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SYNTHESIS AND COMPREHENSIVE STUDY OF HETERONUCLEAR

Ge(IV) - 3d METAL COMPLEXES WITH ETHYLENEDIAMINE-
TETRAACETIC ACID AND 2,2’-BIPYRIDINE.

D.M. Pechinka, O.E. Martsynko

Odesa I.I. Mechnikov National University,
2 Vsevolod Zmienko St., 65082 Odesa, Ukraine
e-mail: Iborn@ukr.net

Synthetic approach have been developed, and different-metal coordination compounds
[M(bipy),{Ge(OH)(u-Edta)},]xnH,O (H,Edta is ethylenediaminetetraacetic acid, bipy is 2,2’-bi-
pyridine, M = Mn(II), n=5 (1); Co(II), n=7 (2); Ni(II), n=7 (3); Cu(Il), n=4 (4); Zn(II), n=5 (5))
have been prepared, their comprehensive characterization has been carried out using modern
physicochemical methods (elemental analysis, IR spectroscopy, mass spectrometry, and thermo-
gravimetry), and structural features of new complexes have been determined. The synthesised
complexes were found to be heteronuclear. The coordination polyhedron of the germanium(IV)
remains analogous to that in the structurally characterized ethylenediaminetetraacetatogermanic
acid, [Ge(OH)(HEdta)]-H,O, adopting a distorted octahedral geometry formed by coordination
to one hydroxyl group, three carboxylate oxygen atoms, and two nitrogen atoms of the Edta-li-
gand. The 3d metal center exhibits a coordination number of six, and it is bonded to two oxygen
atoms of the carboxylate groups from two germanium-containing complex anions and four nitro-
gen atoms from two bipyridine molecules.

Keywords: germanium(IV), ethylenediaminetetraacetic acid, heterocyclic amines, coordina-
tion compounds, IR spectroscopy, thermogravimetry, mass spectrometry.

INTRODUCTION. Metal compounds with
aminopolycarboxylate complexones have long
been the subject of intensive research and
practical application in agriculture, analytical
chemistry, materials science, and environmen-
tal chemistry due to their unique structural,
spectroscopic, catalytic, and biological pro-
perties [1, 2]. The most extensively studied sys-
tems are complexes based on ethylenediamine-
tetraacetic acid (H,Edta) and its structural
analogues, including heterometallic comp-

lexes [3-9]. Significant attention has been paid
to the widespread application of such coordi-
nation compounds in crop production. In par-
ticular, soil amendment or foliar fertilization
with solutions of ethylenediaminetetraacetates
of 3d metals has been shown to increase the
yield of grain crops (buckwheat, oats, barley,
rye, flax) and to accelerate seed germination
and vegetative growth processes [1].

Anions of polyaminopolycarboxylic acids,
acting as bridging ligands, can form one-, two-,
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and three-dimensional polymeric chains and
networks, in some cases featuring large cavi-
ties. Such structures are classified as me-
tal-organic frameworks (MOFs) and are
characterized by high thermal stability and
durability. An illustrative example is the meso-
porous three-dimensional polymeric complex
{[Zr"VO-p,-(Edta)Fe"OH]-H,0}, [5]. The in-
corporation of heteroaromatic amines, such
as 2,2’-bipyridine (bipy), into carboxylate
complexes contributes to their stabilization
through noncovalent interactions, including
hydrogen bonding, n—n stacking, and C-H---nt
interactions [10].

It has been demonstrated that Cu(II) comp-
lexes with amino acids and 2,2’-bipyridine
can promote the generation of reactive oxygen
species and induce DNA and RNA degrada-
tion. The heterocyclic amine intercalates into
the DNA helix, while copper ions catalyze the
in situ formation of hydroxyl radicals, which
subsequently cause oxidative DNA damage.
This property is of interest for therapeutic
and biotechnological research [10]. Moreover,
copper(II)-bipyridine complexes with amino
acids exhibit cytotoxic activity even against
cisplatin-resistant tumor cell lines [11].

Among the least studied systems are hete-
rometallic multiligand complexes of p- and
d-block metals. Representative examples in-
clude Co(II)-Bi(III) cation-anion compounds
such as [Co(NH,),NCS](Bi(Edta)],-4H,0,
[Co(NH,),(NO,),][Bi(Edta)(H,0)]-2H,0,
[Co(NH,),(CO,)][Bi(Edta)]-3H,0 [6], and
[Co(NxH),(An),],[Bi(Edta)(H,0)],-7H,0,
[Co(NxH),(p-Tol),][Bi(Edta)]-4H,O (where
An is aniline, p-Tol is p-toluidine, NxH is
1,2-cyclohexanedione dioximate) [7].

Aminopolycarboxylate complexes of ger-
manium(IV) have attracted considerable in-

terest due to their intriguing structural fea-
tures and plant growth-stimulating properties.
These compounds have been systematically
investigated for many years at the Faculty of
Chemistry and Pharmacy of Odesa L.I. Mech-
nikov National University within the scien-
tific school led by LI. Seifullina [12-14]. The
complex acid [Ge(OH)(HEdta)]xH,O was
synthesized, and heteronuclear complexes
with various 3d metals were obtained using
this compound as a structural building block.
It was shown that, in the presence of Cu®* ions,
a heteronuclear complex [Cu(H,0),{Ge(OH)
(u-Edta)},] is formed, in which the copper
ion is coordinated by two nitrogen atoms of
the fully deprotonated ligand and four water
molecules [12]. A polymeric heteronuclear
Ge(IV)-Cu(II) compound based on the H Edta
derivative 3-diamino-2-hydroxypropanetetra-
acetic acid (H,Hpdta) and 2,2’-bipyridine,
{{Ge,(OH),(u,-hpdta) Cu (bipy),]x2H,0} ,
was also obtained [15]. However, mixed-ligand
complexes of Ge(IV) - 3d metals with H Edta
and heterocyclic amines have not yet been sys-
tematically investigated.

The aim of this work is to develop synthe-
tic approaches for coordination compounds
of Ge(IV)-Mn(II)/Co(II), Ni(II), Cu(II), and
Zn(II) with ethylenediaminetetraacetic acid
and 2,2-bipyridine, to perform their compre-
hensive characterization using modern phy-
sicochemical methods, and to establish their
structural features.

EXPERIMENT AND DISCUSSION OF THE
RESULTS. As starting reagents for the synthe-
sis of new complexes, were used ready-made
reagents (Sigma-Aldrich) without additional
purification: germanium(IV) oxide (GeO,,
99.99%), ethylenediaminetetraacetic  acid
(H,Edta, CAS 60-00-4, *98%), 2,2’-bipyridine
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(bipy, CAS 366-18-7, 99.5%), and metal salts
Mn(CH,C00),-4H,0, Co(CH,COO0),-4H,0,
Ni(CH,CO0),-4H,0,  Cu(CH,COO0),-H,0,
Zn(CH,COO0) -2H O (98-99%).

Synthesis of compounds 1-5. An equimolar
amount of GeO, (0.05 mol, 5.23 g) was added to
an aqueous solution of H Edta (0.05 mol, 14.6 g
in 1 L of water at 100°C), and the mixture was
evaporated for 2 hours at 80 °C to a volume of
500 mL and cooled at room temperature 20—
25 °C (working solution). The working solu-
tion was divided into 5 parts. Solutions con-
taining 0.005 mol of the corresponding metal
salt and bipy, in a 1:2 ratio, were separately pre-
pared in 10 mL of 95% ethanol. These solutions
were added to part of the working solution and
mixed. After 24 h, crystalline precipitates of
light pink (complexes 1 — with Mn, 5 - with
Zn), yellow (complex 2 — with Co), burgundy
(complex 3 — with Ni), and blue (complex 4 -
with Cu) were formed in the reaction medium.
Yields ranged between 63-70%.

Elemental analysis was performed on
C,N,H-analyzer Elemental Analyzer CE-440.
The metal content in the complexes was mea-
sured by inductively coupled plasma atomic
emission spectroscopy using a PerkinElmer
Optima 8000.

Thermogravimetric analysis (TGA) was per-
formed on a Q-1500D device at a heating rate
of 10°C/min in air, over the temperature range
20-1000°C.

The IR spectra in the range of 4000-400 cm'
were recorded as potassium bromide pellets
on a Frontier spectrometer (PerkinElmer). IR
spectra were interpreted based on literature
data on the characteristic absorption bands of
organic molecules and complex compounds of
germanium(IV) and other metals [12, 16, 17].

ESI-mass spectra were taken on a TSQ

https://ucj.org.ua

Fortis Triple Quadrupole Mass Spectrome-
ter (ThermoFisher Scientific, USA). The sam-
ple was infused with a Chemyx Fusion 100T2
syringe pump at a flow rate of 20 mL/min.
Water-methanol solutions of the complexes
(at about 10 pg/mL) were introduced using a
500 pL Hamilton gas-tight syringe. The electric
potential used to initiate ESI was 3.0 to 3.5 kV
in positive ionization mode and 2.0 to 2.5 kV
in negative ionization mode. Mass spectra were
collected in centroid mode over the m/z range
of 50-1500 Da.

The main results of the study of complexes
are presented below.

Elem. Anal. Calculated (%) for
C,H,Ge MnN,O, (1, M, = 1212): C 39.60,
H 4.29, Ge 11.96, Mn 4.54, N 9.24; found
(%): C 39.37, H 4.20, Ge 11.87, Mn 4.48,
N 9.16. IR spectrum (KBr, v cm™): 3422 v(OH),
3058 v(C-H,, ), 2996 v(C-H), 1712 v,(COO),
1592, 1173 v(C-C,, ), 1472 8 (CH,), 1437
v(COO), 1402 § (CH,), 1312 v(C-N,__ ), 1079
v(C-N), 1012 v(C-O), 934, 873 §(C-H,, ),
773, 736 y(C-H, ), 818 8(GeOH), 652
v(Ge-0), 509 v(Mn-N), 428 v(Mn-0). TGA
data (weight losses): 50-170 °C (7.5%); 170-
320 °C (25.5%); 320-700 °C (46.0%); residue
21.0%. ESI-mass spectrum ESI(-): [Ge(OH)
(Edta)] (m/z = 375.16, 376.88, 379.08); ESI(+):
Hbipy* (m/z = 157.10), [Mn(bipy),]** (m/z =
183.61).

Elem. Anal. Calculated (%) for
C,H..CoGeN,O, (2, M_= 1252): C 3834,
H 4.47, Co 4.71, Ge 11.58, N 8.85; found (%):
C 38.21, H 4.30, Co 4.58, Ge 11.45, N 8.72.
IR spectrum (KBr, v, cm™): 3421 v(OH), 3079
v(C-H,, ), 2990 v(C-H), 1713 v (COO),
1598, 1158 v(C-C,, ), 1473 § (CH,), 1442
v(COO), 1399 § (CH,), 1314 v(C-N,__ ), 1078
Vv(C-N), 1018 v(C-0), 935, 872 8(C-H,, ),

UCJ Ne 12 / Vol. 91
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776, 737 y(C-H, ), 816 8(GeOH), 652
v(Ge-0),510v(Co-N),419v(Co-0).TGAdata
(weight losses): 50-190 °C (10.0%); 190-340 °C
(24.0%); 340-550 °C (44.0%); residue 22.0%.
ESI-mass spectrum ESI(-): [Ge(OH)(Edta)]
(m/z=375.23,376.87,379.07), other fragments
(m/z = 393.36, 403.39); ESI(+): Hbipy" (m/z =
157.10), [Co(bipy),]** (m/z = 185.59, 186.33).
Elem. Anal. Calculated (%) for
C,H..GeN\NiO,. (3, M, = 1252): C 38.34,
H 4.47, Ge 11.58, N 8.85, Ni 4.71; found (%):
C 38.09, H 4.36, Ge 11.50, N 8.79, Ni 4.67.
IR spectrum (KBr, v, cm™): 3416 v(OH), 3076
V(C—Hbipy), 2986 v(C-H), 1711 v _(COO),
1599, 1159 V(C-C,, ), 1473 8 (CH,), 1444
v(CO0), 1396 § (CH,), 1312 v(C-N,, ), 1078
v(C-N), 1021 v(C-0), 933, 871 8(C-H, ),
776, 738 y(C-H, ), 818 8(GeOH), 654
v(Ge-0),536 v(Ni-N), 427 v(Ni-O). TGA data
(weight losses): 50-180 °C (10.0%); 180-340 °C
(24.0%); 340-550 °C (47.5%); residue 18.5%.
ESI-mass spectrum ESI(-): [Ge(OH)(Edta)]
(m/z = 375.00, 376.97, 378.95); ESI(+): Hbipy*
(m/z = 157.09), [Ni(bipy),]** (m/z = 185.08,
186.03).
Elem. Anal. Calculated (%) for

C,H, CuGeN,O_ (4, M_= 1203): C 39.90,
H4.16, Cu5.32, Ge 12.05, N 9.31; found (%): C
39.81,H4.10,Cu 5.24, Ge 12.15,N 9.26. IR spec-
trum(KBr,v,cm‘l):3415v(OH),3095v(C—Hbipy),
2993 v(C-H), 1714 VaS(COO)’ 1600, 1159
v(C-C,, ), 1473 § (CH,), 1444 v(COO),
1394 6 (CH,), 1312 V(C—Nbipy), 1079 v(C-N),
1014 v(C-0), 964, 872 8(C-H, ), 773, 732
y(C—Hbipy), 816 6(GeOH), 658 v(Ge-0), 512
Vv(Cu-N), 425 v(Cu-0O). TGA data (weight
losses): 50-170 °C  (6.0%); 170-280 °C
(26.0%); 280-550 °C (46.0%); residue 22.0%.
ESI-mass spectrum ESI(-): [Ge(OH)(Edta)]
(m/z=375.19,376.76,379.12), other fragments

(m/z = 393.42, 403.43); ESI(+): Hbipy* (m/z =
157.14), [Cu(bipy),]** (m/z = 187.63, 188.55).

Elem. Anal. Calculated (%) for
C,H.GeNO Zn (5, M. = 1222): C 39.28,
H 4.26, Ge 11.87, N 9.17, Zn 5.32; found (%):
C 39.19, H 4.30, Ge 11.78, N 9.10, Zn 5.37.
IR spectrum (KBr, v, cm™): 3420 v(OH), 3075
V(C-H,, ), 2994 v(C-H), 1711 v, (COO),
1589, 1160 v(C-C,, ), 1472 § (CH,), 1440
v(CO0), 1395 8 (CH,), 1313 v(C-N,, ), 1078
v(C-N), 1020 v(C-0), 932, 873 8(C-H,, ),
775, 736 y(C-H, ), 814 §(GeOH), 651
v(Ge-0),515v(Zn-N),434v(Zn-0). TGA data
(weight losses): 60-190 °C (7.0%); 190-330 °C
(26.0%); 330-800 °C (46.0%); residue 21.0%.
ESI-mass spectrum ESI(-): [Ge(OH)(Edta)]
(m/z =375.05, 376.76, 379.01), other fragment
(m/z = 393.33); ESI(+): Hbipy* (m/z = 157.09),
[Zn(bipy),]*" (m/z = 188.56, 189.09).

IR spectra of 1-5 are similar in the re-
gion of vibrational bands (as an example,
fig. 1 shows the spectra of complexes Co(II),
and Ni(II)) characteristic of the coordination
polyhedron of germanium. The presence of
asymmetric and symmetric stretching vibra-
tions of the carboxylate groups v_(COO) and
v (COO), clearly indicates coordination of
the carboxylate moieties to the Ge(IV) center.
The value of the Deacon-Phillips criterion
Av = v (COO) - v(C0O0)~267-275 cm™ in-
dicates monodentate coordination of all car-
boxylate groups of the ligand. In addition,
bands assigned to Ge-O and Ge-N stretching
vibrations, as well as deformation vibrations
0(GeOH), are observed. The absence of bands
in the region around 1730 cm™ confirms that
protonated carboxylic groups are not present.
In general, the spectra 1-5 in this region are
similar to the spectrum of complex ethylenedi-
aminetetraacetategermanic acid.

ISSN 2708-129X. YKp. XiM. XypH., 2025
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Fig. 1. IR spectra of the complexes 2 (a) and 3 (b).

Overall, the spectra of complexes 1-5 in
this region closely resemble that of ethylene-
diaminetetraacetatogermanic acid. This in-
dicates that the coordination environment
of germanium remains analogous to that in
[Ge(OH)(HEdta)]xH,O [12], adopting a dis-
torted octahedral polyhedron. The coordina-
tion number of six is achieved through coordi-
nation with one hydroxyl group, three oxygen
atoms of three carboxylate groups, and two
nitrogen atoms of the Edta-ligand.

https://ucj.org.ua

A set of characteristic bands assigned to
v(C-H, ), v(C-N_ ), 8(C-H, ), y(C-H, )
confirms the presence of 2,2’-bipyridine in the
complexes and its coordination to the 3d me-
tal ions. This is further supported by the appea-
rance of a band corresponding to M-N stretch-
ing vibrations. The absorption band attributed
to v(M-O) stretching vibrations indicates the
coordination of the fourth carboxylate group
of Edta to the 3d metal ion. Based on the IR
spectral data and considering the +2 oxidation
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state of the 3d metal ions, an octahedral co-
ordination polyhedron can be proposed for
these metal centers. It is formed due to valence
bonds with oxygen atoms of two carboxylate
groups of two fragments [Ge(OH)(Edta)] and
four coordination bonds with nitrogen atoms
of two bipyridine molecules.

Broad and intense absorption bands ob-
served at approximately ~3400 cm™ in the IR
spectra of complexes 1-5 are assigned to O-H
stretching vibrations of crystallization water
molecules, which is consistent with the ther-
mogravimetric analysis data (fig. 2).
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Fig. 2. Thermogravigrams of the complexes 2 (a) and 5 (b).
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The thermal decomposition behavior of the
studied compounds is generally similar (as an
example, fig. 2 shows the thermogravimetric
curves of complexes Co(II), and Zn(II)). Ther-
mogravimetric analysis confirms that they are
crystalline hydrates. In the temperature range
of 50-180 °C, the corresponding number of
crystallization water molecules is released into
the gas phase (5 for complexes 1 and 5, 7 for
complexes 2 and 3, and 4 for complex 4). Upon
further heating, in the interval of 180-340 °C,
the removal of two bipyridine molecules oc-
curs, as evidenced by the mass losses calcula-
ted from the TG curves. Evaluation of the mass
loss from the thermogravimetric data at 800 °C

confirms that the final decomposition product
of compounds 1-5 is a mixture of GeO, and
the oxide of the corresponding 3d metal.
Analysis of the mass spectra of the newly
synthesized complexes revealed that the ESI(+)
mass spectra recorded in positive ion mode
exhibit a low-intensity signal corresponding to
protonated 2,2’-bipyridine Hbipy*, along with
signals attributable to doubly charged cations
[M(bipy),]** (where M denotes a 3d metal ion).
The presence of multiple peaks in this region
arises from the natural isotopic distribution of
the constituent elements that form these cati-
ons (as an example, fig. 3 shows the spectra of
heterometallic complexes Co(II), Cu(II)).
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Fig. 3. ESI(+) mass spectra of a water-methanol solution of complex 2 (a) and 4 (b).
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Fig. 4. ESI(-) mass spectra of a water-methanol solution of complex 2 (a) and 4 (b).
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In the negative ion mode (fig. 4), the mass
spectra display an intense signal at m/z ~ 379,
belonging to anion [Ge(OH)(Edta)],, along
with several additional, unassigned signals that
are likely formed as a result of fragmentation
processes occurring for complexes 4, and 5.

