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Two neodymium(III) tetrakis complexes with different carbacylamidophosphate 
ligands and a tetraethylammonium cation of the formulas NEt4[NdL1

4] (1Nd) and  
NEt4[NdL2

4]·iPrOH (2Nd) were synthesized, where [L1]⁻ is dimethyl-N-trichloroacetyl
amidophosphate, Cl3CC(O)NP(O)(OCH3)2⁻, and [L2]⁻ is diphenyl-N-trichloroacetylami
dophosphate, Cl3CC(O)NP(O)(OC6H5)2⁻. The compounds were characterized by ele-
mental analysis, infrared spectroscopy, diffuse reflectance electronic spectroscopy, and 
single-crystal X-ray diffraction analysis. Structural analysis confirmed the formation of 
anionic complexes featuring a NdO8 coordination environment. Coordination polyhedra 
of central ions are best described as a triangular dodecahedron for 1Nd and a square anti-
prism for 2Nd. Diffuse reflectance spectra in the UV–vis–NIR region revealed characteris-
tic f–f transitions of NdIII, with ligand-dependent modulation of band shape and intensity 
of the “hypersensitive” transitions. The bonding between the metal and the ligands was 
found to have weak covalent character. Luminescence studies of the 2Nd complex revealed 
weak emission sensitization by the ligands.

Keywords: NdIII, carbacylamidophosphate, tetrakis complex, tetraethylammonium  
cation, electronic spectroscopy, crystal structure.
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INTRODUCTION.
Lanthanide complexes with organic ligands 

have emerged as key materials in a wide range 
of high-tech applications, owing to the unique 
photophysical, magnetic, and catalytic pro
perties imparted by their 4f electronic configu
ration [1, 2, 3]. Their sharp emission bands, 
large excitation–emission energy difference, 
and long excited-state lifetimes make these 
complexes promising candidates for lumines-
cent devices such as organic light-emitting 
diodes (OLEDs) [4, 5]. In molecular sensing, 
lanthanide complexes act as selective probes 
for detecting molecules, ions, or environmen-
tal changes, due to their environment-sensitive 
emission[6, 7]. In the biomedical field, lan-
thanides are used in bioimaging and diagnos-
tic agents, where deep tissue penetration and 
minimal autofluorescence are critical [8, 9].  
Other applications of lanthanide(III) complex-
es with organic ligands include single-molecule 
magnets [10, 11, 12, 13], structural damage 
and pressure sensors [14, 15, 16, 17], polyme
ric optical waveguides and amplifiers [18, 19, 
20], security inks [21, 22, 23], luminescent 
thermometers [24, 25, 26, 27], solar concentra-
tors [28, 29], and catalysis [30, 31]. 

A structurally appealing subclass of coor-
dination compounds is represented by tetrakis 
complexes, in which four acido-ligands sur-
round the metal center, typically resulting in 
discrete anionic units balanced by organic or 
inorganic counterions [32]. In the case of lan-
thanides, such tetrakis complexes offer several 
advantages: high stability, predictable geomet
ry, and elimination of lanthanide lumines-
cence quenching due to saturation of the me
tal’s coordination sites – particularly crucial for 
NIR-emitting lanthanide ions. 

Among the various ligand systems emp
loyed for lanthanide complexation [33], car
bacylamidophosphates (CAPhs) represent a 
versatile and promising class. Bidentate CAPh 
ligands offer phosphoryl and carbonyl oxygen 
donor atoms, capable of forming air-stable 
chelates with lanthanide ions. The modular na-
ture of the CAPh framework allows fine-tun-
ing of the photophysical properties of their 
metal complexes through substitution at the 
carbon or phosphorus atoms. Moreover, CAPh 
ligands tend to form rigid complexes with fa-
vorable solubility and crystallization behavior 
and, with suitable substituents and triplet-state  
energy, they may act as “antennas” and effi-
ciently sensitize LnIII luminescence [32, 34, 35].

Electronic spectroscopy is a valuable tool 
for characterizing lanthanide complexes, 
which, unlike transition metal complexes, of-
ten display sharp and well-defined electronic 
transitions due to the shielding of f-electrons 
within the inner orbitals of the lanthanide ions. 
Each lanthanide ion exhibits characteristic ab-
sorption bands that can provide insight into 
the coordination environment surrounding 
the metal ion. Changes in ligand field strength 
or coordination number may lead to shifts in 
some of the absorption bands or variations in 
their intensity [36]. The most commonly studi
ed lanthanide ions in electronic spectroscopy 
include PrIII, NdIII, HoIII, and ErIII, due to the 
relatively high intensity of their absorption 
bands [37].

The absorption bands of neodymium(III) 
in the visible and near-infrared regions arise 
from intra-4f transitions from the ground state 
4I9/2, which are Laporte-forbidden but become 
partially allowed due to mixing of the 4f and 
5d orbitals via the ligand field [38]. In NdIII 
complexes, these bands typically exhibit a ba
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thochromic shift compared to the aqua ion, 
known as the nephelauxetic shift [39, 40, 41, 
42]. The nephelauxetic effect is related to the 
degree of covalency in the metal-ligand bond 
within the complex compared to the metal salt 
in aqueous solution; stronger covalency leads 
to a larger nephelauxetic shift. The degree of 
the nephelauxetic shift has been found to de-
pend on the central ion’s coordination number 
[43] and is therefore related to the metal–li-
gand distance [44]. The polarizability of the 
ligand also affects the nephelauxetic shift [42]. 
The multiplicity of the 2P1/2 ← 4I9/2 transition 
band, observed around 430  nm, can be used 
to determine the number of optical centers in 
a complex and thereby infer the structural in-
dividuality of the compound. In the absence of 
a magnetic field, this transition is degenerate 
and unaffected by the symmetry field, making 
its splitting a valuable diagnostic parameter. 
The so-called “hypersensitive” transition 4G5/2, 
2G7/2 ← 4I9/2 near 580–600 nm is responsive to 
ligand field effects and coordination geome-
try [45]. Complexation results in a pronounced 
increase in the intensities of the components of 

this transition band. The band profile has also 
been utilized as a diagnostic tool for determin-
ing the coordination number of the central 
metal ion [45, 46], including in complexes with 
CAPh ligands [47, 48, 53]. 

In this work, we report the synthesis and 
comprehensive characterization of two NdIII 
tetrakis complexes with two types of CAPh li
gands, with the formulas NEt4[NdL1

4] (1Nd) and 
NEt4[NdL2

4]·iPrOH (2Nd), where [L1]⁻ is de-
protonated dimethyl-N-trichloroacetylamido
phosphate, Cl3CC(O)NP(O)(OCH3)2⁻, and 
[L2]⁻ is diphenyl-N-trichloroacetylamidophos
phate-anion, Cl3CC(O)NP(O)(OC6H5)2⁻. Gra
phical formulas of the ligands are shown in 
Figure 1. The compounds were characterized 
using elemental analysis, single-crystal X-ray 
diffraction, infrared, and diffuse reflectance 
electronic spectroscopy. The luminescence 
properties of the 2Nd were also studied. The 
work aims to evaluate how variations in ligand 
structure influence the coordination geometry, 
Nd–O bonds covalency, and spectral proper-
ties of the NdIII ion in the solid state.

Fig. 1. Graphical formulas of HL1 (a) and HL2 (b).

EXPERIMENT AND DISCUSSION OF THE 
RESULTS.

Materials and methods.
All reagents were obtained from commer-

cial sources and used without further purifica-

tion. Solvents used in the syntheses were dried 
using standard literature procedures.

Elemental analysis was performed using 
a CHNS Vario EL Cube Elemental Analyzer. 
The lanthanide content in the complexes was  
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determined by standard titrimetric methods 
for lanthanide ions [49].

Single-crystal X-ray diffraction data for 
structure 1Nd were collected at 294  K using 
an Xcalibur Sapphire3 diffractometer, and for 
structure 2Nd at 296 K using a Bruker APEX-
II CCD diffractometer, both equipped with 
graphite-monochromated MoKa radiation  
(λ = 0.71073 Å). Using Olex2 software [50], the 
structures were solved with the SHELXT [51] 
program using Intrinsic Phasing and refined 
with the SHELXL [52] refinement package. 
Full-matrix least-squares refinement against 
F2 in anisotropic approximation was used for 
non-hydrogen atoms. Positions of the hydro-
gen atoms were located from electron density 
difference maps and refined by “riding” model 
with Uiso  =  nUeq of the carrier atom  
(n = 1.5 for methyl and hydroxyl groups and 
n = 1.2 for other hydrogen atoms). Crystal data 
and refinement parameters are summarized in 
Table 1. 

Infrared (IR) spectra were recorded on a 
Perkin Elmer Spectrum BX spectrometer us-
ing KBr pellets in the range of 400–4000 cm⁻1.

Diffuse reflectance electronic spectra of 
solid 1Nd and 2Nd were measured with a Shi-
madzu UV-2600і spectrometer.

Emission and excitation spectra of 2Nd 
were measured on a “Fluorolog FL 3-22” spec-
trofluorometer at 298 K.

Synthesis. 
The ligands HL1 and HL2, as well as their so
dium salts, were synthesized according to pre
viously described procedures [34, 53, 54].

The LnIII complexes were obtained accor
ding to the following schemes:
Nd(NO3)3∙6H2O + 4NaL1 + NEt4Cl = 

= NEt4[NdL1
4] + 3NaNO3 + NaCl + 6H2O,

Nd(NO3)3∙6H2O + 4NaL2 + NEt4Cl + iPrOH =
= NEt4[NdL2

4]·iPrOH + 3NaNO3 + NaCl + 6H2O.
The hydrated neodymium(III) nitrate 

(1 mmol, 0.43835 g) was dissolved in acetone 
(10 mL) under heating for one minute. Next, 
the dehydrating reagent, triethyl orthoformate 
(6 mmol, 1 ml), was added, and the resulting 
solution was boiled for 1 min. Separately, NaL1 
(4 mmol, 1.1696 g) or NaL2 (4 mmol, 1.6664 g) 
was dissolved in acetone (10 mL) under heat-
ing. Additionally, tetraethylammonium chlo-
ride (1  mmol) was dissolved in 2-propanol 
(5 mL) under heating. The three prepared solu-
tions were combined and refluxed for 10 min. 
The resulting solution was cooled to room 
temperature for 10  min, and the precipitated 
NaNO3 was filtered off. After 1  -  2 days, the 
target complexes began to crystallize from the 
filtrate. The compounds were separated from 
the mother liquor, washed with 2-propanol, 
and dried in air. The average yields of products 
1Nd and 2Nd were 55 and 78 %, respectively. 
The obtained complexes were stable in air, well 
soluble in methanol, acetone, dimethylfor-
mamide (DMF), dimethyl sulfoxide (DMSO), 
acetonitrile, ethyl acetate, 1,4-dioxane, dichlo-
romethane, chloroform, and in 2-propanol 
(upon heating). The compounds were inso
luble in tetrachloromethane, benzene, hexane, 
and water.

NEt4[NdL1
4] (1Nd) Yield: 55  %. M.p.: 

157  °C. Anal. Calcd for C24H44Cl12N5NdO16P4 
(Mr = 1352.20) (%): Nd, 10.67; C, 21.32; H, 
3.28; N 5.18. Found, %: Nd, 11.3; C, 21.14; 
H, 3.25; N, 5.32. IR (KBr): νmax = 2992 (w), 
2952  (m), 2850  (w), 1620 (vs), 1484 (m), 
1462 (w), 1456 (w), 1442 (w, sh), 1393 (w), 1366 
(vs), 1186 (s), 1164  (vs), 1046 (vs), 1012 (s), 
882 (vs), 845 (s), 836 (s), 820 (s), 780 (m), 726 
(m), 674 (m), 548 (s), 498 (m), 460 (m) cm−1.
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NEt4[NdL2
4]·iPrOH (2Nd) Yield: 78 %. M.p.: 

225  °C. Anal. Calcd for C67H68Cl12N5NdO17P4 
(Mr = 1908.85) (%): Nd, 7.6; C, 42.16; H, 3.59; 
N 3.67. Found, %: Nd, 8.1; C, 41.67; H, 3.49; N, 
3.81. IR (KBr): νmax = 3070 (w), 2924 (m), 2854 
(w), 1618 (vs), 1588 (vs), 1490 (vs), 1455 (m), 
1440 (w), 1393 (m, sh), 1370 (vs), 1288 (w), 
1218 (s), 1192 (vs), 1180 (vs, sh), 1166 (vs), 
1072 (w), 1020 (s), 1005 (s, sh), 948 (vs, sh), 
939 (vs), 908 (m), 876 (s), 820 (s), 776 (s), 761 
(s), 718 (w), 690 (s), 677 (s), 615 (w), 590 (m), 
574 (w), 526 (s), 504 (m), 462 (w, sh) cm−1.

X-ray Crystal Structure.
The 1Nd and 2Nd complexes crystallize 

in the monoclinic crystal system in space 
groups P21/c and C2/c, respectively. The crys-
tallographic data for the compounds are listed 
in Table 1. The asymmetric unit cell of 1Nd 
and eight of 2Nd complexes contains one 
anion [NdL1/L2

4]⁻ ([L1]⁻ is a deprotonated 
dimethyl-N-trichloroacetylamidophosphate, 
Cl3CC(O)NP(O)(OCH3)2⁻, and [L2]⁻ is diphe-
nyl-N-trichloroacetylamidophosphate-anion, 
Cl3CC(O)NP(O)(OC6H5)2⁻) and one cation 
NEt4

+. The 2Nd complex crystallizes as sol-
vate with isopropanol. Deprotonated CAPh 
ligands coordinate to the lanthanide ions in 
a bidentate chelating mode via the oxygen 
atoms of phosphoryl and carbonyl groups, 
forming six-membered metallacycles (Fi
gure 2). The coordination polyhedra of the 
lanthanide ions were determined using the 
SHAPE 2.1 software [55] as a triangular do-
decahedron for 1Nd and a square antiprism 
for 2Nd (Table 2, Figure 3). Compared with 
the free ligand HL1 and sodium salt NaL2 
[56], the average bond lengths of P—O and 
C—O in the 1Nd and 2Nd complexes are 
elongated, while the P—N and C—N bonds 

are shortened, which is consistent with coor-
dination-induced π-delocalization. The aver-
age Ln—O(P) bond lengths are shorter than 
the Ln—O(C) ones, which is attributed to 
the stronger affinity of the phosphoryl group 
for lanthanide ions. However, replacement 
of substituents from OMe to OPh leads to an 
elongation of Ln—O(P) bonds and a shor
tening of Nd—O(C) bonds in 2Nd compared 
with 1Nd. The Nd—O(P) and Nd—O(C) 
distances vary within 2.374(7)–2.395(8)  Å 
and 2.492(8)–2.499(9)  Å, respectively, for 
complex 1Nd, and 2.391(7)–2.425(7)  Å and 
2.432(6)–2.472(7) Å for complex 2Nd. All the 
Nd—O bonds are shorter than the sum of the 
van der Waals radii of oxygen and the Nd3+ 
ionic radius (2.61  Å). The average length of 
Nd—O bonds in 2Nd (2.43363  Å) is slight-
ly smaller than in 1Nd (2.43725  Å). The  
O—Nd—O bond angles vary from 72.0(3)° to 
74.7(3)° for 1Nd and from 71.6(3)° to 73.5(3)° 
for 2Nd (Table 3). The values of the distanc-
es and angles are in good agreement with the 
data obtained for NdIII complexes with CAPhs 
[57, 58].

As a result of the coordination of Nd atoms 
by organic ligands in structures 1Nd and 2Nd, 
the six-membered metallacycles are formed. 
The metallacycles in the 1Nd and 2Nd struc-
tures are either planar or adopt sofa- or boat-
like conformations. The geometric characteris-
tics of the conformations of the six-membered 
metallacycles are presented in Table 4. 

In the crystal phase, the molecules of the 
anion and cation (in 1Nd), as well as the ani-
on, cation, and solvent molecules (in 2Nd), are 
linked by numerous intermolecular interac-
tions, forming a three-dimensional molecular 
packing network.
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Table 1. 
Crystal data and structure refinement parameters for 1Nd and 2Nd.

