HALIOHATTbHA AKALIEMISI HAYK YKPAIHU
IHCTUTYT 3ATANTbHOI TA HEOPTAHIYHOI XIMII imeni B. I. BEPHALICKOIO
KNIBCbKWIA HALIOHATTbHWIA YHIBEPCUTET imeni TAPACA LLIEBYEHKA

VKPAIHCBKIIN o

XIMISHW

MYPHAJ AL
CHEMISTRY

JOURNAL

Nec 6

Tom 90 / Vol. 90

3micT
HEOPTAHIYHA XIMIA

0. M. Kosaukosa, H. B. Ilapux, O. B. [lanpunk,|B. L. Ilexnpo,|

B. B. TpaueBcokuii, O. I1. KauopoBcbka
B3AEMO/JLA ITAJIAAIIO(IT) 3 ATKUIEHAIAMIHTETPA(METWJIEH-
OOCOOHOBUIMMN) KMCJIOTAMI ... e 47

®I3NYHA XIMIA

C. B.Kynemos, I. A. HoBocenosa, B. I. lllnakapenko, A. O. Omenpbuyk
EJIEKTPOXIMIYHE OTPMMAHHS KAPBIJIIB MOJIIBAEHYB COJIbOBNX
PO3IIJIABAX: TEPMOIMHAMIUHUM ACITEKT .. oot et 59

OPTAHIYHA XIMIf

H. B. Tiorenko, II. Xans, A. B3opek, K. [I. Krika, T. Ono, B. A. Conomonok
KATAJII3OBAHII BYIJIEHHEBMMIM HAHOTPYBKAMM CUHTE3
OTOPBMICHUX T TETEPOLMEKIIIB . ..ottt et 71



Contents
INORGANIC CHEMISTRY

O.M. Kozachkova, N.V. Tsaryk, O.V. Palchyk, | V.I. Pekhnyo,
V.V. Trachevskyi, O.P. Kachorovska
INTERACTION OF PALLADIUM(II) WITH ALKYLENEDIAMINETETRA(METHYL-

ENEPHOSPHONIC) ACIDS. ...ttt ittt et et et 47

PHISICAL CHEMISTRY

S.V. Kuleshov, I.A. Novoselova, V.I. Shynkarenko, A.O. Omel’chuk
ELECTROCHEMICAL SYNTHESIS OF MOLYBDENUM CARBIDES IN MOLTEN SALTS:
THEROMODYNAMIC ASPECT. . .ottt e e e 59

ORGANIC CHEMISTRY

N.V. Lyutenko, J. Han, A. Wzorek, K.D. Klika, T. Ono, V.A. Soloshonok
CARBON NANOTUBES-CATALYZED SYNTHESIS OF FLUORINE-CONTAINING
HETEROCYCLES... . .. e 71

46 ISSN 2708-129X. VKp. Xim. XypH., 2024




UDC 54-386+661.898  doi: 10.33609/2708-129X.90.6.2024.47-58

L
INTERACTION OF PALLADIUM(II) WITH

ALKYLENEDIAMINETETRA(METHYLENEPHOSPHONIC) ACIDS.
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The interaction of K PdCl, with ethylenediaminetetra(methylenephosphonic) (edtmp, H,L') and
pentamethylenediaminetetra(methylenephosphonic) (pendtmp, H,L?) acids in solutions with phy-
siological chloride ion concentration (0.15 mol L' KCI) was studied by pH-potentiometry, UV-Vis
and NMR spectroscopy. It was established that in the Pd(II)-edtmp and Pd(II)-pendtmp systems at
a metal-ligand ratio of 1:1, complexes of equimolar composition [Pd(H,L"*)CL]*, [Pd(H,L"*)CI]*,
[Pd(H,L"*)CI]*, [PA(HL'*)CI]*, and [Pd(L'*)CI]" are formed, for which formation constants were
calculated, and distribution diagrams of equilibrium concentrations were constructed as a function of
solution pH. A bidentate mode of coordination of edtmp and pendtmp to the central metal ion by the
nitrogen and oxygen atoms of the phosphonate group in the [Pd(H,L"*)CL ]* complex and a tridentate
mode by a nitrogen atom and two oxygen atoms of two phosphonate groups of one aminodi(me-
thylphosphonate) moiety of ligands in complexes of the compositions [Pd(H,L"*)CI]*, [Pd(H,L"*)CI]*,
[PA(HL**)CI]®, and [Pd(L**)Cl]” were determined. At the concentration ratio Pd(II)-edtmp=2:1 at
pH>3, sparingly soluble hydrolysis products were formed in solutions, indicating the absence of inte-
raction between the non-coordinated aminodi(methylphosphonate) moiety of the ligand and Pd(II)
to form a binuclear complex. In contrast to edtmp, the system K [PdCI,]-pendtmp at a 2:1 ratio ex-
hibited the formation of binuclear complexes [Pd,(H,L*)Cl,]*, [Pd,(H,L*)CL]*, [Pd,(HL*)CL ]*, and
[Pd,(L*)CL]®. In the [Pd (H,L*)CI,]* complex, two aminodi(methylphosphonate) moieties of pendtmp
are coordinated to two Pd(II) ions in a bidentate mode by nitrogen and oxygen atoms of the phospho-
nate group, and in the complexes [Pd,(H,L*)CL]*, [Pd,(HL*)CL,]*, and [Pd,(L*)CL]*, they are coor-
dinated in a tridentate mode by a nitrogen atom and two oxygen atoms of two phosphonate groups.

Keywords: aminopolyphosphonates, palladium complexes, formation constants.
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INTRODUCTION. The synthesis and in-
vestigation of complex compounds of metal
ions with aminopolyphosphonates (APPs) are
of significant interest due to their wide appli-
cation in industry, agriculture, and medicine.
The medical application of this class of com-
pounds is based on their affinity to the bone
matrix, which determines the ability of phos-
phonate-containing compounds to accumu-
late in the sites of bone tissue lesion caused by
malignant tumors or metastases [1, 2]. Stable
complexes of ethylenediaminetetra(methylene-
phosphonic) acid (edtmp) with radionuclides
3Sm, 'Ho, '""Lu, and *°Y have been synthe-
sized as therapeutic agents for the diagnosis
and palliative treatment of patients with bone
lesions [3, 4]. This has led to numerous stu-
dies on the complex formation of APPs with a
range of lanthanides, alkaline earth metals, and
3d-metals, which involved determining the sta-
bility of the formed complexes, the composi-
tion of their inner coordination sphere, and the
mode of ligand coordination to the metal ion.

The combination of platinum-group metals
with APPs in a complex offers the potential for
directed delivery of cytotoxic agents to bone
lesions, offering a promising avenue for the
creation of potent anti-tumor treatments. No-
tably, among the platinum group metals, pal-
ladium(II) compounds demonstrate cytotoxic
effects comparable to platinum compounds but
with markedly reduced toxicity [5]. In review
articles on chemotherapeutic agents based on
Pd(II) complexes with bulky aromatic or ali-
phatic nitrogen- and sulfur-containing ligands,
the importance of the strategy for developing
anticancer drugs based on them is emphasized
(6, 7].

In the previous article, the results of the
study of the acid-base properties of ethylene-
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diaminetetra(methylenephosphonic) acid
(edtmp, H,L') and pentamethylenediamine-
tetra(methylenephosphonic) acid (pendtmp,
H,L?) were presented [8]. The presence of four
acidic PO, groups and two basic nitrogen
atoms in the molecules of edtmp and pendtmp
determines diverse possibilities for their coor-
dination to Pd(II), formation both of complex-
es with ligand anions with different degrees of
protonation, and binuclear complexes.

HO 0 [e) OH
\P\/ \\P/
Ho™ G ,CHz”" ~OH
NH*—(CHy)n—NH?

HO\ HzC/ CH, OH
! Ny
AN\ VN
(0) 1) 0 (0]

n=2 (edtmp), 5 (pendtmp)

In this work we have studied reactions of
Pd(II) with edtmp and pendtmp acids in solu-
tions with chloride ion concentration (0.15
mol L") at Pd(II):ligand ratios of 1:1 and 2:1.

EXPERIMENT AND DISCUSSIONS OF
THE RESULTS. N,N,N’N’-ethylenediamine-
tetra(methylenephosphonic) acid hydrate,
obtained from "abcr' Germany, and N,N,N,N’-
pentamethylenediaminetetra(methylenephos-
phonic) acid (pendtmp) synthesized via a
modified Kabachnik-Fields reaction [8] were
used in the work. The starting salt K, PdCl, was
prepared as described in [9].

All the experiments were accomplished in
aqueous solution at a constant temperature
of 20.0 £ 0.1 °C in a temperature-controlled
vessel and constant concentrations of KCl
(0.15 mol L!). The pH measurements of solu-
tions were performed using a 827 pH lab me-
ter (Metrohm). Standard buffer solutions with
pH 1.68, 6.86, and 9.18 were used for pH meter
calibration. The spectrophotometric studies

ISSN 2708-129X. VKp. Xim. XypH., 2024
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were conducted for a series of solutions with
metal:ligand ratios of 1:1 and 2:1 at Pd(II) con-
centrations of 2.510° mol L™ and 510 mol L.
The electronic absorption spectra (EAS) were
recorded using a Specord-M40 spectropho-
tometer in a quartz cuvette (1=0.2 cm and
1 cm). The nuclear magnetic resonance (NMR)
spectra (*'P-{H}) were recorded on a Bruker
AVANCE 400 spectrometer without deuteri-
um stabilization of the resonance conditions.
’'P NMR chemical shifts values were deter-
mined relative to external 85% H,PO,. The pH
measurements, recording of EASs, and NMR
spectra were conducted 24 hours after the
preparation of a series of solutions containing
palladium(II) and ligand.

The formation constants of complexes were
calculated using the PSEQUAD program [10]
based on pH-potentiometry and spectropho-
tometry data of two parallel series from the
formula: p=[M,L H Cl I/[M]J*[L]"[H]*[Cl]¢and
using formation constants of protonated forms

7,8

08 F

06

04

of the alkylendiaminetetra(methylenephos-
phonic) acids understudy. The composition of
the inner coordination sphere (chromophore)
of the palladium(II) complexes was deter-
mined by comparing the positions of the ab-
sorption band maxima in the EASs (vexpi) with
the position of the maximum calculated by
formula (1):

vcalc_:nlv(Cl)+n2v(anua)+

+n3v(N__ )+n4v(O ) (1),

where n, is the number of donor atoms of each
type; v is the increment value for a donor atom
of each type (cm™): v(Cl) = 5170, v(anua) =
6580, V(N, ) = 8460 and (O, - 6831
(11, 12].

phosphon.

hosphon.)

The interaction of K PdCI, with edtmp.

The electronic absorption spectra (EASs)
of solutions of the K PdCl, -edtmp=1:1 system
upon addition of 1 to 8 equivalents of base in the
pH range of 1.92-9.21 are shown in Figure 1.

32000 30000 28000 26000

Fig. 1. EASs of the K, PdCl,-edtmp=1:1 system (C

= v, em’!
22000

=510"mol L, Ci=0.15 mol L,

24000 20000 18000

ar =C

Pd(IT) edtmy

pH: 1.92 (1); 2.13 (2); 2.53 (3); 3.28 (4);4.40 (5); 6.41 (6); 7.21 (7); 9.21 (8)).

https://ucj.org.ua
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The position of the absorption band maxi-
mum in the EASs of solutions with pH 1.92
and 2.13 at 25800 cm™ indicates the formation
of a complex with the chromophore composi-
tion [P&N__ ; Ophosphon'; 2ClJ (v_, . =25600 cm™).
In this complex, the ligand is bidentately coor-
dinated to Pd(II) by the nitrogen and oxygen
atoms of the phosphonate group. The forma-
tion constant of this complex was determined
from spectrophotometry and pH-potentio-
metry data of solutions with constant concen-

tration of K PdCl, and concentration of edtmp

— - 4-
CHZ_PO3H
HO3P—C'3H2 (CHgy—N
20
H
cl ,,N—/—-CHZ \CHQ—PO3H
Pd. O
N\ ,—P
cl 0
] N |
[Pd(H 4L1)C12]4'
Table 1.

Calculated formation constants of com-
plexes of Pd(II) with edtmp and pendtmp.

The composition of 1gP
complexes’

[Pd(H,L)CL]* 52.41 (9)
[PA(H,L")CI]* 47.84(9)
[PA(H,L")CIJ* 41.60 (8)
[PA(HLY)CI]* 34.24 (6)
[PA(LY)CI]™ 26.40 (7)
{Pd(H,L)CL} 37.20 (6)
{Pd(HL*)Cl} 31.31 (4)
{Pd(L*)Cl} 23.60 (5)
{Pd (HL)CL} 46.17 (9)
{Pd LCL} 41.87 (8)
{Pd LH } 34.60 (8)
{Pd LH_} 25.32 (8)

* - in [ ] is given the actual composition of complexes,
and in { } the conditional composition of complexes.
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varying to the metal-to-ligand ratio of 1:1 (see
Table 1).

The shift of the absorption band maximum
to 27600 cm™ upon pH increase to 4.40 can be
explained by the formation of a complex with
chromophore of the composition [Pd; Namin.;
20phosphon.; Cl] (v_,_=27300 cm™), where
edtmp coordinates to Pd(II) in a tridentate
manner through a nitrogen atom and two oxy-
gen atoms of the phosphonate groups of one
aminodi(methylenephosphonate) moiety.