On the basis of a comprehensive analysis of
the elemental composition, thermogravimetric
data, infrared spectral features, and mass spec-
trometric results, together with consideration of
the characteristic coordination number of six for
Ge(IV) and comparison with previously struc-
turally characterized germanium compounds,
formulas for the synthesized complexes were
proposed:  [M(bipy),{Ge(OH)(u-Edta)},|xnH,O
(M = Mn(II), n=5 (1); Co(II), n=7 (2); Ni(II),
n=7 (3); Cu(Il), n=4 (4); Zn(II), n=5 (5)).

The synthesis scheme and the supposed
structure of the compounds, excluding crystal-
lization water molecules, can be presented as
follows (fig. 5).

I
CWUHTE3 TA KOMIMNEKCHE JOCNIAXEHHA
FETEPOAAIEPHUX Ge(IV) - 3d-METAJIOKOMIT-

NEKCIB 3 ETUNEHAIAMIHTETPAOLITOBOH
KWCNOTOH TA 2,2’-bINIPUAUHOM

A. M. Ileuinka, O. E. Mapuunio

Odecvkuii HayioHANLHULL yHieepcumem imeHi
I. I. Meunuxosa,

8yn. Bcesonoda 3mienxa, 2, Odeca 65082,
Yxpaina

e-mail: lborn@ukr.net

Po3pobreHo cuHTeTMYHMIT TifXif Ta OT-
pMMaHO pi3HOMeETa/lIbHI KOOpAMHALIIHI CIIO-
nyku  [M(bipy),{Ge(OH)(u-Edta)},]xnH,O
(H,Edta - eTunengiaminTeTpaonToBa Kucmo-
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CONCLUSIONS. Thus, five new different-
metall mixed-ligand coordination compounds
were synthesized. It was shown that the li-
gand-complexon is a bridge between the Ge
and Cu atoms. The octahedral coordination
polyhedron of Ge(IV) is formed through coor-
dination with one hydroxyl group, three oxy-
gen atoms of three carboxylate groups, and
two nitrogen atoms of the Edta. An octahe-
dral polyhedron of 3d-metal is realized due to
two bonds with oxygen atoms of carboxylate
groups of two fragments [Ge(OH)(Edta)] and
four bonds with nitrogen atoms of two 2,2’-bi-

pyridine molecules.
S% theme “Chemical construction of orga-
no-inorganic ensembles of coordinat-
ing, supramolecular, polymeric nature for
use as new materials and pharmaceuticals”,
state registration number: 0122U201403.

This work was performed within the

Ta, bipy - 2,2’-6inipuaun, M = Mn(II), n=5
(1); Co(Il), n=7 (2); Ni(II), n=7 (3); Cu(Il),
n=4 (4); Zn(Il), n=5 (5)). IIpoBeneno ixHe
KOMIUIEKCHE [OCT/DKEHHA 3 BMKOPMCTAH-
HAM Cy4YacHuMX (isMKO-XiMiYHMX MeToxiB
(ememenTHmit  aHams, [Y-cmekrpomerpis,
Mac-CIIeKTPOMeTpisA, TepMorpaBiMeTpis) Ta
BCTAHOBJICHO CTPYKTYpHi ocobmusocri. Ilo-
Ka3aHO, 110 BCi CMHTE30BaHi KOMIUIEKCU €
rereposafepauMy. KoopanHaniiamin nomnienp
repmanio(IV) € aHamoriyHMM [0 TaKoOro B
paHillle CTPYKTYPHO OXapaKTepu30BaHil eTu-
JeH/liaMiHTeTpaalleTaTOreépMaHaTHIl  KUCIOTI
[Ge(OH)(HEdta)]-H,O: nHecumerpmyHmMit ox-
Taefip, 0 YTBOPEHUI B pe3ynbTaTi KOOpau-
Hallil TipOKCUIBHOI TPyNM, TPbOX aATOMIB
OxcureHy TppOX KapOOKCWIATHUX TPYyI Ta

1
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SYNTHESIS AND COMPREHENSIVE STUDY OF HETERONUCLEAR Ge(IV) - 3d METAL COMPLEXES

WITH ETHYLENEDIAMINETETRAACETIC ACID AND 2,2’-BIPYRIDINE.

nBoma artomamy Hirporeny Edta-nirangy.
Kooppmuaniine wmcno 3d-meramy pmopis-
HIO€ IIECTH Ta peai3yeTbCA 3a paXyHOK JIBOX
3B’A3KiB 3 OKcUreHamMy KapOOKCUTaTHYUX TPYII
IOBOX repMaHiEBMiICHUX KOMIIZIEKCHUX aHIOHIB
Ta YOTMPBOX 3B’sA3KiB 3 aTomamy Hirporeny
IBOX MOJIEKYI 2,2’ -6imipnanHy.

Knrouosi cmoBa: repmaniin(IV), etunenpi-
aMIHTETPAOLITOBA KICIO0TA, FeTepOLVKIIYHIA
aMiH, KoopAnHauiiHi cnonyku, IY-cnexrpo-
CKOIlif, TepMOIpaBiMeTpisd, Mac-CIEeKTPO-
MeTpis.
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CWUHTE3 TA COPBL|IMHI BNACTMBOCTI LLIOZ0 IOHIB Cu(ll), Cd(l)
TA Ph(ll) FIBPUAHUX MATEPIANIB HA OCHOBI BEHTOHITY

3 IN SITU IMMOBI/TII30BAHUM NMONI[S-(4-HITPO®EHINA30)-
8-METAKPWUJIOKCUXIHOMIHOM] TA AACOPBOBAHUM
KOMOMIMEPOM HA 0r0 OCHOBI

O. 0. Kuukupyx”', E. C. Inosécvka’, I. O. Casuenxo?®, [I. Cmepnix’

DKumomupcokuii deprcasruil ynieepcumem imeri Ieana Ppanka,
8ys. Yuisepcumemcoka, 42, 2Kumomup 10008, Yxpaina;

? Hayionanvruti ynisepcumem imeni Tapaca Illesuerika,

yn. Bonooumupcvka, 64/13, Kuis 01601, Yxpaira;

’ Ynisepcumem Mapii Kiopi-Ckn0006cvKo1,

nnowia Mapii Kiopi-Cknodoscvkoi, 2, 20-031, Trobnin, Ilonvuia
‘e-mail: panova_o_yu@ukr.net

Ha ocHoBi 6enToHiTYy 3 TynpumHcbKOro paiiony BiHHMIbKOI 06/1acTi CMHTE30BaHO KOM-
MO3UTHI MaTepianu 3 in situ iMMOOITI30BaHMM Ha TOBepxHi moi[5-(4-HiTpodeHinaso)-
8-merakpunokcuxinoninom] (Bent]-AzoQN (in situ)) Ta agcopboBaHMM KOHOTiMEpOM
5-(4-HiTpo)eHinazo-8-MeTaKpMIOKCUXIHOMIHY Ta METVIMETAKPUIATY 3 BUXIIHUM MOJIAP-
HuM criBBigHomeHHAM 1:3 (Bent]-AzoQN-MMA (adsorb)).

TepmorpaBiMeTpyyHNII aHai3 MiTBEPANB MacoBY 4acTKy Moaudikaropis 20-23 mac.%,
HIPpUYOMY i1 situ ITO/IiIMEP BUABMUBCA TEPMIYHO CTiIKilIMM. MeTooM TepMOrpaBiMeTpMYHOTO
aHajIi3y 3’COBaHO 3aKOHOMIPHOCTI TepMiuHOI HecTpyKii moniMepHnx MopugikaTopis 1o-
BepxHi 6eHTOHITY Ta 3apikcOBaHO IXHIO MAacOBY YacTKY Y CK/IaJli CMHTE30BaHNX MaTepiaiB.
MeTopaMy HM3BKOTEMIIEPATYPHOI aficopOIii — fecop6buii a30Ty Ta CKaHYI0YO0I e/IeKTPOHHOI
MiKpocKotIii, IpoBefieHO aHali3 MOPQOIOTiYHMX 3MiH IOBEPXHi Offep>KaHNX KOMIIO3UTIB.
BcTaHoBeHo, 0 Moamdikanisa mpu3BOAUTH 1O SMEHILIEHH: MATOMOI IOBEpXHi, 00’eMy mop
Ta 301/IbILIEHHS CePeHbOrO AiaMeTpy IOp, 110 MiATBep/Kye GOpPMYBaHHS IOJIIMEPHNX Ha-
1IapyBaHb Ha IIOBEPXHi MiHepay.

[Tporecu afcop6buii epeKTUBHO aIPOKCUMYIOTHCS i30TepMoIo JleHIMIOPa, 1110 TO3BOINTIO
BU3HAYNTU MAKCYMAa/IbHy COpOLiIHY €MHICTb KOMIO3UTIB. Y pe3y/bTaTi BMBYEHHA cOpO-
LITHMX BIACTUBOCTEN CMHTe30BaHMX KomnosuTiB mono kationis Cu(Il), Cd(II) Ta Pb(II)
BCTAHOBJIEHO, 110 Mopau(ikalis OeHTOHITY MMM HOTiMepaMyl IiABUINYE COPOLiHY eM-
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0. H0. Knukupyk, E. C. fiHoBebKa, I. 0. Ca4eHko, [1. CTepHik

HiCTb BMXigHOTO MiHepany Tinbku mopo ionis Cu(ll). BusasneHny BucoKy ceneKTUBHICTD 0
VX 10HiB ITOSICHIOIOTh YTBOPEHHAM CTIlIKMX XeTaTHUX KOMIUIEKCIB Mk aroMoM Hitporeny
ta OKCcureHy XiHomHOBOI CTPyKTypu i KatioHamu mifi. HaromicTs mopo xationis Cd(II) ta
Pb(II) cop6uiiina eMHICTb a00 He 3MiHIOETbCS, A00 HABiTh 3HIDKYETHCS (Y BUNIAZIKY afcop-
60BaHOTO KOIOJIiMePY), 1JO MOSICHIOETHCS OJIOKYBaHHAM IIOP MiHepajy LiIbHUM IO/TiMep-
HIJM IIapOM.

Opep>xaHi KOMITO3MTHI Marepiany AEeMOHCTPYIOTb 3HAYHUII NOTEHIan i BUKOPU-
CTAaHHA IX SIK CEJIeKTUBHUX COPOEHTIB /ISl OYMILIEHHs IIPOMMC/IOBYX CTIYHMX BOJ Bif i0HIB
Cu(II). Pesynbraty cBigyarh Ipo 0OMexeHY epeKTUBHICTh CMHTE30BaHNX KOMIIO3UTIB /IS
komiekcHoro ounienHs Big Cd(II) ta Pb(II).

KniouoBi cmoBa: 6eHToHiT, Mopgudikalis noBepxHi, moni[5-(4-HiTpodeHiaso)-8-meT-
aKPWIOKCUXIHOMIH], ribpuaHMit MaTepias, copOIis, ioHM TOKCUYHNX MeTaJIiB.

BCTYII. CrpiMKe mnoripiieHHs AKOCTi IIO-
BEPXHEBNX 1 MiI3eMHNX BOJ B YKpaiHi CTajIo
OJIHI€I0 3 aKTya/JbHUX €KOJIOTIYHMX IpobeMm,
0COO/MMBO B KOHTEKCTI iIHTEHCUBHIUX BilICHKO-
BUX [IiJl IIifj 4aCc TPMBaIOYOl pOCiIChKO-YKpa-
iHcbKoi BiifHM. Y pe3ynbTaTi MacmTabHOTO
3aCTOCYBaHHA Pi3HMX BUJiB 030pOEHHA IIO-
IIVPIOETBCS 3a0PyAHEHHS IPUPORHUX BOJ
Ykpainu ioHamMu TaKMX TOKCMYHUX METasliB,
AK 3a/li30, XpOM, CBUHEIb, MapraHelb TOLIO.
L1i 3abpynHIoBayi € mAy>ke CTIIKUMM Y HaBKO-
JMIIHBOMY CEpelOBMILi Ta CTAHOBIATH Cep-
J103HY He0e3IeKy I/ eKOCHUCTEeM, CilbChbKO-
TOCHOIAPCBKUX IPYHTIB i 3HOpOB’s miomeit
yepe3 iXHIO 610aKyMy/IAIiI0 Ta TOKCMYHICTB.
Tomy po3pobneHH: eeKTUBHIX, EKOHOMIUYHO
IOOLJIBHUX Ta €KOJOTIYHO Oe3IeYHNX TEXHO-
JIOTiVT BUOajeHHsS iOHIB TOKCUYHUX MeTajiB
i3 BOGHMX CepeoBNUI 3a/IMIIAETbCA aKTya/lb-
HIM 3aBJIaHHAM CY4acCHOI XiMmil.

IcHye mupoKmMit CeKTp METOAIB OYMIIEH-
HA 3 BUJAJIEHHA iOHIB MeTalIiB i IIOB sA3aHMX
i3 HuMM 3a0pypHIOBadiB 3i cTiyHUX BOZ [1, 2],
azme afcopOIlisl 3aMMIIAEThC OTHUM i3 Haii-

https://ucj.org.ua

NpUBaOMUBIINX METOJiB, L0 IOETHYE BMU-
COKY e(eKTMBHICTb, IPOCTOTY eKCIUTyaTaIlii,
HM3bKY BapTICTh, MOXX/IUBICTb pereHeparii
Ta IOBTOPHOTO BUKOPUCTaHHs cOpOeHTiB [3].
OcTanHi TeH/leH11il y CBiTOBill HAyKOBilI CITi/b-
HOTI CBifi4aTh IIPO IIOCUJIEHHA IHTEpecy Jo
CTa/IMX pillleHb, L0 BiNIOBiZAOTh KOHLIEIILIII
3€JIeHO] XiMil, [je IPiOpUTETOM € BUKOPUCTAH-
HA NPUPOJHUX, BiTHOB/IIOBAHMX i HETOKCHUY-
HUX MaTepialiB 3aMiCTb CHMHTETUYHUX aHa-
noriB [4].

AJIIOMOCWJTIKaTHI MiHepanm 3 PO3BMHYTOO
IIOPUCTOI0 CTPYKTYPOIO CTAHOBJIATH 3HAYHUIA
HayKOBUII 1 MIPaKTUYHUI iHTEepec cepef Mpu-
PORHMX COPOEHTIB 3aBISKM BUCOKIi TUTOMIN
MOBEPXHI, 3[IaTHOCTI [0 afcopbuii Ta i0H006-
MiHY, a TaKO)X €KOHOMIYHIil JOCTYITHOCTI Ta
eKOJIOTiuHil Oe3memni. Y 3B’A3Ky 3 MM Ipu-
POZHI aTIOMOCHTIKAaTHI I/IMHY, 30KpeMa OeH-
TOHITYM, aKTUBHO POS3INIANAIOTL AK IEpCIeK-
TUBHI COpPOEHTV ISl OUYMIEHHS BOJHUX Ce-
pemoBulL i BupaaeHHs 3abpynHoBadis [5-7].

B Ykpaini ofHMM i3 IEpCIEKTUBHUX JIKe-
PeI TaKOi CUPOBMHY € OEHTOHITOBI POIOBUIIA
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®I3NYHA XIMIS

CUHTE3 TA COPBLIIIAHI BJIACTUBOCTI LLIOJ10 IOHIB Cu(ll), Cd(1f) TA Ph(ll) FISPUHIX MATEPIANIIB HA OCHOBI BEHTOHITY 3 IN SITU IMMOBITI30BAHUM
NONI[5-(4-HITPO®EHINA30)-8-METAKPUJIOKCUXIHOMIHOM] TA AJCOPBOBAHUM KOMONIMEPOM HA MO0 OCHOBI

Binnunpkoi obnacti. Ha BigMiny Bif Harpie-
BUX OEHTOHITIB Ilefl NMPMPORHMUII ATIOMOCHU-
JMiKaTHUII Marepial — MOHTMOPM/IOHITOBOTO
TUIYy 3 IHepeBaXaHHAM KasbllieBoi ¢opmu.
OCHOBHUMM CK/IA[JOBMMM € MOHTMOPUJIOHIT,
KBapl Ta 1monboBi mmaru. OKCUAHMIT CKIaf
XapaKTepu3yeTbcA BUCOKMM BMicToM SiO, Ta
AL O3, 1110 3yMOB/TIO€ PO3BMHEHY IIOBEPXHIO Ta
3[JaTHICTh 10 XimiuHOI Mopmdikariii, Bonozpie
MEHIIIOIO 3[JaTHICTIO 0 HaOyXaHH:A Ta BUIIOK0
MEXaHIYHOI0 Ta CTPYKTYPHOI CTabi/lbHICTIO.
BopHovac npupopHi MiHepanu XapakTepusy-
I0TbCSI 0OMEXXeHOI0 COpOLiIHOI 3JaTHICTIO,
1110 3yMOBJIEHO BiJITHOCHO HEBENMKOIO IIOLIEI0
HIOBepxHi Ta 6pakoM crenyudiyanx QyHKIjio-
HQJIPHUX TPYII, HEOOXiTHMX /1A CEeNeKTUBHOI
B3a€EMO/Iil 3 I[I/IbOBUMU 38.6PY,ILHIOBalIaMI/I.

Jns migBuUIeHHsT COPOIiTHUX BIACTUBOC-
Teil MNPUPOAHMUX aATIOMOCWUIIKATIB aKTUBHO
3aCTOCOBYIOTh CTpaTerii ixHbol Mopudikarii
($YHKLIOHATBHMMM TIO/TiIMEpaMM Ta OpraHid-
HVIMM JIiTaHJaMu. Y pe3ynbTaTi TAKOTrO MOJM-
¢dikyBaHHS 3MEHINYETbCS 4aC BCTAHOBJIEHHA
aficopOLiitHOi piBHOBarM Mi>XK COpOEHTOM Ta
PO3YMHOM, IiBUIIYETHCS COPOILiliHA EMHICTD
MiHepajiB LIO0 iOHIB Ta OpraHiYHUX MOJIe-
Ky [8-10].

IMMo6inizanisi romo- Ta Komosnimepis, 110
MICTATH (byHKuiOHaani Ipyny, 3paTHi [0
ioHHOTO 0OMiHY Ta y4acTi y mpouecax KOMII-
JIEKCOYTBOPEHHA, € e(eKTUBHMM IiIXOLOM
VIS MiABUILEHHS CeJIeKTUBHOCTI Ta adiHHO-
CTi COpOEHTIB 100 iOHIB TOKCMYHUX MeTa-
miB. 30KpeMa, BBEJEHHA HITPOTeHO-, CYIb-
¢dypo- i OKCUIeHOBMICHMX (PYHKI[iOHa/TbHUX
¢dparMeHTiB y ribpyHi KOMIIO3UTI Ha OCHOBI
OEHTOHITY MOBMHHO 320€3IeYNTI CTBOPEHHS
MarepiamiB i3 po3mMpeHNMMU COpOLiTHNMU
BJIACTMBOCTAMM, NPULATHUX /I OYMILEHHA
CTIYHUX BOJ| BiJj OPraHi4HMX MOJIEKY/ Opra-
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HiYHUX 3a0pyHIOBayiB, OAiOHUX 10 deHOoy,
i KOHTpOII 3a0pyZHEHHS HABKOIMIIHBOIO
cepemoBuia [11].