Parameter 1Nd 2Nd
formula C24H44Cl12N5NdO16P4 C67H48Cl12N5NdO17P4

M 1352.16 1887.62
T [K] 294 296.15
crystal system monoclinic monoclinic
space group P21/c C2/c
a [Å] 20.5200(11) 25.610(3)
b [Å] 12.3252(6) 15.281(3)
c [Å] 21.4083(11) 42.846(6)
α [°] 90 90
β [°] 92.577(4) 97.330(13)
γ [°] 90 90
V [Å3] 5409.0(5) 16631(4)
Z 4 8
Dc [mg cm-3] 1.660 1.509
μ [mm-1] 1.730 1.151
F(000) 2700 7560
crystal size [mm] 0.2 x 0.4 x 0.5 0.1 x 0.2 x 0.3
reflections collected 38576 71669
independent reflections (Rint) 10616 14544
data/parameters 10616 / 624 14544 / 990
GOF 0.999 1.125
R1 [I>2σ(I)] 0.098 0.1045
wR2 [I>2σ(I)] 0.2422 0.1970
R1 [all data] 0.1698 0.1572
wR2 [all data] 0.2883 0.2140
CCDC 2486751 2486752

Table 2. 
Continuous Shape Measures (CShMs) of the coordination geometry for 1Nd and 2Nd 

crystal structures.
Label Symmetry Shape 1Nd 2Nd
OP-8 D8h Octagon 31.986 28.250
HPY-8 C7v Heptagonal pyramid 23.995 23.297
HBPY-8 D6h Hexagonal bipyramid 16.557 16.220
CU-8 Oh Cube 10.324 8.961
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Label Symmetry Shape 1Nd 2Nd
SAPR-8 D4d Square antiprism 1.938 0.221
TDD-8 D2d Triangular dodecahedron 0.450 2.206
JGBF-8 D2d Johnson gyrobifastigium J26 13.036 16.327
JETBPY-8 D3h Johnson elongated triangular bipyramid J14 28.648 28.275
JBTPR-8 C2v Biaugmented trigonal prism J50 2.311 2.934
BTPR-8 C2v Biaugmented trigonal prism 2.016 2.140
JSD-8 D2d Snub diphenoid J84 2.205 5.191
TT-8 Td Triakis tetrahedron 10.878 9.779
ETBPY-8 D3h Elongated trigonal bipyramid 25.123 23.577

1Nd                                                                                               2Nd
Fig. 2. The molecular structures of the [NdL1/L2

4]
– anions in 1Nd and 2Nd (H atoms are omitted 

for clarity). Thermal ellipsoids are shown at 50 % probability level.

1Nd                                  2Nd
Fig. 3. Coordination polyhedra of the NdIII ions in 1Nd and 2Nd.

Table 2. 
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Table 3. 
Selected bond lengths [Å] and angles [º] in 1Nd and 2Nd complexes.

1Nd 2Nd
Nd1—O1 2.395 (8) Nd1—O1 2.436 (7)
Nd1—O4 2.499 (9) Nd1—O4 2.391 (7)
Nd1—O5 2.374 (7) Nd1—O5 2.465 (7)    
Nd1—O8 2.482 (7) Nd1—O8 2.425 (7)
Nd1—O9 2.378 (7) Nd1—O9 2.472 (7)
Nd1—O12 2.493 (9) Nd1—O12 2.432 (7)
Nd1—O13 2.385 (7) Nd1—O14 2.443 (7)
Nd1—O16 2.492 (8) Nd1—O17 2.405 (6)
P1—O1 1.478 (9) P1—O4 1.486 (7)
P1—N1 1.589 (13) P1—N1 1.613 (9)
P2—O5 1.491 (8) P2—O8 1.482 (7)
P2—N2 1.590 (11) P2—N2 1.600 (9)
P3—O9 1.479 (8) P3—O12 1.440 (7)
P3—N3 1.563 (13) P3—N3 1.608 (10)
P4—O13 1.475 (8) P4—O17 1.478 (7)
P4—N4 1.564 (11) P4—N4 1.590 (8)
O4—C3 1.279 (14) O1—C1 1.227 (11)
O8—C7 1.221 (13) O5—C15 1.240 (12)
O12—C11 1.27 (2) O9—C29 1.216 (12)
O16—C15 1.231 (16) O14—C43 1.273 (12)
N1—C3 1.280 (17) N1—C1 1.286 (13)
N2—C7 1.355 (16) N2—C15 1.286 (13)
N3—C11 1.27 (2) N3—C29 1.298 (14)
N4—C15 1.312 (17) N4—C43 1.286 (13)
O1—Nd1—O4 72.6 (3) O1—Nd1—O4 71.6 (2)
O5—Nd1—O8 74.7 (3) O5—Nd1—O8 71.8 (2)
O9—Nd1—O12 72.7 (3) O9—Nd1—O12 72.0 (2)
O13—Nd1—O16 73.3 (3) O14—Nd1—O17 73.5 (2)

Table 4. 
The conformational characteristics of six-membered metallocycles in 1Nd and 2Nd.

Cycle Mean plane atoms, rmsd/Å Deviation of 
atom, Å

Type of 
conformation

1Nd
Nd1–O1–P1–N1–C3–O4 Nd1…O1…N1…C3 0.01 O4 -0.21(3)

P1 -0.21(4)
boat

Nd1–O5–P2–N2–C7–O8 Nd1…O8…C7…N2…O5 0.02 P2 -0.27(4) sofa
Nd1–O9–P3–N3–C11–O12 Nd1…O9…P3…N3…C11…O12 0.03 – planar
Nd1–O13–P4–N4–C15–O16 O13…P4…N4…C15…O16 0.03 Nd1 0.45(4) sofa
2Nd
Nd1–O4–P1–N1–C1–O1 O4…P1…N1…C1…O1 0.01 Nd1 0.53(4) sofa
Nd1–O8–P2–N2–C15–O5 Nd1…O8…P2…N2…C15…O5 0.03 – planar
Nd1–O12–P3–N3–C29–O9 O12…P3…N3…C29…O9 0.02 Nd1 -0.46(5) sofa
Nd1–O17–P4–N4–C4–O14 Nd1…O17…P4…N4…C4…O14 0.03 – planar
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Infrared spectroscopy
The IR spectra of the 1Nd and 2Nd comp

lexes, recorded as KBr pellets in the range 
of 4000–400  cm−1 (Figure 4), confirm the 
successful coordination of the deprotona
ted CAPh ligands to the NdIII ions and the 
presence of tetraethylammonium counte-
rions. The absence of a broad band around 
3080  cm−1, which would correspond to the 
ν(H—N) stretching vibration, indicates that 
the ligands in the obtained complexes exist in 
their acidic form. In the high-frequency re-
gion, a weak-intensity band at 3070 cm−1 cor-
responds to the C—H stretching vibrations of 
the phenyl rings in the (L2)⁻ ligand of 2Nd, 
while medium- and weak-intensity bands in 
the region 2992–2850 cm−1 are assigned to the 
asymmetric and symmetric C—H stretching 
vibrations of the methyl groups in (L1)⁻ (1Nd) 
and of the methyl and methylene groups in 
the counterions of both complexes. A strong 
band at 1620  -  1618  cm−1 is assigned to the 
ν(C=O) stretching vibration of the coordi-
nated carbonyl group. Compared to the free 
ligands HL1 [56] and HL2 [53], this band is 
shifted to lower wavenumbers in the IR spec-
tra of the complexes, indicating coordination 
of the C=O group to the NdIII ions through 
the carbonyl oxygen atom. The aromatic ring 
skeletal vibrations, involving carbon–carbon 
stretching, in the spectrum of 2Nd appear at 
1588 and 1490  cm−1. The asymmetric bend-
ing vibration 𝛿as(CH3) from the NEt4⁺ coun-
terion, as well as from the HL1 framework, 
appears at 1455  cm−1, while the symmetric 
bending vibration 𝛿s(CH3) is observed at 
1393 cm−1. The bending vibration 𝛿s(CH2) of 
the methylene groups is located at 1462 cm−1. 
Strong bands at 1366  cm−1 for 1Nd and at 
1370 cm−1 for 2Nd are attributed to a mixed 

vibration involving C—C and C—N stretch-
ing. The phosphoryl group exhibits several 
distinct bands: the strong band in the region  
1192–1186  cm−1 is assigned to the characte
ristic P=O stretching vibration of the CAPh 
ligand, while the band at 1166–1164 cm−1 cor-
responds to a coupled P=O and P—N stretch-
ing mode. These bands are shifted to lower 
wavenumbers in the spectra of the synthe-
sized complexes compared to the spectra of 
the free ligands. Additional band in the region 
1046–1020  cm−1 represents coupled stretch-
ing vibrations ν(PN)*ν(CC) of the ligands. 
Another strong band at 1012 cm−1 in the 1Nd 
and at 1020 cm−1 in the 2Nd spectra reflects 
coupled P=O and P—N stretching vibration. 
An aromatic C—H in-plane bending band 
from the ligands in 2Nd appears at 948 and 
1072 cm−1, while the out-of-plane bending is 
reflected in the bands at 761 and 690 cm−1. The 
CCl3 group can be identified by absorption 
bands of an asymmetric stretching vibration 
at 780–776  cm−1 and a symmetric stretch at  
677–674 cm−1. A band at 726–718 cm−1 is attri
buted to chelate ring breathing ν(ϕ). A medi-
um-intensity absorption band that appears in 
the spectrum of 2Nd at 590 cm−1 is attributed 
to out-of-plane ring bending. A strong-in-
tensity band at 548 cm−1 (1Nd) and 526 cm−1 
(2Nd) is assigned to a coupled deformation 
involving in-plane chelate ring bending and 
Nd—O stretching modes δ(ϕ)*ν(Nd—O). 
Medium and weak bands at 504–498 and 
462–460 cm−1 are assigned to the deformation 
vibrations of the trichloromethyl group (δ(C-
Cl3)) and in-plane chelate ring bending (δ(ϕ)) 
of the ligands, respectively. The band assign-
ments were made according to references [59, 
60, 61].
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Fig. 4. Mid-FTIR spectra of 1Nd and 2Nd complexes in the form of KBr pellets.

Electronic spectroscopy.
The electronic diffuse reflectance spectra 

of powders of 1Nd and 2Nd complexes were 
recorded in the 400–900  nm range at room 
temperature and are shown in Figure 5. Both 
spectra exhibit characteristic f–f transitions 
of NdIII ions from the 4I9/2 ground state. The 
absorption bands were assigned according to 
reference [62]. The hypersensitive transition 
band in the region near 58–600  nm (4G5/2,  
2G7/2 ← 4I9/2) is similar to that observed in other 
previously reported CAPh-based lanthanide 
complexes with a coordination number of eight 
for the central atom[63, 64, 0]. The relative in-

tensities of the components of this band vary 
slightly between 1Nd and 2Nd due to diffe
rent coordination polyhedra of the central ions  
(Table 2). The band of the 2P1/2 ← 4I9/2 transition, 
with maxima at 430.4 and 429.2 nm for 1Nd 
and 2Nd, respectively, shows no observable 
splitting in either spectrum, indicating single 
crystallographically equivalent NdIII centers 
in both complexes, consistent with structural 
data from X-ray diffraction. Electronic tran-
sitions from thermally populated higher sub
levels of the ground energy level result in the 
appearance of relatively intense absorption 
bands in the wavelength range of 432–436 nm.
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Fig. 5. Electronic diffuse reflection spectra (upper panel); 2P1/2 ← 4I9/2 and 2G7/2, 
4G5/2 ← 4I9/2 

transition bands (lower panel) of 1Nd and 2Nd at 300 K.
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To evaluate the extent of metal-ligand or-
bital mixing, the nephelauxetic parameter  11 /

n i i
c aqn

β ν ν
−
∑= , the covalency parameter 

 1 100%βδ
β
−

= , the bonding parameter 
 

1/2 1
2

b β−
=  and the angular overlap parameter 

 
1 β

η
β

−
=  were calculated by comparing the   

shifts of the transition bands in the diffuse  

reflectance spectra of the complexes ( i
cν ) with 

respect to the positions of the corresponding 
bands in the spectrum of the NdIII aquo-ion  
( i

aqν ) (Tables 5, 6) [40, 62, 65]. The obtained 
results are very similar for the 1Nd and 2Nd 
complexes and suggest weak covalent bonding 
between the NdIII ions and the ligands, which is 
in agreement with data reported for other com-
plexes with CAPhs [47]. A slightly larger value of 
δ for 2Nd is consistent with the slightly shorter 
Nd—O bonds in this complex compared to 1Nd.

Table 5. 
Positions of electronic transition spectral band maxima in diffuse reflection spectra of 

an aquo-ion and 1Nd and 2Nd complexes [cm-1].
J-level Aquo-ion 1Nd 2Nd

4D1/2 28850 - 28694
4D5/2 28500 28498 28417
4D3/2 28300 28019 28019
2D5/2 23900 23759 -
2P1/2 23250 23234 23299

4G11/2 21650 21575 21575
2G9/2, (

2D, 2P)3/2 21300 21249 21281
2K15/2 21000 20964 20964
4G9/2 19550 19508 19535
4G7/2 19160 19073 19048
2G7/2 17460 17238 17232
4G5/2 17300 17150 17117

2H11/2 15870 15918 15949
4F9/2 14700 14596 14599

4F7/2, 
2S3/2 13500 13335 13317

2H9/2 12590 12458 12469
4F5/2 12480 - 12392
4F3/2 11460 11443 11443

Table 6. 
The nephelauxetic parameter β, the covalency parameter δ, the bonding parameter b1/2 

and the angular overlap parameter η for 1Nd and 2Nd.
β δ [%] b1/2 η

1Nd 0.99498 0.50471 0.05011 0.00252
2Nd 0.99494 0.50863 0.05030 0.00254
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Luminescence spectroscopy
Considering the presence of aromatic sub-

stituents in the HL2, we undertook widespread 
investigations of 2Nd for luminescence measu
rements. The HL2 ligand possesses a triplet ex-
cited state T1 located at 24270 cm-1 [54], which 
lies significantly above the emissive 4F3/2 level 
of Nd3+ (11698 cm-1). The energy gap between 
the ligand triplet state and the NdIII emitting 
level is therefore sufficiently large to allow li-
gand-to-metal energy transfer to occur in 2Nd. 
However, the relatively high value of ΔE also 
implies that additional non-radiative pathways 
may compete with the sensitization process. In 
particular, the excess energy gap can facilitate 
back energy transfer and multiphonon relaxa
tion, which may partially quench the popula-
tion of the NdIII emissive state. Upon excita-
tion of 2Nd at 354  nm, the complex exhibits 
typical f-f emission of the NdIII ion in the NIR 
region, with narrow bands observed near 900, 
1060 and 1330 nm (Figure 6, right panel). The 
luminescence excitation spectrum of 2Nd, 

recorded by monitoring NdIII f-f emission at 
1060 nm, exhibits a number of narrow bands, 
which were assigned to NdIII f-f transitions 
from the ground 4I9/2 level (Figure 6, left pa
nel). The predominance of f-f transitions in the 
excitation spectrum indicates inefficient sensi-
tization of NdIII emission by the ligands, which 
is probably due to the large distance between 
the lanthanide ion and the aromatic substitu-
ents in HL2 as well as due to the excess ener-
gy gap between the ligands’ lowest triplet state 
and the emissive level of the neodymium ion, 
which can facilitate energy dissipation. Earlier, 
we have reported dimethyl-N-benzoylamido-
phosphate based complex NEt4NdL4 [66], in 
which, despite of the big energy gap between 
the ligand triplet state and the NdIII emitting 
level an efficient sensitization of NdIII emission 
was observed. This example underlines the im-
portance of the distance between the ligands’ 
chromophore and the lanthanide for efficiency 
of the antenna effect.

Fig. 6. Luminescence excitation (left panel) and luminescence (right panel) 
spectra of 2Nd at room temperature.
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CONCLUSIONS.
Two new neodymium(III) tetrakis comp

lexes with different carbacylamidophosphate 
ligands were synthesized and structurally and 
spectrally characterized. 

Structural analysis revealed that variation in 
the organic substituents on the CAPh ligands 
results in distinct coordination polyhedra: a 
triangular dodecahedron in complex 1Nd and 
a square antiprism in 2Nd, both maintaining 
an eight-coordinate NdO8 environment. The 
substitution of OCH3 with OPh also causes 
minor differences in metal–ligand distances; 
however, confirmation of this conclusion re-
quires the investigation of a broader series of 
related compounds.