[Pd(H,LY)CI]*

The invariable position of the absorption
maximum at 27600 cm™ in the EASs at pH
4.40 - 9.11 indicates the formation of a num-
ber of complexes with the same chromophore
upon sequential deprotonation of the coordi-
nated ligand.

The calculated formation constants of Pd(II)
complexes with edtmp were used to construct
distribution diagrams of their equilibrium
concentrations as a function of pH (Fig. 2).

As evident from the diagram, complex
formation in the system K [PdCI,]-edtmp
occurs already in strongly acidic conditions
at pH<2. At physiological pH values, the
dominant complexes are [Pd(H,L')CI]* and
[Pd(HL")CI]®.

ISSN 2708-129X. VKp. Xim. XypH., 2024
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CPd, %

100

80 1

60 1

40 -

20 4

pH

2 3 4 5

6 7 8 9

Fig. 2. Equilibrium concentration distribution diagram for the complexes formed in
the K ,PdCl, -edtmp=1:1 system (C, ,=0.15 mol L*; [PdCI,]* (1); [PdCL,]" (2); [Pd(H L") CL]* (3);
[PA(H,LY)CI]* (4); [PA(H,LYCI]* (5); [PA(HL)CI]* (6); [PA(L)CI]™ (7).

To investigate the potential formation of a bi-
nuclear complex upon binding by excess Pd(II)
the free aminodi(methylenephosphonate)
moiety of edtmp, complexation reactions were
studied in the system K [PdCl,]-edtmp=2:1. In
solutions of this system under the conditions of
double excess of Pd(II) at pH>3, the formation
of sparingly soluble hydrolysis products was
observed, indicating the absence of interaction
between the free aminodi(methylenephospho-
nate) moiety of the ligand and excess Pd(II) to
form a binuclear complex. In this case, the ab-
sence of binuclear complex formation can be
explained by steric hindrances.

The proposed scheme of complex formation
in the K PdCl -edtmp=1:1 system was con-
firmed by *'P NMR spectroscopy data (Fig. 3).

https://ucj.org.ua

In the *P NMR spectra of solutions in the
pH range of 1.92 to 3.28, three signals of phos-
phorus nuclei were observed. The signals at
0P~41.0 ppm and 8P~8.8 ppm, which exhibit
equal integral intensities, correspond to the
coordinated and free phosphonate groups of
one aminodi(methylenephosphonate) moiety
in the complex [Pd(H,L')CL]*. The signal of
phosphorus nuclei at P~10.5 ppm, whose in-
tegral intensity is twice as high, corresponds to
the two phosphonate groups of the free ami-
nodi(methylenephosphonate) moiety of the li-
gand. In the *'P NMR spectra of solutions with
pH>4.40, two signals of phosphorus nuclei
with equal integral intensities were observed
upon the formation of complexes with edtmp
tridentately coordinated to the central metal

51




INORGANIC CHEMISTRY

INTERACTION OF PALLADIUM(Il) WITH ALKYLENEDIAMINETETRA(METHYLENEPHOSPHONIC) ACIDS.

ion. The signal at 6P~33.9 ppm corresponds
to the two coordinated phosphonate groups of
the one aminodi(methylphosphonate) moiety,
while the signal at §P~7.6 ppm corresponds to
non-coordinated phosphonate groups of an-
other aminodi(methylphosphonate) moiety of

100 1'150 [ “1e3])
PR L s L

50
1

the ligand. Thus, the sequence of complex for-
mation in the system K [PdCl ]-edtmp=1:1,
as depicted by the equilibrium concentration
distribution diagram for complexes (Fig. 2),
is consistent with the *'P NMR spectroscopy
data.

| B — T T T T T
50 40 30

Fig. 3.°'P-{H} NMR spectra of the K ,PdCl —edtmp=1:1 system (C

T T T T T T

T
20 10 0 ppm

Pd(H)zcemmp:S10’3 mol L,

pH: 1.92 (1); 2.13 (2); 2.53 (3); 3.28 (4); 4.40 (5); 6.41 (6); 7.21 (7); 9.21 (8)).

Interaction of K PdCIl, with pendtmp.

In the EASs of the K [PdCI,]-pendtmp=1:1
system upon pH increase from 2.50 to 4.10, a
shift of the absorption band with a maximum
at 21600 cm™, corresponding to a mixture of
[PdCl,]* and [PACLH,O], to 25600 cm™ was
observed, indicating the formation of a com-
plex with chromophore of the composition [Pd;
(@) ; 2Cl] (Fig. 4a). Further shift of

amin.”  phosphon.

52

the absorption band maximum to 26900 cm™,

observed upon pH change from 4.99 to 7.73,

corresponds to the formation of complexes

with the same chromophore composition [Pd;
amin® 2Ophosph0n.; ClJ.

In the pH range of 2.51 to 8.46 of the
aqueous solutions of the K [PdCI ]-pendt-
mp=2:1 system, changes in the absorption
band position similar to those observed in the

ISSN 2708-129X. VKp. Xim. XypH., 2024
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K [PdCl,]-pendtmp=1:1 system were recor-
ded with nearly a twofold increase in the in-
tensity of the absorption bands with maxima
at 25600 cm™ and 26900 cm’, respective-
ly (Fig. 4b). This suggests the formation in
this system of binuclear complexes with the
coordination of two Pd(II) ions to the two
aminodi(methylenephosphonate) moieties of
pendtmp. Thus, binuclear complexes contain
two chromophoric groups each: [Pd; N__ ;
@) ; 2Cl] or [Pd; N ;20

phosphon.” phosphon.; Cl] :

A
1

08 r
0,6

04 1

v, e’
14000

30000 26000 22000 18000

34000

Fig. 4. EASs of the K, PdCl,-pendtmp system ((a)
Coaar=Cendtmp —25103m01L1 C ¢=0.15mol L', pH:
2.50 (1) 288 (2); 3.22 (3); 3. 57 (4)4 10 (5); 4.99
(6); 5.68 (7); 6.41 (8); 7.27 (9); 7.66 (10); 7.73 (11),
(b)CPdH—5103molL1 =2.510" mol L', pH:

2.51 (1) 2.81 (2); 3.09 (3)d3 36 (4);3.61 (5); 3.81
(6); 4.35 (7); 5.43 (8); 7.93 (9); 8.46 (10)).

30000 26000 22000 18000 14000

https://ucj.org.ua

v, cm’?

In Table 1, the conditional composition of
Pd(II) complexes with pendtmp is presented,
for which formation constants were calcula-
ted considering the formation constants of the
protonated forms of pendtmp as for a condi-
tionally pentadentate acid [8].

Diagrams of equilibrium concentration dis-
tribution of complexes as a function of pH were
constructed, based on calculated formation
constants of Pd(II) complexes with pendtmp,
for the systems K PdCl -pendtmp=1:1 and 1:2,
which show the conditional and real composi-
tions of complexes (Fig. 5).

It is seen from Fig. 5 that complex formation
in the K PdCl -pendtmp=1:1 system begins at
pH~3, which is higher than the corresponding
pH value for the K [PdCl,]-edtmp=1:1 system.
It should be noted that at the same pH values,
the composition of equimolar Pd(II) complex-
es with pendtmp contains ligand forms with
higher degree of protonation than in the case
of equimolar complexes of Pd(II) with edtmp.
Formation of equimolar and binuclear com-
plexes in the K [PdCI ]-pendtmp system is
confirmed by *'P NMR spectroscopy data.

In the P NMR spectra of solutions of the
system K [PdCIl ]-pendtmp=1:1, the redistri-
bution of integral intensity between the sig-
nals of phosphorus nuclei of free phosphonate
groups with 6P~7.7 ppm and the signals of the
coordinated phosphonate groups with dP~36.5
ppm and 6P~33.4 ppm upon pH increase from
2.95 to 3.97 may indicate the formation of com-
plexes of the equimolar composition [Pd(H L?)
CL]* with the chromophore [Pd; N__ ; ohos-
ohon 2Cl] and [Pd(H,L*)CI]* with the chromo-
phore [Pd; N__ ; ZOphosphOn Cl] (Fig. 6a). The
presence of two signals of phosphorus nuclei
of coordinated phosphonate groups in a down-
field region, each of which is a superposition of
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several signals, may be due to the presence of the coordinated ligand occurs without change
several conformational states of the ligand in in the donor composition of the coordination
the coordination sphere of the complexes [13].  sphere of the complexes.

Upon further increase in pH, deprotonation of

CPd, % a
100 1

80 4
60 4

40 +

CPd, %

Fig. 5. Equilibrium concentration distribution diagrams complexes in the K,PdCl,-pendtmp systems’
((a) K,[PdCI,]-pendtmp=1:1, (b) K,[PdCI,]-pendtmp=2:1. ([PdCI,]* (1); [PACL] (2);
{Pd(H,L*)CL} [Pd(H,L*)CL]* (3); {Pd(HL*)} [Pd(H,L*)CI]* (4); {Pd(L*)} [Pd(H,L*)CI]> (5);
{Pd,(HL*)CI,} [Pd,(H,L*)CIL,]* (6); {Pd,(L*)CL} [Pd,(H,L*)CL]* (7);

{Pd,(H_L*)Cl) [Pd,(HL*)CL]*> (8); {Pd,(H L*)CL} [Pd (L)CL]* (9)).

*-in [ ] is given the actual composition of complexes and in { } the conditional composition
of complexes.
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a
1 4
3
2
4 1
10 30 20 10 l’ppml
b
s s
3
2
1
0 % % o B
Fig. 6. >'P-{H} NMR spectra of the K [PdCl,]-pendtmp systems ((a) C,, d(H)=Cpen i, =2107 mol L', pH:

2.95 (1);3.27 (2); 3.61 (3); 3.97 (4). (b) C,,=410° mol L, C
3.42 (2); 4.11 (3); 4.69 (4)).

pendt;

https://ucj.org.ua

,=210" mol L', pH: 2.28 (1);

29




INORGANIC CHEMISTRY

INTERACTION OF PALLADIUM(Il) WITH ALKYLENEDIAMINETETRA(METHYLENEPHOSPHONIC) ACIDS.

As can be seen from the *'P NMR spectra of
solutions of the K [PdCI,]-pendtmp=2:1 sys-
tem in the pH range of 2.28-3.42, in the down
field region there are signals of phosphorus
nuclei that correspond to phosphonate groups
coordinated to Pd(II), and in the upfield region
to the free phosphonate groups of the ligand
(Fig. 6b). The presence of signals from phos-
phorus nuclei in coordinated phosphonate

— _ 5.

0 o
P \/

P
CHy”” S OH
/ 2

N—

N oo e

Pe Pd \ A
K

0 o

[Pd,(H,L»)CI,]>

Binuclear Pd(II) complexes with pendtmp
exist in solution as several conformers, as evi-
denced by the presence in the *’P NMR spectra
of two signals of the phosphorus nuclei of co-
ordinated phosphonate groups in a down field
region.

CONCLUSIONS. The results of the study
have shown that in the systems K [PdCI,]-
edtmp=1:1 and K,[PdCl, ]-pendtmp=1:1, com-
plexes of equimolar composition [Pd(H,L")
CL]*,  [Pd(H,L*)CI]*,  [Pd(H,L"**)CI]*,
[Pd(HL*?)CI]®, and [Pd(L**)Cl]” are formed.
Electron and *'P NMR spectroscopic data in-
dicate the bidentate mode of coordination of
edtmp and pendtmp to the central metal ion
via the nitrogen and oxygen atoms of the phos-
phonate group in the complex [Pd(H,L"*)CL]*
and a tridentate coordination of ligands by a
nitrogen atom and two oxygen atoms of two
phosphonate groups of one aminodi(methy-

56

groups (6P~36.5 ppm and 6P~33.4 ppm) and
the absence of signals of phosphorus nuclei of
free phosphonate groups at pH>4.11 indicate
the formation of binuclear complexes with the
coordination of two aminodi(methylenephos-
phonate) moieties of the ligand to two Pd(II)
ions, the donor environment of each of which

has the composition [Pd; N___ ; ZOphosphon'; Clj.
_ _ 4
O -
\/ NV
T—P\ CH, CH /P—T
CH, 2 2 H,C
/ 2
Cl—~Pd "‘N/\——CHé \CHz \CHz——\N----Pd—CI
/CH2 H2C<
0—FP P—O
4 \OH o~ \\o
[Pd,(H,L?)CL]*

lenephosphonate) moiety in the complexes
[Pd(H,L**)Cl]*, [Pd(H,L**)CI]*, [PA(HL**)CI]*,
and [Pd(L*?)Cl]”. At a metal concentration ra-
tio of 2:1 in the case of edtmp, the formation
of sparingly soluble hydrolysis products was
observed in solutions, indicating the impossi-
bility of formation of a binuclear complex with
the coordination of the second aminodi(me-
thylenephosphonate) moiety of edtmp by ex-
cess PA(II).