Bimomo, 1m0 BBefeHHA XiTO3aHy Ha IIO-
BEPXHIO OEHTOHITY 3HAYHO IOKpaIye copo-
ifo ioHiB Bakkmx MmetaniB (3okpema Cu(Il),
Cr(VI) 3a paxynok mosiBu amiHorpym. Taki
KOMITO3UTY MOYKHa BUKOPUCTOBYBATH 5IK €KO-
HOMIYHO e(eKTVBHi Ta eKOTOTiYHO YMCTi afi-
copOeHTM Ji/is1 BUFAJIeHHsI aHIOHIB 3i CTIYHMX
Boj [12-13].

Y mpanax [14-15] Hamu mokasaHo, IO in
situ iMmmo06inisanis ta agcop6buis nomi[8-okcu-
XiHOTIHMeTaKpWIaTy| Ha IIOBEpXHi 3aKkapmar-
CbKOTO KIMHONTIIONITY TyIIMHCBKOrO pojo-
Bruma (YkpaiHa) NMpu3BOIUTH IO 3POCTAHHS
cop6uiitHoi emHOCTi mopo itoHiB Pb(II), Cu(Il)
ta Fe(III) mopiBHAHO 3 BUXiTHNM MiHEpaIoOM,
in situ iMmmoOimisaiis mosi[8-okcuxiHomame-
TaKpWIaTy| Ha IOBepxHi camoHity Tamkis-
cbKkoro poposmiia (YkpaiHa) i BepMMKYIITY
IO3BOSAE 3HAYHO MigBUIIUTH ancop6uil7my
€MHICTDb IJbOr0 MiHepany mozno ionis Pb(II),
a agcop6uisa moi[8-okcuxiHOMHMeTaKpHIa-
Ty] — mwopo itonis Cu(II) ta Fe(IlI). Cop6miii-
Ha EMHICTb CHTE€30BAaHOTO HaMM KOMIIO3UTY
[14-15] Ha ocHOBI afiIcop6OBaHOrO KOMOTiMe-
py 5-(4-HiTpo)deninaso-8-MeTaKpuIOKCHUXi-
HONiHy:MMA TNOpiBHAHO 3 BUXi/THMM CaIlOHi-
toM 1mop0 ioHiB Cu(Il) 36impiryeTnes y Maiixe
3,5 pasu, mopo ionis Pb(II) - y 1,5 paswu, mopgo
ionis Fe(III) - y 6 pasiB, a mjono ionis Cd(II) -
y 10 pasis.

ToMy Ij¥0 CTATTIO IPUCBSYEHO CUHTE3Y, [O-
CIiPKEeHHIO OY0B) ITOBEPXHEBOTO IPOLIAPKY
Ta afCOPOILITHNM BIaCTMBOCTAM ILIOZO 10HIB
Cd(I), Pb(II), Cu(Il) Ta Fe(IIl) ri6bpmmuux
MarepialiB Ha OCHOBi GEHTOHITY 3 iMMOOii-
30BaHMMM Ha IIOBEPXHI PI3SHUMU MeTOLaMU
noni[5-(4-nitpodeninaszo)-8-meTakpumnoOKcu-
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xiHomiHOM] 1 KomomiMepoM 5-(4-HiTpo)deHi-
71a30-8-MeTaKPU/IOKCUXIHOMIHY Ta MeTU/IMe-
TaKpU/IATY 3 BUXIJHUM MOJIAPHUM CIBBIiHO-
meHHAM 1:3.

EKCIIEPMMEHT I OBI'OBOPEHH/A PE-
3YJIBTATIB.

CuHTe3 KOMIO3NTIiB Ha OCHOBi OeHTO-
HITYy Ta MeTOAM JOCIHi/PKEHHs IapaMeTpiB i
B/IACTMBOCTEN iIXHbOI NOBEPXHi

SIK MiHepanbHMIT HOCIV 1711 CMHTE3y HOBMX
KOMIIO3UTHUX MaTepialiB BUKOPMCTOBYBAIN
MiHepan OeHTOHIT TyIBPYMHCBKOTO paiioHy
Binnunpkoi o6macti 3 po3mipom rpanyin 1,25-
5 MM.

Y poboTi mis 3akpilieHHA NOIiMepy Ha
HIOBEPXHi OEHTOHITY 0Y/I0 3aCTOCOBAHO in situ
iMmmobinisanito moni[5-(4-HiTpodeninaso)-8-

OH

benTOHIT

MeTaKpWIOKCUXiHOMIHY] Ta afcopbuiio 3a3-
Jajerigb CMHTe30BAHOTO KomoyiMepy 5-(4-Hi-
TpO)eHinaszo-8-MeTaKpUIOKCUXIHOMIHY — Ta
METM/IMETAaKPUIATY 3 BUXITHUM MOJLIPHUM
criBBigHOMIEHHAM 1:3.

In situ immoO6inisanito 1omi[5-(4-HiTpo)
¢deninazo-8-MeTaKpMIOKCUXIHOMIHY] Ha IIO-
BepXHi 6EHTOHITY OYJ10 3/1i/ICHEHO aHA/IOTi{YHO
MeTOJMIIi, onucaHiit y po6ori [14]. ¥V pesynb-
Tati Oy/10 Ofjep>kaHO HOBMIT KOMITO3UTHUI Ma-
Tepian 3i ckopoueHoro HazBow Bent]-AzoQN
(in situ). Cxemy peaknil nomimMepusanii
5-(4-HiTpo)deHinaszo-8-okCcuxiHOMHY B XOpAi
in situ immob6inisanii momi[5-(4-HiTpo)deHni-
JTa30-8-MeTaKpMIOKCUXIHOIHY] Ha ITOBEpXHi
OeHTOHITY 300pakeHO Ha puc. 1.

benTOHIT

Puc. 1. Cxema peakuii momimMepusarii 5-(4-HiTpo)peHinazo-8-MeTak pumIOKCUXiHONIHY
B X0pi in situ iMMo6inisanii momni[5-(4-HiTpo)deninaso-8-MeTaKpUIOKCUXIHOMIHY]
Ha ITOBEPXHi OEHTOHITY

Fig. 1. Scheme of the polymerization of 5-(4-nitro)phenylazo-8-methacryloxyquinoline
during in situ immobilization of poly[5-(4-nitro)phenylazo-8-methacryloxyquinoline]
on the surface of bentonite.

Takox murAxom apcop6buii komonmimepy
5-(4-HiTpo)deHinazo-8-MeTaKpUIOKCUXIHO-
niny: MMA (1:3) Ha moBepxHi GeHTOHITY 3a
MeTOMKO0, HaBefeHOW0 y [15], 6yno opep-
J)KaHO KOMITO3UTHMII MaTepian 31 cKopode-

https://ucj.org.ua

HOW0 Ha3Bow Bent]-AzoQN-MMA (adsorb).
[Tpouec apcop6buii komonimepy 5-(4-HiTpo)
deninazo-8-mMetakpmnokcuxinoniny:MMA Ha
HOBEPXHi OEHTOHITY CXeMaTMYHO OMMICAHO Ha
puc. 2.
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®I3NYHA XIMIS

CUHTE3 TA COPBLIIIAHI BJIACTUBOCTI LLIOJ10 IOHIB Cu(ll), Cd(1f) TA Ph(ll) FISPUHIX MATEPIANIIB HA OCHOBI BEHTOHITY 3 IN SITU IMMOBITI30BAHUM
NONI[5-(4-HITPO®EHINA30)-8-METAKPUJIOKCUXIHOMIHOM] TA AJCOPBOBAHUM KOMONIMEPOM HA MO0 OCHOBI

BeHTOHIT

n o)
o=C¢
O~ 0 o
N N
X ; = n=1
) t=60°C -
% + BeHTOHIT —— > F
TI®
N N
(I n=1 [
N m=3 N
NO2 NO2

Puc. 2. Cxema aficop6uii kononimepy 5-(4-HiTpo)deHinmazo-8-MeTaKpUIOKCUXIHOMIHY
3 METMJIMETAKPpM/IaTOM Ha HOBerHi 6€HTOHiTy

Fig. 2. Scheme of adsorption of the copolymer of 5-(4-nitro)phenylazo-8-methacryloxyquinoline
with methyl methacrylate on the surface of bentonite.

®axkt iMmmo6inizauii nomni[5-(4-HiTpo)deHi-
7a30-8-MeTaKPIMIOKCUXiHOMIHY] Ta Komosnime-
py 5-(n-HiTpo)deHinaszo-8-MeTaKpUIOKCHXi-
HomiHy:MMA Ha moBepxHi O€HTOHITYy BCTa-
HOBJ/IIOBA/IM 1/IAXOM IOpPiBHAHHA [Y-cnext-
piB BUXiJHOrO MiHepajny Ta CHHTE30BaHUX
KOMITO3UTIB, CHEKTPU AKUX OY/I0 ofiep>KaHo 3
BUKOpucTaHHAM [Y-cnexktpomerpa Spectrum
BX (Perkin Elmer, Himeuunna) B o6macti 500-
4000 cm! y Tabnerkax KBr.

Jl714 BUBYEHHA 3aKOHOMIipPHOCTEN TepMid-
HOi pjecTpykuil mormi[5-(4-HiTpodeninaso)-
8-MeTaKpM/IOKCUXIHOMIHY] Ta KOHoOmiMepy 3
5-(n-HiTpo)deHinaszo-8-MeTaKpMIOKCUXIHO-
MHOM 1 MeTM/IMeTakpuaaTtoM, iMMOO6imi3o-

18

BaHJX Ha IIOBEPXHi OEHTOHITY, a TAKOX I
BJM3HAUYEHHA IXHIX MacOBMX YacCTOK y CKIafi
CUHTE30BaHMX KOMIIO3UTIB Oy/lI0 IpOBefeHO
TePMOIpaBIMETPUYHUI aHa/Ii3 BUXIJHOIO Mi-
Hepasly Ta OfiepXKaHMX riOpUIHNX MaTepiais.
AHasis BUKOHYBaaM 3 BUKOPUCTAaHHAM Tep-
MorpaBiMeTpu4HOro aHamnisaropa STA 449 Ju-
piter F1 (Netzsch, HimeyunHa) 3a HacTynmHux
pobounx ymoB: mBKAKicTh HarpiBy 10 K/xs,
AMHaMi4Ha aTMocdepa CUHTETMYHOrO IOBiT-
pa 3 BuTparow 50 M/I/XB, lialla3oH TeMmIlepa-
Typ 30-1000°C, maca 3paska 14 mr, ceHCOpHa
TepMonapa tumy S. fIK eTasoH BUKOPUCTOBY-
Baj/M MOPOoXHiit turennb 3 ALO,.

Hna mocmimKeHHA IapaMeTpiB IOBEpPXHi
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CUHTE30BAaHMX KOMIIO3UTIB 3aCTOCOBYBa/IN
MeTOJ, HI3bKOTeMIIepaTypHOI afcopouii — fe-
cop6uii asory. [3oTepmu apcopbuii — gecop6-
11i a30Ty OEHTOHITY Ta OTPUMAaHUX IiOPUIHNX
MarepiaiB peecTpyBay 3a JOIIOMOTOK0 COpO-
tomeTpa ASAP 2420 V1.01 (Micromeritics,
CIIA). [Tepen BuMiploBaHHAM 3pa3Ku IeTa3y-
Banu 3a 100 °C ynnpomoBx 24 rofuH.
3MiHu y Mopdororii moBepxHi 6eHTOHITY
mics iMMoO6inizanii moni[5-(4-HiTpo)denina-
30-8-MeTaKpPIMJIOKCUXIHOMIHY] Ta KOmomiMepy
5-(n-HiTpO)deninazo-8-meTaKpUIOKCUXIHO-
JIIHY IPOCIiAKYBaAM 3a JOIOMOTOK CKaHYIO-
401 eleKTpoHHOI Mikpockomnii (CEM) i3 Buko-
PUCTaHHAM eleKTPOHHOro Mikpockony SEM
LEO 1430 VP (Carl Zeiss, Himeuunna).
Ancop6iiifiHi B1acTUBOCTI BUXifHOTO OeH-
TOHITY Ta CMHTE30BaHMX KOMIIO3UTIB ILOJO
00paHNX i0HIB HOCTIIKYBAIM y CTATUIYHOMY
pexnmi. [Ipn npbomy 0,1 T MiHepany 41 KOM-
MO3UTY Ha JIOTO OCHOBI IPOTATOM JOOU KOH-
TaKTyBaB 3 25 MJI poOOYNX PO34YNHIB HIiTpaTiB
BiIOBIJHMX MeTa/liB Pi3HUX KOHI|EHTpaLiil
3a ITOCTINTHOTO MEXaHIYHOTO CTPYLIYBaHHA.
Po6oui posurHM HiTpariB oOpaHMX MeTa-
B I TPOBElEHHs aficOpOLiIHMX [OCITi-
JUKeHb TOTyBa/M 3 HabopiB «CTaHZapTHUX
3pa3KiB pO3YMHIB» LUX cojieil (BUPOOHUIITBA
®XI im. A. B. borarcbkoro, M. Opieca) Ha QpoHi
1 M HNO, 3 konnentpauisamu 1 ta 10 mr/mr.
JIna BuUMiploBaHHA KOHLEHTpalii iOHIB y
PO34YMHi BUKOPMCTOBYBaIM aTOMHO-abCcopo-
LIfHUII METOJl aHaji3y i3 3acTOCYyBaHHAM
HIOJTyM STHOTO aTOMHO-a0COpOLilIHOTO CIeKT-
podoromerpa «C-115 ITK» (Selmi, m. Cymn)
y OIyM’'1 CyMiIlli «IOBIiTps — aneTneH». JJoB-
JKVMHJ XBWIb BUMIpPIB CTaHOBM/IN: J/IAd KyII-
pymy — 324,7 uM, Kagmiro — 228,8 HM, II/TIOM-
Oymy - 283,3 HM, a IIMpMHA LIIMHNA JOPiB-
HoBama 0,5 cM. PospaxyHKM KOHLIEHTpalliil
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MeTaiB IPOBOAMIN METONOM IIOPIBHAHHA
IHTEHCUBHOCTEI IXHIX JIiHiN Y CIIEKTPI 3 iHTeH-
CUBHICTIO JIiHiJl CTAaHJAPTHUX pO3uMHiB. [I14
LJbOTO TOTYBa/lIM CTAaHJAPTHI PO3YMHM 3 KOH-
neHTpaniamu meranis 0,1-1,5 MKr/miL

Amnanis IY-cnekTpiB BUXiTHOTO GEHTOHITY
Ta CMHTE30BaHMX KOMIIO3UTIB Ha JIOr0 OCHO-
Bi mokasas, IO Haibinbu iHGOPMATHBHOIO
IIOZI0 MiTBEP/I>)KEHHA MPUCYTHOCTI y IOBEPX-
HeBOMY Inapi MiHepany mormi[5-(4-HiTpo)de-
Hi/la30-8-MeTaKpUIOKCUXiHOMIHY] € 00/macTb
criexTpy Bif 1200 o 1800 cm™", cMyry mornm-
HaHHA AKOI MOXXHa IHTepIpeTyBaTU HaCTYII-
HVM 4MHOM:

o KomuBaHHA npy 1280 cm' Ta 1300 cm™!
BiZITIOBiZaI0Th BaJIeHTHUM Ta Jlehopma-
LiJTHMM KONMBAaHHAM 3B A3KiB C-H;

e CMYTU IIOITIMHAHHA B iHTepBarti Bif 1394
no 1503 cMm™! BigmoBigalOTh CKEIETHUM
Ko/mBaHHAM 3B’A3KiB C-C xiHONMiHOBOI
ApOMATUYHOI CUCTEM;

 BajieHTHi KoymmBaHHs V(C-N) ciocTepi-
ralTbcs pu 1590 e

¢ CMyTa IOIIMHAHHA py 1650 cM™' — acu-
MeTpudHUM KomuBanHaM NO,-rpyr;

e CMyra HOIIMHAHHA mpu 1760 cm™' - Ba-
neHTHUM KonmuBa"HAM COO-rpym.

Tepmorpammn BuxigHOro OeHTOHITY (a)
i xommnosutiB Bent]-AzoQN (in situ) (6),
Bent]-AzoQN-MMA (adsorb) (8) 306paxkeHo
Ha PUCYHKY 3.

Ha puc. 4 306paxeHo TpusBumipHi Tep-
MOTpaMM TIpOLleCYy TepMiYHOI Jierpajaliil
komnosutiB Bent]-AzoQN (in situ) (a) Ta
Bent]-AzoQN-MMA (adsorb) (6), 06’ enguani
3 [Y-cnexTpaMy NpoAyKTiB TEPMOJECTPYKIHI.

Pesynpratu aHanisy opep)XaHux TepMoO-
rpaM CUHTE30BaHMX TiOpUAHMX Marepiasis
3ibpaHo y Tabmumi 1.
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Puc. 3. Tepmorpamu BuxigHoro 6eHTOHITY (a) i komnosntis Bent]-AzoQN (in situ) (6),
Bent]-AzoQN-MMA (adsorb) (B)

Fig. 3. Thermograms of the original bentonite (a) and composites Bent]-AzoQN (in situ) (b),
Bent]-AzoQN-MMA (adsorb) (c).
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Puc. 3. Tepmorpamu BuxigHoro 6eHToHiTY (a) i komnosutis Bent]-AzoQN (in situ) (6),

Bent]-AzoQN-MMA (adsorb) (B)

Fig. 3. Thermograms of the original bentonite (a) and composites Bent]-AzoQN (in situ) (b),
Bent]-AzoQN-MMA (adsorb) (¢).
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Puc. 4. 3D-npeicTaBNIeHHs TepMOTpaBiMeTPUYHOro aHaisy 06’ eHaHoro 3 [Y-cnekrpamu
IIPOAYKTiB TePMOAECTPYKIIil KOMIIO3UTHMX MaTepiani Bent]-AzoQN (in situ) (a)
ta Bent]-AzoQN-MMA (adsorb) (6)

Fig. 4. 3D representation of thermogravimetric analysis combined with IR spectra of thermal
degradation products of composites Bent]-AzoQN (in situ) (a)
and Bent]-AzoQN-MMA (adsorb) (b).
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®I3NYHA XIMIS

CHMHTE3 TA COPBLUVHI BTACTWBOCTI LLOJI0 IOHIB Cu(ll), Cd(l) TA Pb(ll) FIEPUHIX MATEPIANIB HA OCHOBI BEHTOHITY 3 IN SITU IMMOBL/TI30BAHUM

MOJI[5-(4-HITPOGEHIIA30)-8-METAKPUIIOKCUXIHOIHOM] TA ALLCOPEOBAHMM KOMOJIMEPOM HA /0ro OCHOBI

PesynbpraTy aHanisy repMorpaM CMHTe30BaHUX FiOpUHNX MaTepianiB

Results of analysis of thermograms of synthesized hybrid materials.