Electronic diffuse reflectance spectra of the 
complexes display well-resolved f–f transitions 
of NdIII, including hypersensitive bands whose 
shape depends on the ligand framework. The 
absence of splitting in the 2P1/2 ← 4I9/2 transi-
tion indicates the presence of a single crystal-
lographically unique NdIII ion in each complex, 
corroborating the crystallographic data. Co-
valency parameters (δ, b1/2, and η), calculated 
based on nephelauxetic shifts (β) relative to the 
NdIII aquo ion, indicate weak covalency in the 
Nd–ligand bonding. The slightly higher δ va
lue observed for 2Nd compared to 1Nd is con-
sistent with shorter metal–ligand distances in 
the structure of 2Nd.

Analysis of the excitation spectrum of 2Nd 
showed that diphenyl-N-trichloroacetylami-
dophosphate in this complex insufficiently 
sensitizes neodymium(III) emission, despite 
the high enough energy of the ligand tri-
plet state relative to the NdIII emissive level, 
which highlights the need for future ligand 
designs that combine appropriate triplet-state 
alignment with enhanced absorption and 

improved suppression of nonradiative decay 
channels.

This study demonstrates that the structural 
variation in CAPh ligands enables fine-tuning 
of both coordination geometry and electronic 
spectral characteristics in lanthanide complex-
es. These findings support further exploration 
of CAPh ligands for designing Nd-based ma-
terials with tailored spectral properties for po-
tential photonic and sensing applications.

ACKNOWLEDGEMENT. This work 
was supported by Ministry of Edu-
cation and Science of Ukraine (grant 
22BF037-04). 

СТРУКТУРА ТА СПЕКТРАЛЬНА ОЦІНКА 
КОВАЛЕНТНОСТІ У ТЕТРАКІС-КОМПЛЕКСАХ 
ND(III) З КАРБАЦИЛАМІДОФОСФАТНИМИ 
ЛІГАНДАМИ

М. Б. Стругацькаa,*, Н. С. Карякаa, 
В. О. Трушa, В. В. Дьяконенкоб, 
С. В. Шишкінав, С. С. Смолаг, 
Н. В. Русаковаг, В. М. Амірхановa

a Хімічний факультет Київського нацiональ-
ного унiверситету iм. Тараса Шевченка, 
вул. Гетьмана Павла Скоропадського, 12, 
Київ 01033, Україна;
б Науково-технологічний комплекс “Інсти-
тут монокристалів” Національної академії 
наук України, просп. Науки, 60, Харків 61072, 
Україна;
в Інститут органічної хімії Національної 
академії наук України, 
вул. Академіка Кухаря, 5, Київ 02094, Україна;
г Фізико-хімічний інститут ім. О. В. Богат-
ського Національної академії наук України, 
вул. Люстдорфська дорога, 86, Одеса 65080, 
Україна
*e-mail: mariia.struhatska@knu.ua



17https://ucj.org.ua

Mariia B. Struhatska, Nataliia S. Kariaka, Viktor O. Trush, Viktoriya V. Dyakonenko, Svitlana V. Shishkina, 
Sergii S. Smola, Nataliia V. Rusakova, Volodymyr M. Amirkhanov UCJ № 11 / Vol. 91

Синтезовано два тетракіс-комплек-
си неодиму(III) NEt4[NdL1

4] (1Nd) та 
NEt4[NdL2

4]·iPrOH (2Nd) із тетраетиламо
нієвим катіоном та різними карбациламі
дофосфатними лігандами: [L1]⁻ – диметил-
N-трихлорацетиламідофосфат, 
Cl3CC(O)NP(O)(OCH3)2⁻, та [L2]⁻ – дифеніл-
N-трихлорацетиламідофосфат,
Cl3CC(O)NP(O)(OC6H5)2⁻. Сполуки було 
охарактеризовано за допомогою елемент-
ного аналізу, інфрачервоної спектроско-
пії, електронної спектроскопії дифузного 
відбиття та рентгеноструктурного аналізу. 
Методом РСтА встановлено утворення ані-
онних комплексів із координаційним ото-
ченням неодиму(ІІІ) NdO8. Координаційні 
поліедри центральних йонів найкраще 
описують як трикутний додекаедр у випад-
ку 1Nd і квадратна антипризма для 2Nd. 
Спектри дифузного відбиття в УФ, види-
мій і ближній ІЧ-області демонструють f–f 
переходи, характерні для NdIII, при цьому 
форма та інтенсивність смуг надчутливих 
переходів залежить від природи лігандів. 
Було встановлено слабкий ковалентний ха-
рактер зв’язку метал – ліганд. Досліджен-
ня люмінесценції комплексу 2Nd виявили 
слабку сенсибілізацію емісії лігандом.

Ключові слова: NdIII, карбациламідо-
фосфат, тетракіс-комплекс, тетраетиламо-
нієвий катіон, електронна спектроскопія, 
кристалічна структура.
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A series of new binuclear anionic coordination compounds of yttrium (III) and europium (III) 
with bis-carbacylamidophosphate ligand tetramethyl N,N′-(2,2,3,3,4,4-hexafluoro-1,5-dioxo
pentane-1,5-diyl)bis(phosphoramidate) and six different cations has been obtained with an aim 
to study the cation influence on the thermal and spectral properties of the complexes. The synthe-
sis of coordination compounds was carried out using standard techniques based on the exchange 
reaction between lanthanide nitrates and the sodium or triethylammonium salt of the ligand in 
non-aqueous solutions. The complexes’ composition was established by means of elemental and 
thermal gravimetric analyses as well as 1H NMR spectroscopy. The chelating type of metal bin
ding with participation of both chelating cores of the bis-carbacylamidophosphate was confirmed 
by IR spectroscopy. It was shown that the cation nature greatly influences the properties of comp
lexes, such as solubility, thermal stability, and luminescence characteristics, as well as determines 
the degree of the complexes’ hydration. The europium (III) complexes exhibit f-f emission, which 
is sensitized by the ligands. The luminescence intensity, bands splitting, and bands intensity ratios, 
as well as luminescence decay time and intrinsic quantum yield, were found to be strongly de-
pendent on the cation in the complexes under study. The red/orange ratio for the europium (III) 
complexes varies from 2.6 to 7.6, the luminescence decay time varies from 0.76 to 2.74 ms, and 
the intrinsic quantum yield varies from 24 to 90 %. The temperature of decomposition varies in 
the range near 155–190 °C, depending on the cation. The manuscript contributes to the studies 
of influence of outer sphere interactions on the luminescence of lanthanides’ complexes, which is 
important for design of luminescent compounds with suitable for practical application properties.

Key words: rare earth element, bis-carbacylamidophosphate, coordination compounds, lumi
nescence, thermal gravimetric analysis.
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INTRODUCTION. Coordination com
pounds of lanthanides are objects of inten
sive research due to their specific spectral and 
magnetic properties, which are of interest for 
modern technologies [1–6]. Organic ligands 
in the coordination compounds of lanthanides 
play an important role, being used to enhance 
or modulate properties of LnIII ions as well as 
to adjust other useful properties of compounds 
such as solubility, conductivity, biological ac-
tivity, etc. An additional significant effect on 
luminescent and magnetic properties of lan-
thanides can result from outer-spherical ions 
and intermolecular interactions in the comp
lex  [7–13]. Such an influence occurs due to 
changes in the geometry and electronic pro
perties of the ligand. As a result, the geometry 
of the coordination polyhedron of the lantha-
nide, the “rigidity” of the complex, or the ener
gy of the triplet state of the ligand can vary. 
These affect the efficiency of energy transfer 
from the ligand to the metal as well as the ef-
ficiency of excited states deactivation. The in-
fluence of the second coordination domain on 
the photophysical properties of LnIII coordina-
tion compounds is difficult to predict, and the 
relationships found are often not well under-
stood. Therefore, research aimed at a deeper 
understanding of the mechanisms of influence 
of the second coordination sphere of lantha-
nide complexes on their properties is relevant. 

The knowledge gained will make it possible to 
design and improve the photophysical charac-
teristics of electromagnetic radiation conver
ters based on lanthanide complexes.

This study is devoted to the synthesis and in-
vestigation of new anionic binuclear rare earth 
complexes of general formula (Cation)2Ln2L4 
(where Ln = Y, Eu) with biscarbacylamidophos-
phate ligand H2L (Figure 1) and different cati
ons ([Cation2]

2+ = [Na2]
2+, [Cs2]

2+, [(NH4)2]
2+, 

[(NMe4)2]
2+, [NaNEt4]

2+, and [(HNEt3)2]
2+). 

Different radii and different nature of the cati-
ons cause different polarizability and affect the 
possibility of hydrogen bond formation and 
their strength, thus can significantly affect the 
geometry of the complex, spectral properties, 
and ability to crystallize.

Fig. 1. The structural formula of H2L

EXPERIMENT AND DISCUSSION OF   
THE RESULTS.  

Synthesis of the complexes.
The H2L and its sodium salt were synthe-

sized and identified as described earlier [14, 15]. 
The complexes were obtained according to the 
following schemes:

2Ln(NO3)3×6H2O + 4Na2L = Na2[Ln2L4]·3H2O + 6NaNO3 + 6H2O
2Ln(NO3)3×6H2O + 4Cs2L = Cs2[Ln2L4]·H2O  + 6CsNO3 + 6H2O

2Ln(NO3)3×6H2O + 4Na2L + 2NH4NO3= (NH4)2[Ln2L4]·4H2O  +  8NaNO3 + 6H2O
2Ln(NO3)3×6H2O + 4Na2L + 2NMe4Cl = (NMe4)2[Ln2L4]·H2O  + 6NaNO3 + 2NaCl + 6H2O

2Ln(NO3)3×6H2O + 4Na2L + NEt4Cl = NEt4[NaLn2L4]·H2O  + 6NaNO3 + NaCl + 6H2O
2Ln(NO3)3×6H2O + 4H2L + 8NEt3 = (HNEt3)2[Ln2L4]·3H2O  + 6HNEt3NO3 + 6H2O

Ln = Eu, Y.
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To obtain Na2[Ln2L4]·3H2O and Cs2[Ln2L4]· 
·H2O the mixture of hydrated rare earth nit
rates (0.2 mmol) and triethyl orthoformate 
(1.2 mmol) were dissolved in acetone (4 mL) 
upon refluxing and heating to acetone boi
ling temperature. Separately, Na2L or Cs2L 
(0.4  mmol) were dissolved in a mixture of 
acetone and 2‑propanol (1:1, 10 mL) upon 
heating. The obtained solutions were mixed, 
refluxed upon heating for a minute and left to 
cool down to the room temperature. Then, the 
precipitation of NaNO3 or CsNO3 was filtered 
off and the clear solution was left at room con-
ditions for slow evaporation of the solvents. 
In few days, when the majority of the solvent 
was evaporated, the precipitation of the target 
complexes appeared. It was, filtered off, washed 
with 2-propanol and left on air to dry for a day 
and then for 8 hours in drying closet at 40 °C. 
The yield of the complexes was 70–76 %.

The complexes (NH4)2[Ln2L4]·4H2O, 
(NMe4)2[Ln2L4]·H2O, and NEt4[NaLn2L4]·H2O 
were obtained in a similar way as described 
above by combining three solutions at the ini-
tial stage. The NH4NO3 was dissolved in etha-
nol, while NMe4Cl and NEt4Cl were dissolved 
in 2-propanol. The yield of the complexes was 
57–75 %.

To obtain (HNEt3)2[Ln2L4]·3H2O the solu-
tion of mixture of hydrated rare earth nit
rates (0.2  mmol) and triethyl orthoformate 
(1.2  mmol) in acetone was combined with 
the solution of mixture of H2L (0.4 mmol, 
0.18166  g) and NEt3 (0.8  mmol, 0.111  ml) in 
2-propanol. The obtained final solution was 
refluxed upon heating for a minute, then, 
cooled down to the room temperature and 
left to stand in air for slow evaporation of the 
solvents. The polycrystalline precipitate of the 
target complexes appeared in two days. It was 

filtered off, washed with 2-propanol and dried 
as described above. The yield of the complexes 
was near 80 %.

The obtained compounds are polycrystalline 
or amorphous powders, which are stable in air 
and have different solubility depending on the 
outer-sphere cations. All the complexes are so
luble in methanol and insoluble in 2-propanol. 
The compounds Сs2[Ln2L4]·H2O, (NH4)2[Ln2L4]· 
·4H2O and (NMe4)2[Ln2L4]·H2O are soluble 
in water, while the rest of the obtained comp
lexes (Na2[Ln2L4]·3H2O, NEt4[NaLn2L4]·H2O, 
and (HNEt3)2[Ln2L4]·3H2O) do not dissolve 
in water. All the obtained complexes, except 
of (NMe4)2[Ln2L4]·H2O are slightly soluble in 
acetone. The complexes (HNEt3)2[Ln2L4]·3H2O  
are soluble in dichloromethane as well. 

Compound Na2[Y2L4]·3H2O 
(Na2Y2C36H54N8P8O35F24). Elemental anal.  
Calcd  (%): H 2.61%, C 20.72%, N 5.37%; 
found H 2.46%, C 21.54%, N 5.47%. NMR - 1H  
(DMSO-d6): [L]- 3.56 (d) 48H; 31P (DM-
SO-d6): 10.74 (s)

Compound Na2[Eu2L4]·3H2O 
(Na2Eu2C36H54N8P8O35F24). Elemental anal. 
Calcd (%): H 2.46%, C 19.54%, N 5.06%; found 
H 2.26%, C 19.50%, N 5.31%. 

Compound Cs2[Y2L4]·H2O 
(Cs2Y2C36H50N8P8O33F24). Elemental anal.  
Calcd (%): H 2.22%, C 19.05%, N 4.94%; 
found H 2.12%, C 18.88%, N 5.04%. NMR - 1H  
(DMSO-d6): [L]- 3.56 (d) 48H; 31P (DMSO-d6): 
10.57 (s).

Compound Cs2[Eu2L4]·H2O 
(Cs2Eu2C36H50N8P8O33F24). Elemental anal. 
Calcd (%): H 2.10%, C 18.04%, N 4.68%; found 
H 2.06%, C 17.81%, N 4.80%. 

Compound (NH4)2[Y2L4]·4H2O 
(Y2C36H64N10P8O36F24). Elemental anal. Calcd 
(%): H 3.08%, C 20.64%, N 6.69%; found 
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H 2.99%, C 21.46%, N 6.85%. NMR - 1H  
(DMSO-d6): [L]- 3.55 (d) 48H, [NH4]

+ 7.12 
(m) 8H; 31P (DMSO-d6): 10.57 (s)

Compound (NH4)2[Eu2L4]·4H2O 
(Eu2C36H64N10P8O36F24). Elemental anal.  
Calcd (%): H 2.91%, C 19.47%, N 6.31%; found 
H 2.68%, C 19.74%, N 6.46%. 

Compound (NMe4)2[Y2L4]·H2O 
(Y2C44H74N10P8O33F24). Elemental anal.  
Calcd(%): H 3.46%, C 24.55%, N 6.51%; found 
H 3.37%, C 24.28%, N 6.62%. NMR - 1H  
(DMSO-d6): [L]- 3.54 (d) 48H, [NMe4]

+ 3.08 
(s) 24H; 31P (DMSO-d6): 10.99 (s).

Compound (NMe4)2[Eu2L4]·H2O 
(Eu2C44H74N10P8O33F24). Elemental anal. Calcd 
(%): H 3.27%, C 23.19%, N 6.15%; found H 
3.22%, C 22.90%, N 6.24%. 

Compound NEt4[NaY2L4]·H2O 
(NaY2C44H70N9P8O33F24). Elemental anal.  
Calcd (%): H 3.27%, C 24.49%, N 5.84%; 
found H 3.24%, C 24.18%, N 5.97%. NMR - 1H 
(DMSO-d6): [L]- 3.56 (d) 48H, [NEt4]

+ 1.14 
(m) 12H, 3.18 (m) 8H; 31P (DMSO-d6): 10.74 
(s).

Compound NEt4[NaEu2L4]·H2O  
(NaEu2C44H70N9P8O33F24). Elemental anal.  
Calcd (%): H 3.09%, C 23.14%, N 5.52%; found 
H 3.08%, C 22.90%, N 5.60%. 

Compound (HNEt3)2[Y2L4]·3H2O  
(Y2C48H86N10P8O35F24). Elemental anal. 
Calcd (%): H 3.86%, C 25.68%, N 6.24%; 
found H 3.76%, C 25.96%, N 6.41%. NMR - 1H  
(DMSO-d6): [L]- 3.57 (d) 48H, [HNEt3]

+ 
1.15 (m) 18H, 3.13 (m) 12H; 31P (DMSO-d6): 
10.96 (s).