In contrast to edtmp, in the system K [PdCl, ]-
pendtmp=2:1, the formation of binuclear
complexes [Pd,(H,L*)CI >, [Pd,(H,L*)CL]*,
[Pd,(HL*)CL]*, and [Pd (L*)CL]* was estab-
lished. In the complex [Pd (H,L*)CI]*, two
aminodi(methylenephosphonate) =~ moieties
of pendtmp coordinate bidentately to two
Pd(II) ions via the nitrogen and oxygen atoms
of the phosphonate group. In the complex-
es [Pd,(H,L)CL]*, [Pd,(HL*)CL]*, and
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[Pd,(L*)CL]*, two aminodi(methylphospho-
nate) moieties of pendtmp coordinate triden-
tately to two Pd(II) ions via a nitrogen atom
and two oxygen atoms of two phosphonate
groups. The possibility of formation of binucle-
ar complexes during the interaction of Pd(II)
with pendtmp is realized due to the remote
location of two aminodi(methylphosphonate)
moieties, whereas closely located aminodi(me-
thylphosphonate) moieties, as in the case of
edtmp, hinder the coordination of the second

aminodi(methylphosphonate) moiety by ex-
cess Pd(II) due to steric hindrances.

=y, This work was done under the state
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Mertogamu pH-noTeHniomeTpii, €1eKTpoH-
Hoi Ta SIMP P cnekrpockoril HOCTimKeHO
xomrnexcoytBopenns K PdCl, 3 erunenpiamin-
terpa(meTunendocdonosomo) (edtmp, H,L') Ta
neHTaMeTuaeHAiaMiHTeTpa(MeTHneHpocdo-

https://ucj.org.ua

HoBoIo) (pendtmp, H,L?) kucnoramm B posun-
Hax i3 ¢i3i0/10riuHO0 KOHIIEHTPALi€0 XTTOPUT
ioniB (0.15 monb/n KCl). Bcranosneno, 1mo B
cucremax Pd(II)-edtmp ta Pd(II)-pendtmp
IIpM CIiBBiJHOLIEHHI MeTan - jiraHp=1:1
YTBOPIOIOTBCSA ~ KOMIUIEKCH  eKBIMOJLIPHO-
ro cknmagy [Pd(H,L"?)CL]*, [Pd(H,L"*)CI]*,
[PA(H,L**)CI]*, [PA(HL"*)CI]* Ta [Pd(L*)CI],
IS IKUIX PO3PAaXOBaHO KOHCTAHTY YTBOPEHHA
Ta 0OY/I0BaHi iiarpamMy po3IOAiNy piBHOBaXX-
HIX KOHIIEHTpalliil 3aneXHo Bif pH posunny.
BusnaueHno 6ifeHTaTHMIT CrIOCi6 KooppMHALii
edtmp ta pendtmp o LeHTpanbHOTO iOHA Me-
TaJly aTOMaMU HITPOTeHy Ta OKcureHy ¢oc-
donosoi rpynu B xommexci [Pd (H,L"*)CL]*
Ta TPUIEHTATHVM aTOMOM HITpOreHy Ta
JIBOMa aTOMaMy OKCUTeHY ABOX ¢ocdoHo-
BUX TIpyn opHoro aminopgu(merundocdo-
HOBOTo) (¢parMeHTa B KOMIUIEKCAaX CKIamy
[Pd(H,L**)CI]*, [Pd(H,L")CI]*, [Pd(HL"?)
Cl]* ta [Pd(L**)CI]”. Ilpu cniBBigHOIIEHH]
koHueHTpanii Pd(II)-edtmp=2:1 y posumnax
CIlocTepiramy yYTBOPEHHs MaJlOpPO3YMHHUX
NPOAYKTIiB Tigpoi3y, 10 CBIJYUTH IIPO He-
MOX/IMBICTh KoopauHanii gpyroro iona Pd(II)
mo ppyroro amiHopu(MeTnnpochOoHOBOTO)
¢dparmeHTa ytiraHly Ta yTBOpPEHHs OisiilepHOTO

o7




INORGANIC CHEMISTRY

INTERACTION OF PALLADIUM(Il) WITH ALKYLENEDIAMINETETRA(METHYLENEPHOSPHONIC) ACIDS.

xomIiekcy. Ha Bigminy Bifg edtmp B cucremi
K [PdCl,]-pendtmp=2:1 BcTaHOBNEHO YTBO-
penns 6iagepunx kommekcis [Pd, (H,L*)CI, ],
[Pd,(H,L*)CL]*, [Pd,(HL*)CL]> Ta [Pd,(L*)CL]*.
B xommnekci [Pd,(H,L*)CL, ]* nBa aminonm(me-
TundocPoHoBux) PparmMenTy pendtmp xoop-
puHoBaHi no pBox ioniB Pd(II) 6imenTaTHO
aToOMaMU HITporeHy Ta okcureHy ¢ocdoHo-
BOi rpymu, a B Kommekcax [Pd,(H,L*)CL]*,
[Pd,(HL*)CL]> Tta [Pd(L*)CL]* - Tpupen-
TaTHO aTOMOM HITPOTeHy Ta ABOMa aTOMaMMU
OKCUTeHY IBOX (pocOHOBUX IPYIL.

KnrouoBi cmoBa: aminononidpocdonarn,
KOMIIIEKCH TIa/Iafiif0, KOHCTAHTI YTBOPEHHL.
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ENIEKTPOXIMIMHE OTPUMAHHSA KAPBIAIB MONIBAEHY

B COJIbOBUX PO3MNJIABAX: TEPMOAWHAMIYHUIA ACNEKT

C. B. Kynewoé', 1. A. Hoséocenosa', B. 1. Illunxapenko’, A. O. Omenvuyx'
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Ha mifcraBi pesynbraTiB TepMOAMHAMIYHOTO aHAIi3y peaklill, MOXX/IMBUX 3a €eKTPO-
xiMi4YHOTO CHHTe3y KapOifiiB MOTiOIeHy 3 HU3KM OKCUI'€HBMICHUX CHONMYK BUXITHUX erle-
MeHTiB (KapOOHY Ta MO/iOfieHy), peKOMEH/JOBaHO BUKOPYCTOBYBATH TaKi Imapyu cronyk: (1)
BaMoO,-Li,CO;; (2) MoO,-CO,; (3) MoO,-CaCO,; (4) Li,MoO-Li,CO,; (5) K.MoO, -
Na,CO; (6) MgMoO,~CO,; (7) CaMoO,-CaCO,; (8) BaMoO,~-BaCO, (9) Na,MoO,-
Na,CO; (10) CaMoO,-CO,; (11) Li MoO,-CO,; (12) MoO,-Li,CO,; (13) BaMoO,-CO,.
Pisauig 3HaueHb piBHOBOXHMX HAIIPYT PO3K/IaflaHHA 3a3HAYEHMX CIIONYK He NEepPEeBUIIYyE
0,2 B, wmio BifmoBizae yMoBaM cuMHTe3y KapOifiB 3a/jJaHOTO CKIaZy B HMIMPOKOMY iHTepBaii
KaTO[IHOI TyCTMHM CTpyMy 3a Temneparyp 700-750 °C. PiBHOBa)kHi Hanpyru po3KIafaHHA
ranoreHiniB my>xHux Metanis KCI ta NaCl e Habarato BUIUMM 32 HalpyT¥ pO3K/IaflaHHSA
OKCHUT'€HBMIiCHMX CIIO/TyK KapOoHY Ta Mornibzeny. Lle mo3BossA€ BUKOPMCTOBYBATH iX AK peax-
LiIHi cepeloBNIIA €1EKTPOXIMIYHOTO CHHTE3Y. BuAB/IEeHO, [0 PIBHOBaXKHI HAIIPYTH PO3K/Ia-
IaHHA KapOOHaTIiB i Momib#aTiB TMM MeH1, o 6ibla mosApusyoya cuna (Z/r*) kaTioHis
JTy>KHUX a00 JTy)KHO3eMe/IbHIX MeTaIiB, sIKi BXOJATH 10 IXHBOTO CK/IaZLY, 1IJ0 MOXKe Oy TY BU-
KOPMCTAHO /I ONTUMi3alil MMTOMUX €HEPTOBUTPAT €IEKTPOXIMIYHOIO CMHTE3Y.

KnrouoBi cnoBa: Kap6im/1 Moni6ueHy, €/IEKTPOXIMIYHMI CUHTE3, OKCUT€HBMICHI CIIONTYKI
MoribieHy Ta KapOOHY, TEPMOAVHAMIYHMII aHATTI3.

BCTYII. Martepianyu Ha OCHOBi KOMIIO3UTiB
KapOifiB MomibneHy pi3HOrO CKIajy MaloTb
MiITHiCTB, fIKa y 6araro pasis nepesuiye miu-
HICTb 3BMYAIHNX MeTaliB. [l HuX Xapakrep-
Ha BJICOKA TeMIlepaTypa IIaB/IeHHs, O13bKO
2800 °C, mo [03BO/NAE BUKOPUCTOBYBATH IX
3a BMCOKMX TeMIIepaTyp, Halpukiaaj, y pa-

KeTo- Ta aBiaOyfyBaHHI, MAalIMHOOY/yBaHHI.
Bucoka criikicTh 10 KOposii, sika 1moB’s3aHa
3 XiMi4HOK0 iHEPTHICTIO 10 Jii BMCOKOarpe-
CUBHUX PEaKLIHUX CEepeNOBUI, 3yYMOBIIIOE
IXHE 3aCTOCYBaHHA B Pi3HUX Tanys3sAx Ximid-
HOI mpomucnoBocTi. Kpim 1nporo, xommo-
3UTM Ha OCHOBi KapOifiB MOjiOfjeHy MaloTb
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BUICOKY €/IeKTPOIPOBIHICTb, 110 3abe3medye
iM NepCreKTUBY BMKOPMUCTAHHA B Cy4acHUX
e/IeKTPOKaTaMTMIHMX mporecax [1]. Hampu-
KJIaJj, BOHU JoOpe 3apekoMeHfyBamu cebe B
nporecax KaramirniHoi kousepcii CO, B CO
[2], cunTesi amiaky [3], erany [4], a TakoX y
IpoLecax €1eKTPOKATAITUYHOIO BU/I/IEHHA
BogHio [5]. Kommosutu Ha ocHOBi kap6iniB
MOJiOfieHy 3 YCIIiXOM BUKOPVICTOBYIOTH IS
OKJVICHEHHS OpPraHiYHMX 3a0pyHEeHb Y BoAi [6]
Ta 1A HeNTpanidanii IKiIMBUX IS SOBKII-
7151 6ionpoxyKTiB [7].

Jns moninmieHHs QyHKIIIOHAIBHUX MOX-
NMBOCTe}l 3a3Ha4YeHMX MarepiaiB HeoOXimHi
HOBi MeTOiM IXHBOTO CUHTe3y. IIpuBabnmsi
IIepCIeKTVBI BUPillIeHHs 3a3Ha4eHOI Tpooe-
MU CIPOMOXKHUII 3a0e3IIe4YNTV BUCOKOTEM-
nepaTypHumit enekrpoximivamit cunres (BEC),
CYTb AKOTO IIOJIATA€ Y CYMiCHOMY €/I€KTPOXi-
MIiYHOMY BiJJHOBJIEHHI CIIOTyK MOMiOfeHy Ta
KapOOHY Yy CONMbOBUX po3IUIaBax. [l ycmim-
Hol peamizanii BEC HeoOxigHa indopmamis
IIpO JIMOBipHi IIIAXM BifIHOBJIEHHA CIIONIYK
KapOOHY Ta MOJiOfieHy, IOCIiJOBHICTD Iepe-
0iry enekTpoXiMiyHUX IepeTBOPeHb, fKi iX
CynpoBomKywoTh. Taka iHpopmamis po3Bo-
7€ ONTUMI3yBaTy YMOBM €€KTPOXiMi4HOIO
BiJHOB/IEHHS, NPOTHO3YBaT! CKJIaJ, IPOJYK-
TiB, fAKi IIpU LIbOMY yTBOPIOBAaTUMYTbCH, Ta
BUOVpATH BifiOBiAHI apy mpeKypcopiB s
CMHTe3y KapbiniB MosibfeHy B «TepMOJyHA-
MiYHOMY» peXXuMi (IMPOKOMY iHTepBasi Ka-
TOIHOI TYCTMHM CTPYMY) Jforo peanisauii [8].

Metoto poboTu € TepMOgMHAMIYHA OIjiH-
Ka MOX/IMBMX HUIAXIB Ta ONTHMAa/lbHUX YMOB
BiJHOBJIEHHS OKCUTE€HBMICHUX CIIONYK MO-
nibaeny ta kap6oHy, Aki npupartHi 6yTH mpe-
KypcopaMy [jid e/IeKTPOXiMiYHOTO CHUHTE3Y
MotibfieHy Ta Kap6ifiB MOiOfeHy B CObOBUX
posIaBax.

60

EKCIIEPVIMEHT 1 OBI'OBOPEHHA PE-
3YJIBTATIB. Tepmopunamiunuit aHanis BEC
Kap6iniB Monibneny Ta BuOip map mpekypco-
piB 1 cuHTe3y 0a3yeTbCsl Ha PO3paxyHKax
PiBHOB&)KHMX HAIIPYT pPO3K/IaJaHHA (E;) cro-
JIyK MOJ1iOfieHy Ta kap6OHY pi3HOTO CKIafy, sKi
MOYXHA OL[iHUTM, BUKOPVMCTOBYIOU) PiBHAHHSA
E?=—-AG"/nF, ne AG - 3smina BinbHoOi eHeprii
['166ca peaxiyii e1eKTpOXiMiYHOTO YTBOPEHHA
HIpeKypcopy cuHTe3y (Monibpeny abo kap-
bony) 3a 3aganol temneparypu (J>kx/mMonb);
N — KUIbKICTD €leKTPOHIB, AKi 0epyTh y4acTb
B €JIEKTPOJHUX peakuiax; F — crama Papajnes
(96485 Kn/monb). AG?, cBO€I0 4eproro, Mo>xHa
po3paxyBaTy 3 BiIbHUX €Hepriil yTBOPEeHHS
(AGS,,) cronyk, siKi 6epyThb y4acTh y peakii-
AX PO3KJIafIaHHA. BBaXKaeThbc, 10 aKTUBHICTD
KO>XHOTO KOMIIOHEHTA B PiBHAHHI peaxliil fo-
piBHIOE 1. TepmopnHamivHi faHi a1a pospa-
XYHKIB BinbHOI eHepril ['i66ca BukopucToBy-
Ba/M 3 0a3 TepMOXiMIYHMX TaHMX MPOrpaMU
HSC Chemistry 6.00 B obmacti TemnepaTyp
630-930 °C i3 xpokom 100 °C.

