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Abstract

A series of Zn(II), Cu(Il), Co(II), and Ag(I) coordination compounds containing organic
(pentafluorobenzoate and trifluoroacetate) or inorganic (chloride and nitrate) anions and molecules
of 3-(thien-2-ylidene)-1-pyrroline (L) was synthesized. It was shown that the composition,
nuclearity, and geometry of the resulting coordination compounds are determined by the nature of
the metal and the type of anion. The synthesized compounds were characterized by X-ray
diffraction analysis, IR spectroscopy, and elemental analysis (CHNS). The structures and crystal
packings of the obtained complexes were analyzed in detail, and the main structure-directing non-
covalent interactions in the crystals were identified. Molecular docking was used to study the
interactions of the synthesized coordination compounds with the human epidermal growth factor

receptor (HER2).



Pyrroline derivatives are an extensive class of compounds that occupy an important place
in the chemistry of bioactive compounds due to their wide spectrum of pharmacological
applications. Among these compounds, some show pronounced anti-inflammatory [1, 2], analgesic
[3, 4], antimicrobial [5,6], and antitumor [7,8] activities. This heterocyclic fragment is also present

in the structure of a number of widely used medicinal agents [9].

Such a wide range of pharmacological applications characteristic of this class of
compounds is directly related to the simplicity of modifying molecules based on the pyrroline
cycle by varying the nature and position of substituents. The incorporation of different functional
groups into the pyrroline cycle enables not only tuning biological activity but also varying the
coordination capabilities of the resulting proligands. Thus, the incorporation of different
substituents containing donor atoms into molecules leads to the formation of ligands with different
coordination modes toward metal ions and also affects the systems of non-covalent interactions,

which determine the supramolecular structure of the resulting compounds [10].

The incorporation of a thiophene fragment into the structure may lead to both enhancement
of biological activity of the molecule [11, 12] and formation of additional coordination centers,
since the sulfur atom of the thiophene fragment is capable of forming bonds with transition metal

ions, as well as forming numerous non-covalent interactions of different nature [13-15].

As numerous studies show, complexation of biologically active organic proligands with
ions of essential metals decreases toxicity while simultaneously increasing the efficacy and
bioavailability of the resulting compounds compared to the initial ligands [16, 17]. The interaction
of biologically active ligands with transition metals (such as Cu(Il), Ni(Il), Co(II/IIT), Ag(I),
Zn(II), PA(II), etc.) represents a well-established strategy for enhancing the therapeutic effect and

overcoming drug resistance [18-20].

Therefore, the aim of this research was to investigate the molecular and crystal structure of
3-(thien-2-ylidene)-1-pyrroline, as well as to synthesize and characterize its compounds containing
Zn(II), Cu(1l), Co(II), and Ag(I) with organic (pentafluorobenzoate, trifluoroacetate) or inorganic
(nitrate and chloride) anions. The influence of the nature of the metal and the type of anion on the
composition of the resulting compounds, as well as on their molecular and crystal structures, were
analyzed. Molecular docking studies were also conducted using a therapeutically relevant target,

the kinase domain of human HER2 (PDB ID: 3PPO0).



Experimental Section

The synthesis of all compounds was carried out in air. In the work, commercially available
reagents and solvents were used: cobalt(Il) acetate tetrahydrate (Co(OAc)2-4H>O, 99.9%,
«Lanhity), zinc(Il) acetate dihydrate (Zn(OAc)2-2H20, 99.9%, «Lanhit»), copper(Il) acetate
monohydrate (Cu(OAc)2-H>0, 99.9%, «Lanhity), 2,3,4,5,6-pentafluorobenzoic acid (Hpfb, 99%,
«P&M Investy), silver(I) nitrate (r.g.,), copper(Il) chloride tetrahydrate (r.g.,), ethanol (EtOH,
«96%»), acetonitrile (MeCN, pure). Cobalt(II) trifluoroacetate tetrahydrate (Co(CF3;COO).-4H,0)
[21], silver(I) pentafluorobenzoate [22], and the organic ligand H[L] [CF3COO] was synthesized
according to previously reported procedures [23, 24]. Crystals of H[L] [CF3COO] were obtained
by slow evaporation of a concentrated ethanol solution in air.

IR spectra of the compounds were recorded on a Jasco FT/IR-4700 by the attenuated total
reflectance (ATR) in the range 550-4000 cm™ .

Elemental analysis was carried out on an EA1108 Carlo Erba automatic CHNS-analyzer
(EuroVector, Pavia PV, Italy).

Synthesis of the compound [Zn(L)2(pfb):2] (1)

Zinc(1II) acetate (0.044 g, 0.202 mmol) and pentafluorobenzoic acid (0.086 g, 0.404 mmol)
were dissolved in ethanol (10 mL). H[L] [CF3COO] (0.112 g, 0.404 mmol) was added to the
resulting colorless solution, and the reaction mixture was heated at 70 °C for 1 h. The reaction
mixture was then cooled to room temperature and left to evaporate slowly. After 3 days, crystals
of compound 1 suitable for X-ray diffraction analysis were obtained. The yield of 1 was 0.067 g

(41%), based on the initial amount of zinc(II) acetate.

Calc. for C32H13ZnF0N204S2, %: C 47.2; H2.2; N 3.4; S 8.0. Found, %: C 47.0; H2.1; N
3.2; S8.1.

IR spectrum (ATR; v, cm™): 3069 w, 2915 w, 2857 w, 1730 m, 1709 m, 1649 m, 1590 s,
1496 s, 1403 s, 1321 m, 1219 m, 1149 m, 1105 m, 996 s, 937 m, 884 m, 829 w, 751 m, 703 m,
565 w.

Synthesis of the compound [Cu(L)2(pfb)2] (2)

Copper(Il) acetate (0.040 g, 0.202 mmol) and pentafluorobenzoic acid (0.086 g, 0.404
mmol) were dissolved in ethanol (10 mL). H[L] [CF3COO] (0.112 g, 0.404 mmol) was added to
the resulting solution, and the reaction mixture was heated at 70 °C for 1 h. The blue solution was
then cooled to room temperature and left to evaporate slowly. After 4 days, crystals of compound
2 suitable for X-ray diffraction analysis were obtained. The yield of 2 was 0.064 g (39%), based

on the initial amount of copper(Il) acetate.



Calc. for C32HisCuF10N204S2, %: C 47.3; H2.2; N 3.4; S 7.9. Found, %: C 47.6; H 2.0; N
3.5; S 8.3.