Tab6m. 1
Table 1.

nonimepy, °C

TemmepaTypuuii | TemmepaTypu ronoBHuX
iHTepBan €K30TePMIiYHMX IiKiB
Komnosur | TepmopecTpykuii TEPMOJECTPYKILil
iMMob6inizoBaHoOro iMmMo6inizoBanoro

nonimepy, °C

Brpara macu
KOMIIO3UTY Y Pe3y/bTari
ITOBHOI TEPMOJIECTPYK-
i1 iMM006i/1i30BaHOrO
nosnimepy, Mac.%

Macosa yacTka
iMMO6i1i30BaHOrO
nojimepy
Y CK/Iajii KOMIIO-
3UTY, Mac.%

Bent]-AzoQN

268, 423 (max)

(in situ) 200-854 546,605, 854 (min) 24£0, 20+0,5
Bent]-
AzoQN-MMA 200-688 336 (max), 27 40,5 23 40,5
450, 610 (min)
(adsorb)

MacoBi yacTku iMMOOini30BaHMX MOJiMe-
piB, fAKi HaBeJeHO Yy TaOmni, BUSHAYAIM SIK
Pi3HMIIO MK BTPAaTOX Macy KOMIIO3UTIB Yy
TeMIIepaTypHUX iHTepBalax AeCTPYKIil Mosi-
MepiB Ta BIJIIOBiIHOK BTPATOI Macy BUXIif-
HOTO MiHepajy y TUX CaMMX TeMIIepaTypHUX
npoMiXKax. Brpara Mmacu 6eHTOHITY y TemIe-
patypHoMy iHTepBani 200-650°C cTaHOBUTH
4 +0,5mac. % .

3 aHasisy jaHux Tabmmui 1 BUIIMBaE, 1o
TepMiYHa [eCTPYKIisg afcopOOBaHOrO KOIO-
nimepy 3 5-(4-HiTpo)deninaso-8-merakpu-
JIOKCUXIHOMIHY 1 MeTWJIMeTaKpUIaToM, iM-
MO06i1i30BaHOTO Ha IOBEpXHi OEHTOHITY, Bifi-
OyBaerbcs y pianasoni 200-687,8 °C, Topi sk
OCTaTOYHA TePMOJECTPYKLis in situ iMMOObi-
ni3oBaHOro monui[5-(4-HiTpo)deninaso-8-me-
TaKPWIOKCUXIHOMIHY] IIPOJOBXYETbCA IO
853,9 °C, mo cBiguuTh NpO MiJBUIIEHY Tep-
MIiYHY CTIiMIKiCTh IIO/TiMepY, OTPMMAHOIO Me-
TOZIOM in situ iMMOO6ii3ariii HOpPiBHAHO 3 710TO
ayficopb6oBanuM a"ajorom. [Tpn nbomy Macosa
YacTKa in situ 3akpireHoro moni[5-(4-HiTpo)
deninazo-8-MeTaKpUIOKCUXIHOMIHY] € Tpoxn
MEHIIIOI0 MTOPiBHAHO 3 TAKOIK0 Y aficopbOBaHO-
ro xomnonimepy. OTpuMaHi JaHi 3aCBigdylOTh

22

BiIMIHHOCTi y e(eKTMBHOCTi 3aCTOCOBAaHUX
MeToniB Mopmdikalii MOBepXHi HPUPOTHMUX
MiHepasiB moniMepamy npu GOpMyBaHHI Ti-
OpUIHMX MaTepiais.

lscaherm Lincar Plot

Cruantity Adsorbed (cm®'g 5TP)
o
=

r T T T T T
a0 oi oz 63 04 (1] DE ar Lk [ 1] ia
Relative Pressare (P Po)

Puc. 5. I30TepMu HU3BKOTEMIIEPATYPHOI aficop6-
1il - fecop6uii BUXigHOTO GEHTOHITY

Fig. 5. Low-temperature adsorption-desorption
isotherms of the original bentonite.
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Isocherm Linear Plot
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Puc. 6. IsoTepMu HU3bKOTEMIIEPATYPHOI afcopo-
il — gecop6uii komnosury Bent]-AzoQN (in situ)

Fig 6. Low-temperature adsorption-desorption
isotherms of the Bent]-AzoQN composite (in situ).
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Puc. 7. I30TepMu HM3BKOTEMIIEPATypHOI afcop6-
nii — gecop6uii komnosury Bent]-AzoQN-MMA
(adsorb)

Fig 7. Low-temperature adsorption-desorption
isotherms of the Bent]-AzoQN-MMA composite
(adsorb).
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[soTepMy HM3BKOTEMIIEPATYPHOI ancop6-
il — gecop6buii asory miA BuXigHOTO GEHTO-
HiTY Ta kommosutiB Bent]-AzoQN (in situ),
Bent]-AzoQN-MMA (adsorb) 306paxxeHo Ha
PUCYHKax 5-7.

3HauyeHHA IapaMeTpiB IOBEPXHi CHMHTe-
30BaHMX KOMIIO3UTIB, OTPMMaHi IIIAXOM
KOMIT I0TepHOTO 00p06/IeHHs i30TepM pi3Hu-
M METOJAaMI 3 BUKOPUCTAHHAM IIPOrpaM-
HOro 3abe3nedeHHsA cOpOTOMeTpa, HaBeleHO
y Tabmuui 2. ITapaMeTpy IOBepxHi, BKIIIO-
yaroyy nutomy nosepxHio (S_BET), o6’em
nop (V_p) rta cepepnint giamerp nop (D_p),
BU3HAYa/lIM Ha OCHOBIi Oflep>KaHUX i30TepM i3
3aCTOCYBaHHAM MeTofiB bpynayepa - Em-
meTTa — Ternepa (BET) Ta Jlenrmiopa. Takmit
IiJIXi/l JO3BO/AE OLIHUTY 3MiHM TEKCTYPHUX
XapaKTepUCTUK MiHepany mmicasa iMMoO6imi-
3anii momiMepiB i mopiBHATM afcopOuiiHi
B/IaCTMBOCTI BUXiIHOTO OEHTOHITY Ta CUHTe-
30BaHUX FiOpUAHNX KOMIO3UTIB. 3a pe3yib-
TaTaMy HU3BKOTEMIIepaTypHOI amcopoOuii
a30Ty BCTAaHOBJIEHO, 1O BCi MOCIiJKyBaHi
3pasKM XapaKTe€PU3YIOTbCA IIEPEBAXXHO Me-
30MIOPUCTOI0 CTPYKTYpoo. CepenHili fiaMmeTp
nop nepebyBae B Mexax 7,4-23,6 HM, 1110 Bifi-
noBifae knacudikanii mesonop (2-50 HM 3a
IUPAC). 3aranpumit 06’eM IOp NPaKTUYHO
HOBHicTIO popMyeTbCs Me3omopamm i cTa-
HOBUTH 0,08 cM’/T 114 BUXiZHOrO GEHTOHi-
Ty, 0,03 cM’/r s 3paska Bent-AzoQN (in
situ) ta 0,014 cm’/r g Bent-AzoQN-MMA
(adsorb). Buecok mikponop (d < 2 HM) € Hes-
HayHUM 1 nepebyBae B MeXaX YyTIMBOCTI
mertony BET, mo cBifuuTh npo BificyTHICTBH
PO3BMHEHOI MIKPOIOPUCTOCTI B JOCIi/IKY-
BaHMX MaTepiajax.
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®I3NYHA XIMIS

CUHTE3 TA COPBLIIIAHI BJIACTUBOCTI LLIOJ10 IOHIB Cu(ll), Cd(1f) TA Ph(ll) FISPUHIX MATEPIANIIB HA OCHOBI BEHTOHITY 3 IN SITU IMMOBITI30BAHUM
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Tab6m. 2
IlopiBHAHHA MapaMeTpiB OBEPXHi MiHepasIiB Ta CMHTE30BaHNX HA IXHill OCHOBi KOMIIO3UTIiB
Table 2.
Comparison of surface parameters of minerals and synthesized composites.
S, M/t
3pasok V_35’> D_p,
3a isorepmoro BET Langmuir em/r HM
Buxigunit 6eHTOHIT 42.8 433 60,2 0,08 7,4
Bent]-AzoQN (in situ) 4,9 5,1 7,8 0,03 23,6
Bent]-AzoQN-MMA (adsorb) 2,5 2,6 3,9 0,014 20,7

V_p Bignosigae 06’emy Me3010p; 06’eM Mi-
KPOIIOp /I BCIX 3pasKiB He IepeBULIYE MeXI
BM3HadeHHA MeTonly BET.

AHanis ma"Hux Ttabmmui 2 3acBifuye, 110
iMmmobinisanis moni[5-(4-HiTpo)deninazo-8-
MeTaKpUWIOKCHUXiHO/iHY] Ta Komonimepy 5-(n-
HiTpo)eHina3o-8-MeTaKpUIOKCUXIHOMIHY 3
MEeTMIMETAaKPMU/IATOM Ha IIOBEPXHi MiHepamy
BUK/IMKA€ HACTYIIHI 3MiHM IIOPYBATOCTI 110TO
IIOBEPXHi:

— INUTOMA IUIOLIA IOBEPXHi OEHTOHITY MiCys
in situ immMo6inisanii sMeHIIIACs TPUOIN3-
HO y 8 pasiB, Tofi AK micma MogudikyBaHHA
LIUIAXOM aJICOpOLIil KOIIOIiMepy 3MeHIIeHHSA
BifOynocs mpubmmsHo y 17 pasis;

— cepepHiil 06’eM ITOp 3MEHIIVBCA Y pe3y/ib-
TaTi 060X cnoco6iB MoaudikyBaHHA IIO-
BepxHi 6eHTOHIiTY: micna in situ iMMO6iTi-
3anii — y 2,6 pasis, micinsa MogudikyBaHHS
LIIIXOM a/icopO1iil — y 5,7 pasis;

— CepepHiNl miamMeTp HOp 30ilbIIyeTbCA TIO-
piBHAHO i3 HeMoAVpiKOBaHNM OEHTOHITOM
y Bent]-AzoQN (in situ)) maike y 3,2 pasu,
a'y Bent]-AzoQN-MMA (adsorb) maibxe y
2,8 pasu.

BcTranoBieHi 3MiHM ITapaMeTpiB NOPyBaToOl
IIOBEPXHi BUXIJHOTO MiHepany € JOriYHUMMU
Hacmigkamm i mMopudikarii HEeIopyBaTUMMU
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Io/liMepaMy, y pe3ynbTari fAKOI II0YaTKOBi

BY3bKi 1 I/IMOOKi mopy mic/iA MOKpUTTSA MOJTi-

MepOM CTAIOTh OIIbII MiIKMMM Ta PO3LIVPIO-

I0TbCA y fgiameTpi. OTKe, pe3ynbTaTi METORY

HU3bKOTEeMIIepaTypHOI afcop6buii — gecop6buii

a30Ty BOJHOYAC CIYTYIOTb HNOMATKOBUM IIif-

TBepIKeHHAM Mopudikanil monimepis Ha mo-

BEpXHi OEHTOHITY.

CEM-¢oto noBepxHi BuXifHOro 6€HTOHI-
Ty Ta CMHT€30BaHMX KOMIIO3UTiB IIOKa3aHO Ha
pucyHnkax 8-10.

Ananis CEM-¢otorpadiit pucynkis 8-10
JIO3BOJISIE CTBEPYKYBATI HACTYIIHE:

— in situ iMmMoO6inizauis momi[5-(4-HiTpo)de-
Hi/la30-8-MeTaKpUJIOKCUXiHOMIHY] Ha IO-
BepxHi OEHTOHITYy IPU3BOAUTD 10 GOpMY-
BAaHHA IO/TIMePY y BUITIALI IIEPEBAXKHO IO~
JacTUX (OPMyBaHb Ta OKPEMIX YTBOPEHb
OIyK/I01 pOopMM B IIOpAxX Ta HaJl IIOBEPXHEIO
Mminepany. IIpiaomy yci dpoto gemoHCTpY-
I0Tb, K iMMOO6ii30BaHMiT TOMiMep «Ipo-
pocTae» B MOpax, 3MEHIIYIOUY iXHiil 06’eM;

— agcopboBanmit Komonimep 5-(4-HiTpode-
Hi/a30)-8-MeTaKpUIOKCUXIHOMIHY 3 Me-
TUIMETAaKpUIAaTOM  BKPUBAa€ IOPYBaTy
HOBEPXHI0O OEHTOHITy OinblI PiBHOMipPHO
TOHKVM IIPOLIapKOM, 3MEHIIYIOUM IIOpyBa-
TiCTb IOBEPXHi MiHepasy 6i/bII CYyTTEBO.
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Puc. 8. CEM-¢oTo noBepxHi BUXifHOro 6€HTOHITY 3a 30i/IbIIeHHA:
a -y 10 000 pasis, 6 - y 25 000 pasis, B — y 50 000 pasis
Fig 8. SEM photo of the original bentonite surface at magnification:
a — 10,000 times, b — 25,000 times, ¢ — 50,000 times.

Puc. 9. CEM-¢oro nosepxHi komnosuty Bent]-AzoQN (in situ) 3a 36inbiieHHs:
a—y 10 000 pasis, 6 — y 25 000 pasis, B — y 50 000 pasis
Fig 9. SEM photo of the surface of the Bent]-AzoQN (in situ) composite at magnification:
a — 10,000 times, b — 25,000 times, ¢ — 50,000 times.

Puc. 10. CEM-¢oto nosepxsi komnosnuty Bent]-AzoQN-MMA (adsorb) 3a 36inbiienns:
a—y 10 000 pasis, 6 — y 25 000 pasis, B — y 50 000 pasis
Fig 10. SEM photo of the surface of the Bent]-AzoQN-MMA composite (adsorb) at magnification:
a — 10,000 times, b — 25,000 times, ¢ — 50,000 times.
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TakuMm 4YMHOM, pe3ynbTaTH [OCi/KEHHA
IIOBEPXHi CMHTE30BaHMX KOMIIO3UTIB METO-
JIOM HM3BKOTeMIIepaTypHOi afcopbuii — ne-
cop6mii a30Ty Ta IUIAXOM CKaHYIOUYOi efleK-
TPOHHOI MiKpocKomil JoOpe Y3TOmKyTbCs
MDX 06010 i JONOBHIOIOTD OfJIH OJJHOTO.

Bcranosreni reomerpuuHi ¢opmm pos-
TAllyBaHHA iMMOOiNi30BaHUX TONiMepiB €
NOCUTD BIAIMMU IIOJO Y4YacTi iXHIX Makpo-
MOJIEKY/T y IIpOLeCax KOMIIJIEKCOYTBOPEH-
HsI, OCKIIBKM TIepeBakHa OiIbIIiCTh aKTUB-
HIUX LIEHTPiB KOMIUIEKCOYTBOPEHHA Y CKIaji
MaKPOMOJIEKYJI 3a/IMIIAIOTbCA CTEPUYHO JI0-
CTYIIHMMMU Ji/1 B3a€MOJIII 3 aKBAaKOMII/IEKCAMMU
ioHiB MeTasIiB.

Mopudikanis mopysaroi noBepxHi 6eHTO-
HITy MaKpOMOJIEKY/IaMIi ITO/IIMEPIB, IO Mic-
TATb Y CBOIX CTPYKTYPHUX JIAHKAX HIiTPOT€HO-,
OKCUTEHO- YU CyIbypOBMiCHI PyHKI[iOHATb-
Hi rpynu, BifKpuBae MOXIMBICTh GOpMyBaH-
Hd Ha IIOBEPXHiI CHHTE30BaHMX MaTepiasiB
CTabi/IbHUX KOMIIEKCIB 3 iOHAMU MepexifHmX
MetaiiB. lle Mae cipuATH [NOBATKOBOMY BU-
JIy4eHHI0 3a0pyJHIOBaYiB i3 pO3YNHIB 3a Me-
XaHi3MOM XeMocopb61ii, 1]0, CBO€I Yeproio,
3yMOBJIIO€ IiIABUIIEHHS acopOLiiiHOI EMHO-
CTi CMHTE30BaHMX KOMIIO3UTIB IOPiBHAHO 3
HeMonudikoBaHUM MiHepanoM. Takum unm-
HOM, IO/TiMep-HeopraHiyHi ribpugHi MaTepi-
any 3MaTHI BUIy4aTU i0HM METaJliB 3aBJAKU
OIHOYACHIN Aii IBOX MeXaHi3MiB — ¢ismuHOI
ajicop6uii y mopy Ha IOBepxXHi MiHepany Ta
XeMOCOpOIii HIIIXOM KOMIIIEKCOYTBOPEHHS
3 (YHKIIOHQJIBHUMM TpylIaMy IIOIiMepHUX
JIaHIIOTiB, IMMOOITi30BaHMX Ha MOBEPXHi Mi-
Hepany. [Ipm npomy mpocTopoBe po3Tally-
BaHHA IOTIMEPHMX MaKPOMOJIEKY/ IIOBMHHO
3abesnedyBaTy 30€peXeHHs JOCTYITHOCTI TOp
st GisugHOl afcopOIil Ta BOJHOYAC CTBO-
pIOBAaTy MaKCHMa/bHY KiIbKICTh BiIKpUTUX
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aKTMBHUX LI€HTPIB, 3[JaTHUX O KOOPAMHAIIL

iOHiB MeTaJIiB.

IMMO6ini3oBaHi Ha HOBEPXHi OEHTOHITY I1O-
niMepy MaloTb Y CBOI CTPYKTYPpi a30-, HiTpo-
TPYIM Ta OKCUMXiHOMIHOBI nuKau. HasgBHicTh
uX QYHKLIOHAJTBHMX TPYH BU3HAYA€E IXHIO
BJMICOKY NOHOPHO-aKIENTOPHY aKTUBHICTb i
3[IaTHICTb BUCTYIIATU B POJIi JiraHzis, 10 KO-
OPAVHYIOTbCA 3 iOHaMI IepeXiffHUX MeTasliB
3 YTBOPEHHAM CTIMIKUX KOMIIJIEKCHUX CIIOTYK
Ha IIOBEpXHi MiHepanbHOI MaTpuii. Take 1o-
€IHAHHA TIPUPOJHOI IOPYBATOCTI 6eHT0HiTy
Ta crenudivYHNX XiMiYHUX BIACTMBOCTEN iM-
MO0ini30BaHNX Ha JOr0 MOBEpXHI O0OpaHMX
IIO/IIMEPHMX JIAHIIIOTIB Ma€ CTBOPUTU YMOBMU
IJIsT TIOCUJIEHO] CeJIEKTUBHOCTI Ta MiIBUILIEHOT
COPOLifIHOI 3[JaTHOCTI 1[OJO iOHIB MeTaiB,
AKI yTBOPIOIOTH CTiiKi KOMIIJIEKCU 3 a30CIIO-
JTyKaMM Ta OKCUXIiHOMIHOM y posumHax. [Ina
IepeBipKY LUX MIPKYBaHb MU JOCTiAVIN Ha
MIOBEPXHi CMHTe30BaHUX KOMIO3UTIB aficop6-
uiro ionis Cu(II), Cd(II) Ta Pb(II).