3BaKaro4M Ha Te, IO CMHTe3 IPOTiKae Ha
KaTofi i Jy1g cuHTe3y Kapb6iniB MomibieHy 3a-
3BMYall BUKOPUCTOBYIOTD IXHi CK/IaJJHO-OKCU-
Hi conyku [9], ToMy po3paxoBaHi 3HaYeHHs
EpO 3a QisMyHMM 3MIiCTOM BiANOBigAOTH TEp-
MOJIMHAMIYHUM PiBHOBOKHUM IIOTEHIIia/IaM
supiinenns (E °) kapOoHy i Monibaeny BigHOC-
HO KMCHEBOTO efeKTpofia nopiBusanusa OO,
Ile no3BOIsIE KOPEKTHO 3Ai/ICHUTY BUbip map
IPeKypCcopiB CHHTe3y KapOifiiB, He3BaXKaro4n
Ha Te, 1110 aHOJHI IpoLecyu IpU pO3KIafaHHL
KapOoHaTiB i MoiOpaTiB € pisHUMIL.

[TpoananisoBaHO  MOXIMBI  BapiaHTH
€/IEKTPOXIMIYHOIO  BiJJHOBJIEHHA OKCUT€H-
BMICHMX CHONYK MonibfeHy - Momibparis

M MoO, (ze M - Li, Na, K, Mg, Ca, Ba), okcu-
fiB MoO, ta MoO,: no meTaneBoro Moribme-
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HY (peaxiii 1-3); HEIOBHOTO BiTHOB/IEHHS JIO
okcupy momibneny (IV) (peakuii 4, 5), ogHo-
9acHOro BiflHOB/IEHHA 10 Mo i MoO, (peax-
1[ig 6), HEIIOBHOTO BiIHOBJIEHHS IO OKCU[IIB
MOJIiOfieHy IIPOMDKHMX Ba/JIeHTHOCTeN (peak-
i 7), My)KHOTo (Iy>KHO3eMeNTbHOI0) MeTa-
ny (peakuisa 8). Po3IIAHYTO TakKoX peakxlito
€/IeKTPOXIMIYHOTO pO3K/IaflaHHs MOJIiOfaTiB
i3 BpaXyBaHHAM peasIbHOTO aHOJHOTO IIpOIje-
cy (peakuis 9). To6ro, peakuii (1) Ta (9) - ue
BUJIi/IEHHS Ha KaTO[i MeTaJliYyHOro Mosibpe-
HY, ajle peakuis (9) — e enekTpoxiMiuHe po3-
KIaJaHHs MOMi6aary 3 aHOJHUM OKVICHEH-
HAM anioHa MoO,j— MoO, +0O,, a peaknis
(1) — 3 aHOZHMM OKMCHEHHSM OKCHUJ| aHiOHa
20726 >0,

M MoO, - Mo+M O+aO,(r),

MoO, = Mo + 3/20,(r),

MoO, = Mo + O,(r),

M MoO, - MoO_+M O+aO,(r),

MoO, = MoO,+ 1/20,(r),

2MoO, = Mo + MoO, + 20,(r),

aMoO, = aMoO_+ O,(r), (7)

M MoO, - M+MoO,+aO,(r), (8)

M MoO, - Mo+M O+MoO,+a0,(r).(9)

(1)
(2)
(3)
(4)
(5)
(6)

Sk mpexypcop kapOOHY MOXKHa BUKOPYIC-
TOBYBaTU ra3onomioHmMI CO2 i HagINIIKO-
BUM TUCKOM, KapOOHATY JTY>)KHMX UM JTY>KHO-
semenphux metanis (Li,CO,, Na,CO,, K,CO,,
MgCO,, CaCO,, BaCO,) oxpemo abo y atmoc-
depi CO,. Enexrposinnosnenns CO, moxe
IPOTIKAaT! [IBOMA LUIAXaMU: IIOBHE YOTUPU-
€/IeKTPOHHE BiTHOBJIEHHS 3 YTBOPEHHSM TBeEp-
nodasHoro kap6ony (peaxuis 10), abo Heros-
He [IBOEJIEKTPOHHE BIJHOBJIEHHA [IOKCULY
Kap6oHy 3 yrBopeHHAM rasy CO (peaxisa 11):

CO,-»C+0, (10)
CO, - CO +1/20,. (11)

https://ucj.org.ua

JleTaqbHMII aHai3 IOTEHLiaiB PO3KIa-
IaHHA 1<ap60HaTiB JiTiIO, HATPIlO, KaJlilo, Mar-
Hilo, KaJIbIlifo i Oapifo 3 pisHMMM BapiaHTaMu
KaTO[HMX HPOAYKTIB (ereMeHTHMIT KapOoH,
okcup, kapoony (II), my>xHuit/my>KHO3eMeb-
HIIT MeTas i kap6in) y giamasoni 300-1100 °C
[10] mokasas, IO IpM BUKOPUCTAHHI y CUH-
Tesi kap6inis Monibpeny K CO, Hait6inbumm
TepMOAVHAMIYHO-/IMOBIpHMM IIPOLIECOM Y
TOCIIPKEHOMY IHTepBasli TeMIlepaTyp Ha Ka-
TOZli Ma€ OyTM Bi[HOBJIEHHA KaTiOHIB KaJiiio
mo metaiy. Y Bunajgky Na CO, 3a remneparyp,
HIoKuux 3a 870 °C, Ha KaTofi BigHOB/IIOBATH-
MeTbCsl KapOOHAT aHiOH 1o KapOoHY, a 3a BU-
VX — BiTHOB/IIOBATMMETbCA KaTiOH HATpilo.
[Ipu Bignosnenni Li CO,, CaCO,, BaCO,,
MgCO, 3a t < 950 °C 6inbur BiporifHumM Mae
OyTV BiZTHOB/IEHHS KapOOHaT-aHiOHa 10 Kap-
OOHY, a 3a Oi/IBII BUCOKVX TEMIIEPATyp — M0
MOHOOKcHJY Kap6ony. ToMy pospaxyHku Bifi-
HOBJIEHHsI KapOOHATIB IPOBOAN/IM 32 CXEMOIO
(12) B inTepBani Temneparyp 630-930 °C:

M CO,-C+MO +0,. (12)

EnexTpoBifHOB/IEHHA 3a3BMYall IIPOBO-
[ATD B €/IEKTPOJITHIN CyMillli, sIKa HajtyacTiie
CKJIaJla€ThCA i3 xymopupiB abo Gpropupis myx-
HUX/Ty>KHO3€ME/IbHIX METAJIiB. Y HallUX J0-
cmimKeHHAX BUKopucroByBamyu cymimi NaCl
ta KCI, ockinbky BoHM MalOTh 3HaYHO BMII
HaIlpyI¥ PO3K/IaJJaHHA IIOPiBHAHO 3 OKCHU-
TeHBMICHUMM CIIO/TyKaMi KapOOHy Ta MOi6-
I€HY, BOHU JI€LIEBi Ta JIETKO PO3YMHAIOTHCA Y
BOJI, 1[0 I03BOJIA€ BiIOKpEM/TIOBATY IIPOJYK-
TU CUHTE3Y BiJj peakuiiHoro cepegosuma. I1i
CIIONTYK) €/IEKTPOXIMIYHO PO3K/IAIal0ThCA 3a
cxemoro 2MCl — 2M + Cl..

OniHKa TepMOAMHAMiYHMX PiBHOBa)KHUX
norenuianis BigHosnennsa CO, (puc. 1) cpiz-
4YUTh, IO 33 TEMIIepaTyp, HIDKUMX 3a 710 °C,
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HalOi/IbII JIMOBIpHUMM IIPOJYKTOM BiJHOB-
NeHHs 3a peakuiero (10) mae OyTu KapOOH.
3a BMIMX TeMIlepaTyp IOBMHEH YTBOPIOBa-
TVUCS MOHOOKCHUJL KapOOHYy 3a peakuiero (11).
BoueBup Haibinbur CripusaTIuBi YMOBU [
CMHTe3y KapbifiB Monibeny 3abesneuyBaTu-
Me €/IEKTPOJIi3 32 TeEMIIEPATYP, He BUIMX HDK
700-750 °C.

Y rtabmuni 1 mpencraBieHO po3paxoBa-
Hi 3HaY€HHA TEePMOAVHAMIYHMX ITOTEHIIiajIiB
BUJi/IEHHA KapOOHY 3 JI0ro #ioKcupy, Kapbo-
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ﬂ@
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06\0’./
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oS
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o " i /./- e
vm:c /.,.,.
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TepMoguHaMiyHi piBHOBa)KHi OTeHIIiamN

HAaTIB JIiTiIO, HATPiIO, Ka/ilo, MarHiio, Ka/Ibllil0
Ta Oapiro. AHa/i3 OTPUMaHKX pe3y/IbTaTiB HO-
Ka3aB, 1110 ICHY€ IIeBHA 3aKOHOMIpPHICTb MIX
MOPANKOBMM HOMEPOM KaTiOHIB JIy>KHUX/
JTY>)KHO3E€ME/IbHUX MeTaJliB, IXHbOK IIOAPU-
3yH04oio cunow (Z/r%, fe Z - 3apsAgHe 4MCIo
KaTioHa, r — KaTioHHu pagiyc [11]), Ta moten-
niazamm BupineHHs kap6ony. Illo Buiomn €
HOIAPU3YIoYa CMjIa KaTioOHa, TO MEHIINM € (3a
a0COTIOTHOIO BEIMYMHOIO0) 3HAYE€HHS ITOTEHIIi-
asy BUJiIeHHS KapOoHy (Taom. 2).

Puc. 1. - 3anexHicTb TepMOAMHAMIYHUX PiBHO-
Ba)KHMX IIOTEHIia/liB BiIHOBJIEHHA [JIOKCUIY Kap-
6OHY Bifl TeMIIEpaTypy BifTHOCHO KVMICHEBOTO €/IeKT-
pona nopiBHAHHA

Fig. 1. - Dependence of the thermodynamic
equilibrium potentials of carbon dioxide reduction
on the temperature relative to the oxygen reference
electrode.

Tabn. 1
BUJIi/IeHHS KapOOHY 3 J10T0 JiOKCHY Ta Kap-

OOHaTiB Ty>KHUX/Ty)KHO3€MeTbHIX METAaNiB 3a Pi3HUX TeMIepaTyp BiflHOCHO KMCHEBOTO

€/IeKTPOfa NOPiBHAHHA

Table 1.

Thermodynamic equilibriumdeposition potentials of carbon from its dioxide and alkali/
alkaline earth metal carbonates at different temperatures vs oxygen reference electrode.

Peaknis posknaganua E“O’ B
630 °C 730 °C 830 °C 930 °C

CO,=C+0,r) -1,03 -1,03 -1,03 -1,03
Li,CO,=C+Li,0 + O,(r) -1,25 -1,21 -1,19 -1,17
Na,CO, =C +Na,0 + O,(r) -1,52 -1,49 -1,46 -1,43
K,CO,=C+K,0+0,r) -1,70 -1,66 -1,62 -1,58
MgCO, = C + MgO + O,(r) -0,88 -0,84 -0,80 -0,76
CaCO, =C+ CaO + O,(r) -1,12 -1,08 -1,05 -1,01
BaCO, = C + BaO + O,(r) -1,34 -1,29 -1,26 -1,22
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3HaYeHHs MOJIAPU3YIOUYNX CHUT Y Tabmuii 2
HaBefieHO 3 mpamni [11]. Pesynbratm tepmo-
IVHAMIYHMX PO3PAXYHKIB Y3TOMKYIOTbCH 3
pesynbTaTaMy KBaHTOBO-XIMIYHMX i BO/IbTaM-
IIEPOMETPUYHUX JOCHI/PKEHb, HaBENEHUX Y
npari [12]. ¥V it mpariii TeopeTUYHO Ta eKcie-
PMMEHTA/IbHO II0KAa3aHO, 10 KaTiOHM MAarHilo
MAalOTh HailO1/IbIINMIil BIVIMB Ha KaTOXHMIT PO3-
psf KapOOHAT aHIOHIB Y XTIOPUAHUX PO3IIIa-
Bax Na, K, Rb|Cl-Na,CO,-MCl_(ze M = Li,
Ca**, Mg*, n = 1, 2) 3a remneparypu 550 °C Ta
MalTh HaliMeHIlle 3HaYE€HHA IOTEHIliany BU-
ninenns kap6ony E_ = -0.9 B.