IR spectrum (ATR; v, cm™): 3082 w, 2924 w, 2858 w, 1732 w, 1705 m, 1651 m, 1589 m,
1496 s, 1404 s, 1319 m, 1227 m, 1146 m, 1107 m, 995 s, 937 m, 883 m, 822 w, 752's, 702 s, 575

m.
Synthesis of the compound [Co(L)2(EtOH)2(pfb)2] (3)

Cobalt(Il) acetate (0.050 g, 0.202 mmol) and pentafluorobenzoic acid (0.086 g, 0.404
mmol) were dissolved in a mixture of ethanol (10 mL) and acetonitrile (10 mL). H[L] [CF3COO]
(0.112 g, 0.404 mmol) was added to the resulting solution, and the reaction mixture was heated at
70 °C for 2 h. The pink solution was then cooled to room temperature and left to evaporate slowly.
After 10 days, crystals of compound 3 suitable for X-ray diffraction analysis were obtained. The
yield of 3 was 0.056 g (31%), based on the initial amount of cobalt(Il) acetate.

Calc. for C36H30CoF10N206S2, %: C 48.0; H3.4; N 3.2; S 7.1. Found, %: C 48.0; H3.2; N
3.3;S6.8.

IR spectrum (ATR; v, cm™): 3217 w, 3109 w, 2954 w, 1674 s, 1631 m, 1570 m, 1550 m,
1415 m, 1342 w, 1296 w, 1192 s, 1138 s, 1045 m, 991 m, 930 m, 833 m, 795 m, 710's, 671 s, 609

m.
Synthesis of the compound [Cu4(L)4(O)(Cl)s] (4)

Copper(II) chloride (0.050 g, 0.237 mmol) and H[L] [CF3COO] (0.132 g, 0.474 mmol)
were dissolved in ethanol (10 mL). The reaction mixture was heated at 70 °C for 30 min. The green
solution was then cooled to room temperature and left to evaporate slowly. After 15 days, crystals
of compound 4 suitable for X-ray diffraction analysis were obtained. The yield of 4 was 0.019 g
(29%), based on the initial amount of copper(II) chloride.

Calc. for C3cH37CusClgN4OS4, %: C 38.0; H 3.3; N 5.0; S 11.3. Found, C 37.9; H 3.2; N
52;S11.7.

IR spectrum (ATR; v, cm™):-3073 w, 2900 w, 1824 w, 1677 w, 1623 w, 1585 m, 1508 w,
1411 m, 1369 w, 1342 m, 1195 m, 1141 m, 1045 w, 995 m, 944 s, 867 m, 710 s, 674 w, 570 w.

Synthesis of the compound [Co2(H20)(L)4(CF3COO)4] (5)

Cobalt(1I) trifluoroacetate (0.034 g, 0.093 mmol) and H[L] [CF3COO] (0.052 g, 0.187
mmol) were dissolved in a mixture of ethanol (10 mL) and acetonitrile (10 mL). The reaction

mixture was heated at 70 °C for 30 min. The solution was then cooled to room temperature and



left to evaporate slowly. After 5 days, crystals of compound 5 suitable for X-ray diffraction
analysis were obtained. The yield of 5§ was 0.022 g (38%), based on the initial amount of cobalt(II)

trifluoroacetate.

Calc. for C44H33C02F12N4O9S4, %: C 42.6; H 3.1; N 4.5; S 10.3. Found, C 42.4; H3.2; N
4.3; S 10.0.

IR spectrum (ATR; v, cm™): 3217 w, 2981 w, 1608 s, 1493 s, 1373 s, 1281 m, 1196 m,
1146 m, 1099 m, 1053 m, 987 s, 926 m, 868 m, 829 m, 737 s, 702 s, 617 m, 582 m.

Synthesis of the compound [Ag(L)2](NO3) (6)

Silver(I) nitrate (0.009 g, 0.054 mmol) and H[L] [CF3COO] (0.030 g, 0.108 mmol) were
dissolved in ethanol (5 mL). The reaction mixture was stirred for 30 min. The solution was left to
evaporate slowly. After 3 days, crystals of compound 6 suitable for X-ray diffraction analysis were

obtained. The yield of 6 was 0.009 g (33%), based on the initial amount of silver(I) nitrate.

Calc. for Ci1gH1sAgN303S2, %: C 43.6; H 3.7; N 8.5; S 13.0. Found, C 43.3; H 3.5; N 8.4;
S 13.4.

IR spectrum (ATR; v, cm™): 3074 w, 2927 w, 1662 w, 1628 w, 1570 m, 1512 w, 1446 w,
1408 w, 1362 s, 1323 s, 1300 s, 1242 m, 1211 m, 1180 w, 1146 m, 1076 w, 1041 w, 987 w, 930
m, 887 m, 849 m, 825 w, 710 s, 671 m, 579 m.

Single crystal X-ray diffraction analysis of compounds was performed on a Bruker D8
Venture diffractometer equipped with a CCD detector (MoKa, A =0.71073 A, CuKa, A = 1.54178
A, graphite monochromator). A semi-empirical absorption correction using the SADABS program
was applied to all compounds.

The structures were solved using a dual-space algorithm [25] and refined by full-matrix
least-squares methods with anisotropic displacement parameters for all non-hydrogen atoms. The
H-atoms were added in the calculated positions and refined using the riding model in isotropic
approximation. Calculations were performed using the SHELX [26] programs package within
OLEX 2 [27].

Thiophene fragments in ligand L in compounds H[L] [CF3COOQ], 2, 3, and 5 are disordered
over two positions with occupancies of 0.84/0.16 in H[L] [CF;COO], 0.91/0.09 in 2, 0.87/0.13 in
3, and 0.66/0.34, 0.87/0.13, and 0.92/0.08 in 5. The nitrate anion in compound 6 is disordered over
two positions with an occupancy ratio of 0.56/0.44. Fluorine atoms in the CF3COQO anions in the
crystals of H[L] [CF3COO] and 5 are disordered over two positions with occupancies of 0.72/0.28
in H[L] [CF3COO] and 0.69/0.31, 0.5/0.5, 0.57/0.43, and 0.65/0.35 in 5.



Crystallographic parameters and refinement details are presented in Tables S1 and S2, with
the main bond lengths and angles given in Table 1. Principal intra- and intermolecular interaction
distances and angles are listed in Tables S3, 2 and S4. CCDC no 2571195 (1), 2571196 (2),
2571197 (3), 2571198 (4), 2571199 (5), 2571200 (6), 2571201 (H[L] [CF3COO]") contains the
supplementary crystallographic data for this paper. These data can be obtained free of charge from
The Cambridge Crystallographic Data Centre via http://www.ccdc.cam.ac.uk.

