Overall, while SMB chroma-
tography may seem complex, it is essentially a
smart way of continuously filtering out desired
compounds from mixtures. By improving ef-
ficiency and reducing waste, it plays a crucial
role in modern industry and scientific research.

Case of methyl p-tolyl sulfoxide. The study
under discussion [19] focused on developing
an SDE-driven Achiral Simulated Moving Bed
(SDE-ACh-SMB) process for the separation of
enantiomers of (S)-MTSO (Scheme 1).

/ L] L]

IS\"".' . "'S /O . /"'S /O
'\Q\(\) + 7 \©\+ - \©\
/S'\©\

(R)-1 (R)-1

(SIR)-2

Racemic dimer;
Higher retention time

Pure enationers;
Lower retention times

Scheme 1. SDE-driven enantiopurification of scalemic S-MTSO.
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Due to identical Henry constants for enan-
tiomers in an achiral environment, conven-
tional design methods like triangle theory were
inapplicable [96-98]. Instead, the approach
involved three steps, including batch-column
separation for model calibration, model-aided
selection of operational variables, and experi-
mental adjustment.

Elution experiments helped determine key
parameters such as total column porosity (et),
apparent dispersion coefficient (Da), and iso-
therm coefficients (qm, KI, KII). The porosi-
ty (et) averaged 0.70 with minimal deviations
between columns. The number of theoretical
plates (N = 1000) was used to calculate Da,
and the isotherm coefficients were estimated
using peak fitting techniques. These parame-
ters ensured accurate predictions of migration
velocities for the enantiomers’ fronts during
the separation process.

Initial experiments in batch columns
demonstrated the SDE phenomenon, allowing
the formation of homochiral and heterochiral
associates with different retention properties.

Optimal conditions for batchwise achiral
separation were determined, providing a base-
line for further SMB experiments.

A series of SMB runs were conducted with
varying zone flowrates, switching times, and
feed conditions. The initial scouting run failed
due to incorrect predictions of enantiomer
migration velocities.

Subsequent runs adjusted flowrates and
switching times, achieving high-purity sepa-
ration of S-MTSO enantiomer with improved
productivity and yield. Specifically, run 3
reached approximately 100% purity with a
productivity of 28 grams of (S)-MTSO per liter
of column volume per day.

Variations in feed concentration and enan-
tiomeric excess were investigated. Higher ee
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improved product purity and productivity by
enhancing the migration velocity difference
between enantiomers. Increased feed concent-
ration intensified the SDE effect, beneficial for
separation performance, but also made main-
taining product purity more challenging due
to the sharper concentration fronts of enan-
tiomers.

The dynamic model was verified against
experimental data, confirming its accuracy
and reliability in predicting SMB separation
performance. The model parameters were ad-
justed based on experimental results to ensure
precise predictions.

The ACh-SMB system used for the enantio-
purification was equipped with four Smartline
Pumps (model 100 V.5010), a pair of UV de-
tectors (K-2501), an SMB-Control unit, and a
multifunctional valve (CSEP C9 Series Simu-
lated Moving Bed and Chromatography Sys-
tems V0499, 12/2000). All components were
sourced from Knauer.

In showcase experiments the enantiomeric
excess (ee) of the enantioenriched MTSO stream
was maintained at 50%. The yield of the target
enantiomer (S-MTSO) was approximately 26%.
The productivity was 28 grams of S-MTSO per
liter of total column volume per day. These ex-
periments clearly highlighted the key benefits
and effectiveness of the method, providing clear
and compelling evidence of its capabilities. The
reproducibility of the ACh-SMB process was
confirmed through repeated runs, yielding con-
sistent performance indicators.

The developed ACh-SMB process offers a
cost-effective alternative for separating non-
racemic mixtures with high ee, common in
asymmetric synthesis. This method can reduce
reliance on expensive chiral chromatography.
For mixtures with low ee, a tandem configura-
tion with chiral chromatography can improve
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process economy by recycling the waste frac-
tion.