HesBarkarounm Ha HaHIMDKYNUIL IIOTEHIian

BujlinenHs kap6ony 3 MgCO,, Bukopucran-
H: KapOOHATy MarHilo I eeKTPOXiMi4HOTO
CMHTe3y KapOimy MonibpeHy € HeZoLiTbHUM
3a TeMIiepaTyp, BuIux 3a 450 °C, ockibku 3a
350 °C BiH mounHae posknagarucsa Ha MgO Ta
CO, [13] i moBHiCTIO pPO3K/Ia/la€TbCA 32 TEMIIe-
paryp, umux 3a 700 °C [14].

MonibpieH yTBOPIO€ TEPMIYHO CTilIKi OKCU-
IV 31 CTYIIEHAMM OKUCHEHHA +6 Ta +4. Y Ta-
Onmmui 3 HafaHO po3paxoBaHi 3HAYEHHs Tep-
MOJAVHAMIYHMX PIBHOBO)XXHMX IIOTEHIIiasIiB
Bi[IHOBJIEHHA 3a3HAYEHMX OKCU/IB i3 pisHUMHA
BapiaHTaMI IIPOAYKTIB BifITHOB/JIEHHA B IHTep-

Bajii TeMnepatyp 630-930 °C.
Ta6m. 2

Kopensuia repmoanHaMivHNX piBHOBa)KHUX ITOTEHIIiaiB BUAIEHHA KapOOHY Ta MOi6-
IeHy (BiTHOCHO KMCHEBOTO e/IeKTPOfia NOPiBHAHHSA) 3 BiiIOBiTHNX KapOoHaTiB Y1 MOMi0-
[ATiB i3 MOIAPU3YIOYOI0 CH/IO0 KaTiOHIB TY)KHUX YU TY>KHO3eMeIbHMUX MeTanis 3a 730 °C

Table 2.

Correlation of equilibrium potentials of carbon and molybdenum evolution (relative to
the oxygen reference electrode) from the corresponding carbonates or molybdates with the
polarizing force of cations of alkali or alkaline earth metals at 730 °C.

Kationn Li* Na* K* Mg Ca* Ba*

E°C|CO> -1,21 -1,49 -1,66 -0,84 -1,08 -1,29

E? Mo|MoO *» -1,18 -1,41 -1,54 -0,97 -1,15 -1,21

Z/r* (nmit. [11]) 1,235 0,743 0,433 2,704 1,539 0,901
Tabm. 3

TepmoguHaMiuyHi piBHOBa)KHI NMOTeHIiamyM BiTHOBIEHHA OKCHUJIB MOTiOgeHY MoO3 i

MoO, 10 Mo i /10r0 OKCUIiB Pi3HUX CTYNIEHIB OKMCHEHHA 3a PI3HUX TeMIepaTyp

Table 3.

Termodynamic equilibrium reduction potentials of molybdenum oxides MoO,and MoO,
up to Mo and molybdenum oxides of different oxidation states at different temperatures.

Ne Peakuist po3kiagaHHs E,B

630°C 730°C 830°C 930°C
T MoO, = Mo + 3/20(r) 20,89 20,85 20,81 20,78
2 2Mo0, = Mo + MoO, + 20,(r) 20,79 20,75 20,71 20,69
3 MoO, = MoO, + 1/20,(r) 20,48 20,45 20,42 20,41
4 8MoO, = 8MoO,__+ O,(1) 20,42 20,39 20,38 20,45
5 16MoO, = 16MoO, _+ O,(1) 20,40 20,36 20,38 20,53
6 | 18.018MoO, = 18.018Mo0O, _, + O(r) | 0,39 20,36 20,39 20,57
7 MoO, = Mot0,(r) 1,10 1,05 1,01 20,96
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Is naBemeHMX HaHUX BUJHO, 1O Y 3a3Ha-
YEeHOMY iHTepBajli TeMIlepaTyp BiJHOBIEHH:A
MoO, mOBMHHO IIPOTIKaTH Y€Pe3 CTAIII0 YTBO-
pentst MoO, Ta OKCHIiB HECTEXIOMETPUIHOTO
cknany (peaxuii 3-6 y ta6muui 3). Y mpani [15]
TIOKAa3aHO, IO €IeKTPOBinHOBIEHHA MoO,
y posmrasi NaCl-KCI-NaF 3a temmepatypn
700 °C € 6GaraToCTajilfHNM IIPOLIECOM, KM
BK/II0Ya€ y cebe XimiuHe posunHenns MoO, 3
yrBOpeHHsAM Na Mo O, Akuii enexTpoximiy-
HO BiIHOBJIIOETHCS 10 MOJIiOfIeHy y ABi cTapil:
CIIOYaTKy [BOENEKTPOHHMUI IIPOILEC YTBO-
penHs MoO,, TOTIM YOTUPUENEKTPOHHMI
Mo** = Mo. 3rifHO BOIBTaMIIEPOMETPUIHIX
DOCHipKeHb [15], moTeHIian BU/Ii/IEHHA MO-
ni6baeny craHoByB 61m3bKo -1 B. Tomy 3 orns-
Iy Ha 6araToCTafiiiiHiCTb €1eKTPOXiMiYHOTO
BiHOBNEHHA M0O, BUKOPUCTOBYBATH SK IIpe-

KypCOp €lIeKTPOXiMi4HOro CMHTe3y KapOifiiB
MOiOfieHy 3a[JaHOTO CKJIa[ly € He [JOL[I/IbHVUM.
KpiMm 1poro, BHAcmifJoK B3aeMOfii OKCH[IiB
MoO, 3 KOMIIOHEHTaM1 €/IEKTPOJIITHOI CyMili
(NaCl ra KCl) MoxyTb yTBOpIOBAaTHCA NETKi
OKCUXJIOPULIN (MoOxCly). IToreHtian Bupi-
neHnss Mo 3 oxkcupy MoO, nexutb B o6macTi
noreHuianis ~ -1,00 B, mo gyxe 6113pKo 10
noTeHIiany Bupinentsa kap6ony 3 CO,, Tomy
AKIIO BpaxyBaTy BuUIlleBKasaHe oo MoO,,
10 M0O, MOXHa BUKOPUCTATH AK TPEKYPCOP
IS OfiepyKaHHsI KapOifiB MO}Ii6I[€HY.

Y rtabmuni 4 HajgaHO pe3ynIbTaTH po3pa-
XYHKIB, SIKi JO3BO/IAIOTD OLiHUTY MOXX/IMBICTDH
BUKOPYICTAaHHSA MOJIiOfaTiB Ty>KHIX/Ty>KHO3e-
MenbHUX MeTaniB s BEC kap6iniB moni6me-
Hy 3a Temniepatypu 730 °C (1000 K).

Tab6m. 4

TepmopnHaMiuHi piBHOBa)KHi IOTeHIIiaTly BiJHOBIEHHA MONiOATiB M MoO, pisHoro
KaTiOHHOTO CKIafy 3a MOK/IMBYIMM CXeMaMU BifHOBIeHHA 3a 730 °C

Table 4.

Termodynamic equilibrium reduction potentials of molybdates M MoO, of different
cationic composition according to possible reduction schemes at 730 °C.

Ne CxeMa eTeKTpOXiMiYHOTO BifTHOB/IEHH A E,B

Karion (M) Li* Na* K*
1 E.. 2M,Mo0, - Mo+2M,0+Mo0,+3/20,(r) 1,51 | 1,97 | 223
2 |E”Mo|MoO*> M,MoO, —» Mo+M,0+3/20,(r) -1,18 -1,41 -1,54
3 |E,"MoO,|Mo0O > M,MoO, - MoO,+M,0+1/20,(r) -1,45 -2,12 -2,51
4 |E°M|MoO > M,MoO, - 2M+Mo00,+1/20,(r) -3,40 -3,11 -3,22

Karion (M) Mg* Ca? Ba?*
5 posin, 3MMoO, = 2Mo+3MO+Mo0,+30,(r) 2,07 2,59 2,78
6 E Mo|MoO * MMoO, —» Mo+MO+3/20,(r) -0,97 -1,15 -1,21
7 | E"MoO,|MoO*> 2MMoO, = 2M00,+2MO+0,(r) -1,63 -2,67 -3,06
8 E M|MoO > MMoO, - M+MoO,+1/20,(r) -2,92 -3,63 -3,45
64 ISSN 2708-129X. VKp. XiM. XypH., 2024
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I3 HaBemeHMX MAHMX BULHO, 10 HAOiIbII
BipPOTiZIHOI0 CXeMOIO BiJHOB/IEHHS MOJIiOfaTiB
AK JIY)KHUX, TaK i JIy>KHO-3€MeJIbHUX MeTa-
JiB € Ta, O CYIPOBOJKYETbCA YTBOPEHHAM
Bi/IbHOTO MOibfIeHy, TPUYIOMY TIOTeHI[ial BU-
lileHHA MOMiOIeHYy, K i y BUITafIKy KapOoHa-
TiB, € TMM MEHILUNM, 1110 OiIbIIOI0 € MOJIAPU-
3yIo4a cuia KaTioHa, AKUI BXOGUTD 10 CKIaLy
M MoO, (tabm. 2, pan 3). AHaji3 OTPUMAaHMUX
pesynbratis (Tab. 4) cBifunTH, 110 HAOIIBII
IOLIbHO 3 TOUKY 30PY €HEePreTMYHIX BUTPAT
LI eJIeKTPOXIMIYHOMY CUHTe3i KapOifiiB Mo-
Ni6IeHy BUKOPUCTOBYBATH AK IIPEKypCOp MO-
Ji6aT MaTHio, AKUIT Ma€ HaIMEHIIII [IOTEH-
1jias BUJIi/IeHHs MOTTiOieHy.

Bapro 3BepHyTH yBary Ha Te, IO peaKlid
pO3K/IalaHHA MOiO#aTiB MOXKe BifOyBaTycs
3 YTBOPEHHAM IPOJYKTiB HEIIOBHOTO BiTHOB-
JIeHHS. MOMIORATy — OKCUIHUX MOJIiOeHOBUX
6pous pisHoro cknagy M MoO, [16, 17]. Ha
’KaJIb, Ha CbOTO/IHI TEpMOXiMivHi JjaHi 111 Mo-
ni6meHoBUX OpOH3 y iTeparypi BifCyTH.

B enexrpoximiuHOMy cmHTe3i Kapbinis
MOibJieHy TOBMHHI OpaTy yd4acTb IOHAJi-
MeHIlle JBi cronyku (IpeKypcopm), OfHa 3
SAKUX MICTUTD MOJTiOZeH, iHa — kKap6oH. He-
00XiTHOI0 YMOBOK €IeKTPOXiMiYHOTO CHH-
Te3y OffHO(pA3HOTO IMPOAYKTY B IIMPOKOMY
fianasoHi TyCTUH CTPYMY € CTBOPEHHS YMOB
cyMicHoro (y 6/1M3pKOMY iHTepBasIi MOTEHIIi-
a/liB) po3pAAY LUX CHOTYK Ha KaTofi. Takox
Ily>ke BaXK/IMBOIO YMOBOKIO CHHTe3y € 3abes-
IIeYEeHHA B3a€EMOJil IPOAYKTIiB BiJHOB/IEHHA
Ha KaTofi — MoyibfieHy 3 kKapOOHOM, 110 KOH-
TPOMIOETHCA  BIJIIOBIHOIO TEMIIEPATYPOIO
cuHTe3y. CrexioMeTpiro eIeKTPONTITUIHOTO
kapbiny monibaeny (MoC a6o Mo,C) moxxHa
perynmoBaTy, 3MiHIOIOYM BUXiJJHE CHiBBiJHO-
IIEHHA KOHIIEHTPal[ill IIPEeKYypPCOpiB CUHTE3Y
B €7IEKTPOJIITi.

https://ucj.org.ua

Ha puc. 2 nokasano 3aneXHiCTb piBHOBaX-
HIIX IIOTeHIIia/IiB BUJ/IeHHs KapOOHY i MOi6-
e’y 3 MOTi6aaT-KapOOHATHNX CUCTEM Y TeM-
nepatypHoMmy inTepsani 630-930 °C.
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Puc.2. - 3ane>xxHicTb piBHOBOXHMX TOTEHIIia/IiB
BUJIi/IeHH: KapOoHy i Monibpieny 3 Monibpar-Kap-
OOHATHUX CUCTeM BiJi TeMIlepaTypu
Fig. 2. - Dependence of equilibrium deposition-
potentials of carbon and molybdenum from molyb-
date-carbonate systems on temperature.

Amnajis HaBefleHUX NAHUX [O3BOJAE IPO-
THO3YBaTy BUKOPUCTAHHSA JUIA €1eKTPOXiMiu-
HOTO CUHTe3y KapOifiiB MOTiOeHy TaKuX Iap
crionyk 3a temmeparypu 730 °C (y mopsaxky
spocranna AE = E "Mo|MoO,> - E °C|CO*
(B)): BaMoO,-Li,CO, (0), MoO,-CO, (0,02),
MoO,-CaCO, (0,03), Li,MoO,-Li,CO, (0,03),
K ,MoO,-Na,CO, (0,05), MgMoO,-CO, (0,06),
CaMoO,-CaCO, (0,07), BaMoO,-BaCO, (0,08),
Na,MoO,-Na,CO, (0,08), CaMoO,-CO, (0,12),
Li,MoO,-CO, (0,15), MoO,-Li,CO, (0,16),
BaMoO,-CO, (0,18).