Molecular docking studies were performed using AutoDock 4.2 software [28] to
investigate the molecular interactions and binding modes. For this purpose, the 3D crystal structure
of Kinase domain of Human HER2 (PDB ID: 3PP0) was obtained from Protein Data Bank
(http://www.rcsb.org). All water molecules and co-crystal ligands were excluded from the protein
structure and the PDB was checked for the missing atom types. The polar hydrogen atoms and
Kollman charges were added to the protein structure's amino acid residues using AutoDock Tools
(ADT, version 1.5.7) [29], which was also used to convert these corrected PDB files to PDBQT
format.

The structures of complexes 1-6 and their organic precursor - 3-(thien-2-ylidene)-1-
pyrroline were taken from results of single crystal X-ray studies and converted to PDBQT using
ADT. The ligands were then docked in the active site of HER2 using AutoDock 4.2, based on the
Lamarckian genetic algorithm [30]. A total of 50 runs of docking calculations were carried out.
The population size, maximum number of evaluations (medium), and maximum generation were
set at 300, 2,500,000 and 27,000, respectively. The grid box was centered on the protein's active
site with x, y, and z coordinates of 16.197, 17.394, 26.218 [31]. The number of points in the x, y
and z dimensions was 60, 60, 60, the spacing between grid points was set at 0.375 A.

Parameters of silver and cobalt atoms were added to the gpf and dpf files to be used in the
docking calculation. Visualization of the final docked pose and its analysis has been performed by
means of ADT and BIOVIA Discovery Studio 2021 (Dassault Systemes BIOVIA, Discovery
Studio Modeling Environment, Release 21.1.0, San Diego: Dassault Systémes, 2020).



Results and Discussion

Synthesis of Compounds

{Zn(H,0),(OAc),} + 2 H(pfb) + 2(H[L]" [CF;CO0]") _’ » [Zn(L)(ptb),] (1)
{Cu(H,0)(OAc),} + 2 H(pfb) + 2(H[L]" [CF;COO0T) [ » [Cu(L)x(ptb),] (2)

{Co(H,0),(OAC),} + 2 H(pfb) + 2(H[L]" [CF5CO0T) ——» [Co(L)2(EtOH)5(pfb),] (3)
CuCly,4H,0 + 2(H[L]" [CF;COO0]) i > [Cuy(L)4(O)(Cl)g] (4)

{Co(H0)5(CF3C00),} +2(HIL]" [CF3C00T )—L— [Coy(H0)(L)4(CF3C00)4] (5)

{Ag(EtOH)(pfb),} + (H[L]" [CF5COO]) d > H[L]" [CF3COO]"
Ag(NO3) + 2(H[L]* [CF5COOT) tit > [Ag(L);](NOs) (6)
F
Z / E c i - EtOH, 70°C
ii - EtOH/MeCN, 70°C
iii - EtOH, 25°C
N cr:3coo F F
H CoO"
H[L]" [CF;CO0] pib

Scheme 1. Synthesis of compounds 1-6.

The starting 3-(thien-2-ylidene)-1-pyrroline (L) was used in the synthesis of coordination
compounds of zinc, copper, cobalt, and silver in the form of the trifluoroacetate salt
H[L][CF5COO]. Crystals of H[L][CF3COO] suitable for X-ray diffraction analysis were

obtained by evaporation of a concentrated ethanol solution of the salt in air.

Salts containing anions of fluorinated pentafluorobenzoic and trifluoroacetic acids were
used to obtain coordination compounds characterized by the formation of numerous non-covalent
interactions of various types [32-34]. Salts with inorganic chloride and nitrate anions were used.
These anions are significantly smaller than the organic anions employed and are capable of

forming polynuclear structures with transition-metal atoms [35-37].

The reaction of zinc or copper acetate with pentafluorobenzoic acid and H[L] [CF;COO]
in ethanol in a 1:2:2 ratio resulted in the formation of [Zn(L):(ptb)2] (1, Scheme 1) and
[Cu(L)2(pfb)2] (2, Scheme 1) crystals. In their structures, two molecules of ligand L are
monodentately coordinated to the metal ion via nitrogen atoms. The use of cobalt(II) acetate under
the same conditions resulted in the formation of [Co(L)2(EtOH)2(pfb)2] (3, Scheme 1) crystals, in
which each metal atom is also coordinated by two ligand molecules, while the coordination

environment of the cobalt atom is completed to an octahedral geometry by coordination of ethanol



molecules. The use of a 1:2:1 reagent ratio in reactions 1-3 also resulted in the formation of

compounds 1, 2, and 3, but with lower yields.

The use of copper(Il) chloride as the starting salt resulted in the formation of the
tetranuclear compound [Cu4(L)4(O)(Cl)s] (4, Scheme 1), in which the metal atoms are connected

by chloride anions and an oxo bridge, with each copper atom coordinating one molecule of L.

Whereas the use of cobalt(I) trifluoroacetate under the same conditions as for 1-3 led to
the formation of the binuclear compound [Co2(H20)(L)4(CF3COO)4] (5, Scheme 1), in which the
cobalt atoms form a binuclear metal core through two bridging trifluoroacetate anions and a
bridging water molecule. The coordination environment of each cobalt atom is completed to an

octahedral geometry by coordination of two nitrogen atoms from two molecules of L.

Attempts to obtain silver compounds by the reaction of silver(I) pentafluorobenzoate with
H[L] [CF3COO] did not result in the formation of coordination compound crystals, and only
crystals of the starting salt H[L] [CF3COO] were obtained. In contrast, the use of silver(I) nitrate
allowed the isolation of [Ag(L)2](NO3) (6, Scheme 1), in which each silver atom is coordinated

by two nitrogen atoms from two L molecules.

In all the obtained compounds, L is coordinated through the nitrogen atom, exhibiting a

monodentate coordination mode, whereas the sulfur atom is not involved in coordination.



Structure of compounds

The crystal structure of the 3-(thien-2-ylidene)-1-pyrrolinium trifluoroacetate salt
(H[L][CF5COO]) (Fig. 1), as well as a number of the corresponding complexes of the pyrroline
with copper (Fig. 2(b, d)), zinc (Fig. 2(a)), silver (Fig. 2(f)), and cobalt (Fig. 2(c, €)) ions, was
analyzed as part of the study.