Compound (HNEt3)2[Eu2L4]·3H2O   
(Eu2C48H86N10P8O35F24). Elemental anal. Calcd 
(%): H 3.66%, C 24.31%, N 5.91%; found H 
3.55%, C 24.36%, N 6.09%. 

Methods
Elemental analysis was performed on a Per-

kin-Elmer 2400 CHN elemental analyzer.
The thermal stabilities of the complexes 

have been studied on a derivatograph Met-
tler-Toledo TGA/DSC 3+ STARe System and 
on a synchronous TG / DTA analyzer Shimad-
zu DTG-60H in the temperature range up to 
600 °C in argon atmosphere with a heating rate 
equal to 5 °C/min. 

1H and 31P NMR spectra for solutions 
in dimethyl sulfoxide were obtained on an 
AVANCE 400 Bruker NMR spectrometer at 
room temperature.

Infrared spectra were recorded using a 
TENSOR 27 (Bruker) infrared spectrometer 
with an ATR attachment, which was developed 
specifically for the study of solid and powdery 
samples. All spectra were recorded in the wide 
spectral region from 4000 to 400 cm-1. For 
spectra processing, the Opus 8.0 program was 
used. All spectra were baselined and norma
lized by the intensity of a band near 1600 cm-1.  

Diffuse reflection spectra were recorded on 
a Shimadzu UV-2600і spectrometer. 

The luminescence spectra and lumines-
cence decay time were measured using a spect
rofluorometer FS5 (Edinburgh Instruments). 
It is a high-tech, all-in-one solution that allows 
the measurement of fluorescence spectra, UV 
and visible absorption spectra, and fluores-
cence decay times. This system has a guaran-
teed signal-to-noise ratio of > 6000:1 at 350 nm 
excitation and 397 nm emission, with an inte-
gration time of 1 s. A special vertically inclined 
and linearly positioned solid sample holder 
was used to record the spectra to maximize the 
signal from the sample. The fluorescence decay 
times were measured using the Time-Correla
ted Single-Photon Counting Technique, which 



26 ISSN 2708-129X. Укр. хім. журн., 2025

CATION EFFECT ON THERMAL STABILITY AND LUMINESCENT PROPERTIES OF BINUCLEAR RARE EARTH 
ANIONIC COMPLEXES WITH BISCARBACYLAMIDOPHOSPHATEINORGANIC CHEMISTRY

is a quantum-based, highly sensitive method 
that is less sensitive to noise. This allows the 
measurement of decay times of less than 30 ps. 
The resolution of the TCSPC matrix is 305 ps. 
The continuous light source was a 150W xe-
non arc lamp. For fluorescence decay time, the 
EPL laser at 375 nm was used. The spectra were 
measured using identical conditions for each 
sample.

Spectroscopic studies of the complexes
IR and NMR spectroscopy
The 1H NMR spectroscopy of the diamag-

netic YIII complexes allowed establishing the 
ratio between the organic cations and the li-
gand’s protons. The 1H NMR spectra of the 
complexes contain the doublet signal of methy
late groups of [L]2- at 3.54–3.57 ppm. This sig-
nal is shifted compared to the spectrum of  
H2L (3.74  ppm  [15]) towards the high field. 
The signal of the amide proton is absent in 
the spectra of the complexes, confirming the 
ligands’ deprotonated form in the complex 
compositions. The residual solvent 2-propa
nol can be observed in the 1H NMR spectra 
of Na2[Y2L4]·3H2O and (NH4)2[Y2L4]·4H2O. 
The 31P NMR spectrum of each YIII complex 
contains a singlet band with the maximum in 
the range 10.57–10.99 ppm. This testifies the 
equivalence of the phosphorus atoms in the 
composition of the complexes, and also con-
firms their individuality.

IR spectra of all the complexes are very simi
lar to each other (Figure 2). In the high wave-
length part of the spectra, one can observe a se-
ries of narrow ν(CH) bands in the region 3060–
2830 cm-1 and broad bands ν(OH) in the region 
3600–3200 cm-1. The latter has different intensi-
ty depending on the complex and appears due 
to the presence of the small amount of moisture 
and residual 2‑propanol solvent in the samples. 

A band ν(NH) at near 3250 cm-1 is also ob-
served for the complexes (NH4)2[Ln2L4]·4H2O 
and (HNEt3)2[Ln2L4]·3H2O due to respective 
cations’ vibrations. The ν(NH) band of the li-
gand is not observed in the IR spectra of the 
coordination compounds, confirming the 
double deprotonated form of the ligands in the 
complexes’ composition. There are numerous 
narrow bands in the region 1800–400 cm-1 
of the IR spectra of the complexes. The most 
intense are bands of C=O valence vibrations 
(at  near 1600 cm-1), P=O valence vibrations 
(at  near 1250  cm-1), and POC deformational 
vibrations (at near 1030 cm-1). The bands of 
C=O and P=O valence vibrations are shifted 
significantly towards lower frequencies com-
pared to the spectrum of H2L (Table 1), in-
dicating coordination of both carbonyl and 
phosphoryl oxygen atoms to the metals. The 
blue shift of ν(PN) band results from distribu-
tion of electron density in the ligands’ chela
ting cores OCNPO.

Table 1. 
Positions of the main characteristic bands 

in the IR spectra of the complexes.
Compound/

Assignment of bands ν(C=O) ν(P=O) ν(P-N)

H2L [15] 1746 1212 877
Na2[Y2L4]·3H2O   1603 1149 964
Na2[Eu2L4]·3H2O   1606 1147 962
Cs2[Y2L4]·H2O   1598 1154 961
Cs2[Eu2L4]·H2O   1597 1154 960
(NH4)2[Y2L4]·4H2O   1605 1155 959
(NH4)2[Eu2L4]·4H2O   1602 1158 959
(NMe4)2[Y2L4]·H2O   1615 1160 965
(NMe4)2[Eu2L4]·H2O   1612 1158 963
NEt4[NaY2L4]· H2O   1604 1152 963
NEt4[NaEu2L4]·H2O   1611 1159 963
(HNEt3)2[Y2L4]·3H2O   1607 1149 963
(HNEt3)2[Eu2L4]·3H2O   1607 1148 963
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Fig. 2. IR spectra of Na2[Eu2L4]·3H2O (a), Сs2[Eu2L4]·H2O (b), (NH4)2[Eu2L4]·4H2O (c), 
(NMe4)2[Eu2L4]·H2O (d), NEt4[NaEu2L4]·H2O (e), and (HNEt3)2[Eu2L4]·3H2O (f). 

The diffuse reflectance spectra of the comp
lexes.

The diffuse reflectance spectra of the syn-
thesized compounds were measured in the 
UV region and are presented in Figure 3. The 

broad band of the ligands’ absorption is ob-
served in the 220–340 nm region with a maxi-
mum near 250 nm. The EuIII f-f transitions are 
also observed in the long-wavelength part of 
the spectra.

Fig. 3. Diffuse reflectance spectra of Na2[Eu2L4]·3H2O (black line), Сs2[Eu2L4]·H2O  (red line), 
(NH4)2[Eu2L4]·4H2O (green line), (NMe4)2[Eu2L4]·H2O (blue line), 

NEt4[NaEu2L4]·H2O (light blue line), and (HNEt3)2[Eu2L4]·3H2O ) (pink line). 
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Luminescence spectroscopy.
All the obtained europium complexes exhi

bit red emission under UV lamp irradiation.  
The luminescence excitation spectra (Figure 4) 
were recorded by monitoring the emission of 
5D0→7F2 transition. The spectra consist of a 
broad band of the ligands’ absorption in the 
region 230–280 nm and numerous f-f transi-
tions of the EuIII ion. The identical conditions 
of measurements of the compounds’ excita-
tion spectra allow us to roughly compare 
the intensity of EuIII emission. The intensi-

ty of bands is the highest in the spectrum of 
(NMe4)2[Eu2L4]·H2O and the lowest in the 
spectrum of (HNEt3)2[Eu2L4]·3H2O. The band 
of transition 7F0→5L6 dominates in the ex-
citation spectra of all the obtained europium 
complexes. From the intensity ratio between li-
gand absorption band and the band of 7F0→5L6 
transition one can conclude that the most effi-
cient sensitization of EuIII emission by the lig-
ands takes place in the Сs2[Eu2L4]·H2O and the 
lowest sensitization efficiency is observed for 
Na2[Eu2L4]·3H2O.

Fig. 4. Luminescence excitation spectra (emission at 611,4-612 nm) of Na2[Eu2L4]·3H2O (black line), 
Сs2[Eu2L4]·H2O (red line), (NH4)2[Eu2L4]·4H2O (green line), (NMe4)2[Eu2L4]·H2O (blue line), 

NEt4[NaEu2L4]·H2O (light blue line), and (HNEt3)2[Eu2L4]·3H2O ) (pink line). 

Upon excitation by UV light, the comple
xes exhibit typical EuIII ion f-f emission with 
narrow bands assigned to transitions 5D0→7Fj 
(j=0-4) (Figure 5). The emission spectra re-
corded upon excitation of the complexes into 
EuIII f-f transition and the ligands’ absorption 
bands are identical. It was found that the ca
tions’ nature significantly affects the splitting 

of f-f transition bands in luminescence spect
ra, their positions, and the ratio of their inten-
sities. The weak band of transition 5D0→7F0 is 
observed for all the obtained europium comp
lexes. The observation of this transition is an 
indication that the EuIII ion occupies a site 
with Cnv, Cn, or Cs symmetry [16]. The maxi
mum of the band of 5D0→7F0 transition va
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ries depending on the cation from 577.9 nm 
(for (NMe4)2[Eu2L4]·H2O) to 578.9  nm (for 
Na2[Eu2L4]·3H2O and (NH4)2[Eu2L4]·4H2O). 
The transition 5D0→7F1 appears in the comp
lexes’ emission spectra as a band with diffe
rent splitting. There are two separated bands 
in the region of 5D0→7F1 transition obser
ved for Сs2[Eu2L4]·H2O,  (NMe4)2[Eu2L4]·H2O 
and NEt4[NaEu2L4]·H2O. The spectrum of 
(NH4)2[Eu2L4]·4H2O exhibits three compo-
nents in this region, pointing to the lower EuIII 
site symmetry in this complex compared to the 
previously mentioned three compounds. For 
Na2[Eu2L4]·3H2O and (HNEt3)2[Eu2L4]·3H2O 
the band of 5D0→7F1 transition is broadened. 
The band of hypersensitive transition 5D0→7F2 
is the most intensive in all the recorded emis-
sion spectra; however differs by splitting de-
pending on the cation. The biggest number of 
components of the 5D0→7F2 band is observed for 
Сs2[Eu2L4]·H2O and (NH4)2[Eu2L4]·4H2O. The 
relative integral intensities ratio I(5D0→7F2)/ 
I(5D0→7F1), so-called ratio, varies much (from 
2.6 to 7.6) depending on the cation (Table 2). 

The highest values of red/orange ratio are ob-
served for the complexes Сs2[Eu2L4]·H2O and 
(NH4)2[Eu2L4]·4H2O. Thus, the lowest symmet
ry of the EuIII ion coordination environment 
can be concluded for these two compounds. 
A  known feature of many mononuclear tet
rakis-complexes with CAPh ligands is the high 
intensity of transition 5D0→7F4 [9, 17]. The 
nature of this phenomenon was explained by 
the presence of the P=O group in the ligand 
structure, which is more polarizable compared 
to the C=O one. However, the dependence of 
this band’s intensity on the cation nature of 
the tetrakis-complexes has not been explained 
yet and requires further studies. Among ob-
tained in this work binuclear EuIII tetrakis-
complexes only two – (NMe4)2[Eu2L4]·H2O and  
NEt4[NaEu2L4]·H2O – exhibit a high intensity 
of transition 5D0→7F4. The contribution of this 
band to the total integral intensity of the spect
ra of the two mentioned complexes is more 
than 30%. While for the rest of the obtained 
compounds, the contribution of 5D0→7F4 band 
equals only 17–23%.

Table 2. 
Some photoluminescence characteristics of the complexes (Cation)2[Eu2L4].

(Cation)2 = Na2 Сs2 (NH4)2 (NMe4)2 NEt4Na (HNEt3)2

Ph
ot

ol
um

in
es


ce

nc
e 

in
te

ns
ity

 
di

st
ri

bu
tio

n 
(%

) 5D0→7F0
0.19 0.15 0.15 0.08 0.10 0.24

5D0→7F1
12.25 9.26 10.06 16.35 16.59 15.63

5D0→7F2
66.20 70.37 67.56 42.64 43.66 59.23

5D0→7F3
1.79 2.76 2.77 3.51 3.41 1.48

5D0→7F4
19.57 17.46 19.46 37.42 36.24 23.42

I(5D0→7F2)/
I(5D0→7F1)

5.4 7.6 6.7 2.6 2.6 3.8

τRAD (ms) 2.48 1.87 2.03 3.31 3.36 3.16

τobs (ms) 1.33 1.69 1.57 2.74 1.91 0.76
QLn

Ln (%) 54 90 77 83 57 24
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Fig. 5. Normalized luminescence spectra of Na2[Eu2L4]·3H2O (black line), Сs2[Eu2L4]·H2O (red line), 
(NH4)2[Eu2L4]·4H2O (green line), (NMe4)2[Eu2L4]·H2O (blue line), NEt4[NaEu2L4]·H2O (light blue line), 

and (HNEt3)2[Eu2L4]·3H2O) (pink line) measured at 300 K and λexc = 394 nm. 

The luminescence decay times were measured 
for the europium complexes by monitoring the 
emission of 5D0→7F2 transition and excitation at 
a wavelength of 372 nm, which corresponds to 
the f-f transition of the EuIII ion. The obtained 
decay curves were fitted by a monoexponential 
function and yielded values of τobs equal to 0.76–
2.74 ms, depending on the cation (Table 3). The 
radiative lifetime of 5D0 state τRAD was estimated 
from emission data using the following equation:  
τRAD = 1/(AMD,0·n

3·(Itot/IMD)) [18, 19], with AMD,0 
being equal to 14.65 s−1, n considered to be 1.5 
and (Itot/IMD) the ratio of the total integrated 
emission from the Eu(5D0) level to the integra
ted intensity of MD transition 5D0→7F1 [20, 21]. 
The 5D0 intrinsic quantum yield (QLn

Ln) for 
the europium complexes was estimated from 
the emission spectrum and measured 5D0 life-
time: QLn

Ln = τobs ∕ τRAD. The obtained values of 
τRAD agree with the values of red/orange ratios,  
being changed in the opposite way. The valu

es of τobs are not directly proportional to τRAD, 
which results in very different QLn

Ln for the 
studied complexes. The lowest intrinsic quan-
tum yield was found for (HNEt3)2[Eu2L4]·3H2O. 
This can be evidence of efficient quenching of  
EuIII f-f emission due to the non-rigid structure 
of the complex and high-energy vibrations of 
the cations. The complexes Сs2[Eu2L4]·H2O and 
(NMe4)2[Eu2L4]·H2O demonstrated the highest 
intrinsic quantum yield.

Thermal gravimetric studies of the complexes.
The thermal gravimetric studies of the YIII 

complexes (Figure 6) have shown that the 
main weight loss of the samples takes place at 
a temperature close to 200 °C. However, some 
minor weight losses preceded the compounds’ 
decomposition for the majority of the samples 
studied. One can observe for Na2[Y2L4]·3H2O 
and (NH4)2[Y2L4]·4H2O two small weight losses. 
The first one takes place at a temperature below 
100 °C and is connected with the evaporation of 



31https://ucj.org.ua

Nataliia Kariaka, Viktor Trush, Igor Fesych, Olena Gnatyuk, Ivan Gnatyuk, Galyna Dovbeshko, Volodymyr Amirkhanov UCJ № 11 / Vol. 91

Fig. 6. Thermal gravimetric analysis of of Na2[Eu2L4]·3H2O (a), Сs2[Eu2L4]·H2O (b), 
(NH4)2[Eu2L4]·4H2O (c), (NMe4)2[Eu2L4]·H2O (d), NEt4[NaEu2L4]·H2O (e), 

and (HNEt3)2[Eu2L4]·3H2O  (f).
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residues of 2-propanol solvent, which was used 
for the synthesis of complexes. This conclu-
sion correlates with the NMR spectra of these 
complexes. The second weight loss at a tempe
rature higher than 100 °C can be due to evapo-
ration of water molecules. Earlier, it was shown 
that a molecule of water can be encapsulated 
into the negatively charged environment of the 
ligand fluorine and carbonyl oxygen atoms of 
the helicate structure of lanthanide binuclear 
tetrakis-complexes with [L]2- [14]. Also, water 
molecules tend to bind the outersphere sodi-
um cation in Na[NaNd2L4(H2O)]·2H2O [14]. 
For the compounds NEt4[NaY2L4]·H2O and 
(HNEt3)2[Y2L4]·3H2O, one can observe a small 
weight loss, which is accompanied by an endo-
thermic effect at 65 and 67 °C, respectively. As 
there is no organic solvent in the complexes, 
which was confirmed by 1H NMR analysis, the 
observed weight loss was assigned to the water 
molecules evaporation. Evaporation of solvents 
is followed by decomposition of organic part 
of the complexes, which takes place at 200 °C 
for the Сs2[Eu2L4]·H2O, (NMe4)2[Eu2L4]·H2O, 
and NEt4[NaEu2L4]·H2O and at slightly lower 
temperature for Na2[Eu2L4]·3H2O (198 °C), 
(NH4)2[Eu2L4]·4H2O (184 °C) and 
(HNEt3)2[Eu2L4]·3H2O (192  °C). The total 
weight loss upon heating of the samples till 
600 °C equals 52–65 %.