Y tabnuii 5 HaBefieHO [JaHi po3paxoBaHUX
TEPMOAVHAMIYHMX IOTEHLia/NiB BUJIEHHA
TY>KHOTO MeTajy 3i CK/IaJOBUX €IeKTPOJIT-
HOI CyMmilli BiTHOCHO €7IeKTpO/ia MOPIBHAHHA
CI'|CL,. Bugno, mpo 3a remmeparyp 700-750 °C
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BOHJ MaIOTh 3HAYHO Oi/IbIII HETaTUBHI 3HAYeH-
HA, HDK yci BubpaHi mpexypcopu cuHTesy, 110
3a6e3neqye NOCUTD IIVPOKUI [§ialla30H €/IeKT-
POXiMiYHOTO BiKHa Ta MOX/IMBICTb Ofep>KaH-
Hs 4JCTOTO 1IiIbOBOTO IIPOAYKTY.
Tabm. 5
TepmomnHaMiyHi piBHOBa)XkHI NOTeHIIi-
anu BUJiIEHHA JTY>KHUX MeTaliB i3 Kommo-
HEHTIB €/IeKTPONITHOI CyMillli BiHOCHO
enexrpopa nopisuanua ClI|CL
Table 5.
Thermodynamic equilibrium decompo-
sition potentials of alkali metals from the
components of the electrolyte mixture rela-
tive to the reference electrode CI'|CL,.

E’B
Peakuia poskmagy
630 °C|730°C|830°C|930°C
2NaCl =2Na + Cl, | -3,396 | -3,303 | -3,212 | -3,098
2KCl=2K +Cl, |-3,633|-3,538 | -3,397 | -3,227

ExcriepumenTanbpHO migTBepmKeHo [18-21],
110 ITOTEHIia/l BUII/IEHHA JIY>KHOTO METajy 3
(OHOBOTO €IEKTPOJITY CTAaHOBUTH ONM3BKO
-2,0 B BifHOCHO KMCHEBOTO €/IEKTPOJa IIOPiB-
HAHHA. PisHNMIIA mOTeHIiamiB MiXK pO3paxyH-
KOB/MM [AaHMMM Ta eKCIepUMEHTaIbHUMMU
MOSICHIOETbCA PISHUMU €IEeKTPOaMM IOpPiB-
HAHHA.

Cnip Maty Ha yBasi, O ycCIHillHA peani-
3alliss  eeKTPOXiMIYHOrO CHUHTe3y KapOiny
3YMOBJIEHA He Ti/IbKM YMOBaMU CyMiCHOTO
BifIHOB/IEHHsI MOJiOfleH- Ta KapOOHBMICHMX
CIIONYK, ajieé I KiHEeTMKOK eeKTPOXiMi4HMX
peaxiit, repMoguHaMiuHMMH i PismKo-Ximiu-
HVMM BJIACTUBOCTAMM YTBOPEHMX CIIONYK Ta
CKJIaJIOBUX €/IEKTPONITUYHOI BaHHU, B3AEMO-
JiAMM pEYOBMH y PO3IIaBi €JIEKTPOIIITY.

JOLiNbHICTD BUKOPUCTAHHA IIOIEPESHIX
TepMopMHaMiuHuX oninok BEC kap6inis 1o6-

66

pe IpojeMOHCTpoBaHO Ipu peanisanii BEC
Kap6iniB Bonbdpamy. Tak, Ha OCHOBI Tepmo-
AVMHAMIYHUX pO3pPaxXyHKiB 0y/10 06paHo, a 1o-
TiM BO/IbTaMIIEPOMETPUYHO JOCTIIPKEHO Pi3Hi
Hapy IPeKypcopiB cuHTe3y KapOify BOJb-
dpaMy 3 OKCUTEHBMICHUX CIIOTYK BOIbQpa-
My Ta KapOoHy. Sk onTuManbHi 6y10 BU3Ha-
geHo cuctemu (1) Na,WO,-NaPO,-CO,[18];
(2) Na,W 0.-Li,CO,-CO,[19]; (3) Na,WO -
MgCl-CO, [20]. EximonapHy cymim Xio-
pupiB HaTPilO Ta Kasilo 0y/10 BUKOPUCTAHO SIK
¢dboHOBUII eneKTpoIiT 3a Temueparypu 750 °C.
BcranoBneHo, mo peanbHMII NOTEHIIial BU-
ninenHa kap6ony i3 CO, 3HAXOIUTHCA B Me-
xax -0,75- -1,0 B [18]; Li,CO, posknanaerbcs
CTafilfHO 3 BUJI/IEHHAM KapOOHY B iHTepBai
norenuianis -0,75 - -1,7 B [21]. Buginenus
Bonmbdpamy 3 cucremu (1), To6To 3 Na, WO,
3a HagBHOcTi NaPO, y BanHi, BinbyBaerbcs
3a TMoTeHLianiB, 6mu3bkux fo -1,2 B; y cuc-
teMi (2) B Mexxax moreHmianis -1,1 - -1,2 B.
Y cucremi (3), crioyaTKy B eIeKTpOIiTi in situ
yTBOpro€Tbca MgWO,, AKMit BiTHOBIHOETD-
cs Ha KaTopi npu nmoreHuiani -1,4 B. Y cuc-
temi (1) MoHOpuCIIepcHI mopomky KapOimy
Bonbppamy WC yTBOpIOBAINCSA Y MeXKax I10-
teHnjianis -1,0 - -1,25 B, y cucremi (2) - -1,4 B,
y cuctemi (3) - -1,5 B.

BVCHOBKJ. TepmopuHaMiyHMil aHami3
MOX/IMBUX IIPOLIECiB, AKi CYNPOBOMXYIOTb
eIeKTPOXiMIYHMII CMHTe3 KapOifiB MomibneHy
3 BUXiJJHMX OKCUT€HBMICHMX CIIO/yK KapOOHY
Ta MOJIiO/IeHY, [TOKa3aB, 10 /751 peanisariii 11bo-
TO IPOLECY SAK IPEKYPCOPU MOXKHA PEKOMEH-
myBaTu Taki mapu cmnonyk: BaMoO,-Li CO,;
MoO,-CO_; MoO,-CaCO,; Li,MoO,-Li, CO;
K, MoO,-Na, CO,;; MgMoO,-CO,; CaMoO,-
CaCO,; BaMoO,-BaCO,; Na,MoO,-Na, CO,;
CaMoO,-CO,; Li,MoO,-CO,; MoO,-Li,CO;
BaMoO,-CO,. Pisnuis 3HayeHb pPiBHOBaX-
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HUX TIOTEHIia/iB BUJi/IeHHS MOTiOfeHy Ta
KapOoHy y Hux He nepesuinye 0,2 B, o Bizmo-
BiJla€ yMOBaM CHMHTE3Y B LIMPOKOMY iHTepBaIi
KaTO[HOI I'yCTUHM CTpyMYy. K peaxuiiiHe ce-
penoBuIe A1 CUMHTE3Y NOLiTbHO BUKOPUCTO-
BYBaTy €KBIMOJIbHY CYMIilll XJIOpPU/iB HaTpPi0
Ta KaJjlilo, pIBHOBa)KHI HAIIpyTM PO3K/IaJlaHHA
AKX 3HAYHO BUIII 32 HAIIPYIM PO3K/IAJJaHHA
OKCUTE€HBMICHIX CIIONyK KapOoHY Ta Momibfe-
Hy. Temneparypumii intepsan 700-750 °C 3a-

Oe3redye cTabiIbHMIT PEKNUM CUHTE3Y 3 MaK-
CMMaJIbHUM BUXOOM 3a CTPYMOM 3aBJISIKU
3arobiraHHI0 NOOIYHUX peaKIiil.

=, P0o60oTy BUKOHaHO B Me)Xax TeMM Bi-
TOMYOTO 3aMOBIEeHH «XiMiYHMIT -
3aiilH (QYHKIiOHATBHMX MaTepianis
mis propupitonHux Garapeii, maauB-
HUX KOMipOK Ta FeHepaTopiB BOJHIO»,
Ne 0123U100606.
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ELECTROCHEMICAL SYNTHESIS OF MOLYB-

DENUM CARBIDES IN MOLTEN SALTS:
THEROMODYNAMIC ASPECT.

S.V. Kuleshov", I.A. Novoselova’,
V.I. Shynkarenko®, A.O. Omelchuk’

V.I. Vernadsky Institute of General and Inorga-
nic Chemistry of National Academy of Sciences
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03142 Kyiv, Ukraine;
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This paper presents thermodynamic calcu-
lations to identify optimal conditions for re-
ducing oxygen-containing molybdenum and
carbon compounds, suitable precursors for
the electrochemical synthesis of molybdenum
and molybdenum carbides in molten salts.
A thermodynamic analysis of the high-tem-
perature electrochemical synthesis (HTES) of
molybdenum carbide was carried out based
on calculations and analysis of thermochemi-
cal decomposition voltages of molybdenum

https://ucj.org.ua

and carbon oxygen-containing compounds.
The analysis have showed that the following
pairs of compounds can be used as synthesis
precursors for the electrochemical production
of molybdenum carbides in the a wide range
of cathodic current density: (1) BaMoO,-
Li,CO,; (2) MoO,-CO,; (3) MoO,-CaCO,;
(4) LiMoO,-LiCO; (5 K,MoO,-NaCO;
(6) MgMoO,-CO,; (7) CaMoO,-CaCO,;
(8) BaMoO,-BaCO,; (9) Na,MoO,-Na,CO;
(10) CaMoO,~CO; (11) Li,MoO,-CO; (12)
MoO,-Li,CO,; (13) BaMoO,-CO,. The diffe-
rence in the equilibrium potentials of molyb-
denum and carbon deposition from them does
not exceed 0.2 V. For the first time, thermo-
dynamic calculations have shown that alkali/
alkaline earth metal cations, which are part of
carbonates and molybdates composition, have
an inverse effect on the potentials of carbon
and molybdenum deposition from the corre-
sponding compounds, depending on their po-
larization (electrostatic) force (Z/r?, where Z is
the charge number of the cation, r is the cation
radius). The higher the polarization force of
the cation, the less energy consumption is re-
quired for the electrolytic deposition of carbon
or molybdenum. It has been shown that the ca-
thodic decomposition potentials of NaCl and
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KCl are more negative compared to the syn-
thesis precursor compounds, which makes it
possible to use an equimolar mixture of NaCl-
KCl as a background electrolyte. The specified
temperature range of 700-750 °C ensures the
stability of the electrolytic bath and the com-
pleteness of the reaction of formation of mo-
lybdenum carbides. Thermodynamic analysis
of the HTES of molybdenum carbides allowed
one to select the optimal compositions of pairs
of synthesis precursors and background elec-
trolyte, to propose minimum regimes of tem-
perature and energy consumption for the elec-
trolysis with the maximum of current yield for
the final product due to the prevention of side
reactions.

Keywords: molybdenum carbides, electro-
chemical synthesis, oxygen-containing com-
pounds of molybdenum and carbon, thermo-
dynamic analysis.
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Fluorine-containing heterocycles play a crucial role in modern pharmaceuticals, agro-
chemicals, and material sciences. The quest for effective and sustainable methods to prepare
fluorinated heterocycles has led to the exploration of various nanomaterials as potential ca-
talysts. Among these, carbon nanotubes (CNTs) have emerged as promising heterogeneous
catalysts for the multicomponent synthesis of heterocycles, thanks to their unique properties.
These properties include tunable surface chemistry, exceptional thermal and chemical stabi-
lity, and near-complete reusability. This review aims to provide an overview of the current use
of CNTs as catalysts in synthesizing fluorine-containing heterocycles via multicomponent
reactions. It serves as a valuable resource for practitioners interested in developing sustainable
and eflicient catalytic systems for synthesizing diverse fluorinated heterocyclic compounds.

Keywords: Fluorine-containing heterocycles, carbon nanotubes, tunable surface che
mistry.
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INTRODUCTION. One of the established
trends in modern medicine design is the se-
lective introduction of fluorine-containing
substituents into drug candidates [1-6]. This
strategy is typically employed to protect the
most oxidatively vulnerable positions, there-
by enhancing the metabolic stability of the
molecule. Additionally, selective fluorination
allows for precise fine-tuning of bioactivi-
ty and pharmacokinetics [7-12]. Over the
past 20 years, fluorine scanning and editing
have become standard steps in modern drug
design. Given that heterocyclic compounds
comprise over 80% of newly approved phar-
maceuticals, the synthesis of fluorine-con-
taining heterocycles is of paramount impor-
tance in modern pharmaceuticals [13-18].
Traditional synthetic approaches for prepar-
ing fluorinated heterocyclic molecules have
become outdated. The high costs, labor, and
material requirements fail to meet the grow-
ing demand for molecular diversity essential
for designing novel chemical architectures
with desired properties and bioactivity. The
search for effective and sustainable processes
for the preparation of heterocycles has led to
exploring various nanomaterials as potential
catalysts [19-25]. Carbon nanotubes (CNTs)
have recently emerged as promising hetero-
geneous catalysts for the multicomponent
synthesis of heterocycles due to their unique
properties, particularly their tunable surface
chemistry, exceptional thermal and chemical
stability, which allow for virtually complete re-
usability [26-30]. This review aims to provide
a snapshot of current activities using CNTs as
catalysts for synthesizing fluorine-containing
heterocycles via multicomponent reactions.
It serves as a valuable literature resource for
practitioners interested in developing sustai-
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nable and efficient catalytic systems for pro-
ducing diverse fluorinated heterocyclic com-
pounds.