The crystals of H[L] [CF3COO] are monoclinic, and the pyrrolinium cation is linked to the
trifluoroacetate anion by an N-H---O hydrogen bond (Table S3). The arylidene-pyrroline fragment
is almost planar (the maximum deviation from the plane is 0.039(2) A for carbon atom C1 and
0.025(2) A for parts 1 and 2 of the disordered thiophene fragment). The geometry of the pyrroline

ring does not differ from that previously described for benzylidene derivatives of pyrroline [38,

39].

Figure 1. Structure of the 3-(thien-2-ylidene)-1-pyrrolinium trifluoroacetate ion pair
(H[LT'[CF3COOQO] ) determined by X-ray diffraction analysis. The major components of the

disordered fragments are shown. Ellipsoids are drawn at the 50% probability level.

Table 1. Basic geometric characteristics of compounds 1-6.

1 2 3 4 5 6

M=Z7Zn M =Cu M =Co M=Cu M = Co M=Ag
1.931(6)- | 2.070(5)- | 2.061(2),

MAN@L) | 199Q) | 19892) | 2.1392) | | ox 4(( 6)) <t 1(( 5)) 2o 4((2))

MO 1.951(2) | 1.9492) | 2.108(1) ) 2.066(4)- ]

Compound

(RCOO) 2.117(4)
M-O (Solv) - - 2.069(2) ; %: 1122((-:3 ]
1.892(4)-
MO©) ] ) ) 1.915(4) - -
2.367(2)-
M ] ] ] 2.446(2) ] -

MM 6219 (1) | 5.112(1) | 7.229(1) | 3.081(2) | 3.694(1) | 3.772(1)




Table 2. -7 interactions in crystal packing of complexes H[L] [CF3COO] , 2-6.

Interactions | Cg---Cg A | Symmetry code | Cg:--Perp, A ‘ a, deg
Compound H[L] [CF3COO]
LL | 3685100 | -x2vyilz | 339(7) | 4409
Complex 2
L-L 3.769(11) 1+X,y,2 3.395(2) 5.1Q2)
L-L 3.796(2) 1+x,y,2 3.481(1) 6
Complex 3
L--pfb 3.616(2) xX,-1+y,z 3.400(1) 4.9(2)
L -pfb 3.643(6) X,-11y,z 3.392(6) 3.9(6)
Complex 4
L-L | 3.865(5) | 1x2-y,lz | 3.6684) | 4.6(5
Complex 5
L-L 3.800(4) 1+x,y,2 3.408(2) 7.0(3)
L-L 3.642(4) -1+x,y,2 3.521(2) 8.9(4)
Complex 6
L-L | 3.685(10) | -x2-y,1-z | 3.396(7) | 4.4(9

Note. Cg is the centroid of aromatic rings, Perp is perpendicular to the plane of the ring, a is the

angle between the planes of aromatic fragments.

Zinc, copper, cobalt, and silver complexes [Zn(L)2(pfb)] (1), [Cu(L)(pfb)2] (2),
[Co(L)2(EtOH)2(pfb)2] (3), and [Ag(L)2](NOs3) (6) have mononuclear structures, in which each
metal ion coordinates two pyrroline fragments, while the number of anions in the compositions
compensates for the positive charge of the metal ion. Thus, the zinc and copper ions in complexes
1 and 2 coordinate four ligands — two pyrroline fragments and two pentafluorobenzoate anions
(Table 1), forming characteristic coordination polyhedra: square planar in the case of copper and
tetrahedral in the case of zinc. The tetrahedral zinc complex (1, Fig. 2(a)) is centrosymmetric and
occupies a special position at an inversion center in the crystal. The structure of the copper complex
[Cu(L)2(pfb)2] (2, Fig. 2(b)) consists of an almost planar fragment formed by two pyrroline
fragments linked by the copper ion (Table 1, the maximum deviation from plane is observed for
atom C9 - 0.148(3) A). The aromatic fragments of the pentafluorobenzoate anions are located
above and below the plane at an angle of 28.2(1)°.

In the complex [Co(L)2(EtOH)(ptb)2] (3, Fig. 2(c)), the cobalt ion coordinates two
pyrroline fragments, two pentafluorobenzoate anions, and two ethanol molecules, forming a
centrosymmetric octahedral complex (Table 1). The coordinated pyrroline molecules occupy two
opposite vertices of the octahedron, forming the main plane of the molecule. The
pentafluorobenzoate anions are coordinated in the same plane. However, their aromatic fragments
are located above and below the plane and are almost parallel to it (the interplanar angle is 5.4(2)°).

The ethanol molecules are also coordinated above and below the plane but are nearly perpendicular



to it (the angle is 87.53(9)°). The molecular structure is stabilized by classical O-H:--O hydrogen
bonds between the hydrogen atoms of the ethanol molecules and the non-coordinated oxygen
atoms of the carboxyl groups (Table S3).

The central fragment of the copper complex [Cus(L)4(O)(Cl)¢] (4, Fig. 2(d)) has a cage
structure CusCleO, in which the oxygen atom is located inside the CusCls cage and coordinates all
four copper ions while simultaneously compensating for the charge (Table 1). The Cu-Cl and Cu-
O distances are in the ranges 2.36-2.45 A and 1.89-1.91 A, respectively. Each copper ion
coordinates one pyrroline molecule, with the four molecules located at the four vertices of the
structure, approximately along the extensions of the Cu-O bonds.

The cobalt complex [Co2(H20)(L)4(CF3COO)4] (5, Fig. 2(e)) has a binuclear structure in
which the cobalt ions are linked by two bridging trifluoroacetate anions and one bridging water
molecule. In addition, the cobalt ions coordinate two pyrroline molecules and one trifluoroacetate
anion, which act as monodentate ligands. The molecule has a symmetric structure stabilized by
two classical hydrogen bonds between the hydrogen atoms of the water molecule and the non-
coordinated oxygen atoms of the monodentate carboxylate anions (Table S3). The disorder of all
trifluoromethyl fragments and three of the four thiophene cycle precludes crystallization of this
complex in a special position.

The silver ion in the complex [Ag(L)2](NO3) (6, Fig. 2(f)) forms a linear complex,
coordinating two pyrroline fragments oriented at an angle of 94.5(5)° to each other. The nitrate
anion is not coordinated but is associated with the complex cation through Ag:--O non-covalent
interactions (the distances are 2.55(4) A and 2.99(3) A for the two parts of the disordered anion)
and a weak C-H---O hydrogen bond involving a hydrogen atom of the pyrroline cycle (Table S3).
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Figure 2. Molecular structures of compounds 1(a), 2(b), 3(c), 4(d), S(e), and 6(f).