CONCLUSIONS. The new binuclear tetra
kis-complexes of YIII and EuIII with tetramethyl 
N,N′-(2,2,3,3,4,4-hexafluoro-1,5-dioxopenta

ne-1,5-diyl)bis(phosphoramidate) and diffe
rent cations have been successfully obtained 
and characterized. The variation of the cations 
has allowed obtaining compounds with differ-
ent solubility, i.e., soluble in water or in organic 
solvents. It was found that complexes contain 
different amounts of moisture depending on 
the cation and the temperature of decomposi-
tion varies in the range near 155–190 °C. The 
highest thermal stability among YIII compounds 
was observed for the complexes Cs2[Y2L4]·H2O 
and (NMe4)2[Y2L4]·H2O. The luminescence 
studies of the obtained compounds allowed us 
to conclude the lowest symmetry of EuIII ion 
coordination environment for Сs2[Eu2L4]·H2O 
and (NH4)2[Eu2L4]·4H2O, which results in the 
highest values of red/orange ratio and low-
est values of radiative luminesce decay time. 
The highest EuIII intrinsic quantum yield (90 
and 83%, respectively) has been observed for 
Cs2[Eu2L4]·H2O and (NMe4)2[Eu2L4]·H2O, 
which can be partially explained by the absence 
of moisture in these complexes. The rather high 
intensity of transition 5D0→ 7F4 observed for 
(NMe4)2[Eu2L4]·H2O and NEt4[NaEu2L4]·H2O 
is an interesting feature, which needs further 
investigations.
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Було одержано серію комплексних спо-
лук ітрію (ІІІ) та європію (ІІІ) з біс-карба
циламідофосфатом тетраметил-N,N′-(2,2, 
3,3,4,4-гексафлуоро-1,5-діоксопентан-1,5- 
диіл)біс(фосфорамідатом) та різними ка
тіонами з метою вивчення впливу природи 
катіона на термічні та спектральні власти-
вості комплексних сполук. Було показано, 
що природа катіона значно впливає на такі 
властивості комплексів, як розчинність, 
термічна стійкість та люмінесцентні харак-
теристики. Комплекси європію (ІІІ) демон-
струють сенсибілізовану лігандами f-f лю-
мінесценцію. Інтенсивність люмінесценції, 
розщеплення та співвідношення інтенсив-
ностей смуг у спектрах, а також час життя 
люмінесценції і власний квантовий вихід 
для досліджених сполук суттєво залежали 
від природи катіона. Червоно/помаранчеве 
співвідношення для синтезованих комп-
лексів європію (ІІІ) варіюється від 2.6 до 

7.6, час життя люмінесценції – від 0.76 до 
2.74 мс, а власний квантовий вихід – від 24 
до 90  %. Температура розкладання комп-
лексів залежно від природи катіона варію-
ється в діапазоні 155–190 °C. 

Ключові слова: рідкоземельні елементи, 
біс-карбациламідофосфат, координаційні 
сполуки, люмінесценція, термогравімет
ричний аналіз.
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Fluorine-containing heterocycles play a crucial role in the pharmaceutical, agrochemical, 
and materials industries. The pursuit of effective and sustainable synthesis methods has dri
ven the development of electrochemistry as a compelling alternative to conventional chemi-
cal transformations. Among these approaches, electrochemistry has emerged as a particularly 
promising technique for orchestrating multibond-forming processes under mild, environ-
mentally benign conditions. This review highlights key advances over the past decade in the 
electrochemical synthesis of fluorinated heterocyclic compounds, encompassing bimolecular, 
trimolecular, and tetramolecular reactions. Emphasis is placed on multicomponent cascade 
strategies, radical-mediated couplings, and oxidant-free cyclizations that afford broad func-
tional group tolerance and fluorine incorporation flexibility. Collectively, this work serves as a 
resource for researchers developing next-generation sustainable synthetic platforms tailored 
to fluorinated heterocycles with diverse structural and biological profiles.

Keywords: Electrochemistry, Heterocyclic Compounds, Fluorine, Fluorinated Pharma-
ceuticals, Green Chemistry, Sustainable Synthesis.
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INTRODUCTION. Electrochemistry is a 
fascinating interdisciplinary branch of chemist
ry that studies the relationship between electri-
cal energy and chemical reactions. At its core, 
it investigates processes where chemical ener-
gy is converted into electrical energy or where 
electrical energy is used to drive non-sponta-
neous chemical reactions. These transforma-
tions occur through redox reactions where 
electrons are transferred, typically at the inter-
face between an electrode (an electrical con-
ductor) and an electrolyte (an ion-conducting 
medium). The principles of electrochemistry 
underpin a vast array of modern technologies, 
from power sources like batteries and super-
capacitors, to industrial processes such as the 
production of aluminum and chlorine, and 
analytical techniques like pH measurement 
and biosensors. [1–6].

Electrochemistry offers a powerful and in-
creasingly vital approach to organic synthe-
sis, enabling chemists to drive a wide range of 
transformations through the controlled trans-
fer of electrons rather than relying solely on 
traditional chemical reagents. This method, of-
ten termed electrosynthesis, leverages the pre-
cise control of electrical potential to effect se-
lective oxidations and reductions, allowing for 
the formation of C-C bonds, functional group 
interconversions, and the synthesis of complex 
molecules under remarkably mild conditions. 
Key advantages include enhanced selectivi-
ty (chemo-, regio-, and stereoselectivity), the 
elimination of hazardous or stoichiometric 
redox reagents, and the generation of cleaner 
reaction profiles with fewer byproducts. From 
sustainable anodic oxidations and cathodic re-
ductions to electro-initiated radical reactions 
and the precise functionalization of sensitive 
substrates, electrosynthesis is revolutionizing 

synthetic routes, making complex organic 
transformations more efficient, environmen-
tally friendly, and scalable. [7–16].

Electrochemistry offers compelling advan
tages over conventional organic synthesis 
methods, particularly in its alignment with 
green chemistry principles [17]. Foremost 
among these benefits is the replacement of 
stoichiometric chemical oxidants and reduc
tants with electricity, which serves as a clean, 
tunable, and inexpensive reagent. This elimi-
nates the need for often hazardous and costly 
reagents, significantly reducing waste gene
ration and simplifying downstream purifica-
tion processes. Furthermore, electrochemical 
reactions frequently proceed under milder 
conditions, such as ambient temperature and 
pressure, minimizing energy consumption and 
enabling the synthesis of sensitive compounds 
that might degrade under harsher thermal or 
chemical routes. The precise control over elect
ron transfer at the electrode surface allows for 
unparalleled selectivity (chemo-, regio-, and 
stereoselectivity), leading to higher yields of 
desired products and fewer unwanted bypro
ducts, thus contributing to greater efficiency 
and sustainability in modern organic synthe-
sis. [18–21]. 

As part of our ongoing commitment to the 
design of modern pharmaceuticals [22–28]—
particularly those incorporating residues of 
tailor-made amino acids [29–36] and fluori-
nated motifs [37–45]—we are strongly focused 
on developing innovative synthetic methodo
logies for their preparation [46–56]. Given that 
heterocyclic compounds and amino acids con-
stitute the structural backbone of over 85% and 
35% of contemporary drugs, respectively, these 
domains remain central to pharmaceutical 
research [57–65]. Notably, heterocyclic scaf-
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folds serve as indispensable building blocks 
in medicinal chemistry, owing to their broad 
spectrum of biological activity and remarkable 
structural versatility, making them essential 
for rational drug design [66–71].

Recently, we presented a comprehensive 
overview of advancements in the synthesis of 
fluorinated heterocyclic compounds, highligh
ting innovative directions such as the use of 
carbon nanotubes as catalysts [72] and the ap-
plication of mechanochemical principles [73]. 
In the present work, we extend this exploration 
by providing a detailed treatment of electro-
chemical methodologies for the synthesis of 
fluorinated heterocyclic compounds.

Electrochemistry is an emerging field with 
significant synthetic potential, offering sus-
tainable and efficient alternatives to traditional 
chemical processes. Here, we summarize data 
published over the past decade on the electro-
chemical synthesis of fluorine-containing he
terocycles. The material is organized according 
to the number of reacting species, focusing 
on reaction dynamics rather than mechanis-
tic principles such as the molecularity of the 
rate-determining step. Accordingly, reactions 
involving three structural components—two 
of which are identical—are classified based on 
effective molecularity and treated as bimolecu-
lar in terms of structural diversity.

We believe this compilation will serve as a 
valuable resource for researchers and practi-

tioners in synthetic and medicinal chemistry, 
as well as for those pursuing advances in green 
and sustainable methodologies.

Bimolecular reactions.
In 2020, Yang et al. [74] introduced an ef-

ficient electrochemical strategy for synthe-
sizing 1,2,4-trisubstituted (1H)-imidazoles 3 
(Scheme 1), .utilizing readily available starting 
materials and carbon rod electrodes in an undi-
vided cell under metal- and oxidant-free con-
ditions The approach involves the electrooxi-
dative tandem cyclization of acetophenones 1 
and substituted benzylamines 2, proceeding 
via in situ generation of 2-iodoacetophenone 
through anodic oxidation of molecular iodine, 
which subsequently engages with the ketone 
1. This protocol stands out for its broad func-
tional group tolerance and consistent deli
very of moderate to excellent yields. Notably, 
both starting materials—highly electrophilic 
ketones 1 [75, 76] and benzylamines 2—can 
incorporate fluorinated substituents, enabling 
a high degree of fluorination and structural 
versatility in the resulting products 3. Further-
more, this electrochemical protocol eliminates 
the need for external metal catalysts or chemi-
cal oxidants, making it a simple, cost-effective, 
and environmentally sustainable alternative. 
While the primary focus is on nitrogen-con-
taining heterocycles, the methodology also 
holds promise for the synthesis of related scaf-
folds across diverse heterocyclic systems. 

Scheme 1. Electrochemical strategy for synthesizing 1,2,4-trisubstituted (1H)-imidazoles.
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Elinson and co-workers developed highly 
stereoselective electrocatalytic approach for 
synthesizing substituted (R*,R*)-bis-(spiro-
2,4-dihydro-3H-pyrazol-3-one)cyclopropa
nes 6 (Scheme 2) [77] via an electrochemical 
multi-step cyclization reaction. This one-pot 
strategy employs fluoro-aldehydes 4 and pyra-
zolin-5-ones 5 as starting materials, proceed-
ing through a direct electrochemical transfor-
mation to access functionally rich cyclopro-
pane scaffolds. The process utilizes sodium 
iodide or bromide as a redox mediator in an 

undivided cell, with methanol as the solvent, 
and is conducted at ambient temperature. 
By circumventing conventional halogena-
tion reagents and leveraging mild electrolysis 
conditions, the method delivers good yields 
(65–80%) with high current efficiency and vir-
tually complete diastereoselectivity of relative 
(R*,R*) configuration. The underlying mecha-
nism follows a typical mediator system: iodine 
is generated anodically, while methanol is de-
protonated cathodically to produce methoxide 
anions and evolve hydrogen gas. 

Qian et al. have recently introduced a novel 
electrochemical cascade cyclization strategy 
for the synthesis of bis-pyrazolo[3,4-b:4’,3’-e]
pyridines 9 (Scheme 3) [78]. Leveraging the 
enhanced electrophilicity of fluorinated alde
hydes 7 [74, 79, 80], this method exploits their 
high reactivity in nucleophilic addition reac-
tions. The transformation between fluoroal-
dehydes 7 and pyrazol-5-amines 8 proceeds 

smoothly under metal- and oxidant-free con-
ditions. This electrochemical approach affords 
a diverse array of mono- and trifluoromethyl-
substituted bis-pyrazolo[3,4-b:4’,3’-e]pyridines 
9 in moderate yields (50–70%). Key advantages 
of the protocol include its operational simplici-
ty, broad substrate scope, and environmentally 
benign character, making it a promising alter-
native to conventional multistep syntheses.

Scheme 3. Electrochemical approach for preparation of bis-pyrazolo[3,4-b:4’,3’-e]pyridines.

Scheme 2. Synthesis of (R*,R*)-bis-(spiro-2,4-dihydro-3H-pyrazol-3-one)cyclopropanes.
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A highly effective and operationally conve
nient electrochemical method has been deve
loped for the synthesis of fluoro-spirocyclopro-
panes 11 (Scheme 4) [81], achieved by reacting 
indan-1,3-dione 10 with aromatic fluoro-alde-
hydes 4. The reaction is conducted at 50 °C in a 
mixture of propanol and sodium bromide un-
der constant current electrolysis. This method 

offers several significant advantages, including 
mild halogen production, the use of low-con-
centration currents, a neutral reaction solution 
pH, no need for by-product isolation, synthe
tically attractive yields (>75%), inexpensive re-
agents, environmental sustainability, and easy 
product isolation.

Scheme 4. Electrochemically aided synthesis of fluoro-spirocyclopropanes.

A straightforward and green electrochemi
cal method for synthesizing CF₃-containing 
benzazepines has been developed by Zhang 
et al. via the radical cascade cyclization of 
alkynes. Starting compounds 12 (Scheme 5) 
[82], bearing an acetylenic residue properly 
positioned relative to the aromatic ring, were 
subjected to electrochemical conditions in an 
undivided cell with sodium trifluorometha
nesulfinate 13 in acetonitrile at ambient tem-
perature, yielding cyclized products 14 with a 
trifluoromethyl group bonded to the olefinic 

moiety. This transformation provides a novel 
approach to synthesizing seven-membered 
heterocycles without requiring any external 
catalyst or oxidant, operating under mild re-
action conditions. A gram-scale experiment 
further demonstrated the practicality of this 
method. Benzazepines are an important class 
of seven-membered nitrogen-containing he
terocyclic compounds, widely present in natu-
ral products and pharmaceuticals. They exhibit 
diverse biological activities, making them va
luable in medicinal chemistry [83]. 

Scheme 5. Electrochemical synthesis of fluorinated benzazepines.
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Lei et al. described a one-pot electroche
mical oxidation-induced intermolecular annu-
lation reaction for the synthesis of tetrasubsti-
tuted pyrroles 16 (Scheme 6) [84]. The reac-
tion was conducted in an undivided cell at a 
constant current of 10 mA, using simple and 
readily available fluorinated ketones 15 and 
tert-butyl amine in the presence of tetrabu-

tylammonium tetrafluoroborate (n-Bu4NBF₄) 
as an electrolyte. Tetrasubstituted pyrroles 16 
were obtained with yields ranging from 42% to 
79%. Substituting tert-butyl amine with other 
amines led to complications due to the insta-
bility of intermediate imines, thereby limiting 
the synthetic utility of this method.

Scheme 6. Electrochemical preparation of tetrasubstituted pyrroles.