CNT-Catalyzed synthesis of fluorine-con-
taining-heterocyclic compounds.

Nitrogen-containing heterocycles.

Nitrogen heterocyclic compounds hold a
paramount place in the pharmaceutical indust-
ry due to their diverse biological activities and
their role as key building blocks in many the-
rapeutic agents [31]. These compounds, which
include structures like pyridines, pyrimidines,
and imidazoles, are integral to the efficacy of
numerous drugs. Their presence often enhanc-
es the bioavailability, stability, and specificity
of pharmaceuticals, making them essential in
the development of treatments for a wide range
of diseases. The versatility of nitrogen hetero-
cyclic compounds allows for the fine-tuning
of molecular interactions within biological
systems, leading to improved drug-target in-
teractions and reduced side effects [32-37].
This makes them invaluable in designing novel
drugs with enhanced therapeutic profiles. As
research continues to uncover new applications
and mechanisms, the significance of nitrogen
heterocyclic compounds in drug discovery and
development only continues to grow, cemen-
ting their status as a cornerstone of medicinal
chemistry [38-42].

Acridinediones are crucial subunits within
heterocyclic systems, significantly influenc-
ing biology, pharmacy, and materials science
[43-47]. Kaya et al. [48] demonstrated that
carboxylic acid groups could be immobilized
on CNTs, exploring their catalytic properties
in the synthesis of acridinedione derivatives.
This breakthrough opened new avenues for
studying CNT catalysis, allowing comparisons
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with other carbon-based materials. After their
characterization, functionalized MWCNTs
(-MWCNTs) emerged as efficient catalysts
for synthesizing 1,8-acridinedione derivatives.
These derivatives were produced in quanti-
tative yields in a single step using dimedone,
aromatic aldehydes, and various anilines
(Scheme 1).
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Scheme 1. Preparation of fluorinated acridine-
diones.

The model reaction, catalyzed by f-MWCNTs
functionalized with carboxylic acid groups in
ethanol, showcased readily available, inexpen-
sive, non-toxic, and versatile biodegradable
catalysts. This highly uniform catalyst stands
out for its efficiency, providing the highest
yields and shortest reaction times. Its high
efficiency, low environmental impact, simple
work-up procedure, and easy purification are
the main advantages of this method.

Ultrasonic irradiation offers a robust and
eco-friendly method for enhancing multi-
component reactions (MCRs), providing ben-
efits such as thermal enhancement, agitation,
and activation [49]. Moradi and Zare intro-
duced a novel method for synthesizing me-
glumine supported on multi-walled carbon
nanotubes (MWCNTs@meglumine). This
catalyst demonstrated high efficiency in syn-
thesizing 1,4-dihydropyridine (1,4-DHP) de-
rivatives via the Hantzsch condensation (Sche-
me 2) [50].

https://ucj.org.ua

°} MWCNTs@meglumine
Ultarsound 70W

Scheme 2. Synthesis of fluorinated 1,4-dihydro-
pyridines.

The reaction takes place at room temperature
in ethanol under ultrasound irradiation (70 W),
utilizing various aldehydes, ammonium acetate,
and either ethyl acetoacetate or dimedone. The
resulting product yields range from 82-95%
(Scheme 4). The catalyst can be recovered and
reused up to four times without any noticeable
decrease in product yields, highlighting its high
efficiency and reusability. This method offers
multiple benefits, including the use of a new and
highly effective heterogeneous catalyst, short
reaction times, high to excellent product yields,
and safe and clean conditions.

Magnetic multi-walled CNTs were func-
tionalized with polyamidoamine (PAMAM)
dendrimers and modified with butylsulfonate,
resulting in MMWCNTs-D-(CH2)4-SO3H.
This nanocomposite efficiently catalyzed fo-
ur-component and three-component reactions
to synthesize dihydro-1H-indeno[1,2-b]pyri-
dines 10 and tetrahydrobenzo[b]quinolones
11, achieving isolated yields of 85-98% and
80-98%, respectively (Scheme 3). Maleki and
his colleagues [51] demonstrated the use of
MMWCNTs-D-(CH2)4-SO3H in a mixture of
96% ethanol and 4% water under reflux condi-
tions as a catalyst for the efficient production
of the desired products via multicomponent
cyclocondensation reactions.
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Scheme 3. Synthesis of fluorinated dihydro-
1H-Indeno[1,2-b]pyridines and tetrahydrobenzo-
[b]quinolines.

These reactions were performed using rea-
dily accessible fluoro-aldehydes, 1,3-dicarbo-
nyl compounds such as ethyl acetoacetate,
1,3-indanedione, and dimedone, along with
ammonium acetate or malononitrile. Addi-
tionally, the catalyst could be conveniently re-
covered using magnetic techniques and reused
several times without any loss in its catalytic
activity.

Recently, Maddila et al. [52] reported a sim-
ple and environmentally-sounding method
for synthesis of composite catalysts consist-
ing of ceria-doped multi-walled CNTs (CeO2/
MWCNTs). They used this nanocomposite to
synthesize pyridine-3-carboxamide derivatives
12 through a four-component reaction involv-
ing acetoacetanilide, ammonium acetate, flu-
orine-substituted benzaldehyde 2, and ethyl
cyanoacetate (Scheme 4).

| X
o o o gy-cl
)J\/U\N,ph NH,OACc
CeO,/MWCNTs PP~y CN
o 4 =l |
o
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Xr" H H
| v EtOJ\/CN 12
X 2
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Scheme 4. Synthesis of fluorinated pyridine-3-
carboxamides.
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The reaction was carried out at ambient
temperature in ethanol. This method has se-
veral notable advantages - it is simple to ope-
rate, has an easy work-up procedure, is cost-ef-
fective, avoids toxic solvents, reduces reaction
times, ensures high yields, and eliminates the
need for column chromatography. Moreover,
the catalyst can be recycled and maintains
its catalytic activity over several consecutive
cycles.

Manganese oxide is a highly promising
catalyst in organic synthesis and serves as a
cathodic material in electronics. The use of
manganese oxide-doped multi-walled carbon
nanotubes (MWCNTs) can greatly enhance
catalytic properties in multicomponent reac-
tions (MCRs). Maddila and colleagues [53]
developed MWCNTs infused with manganese
oxide, creating (Mn304)-doped MWCNT
nanocatalysts for use as heterogeneous cata-
lysts in the preparation of quinolone moie-
ties 13 (Scheme 5). The catalyst's effective-
ness was evaluated in an efficient three-com-
ponent reaction involving fluoro-aldehydes,
1,3-cyclohexanedione, and 5-amino-3-me-
thyl-1-phenylpyrazole, in the presence of Mn-
doped MWCNT nanoparticles. This hetero-
geneous, eco-friendly, recyclable, and efficient
catalyst afforded the desired quinoline deri-
vatives in good to excellent yields (92-98%)
under environmentally conscious conditions.
This protocol offers several advantages: it is
simple to operate, easy to handle, affordable,
and involves short reaction times with no toxic
solvents. The yields are synthetically attractive,
and there is no need for tedious work-ups. Ad-
ditionally, the catalyst can be easily separated
and reused.
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Scheme 5. Preparation of fluorine-containing
quinolines.

1,4-Dihydropyridines (DHPs) possess no-
table antitumor and antibacterial properties,
making them desirable calcium channel blo-
ckers for treating cardiovascular diseases
[54-56]. Chen et al. have reported the success-
ful use of a CNT-supported cobalt heteroge-
neous catalyst for synthesizing 1,4-DHPs 13
(Scheme 6) [57]. This synthesis was achieved
by reacting various aromatic fluorine-con-
taining aldehydes 2 and 1,3-diketones in an
aqueous ethanol solution at 50°C. The result-
ing yields ranged from good to excellent. The
CNT-catalyst could be conveniently recovered
and reused. The advantages of this approach
include using ethanol as an abundant and
sustainable solvent, low catalyst loadings and
short reaction times.

O O o) (0]
M cobalt CNTs
OEt = =
o 4+ R™R

N H O Noac
X

13
c 2

Scheme 6. Preparation of fluorinated deriva-
tives of 1,4-DHPs.

The research group led by Maddila reported
the synthesis of a simple and efficient RuO2/
MWCNT catalyst and investigated its cataly-
tic activity in an environmentally sound, green
synthesis of sulfonyl-quinoline derivatives
(Scheme 7) [58]. This was achieved through a

https://ucj.org.ua

one-pot, four-component reaction involving
fluorinated aldehydes, dimedone, phenylsulfo-
nyl acetonitrile, and NH4OAc in ethanol, re-
sulting in excellent yields (91-98%) of the de-
sired products (Scheme 9). The catalyst could
be easily separated from the reaction mixture
and recycled up to eight times through simple
filtration without a significant reduction in its
catalytic efficiency. This protocol offers nume-
rous advantages, such as being easy to handle,
environmentally friendly, cost-effective, and
having a short reaction time. The process is
straightforward and adheres to green chemi-
stry principles. Additionally, there is no need
for purification by column chromatography,
making the procedure synthetically attractive.

Q.0
\—cN

O)k S
Oy L O
XF o

0. O NH,0Ac

g “

Scheme 7. Preparation of fluorine-containing
sulfonyl-quinolines.

RuO,/MWCNT

In another study [59], the catalytic acti-
vity of cerium oxide (CeO,) supported on a
nanocomposite of iron oxide and multi-wal-
led carbon nanotubes (Fe;O,-MWCNT) was
explored. Maddila's team described a con-
venient impregnation method to create the
Fe;04,-MWCNT@CeO, nanocomposite. They
then utilized a one-pot technique to synthe-
size series of tert-butyl-quinoline derivatives
13 via a four-component reaction involving
fluorine substituted aromatic aldehydes 2, di-
medone, 3-butylacetoacetate, and NH,OAc
(Scheme 8). The catalytic performance was
studied in aqueous ethanol. The catalyst's high
specific surface area, porosity, unique exposed
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surfaces, and stability contribute to its ove-
rall efficiency. The catalyst demonstrated high
activity, as indicated by its notable turnover
frequency. The use of ethanol as a green sol-
vent provides an efficient and recyclable cata-
lytic approach under operationally convenient
conditions, yielding products 13 with high
(90-97%) yields. This nanocomposite proved
to be cost-effective and eco-friendly. Com-
pared to current commercial methods, this
new approach offers superior sustainability
and efliciency.

O O 0. (o]
MOEt U Fe;0,-MWCNT@CeO,
0 0 7 &

+ RTTR

¢ H

X

NOAc

Scheme 8. Synthesis of fluorine-containing of
1,4-DHP derivatives.

Pyridines are crucial heterocyclic com-
pounds found in various natural products
and pharmaceuticals [60]. In 2019, Basave-
gowda et al. synthesized Fe;O,-multi-walled
CNTs (FesO4,-MWCNTs) [61]. These nano-
particles served as an efficient heterogeneous
nanocatalyst for synthesizing polyfunctiona-
lized pyridines (Scheme 9). This was achieved
by condensing different ketones 15, aromatic
fluorine-containing cinnamaldehydes 16, and
ammonium acetate in water, which acted as
a green solvent at ambient temperature. The
method successfully produced pyridine deri-
vatives 17 with excellent yields. The nanoca-
talysts could be conveniently recovered using
an external magnet, eliminating the need for
filtration, and reused multiple times without
significant loss of activity [61].
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Scheme 9. Preparation of fluorine-containing
pyridines 17.

Abdolmohammadi and her colleagues de-
veloped a new and practical method for syn-
thesizing titanium oxide immobilized on mul-
ti-walled CNTs [62]. This resulted in the cre-
ation of a nanocatalyst known as TiO,-CNTs,
which was used for the synthesis of 2-amino-
5-o0x0-4-aryl-5H-chromeno[4,3-b]pyridin-
3-yl cyanide derivatives 18 (Scheme 10). The
study showed that TiO,-CNTs acted as a re-
usable and neutral heterogeneous catalyst,
facilitating the formation of desired products
through a three-component reaction involv-
ing 4-aminocoumarin, aromatic fluorine-sub-
stituted aldehydes 2, and malononitrile in an
aqueous medium under ultrasonic irradiation.
The nanocatalyst could be recovered and re-
used multiple times. This protocol offers sus-
tainable and economic benefits, including high
product yields, short reaction times, a simple
work-up procedure, and the use of a non-toxic
and reusable catalyst.

NH, CN
N <CN TiO;-CNTs
+ - ultrasonic irradiation
o0 H,0
Ty
X
F 2

Scheme 10. Preparation of fluorinated 5H-chro-
meno(4,3-b]pyridin-3-yl cyanides 18.

Zhang and colleagues successfully synthe-

sized a magnetic copper catalyst supported on
CNTs (CoFe204/CNT-Cu) and investigated
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its catalytic efficiency in the one-pot synthesis
of 3-nitro-2-arylimidazo[1,2-a]pyridine ana-
logues 20 (Scheme 11) [63]. This was accomp-
lished by condensing fluorinated 2-aminopyri-
dines 19 with various also fluorine-containing
aldehydes 2 and nitromethane. The reactions,
carried out in PEG 400 under aerobic con-
ditions, yielded high amounts of the target
products. Notably, the catalyst maintained its
activity over eight reuse cycles. This method
offers several advantages, including short re-
action times, eco-friendly conditions, simple
purification, and catalyst recyclability. Interes-
tingly, this reaction utilized fluorine substitu-
tion on two of the three components, incorpo-
rating both fluorine atoms and trifluoromethyl
groups, resulting in products 20 with multiple
fluorine substitutions.