Hydrogen atoms are omitted for clarity.

An important structural feature of the studied complexes is the geometry of the arylidene-
pyrroline fragment, which is capable of relatively facile rotation about a C-C single bond. Both in
the crystal of the 3-(thien-2-ylidene)-1-pyrrolinium salt and in the crystals of the complexes, the
corresponding molecule is planar within hundredths of an angstrom. However, in the crystals of
H[L][CF3COO] and complexes [Cu(L)2(pfb)2] (2), [Co(L)2(EtOH)x(pfb)2] (3), as well as in three
of the four arylidene-pyrroline fragments of [Co2(H20)(L)4(CF3COO)4] (5), the thiophene
fragments are disordered (0.84/0.16 in H[L][CFsCOO], 0.91/0.09 in 2, 0.87/0.13 in 3, and
0.66/0.34, 0.87/0.13, and 0.92/0.08 in 5), which is also a consequence of the lability of the C-C
single bond.









Figure 3. Non-covalent interactions involving sulfur atoms in the crystals of complexes 4 (a), 1
(b), 6 (¢),5(d), 3 (e), and 2 (f). S---S and S---m interactions are shown by dashed lines. Hydrogen

atoms are omitted for clarity. The nitrate anions are also omitted in panel (c).

It should be noted that an S---S interaction is observed in the disordered crystal of
compound [Co2(H20)(L)s(CF3COO)s4] (5). This interaction is similar in geometry to that
previously described for the crystal of H[L][CF3COO]. In the salt crystal, the interaction is
formed between atoms of the minor component, with a distance of 3.51(3) A, whereas in the crystal

of complex 5, it occurs between atoms of the major component, with a distance of 3.44(3) A.

Analysis of the crystal packing in the studied crystals showed that the main structure-
directing motif is -7 interactions of different topologies (Table 2). The only exception is
complex 1, in which the packing is determined by the S:--S interactions, as well as weaker
interactions involving m-systems, hydrogen atoms, and fluorine atoms (Table S4). Moreover, an
unusual lp---m interaction between a non-coordinated oxygen atom of the carboxyl group and the

n-system of the pentafluorobenzoate ring is observed in the crystal of this compound (Table S4).

The crystals of H[L] [CF3COO] form a three-dimensional structure consisting of parallel-
oriented stacking dimers connected into infinite layers through C-H---n and C-H:--O interactions
(Table S3). The trifluoroacetate anions are located between the layers and are linked to one
arylidene-pyrroline molecule by a classical N-H:--O hydrogen bond and to the other by weak C-
H:--O interactions (Table S3). Upon formation of the stacking dimer, the arylidene-pyrroline
molecules are oriented strictly parallel to each other in a “head-to-tail” arrangement with a slight
shift, as a result of which the thiophene fragment is located above the exocyclic C-H group, which
most likely determines the planar geometry of the molecules in the crystal. A very similar
geometry of the m -7 interaction is observed in the crystal of silver complex 6 (Table 2). In
addition, parallel and perpendicular stacking alternate in this crystal, making its structure very

similar to that of the organic salt.

The arylidene-pyrroline fragments are also oriented in a “head-to-tail” manner in the
crystals of complexes [Cu4(L)4(O)(Cl)s] (4) and [Co2(H20)(L)4+(CF3COO0)4] (5). However, no shift
along the arylidene-pyrroline fragment is observed in this case. The cycles are located one above
the other with a slight transverse shift to achieve the most effective overlap (Fig. 3(d), Table 2). In
addition, an aromatic ring is located almost directly above the central part of the arylidene-

pyrroline fragment in the crystal of complex [Co(L)2(EtOH)2(ptb)2] (3) (Fig. 3(e), Table 2).

In the crystal of complex [Cu(L)2(pfb)2] (2), a short Cu---m contact (3.803(1) A) is

observed, resulting in the maximum shift along the arylidene-pyrroline molecules arranged in a



“head-to-head” manner. This is due to the geometry of the carboxylate anions, which allows the
planar aromatic fragments to be located at a minimum distance and parallel to each other, resulting

in a common 7 - -7 overlap of two arylidene-pyrroline fragments linked by the copper ion (Table

2, Fig. 3(D)).

Molecular Docking Analysis

Understanding the molecular basis of ligand-protein interactions is crucial for rational drug
design. While experimental studies provide valuable information about biological activity, they
often cannot specify the precise binding mode or identify the key residues involved in molecular
recognition for a given series of compounds (complexes). Computational approaches, in particular
molecular docking, have emerged as powerful complementary tools that can reveal atomic- (or
group)-level details of these interactions. In the present work, we employed molecular docking
simulations (AutoDock 4.2) to investigate the binding modes of the studied complexes 1-6 and
their organic precursor - 3-(thien-2-ylidene)-1-pyrroline with a therapeutically relevant target:

Kinase domain of Human HER2 (PDB ID: 3PPO0). The results are summarized in Table 3.



Table 3. Results of molecular docking of the studied compounds with Kinase domain of Human

HER2.

Compound 3PPO, Key interactions
kcal/mole
Ligand -5.70 H-bond: SER A783; n---6: LEU A796, n---alkyl: LEU A785,
ALA A771
1 -8.87 H-bond: HIS A809; Carbon H-bond: LEU A726; Halogen (F):

ASP A808, GLU A812, PRO A802, LEU A726; n---anion: ASP
A808; m---0: LEU A852; Lp---m: TYR A803; &---alkyl: ALA
A751, VAL A734, attractive charge: LYS A724, ASP A80S;

unfavorable positive-positive

2 -8.33 H-bonds: CYS A805, ARG A811, THR A862; Carbon H-bond:
GLY A729, ARG A849, ASP A808; Halogen (F): ASP A808,
SER A728, ASP A863; n-cation: ARG A849; n---6: GLY A804,
LEU A726, VAL A734
3 -7.17 H-bonds: CYS A805, ARG A849, ARG AS811, SER A728, THR
A862; Halogen(F): ASP A808, ASP A863; n---cation: ARG
A849; m---6: VAL A734; Carbon H-bond: GLY A729, ARG
A849; unfavorable negative: ASP A808

4 -8.96 Attractive charge: ARG A849; n---cation: ARG A811; n---0: LEU
A807; w---m: PHE A731
5 -6.13 H-bonds: SER A728, ARG A849; Halogen (F): GLY A729, ASN

A850, GLY A727; nt---w: PHE A731; Carbon H-bond: SER A728,

ARG A849; attractive charge: ARG A811, z---cation: ARG A756

6 -8.30 Carbon H-bond: THR A862; n---alkyl: LEU A785, ALA A771,

LEU A796, MET A774, LEU A800, ALA A751, LEU A852,
LEU A726

The docking results reveal a clear hierarchy of binding affinities, with metal complexes
consistently showing higher binding affinities than the free organic ligand. The latter exhibited the
weakest binding (-5.70 kcal/mol), relying on one hydrogen bond and a few hydrophobic contacts.
Metal complexes in turn demonstrated substantially higher affinities (ranging from -6.13 to -8.96
kcal/mol) and established extensive networks of H-bonds, carbon-hydrogen bonds, halogen
contacts, and diverse m-interactions.