Jlns1 BU3HaUeHHs COpOLiiTHOI EMHOCTI CMH-
T€30BAaHMX KOMIIO3UTIB Ta BUXiZHOro OEHTO-
HiTy 6yn0 mobymoBaHO i30TepMu apcopoOuii
00paHNX MeTa/NoiOHIB, fKi 300pa)keHO Ha
puc. 11-13.

[TopiBHAHHA afcopOUiitHOI €eMHOCTI GeH-
TOHITY Ta KOMIIO3UTIB Ha JIOr0 OCHOBI 1070
ioniB Cu (II), Cd (II), Pb (II) 3 BogHUX po3-
YJHIB HITpaTiB HaBeJEHO Y Tabmuui 3, 3 AKOL
MO>KHA 3pOOUTI HACTYIIHI BUCHOBKI:

— iMMobinizanis o6paHux moniMepiB Ha IO-
BepXHi OCHTOHITY NPU3BOAUTD IO HE3HAU-
HOro 3poctaHHs (6mu3bko 10%) amcop6-
niitHoi eMHocTi mopo ioHiB Cu(Il) mopis-
HAHO 3 BUXIJJHMM MiHepasoM, IO MOXXHa
MOSACHUTY TPOXOJPKEHHA IIPOLIECIB KOMII-
JIEKCOYTBOPEHHS, a/pKe 3 YCIX MOCipKe-
HUX iOHIB caMe i0HU KyIIpyMy yTBOPIOKOTb
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HANCTINKIIIT KOMIUIEKCU 3 OKCUXiHOJIIHOM
Ta a30CIOTYKaMI y PO34YMHaX;

— in situ iMmMoO6inizanis momi[5-(4-HiTpo)de-
Hi/lla30-8-MeTaKpUIOKCUXiHOMIHY] Ha IIo-
BepXHi OEHTOHITY He IPU3BOJUTD 1O 361/1b-
IIeHHsI a/ICOPOIIiTHOI EMHOCTI TOPiBHSHO
3 BUXIJHMM OEHTOHITOM IIOJO KAaTiOHIiB
Cd(II) Ta Pb(II);

— agcopbuia xomomiMepy 5-(n-HiTpo)deHi-
71a30-8-MeTaKPUIOKCUXIHOMIHY 3 METU/I-
MEeTaKpW/IATOM Ha ITOBepXHi 6EHTOHITY BU-
K/IVIKA€ 3MEeHIIIeHHsT a/iCOPOIiliHOT EMHOCTI
mogo karioniB Cd(II) ta Pb(II) Ha 28% Ta
14% BifNOBIZHO MOPIBHAHO 3 BUXIJHUM
MiHEpaJIoM, 110 MOKHA MOACHUTYU JOCUTH
IIITBHYM IOKPUTTSAM IOBEPXHi O€HTOHITY
iMMo6inizoBaHMM KOIOMTIMEpOM, IO IpU-
3BOIUTD 0 3MeHIIeHHs a/icopOIIiil 1ux io-
HiB y IIOpU MiHepaiy.
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Puc. 11. I3otepmu apcop6uii ionis Cu(II) xommo-
suroM Bent]-AzoQN (in situ) (a) Ta KOMIIO3UTOM
Bent]-AzoQN-MMA (adsorb) (6) i3 BogHux po3-
4MHIiB HiTparTiB (6e3 fogaBaHHA OydepHUX po3un-
HiB) Y CTaTMYHOMY pexxumi, 4ac cop6uii - 1 goba

Fig 11. Adsorption isotherms of Cu(II) ions by
the Bent]-AzoQN (in situ) composite (a) and the
Bent]-AzoQN-MMA (adsorb) composite (b) from
aqueous solutions of nitrates (without the addition
of buffer solutions) in static mode, sorption time -
1 day.
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Puc. 12. Isotepmu ancop6uii ionis Cd(II) kommo-
suroM Bent]-AzoQN (in situ) (a) Ta KOMIIO3UTOM
Bent]-AzoQN-MMA (adsorb) (6) i3 BogHMX po3-
4MHiB HiTpariB (6e3 goaBaHHA OydepHUX po3un-
HIB) y CTaTMYHOMY peXXuMi, 9ac copOuii — 1 fo6a

Fig 12. Adsorption isotherms of Cd(II) ions by
Bent]-AzoQN composite (in situ) (a) and Bent]-
AzoQN-MMA composite (adsorb) (b) from aque-
ous nitrate solutions (without adding buffer solu-
tions) in static mode, sorption time - 1 day.
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Puc. 13. I3otrepmn agcopb6uii ioni Pb(II) kommo-
sutoM Bent]-AzoQN (in situ) (a) Ta KOMIIO3MTOM
Bent]-AzoQN-MMA (adsorb) (6) i3 BogHuUX po3-
4IHIB HiTpariB (6e3 nogaBaHHA OydepHUX po3un-
HiB) Y CTaTMYHOMY pexxumi, 4ac cop6uii - 1 go6a

Fig 13. Adsorption isotherms of Pb(II) ions by
Bent]-AzoQN (in situ) composite (a) and Bent]-
AzoQN-MMA (adsorb) composite (b) from aque-
ous nitrate solutions (without adding bufter solu-
tions) in static mode, sorption time - 1 day.
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Tab6m. 3

ITopiBHAHHA afcopOLiiTHOT €EMHOCTI OEHTOHITY Ta CHHTE30BAaHNX KOMIIO3NUTIB Ha J10TO
ocHoBi mopo ioHiB Cu (II), Cd (II), Pb (II) 3 Boguux po3unHiB HiTpaTiB 0€3 HOTaBaHHSA

Oydepin

Table 3.

Comparison of the adsorption capacity of bentonite and synthesized composites for
Cu (1II), Cd (I1), Pb (II) ions from aqueous nitrate solutions without the addition of buffers.

Ancopb6uiiiHa EMHICTD 1[00 AKBAKOMITIEKCIB
Afcop6ent Cu (II), Cd (II), Pb (II), Mmmonb/T
Cu(II) Cd(I1) Pb(1I)
Buxigunit 6eHTOHIT 0,101 0,060 0,036
Bent]-AzoQN (in situ) 0,112 0,060 0,036
Bent]-AzoQN-MMA (adsorb) 0,110 0,047 0,031

BMCHOBK/. llnsaxom in situiMmmo0imisariii
noni[5-(4-HiTpo)deHinazo-8-merTakpunokcu-
xiHominy] i agcop6uiii Komonimepy 5-(4-HiTpo)
¢deninaso-8-MeTaKpMIOKCUXIHOMIHY Ta Me-
TUIMETAKPU/IATy 3 BUXIJHUM MOJIAPHUM
criBBigHOIIEHHAM 1:3 Ha MOBepXHi 6EHTOHITY
OTPMMAaHO [Ba HOBUX IIO/liMep-HeOpraHivHi
KOMITO3UTH.

3a pesynbTaTamMy TEPMOTPaBiMETPUYHOTO
aHajIi3y 3HailleHo, 1o in situ iMMoObiTi3oBa-
HUMl 1oni[5-(4-HiTpo)deninazo-8-meTakpun-
OKCUXiHOJIiH] € TepMiyHO CTiIKimmM 3a aj-
copboBaHMil KomomiMep. A Jioro MacoBa
YyacTKa € flelo MeHIow (6mm3bko 20 Mac.%)
HOPiBHAHO 3 OCcTaHHIM (23 Mac.%).

MeTomoM HU3bKOTEMIEpaTypHOI afcopo-
il — pgecop6buii a30Ty BCTAaHOB/IEHO, IO 3a-
KpilyleHHs oOpaHMX IOTiMepiB Ha IOBEPXHi
OEHTOHITYy 3MiHIOE JIOTO TeKCTYpHi XapakTe-
PUCTUKN: IPU3BOAUTD 0 3MEHILIEHHA IUIOLIi
IIOBepXHi, 00’eMy IIOp Ta 3pOCTAHHA JiaMeTpy
[IOp BUXIJJHOI'O MiHepaiy.

Ananis CEM-dororpadiit cuHTe30BaHUX
KOMIIO3UTIB 3aCBimumB, 10 i1 situ iMMOOii-
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30BaHui 1oi[5-(4-HiTpo)deninazo-8-merak-
PWIOKCUXIHOMIH] 3HAXOAWTbCA Ha MOBEPXHI
OEHTOHITY NepeBa)KHO y BUIISAJI TOTYACTUX
dbopMyBaHb Ta OKpeMUX YTBOPEHb OITYKJIOi
dopMm y mopax Ta HaJ IIOBEpXHEI0 MiHe-
pany. Toxmi Ak apmcopboBaHuUil Komomnimep 5-
(4-HiTpodeHina3zo)-8-MeTaKpUIOKCUXIHOMIHY
3 METWJIMETAKpWJIATOM BKpUBA€E IIOPYBaTy
HOBEPXHIO OEHTOHITY piBHOMIpHUM TOHKUM
IIPOIIAPKOM.

Ha ocHoBi 06po6neHHs i30oTepm cop6uii
ioni Cu (II), Cd (II), Pb (II) Ha moBepxHi cuH-
Te30BaHMX TiOpMAHMX MarepianiB BCTAHOB-
JIeHO, 1[0 IMMOOini3alist oOpaHuX MoiMepiB
Ha IOBEpPXHi OEHTOHITYy NMPU3BOAUTH 1O He-
3HaYHOrO 3pocTanHs (6mu3bko 10%) amcop6-
nirtHo1 emHocTi mopo ioniB Cu(Il) mopiBHs-
HO 3 BUXiIHMM MiHepasioM. A 10fI0 KaTiOHiB
Cd (II) ra Pb(II) cunTe3oBaHi copbeHTI TOBO-
IATH cebe Mo-pisHOMY: afcopOIjiliHa EMHICTD
O€HTOHITY IIOA0 LVX iOHIB MicA in situ iM-
Mob6inizanii moni[5-(4-HiTpo)deninazo-8-me-
TaKPWIOKCUXIHOMIHY] He 3MiHIOETbCA, a Y pe-
3ynbrari agcopOuii komonimepy 5-(4-HiTpo)
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¢deninaszo-8-MeTaKpUIOKCUXIHOMIHY 3 METUII-
METaKPU/IATOM HaBiTh IO 3HIDKYETHCH, 1[0
MO>XHA IOACHUTY JOCUTDH III/IbHUM IIOKPUT-
TAM TIOBepXHi OeHTOHITYy iMMoOimizoBaHUM
KOIIO/IIMEPOM, 110 IPU3BOAUTD JI0 3MEHIIEH-
Hs aficopO1il 1uX ioHiB y mopu MiHeparty.

Po6oTy BUKOHAaHO B MeXaX [epiK-

=/ GromkerHoi Temn «CHHTe3 Ta TOCTi-
IKeHHS HAHOKOMIIOSUTHHUX i 0iomo-
rivHo akTMBHMX MarepiamiB» (Ho-
Mep JepKaBHOI peecTpamii TeMir:
0122U002265).

SYNTHESIS AND SORPTION PROPERTIES FOR
CU (I1), Cd (I1) AND Ph (Il) IONS OF BENTONITE-
BASED HYBRID MATERIALS WITH in situ

IMMOBILIZED POLY[5-(4 NITROPHENYLAZ0)-8-
METHACRYLOXYQUINOLINE] AND ADSORBED
COPOLYMER BASED ON IT.

O. Yu. Kychkyruk”, E. S. Yanovska?,
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'Ivan Franko Zhytomyr State University, 42
University Str., 10008 Zhytomyr, Ukraine;
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Composite materials were synthesized
based on bentonite from the Tulchyn district
of the Vinnytsia region with in situ immobi-
lized on the surface poly[5-(4-nitrophenyla-
z0)-8-methacryloxyquinoline] (Bent]-AzoQN
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(in situ)) and adsorbed copolymer of 5-(4-nit-
ro)phenylazo-8-methacryloxyquinoline and
methyl methacrylate with an initial molar ra-
tio of 1:3 (Bent]-AzoQN-MMA (adsorb)).
Thermogravimetric analysis confirmed the
mass fraction of modifiers to be 20-23 wt.%,
with the in situ polymer proving to be more
thermally stable. Thermogravimetric analysis
was used to determine the patterns of thermal
destruction of polymer modifiers of bento-
nite surfaces and to record their mass fraction
in the composition of synthesised materials.
The morphological changes in the surface of
the obtained composites were analysed using
low-temperature adsorption desorption of
nitrogen and scanning electron microscopy.
It has been established that modification leads
to a decrease in specific surface area, pore vo-
lume and an increase in average pore diame-
ter, which confirms the formation of polymer
layers on the surface of the mineral.

The adsorption processes are effectively ap-
proximated by the Langmuir isotherm, which
made it possible to determine the maximum
sorption capacity of the composites. As a result
of studying the sorption properties of synthe-
sized composites with respect to Cu(II), Cd(II)
and Pb(II) cations, it was found that modifica-
tion of bentonite with these polymers increases
the sorption capacity of the initial mineral only
with respect to Cu(II) ions. The high selecti-
vity to these ions is explained by the forma-
tion of stable chelate complexes between the
nitrogen and oxygen atoms of the quinoline
structure and copper cations. In contrast, for
Cd(II) and Pb(II) cations, the sorption capaci-
ty either remains unchanged or even decreases
(in the case of adsorbed copolymer), which is
explained by the blocking of the mineral pores
by a dense polymer layer.
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The composite materials obtained demon-
strate significant potential for use as selec-
tive sorbents for the purification of industrial
wastewater from Cu(II) ions. The results in-
dicate limited effectiveness of the synthesized
composites for complex purification from
Cd(II) and Pb(II).

Key words: bentonite, surface modification,
poly[5-(4 nitrophenazo)-8 methacryloxyqui-
noline], hybrid material, sorption, toxic metal
ions.
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1-Substituted-2,2,2-trifluoroethylamines have emerged as structurally distinct and phar-
macologically potent motifs in modern drug design, contributing to enhanced metabolic sta-
bility, target selectivity, and bioactivity across various therapeutic classes. This review provides
a comprehensive account of their catalytic enantioselective synthesis, encompassing chiral
auxiliary-based methods and a wide array of asymmetric catalytic strategies — including hydro-
genation, [1,3]-proton shift reactions, nucleophilic additions, and cycloadditions. Emphasis
is placed on the stereochemical outcomes achieved with ruthenium, palladium, phosphoric
acid, borane, and squaramide-based catalysts, many of which routinely deliver an enantio-
meric excess (ee) exceeding 90-99%. Despite these advances, the phenomenon of self-dis-
proportionation of enantiomers (SDE) remains critically underreported, casting doubt on the
veracity of ee values in the literature. This review highlights the pronounced SDE behavior of
fluorinated amines and underscores the need for rigorous stereochemical validation. By inte-
grating synthetic innovation with epistemic scrutiny, this work aims to guide future research
toward more reliable, efficient, and stereochemically sound methodologies for the synthesis
of fluorinated amine derivatives.

Keywords: fluorinated amines, catalytic enantioselective synthesis, medicinal chemistry,
self-disproportionation of enantiomers, epistemic scrutiny.
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INTRODUCTION.

Amino compounds, such as amines and
amino acids, are foundational to both natural
biochemistry and modern drug design [1-4].
Amines are ubiquitous in nature — from neu-
rotransmitters such as dopamine and serotonin
to alkaloids in plants and signaling molecules
in animals. Their basicity, hydrogen-bonding
capacity, and structural versatility make them
essential for molecular recognition and biolo-
gical activity. Amino acids, the building blocks
of proteins, are a specialized class of amines
that orchestrate nearly every cellular function,
from enzymatic catalysis to structural sup-
port and immune signaling. Beyond their role
in protein biosynthesis, amino acids serve as
precursors for hormones, metabolic interme-
diates, and redox regulators. Most endogenous
amines in biological systems are derived from
amino acids through enzymatic decarboxyla-
tion or other transformations [5].

In drug design, amino compounds are
prized for their ability to engage biological
targets through ionic and hydrogen-bond-
ing interactions. Many small-molecule drugs
incorporate primary, secondary, or tertiary
amines, as well as amino acids and derivatives
such as 2-hydroxyamines and 1,2-diamines, to
enhance solubility, receptor binding, and phar-
macokinetics [6-9]. Amino acid derivatives,
including peptidomimetics and B-amino acids,
offer tunable scaffolds for modulating bioavai-
lability and selectivity. The strategic incorpora-
tion of amine and amino acid motifs continues
to drive innovation in medicinal chemistry,
enabling the design of therapeutics that mimic,
modulate, or disrupt biological processes with
precision [10-13].

Besides natural and tailor-made amino com-
pounds, modern drug design is characterized
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by strategic fluorination to achieve enhanced
pharmacokinetic profiles, metabolic stability,
and target selectivity [14-16]. The introduc-
tion of fluorine atoms or fluorinated groups
into bioactive molecules profoundly influen-
ces their physicochemical properties — mo-
dulating lipophilicity, acidity, and membrane
permeability [17]. The high electronegativity
of fluorine and its small size allow it to mimic
hydrogen while altering electronic distribu-
tion, often improving binding affinity through
dipolar interactions or conformational control.
In metabolic terms, C-F bonds resist oxidative
degradation, extending drug half-life and re-
ducing off-target effects [18, 19]. Fluorination
can also block metabolic hotspots or redirect
biotransformation pathways, contributing to
safer and more efficacious therapeutics [20, 21].
Notably, fluorinated motifs such as trifluo-
romethyl, difluoromethylene, and aryl fluo-
rides [22-24] are now commonplace in ap-
proved drugs across oncology, neurology, and
infectious diseases. The precision with which
fluorine modulates molecular behavior makes
it indispensable in lead optimization, enabling
medicinal chemists to fine-tune activity and
ADME properties without compromising scaf-
fold integrity. As synthetic methodologies ad-
vance [25-38], the role of fluorine continues to
expand, driving innovation at the interface of
chemistry and biology.

Fluorine-containing amino compounds
represent a powerful class of molecular tools
in contemporary drug design. Incorporation
of fluorine into amine-bearing scaffolds —
such as trifluoroethylamines, difluoromethyl-
amines, and fluorinated anilines — can mo-
dulate basicity, enhance metabolic stability, and
improve target engagement through altered
hydrogen-bonding profiles and dipolar inte-
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ractions. Fluorinated amino acids, including
a-trifluoromethylated and B-fluorinated ana-
logs, offer conformational rigidity and proteo-
lytic resistance, making them valuable in pep-
tidomimetics and protein-protein interaction
inhibitors [39-41]. These modifications often
lead to improved pharmacokinetic properties,
such as increased membrane permeability and
reduced clearance. Strategically placed fluo-
rine atoms can also influence stereoelectro-
nic effects, guiding molecular recognition and
selectivity. As synthetic access to fluorinated
building blocks expands, their integration into
drug candidates enables fine-tuning of bioac-
tivity without compromising scaffold integrity.
Fluorine-containing amines and amino acids
thus serve as versatile elements in lead opti-
mization, bridging structural innovation with
functional precision across therapeutic areas
[42-44].