R

R
X
CH3NO NN =N =\ F
[/j\ NO2 ke ouonTCcu [¥ p >
N"ONH, ¥ 0 —————————~ N \ 7/
19 A" H NO,
2 20

R =H, 4-Me, 5-F
Ar = CgHs, 3-FCgHj, 4-FCgHy, 3-CF3CqH,

Scheme 11. Synthesis of fluorine-containing
3-nitro-2-arylimidazo[1,2-a]pyridines.

Tetrazole has gained recognition as a versa-
tile synthon and promising building block, no-
table for its ability to participate in multicom-
ponent reactions (MCRs) and generate diverse
heterocyclic structures [64]. Structural modifi-
cationssuch as substitution, functionalization,
and cyclization-can fine-tune the bioactivity
and pharmacological properties of tetrazole
derivatives.

Heterogenizing carbon nanotubes (CNTs)
on conductive supports presents a significant
challenge but has sparked considerable inte-
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rest. In response, Koukabi and colleagues de-
veloped a novel, practical, eco-friendly, and
cost-effective heterogeneous catalyst for grow-
ing stable metallic copper (II) nanoparticles
[65]. The process begins with synthesizing
Fe304-CNT by depositing nanoparticles onto
a magnetic CNT support. This support is then
functionalized with triethanolamine (TEA), a
low-cost and non-toxic ligand used to capture
the copper nanoparticles. The resulting cata-
lyst, denoted as Fe304-CNT-TEA-Cu(II), was
synthesized using readily available materials.
This Fe304-CNT-TEA-Cu(II) nanocatalyst
was employed in the synthesis of 5-substi-
tuted fluorinated 1H-tetrazole derivatives 21
(Scheme 12) via an MCR approach, involving
the reaction of aromatic aldehydes, hydroxyl-
amine, and sodium azide at 70°C in dimethyl-
formamide (DMF). This protocol boasts seve-
ral advantages, including low catalyst loadings,
broad substrate compatibility, easy magnetic
separation of the catalyst from the reaction
mixture, short reaction times, simple workup,
affordability, and excellent yields [66].

NHOHHCI Hn-N
NaN, * Fe,04~CNT-TEA-Cu(ll) F -
N Ny N
|
| v _
F 2 21

Scheme 12. Synthesis of fluorinated 5-substitu-
ted 1H-tetrazoles.

Safari and Gandomi - Ravandi successfully
synthesized Pt-CNTs, which demonstrated ex-
cellent catalytic efficiency [67]. These nanopar-
ticles were first utilized in a multicomponent
reaction (MCR) synthesis, where they facili-
tated the formation of 2,3-dihydroquinazo-
lin-4(1H)-one derivatives 22 through a three-
component coupling reaction of isatoic anhyd-
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ride, fluorine-containing aldehydes 2, and ami-
nes (Scheme 13). The reaction was conducted
with ultrasonication in ethanol. This novel
catalyst offers a promising alternative for syn-
thesizing pharmacologically significant quina-
zolinones. The method boasts several advan-
tages, including environmental friendliness,
catalyst reusability up to five times, high yields,
short reaction times, simple work-up proce-
dures, and the use of readily available starting
materials. Consequently, this approach repre-
sents a synthetically attractive method for pre-
paring dihydroquinazolinones 22.

NH, =
R o
I o XN R
OEt
/N‘N NH

bh * O TIO,/ICNT _

ultrasonication

solvent free 0

z
:\Z)»_\Z/
N —
[X]

Scheme 13. Synthesis of dihydroquinazolino-
nes.

a-Aminophosphonates, the phosphorus ana-
logues of amino acids [68-71], demonstrate
bioisosterism and are medicinally important
scaffolds possessing a diverse range of biologi-
cal activities [72-76]. Therefore, their synthesis
[77, 78], particularly fluorinated derivatives,
has received significant attention [79-83]. Ra-
manas group reported the use of a TiO2/CNT
nanocomposite as a heterogeneous catalyst for
MCR synthesis of substituted a-aminophos-
phonates 23 by reacting a mixture of 4-amino-
antipyrine, aromatic aldehydes 2, diethyl phos-
phite, and TiO,/CNT nanocomposite under
ultrasonication and solvent-free conditions
(Scheme 14) [84]. This methodology ofters
some advantages, such as a short reaction time,
solvent-free conditions, convenient work-up,
synthetically yields and reuse of the catalyst.
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Scheme 14. Synthesis of antipyrine based fluo-
rine-containing a-aminophosphonates.

Other types of heterocyclic systems.

Hote et al. developed chitosan-supported
ionic liquid CNTs (CSIL@CNTs) as a novel,
highly reusable, and metal-free catalyst. This
catalyst was employed in a one-pot, four-com-
ponent reaction involving phenyl hydrazine,
ethyl acetoacetate, 4-hydroxy coumarin, and
fluoro-substituted aldehydes2 in aqueous etha-
nol. The reaction produced highly functionali-
zed and biologically relevant benzyl pyrazolyl
coumarin derivatives in high to excellent yields
(Scheme 15) [85].This approach offers several
significant advantages. Firstly, CSIL@CNTs
can be recycled without losing catalytic ac-
tivity. Secondly, high conversion levels can be
achieved under reflux conditions without the
need for an inert atmosphere. Additionally, the
reaction rates are high, eliminating the need
for chromatographic purification. Finally, the
work-up procedure is straightforward, and the
catalyst is easy to prepare. Furthermore, the
method exhibits notable chemoselectivity.

OH .
©\)1 M __cookt OH A o
X
070, o CSIL@CNTSs MN—%
H
N N OH

- . o0 X0 NH

Ph™NH, (. 23

F 2

Scheme 15. Synthesis of fluorinated benzyl
pyrazolyl coumarin derivatives.
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Tabatabaeian reported a novel and highly
efficient ruthenium-based catalyst, Ru@SH-
MWCNT, prepared by immobilizing Ru(CO)4
on functionalized MWCNTs [86]. This hetero-
geneous catalyst was successfully employed
in the MCR of fluorinated benzaldehydes 2,
B-naphthol, and dimedone to synthesize deri-
vatives such as 14-aryl-14-H-dibenzo[a,j]xan-
thenes 24, 1,8-dioxo-octahydroxanthenes 25,
and tetrahydrobenzo[a]xanthene-11-ones 26
(Scheme 16). The reactions were carried out in
ethanol under reflux conditions with ultraso-
nic treatment, resulting in yields ranging from
good to excellent. The catalyst could be reco-
vered and reused at least four times without
any noticeable loss of activity.

o}
Ny RU@SH-MWCNT

B Method A: EtOH, reflux
F 2 Method B: ultrasound

Scheme 16. Synthesis of fluorinated xanthene
derivatives.

Group led by Naeimi described a conve-
nient synthetic approach to the synthesis of
pyrano(2,3-d]pyrimidine derivatives 27 (Sche-
me 17) [87] using MCRs under ultrasonic and
nanocatalytic conditions. The Knoevenagel re-
action products 27 were synthesized by reacting
a series of fluorine-containing aldehydes 2 with
3-diethyl barbituric acid and malononitrile

https://ucj.org.ua

using Cu/Co/Ni/MWCNTs as the catalyst in
anaqueous ethanol under ultrasonic treatment
(55 W) at ambient temperature. The products
27 were obtained in excellent yields (>95%).
The use of ultrasonication allowed toreduce
the reaction time. The catalyst was found to be
both recoverable and highly stable when sub-
jected to ultrasonic treatment. The utilization
of trimetallic MWCNTs proved to be extremely
effective in the synthesis of pyrano[2,3-d]pyri-
midine derivatives 69. This is due to the nature
of the active site, cost-effective catalyst loading,
simple work-up, ability to be reused, and envi-
ronmentally friendly reaction conditions.

o Ar
N\ le) 0
NC CN CN
o * T\;\/ CU/Co/NI/MWCNTs \NJ\/'K\/'[
- \H/ > ultrasonication )\N o NH
X H e} H,O:EtOH (1:1) 2
| |
N\ 27

2

Scheme 17. Synthesis of fluorine-containing
pyrano[2,3-d]pyrimidine derivatives.

Spiro compounds are widely used in medi-
cinal chemistry due to their presence in a
numerous natural productsas well as in syn-
thetic molecules of biological relevance [88].
Sharghi et al. described synthesis of bis-spiro
piperidines 29 (Scheme 18) in high yields via
coupling of dimedone, formaldehyde with
fluorinated anilines 28 in the presence of
Fe/MWCNTs in dichloromethane at ambient
temperature (Scheme 33) [89]. This nanocata-
lyst demonstrated high efficiency and reusabi-
lity, making it advantageous for one-pot synthe-
sis. The protocol benefitted from operationally
convenient reaction conditions, short reaction
times, simple purification, and high yields.
Furthermore, the catalyst can be recycled up to
ten times without any loss of catalytic proper-
ties. It should be emphasized that this example
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stands out from the previously discussed data,
as in this case, the fluorine is located not on the
carbonyl compound (benzaldehydes) but on
the amino group-bearing reagent.

N © O FemweNTs
. CHoCly, 1t | g |
o 2o

Scheme 18. Synthesis of fluorinated bis-spiro-
substituted piperidines.

Fluorine-containing amines are an impor-
tant class of biologically active compounds and
have been a focus of the synthetic communi-
ty for quite some time [90-94]. Rakhtshah et
al. described synthesis of a heterogeneous na-
nocatalyst formed by immobilizing a Co(II)
Schiff base complex on MWCNTTs. The catalyst
proved to be a convenient, eco-friendly, and
recyclable aggregation. It was applied for the
one-pot three-component synthesis of 1-ami-
doalkyl-2-naphthols 30 (Scheme 36) [95] by
the cyclocondensation of 2-naphthol with
acetamide and fluorinated aldehydes 2 under
solvent-free conditions. The reported proce-
dure offered numerous advantages including
stability, recyclabilityas well as operationally
convenient experimental conditions and sim-
ple work-up procedures.

Os_R
OH le) = Y
Feo |
+ X NH
oR NH, catalyst

OH

N L

N

F 2 30

Scheme 19. Synthesis of fluorine-containing
amidoalkylnaphthol derivatives.
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CONCLUSIONS. Based on the data dis-
cussed in this article, it is evident that the
synthesis of fluorine-containing heterocycles
via CNT catalysis is largely underdeveloped.
While there are numerous examples of vari-
ous CNT catalysts and heterocyclic systems,
fluorine-containing reagents are limited to
fluorine-substituted benzaldehyde. Addition-
ally, the incorporation of fluorine atoms in
these systems is mostly restricted to a single
fluorine in the para position on the aromatic
ring.

Despite this, the data suggests that fluorine
atoms do not interfere with CNT catalysis. The
size, electronegativity, and lipophilicity of fluo-
rine appear to have minimal, if any, impact
on the outcome of CNT-catalyzed heterocy-
clization. Given the significant importance of
fluorinated heterocyclic compounds in the
pharmaceutical, agrochemical, and materials
industries, and the advantages of CNT-cata-
lyzed reactions, it is anticipated that there
will be a substantial increase in research in
this area.
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@TOpPOBMICHI TeTEPOLMKIN  BiflirparoTh
BUPILIaJIBHY POJIb Y CYYacHiil dapmareBTn-
11i, arpoxiMil Ta MarepianosHaBcTBi. Ilomykn
epeKTUBHUX i CTIIKMX MeTOHiB OTPUMAaHHS
(TOpOBaHMX TeTEPOLVKIIB CTaaM IIPUYN-
HOIO JOC/II/KEHHA pi3HUX HaHOMATepiasliB AK
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MOTEHITHMX KaTtajizatopiB. Cepes HUX BYT-
neueBi HaHoTpy6ku (BHT) cranmm mepcmex-
TUBHUMM TE€TEPOTEHHUMM KaTajli3aTopamu
I 6araTOKOMIIOHEHTHOTO CUHTe3y IeTepo-
LMK/IB 3aBJAKM CBOIM YHiKa/JIbHUM BJIaCTH-
BoCcTAM. 1li BIacTMBOCTI BKIIOYAOTh y cebe
perynboBaHmii XiMiYHNUI CK/IaJ, IIOBEPXHi, BU-
HATKOBY TEepPMiYHYy Ta XiMiuHy cTabiNbHICTDH
i MOX/IMBICTb MalKe IIOBHOTO IIOBTOPHOTO
BUKOpucTaHHA. Lle gocifkeHHsa Mae Ha MeTi
HaJlaTy OIJIAJ MOTOYHOTO BUKopuctanHa BHT
AK KaTaji3aTtopiB y cuHTe3i GTOPBMICHMX re-
TepPOLVIK/IIB 3a J[OIIOMOTO0 6araToKOMIO-
HEHTHMX peakuin. BiH € HiHHMM pecypcoMm
VIS IPAKTYKIB, 3alliKaBIeHNX y po3poOIeHHi
CTIIKMX Ta eeKTUBHUX KaTaITUYHUX CUC-
TEeM JJIS1 CHTe3Y Pi3HOMaHITHIX TOpOBaHUX
reTepOLUMK/IIYHUX CIIONYK.

Knrouosi cnoBa: GpTopBMicHi reteporukim,
ByIJlelleBi HaHOTPYOKM, peryIboBaHa XiMid
IIOBEPXHi.
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