The highest binding affinities were achieved by 4 (-8.96 kcal/mol) and 1 (-8.87 kcal/mol).
Remarkably, these top-performing complexes employ fundamentally different binding strategies.
Complex 4 forms no classical hydrogen bonds, instead achieving exceptional stability through
electrostatic complementarity (attractive charge interactions) and aromatic stacking (fig. 4). This
demonstrates that strong metal-mediated electrostatic and m-interactions can completely substitute
for traditional H-bonding. Complex 1, conversely, combines minimal classical H-bonding with an

extensive network of halogen contacts, m-interactions, and attractive charge interactions,



suggesting that diversification of interaction types yields superior binding. Moreover, it has one
unfavorable interaction which does not prevent this complex from having a high affinity.

Interestingly, 2 and 6 achieved nearly identical binding energies (-8.33 and -8.30 kcal/mol,
respectively) via fundamentally different mechanisms. Complex 2 maintains a robust network of
both classical and carbon-hydrogen bonds, supplemented by halogen and m-cation interactions. In
contrast, 6 completely lacks classical hydrogen bonding and instead relies almost exclusively on
extensive hydrophobic packing, forming a dense cluster of @ -alkyl interactions.

The cobalt complexes (3 and 5) exhibited progressively weaker binding (-7.17 and -6.13
kcal/mol). Notably, 3 displays an unfavorable negative interaction with ASP A808, which likely
compromises its stability despite forming multiple favorable contacts. This highlights that the
presence of repulsive interactions can significantly diminish affinity even when numerous
favorable contacts are present. Complex 5, while avoiding such unfavorable contacts, appears
unable to establish the dense electrostatic and m-interaction networks characteristic of higher-

affinity binders.



Figure 4. 2D (a) and 3D (b) graphical illustration of the interactions between the active
site of HER2 and complex 4.

Thus, it was established that the interaction of 3-(thien-2-ylidene)-1-pyrroline with salts of
Zn(Il), Cu(Il), Co(II), and Ag(I) leads to the formation of structurally diverse coordination
compounds:  mononuclear  complexes  [Zn(L)2(pfb)] (1), [Cu(L)2(pfb)2]  (2),
[Co(L)2(EtOH)2(pfb)2] (3), and [Ag(L)2]J(NO3) (6), tetranuclear [Cu4(L)4(O)(Cl)s] (4), and
binuclear [Co2(H20)(L)4(CF3COO)4] (5). The reagent ratio in reactions 1-3 did not affect the



composition of the resulting compounds, whereas the nature of the metal ion and anion determined
both the composition and geometry of the complexes. In all compounds, ligand L is coordinated
in a monodentate mode through the nitrogen atom of the pyrroline cycle, while the sulfur atom of
the thiophene fragment plays an important role in the formation of S---S and S---w non-covalent

interactions.

The main structure-directing interactions in the crystals of the obtained complexes are n- -1
interactions of different topologies, except for complex 1, where the packing is mainly determined
by S---S contacts, while hydrogen bonds and weak interactions of various types play an auxiliary
role. The crystal structure of the trifluoroacetate salt of ligand L, H[L]*[CFs:COO]", was also
studied, revealing that the main motifs of non-covalent interactions characteristic of this compound

are retained in the crystals of the complexes.

Molecular docking showed that the interaction energies of the synthesized coordination
compounds with the HER2 kinase domainare significantly higher than the binding energy of the
free ligand. The most favorable binding energies were obtained for the tetranuclear copper
complex 4 (-8.96 kcal/mol) and zinc complex 1 (-8.87 kcal/mol), indicating the possibility of
controlling the activity of the compounds by varying the nature of the metal and anion. These

results support support the potential of these compounds as HER2 inhibitors.



Supplementary Information The online version contains supplementary material
available at

Funding

The study was supported by the Russian Science Foundation grant no 23-13-00374-
p, https://rscf.ru/project/23-13-00374-p/

Data availability statement

The structure parameters of obtained compounds were deposited with the Cambridge
Structural Database (2571195 (1), 2571196 (2), 2571197 (3), 2571198 (4), 2571199 (5), 2571200
(6), 2571201 (H[L][CF3COO]); deposit@ccdc.cam.ac.uk or
http://www.ccdc.cam.ac.uk/data_request /cif.

Conflicts of Interest

The authors declare no conflict of interest.

CRediT authorship contribution statement

J.K.V.: Writing — original draft, Investigation, Methodology, Funding acquisition; G. A.
R.: Investigation; A. S. C.: Writing — original draft, Investigation; M. A. S.: Writing — review &
editing, Investigation; I. L. E.: Supervision.

Acknowledgments

IR spectroscopy, X-ray diffraction and CHN analyses of the compounds were
performed using the equipment of the JRC PMR IGIC RAS as part of the state assignment
of the IGIC RAS in the field of fundamental scientific research.