Ackermann et al. describe a rhodium-cata-
lyzed cascade C–H activation and alkyne 
annulation for the novel synthesis of nitro-
gen-doped polycyclic aromatic hydrocarbons 
(aza- nanographenes) 19 (Scheme 7) [85], 
demonstrating high chemo- and regioselecti
vity. The method employs a specially designed 
multifunctional O-methylamidoxime direct-
ing group, using amidoxime 17 and various 
disubstituted 18 for the envisioned rhoda-elec-
trocatalyzed cascade C–H annulation. The re-
action is conducted with KOAc as the base, 
[Cp*RhCl₂]₂ (Cp* = C₅Me₅) as the catalyst pre-

cursor, MeOH as the solvent, and a constant 
current of 4.0 mA, yielding the desired pro
ducts 19 in 42–94% yield. Through the identi-
fication of two key rhodacyclic intermediates, 
the authors determined the precise sequence in 
which the three steps of C–H activation occur. 
The metalla-electrocatalyzed multiple C–H 
transformations exhibit a unique functional 
group tolerance, accommodating even highly 
reactive iodo and azido groups. This innova-
tive approach holds promising applications in 
materials science.

Scheme 7. Electrochemical synthesis of fluorine-containing aza-nanographene derivatives.
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Trimolecular reactions.
Yao et al. demonstrated the synthesis of 

fluorine-containing 4-thiocyanato-1H-pyra-
zoles 23 (Scheme 8) [86] under mild, metal- 
and oxidant-free conditions, using fluorinated 
arylhydrazines 20, 1,3-diketones 21, and am-
monium thiocyanate 22 in an undivided elect
rochemical cell. The reaction was performed at 
room temperature for 4 hours in an undivid-
ed cell equipped with graphite felt (GF) as the  
anode, a platinum plate (Pt) as the cathode, and 
LiBF₄ as the electrolyte, maintaining a constant 
current of 10 mA. This process afforded fluo
rinated phenyl-4-thiocyanato-1H-pyrazole 23 
in moderate to excellent yields (41–94%). 

Mechanistic studies revealed that anodic 

oxidation generates SCN• radicals, which sub-
sequently undergo electrophilic substitution 
with the pyrazole intermediate adduct. The 
practicality and scalability of this thiocyana-
tion protocol make it both cost-effective and 
environmentally friendly. Given its simplicity, 
mild reaction conditions, and neutral medium, 
this electrochemical multicomponent tandem 
approach is highly appealing for applications 
in the pharmaceutical and fine chemical in
dustries, offering high scalability and func-
tional group tolerance. Notably, fluorination in 
products 23 can manifest as a single fluorine 
atom, two fluorine atoms, or trifluoromethyl 
and trifluoromethoxy groups on the aromatic 
ring. 

Scheme 8. Electrochemical approach to fluorinated 1-phenyl-4-thiocyanato-1H-pyrazoles.

Elinson et al. reported the synthesis of spi
ro-indole-3,4’-pyrano-pyranones 27 via elect
rochemical cascade trimolecular cyclization, 
using fluoro-isatins 24, pyran-4-one 25, and 
malonic acid derivatives 26 (Scheme 9) [87]. 
The reaction is conducted under reflux condi-
tions in undivided cells, with potassium iodi
de as the electrolyte and n-propanol as the 
solvent, achieving high yields (~80%) of the 

spiro-heterocyclic system 27. This catalytically 
efficient procedure requires no complex equip-
ment, is easily executable, and allows straight-
forward product isolation. As a result, this 
novel approach provides significant advanta
ges for large-scale processes, supporting envi-
ronmentally friendly synthesis while enabling 
high molecular diversity. 

Scheme 9. Electrochemical approach to fluorinated spiro-indole-3,4’-pyrano- pyranones.
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Scheme 10. Electrocatalytic trimolecular reaction affording fluorinated isoxazol-5(2H)-ones.

Fluorinated derivatives of 4H-pyran-2yl-
(aryl)methyl-isoxazol-5(2H)-one 30 (Sche
me  10) [88] can be synthesized electroche
mically in propanol, heating at 97 oC, via a 
one-pot, three-component reaction involving 
aromatic aldehydes 28, fluorinated 3-aryl-

substituted isoxazol-5(4H)-one 29, and pyran-
4-one 25. This method represents a significant 
achievement, performed in an undivided elect
rochemical cell using graphite as the anode 
and iron as the cathode. 

Fluorine-containing carbonyl compounds 
are highly effective reagents in various addi-
tion reactions performed under conventional 
conditions [89, 90]. A similar reactivity is ob-
served for aldehydes 4 (Scheme 11) [91] in an 
electrochemical assembly with 6-methyl-3H-
pyran-2,4-dione 30 and barbituric acid 31. The 

reaction is carried out in an undivided electro-
chemical cell using sodium iodide as a mediator 
in methanol. The process yields fluorine-con-
taining spiro[furo[3,2-b]-pyran-2,5’-pyrimi-
dines 32 with high efficiency, achieving 73–
82% yields.

Scheme 11. Electrochemical synthesis of fluorine-containing 
spiro[furo[3,2-b]-pyran-2,5’-pyrimidines.

Indoles serve as a fundamental scaffold in 
drug design, valued for their versatile biologi-
cal activity and capacity to interact with diverse 
molecular targets. They are widely present in 
both natural and synthetic pharmaceuticals, 
playing critical roles in anticancer, antimicro-
bial, anti-inflammatory, and neuroprotective 
therapies. Their structural adaptability enables 
medicinal chemists to optimize potency, selec-

tivity, and bioavailability, making them indis-
pensable in modern drug discovery [92–95]. 
Various strategies have been developed for syn-
thesizing indole derivatives [96–99], including 
fluorine-containing variants [100–103]. 

Singh et al. developed an electrocatalytic 
tandem condensation method for synthesi
zing tri-substituted indoles 35 (Scheme 12) 
[104]. The process involves an electrocatalytic 
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conversion of fluorinated aldehydes 4, indole 
33, and malononitrile 34, conducted in EtOH 
at a current density of 10–15 mA/cm², using 
LiClO₄ as the electrolyte. Fluorinated benzal-

dehydes exhibit high reactivity and distinct re-
activity patterns, which vary depending on the 
number and position of fluorine atoms on the 
aromatic ring [105, 106]. 

Scheme 12. Electrochemical synthesis of fluorine-containing indoles.

Triazoles and their derivatives exhibit a wide 
range of biological activities, making them va
luable in medicinal chemistry. They are known 
for their antimicrobial, antiviral, antitubercu-
lar, anticancer, anticonvulsant, analgesic, an-
tioxidant, anti-inflammatory, and antidepres-
sant properties [107, 108].

Zhao et al. developed an electrochemical 
multicomponent [3+1+1] annulation reaction 
for the synthesis of fluoro-substituted 1,2,4-tri
azoles 37 (Scheme 13) [109], without the use 
of transition metals, acids, bases, or external 
oxidants. The electrolysis was conducted in an 

undivided cell, equipped with a graphite car-
bon anode, a platinum cathode, and 20 mol% 
LiClO₄ as the electrolyte, under constant cur-
rent conditions. Substituted 1,2,4-triazoles 37 
were obtained through the reaction of 1-ben-
zylidene-2-phenylhydrazine 36 (derived from 
fluorinated benzaldehydes), aromatic alde-
hydes, and ammonium acetate. Given the ready 
availability of raw materials, reasonable yields 
(~75%), feasible scalability, and experimental 
convenience, this protocol offers a practical 
and efficient approach to triazole synthesis. 

Scheme 13. Electrochemical preparation of fluorinated 1,2,4-triazole derivatives.

Imidazolines and oxazolidines exhibit di-
verse biological activities, making them valu-
able in medicinal chemistry [110–113]. Claraz 
et al. reported a one-pot, eco-friendly elect
rochemical method for synthesizing oxazo-

lidine 39 (Scheme 13) [114] and imidazoline 
derivatives 40, incorporating trifluoromethyl 
groups and aromatic fluorine substitutions un-
der mild, environmentally benign conditions. 
The method involves electrochemical tandem 
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radical trifluoromethylation of allylamines  38, 
followed by a formal (3+2)-cycloaddition with 
Alk-CN or aliphatic ketones. The starting al-
lylamines are typically tosyl-protected, facili-
tating the reaction. The electrochemical reac-
tion of tosyl-amines 38 with Langlois reagent 

(CF₃SO₂Na) is carried out in acetonitrile and 
dichloromethane using LiClO₄ as the suppor
ting electrolyte, enabling the one-pot electro
synthesis of fluorinated 1,3-oxazolidines 39 
and 2-imidazolines 40. 

Scheme 14. Three-component synthesis of fluorinated imidazolines and oxazolidines.

Selenium-containing heterocyclic com
pounds exhibit a range of biological activities, 
making them valuable in medicinal chemistry 
and materials science [115, 116]. The reaction 
reported by He et al. involves the electrochemi
cal transformation of fluoro-phenylhydrazine 
41 (Scheme 15) [117], diketone 42, and di-
phenyl diselenide 43. Using readily available 
starting materials, the approach outlined in 
Scheme  15 provides a versatile method for 
synthesizing a broad range of fluorinated 4-se-
lanylpyrazole derivatives 44, achieving high 

yields (71–96%). Notably, fluorine atoms are 
both on the phenyl ring of the starting hydra-
zine 41 and on the selenide 43. The reaction 
is conducted in an undivided electrochemical 
cell with reticulated vitreous carbon (RVC) as 
the anode, a platinum plate as the cathode, and 
LiBF₄ (20 mol%) as the electrolyte. Under mild 
conditions, at ambient temperature for 9 hours 
with a constant current of 6 mA, the desired 
fluorinated 4-phenylselanyl-pyrazoles 44 are 
obtained in MeCN, without the need for cata-
lysts or chemical oxidants. 

Scheme 15. Electrochemical approach to fluorinated 4-selanylpyrazoles.
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Weimin et al. reported a mechanistically 
similar method to Scheme 15 for the synthesis 
of various 4-bromopyrazoles 46 (Scheme 16) 
[118], employing a three-component reaction 
involving fluorinated aryl-hydrazine 41, dike-
tone 42, and bromomalonate 45 in an environ-
mentally friendly approach. The reaction was 
conducted in an undivided electrochemical 
cell for 10 hours, using n-Bu4NBF₄ (20 mol%) 

as the electrolyte in MeCN at ambient tempe
rature. Mechanistically, hydrazine 41 under-
goes condensation with diketone 42, forming 
the pyrazole ring, which is subsequently bro-
minated to yield 4-bromopyrazole 46. This 
method can be generalized for the bromina-
tion of heterocyclic compounds, offering a sus-
tainable and efficient synthetic strategy. 

Scheme 16. Electrochemical approach to fluorinated 4-bromopyrazoles.

As emphasized throughout this review, 
fluorine-containing carbonyl compounds are 
highly valuable synthetic building blocks ex-
hibiting significantly enhanced reactivity com-
pared to their non-fluorinated counterparts 
[119–122]. Mohammadi et al. employed an 
electrochemical approach for the successful 
synthesis of fluorinated phthalazine derivatives 
48 (Scheme 17) [123]. The reaction was con-

ducted in an undivided electrochemical cell at 
a current density of 12 mA/cm², using NaBr as 
the electrolyte. This one-pot, three-component 
reaction involved fluorinated benzaldehydes 4, 
phthalhydrazide 47, and malononitrile, carried 
out in propanol. The method efficiently yiel
ded fluorine-containing pyrazolo[1,2-b]phtha
lazines 48 in good to excellent yields (75–92%).

Scheme 17. Electrochemical synthesis of fluorinated pyrazolo[1,2-b]phthalazines.

Mechanistically and strategically similar to 
the electrochemical transformations described 
in Schemes 15 and 16, the method reported 
by He et al. enables the synthesis of 4-thio-
cyanato-1H-pyrazoles 49 (Scheme 18) [124]. 

Under mild, metal- and oxidant-free condi-
tions, fluorinated arylhydrazines 41, 1,3-dike-
tones 42, and ammonium thiocyanate under-
go electrochemical coupling in an undivided 
cell, affording fluorine-containing products 
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49 in moderate to excellent yields (41–94%). 
Optimal results were obtained using graphite 
felt (GF) as the anode, a platinum plate as the 
cathode, and LiBF₄ as the electrolyte, at room 
temperature for 4 hours under a constant cur-
rent of 10 mA. This setup efficiently produced 
fluorinated phenyl-4-thiocyanato-1H-pyra-
zole scaffolds 49. Mechanistic investigations 
suggest that anodic oxidation generates an 
SCN• radical, which subsequently reacts with 

a pyrazole intermediate via electrophilic sub-
stitution. Owing to its cost-effectiveness, prac-
ticality, and scalability, this electrochemical 
thiocyanation protocol is not only environ-
mentally benign but also highly appealing for 
applications in the pharmaceutical and fine 
chemical industries, thanks to its operational 
simplicity, mild reaction conditions, and broad 
functional group tolerance. 

Scheme 18. Electrochemical synthesis of fluorinated phenyl-4-thiocyanato-1H-pyrazoles.

Benzylamines and their derivatives, such as 
pyridoxamine, play a significant role in biologi
cal enzymatic transamination, facilitating the 
interconversion of α-keto and α-amino acids 
[125–127]. Inspired by this natural process, 
biomimetic synthetic approaches have largely 
focused on the reductive amination of carbonyl 
compounds, employing benzylamines both as 

a nitrogen source and as a self-oxidizing agent 
through oxidative deamination [128–133]. Re-
markably, both α-hydrogens of the CH₂–NH₂ 
moiety in benzylamine can participate in the 
reductive amination of carboxylic acids, yiel
ding the corresponding amine products, while 
the benzylamine itself is oxidized to the cor-
responding carboxylic acid (Scheme 19) [134]. 

Scheme 19. Reductive amination of trifluoroacetic acid to 2,2,2-trifluoroethylamine 
via ‘double’ biomimetic transamination.
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A comparable transformation—oxidation 
of benzylamine to a formal benzoic acid resi-
due—was reported by Wang et al. via an elect
rochemical three-component reaction invol
ving quinoline derivatives 50, benzylamines, 
and trimethylsilyl cyanide, yielding imida-
zo-fused N-heterocycles 51 with good to ex-
cellent efficiency (Scheme 20) [135]. Fluorine 
substituents, either as a single fluorine atom 
or a trifluoromethyl group, can be introduced 
on both the quinoline derivatives 50 and the 

benzylamine substrates, expanding the scope 
of this methodology. This anodic oxidation–
driven cyclization proceeds under metal- and 
chemical oxidant-free conditions in an un
divided cell, employing readily available star
ting materials. The method is notable for its 
substrate generality, environmental friendli-
ness, mild reaction conditions, and excellent 
scalability, making it particularly appealing for 
applications in complex heterocycle synthesis. 

Scheme 20. Electrochemical synthesis of fluorinated imidazo-fused N-heterocycles.

Analogous to biomimetic transamination 
involving reduction of carbonyl compounds 
and the oxidation of benzylamine [136–138], 
the electrochemical reaction reported by Yang 
et al. describes the synthesis of 1,2,4-trisubsti-
tuted imidazoles 53 via a three-component cou-
pling of fluorine-containing ketones 52, ben-
zylamine, and alkyl amines (Scheme 21) [139]. 
The reaction employs readily available starting 
materials in an undivided electrochemical cell 
equipped with carbon rod electrodes, procee

ding under metal- and oxidant-free condi-
tions. This electrochemical strategy offers a 
practical and scalable approach to the synthe-
sis of fluorinated heterocycles 53, with mode
rate to excellent yields across a broad substrate 
scope. Owing to its functional group tolerance, 
simplicity, and environmental compatibility, 
the method holds significant promise for large-
scale applications in heterocyclic and medici-
nal chemistry. 

Scheme 21. Electrochemical synthesis of fluorinated 1,2,4-trisubstituted-(1H)imidazoles.
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Another compelling example of electro-
chemical oxidation of benzylamine derivati
ves, analogous to biomimetic transamination 
processes [140–142], was developed by Chen 
et al. (Scheme 22) [143]. Their strategy enables 
the efficient synthesis of imidazole derivatives 
54 under undivided electrolytic conditions, 
demonstrating the effectiveness of electro
chemical-oxidation-induced three-component 
condensation. The methodology is notably 
metal- and peroxide-free, rendering it envi-
ronmentally benign and sustainable. It also 

exhibits broad substrate compatibility, allow-
ing for the introduction of fluorine substitu-
ents into the imidazole ring with consistently 
high yields. A particularly noteworthy ap-
plication involves the reaction of di-trifluo-
romethylacetylene (perfluorobut-2-yne) with 
fluorinated benzylamine and trimethylsilyl 
azide (TMS-N₃), affording imidazole products 
54 bearing two trifluoromethyl groups and a 
fluorinated phenyl ring—a valuable structu
ral motif for pharmaceutical and agrochemical 
development.