CONCLUSIONS. A novel SDE-ACh-SMB
process was developed and verified for the
continuous separation of enantiomers from
nonracemic mixtures [19]. The process is fea-
sible, reproducible, and predictable, demon-
strating high potential for industrial applica-
tions. Optimal conditions achieved product
purity of 96-100% and productivity up to
99 grams per liter of column volume per day.
The only drawback of this method is the re-
maining racemic compound, which must be
discarded or resolved using an external chiral
selector. In this regard, one can envision an ad-
vanced methodology presented in Fig. 3. The
process starts with a racemic compound. Using
low-cost chiral chromatography, the racemate
is transformed into two fractions of scalemic
compounds, enantiomerically enriched in
(R)- and (S)-enantiomers, respectively. Next,
the SDE-SMB approach is used to separate the
target enantiomers, and the remaining portion
is fed back to the racemate injector port. Pro-
perly designed and working continuously, such
a process will revolutionize the separation of
enantiomers.

pure (S)

enantiomer
SDE-SMB

(S)-scalemate

low cost
chiral SMB

racemate

(R)-scalemate

pure (R) SDE-SMB

enantiomer

Fig. 3. Proposed advanced process for resolu-
tion of racemates using low-cost chiral chromatog-
raphy and the SDE-SMBCh.
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Since SDE is an inherent property of all chi-
ral compounds, the SDE-ACh-SMB process is
expected to have the broadest possible applica-
bility in the field of enantiomer purifications.
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OunileHHs eHaHTIOMepiB € BaXIUBUM
npornecoM y apMaleBTUYHIN, arpoximiu-
Hill Ta Xap4oBill IPOMUCIIOBOCTI, [ie XipanabHi
CIIOJTYKM 4aCTO BUABJAIOTH pi3HY 6ionoriuny
akTMBHIicTb. Tpaguiiiina XipasbHa XpoMmaTo-
rpadia e epeKTMBHOW, aje NOPOrol Yepes
BUKOPUCTAHHA [OPOIUX XipaJlbHMUX CTaljio-
HapHMX ¢as3. LIa orramoBa cTaTTsa BUCBITIIOE
OCTaHHI IPOPUB y OYMIIEHHI eHAHTIOMEDIB B
YMOBaXx IOBHICTIO aXipa/JbHMX yMOB. 30KpeMa,
aKI[eHT 3po0/IeHO Ha IIO€[HAHHI axipanbHOI
CUMY/IbOBaHOI PYXOMOI IIapOBOI XpOMaTOrpa-
¢ii Ta peHOMeHa cCaMOAVICIIPONIOPIIIOHYBAHHA
enanriomepiB (SDE). ExcnepumenrtanpHa me-
peBipKa 3 BUKOPUCTAHHAM CKaJIEMi4YHOTO Me-
TYI-P-TONYINCYIb(OKCHUY SIK MOZIE/IbHOI CIIO-
JAYKM JO3BOMM/IA 130/II0BATY HaJIMIIKOBUIA
eHaHTiOMep i3 BUCOKOI0 YnCTOTOI0 (~99% ee)
Ta MOBAXKHUM BuxomoM (~50%). Lleit inHOBa-
LiIHAI IIPOLeC XapaKTePU3YETbCA BUHATKO-
BOIO IIPOAYKTUBHICTIO (10 99 rpamiB Ha miTp
00’e€My KOJIOHU Ha JIeHb), BiITBOPIOBAHICTIO Ta
HafiiHicTIo. Lleit mpopuB siB/Isie cob60M0 TEp-
LIMI TPAKTUYHUI IPUKIIAJ, OYMIEeHHs €HaH-
TiomepiB Ha ocHOBi SDE, mpomnonyo4n macui-
TabOBaHY Ta €KOHOMIYHO JOLIi/IbHY aJIbTepHa-
TUBY TPAAUIIIHUM XipaZbHUM PO3[i/IEHHAM.
BpaxoByroun, mo SDE € BmactuBicTIO BCix
Xipa/ZIbHUX CIIONYK, Lieil IHHOBALIIVIHNI MigXi]
OYiKyBaHO MA€ CTaTU PiOPUTETHUM METOLOM
I TPAKTUYHOIO OYMIEHHA €HaHTiOMepiB
AK Yy JOCTI/DKEHHAX, TaK 1 B IIPOMMCIOBOMY
BUPOOHMI[TBI.

KnrodoBi cnoBa: xipa/nbHicTb, €HaHTiOMe-
pY, OUNILEHHS, CaMOAVICIIPONIOPI[iOHYBAaHHS
eHanTiomepiB (SDE), axipanbHa XpoMaTorpa-
¢is, cuMynpOBaHA pyXoMa IIapoBa XpPOMAaTo-

rpadis.
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