References

1. Jaber AM, Zahra JA, El-Abadelah MM, Al-Mahadeen MM, Sabri SS, Kasabri V, Haddadin
RN (2024) Evaluation of spirooxindole-3, 3'-pyrrolines-incorporating isoquinoline motif
as antitumor, anti-inflammatory, antibacterial, antifungal, and antioxidant agents. Anti-
Inflamm. Anti-Allergy Agents Med. Chem. 23(4):261-272.
https://doi.org/10.2174/0118715230322113240705071750

2. Jeelan Basha N., Basavarajaiah SM, Shyamsunder KIMD (2022) Therapeutic potential of
pyrrole and pyrrolidine analogs: an update. Mol. Divers. 26(5):2915-2937. https://doi.org/
10.1007/s11030-022-10387-8

3. Gein VL, Dianova DG, Senokosova OO, Buldakova EA, Rudakova IP, Novikova VV
(2025) Anti-Inflammatory and Analgesic Activity and Acute Toxicity of 5-aryl-4-aroyl-1-
isobutyl-3-hydroxy-3-pyrroline-2-ones. Pharm. Chem. J. 59(5):534-537. https://doi.org/
10.1007/s11094-025-03424-x

4. Pastukhova EV, Chashchina SV, Buldakova EA, Gein VL, Mokrushin 1G (2023) Synthesis
and analgesic and anti-inflammatory activity of 5-aryl-4-(4-halobenzoyl)-3-hydroxy-1-
carboxymethyl-3-pyrrolin-2-ones. Pharm. Chem. J. 57(2):204-208. https://doi.org/
10.1007/s11094-023-02868-3

5. Gein VL, Dianova DG, Senokosova OO, Nosova NV, Buldakova EA, Mokrushin IG
(2024) Three-Component Synthesis of 5-Aryl (hetaryl)-4-aroyl-1-isobutyl-3-hydroxy-3-
pyrroline-2-ones. Russ. J.  Gen. Chem. 94(3):342-349. https://doi.org/
10.31857/S0044460X24030039

6. Shi T, Li YJ, Wang ZM, Wang YF, Wang B, Shi DY (2023) New pyrroline isolated from
antarctic krill-derived actinomycetes Nocardiopsis sp. LX-1 combining with molecular
networking. Mar. Drugs 21(2):127. https://doi.org/10.3390/md21020127

7. Zhang J., Shang L., Jiang W., Wu W (2022) Shikonin induces apoptosis and autophagy
via downregulation of pyrroline-5-carboxylate reductasel in hepatocellular carcinoma
cells. Bioengineered 13(3):7904-7918. https://doi.org/ 10.1080/21655979.2022.2052673

8. Asif M, Alvi SS, Azaz T, Khan AR, Tiwari B, Hafeez BB, Nasibullah M (2023) Novel
functionalized spiro [indoline-3, 5'-pyrroline]-2, 2’ dione derivatives: synthesis,
characterization, drug-likeness, ADME, and anticancer potential. Int. J. Mol. Sci. 24(8):
7336. https://doi.org/10.3390/ijms24087336

9. Poyraz S, Déndas HA, Dondas NY, Sansano JM (2023) Recent insights about pyrrolidine
core skeletons in pharmacology. Front. Pharmacol. 14.

https://doi.org/10.3389/fphar.2023.1239658



10.

1.

12.

13.

14.

15.

16.

17.

18.

Titova EM, Titov AA, Shubina ES (2023) Functional pyrazolylpyridine ligands in the
design of metal complexes with tunable properties. Russ. Chem. Rev. 92(11):RCR5099.
https://doi.org/10.59761/RCR5099

Mishra I, Sharma V, Kumar N, Krishna G, Sethi VA, Mittal R, Dhakad PK, Mishra R (2025)
Exploring thiophene derivatives: synthesis strategies and biological significance. Med.
Chem. 21(1):11-31. https://doi.org/ 10.2174/0115734064326879240801043412

Bhagwat SK, Pawar TJ, Kulkarni SA, Patil AA, More RA, Jimenez-Halla JOC, Alvarado-
Salazar JA, Olivares-Romero JL, Muteeb G, Delgado-Alvarado E, Patil SV (2024)
Synthesis, characterization, biological activities, and computational studies of pyrazolyl—
thiazole derivatives of  thiophene. RSC  Adw. 14(52):39004-39016.
https://doi.org/10.1039/d4ra06228k

Tanwar AS, Meyer F (2025) Harnessing non-covalent interactions in modified thiophenes:
structural design and applications in materials and biological sciences. CrystEngComm
27(6):736-748. https://doi.org/ 10.1039/d4ce01213e

Kadiri M, Driouch M, Elaaraj I, Tanji A, Elabbadi A, Fahim M, Sfaira M, Hermawan H
(2025) Synergistic corrosion inhibition of mild steel in acidic media by a Benzimidazole—
Thiophene ligand and its metal complexes: a multi-technique electrochemical approach.
Materials 18(19):4545. https://doi.org/10.3390/mal8194545

Razgonyaeva GA, Shmelev MA, Chistyakov AS, Bovkunova AA, Anisimov AA, Sidorov
AA, Eremenko IL (2026) Synthesis and Structure of Mixed-Anionic Europium
Compounds with Anions of 3-Thiophenecarboxylic and Benzoic or Pentafluorobenzoic
Acids. J. Struct. Chem. 67(6):1385-1398. https://doi.org/10.1134/S0022476626060144
Jimenez-Falcao S, Mendez-Arriaga JM (2024) Recent advances in metal complexes based
on biomimetic and biocompatible organic ligands against leishmaniasis infections: state of
the art and alternatives. Inorganics 12(7):190. https://doi.org/
10.3390/inorganics 12070190

El-Lateef HMA, El-Dabea T, Khalaf MM, Abu-Dief AM (2023) Recent overview of potent
antioxidant activity of coordination compounds. Antioxidants 12(2):213. https://doi.org/
10.3390/antiox12020213

Bazhina ES, Bovkunova AA, Shmelev MA, Korlyukov AA, Pavlov AA, Hochvaldova L,
Kvitek L, Panacek A, Kopel P, Eremenko IL, Kiskin MA (2023) Zinc (II) and copper (1)
complexes with N-substituted imines derived from 4-amino-1, 2, 4-triazole: Synthesis,
crystal structure, and biological activity. Inorg. Chim. Acta 547:121359. https://doi.org/
10.1016/j.ica.2022.121359



19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Yambulatov DS, Nikolaevskii SA, Lutsenko IA, Kiskin MA, Shmelev MA, Bekker OB,
Efimov NN, Ugolkova EA, Minin VV, Sidorov AA, Eremenko IL (2020) Copper (II)
Trimethylacetate Complex with Caffeine: Synthesis, Structure, and Biological Activity.
Russ. J. Coord. Chem. 46(11):772-778. https://doi.org/10.1134/S1070328420110093
Uvarova MA, Lutsenko IA, Shmelev MA, Nefedov SE, Bekker OB, Lashkin Al, Shender
VO, Eremenko IL (2024) Research of the influence of anions in complexes [CuPhen (Hpz)
2X2](X= CF3COQ", Otf", CI") on the structure and bioactivity. New J. Chem. 48(2):717-
723. https://doi.org/ 10.1039/d3nj04903¢