Scheme 22. Electrochemical synthesis of fluorinated imidazoles.

Mohammedi et al. reported the synthesis 
of a novel tetrahydroimidazo[1,2-a]pyridine-
5(1H)-one derivative 56 (Scheme 23) [144] 
via a one-pot electrochemical strategy, com-
bining fluoro-aldehydes 4, Meldrum’s acid 54, 
and 2-(nitromethylene)imidazolidine 55. The 
reaction proceeds in propanol using sodium 
bromide as the electrolyte within an undivid-
ed cell, maintained under a constant current of 
50 mA, yielding the target heterocyclic com-

pounds in good to excellent yields (70–96%). 
This green protocol demonstrates significant 
potential for the construction of fused polycyc
lic frameworks relevant to bioactive heterocyc
les. It offers several advantages, including high 
product yields, simple experimental setup, and 
environmentally benign conditions, making it 
an attractive approach for sustainable synthetic 
chemistry. 

Scheme 23. Electrochemical preparation of fluorine-containing imidazo-pyridines.
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Gao et al. demonstrated that an electro-
chemical strategy can be effectively employed 
to construct complex biologically relevant 
molecules bearing trifluoromethyl-substituted 
quinoline scaffolds 60 (Scheme 24) [145]. The 
method relies on a paired electrolysis–driven 
cascade annulation, designed to achieve two 
key objectives simultaneously: the direct syn-
thesis of quinolines and their convergent incor-
poration into bioactive molecular frameworks. 
The transformation involves the electro-reduc-
tion–induced reaction of fluoro-substituted 
isatin 57, methyl 4,4,4-trifluorobut-2-ynoate 
58, and alcohol-containing substrates 59. 
Conducted in CH₃CN within an undivided 
cell equipped with a graphite rod anode and 
platinum cathode, and using KI (20 mol%) as 
the electrolyte, the reaction proceeds under a 
constant current of 5 mA, affording the desired 

quinoline derivatives 60 in moderate to excel-
lent yields (40–99%). The reaction exhibits 
broad substrate tolerance—the R group in al-
cohol 59 can encompass virtually any organic 
residue: from simple aliphatic alcohols to he
terocycles, fluorinated side chains, natural and 
tailor-made amino acids [146–148], as well 
as peptides, peptidomimetics, steroids, and 
small-molecule drugs. Of over sixty examples 
explored, only a few representative cases are 
shown in Scheme 24. 

Importantly, the stereochemical integrity 
of chiral centers is preserved under the mild 
electrochemical conditions. Fluorine incorpo
ration is also highly tunable, occurring as 
monofluoroaryl, aryl–CF₃, or aliphatic–CF₃ 
functionalities, providing access to a structu
rally diverse library of fluorinated quinolines 
with pharmaceutical potential. 

Scheme 24. Application of electrochemical approach for preparation of various 
quinoline-substituted bioactive molecules.

Sharma et al. developed a novel electroche
mically induced oxidative cascade cyclization 
for the synthesis of fluorinated quinazolinone- 
and quinoline-decorated indolizine derivatives 
64 (Scheme 25) [149]. This transformation pro-
ceeds in an undivided cell under metal- and 

oxidant-free conditions, showcasing an envi-
ronmentally friendly approach. The reaction in-
volves a three-component coupling of substitut-
ed pyridines 61, fluorobenzyl-containing quina-
zolinone 62, and fluoro-chalcones 63. Conduct-
ed at 90 °C using two platinum plate electrodes, 
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with NH₄I/n-Bu₄NPF₆ as the electrolyte and 
dimethylacetamide (DMA) as the solvent, the 
method enables efficient construction of hete
rocycle-rich molecular frameworks.

A gram-scale synthesis was performed to 
demonstrate the scalability and practical ap-

plicability of the protocol. The study highlights 
the potential to expand this strategy toward the 
synthesis of more complex polycyclic architec-
tures, offering broad utility in medicinal che
mistry and materials science.

Scheme 25. Electrochemical synthesis of complex fluorinated quinazolin-indolizines.

Tetramolecular reactions.
Yang et al. developed a tetramolecular elec-

trochemical strategy for the synthesis of fluo-
rine-substituted 1,2,4-triazoles 66 (Scheme 26) 
[150]. The reaction combines fluorinated aryl 
hydrazines 41, benzyl alcohols 65, paraform-
aldehyde (HCHO)n, and ammonium acetate 
(NH₄OAc) in a single pot. Electrolysis was 
performed under constant current conditions 
in an undivided cell equipped with a graphite 
rod anode and a nickel plate cathode. Notably, 

benzyl alcohol serves both as solvent and re-
actant, while n-Bu₄NI (TBNI) acts as a redox 
mediator and t-BuOK as the base. The reaction 
proceeds under mild, metal- and oxidant-free 
conditions at room temperature, reflecting 
its practicality and environmental appeal. In 
the resulting triazole derivatives 66, fluorine  
atoms are introduced on both aromatic rings, 
allowing for structural diversification and the 
potential to fine-tune biological properties of 
the synthesized compounds. 

Scheme 26. Electrochemical synthesis of fluoro-substituted substituted 1,2,4-triazoles.

CONCLUSIONS. This review has showcased 
the breadth and sophistication of electrochemi-
cal strategies for synthesizing fluorine-contain-
ing heterocycles, highlighting their relevance 

to modern pharmaceutical, agrochemical, and 
materials-oriented research. Across a wide ar-
ray of reaction classes, the recurring theme is 
the ability of electrochemical methods to drive 
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complex, multibond-forming transformations 
under sustainable, operationally simple, and 
transition-metal-free conditions.

Electrooxidative multicomponent reacti
ons—including two-, three-, and four-compo-
nent assemblies—have proven highly effective 
for constructing structurally rich heterocycles 
such as pyrazoles, imidazoles, triazoles, quino
lines, and fused polycyclic systems. Many 
of these transformations rely on fluorinated 
building blocks (e.g., fluorinated aryl hydra-
zines, benzylamines, or fluoroalkynes) to de-
liver final products that possess both high syn-
thetic value and tunable biological properties.

These methodologies also provide remar
kable flexibility in fluorine incorporation, en-
abling the installation of fluorine in diverse 
chemical environments. Substituents may in-
clude single or multiple fluoroaromatic rings, 
aromatic CF₃ groups, aliphatic trifluoromethyl 
moieties, or combinations thereof, offering 
wide-ranging opportunities for structural de-
sign and biological fine-tuning. This versatility 
significantly enhances the utility of electro-
chemical platforms in the discovery and deve
lopment of functional fluorinated heterocycles.

Several reactions capitalize on the oxida-
tive transformations of benzylamine moieties, 
drawing biomimetic parallels to enzymatic 
transamination processes. These processes  
enable carbon–nitrogen bond construction 
via in situ formation of reactive imine inter-
mediates, thus opening pathways to reductive 
amination and tandem heterocycle formation 
from simple precursors such as carboxylic  
acids, aldehydes, and ketones.

Noteworthy contributions include anodic 
SCN• radical generation for thiocyanation 
of fluorinated pyrazoles under mild, scalable 
conditions; electrosynthesis of imidazoles and 

triazoles from benzyl alcohols, fluorinated ke-
tones, and amines in metal- and oxidant-free 
systems; cascade annulations involving comp
lex bio-derived alcohols and trifluoromethyl 
alkynes, preserving stereochemical integrity 
during quinoline ring construction; and elect
rochemically induced ring-forming conden-
sation of fluoroaryl fragments with isatins, 
azides, and heteroaromatic substrates, giving 
rise to heterocycle-rich molecular frameworks 
with structural and functional diversity.

The methodologies described herein emp
loy commonly available electrodes (e.g., gra
phite felt, platinum, nickel), green solvents, 
and electrochemical mediators (such as tetra
butylammonium iodide), supporting both 
environmental and synthetic economy. Mild 
temperatures, functional group tolerance, and 
gram-scale validations further underscore the 
practical potential of these approaches.

In conclusion, the reviewed strategies 
demonstrate that electrochemistry is not 
merely a replacement for traditional oxidants 
and catalysts, but a powerful platform capable 
of orchestrating molecular complexity with 
precision—particularly in the realm of fluori
nated heterocyclic synthesis. Future research 
is expected to further integrate paired redox 
processes, flow electrolysis, and computatio
nally guided design, expanding the boundaries 
of what is synthetically and environmentally 
possible in this field.
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Фторвмісні гетероцикли відіграють клю-
чову роль у фармацевтичній, агрохімічній 
та матеріалознавчій промисловості. Праг-
нення до ефективних та сталих методів 
синтезу сприяло розвитку електрохімії як 
привабливої альтернативи традиційним 
хімічним перетворенням. Серед цих підхо-
дів електрохімія виявилася особливо перс
пективною технікою для здійснення бага-
тозв’язкових процесів у м’яких, екологічно 
чистих умовах.

Цей огляд висвітлює ключові досягнен-
ня за останнє десятиліття в електрохіміч-
ному синтезі фторованих гетероциклічних 
сполук, що охоплюють бімолекулярні, три-
молекулярні та чотиримолекулярні реак-
ції. Особливу увагу приділено багатоком
понентним каскадним стратегіям, ради-
кально-опосередкованим сполученням та 
безокиснювальним циклізаціям, які забез-
печують широку толерантність до функціо
нальних груп та гнучкість введення фтору. 
Сукупно ця робота слугує ресурсом для 
дослідників, які розробляють стійкі синте-
тичні платформи нового покоління, адап-
товані до фторованих гетероциклів із різ-
номанітними структурними та біологічни-
ми профілями.

Ключові слова: електрохімія, гетероцик
лічні сполуки, фтор, фторовані фармацев
тичні препарати, зелена хімія, сталий син-
тез.
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СИНТЕЗ 6-АЛКІЛЗАМІЩЕНИХ ПОХІДНИХ ПЕРХЛОРАТУ 
7,8-ДИГІДРОКСИ-4-МЕТИЛ-2-ФЕНІЛБЕНЗО[b]ПІРИЛІЮ
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Цю роботу присвячено розробленню способу одержання нових 6-заміщених по-
хідних перхлорату 7,8-дигідрокси-4-метил-2-фенілбензо[b]пірилію, які можна ви-
користовувати  як комплексоутворюючі реагенти для екстракційно-спектрофотоме-
тричного визначення іонів полівалентних металів, а також для зменшення тривалості 
та трудомісткості синтезу. Запропоновано підхід, який полягає в тому, що конденса-
цію еквімолярних кількостей 4-алкілпохідних пірогалолу та бензоїлацетону проводять 
при кип’ятінні протягом 30–60 хв за присутності перхлоратної кислоти, а утворені 
кристалічні продукти придатні для використання у спектрофотометричному аналізі 
та не потребують додаткового складного очищення, що призводить до зменшення тру-
домісткості та тривалості синтезу в 2–3 рази. Одержано сім нових 6-заміщених похід-
них перхлорату 7,8-дигідрокси-4-метил-2-фенілбензо[b]пірилію, які ідентифіковано 
методами ІЧ-, ЯМР- та мас-спектрометрії, а їхню чистоту та індивідуальність доведено 
методом високоефективної рідинної хроматографії.

Ключові слова: похідні 7,8-дигідроксибензо[b]пірилію, органічний синтез, органіч-
ні аналітичні реагенти, гетероциклічні ароматичні катіони, бензопірилієві барвники.

ВСТУП. Розроблення методик визначе
ння цільових аналітів, зокрема іонів мета-
лів, у різних об’єктах навколишнього се-
редовища, продуктах харчування та інших 
промислових зразках є одним із найважли-
віших завдань сучасної аналітичної хімії. 
Однак створення селективних, чутливих та 
експресних методів їхнього детектування 
прямими та комбінованими аналітичними 
методами залишається актуальним запи-

том. Вирішенню його сприяє розроблення 
нових органічних реагентів із покращени-
ми хіміко-аналітичними характеристика-
ми. Серед широкого кола сполук особливу 
увагу привертають похідні бензо[b]піри-
лію, зокрема ті, що містять дві віцинальні 
гідроксильні групи в бензольному фраг-
менті, оскільки вони здатні утворювати 
міцні та інтенсивно забарвлені комплекси 
з іонами полівалентних металів [1, 2], що 
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робить їх перспективними реагентами для 
розроблення селективних та чутливих пря-
мих та комбінованих спектрофотометрич-
них методик аналізу [3].

Широкому застосуванню зазначеного 
класу реагентів перешкоджають недоліки 
існуючих методів їхнього синтезу. Так, ме-
тод, описаний у праці [4], передбачає кон-
денсацію ди- та тригідроксибензальдегідів 
із похідними метилстирилкетону в кислому 
середовищі протягом 8–12 годин. Незва-
жаючи на простоту умов, недоліками спо-
собу є тривалість синтезу та необхідність 
очищення перекристалізацією, що призво-
дить до втрат продукту. Подібні обмеження 
властиві й іншим підходам. Наприклад, у 
роботі [5] продемонстровано синтез аміно- 
та гідроксизаміщених похідних, однак і тут 
реакція триває від 8 до 48 годин, а виділен-
ня цільових сполук супроводжується низь-
кими виходами та використанням препара-
тивної хроматографії. Більш ранні методи, 
такі як спосіб, запропонований Н. Л. Оле-
нович зі співавторами, також характе
ризують помірними виходами (30–50%) та 
аналогічною процедурою очищення [6].  
Відомим є підхід, який запропоновано нами 
раніше [7]. Для синтезу похідних 6,7‑дигід-
роксибензо[b]пірилію застосовано підви-
щену температуру (60–80°C), що дозволило 
скоротити час реакції. 

Отже, завдання розроблення ефектив-
ного, швидкого та зручного методу синтезу 
похідних 7,8‑дигідроксибензо[b]пірилію з 
високими виходами та аналітичною чис
тотою є своєчасним та актуальним. Цю 
роботу присвячено вдосконаленню спо-
собу отримання низки  6‑алкілзаміщених 
перхлоратів 7,8-дигідрокси-4-метил-2-фе-
нілбензо[b]пірилію.

ЕКСПЕРИМЕНТ ТА ОБГОВОРЕННЯ 
РЕЗУЛЬТАТІВ

Усі використані реактиви мали кваліфі-
кації «для синтезу» з чистотою понад 98 %. 
Контроль реакцій проводили за допомо-
гою тонкошарової хроматографії на платів-
ках Sіlufol та Sіlufol UV-254. ЯМР-спектри 
знімали на приладі Bruker AVANCE DRX 
500 MГц, спектри ЯМР 1Н реєстрували для 
2% розчинів у ДМСО-d6 із ТМС як внут
рішнього стандарту. Чистоту одержаних 
сполук та мас-спектри реєстрували за допо
могою комбінованої системи ВЕРХ-МС – 
хроматограф Infinity 1260, Agilent та мас-
спектрометр 6530 Accurate Mass Q‑TOF, 
Agilent з іонізацією подвійним електро-
спреєм (DESI). ІЧ-спектри в діапазоні 
4000–400 см-1 реєстрували на спектрометрі 
FT-IR-8400S Shimadzu з приставкою пору-
шеного повного внутрішнього відбиття 
(ППВВ) Specac Quartz.

Загальна методика синтезу 4-алкілзамі-
щенних пірогалолів

4-ацилпірогалоли. Розчин пірогало-
лу (100 ммоль) та відповідної кислоти 
(110 ммоль) у BF3·OEt2 (37 мл) нагрівали за 
90–100 °C упродовж 4 годин, потім охолод-
жували, виливали у 10 % водний розчин 
ацетату натрію та перемішували упродовж 
4 годин [8]. Цільові сполуки екстрагували 
етилацетатом. Органічний шар промива-
ли насиченим розчином NaCl та сушили 
над безводним Na2SO4. Після видалення 
розчинника отримано цільові сполуки у 
вигляді твердих речовин, що мають забарв-
лення від світло-жовтого до жовтого. Вихо-
ди становили 30–40%.

4-алкілпірогалоли (1а-1g). NaBH4 
(80  ммоль) додали до розчину відповід-
ного 4‑ацилпірогалолу (10 ммоль) у 0,4  М 
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водному розчині NaOH (10 мл), і суміш 
нагрівали зі зворотнім холодильником 
упродовж 3 годин [9]. Після охолодження 
додали 5 М хлористоводневої кислоти для 
розкладання надлишку NaBH4 на крижаній 
бані, допоки не припиняється виділення 
газу при додаванні нової порції HCl. Суміш 
екстрагували етилацетатом. Отримані про-
дукти – від білих кристалічних до жовтих 
рідин, із виходами 70–80%.