Building on our long-standing interest in
the asymmetric synthesis of fluorine-contain-
ing amines [45-48] and amino acids [49-54],
we have focused this review on the catalytic
enantioselective synthesis of 1-substituted-
2,2,2-trifluoroethylamines — a structurally
distinct class of compounds with growing
relevance in modern drug design. The article
encompasses: (i) an overview of marketed
pharmaceuticals and bioactive molecules fea-
turing the 2,2,2-trifluoroethylamine motif;
(ii) a detailed account of catalytic asymmet-
ric methodologies for their synthesis; and (iii)
a discussion of the self-disproportionation of
enantiomers (SDE) phenomenon [55], which
is particularly pertinent to fluorinated amines
and their derivatives.

We anticipate that this compilation will
serve not only as a practical reference for re-
searchers working with fluorine-containing

https://ucj.org.ua

amino compounds, but also as a conceptual
springboard for innovation in synthetic and
medicinal chemistry. In particular, it aims
to support those exploring the strategic role
of fluorine in the design and optimization of
pharmaceutical agents.

Recent advances in 2,2,2-trifluoroethyl-
amine-containing pharmaceuticals.

In recent years, the incorporation of
2,2,2-trifluoroethylamine residues into bio-
active compounds has garnered significant
attention for its ability to modulate biological
activity, pharmacokinetics, and other drug-
like properties. These efforts have culminated
in the approval of two drugs approved by the
US-American Food and Drug Administration
(FDA) and the identification of two additional
compounds that have served as indispensable
structural leads in drug development.

The most recent FDA-approved drug in
this class is Vorasidenib 1 (Fig. 1), marketed
under the brand name Voranigo. Developed
by Servier Pharmaceuticals, Vorasidenib is
a brain-penetrant, dual inhibitor of mutant
isocitrate dehydrogenase-1 (IDH1) and IDH2.
It received FDA approval on August 6, 2024,
becoming the first systemic therapy for Grade 2
astrocytoma or oligodendroglioma harboring
a susceptible IDH1 or IDH2 mutation.

The drug emerged from efforts to target
metabolic vulnerabilities in gliomas, where
IDH mutations lead to the accumulation of
2-hydroxyglutarate (2-HG) — an oncometa-
bolite that disrupts cellular differentiation and
promotes tumorigenesis. Vorasidenib works
by selectively inhibiting mutant IDH enzymes,
thereby reducing 2-HG levels and slowing tu-
mor progression. Its efficacy was demonstra-
ted in the Phase III INDIGO trial, where it
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significantly extended progression-free survi-
val and delayed the need for further interven-
tion.

Interestingly, although racemic Vorasidenib
exhibits comparable nanomolar-level bioacti-
vity, the enantiomer with R,R absolute confi-
guration demonstrates approximately ten-fold
greater potency in cellular assays [56].

The therapeutic profile of Vorasidenib is
notable for its oral bioavailability, central ner-
vous system penetration, and targeted mecha-
nism, making it particularly suited for low-
grade gliomas post-surgery. It is administered
once daily, with dosing adjusted for pediatric
patients based on body weight [57-60].

While the full particularities have not been
publicly disclosed in detail, fluorinated mo-
tifs—such as trifluoroethylamine or related
groups — are often employed in IDH inhibi-
tors to enhance lipophilicity, metabolic stabi-
lity, and binding affinity to the mutant enzyme
pocket. The electron-withdrawing properties
of fluorine can fine-tune the pharmacodyna-
mics and improve central nervous system
(CNS) penetration, which is critical for brain
tumor therapeutics. In general, Vorasidenib
represents a paradigm shift in glioma treat-
ment, combining precision oncology with stra-
tegic fluorine chemistry to address a previously
underserved patient population.

Another notable drug incorporating a
2,2,2-trifluoroethylamine residue is Pirtobruti-
nib 2 (Fig. 1), marketed as Jaypirca. Developed
by Loxo Oncology, a subsidiary of Eli Lilly and
Company, Pirtobrutinib is a next-generation,
non-covalent inhibitor of Brutons tyrosine
kinase (BTK). It received accelerated FDA ap-
proval on January 27, 2023, for the treatment
of relapsed or refractory mantle cell lympho-
ma (MCL) following at least two prior lines of
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systemic therapy, including a BTK inhibitor.
A subsequent approval in December 2023 ex-
panded its indication to chronic lymphocytic
leukemia (CLL) and small lymphocytic lym-
phoma (SLL) in patients previously treated
with both a BTK and a Bcl-2 inhibitor [61, 62].

The therapeutic profile of Pirtobrutinib is
distinguished by its reversible binding to BTK,
unlike earlier covalent inhibitors such as Ibru-
tinib. This allows it to re-establish BTK inhibi-
tion in patients who have developed resistance
to covalent BTK inhibitors. It is administered
orally at 200 mg once daily, offering a con-
venient and targeted approach to B-cell malig-
nancies.

Mechanistically, Pirtobrutinib binds to the
ATP-binding site of BTK, blocking down-
stream signaling that promotes B-cell prolife-
ration and survival. Its non-covalent interac-
tion enables sustained inhibition even in the
presence of BTK mutations that impair cova-
lent binding [63-65].

While the full details are proprietary, fluori-
nated motifs—particularly trifluoroethylamine
or trifluoromethyl groups — are commonly
employed in kinase inhibitors to enhance li-
pophilicity, metabolic stability, and selectivity.
In Pirtobrutinib, fluorine likely contributes to
CNS penetration, binding affinity, and phar-
macokinetic optimization, reinforcing its effi-
cacy in hematologic malignancies. Pirtobruti-
nib represents a significant advance in preci-
sion oncology, offering renewed therapeutic
options for patients with limited alternatives.

Another notable fluorinated drug is Ina-
volisib 3 (Fig. 1), a PI3Ka-selective inhibitor de-
veloped by Genentech, a member of the Roche
Group. The approved molecule incorporates a
2,2-difluoroethylamine residue. Interestingly,
a related drug candidate—compound 4, fea-
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turing a 2,2,2-trifluoroethylamine fragment—
played a pivotal role in optimizing the pharma-
cological profile of Inavolisib. Substitution with
a trifluoromethyl group in compound 4 yield-
ed a a isoform of phosphatidylinositol 3-kinase
(PI3Ka) ICso of 0.095 nM and a PI3Kd/PI3Ka
selectivity ratio of 171, indicating reduced iso-
form selectivity. In contrast, Inavolisib, bearing
a difluoromethyl group, achieved a PI3Ka ICs,
of 0.034 nM and a PI3K&/PI3Ka ratio of 361,
demonstrating markedly enhanced selectivity
for the a isoform.

Marketed under the brand name Itovebi,
Inavolisib received FDA approval in May 2024
for use in combination with Fulvestrant +
Palbociclib in patients with hormone recep-
tor-positive (HR+), HER2-negative, PIK3CA-
mutated advanced or metastatic breast cancer
who have progressed following prior endo-
crine therapy. The therapeutic profile of Ina-
volisib is defined by its high selectivity for the
PI3Ka, a frequently mutated oncogenic driver
in breast cancer [66]. Unlike earlier pan-PI3K
inhibitors, Inavolisib exhibits improved tolera-
bility and reduced off-target toxicity, owing in
part to its rational design and physicochemical
optimization [67-70].

Mechanistically, Inavolisib binds to the
ATP-binding pocket of PI3Ka, inhibiting
downstream protein kinase B and mammalian
target of rapamycin (AKT/mTOR) signaling
and promoting degradation of mutant p110a
protein. This dual action not only suppresses
tumor cell proliferation but also enhances sen-
sitivity to endocrine therapy, particularly in
tumors harboring PIK3CA mutations [70-73].

Structurally, Inavolisib incorporates a dif-
luoroethylamine, a fluorinated motif that con-
tributes to its metabolic stability, target selec-
tivity, and oral bioavailability. The role of fluo-
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rine in modulating lipophilicity and binding
kinetics is well-established in kinase inhibitor
design, and in Inavolisib, it likely enhances
CNS penetration and pharmacokinetic perfor-
mance.

Administered orally at 30 mg once daily,
Inavolisib offers a convenient and targeted ap-
proach to overcoming endocrine resistance in
breast cancer. Common adverse effects include
hyperglycemia, rash, diarrhea, and stomati-
tis, consistent with PI3K pathway inhibition
[74-76).

Inavolisib represents a refined evolution in
PI3K-targeted therapy, balancing potency with
precision and reaffirming the value of fluori-
nated scaffolds in modern oncology.

Finally, we would like to mention Odana-
catib 5 (MK-0822) featuring 2,2,2-trifluoro-
ethylamine residue. It was a promising inves-
tigational drug developed by Merck & Co.,
discovered at Merck Frosst in Montreal in the
early 2000s. It was designed as a selective in-
hibitor of cathepsin K (CTSK), a cysteine pro-
tease critical for osteoclastic bone resorption.
By targeting CTSK, Odanacatib aimed to treat
osteoporosis and bone metastases by reducing
bone degradation while preserving bone for-
mation — an advantage over traditional bis-
phosphonates.

Merck advanced Odanacatib into Phase III
clinical trials, and by 2014, the company an-
nounced plans to seek FDA approval based on
strong efficacy and a favorable safety profile.
However, in 2016, Merck discontinued its de-
velopment after post-trial analysis revealed an
increased risk of stroke, halting its regulatory
submission [77, 78].

The fluorinated motif, 2,2,2-trifluoroethyl-
amine, plays a pivotal role in enhancing
metabolic stability, lipophilicity, and target
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binding affinity. The CF; group contributes
strong electron-withdrawing effects, which
modulate the basicity of the adjacent amine
and improve pharmacokinetic properties.
Additionally, the trifluoroethylamine unit
helps fine-tune the interaction of the molecule
with the cathepsin K active site, contributing
to its selectivity and potency. Furthermore,
Odanacatib features residues of fluoroleucine

and nitrile of aminocyclopropane carboxylic
acid, underscoring the role of tailor-made ami-
no acids in modern drug design [79-81].

Though never approved, Odanacatib re-
mains a notable example of how fluorinated
amine motifs can be leveraged in drug design
to achieve precise biological effects and favora-
ble drug-like properties.

Me,
FaC\/N\'/ v YCFg N,,\?’Cﬁ
Me Na N OMe |/ NH,
H
F N HN~ O
(0]
Voranlgo VoraS|den|b Jaypirca (Pirtobrutinib) 2
H
e Y@ “%NHZ J\i
&N N\ Me
L
Re N\_/O /‘/‘/k
ltovebi® (Inavolisib) 3 Rg = CHF,

4R|:= CF3

MeO,S

Odanacatib 5

Fig. 1. Representative examples of fluorinated drug scaffolds
containing the CF;-CH(NR;) moiety.

Brief Overview of Chiral Auxiliary-Based
Approaches for the Synthesis of the 2,2,2-Tri-
fluoroethylamine Moiety.

Considering the critical role of enantiomeric
purityin the development of chiral pharmaceuti-
cals [82-84], chiral auxiliary-assisted asymmet-
ric synthesis of 2,2,2-trifluoroethylamines has
garnered significant attention. Most research in
this area centers on the use of chiral derivatives
of industrially available trifluoroacetaldimines 6
and 7 (Fig. 2). p-Toluenesulfinimine 6, derived
from Davis' p-toluenesulfinamide [85-88], is

38

a cost-effective, readily accessible, and opera-
tionally reliable reagent. It exhibits high reac-
tivity toward nucleophilic additions, furnishing
1-substituted 2,2,2-trifluoroethylamines 8 in
chemical yields and diastereoselectivities ex-
ceeding 90% [89-92]. Ellman’s tert-butanesul-
finamide-derived imine 7 has proven even
more prolific, inspiring a substantial body of re-
search [93-102]. It enables the synthesis of tar-
get trifluoroethylamines 8 with excellent yields
(>95%) and virtually complete diastereoselec-
tive control (>98%) [103-109].
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Fig. 2. Chiral auxiliary-based approaches to trifluoroethylamines.

Enzymatic resolution of racemic 2,2,2-tri-
fluoroethylamines 8 remains relatively under-
explored. Nonetheless, the use of penicillin
acylase (penicillin amidase, EC 3.5.1.11) [110]
offers a practical and efficient route to both
enantiomers, delivering products of excep-
tionally high enantiomeric purity (>99% ee)
[111-113].

Catalytic enantioselective Approaches for the
Synthesis of the 2,2,2-Trifluoroethylamine Moiety

Reduction of C=N Bond.

Catalytic enantioselective hydrogenation
of imines is a well-established methodology,
supported by a rich arsenal of chiral catalysts,
optimized reaction conditions, and broad sub-
strate scope. Its application to the reduction of
fluorinated imines is generally straightforward,
albeit with occasional complications. The key
distinction of fluorine-containing imines lies
in their heightened reactivity, which can in-

fluence both selectivity and reaction kinetics.
Nonetheless, the enantioselective reduction of
fluoroimines remains a robust and extensively
studied domain of synthetic chemistry [114].

A representative example is the work by
Wu et al. (Scheme 1) [115], who achieved the
enantioselective transformation of a-trifluoro-
methylimines 9 into a-trifluoromethylamines
11 via asymmetric transfer hydrogenation. The
reaction employed a ruthenium catalyst 10
(2 mol%) derived from (1S,25)-1,2-diphenyl-
ethane-1,2-diamine, with sodium formate
serving as the hydrogen source and a water-
dimethylformamide mixture as the cosolvent.
Conducted at 40 °C, the process afforded the
desired amines in excellent chemical yields
(>90%) and high enantioselectivity (>95% ee),
highlighting the efficiency and practicality of
this catalytic system.

Ar~__CF; Ph Ar~__CF3
e he
Noar HCO,Na HN~ar
9 H,O/DMF, 40 °C 1"

Scheme 1. Hydrogenation of N-aryl aryl/CF,-ketimines using Ru(II) catalyst 10.

Dai and Cahard (Scheme 2) [116] reported
the in situ generation of catalyst 13 (2 mol%),
derived from dichloro(para-cymene)rutheni-

https://ucj.org.ua

um(IT) dimer [(RuCl,(n°-arene)),] and (1S,2R)-
1-amino-2,3-dihydro-1H-inden-2-0l, in the
presence of isopropyl alcohol. This protocol
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enables the formation of a bifunctional chiral
catalyst directly in the reaction medium, which
efficiently promotes the asymmetric transfer
hydrogenation of trifluoromethyl ketimines
12, affording the corresponding amines 14 in
excellent yields (>95%) and high enantioselec-

A CF
rﬁ|/ 3

N\
PMP

tivities (up to 93% ee). The reactions are per-
formed under ambient temperature conditions
in the presence of a base (t-BuOK), highlight-
ing the operational simplicity and stereoche-
mical efficiency of this catalytic system.

NH,

[(RuCly(ng-arene)),] 13

Ar\YCF3

IN-pvp

12

14

t-BuOK, i-PrOH, r.t.

Scheme 2. Hydrogenation of N-PMP aryl/CF,-ketimines using Ru(II) catalyst 13.

While the methods outlined in Schemes 1
and 2 yield excellent results for trifluorome-
thyl and aryl imines, their application to alkyl
ketimines proves ineffective, often resulting
in low reactivity and/or poor enantioselecti-
vity. This diminished performance may be at-
tributed to imine-enamine tautomerism via
a 1,3-proton shift reaction (vide infra) [117],
and/or the presence of a mixture of Z/E imine
geometric isomers.

Abe et al. (Scheme 3) [118] demonstrated
that under hydrogen pressure, a catalytic sys-
tem comprising palladium(II) trifluoroacetate
and 2,2-bis(diphenylphosphino)-1,1’-binaph-

thyl (BINAP) 16 (2 mol%) effectively promotes
the asymmetric hydrogenation of a-fluorina-
ted iminoesters 15, yielding highly enantioen-
riched B-fluorinated a-amino esters 17. Both
yield and enantioselectivity were significant-
ly enhanced by employing fluorinated alco-
hols — notably 2,2,2-trifluoroethanol, which
enabled enantioselectivities of up to 91% ee.

It is noteworthy that imines derived from
trifluoropyruvic acid, serving as versatile syn-
thons for the general synthesis of a-trifluo-
romethyl amino acids, were first introduced
in 1986 by the Kukhar - Yagupolskii group
[119-122].

CO,Ak~__Rr CO,Ak~__Rr
i T
N HN-
PMP PMP
e Pd(OCOCF3); Hy 16 .

Scheme 3. Hydrogenation of fluoroalkyl-substituted a-iminoesters.
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Chen et al. (Scheme 4) [123] demonstrated
that the use of CI-MeO-BIPHEP 19 (2 mol %)
as a catalyst effectively generalizes the previous-
ly discussed approach to the hydrogenation of
aryl- and alkyl-substituted imines 18, afford-

Alr(Alk)\r Re
l

AN
18 PMP

Pd(OCOC F3)2; H2

ing the corresponding amines 20 in excellent
chemical yields (>95%) and with enantioselec-
tivities of up to 94% ee. Notably, the presence
of 2,2,2-trifluoroethanol was found to be crucial
for achieving high stereochemical fidelity.

Ar(AIk)\r Re

HN-<
20 PMP

RF = CHFz‘ CFzEt, (CFz)nF n=1-3,6

Scheme 4. Hydrogenation of alkyl-

It is important to recognize that while certain
perfluorinated compounds have valuable ap-
plications in life sciences and materials chemi-
stry, many members of this class — collectively
known as per- and polyfluoroalkyl substances
(PFAS) — pose significant environmental risks
due to their persistence and bioaccumulative
potential [124-126]. Consequently, the synthe-
sis and use of such substances should be subject
to strict regulatory oversight and pursued only
when no suitable alternatives are available.

AthCFg

N~

PMP
Cre=
H@Noz
22

ArYCFg,

HN-
PMP
14

and aryl-substituted CF,-imines.

Henseler et al. (Scheme 5) [127] repor-
ted the metal-free synthesis of optically active
a-CF; amines 14 under mild catalytic condi-
tions. The reactions were carried out in reflux-
ing dichloromethane for 24 hours, employing
chiral phosphoric acid 21 (10 mol %) as the
catalyst and benzothiazoline 22 (1.2 equiv.) as
the reducing agent. The method afforded the
desired amines in yields ranging from 70%
to 90%, with enantioselectivities exceeding
95% ee.

Ar(Alk

23

N
|
N

PMP

Ar(Alk

24 HN <
PMP

Scheme 5. Hydrogenation of aryl-substituted CF,-imines using chiral phosphoric acid 21.
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Chen et al. (Scheme 5) [128] applied the
same catalytic protocol to the reduction of
trifluoromethyl alkynyl ketimines 23, afford-
ing the corresponding amines 24 with yields
and enantioselectivities reaching up to 98%
and 98% ee, respectively. Notably, the alkyne
moiety remained intact, with no reduction of
the triple bond observed under the reaction
conditions.