Morozov IV, Karpova EV, Glazunova TY, Boltalin Al, Zakharov MA, Tereshchenko DS,
Fedorova AA, Troyanov SI (2016) Trifluoroacetate complexes of 3 d elements: Specific
features of syntheses and structures. Russ. J. Coord. Chem. 42(10):647-661. https://doi.org/
10.1134/S107032841610002X

Malkerova IP, Kayumova DB, Belova EV, Shmelev MA, Sidorov AA, Eremenko IL,
Alikhanyan AS (2022). Thermodynamic Characteristics of Silver Perfluorobenzoates
CsFsCOOAg- 0.5 CsFsCOOH and C¢FsCOOAg. Russ. J. Coord. Chem. 48(2):84-88.
https://doi.org/10.1134/S107032842202004X

Mandal S, Mahato S, Jana CK (2015) Direct B-C (sp3)-H Functionalization of Aliphatic
Amines to o, B-Unsaturated Imines, Aldehydes, and Chromenes. Org. Lett. 17(15): 3762-
3765. https://doi.org/10.1021/acs.orglett.5b01744

Rizbayeva T, Smolobochkin A, Gazizov A, Babaeva O, Lyubina A, Sapunova A, Voloshina
A, Gerasimova D, Burilov A, Pudovik M (2025) Diastereospecific cyclization of 3-
arylidene-1-pyrrolinium salts containing an alkyltriarylphosphonium fragment: a path to
the synthesis of new pyrrolizidine derivatives. New J. Chem. 49(34):14718-14727.
https://doi.org/10.1039/d5nj02552d

Sheldrick GM (2015) SHELXT - Integrated space-group and crystal-structure
determination. Acta Crystallogr. Sect. A. 71(1):3-8. DOI: 10.1107/S2053273314026370
Sheldrick GM (2015) Crystal structure refinement with SHELXL. Acta Crystallogr., Sect.
C: Struct. Chem. 71(1):3-8. https://doi.org/10.1107/s2053229614024218

Dolomanov O. V., Bourhis L. J., Gildea R. J., Howard J. A. K., Puschmann H (2009)
OLEX2: A complete structure solution, refinement and analysis program. J. Appl.
Crystallogr. 42(2):339-341. https://doi.org/10.1107/ s0021889808042726

Morris GM, Huey R, Lindstrom W, Sanner MF, Belew RK, Goodsell DS, Olson AJ (2009)
AutoDock4 and AutoDockTools4: Automated docking with selective receptor flexibility.
J. Comput. Chem. 30: 2785-2791. https://doi.org/10.1002/jcc.21256



29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Sanner MF (1999) Python: A Programming Language for Software Integration and
Development. J. Mol. Graphics Mod. 17: 57-61.

Morris GM, Goodsell DS, Halliday RS, Huey R., Hart WE, Belew RK, Olson AJ (1998)
Automated docking using a Lamarckian genetic algorithm and an empirical binding free
energy function. J. Comput. Chem. 19(14):1639-1662. https://doi.org/10.1002/(SICI)1096-
987X (19981115)19:14<1639::AID-JCC10>3.0.CO;2-B

Naufal M, Hermawati E, Danova A, Hidayat IW, Al-Anshori J (2026) Design, Synthesis,
Bioevaluation, and Bioinformatics Study of 5-Benzylidene Hydantoin Derivatives as
Novel Tyrosine Kinase Inhibitors. ChemistryOpen 15(1):¢202500158.
https://doi.org/10.1002/0pen.202500158

Voronina JK, Yambulatov DS, Chistyakov AS, Bolot’ko AE, Efromeev LM, Shmelev MA,
Sidorov AA, Eremenko IL (2023) Influence of the arene/perfluoroarene ratio on the
structure and non-covalent interactions in crystals of Cd (II), Cd (II)-Tb (III) and Cu (II)
Compounds. Crystals 13(4):678. https://doi.org/10.3390/cryst13040678.

Cheng Q, Xing P (2025) Multi-scale assembly strategies driven by arene—perfluoroarene
interaction: molecular design of functional materials. Nanoscale 17(27):16056-16070.
https://doi.org/10.1039/d5nr01626f

Rana A, Galmés B, Frontera A, Biswal HS, Chopra D (2020) Unravelling the electronic
nature of C—F--- O—C non-covalent interaction in proteins and small molecules in the solid
state. Phys. Chem. Chem. Phys. 22(44):25704-25711. https://doi.org/10.1039/d0cp05280a
Heindl C, Kuntz A, Peresypkina EV, Virovets AV, Zabel M, Liideker D, Brunklaus G,
Scheer M (2015) Unexpected fragmentations of triphosphaferrocene — formation of
supramolecular assemblies containing the (1,2,4-P3C;Mesz)— ligand. Dalton Trans.
44:6502. https://doi.org/10.1039/C5DT00303B

Nath S, Sarkar S, Baguli S, Kumar A, Mallick D, Mukherjee D (2026) A benzoxazolyl-
linked cyclic(alkyl)(amino)carbene (CAAC): the N-sidearm negatively influences the
Buchwald-Hartwig coupling. Inorg. Chem. Front. 13:5850.
https://doi.org/10.1039/d6qi100113k

Chaudhari AK, Joarder B, Riviere E, Rogez G, Ghosh SK (2012) Nitrate-Bridged “Pseudo-
Double-Propeller”-Type Lanthanide(III)-Copper(Il) Heterometallic Clusters: Syntheses,
Structures, and Magnetic Properties. Inorg. Chem. 51:9159.
https://doi.org/10.1021/ic3012876

Zvereva OV, Rizbaeva TS, Blinov DO, Zorina-Tikhonova EN, Chistyakov AS, Shmelev
MA, Voronina YuK, Eremenko IL (2025) Synthesis, Structural Features, and Molecular



Docking of Zinc Complexes with Derivatives of 3-Arylidene-1-Pyrrolines. J. Struct. Chem.
66(12):2706-2720. https://doi.org/10.1134/S0022476625120224

39. Voronina JK, Zvereva OV, Shmelev MA, Chistyakov AS, Zorina-Tikhonova EN, Bazhina
ES, Anisimov AA, Garifullin BF, Rizbayeva TS, Gazizov AS, Eremenko IL (2025)
Synthesis, structural features and molecular docking studies of Cu (II) coordination
compounds with 3-arylidene-1-pyrrolines. J.  Mol. Struct. 1349(2):143748.
https://doi.org/10.1016/j.molstruc.2025.143748



Supplementary Files

This is a list of supplementary files associated with this preprint. Click to download.

¢ VORONINASM.docx


https://assets-eu.researchsquare.com/files/rs-10694986/v1/88d84664678167cc9d336153.docx