Загальна методика синтезу 6-алкілзамі-
щених похідних перхлорату 7,8-дигідрокси-
4-метил-2-фенілбензо[b]пірилію

5,0 ммоль відповідного 4-алкілпірогало-
лу та 5,0 ммоль бензоїлацетону розчиняли 
в 7 мл оцтової кислоти за температури 60–
80 °C при перемішуванні, додавали 1 мл 50% 
перхлоратної кислоти. Кип’ятили суміш зі 
зворотнім холодильником упродовж 30–
60  хв. При охолодженні утворювався чер-
воний кристалічний осад. Продукт відфіль-
тровували, промивали оцтовою кислотою і 
диізопропіловим етером, сушили на повітрі.

6-Етил-7,8-дигідрокси-4-метил-2-фе
нілбензо[b]пірилію перхлорат (2а). Отри
мано оранжево-червоні кристали з вихо-
дом 50%, чистотою 99,5% (ВЕРХ-УФ). MS 
(m/z): [M]⁺ розраховано для C18H17O3

+  – 
281,33; знайдено – 281,25. ІЧ (ППВВ), см-1: 
3219 (ν ОН), 2980 (ν СН), 2971 (ν СН), 1622 
(ν CO, HetAr), 1595 (ν CC, HetAr), 1545(ν ClO, 
ClO4

-), 1438, 1431, 1391, 1312, 1283, 1254, 1194, 
1163, 1117, 1082, 1046, 1028, 995 (CC, Ph), 955, 
930, 876, 841, 779, 756, 698, 679, 621. 1H ЯМР 
(400 MHz, ДМСО-d6): δ 8,50 (с, 2H, Ar), 7,90–
7,50 (м, 5H, Ph), 2,99 (с, 3H, CH₃-Ar), 2,74 (с, 
2H, CH₂-Ar), 1,22 (с, 3H, CH₃).

6-Пропіл-7,8-дигідрокси-4-метил-2-
фенілбензо[b]пірилію перхлорат (2b)

Отримано оранжево-червоні кристали з 
виходом 52%, чистотою 99,0% (ВЕРХ-УФ). 

MS (m/z): [M]⁺ розраховано для C19H19O3
+ – 

295,35; знайдено  – 295,33. ІЧ (ППВВ), см-1: 
3217 (ν ОН), 2985 (ν СН), 2969 (ν СН), 1625 
(ν CO, HetAr), 1592 (ν CC, HetAr), 1551 (ν 
ClO, ClO4

-), 1431, 1391, 1312, 1283, 1249, 1194, 
1111, 1076, 1040, 1034, 995 (CC, Ph), 954, 876, 
841, 782, 754, 688, 673, 621. 1H ЯМР (400 
MHz, ДМСО-d6): 10,84 (ш. с., 2H, Ar‑OH),  
δ 8,54 (с, 2H, Ar), 7,90–7,50 (м, 5H, Ph), 2,98 
(с, 3H, CH₃‑Ar), 2,72 (с, 2H, CH₂‑Ar), 1,40 (с, 
2H, CH₂), 1,01 (с, 3H, CH₃).

6-Бутил-7,8-дигідрокси-4-метил-2-фе-
нілбензо[b]пірилію перхлорат (2c). Отри-
мано червоні кристали з виходом 42%, чи-
стотою 99,2% (ВЕ РХ-УФ). MS (m/z): [M]⁺ 
розраховано для C20H21O3

+ – 309,38; знайде-
но – 309,27. ІЧ (ППВВ), см-1: 3246 (ν ОН), 
2962 (ν СН), 2928 (ν СН), 1622 (ν CO, HetAr), 
1597 (ν CC, HetAr), 1533 (ν ClO, ClO4

-), 1476, 
1427, 1398, 1317, 1283, 1248, 1188, 1163, 1111, 
1018, 993 (CC, Ph), 957, 914, 878, 858, 785, 
764, 746, 683, 648, 621. ¹H ЯМР (400 MHz, 
ДМСО-d₆) δ: 10,79 (ш.с., 2H, Ar‑OH), 8,53 
(с, 2H, Ar), 7,20–8,10 (м, 5H, Ph), 2,99 (с, 3H, 
CH₃-Ar), 2,71 (с, 2H, CH₂-Ar), 1,58 (с, 2H, 
CH₂), 1,34 (с, 2H, CH₂), 0,91 (с, 3H, CH₃).

6-Пентил-7,8-дигідрокси-4-метил-2-
фенілбензо[b]пірилію перхлорат (2d)

Отримано червоні кристали з виходом 
38%, чистотою 98,4% (ВЕРХ-УФ). MS (m/z): 
[M]⁺ розраховано для C21H23O3

+ – 323,41; 
знайдено – 323,38. ІЧ (ППВВ), см-1: 3205 (ν 
ОН), 2952 (ν СН), 2924 (ν СН), 1626 (ν CO, 
HetAr), 1593 (ν CC, HetAr), 1542 (ν ClO, 
ClO4

-), 1474, 1432, 1399, 1280, 1258, 1188, 
1119, 1019, 998 (CC, Ph), 975, 921, 878, 861, 
784, 764, 742, 677, 621. ¹H ЯМР (400 MHz, 
ДМСО-d₆) δ: 10,78 (ш.с, 2H, OH), 8,52 (с, 2H, 
Ar), 7,80–7,70 (м, 5H, Ph), 3,00 (с, 3H, CH₃-
Ar), 2,68 (с, 2H, CH₂‑Ar), 1,59 (с, 2H, CH₂), 
1,28 (с, 4H, CH₂), 0,86 (с, 3H, CH₃).
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6-Гексил-7,8-дигідрокси-4-метил-2-фе-
нілбензо[b]пірилію перхлорат (2e) 

Отримано червоні кристали з виходом 
38%, чистотою 99,0% (ВЕРХ-УФ). MS (m/z): 
[M]⁺ розраховано для C22H25O3

+ – 337,43; 
знайдено – 337,40. ІЧ (ППВВ), см-1: 3117 (ν 
ОН), 2955 (ν СН), 2924 (ν СН), 2857 (ν СН), 
1620 (ν CO, HetAr), 1595 (ν CC, HetAr), 1549 
(ν ClO, ClO4

-), 1476, 1439, 1398, 1375, 1346, 
1277, 1256, 1193, 1165, 1101, 1020, 999 (CC, 
Ph), 978, 924, 876, 866, 779, 760, 679, 621. ¹H 
ЯМР (400 MHz, ДМСО-d₆) δ: 10,75 (с, 2H, 
OH), 8,53 (с, 2H, Ar), 7,80–7,70 (м, 5H, Ph), 
2,99 (с, 3H, CH₃-Ar), 2,70 (с, 2H, CH₂‑Ar), 
1,58 (с, 2H, CH₂), 1,27 (с, 6H, CH₂), 0,84 (с, 
3H, CH₃).

6-Гептил-7,8-дигідрокси-4-метил-2-фе-
нілбензо[b]пірилію перхлорат (2f)

Отримано червоні кристали з виходом 
35%, чистотою 98,9% (ВЕРХ-УФ). MS (m/z): 
[M]⁺ розраховано для C22H27O3

+ – 351,46; 
знайдено – 351,47. ІЧ (ППВВ), см-1: 3124 (ν 
ОН), 2961 (ν СН), 2928 (ν СН), 2850 (ν СН), 
1617 (ν CO, HetAr), 1596 (ν CC, HetAr), 1544 
(ν ClO, ClO4

-), 1476, 1428, 1390, 1373, 1345, 
1283, 1250, 1191, 1167, 1143, 1120, 1051, 
1025, 1003 (CC, Ph), 973, 966, 922, 870, 781, 
678, 622. ¹H ЯМР (400 MHz, ДМСО-d₆) δ: 
10,72 (с, 2H, OH), 8,52 (с, 2H, Ar), 7,80–7,70 
(м, 5H, Ph), 2,99 (с, 3H, CH₃-Ar), 2,70 (с, 2H, 

CH₂‑Ar), 1,58 (с, 2H, CH₂), 1,23 (с, 8H, CH₂), 
0,81 (с, 3H, CH₃).

6-Октил-7,8-дигідрокси-4-метил-2-фе-
нілбензо[b]пірилію перхлорат (2g). От-
римано темно-червоні кристали з виходом 
28%, чистотою 98,0% (ВЕРХ-УФ). MS (m/z): 
[M]⁺ розраховано для C24H29O3

+ – 365,48; 
знайдено – 365,45. ІЧ (ППВВ), см-1: 3119 (ν 
ОН), 2955 (ν СН), 2924 (ν СН), 2855 (ν СН), 
1618 (ν CO, HetAr), 1595 (ν CC, HetAr), 1545 (ν 
ClO, ClO4

-), 1472, 1419, 1397, 1375, 1346, 1279, 
1248, 1192, 1167, 1125, 1088, 1051, 1030, 1020, 
997 (CC, Ph), 968, 968, 932, 876, 779, 681, 621. 
¹H ЯМР (400 MHz, ДМСО-d₆) δ: 10,69 (с, 2H, 
OH), 8,53 (с, 2H, Ar), 7,80–7,70 (м, 5H, Ph), 2,99 
(с, 3H, CH₃-Ar), 2,69 (с, 2H, CH₂-Ar), 1,58 (с, 
2H, CH₂), 1,21 (с, 10H, CH₂), 0,82 (с, 3H, CH₃).

Ключовим етапом у синтезі цільових 
похідних бензо[b]пірилію було отриман-
ня проміжних 4-алкілпірогалолів (1а-1g). 
Синтез проводили у дві стадії (схема 1). На 
першій стадії пірогалол зазнавав ацилю-
вання за Фріделем – Крафтсом відповідною 
карбоновою кислотою (R’-COOH) з утво-
ренням кетону. На другій стадії карбонільну 
групу відновлювали до метиленової (-CH2-) 
за допомогою боргідриду натрію в лужному 
середовищі з подальшим обробленням кис-
лотою. Дані щодо виходів та характеристик 
отриманих сполук наведено в Таблиці 1.

Схема 1. Синтез 4-алкілзаміщенних пірогалолів (1a–1g).
Scheme 1. Synthesis of 4-alkyl-substituted pyrogallols (1a–1g).
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Табл. 1 
Синтезовані 4-алкілпірогалоли

Table 1. 
Synthesized 4-alkylpyrogallols.

№ сполуки Алкільний 
замісник (R) Вихід (%)

1а –C2H5 80
1b –C3H7 74
1c –C4H9 70
1d –C5H11 73
1e –C6H13 76
1f –C7H15 72
1g –C8H17 76

Наступним етапом було перетворен-
ня одержаних алкілпірогалолів у цільові 
солі бензо[b]пірилію, які містять активні 

центри (функціонально-аналітичні гру-
пи) для подальшого комплексоутворення. 
Реакцією відповідних 4-алкілпірогалолів 
(таблиця 1) із бензоїлацетоном отримува-
ли похідні перхлорату 7,8-дигідрокси-4-ме-
тил-2-фенілбензо[b]пірилію 2a–2g за схе-
мою 2. Синтез проводили в середовищі 
оцтової кислоти з використанням перхло-
ратної кислоти як каталізатора та джерела 
протийонів, що призводило до утворення 
цільових сполук у вигляді стійких криста-
лічних осадів. Чистоту продуктів контро-
лювала ТШХ, а їхню ідентифікацію здійс
нювали методами хроматомас-спектроме-
трії та ¹H ЯМР-спектроскопії. Усі синтезо-
вані сполуки є голчастими кристалами від 
оранжево-червоного до темно-червоного 
кольору. Виходи отриманих сполук стано-
вили 25–65% та характеризувалися висо-
кою чистотою за даними ВЕРХ-УФ.

Схема 2. Синтез 6-алкілзаміщенних похідних перхлорату 
7,8-дигідрокси-4-метил-2-фенілбензо[b]пірилію (2a–2g)

Scheme 2. Synthesis of 6-alkyl-substituted derivatives 
of 7,8-dihydroxy-4-methyl-2-phenylbenzo[b]pyrylium perchlorate (2a–2g).

У спектрах ЯМР 1Н (розчинник ДМ-
СО-d6) сполук 2c–2g присутній широкий 
сигнал при 10,7 м. д., який належить гід-
роксильним групам, а у сполук 2a–2b він 
відсутній внаслідок дисоціації та сольватації 
розчинником. Сигнали в області 8,7–7,5  м. 
д. належать атомам гідрогену ароматичних 
циклів. Синглет при 3,0 м. д. (3Н) належить 

атомам гідрогену метильної групи, що з’єд-
нана з циклом А. Сигнал при 2,7 м. д. (2Н) 
відносять до метиленової групи алкільного 
радикалу (R), яка безпосередньо сполучена з 
кільцем В; сигнали в області 1,6–1,2 м. д. від-
носять до інших метиленових груп; сигнал 
при 1,22–0,84 м. д. метильної групи цього ж 
алкільного радикалу.



68 ISSN 2708-129X. Укр. хім. журн., 2025

СИНТЕЗ 6-АЛКІЛЗАМІЩЕНИХ ПОХІДНИХ ПЕРХЛОРАТУ 7,8-ДИГІДРОКСИ-4-МЕТИЛ-2-ФЕНІЛБЕНЗО[b]ПІРИЛІЮОРГАНІЧНА ХІМІЯ

SYNTHESIS OF 6-ALKYL-SUBSTITUTED 
DERIVATIVES OF 7,8-DIHYDROXY-4-METHYL- 
2-PHENYLBENZO[b]PYRILIUM PERCHLORATE.
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The development of new reagents based 
on benzopyrylium derivatives with enhanced 
chemical and analytical properties is of con-
siderable interest, as their preparative synthe-
sis is relatively straightforward and typically 
involves the condensation of triatomic phenols 
with β-dicarbonyl compounds. Benzopyryli-
um derivatives are highly reactive species ca-
pable of undergoing redox processes, forming 
complexes with multivalent metal ions, and 
participating in acid–base transformations 
in solution. It is particularly noteworthy that 
hydroxy-substituted benzopyrylium derivati

ves can convert into anhydro bases with a 
quinoid structure upon complex formation. 
This transformation results in a pronounced 
bathochromic shift of the absorption band 
and significantly enhances the contrast and 
detectability of analytical reactions. This work 
is devoted to the development of a method 
for obtaining new 6-substituted derivatives of 
7,8-dihydroxy-4-methyl-2-phenylbenzo[b]
pyrylium perchlorate, which can be used as 
complexing reagents for the extraction-spect
rophotometric determination of polyvalent 
metal ions, as well as to reduce the duration 
and complexity of the synthesis. An approach 
is proposed, which consists in the condensa-
tion of equimolar amounts of 4-alkyl deriva-
tives of pyrogallol and benzoylacetone at boil-
ing for 30–60 min in the presence of perchloric 
acid, and the formed crystalline products are 
suitable for use in spectrophotometric anal-
ysis and do not require additional complex 
purification, which leads to a reduction in the 
complexity and duration of the synthesis by 
2–3 times. Seven new 6-substituted derivatives 
of 7,8-dihydroxy-4-methyl-2-phenylbenzo[b]
pyrylium perchlorate were obtained, which 

ВИСНОВКИ. Запропонований спосіб 
дозволяє одержувати 6-алкіл заміщені по-
хідні 7,8-дигідрокси-4-метил-2-фенілбен-
зо[b]пірилію перхлорати, які є перспектив-
ними комплексоутворюючими реагентами, 
використовуючи доступні вихідні реакти-
ви. Використання перхлоратної кислоти 
дозволяє отримувати кристалічні та чисті 
продукти, які придатні для використання 
у спектрофотометричному аналізі, які не 
потребують додаткового складного очи-
щення багатократним промиванням осадів 

та перекристалізацією, що призводить до 
зменшення трудомісткості та тривалості 
синтезу в 2–3 рази. 

Роботу виконано в межах науко-
во-дослідної теми «Розроблення та 
удосконалення комбінованих мето-
дів контролю якості фармацевтич-
них препаратів, продуктів харчу-
вання та об’єктів навколишнього 
середовища», державний реєстра-
ційний номер: 0122U002302.
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were identified by IR, NMR, and mass spect
rometry, and their purity and identity were 
proven by high-performance liquid chroma-
tography.

Keywords: 7,8-dihydroxybenzo[b]pyrylium 
derivatives, organic synthesis, organic analy
tical reagents, heterocyclic aromatic cations, 
benzopyrylium dyes.
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