In the methods discussed above for hyd-
rogenation of trifluoromethyl-substituted
imines, application of N-PMP is a common
feature of the starting compounds. Stereoelec-
tronic properties of the PNP group provides for

proper reactivity of the C=N bond and its more
stable geometric configuration. Furthermore,
this group can be conveniently removed under
the standard conditions shown in Scheme 6. Its
cleavage via oxidative hydrolysis — commonly
using harsh oxidants such as ceric ammonium
nitrate (CAN), as illustrated in Scheme 6 —
enables access to the free amine. Alternative
strategies for PMP deprotection similarly rely
on strongly acidic and oxidizing conditions to
unveil the primary amine functionality. The
conditions outlined in Scheme 6 preserve the
enantiomeric integrity of the compounds and
afford consistently high yields (>70%).

(NH4)2Ce(NO3)s
MeOH/H0;

R<_CF3 or
T H,SO0, HIO,
CH3CN/H,0

HN<
PMP

R\rCF3

NH,

Scheme 6. Deprotection of PMP group.

Gosselin et al. (Scheme 7) [129] developed
a catalytic enantioselective strategy for the di-
rect synthesis of trifluoromethylated amines
30. The sequence begins with the addition of
lithium bis(trimethylsilyl)amide to trifluo-
romethyl/aryl ketones 25, generating (E)-N-
TMS-ketimines. Subsequent treatment with
methanol induces solvolysis of the N-Si bond,
yielding bench-stable, isolable N-H imines
26 as Z/E isomer mixtures, along with a side
product, aminoalcohol 27. These three-com-

Ar CF3

0 25
l a) LIHMDS; b) MeOH

Ar~__CF3 Ar~__CFs
\[( * HO>< NH
NH 2
26 27

ponent mixtures are then subjected to enanti-
oselective reduction using catalyst 28 (2 mol%)
and catecholborane 29 as the reducing agent,
affording the desired CF;-amines 30 in 72-
95% yields and with enantioselectivities rang-
ing from 75% to 98% ee. The reactions are con-
ducted in toluene at -15 °C for 18 hours, and
upon completion, the mixtures are quenched
with 2.0 M HCl in diethyl ether, furnishing the
products as hydrophilic acid salts.

Ar CF3

H—B/O:© NH, HCI
\O 30

29

Scheme 7. Chiral borane-catalyzed reductions of NH imines.
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[1,3]-Proton Shift Reaction.

The discovery of biomimetic reductive ami-
nation of fluorinated carbonyl compounds dates
back to 1986 [119, 130], when the Kukhar -
Yagupolskii group attempted a Staudinger re-
action between keto-ester 31 (Scheme 8) and
phosphazene 32. Unexpectedly, the reaction

yielded Schiff base 34 as the sole product. It is
reasonable to assume that the intended in-
termediate 33 underwent irreversible in situ
isomerization to imine 34, which was subse-
quently hydrolyzed with ease, affording tri-
fluoroalanine 35 in high yield.

P
Ph
I
P<
g FsC._COOEt @
F3CTCOOE’[ Ph g hPh 32 F3C\WCOOEt 3 H F3CYCOOH
) N-_-Ph N -Ph NH,
31 33 34 35

Scheme 8. Staudinger reaction followed by the irreversible [1,3]-proton shift.

The [1,3]-proton shift reaction has emerged
as a synthetically versatile and broadly applica-
ble transformation [131], enabling the efficient
and practical conversion of various fluorinated
carbonyl substrates — including CF;-aldehydes
[132, 133], CFs-ketones [134, 135], as well as a-
[136] and B-ketoacids [137, 138] — into their
corresponding biologically relevant amino de-
rivatives under a wide range of reaction condi-
tions [139-141]. Notably, the reaction can pro-
ceed through two consecutive [1,3]-proton shift
steps, further expanding its synthetic utility and
enabling access to more complex molecular ar-
chitectures [142, 143]. While the transforma-
tion is typically base-catalyzed [144], it can also
occur under thermal conditions [145], under-
scoring its operational flexibility.

Moreover, the use of chiral phenylethyl-
amine introduces a stereochemical dimen-
sion to the process, allowing for asymmetric
[1,3]-proton shift transfer and affording enan-
tiomerically enriched CF;-amino compounds
with enantiomeric excesses reaching up to
90% ee [146-149].

The first catalytic enantioselective [1,3]-pro-
ton shift reaction, reported in 1994, is illustrat-
ed in Scheme 9 [150]. In this pioneering study;,
N-benzylenamines 36, prepared from {-poly-
fluoroalkyl-p-ketocarboxylic esters and ben-
zylamine, underwent a [1,3]-proton shift cata-
lyzed by (-)-cinchonidine 37 (5-13 mol%). The
transformation afforded N-benzylidene deri-
vatives 38 in good yields (67-89%) and with
moderate enantioselectivity — up to 36% ee.

Re~_~,-OAlk , Re OAlk
Ph N., O | - “oH Ph /\‘N/\g/
36 38

Scheme 9. Cinchonidine-catalyzed [1,3]-proton shift reaction.
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Subsequent hydrolysis of the products 38
proceeded smoothly, delivering the corre-
sponding optically active (R)-B-polyfluoro-
alkyl-B-amino acids in excellent yields (87-
93%). This work represents a foundational
example of asymmetric proton shift catalysis
and laid the groundwork for future develop-
ments in enantioselective synthesis of fluori-
nated amino acid derivatives.

Scheme 10 [151] illustrates the catalytic
enantioselective synthesis of a-(trifluorome-
thyl)benzylamine Schiff base 41 employing

chiral base 40. In this transformation, imine
39 undergoes isomerization to form Schiff
base 41, catalyzed by 50 mol% of cinchonidine
derivatives 40 in various solvents, including
chloroform, methanol, and acetonitrile. When
cinchonidine 40 (R = H) was used as the cata-
lyst in chloroform, the reaction achieved 79%
conversion of imine 39, yielding Schiff base 41
with (R)-absolute configuration and 35% ee.
Remarkably, the product was obtained as a
single compound, free from detectable bypro-
ducts.

=
N
PhYCFg N "oR PhYCF3
| N~ 40
Ph_N Ph N
39 R =H, Me, Allyl LY

Scheme 10. Catalytic enantioselective synthesis
of a-(trifluoromethyl)benzylamine Schiff base.

This transformative line of research —
centered on chiral base-catalyzed [1,3]-pro-
ton shift transfer—was originally pioneered
by Ukrainian chemists, whose foundational
contributions have since inspired widespread
optimization efforts and the development of
more efficient catalytic systems. Building on
this groundwork, Wu and Deng introduced
several key modifications, including the use
of synthetically tailored cinchona alkaloid 44
and benzylamine derivatives 42 bearing elec-
tron-withdrawing substituents on the aroma-
tic ring (Scheme 11). The latter strategy was a
direct extension of earlier findings [139-141],
which demonstrated that the electrophilic na-

44

ture of the benzene ring significantly facilitates
the [1,3]-proton shift, enabling isomerization
under milder conditions. Equally important,
their work [152, 153] underscored the criti-
cal role of catalyst structure in achieving high
levels of stereocontrol, with enantiomeric ex-
cesses of products 43 reaching up to 90% ee.
In a parallel development, Liu et al. [154]
reported comparable results using an even
more structurally elaborate designer catalyst
45 (Scheme 11). Notably, both catalytic sys-
tems are effective at low loadings (as little as
10 mol%), highlighting their practical utility in
asymmetric synthesis.
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cat.
AF(A"<)YCF3 44or45 Ar(A'k)\/CF3

/zj O,N iPr
N }A’ NH /Zj
5 ; iPr N

OR

AG._N AG\/N N
42 43 N # | 0 Ar
AG: 2-Cl,4-NO,CgH3, 4-NO,CgH, Cl N~ K)

44

Scheme 11. Synthetic cinchona derivatives as catalysts for enantioselective [1,3]-proton shift.

Since the pioneering work of the Kukhar —
Yagupolskii group in 1986 [119, 130], a fun-
damentally new dimension has emerged in
the chemistry of the [1,3]-proton shift reac-
tion—specifically involving the trapping of
the intermediate 1,3-azaallylic anion by vari-
ous electrophiles. For instance, Li et al. [155]
(Scheme 12) demonstrated that [-isocu-
preidine 50, a cinchonine-derived alkaloid
used at 10 mol% loading, effectively catalyzes
an asymmetric S 2'-S 2" reaction between
N-2,2,2-trifluoroethylisatin ketimines 46 and

Morita - Baylis - Hillman (MBH) type car-
bonates 47. This transformation proceeds via
selective trapping of the intermediate anion
48, affording synthetically valuable CF;-sub-
stituted amino compounds 49 with high enan-
tioselectivity and efficiency. A series of chiral
a-trifluoromethylamines were obtained in
excellent yields (70-90%) and ee (~90%). No-
tably, despite the presence of two potentially
reactive sites on anion 48, the reaction occurs
exclusively at the a-position relative to the CF;

group.

' Me BocQ ¢ e

G e N on/
\ o Ar 47 o) N/

- = \ ol
N N X e

T\ cat. 50 (10 mol%) FsC R |
46 CF3 o N~ 50
- B Ar 49

Scheme 12. Coupling of CF,-imines with Morita—Baylis—Hillman allylic carbonates.

Shi et al. (Scheme 13) [156] reported an
Ir/phosphoramidite 55-catalyzed enantiose-
lective cascade transformation involving a
[1,3]-proton shift, allylation, and subsequent
aza-Cope rearrangement of trifluoroethylisa-
tin-derived imines 51 with allylic carbonates
52, ultimately furnishing CF;-substituted ami-
no derivatives 54. Notably, the initial product

https://ucj.org.ua

53 arises from allylation of the [1,3]-proton
shift intermediate, despite the steric hindrance
associated with the corresponding anion. This
intermediate 53 then undergoes a spontaneous
aza-Cope rearrangement, delivering the net
y-allylation product 54. The rearrangement is
driven by steric relief from the adjacent tet-
ra- and trisubstituted stereogenic centers, and
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is likely further facilitated by conjugation of

(hetero)aryl substituents can be accessed, with

the resulting olefin with the aromatic system. most examples exhibiting excellent yields (up

A broad array of derivatives bearing various

NN
cat. 55
(5 mol%)
[Ir(cod)Cl,]
(2.5 mol%)

| CF3
o
N

NN
A "0c0o,Me
52

to 95%) and high enantioselectivity (~90% ee).

Scheme 13. Ir — phosphoramidite-catalyzed cascade reactions of CF,-imines.

Wang et al. (Scheme 14) [157] reported the
Pd-catalyzed trapping of 1,3-azaallyl anions
derived from fluorenyl imine 56 with allyl-
ic acetates 57. The transformation employs a
Pd(dba), complex in conjunction with a PHOX
ligand 59, using Cs,COs as the base in THE
The reaction proceeds with high enantioselec-
tivity (~90% ee) and modest to good diastereo-
selectivity (up to 8:1 dr). Although conceptual-

NN
I CFs  cat 59
O’ (8 mol%)
Q Pd(dba),
(4 mol%)
56
+ Fs3
AiAC 1) Cs,CO3, THF,
\ [e] .
A o 32°C,300s
2)H

57

ly related to the Ir-catalyzed cascade described
in Scheme 13, this process diverges mechanis-
tically: it involves direct allylation at the least
sterically hindered site of the azaallyl anion,
rather than proceeding through a rearrange-
ment pathway. This distinction underscores
the complementary nature of Pd and Ir cata-
lysis in accessing structurally and stereoche-
mically diverse azaallyl-derived products.

O/>
NH, ~ /Bu
N
\ A
C/'\_/\/ r
A PPh, 99

Scheme 14. Pd-catalyzed trapping of 1,3-azaallyl anions derived from fluorenyl imine.

Onyeagusi et al. (Scheme 15) [158] intro-
duced an alternative strategy for the enantiose-
lective allylation of CF;-substituted imines 60,
catalyzed by a chiral Pd complex. In this proto-
col, imines 60 react with terminal dienes 61 in
the presence of 5 mol% Pd-DTBM-SEGPHOS

46

catalyst 63. The reaction is carried out in 1,4-di-
oxane using 2.0 equivalents of triethylamine to
generate the corresponding 1,3-azaallyl anion
under mild heating over 12 hours. The inter-
mediate anion undergoes selective allylation
at the least sterically hindered site, affording
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products 62 in yields of up to 86%, with ex-
cellent enantioselectivity (~95% ee) and good
diastereoselectivity (up to 10:1 dr). This me-
thod highlights the versatility of Pd catalysis

in accessing highly enantioenriched CF;-con-
taining amines through direct functionaliza-
tion of azaallyl intermediates.

Me
, Me 0 O Ar
N ’ ( AT Ph
N /Ar
\ CF cat. 63 o @ Pd
60 N—"3 (Bmol%) { R\Ar
/\j 0 A
+
X R™ ™ Ar = 3,5-(tBu),.4-(MeO)CgH
Ar(AIk)/\/\ (tBu)2-4-(MeO)CeHy
61 63

Scheme 15. Pd-DTBM-SEGPHOS-catalyzed reactions with dienes.

Liu et al. (Scheme 16) [159] described an
enantioselective Michael/aza-Henry cycload-
dition between trifluoromethyl-substituted
iminomalonate 64 and nitroalkenes 65, cata-
lyzed by 10 mol% of a quinine-derived squar-
amide catalyst 67. This transformation enables
the efficient synthesis of highly functionalized
pyrrolidine derivatives 66 bearing 5-trifluo-
romethyl and 3-nitro substituents, along with
three contiguous stereogenic centers. The re-
action proceeds with excellent stereoselectivi-
ty (>20:1 dr, 99% ee) and very good yields (up
to 82%).

64  CO.Et oI/
, o (10 mol%)
FaC
R/\/ NO,
65

Mechanistically, the corresponding 1,3-aza-
allylic anion undergoes regioselective attack at
the a-position relative to the trifluoromethyl
group, followed by nucleophilic addition of
the nitro-stabilized anion to the C=N dou-
ble bond. Analogous to amino malonate che-
mistry, one of the carboxyl groups in products
66 can be selectively removed via decarbo-
xylation, granting access to polysubstituted,
CF;-containing proline derivatives — a class of
tailor-made amino acids with significant bio-
medical relevance [160].

OMe

Scheme 16. Enantioselective Michael/aza-Henry cycloaddition reactions.
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You et al. (Scheme 17) [161] reported an
enantioselective [3+2]-cycloaddition between
N-2,2,2-trifluoroethylisatin ketimines 68 and
B-trifluoromethyl enones 69, catalyzed by chi-
ral bifunctional squaramide-tertiary amine or-
ganocatalysts. This transformation affords a di-
verse array of 3,2"-pyrrolidinyl spirooxindoles
70 featuring a vicinal bis(trifluoromethyl)-sub-

0O

stituted pyrrolidine core and up to four con-
tiguous stereocenters. The protocol is notable
for its exceptional efficiency in constructing
structurally complex spirocyclic oxindoles, de-
livering products in high yields (75-99%) and
excellent enantioselectivities (92-99% ee). Re-
actions are performed in dichloromethane at
0 °C using only 5 mol% of organocatalyst 67.

=
F3C\/N\ F3C OMe
NH  _CF,
cat. 67 HN 0
68 (5 mol%) Y
+ O Ar Ar
0 N N
/\)k H M
F3C Ar 70 H
69 67 0

Scheme 17. Reactions of CF3-imines catalyzed by bifunctional squaramide.

Huang et al. (Scheme 18) [162] reported an
enantioselective, exo’-selective [3+2]-cycload-
dition between CF;-containing isatin-derived
azomethines 68 and methyleneindolinones
71. Catalyzed by 10 mol% of a cinchona-de-
rived bifunctional squaramide organocatalyst
73, this transformation efficiently delivers a
series of trifluoromethylated 3,3'-pyrrolidi-
nyl-dispirooxindoles 72 — compounds of
potential biological relevance—with excellent

0O

F3Cu Ny,
NH

cat. 73
(10 mol%)

\
71 Ak

stereocontrol (84-99% yields, >20:1 dr, and
>99% ee). The reaction proceeds at room tem-
perature in chloroform and constructs four
contiguous stereogenic centers, including two
adjacent spiro quaternary stereocenters. Nota-
bly, the catalytic performance closely parallels
that observed in Scheme 17, indicating that
minor structural variations in the organoca-
talyst framework exert negligible influence on
the reaction outcome.

N e
N~ /~Ph
0 N

H
73 e}

Scheme 18. Exo’-selective [3+2] cycloaddition reactions of CF,-imines.

48

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



UCJ Ne 12 / Vol. 91

Alicja Wzorek, Taizo Ono, Daniel Baecker, Wei Zhang, Vadim A. Soloshonok

Zhi et al. (Scheme 19) [163] reported the
use of a distinct class of catalysts 76 to pro-
mote reactions virtually identical to those
previously described. Specifically, a domino
Michael - Mannich [3+2]-cycloaddition pro-
ceeds efficiently between isatin ketimines 68
and Boc-protected isatin-derived enoates 74,
affording spiro-compounds 75 of potential
medicinal relevance. The transformation de-

0O

F3Ca Ny
NH
cat. 76
68 (10 mol%)
COLAIk

O
N

\
74 Boc

livers products in good yields (60-92%) and
with excellent stereoselectivity (72-93% ee).
Reactions are typically carried out in mildly
polar solvents at ambient temperature using
10 mol% of catalyst 76. Notably, this protocol
offers a direct and practical route to structu-
rally complex spirooxindoles bearing multiple
stereocenters, reinforcing the versatility of this
catalytic strategy.

SYN\
H
_N CF
s

76  CF3

Scheme 19. Bifunctional thiourea-catalyzed domino Michael-Mannich [3+2]-cycloadditions.

Su et al. (Scheme 20) [164] reported the
enantioselective introduction of a trifluorome-
thyl group at the 2'-position of spiro-pyrroli-
dine-3,3"-oxindoles 78 using 1 mol% of a qui-
nine-derived squaramide catalyst 79. Under
ambient conditions in toluene, the 2,2,2-trif-
luoroethylamine-derived ketimine 64 under-

went a base-catalyzed [1,3]-proton shift to ge-
nerate the corresponding trifluoromethylimine
intermediate. This species then participated in
a 1,3-dipolar cycloaddition with dipolarophile
77, affording pharmaceutically relevant spiro-
cyclic products in excellent yields (>80%) and
outstanding enantioselectivities (up to 99% ee).

F3C\/NYCOZEt =
64 COzEt Et02C COgEt N
+ cat. 79 Alk s
Al (1 mol%) ' NH N -H
J CF3 N~ A
N~ O 0 N
O \
N Me H
77 Me 78 79 0

Scheme 20. Enantioselective synthesis of spiro CF,-compounds catalyzed
by quinine-derived squaramide catalyst.
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Yi et al. (Scheme 21) [165] reported a co-
operative Bronsted base-Lewis acid catalyzed
1,3-dipolar cycloaddition employing chiral
dinuclear zinc catalyst 83. This system enables
an asymmetric, exo’-selective [3+2]-cycload-
dition of CF;-containing, N-unprotected isat-
in-derived azomethine ylides. In the presence
of 10 mol% catalyst, ylides 80 react efficiently
with methyleneindolinones 81 to afford a series

0O
F3Cn Ny
NH
R\\
W cat. 83
80 . Ar (10 mol%)
Et,Zn
(20 mol%)

R = Hal, Alk, AIKO

Me

Scheme 21. Zn/chiral ligand catalyzed reaction of isatin-derived ylides with oxindoles.

81

Nucleophilic additions to C=N bond.

Zhang et al. (Scheme 22) [166] repor-
ted a highly enantioselective organocatalytic
Friedel - Crafts aminoalkylation of indoles
85 with imines 84, achieved by chiral phos-
phoric acid 87 catalysis. This approach ena-
bled the synthesis of novel chiral trifluorome-
thyl-containing compounds 86 in high yields
and with excellent enantioselectivities. The

of trifluoromethyl-substituted 2,3-pyrrolidinyl
dispirooxindoles 82, exhibiting excellent enan-
tioselectivity (up to 99% ee) and exo’-diastere-
oselectivity (>20:1 dr). Remarkably, up to four
contiguous stereogenic centers—including two
adjacent spiro quaternary stereocenters — are
constructed in a single step. The use of a bi-
functional, metal-based catalyst stands out in a
domain largely dominated by organocatalysts.

HO-_ 7, OH
Ph N OH N Ph

Ph Ph

83 Me

methodology was further extended to the
corresponding imines derived from difluoro-
acetaldehyde, demonstrating a broad substrate
scope. Reactions were typically carried out in
dichloromethane with 4 A molecular sieves at
ambient temperature over one to three days.
Reported yields approached quantitative levels
(up to 99%), with enantioselectivities consis-
tently exceeding 95% ee.

Fa R A
\ ’ r R1

N/j : m t.87 ™ eor OO
| / cat. 3
Ar N (10mol%) e o, 0

84 85 H —— \ O/ \OH

Lo
MeO g6 H R! 87
Ar =

MeO R = Hal, Alk, OAlk, CO,Me R'=H, 2,4,6-(i-Pr)3CgH

Scheme 22. Organocatalytic enantioselective Friedel-Crafts aminoalkylation of indoles.

50

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



Alicja Wzorek, Taizo Ono, Daniel Baecker, Wei Zhang, Vadim A. Soloshonok

UCJ Ne 12 / Vol. 91

Husmann et al. (Scheme 23) [167] reported
a highly enantioselective Friedel-Crafts reac-
tion catalyzed by chiral phosphoric acid 87.
In this transformation, N-Boc-protected ethyl
trifluoropyruvate imine 88 was activated by
6 mol% of catalyst and reacted with a broad
range of indole derivatives 85 to furnish qua-
ternary a-amino acids 89 in excellent yields
(up to 99%) and high enantioselectivities (up

-Boc R

N \
Ao o U0 s
F,C~ ~CO.Et = el
& 2 N (6 mol%)
88 85 H

R = Hal, Alk, OAlk, CO,Me

to 98:2 er). The reactions were typically con-
ducted in toluene at —78 °C for approximately
3 hours.

It is worth noting that N-activated imines of
trifluoropyruvicacid were first developed by the
Yagupolskii group in 1986 [119,121,122,168].
Their work pioneered the use of these inter-
mediates in the general synthesis of a-trifluo-
romethyl amino acids [169,170].

I,

R'=H, 2,4,6-(i-Pr)3CgHs

R1

O, 0
AN
O OH

87

Scheme 23. Friedel-Crafts reactions of N-Boc-protected ethyl trifluoropyruvate imines.

Mannich addition reactions involving fluo-
rinated imines and diverse nucleophiles repre-
sent one of the most reliable strategies for syn-
thesizing fluorine-containing amines and ami-
no acids [171-173]. The strong electron-with-
drawing effect of fluorine enhances the electro-
philicity of the imine moiety, enabling these re-
actions to proceed under mild conditions with
excellent stereocontrol over the resulting ami-
no compounds [174-176]. A catalytic enantio-
selective variant of the Mannich reaction was
reported by Fustero et al. (Scheme 24) [177],

who described a concise two-step synthesis of
optically pure fluorinated B-alkyl y-amino al-
cohols 92. This method employs proline catal-
ysis and utilizes inexpensive, readily available
starting materials, such as imine 90 and alde-
hydes 91. However, closer examination of the
reaction conditions reveals significant limita-
tions: the process requires three days to com-
plete, yields of 92 are modest (approximately
40%), and the protocol is labor-intensive, in-
volving incremental temperature increases of
10 °C per day starting from —20 °C.

SV HN/PMP
- (S)-proline
JN R™CHO (10 mol%) A~
+ HO - CF3
F3C F_{
90 91 92

Scheme 24. Proline-catalyzed Mannich reactions of CF,-imines.
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You and Luo (Scheme 25) [178] reported
a Mannich-type addition of malonyl-derived
nucleophiles 94 to N-Cbz trifluoromethyl al-
dimines, which were generated in situ from
N,O-acetals 93. This transformation affords
dicarbonyl trifluoromethylamines 96 as the
final products. The reaction employs a chiral
diamine catalyst 95 in its triflic acid salt form,

used at a relatively high loading of 20 mol%.
Reactions are carried out at 60 °C over a two-
day period. Despite the extended reaction time
and elevated catalyst loading, the authors re-
port excellent outcomes, with yields reaching
up to 99% and enantioselectivities exceeding
99% ee.

t-Bu © Q9
\‘/\NMe?,OTf 5 6

NH, 20 mol%
95 Me -~ R
Fsc'( R

NHCbz

R = H, Alk; R" = Ar, OAlk, NAlk, 96

Scheme 25. Chiral amine-catalyzed Mannich addition reactions.

HN/CbZ @) @)
T e SR
F,C~ “OAc e e
93 94
Amination.

Kawatsura et al. (Scheme 26) [179] repor-
ted a palladium-catalyzed, regio- and enan-
tioselective allylic amination of trifluorome-
thyl-substituted, racemic, and unsymmetrical
1,3-disubstituted allylic esters 97 using secon-
dary amines 98. The transformation proceeds
via a two-step sequence. In the first step, a
conventional allylic substitution occurs, af-
fording racemic allylic amines 99. Subsequent

Pd (5 mol%)

OX
R< ,-R (S)-BINAP
/\/g\ + H 0
Ar CF; |l| (10 mol%) Ar

97 98

treatment of these intermediates with the same
palladium catalyst in the presence of AgPFg
triggers a dynamic kinetic asymmetric trans-
formation (DYKAT), furnishing the target al-
lylic amines bearing a trifluoromethyl group
at the a-position relative to the amino moiety.
The reactions are typically carried out in di-
oxane at 60 °C for up to 96 hours, delivering
the desired products in yields exceeding 80%
and with ee of approximately 90%.

Pd (5 mol%)

NR2/ (S)-BINAP NH;
A :
CF3 (10 mol /0) Ar/\/\CF3
99 AgPFG 100

(5 mol%)

Scheme 26. Allylic amination and dynamic kinetic asymmetric transformation.

Zhu et al. (Scheme 27) [180] developed an
organocatalytic asymmetric strategy for syn-
thesizing 2-trifluoromethyl-substituted tetra-
hydroquinolines 103 via an addition-cycliza-
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tion cascade between 2-aminochalcones 101
and trifluoromethyl-containing nitroalkenes
102. The transformation is catalyzed by
thiourea 104, employed at a 10 mol% loading.
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Reactions are carried out in toluene at 0 °C over
approximately 24 hours. This cascade process
efficiently furnishes tetrahydroquinolines 103
bearing three contiguous stereogenic centers,

) OoN
CF4
X 102 O
Alk(Ar)
N cat. 104
N S

y (10 mol%)

101
103

_
e QJ
: A CF
|
NNZ

with excellent yields (~90%), high diastereose-
lectivity (>20:1), and notable enantioselectivity
(~90% ee).

N

| CF3
Ns

Scheme 27. Chiral thiourea-catalyzed additions to CF -nitroalkenes.

Takata et al. (Scheme 28) [181] introduced
a copper-catalyzed electrophilic amination
strategy as a general approach for synthesiz-
ing a-trifluoromethylamines. Their method
involves a regioselective net hydroamination
of 1-trifluoromethylalkenes 105 using hydro-
silanes and hydroxylamines 106. A carefully
optimized combination of ligand and additive
was critical to suppress the otherwise prevalent
B-fluoride elimination from the a-CF;-sub-
stituted organocopper intermediate, thereby

enabling efficient formation of the desired a-tri-
fluoromethylamines. The reaction proceeds
in good yields (>70%) with excellent regiose-
lectivity. Furthermore, by employing a chiral
bisphosphine ligand 108, the transformation
can be rendered enantioselective, affording op-
tically pure a-trifluoromethylamines with ee
exceeding 98%. These fluorinated amines hold
significant promise for applications in medici-
nal and pharmaceutical chemistry.

Cu(OAC), OO As
~CF (10 mol%) _~_CF PA :
Alk” VT3 4 BZO-NR; ot 108 Ak™ Y3 ra
105 106 (10 mol%) NR; OO PAra OMe
107 t-Bu
(EtO),MeSi-H 108

Scheme 28. Electrophilic amination 1-trifluoromethylalkenes.

Self-disproportionation of enantiomers and
its impact on assessing the stereochemical out-
come of enantioselective reactions.

SDE is a stereochemical phenomenon in
which a non-racemic mixture of enantiomers
spontaneously separates into fractions with

https://ucj.org.ua

differing ee when subjected to achiral physical
processes such as distillation, sublimation, or
chromatography [182-184]. Remarkably, even
in the absence of a chiral selector, a scalemic
mixture can yield one fraction enriched in
a single enantiomer and another closer to
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racemic composition. This behavior has far-
reaching implications for enantiopurity as-
sessment, enantiomer separation strategies,
and even hypotheses concerning the origin of
biological homochirality. Among the various
theories proposed to explain the emergence
and persistence of enantiomerically pure or
highly enriched samples, SDE remains the only
mechanism that has been experimentally vali-
dated [185-187].

Mechanistically, SDE arises from subtle dif-
ferences in intermolecular interactions that
favor either homochiral or heterochiral aggre-
gation. These aggregation preferences lead to
distinct physicochemical properties—such as
solubility, volatility, and retention behavior —
enabling spontaneous enantiomeric enrich-
ment or depletion under entirely achiral con-
ditions. Given that intermolecular interactions
are intrinsic to all chemical compounds, it fol-
lows that SDE is a fundamental property of all
chiral substances.

Although recognized conceptually earlier,
systematic investigation into SDE began only
about two decades ago, yielding a rich body
of data across diverse chemical scaffolds and
all major types of chirality. These include he-
lical, axial [188-194], central chirality on car-
bon [195-197] and sulfur [198-201], as well
as compounds featuring multiple stereogenic
centers and C, symmetry [202]. The phenome-
non has been observed across a broad spectrum
of separation techniques, including crystalliza-
tion [203,204], sublimation [205-208], distil-
lation [209-211], density gradient ultracentri-
fugation [212], suspension precipitation [213],
and various chromatographic methods—ran-
ging from gravity-driven columns [214-216]
and flash chromatography to medium pres-
sure liquid chromatography (MPLC) [217-
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219], high pressure / high performance liquid
chromatography (HPLC) [188], size-exclusion
chromatography (SEC) [211], and even gas
chromatography (GC) [220].

The pervasive nature of spontaneous dera-
cemization events carries significant impli-
cations for the accurate reporting of enanti-
omeric purity in chiral compounds, whether
derived from natural sources or synthesized in
the laboratory [221-223]. As a phenomenon
deeply intertwined with chirality and asym-
metric synthesis, SDE demands careful scru-
tiny. A thorough understanding of its mecha-
nisms is essential for reliably characterizing the
stereochemical outcomes of enantioselective
reactions. Despite its relevance, fewer than 5%
of published studies in catalytic asymmetric
synthesis explicitly verify ee using SDE con-
trol experiments, relying instead on standard
chiral analysis that may overlook subtle but
consequential artifacts. These underreporting
risks compromising reproducibility and me-
chanistic interpretation. Far from being a mere
complication, SDE represents both a challenge
and an opportunity — one that calls for deli-
berate methodological control to prevent mis-
interpretation and ensure the integrity of ex-
perimental data [224-226].

For example, compounds 109-112 (Fig. 3)
exhibited pronounced SDE under routine
gravity-driven column chromatography — an
everyday method used in laboratories for pro-
duct purification and isolation. Starting from
moderately enriched samples (60-70% ee), the
ee varied dramatically across collected frac-
tions, ranging from 99% to as low as 10% ee.
This highlights that a randomly selected frac-
tion could misleadingly report the enantiose-
lectivity of the reaction anywhere between 99%
and 10% ee.
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The data reported to date on the SDE be-
havior of various chiral compounds strong-
ly suggest that derivatives of amines, amino
acids, amides, esters, ketones — and especial-
ly fluorinated analogs — exhibit pronounced
SDE effects [227-238]. This casts a shadow of
doubt over literature reports of ee that lack spe-

cific SDE controls. Accordingly, the ee values
cited in the papers reviewed here should be
interpreted with caution. It is highly plausible
that some reported data deviate substantially
from the true enantioselectivities and warrant
a healthy degree of skepticism.

O
Pl ™coet M
Y\NHZ /g \H :
N0 OFt
Sl H I F
109 110 O2N NO, H o 112
111
Fig. 3. Routine CF;-amines with pronounced SDE.
CONCLUSIONS. 95%. Despite the diversity of reaction types —

1-Substituted-2,2,2-trifluoroethylamines
represent a structurally distinct and pharma-
cologically potent class of fluorinated amines,
increasingly recognized for their role in modu-
lating bioactivity, metabolic stability, and mo-
lecular recognition. Their incorporation into
drug scaffolds — whether in kinase inhibitors,
metabolic modulators, or protein—protein in-
teraction disruptors — has yielded clinically
validated therapeutics and inspired new direc-
tions in medicinal chemistry.

Synthetic access to these motifs has expan-
ded considerably, with catalytic enantioselec-
tive methods now complementing traditional
chiral auxiliary-based approaches. Among the
most broadly adopted strategies are asymmetric
hydrogenation and transfer hydrogenation of
trifluoromethyl imines, often employing ruthe-
nium, palladium, or organocatalytic systems.
Chiral phosphoric acids and borane-based
catalysts have also demonstrated high stereo-
chemical fidelity, enabling reductions with
enantiomeric excesses routinely exceeding 90-

https://ucj.org.ua

ranging from metal-catalyzed hydrogenation
to [1,3]-proton shift transformations — the
stereochemical outcomes are generally robust,
provided that substrate geometry and tauto-
meric equilibria are properly managed.

However, the widespread neglect of self-
disproportionation of enantiomers (SDE) in
stereochemical reporting casts a troubling sha-
dow over the veracity of published enantio-
meric excess (ee) values. Numerous studies
have demonstrated that routine purification
methods, such as gravity-driven column chro-
matography, can induce pronounced SDE
effects — especially in fluorinated amines —
leading to misleading ee values across collec-
ted fractions. Yet, fewer than 5% of papers in
the field explicitly account for this phenome-
non, raising concerns about reproducibility
and mechanistic interpretation.

Moving forward, the field must embrace
SDE-aware methodologies as a standard com-
ponent of stereochemical analysis. This includes
implementing control experiments, validating
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ee across multiple fractions, and critically re-
assessing legacy data. As synthetic access to
CF;-amines continues to evolve, so too must
our epistemic rigor. The convergence of cata-
lytic innovation, fluorine chemistry, and ste-
reochemical integrity offers fertile ground for
future breakthroughs — provided that we re-
main vigilant against the subtle distortions that
SDE can introduce.
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1-3amimeni-2,2,2-TpudpTopeTniaMinm  3a-
pekoMeHayBanmu cebe SK CTPYKTYPHO VHi-
Ka/IbHi Ta (papMaKo/IOriyHO MOTY>KHi MOTUBHK
B CYYacCHOMY [M3aliHi JIKiB, IO CIPUAIOTH
MIBUIEHHI0O MeTaboIiyHoi  CTabi/IbHOCTI,
CEeJIEKTUBHOCTI [0 MilleHeil Ta 6i0aKTUBHOC-
Ti B pi3HMX Te€paleBTUYHUX KIacax. Y IIbOMY
OIVIALI IpPEACTAaBJIEHO BUYEPIHUIN OMNNUC IX-
HbOTO KaTa/JTiTUYHOIO €HAHTIOCETEKTVBHOIO
CUHTE3Y, 10 OXOIUIIOE METOAM Ha OCHOBI Xi-
PaNbHMUX AyKCUIiapiiB Ta IIMPOKUI CIEKTP
CTpaTeriii acUMeTPUYHOrO KaTasli3y, BKIIIO-
Jalouu TigpyBaHHA, peakuii [1,3]-mporonHo-
rO 3CyBY, HYKJIeodinbHe NMPUETHAHHS Ta IIU-
knonpuenHanusa. Oco6nMmBy yBary npupineHo
CTepeoXiMiYHMM pesynbTaTaM, OTPUMaHUM
3a JIOIIOMOTOI0 KaTajli3aTopiB Ha OCHOBI pyTe-
Hio, manapio, ¢pochopHOi KucmoTy, GopaHy
Ta CKBapaMifiiB, 6arato 3 SKMX cTabi/IbHO 3a-
0e3IevyOTh eHaHTIOMEpPHMIT HAINIIOK (ee),
mo nepesuuye 90-99%. Hespaxxaroun Ha 1i
NOCATHEHH:A, ABMILE CaMOJVCIPOIOPLIOHY-
BaHHA eHaHTioMmepiB (CIE) samumaernpcs
KPUTUYHO HENOCTAaTHbO BUCBIT/IIEHUM, IO
CTaBUTD IIiJl CYMHIB JJOCTOBIpHICTb HaBEeJEHUX
y niTepatypi sHadeHb ee. Lleit orman migkpec-
JTIO€ BUPaKeHY CXVWIbHICTb PTOPOBAaHUX aMi-
HiB fo CJIE Ta Haronomye Ha HeoOXigHOCTI
perenbHOI crepeoximiyHol Banigauii. Iloen-
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HYIOYM CMHTETUYHI iIHHOBAIIII 3 enicTeMiYHIM
aHa/li3oM, g po60OTa Ma€ Ha MeTi ClIpsAMyBa-
TV MayiOyTHi JOCTiI>)KeHHS Ha pO3pOOIeHHs
6inpIl HaflifiHUX, ePEeKTMBHMX Ta CTEPeoXi-
MiYHO OOIPYHTOBaHMX METOJOJIOIii CHHTe3y
HOXifHNX GTOPOBaHMX aMiHiB.

KniouoBi cnoBa: proposaHni aminm, katai-
TUYHUI €HAHTIOCENIEKTUBHUI CUHTE3, MEIY-
Ha Ximif, caMOJMCIIPONOPLIOHYBaHHA €HaH-
TiOMepiB, €IiCTEMOJIOTIYHA IlepeBipKa.
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