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SYNTHESIS AND STRUCTURE OF CYTOTOXIC  

COPPER(II) COMPLEXES BASED ON di(o-TOLYL)PHOSPHINIC  

ACID AND 2,2′-BIPYRIDINE/1,10-PHENANTHROLINE 
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The following series of copper(II) complexes based on di(o-tolyl)phosphinic acid (HL) and 1,10-

phenanthroline (phen), 5-chloro-1,10-phenanthroline (Cl-phen), 4,7-dimethyl-1,10-phenanthroline 

(dmphen), 2,2′-bipyridine (bipy) is prepared and characterized: [Cu(OH)L]
n
 (1), [Cu(phen)(H2O)L2] (2), 

[Cu(dmphen)(H2O)L2] (3), [Cu(Cl-phen)(H2O)L2] (4), [Cu(bipy)(H2O)L2] (5). According to the XRD data, 

the phosphinate anion L– exhibits a monodentate coordination in mononuclear complexes 2–5 and  

a bidentate-bridge coordination in the polymer complex 1. The cytotoxic activity of the ligands and 

complexes is studied using the A549 (carcinoma) and MRC5 (non-neoplastic fibroblasts) human lung cell 

lines. It is shown that the complexes exhibit pronounced dose-dependent cytotoxicity to these cell lines in 

the 1-50 µM concentration range. 

DOI: 10.1134/S0022476624070175 

Keywords: copper(II) complexes, di(o-tolyl)phosphinic acid, 1,10-phenanthroline, crystal structure, 

cytotoxicity, selectivity index. 

INTRODUCTION 

The past decades have witnessed an increased interest in transition metal compounds as potential therapeutic agents 

[1-4]. Metal-containing compounds are part of effective medicinal and diagnostic products and are highly important for the 

pharmaceutical industry. For example, cisplatin, carboplatin, and other platinum based coordination compounds are used in 

the treatment of tumor diseases, auranofin containing gold(I) ions is employed in the case of rheumatoid arthritis, sodium 

pertechnetate is utilized as radiopharmaceuticals, etc. 

Widely discussed cytotoxic properties of coordination compounds [5-7] allow them to be utilized as a starting 

platform for the development of antitumor drugs. One such successful examples is copper(II) complexes based on 2,2′-

bipyridine, 1,10-phenanthroline, and amino acids/acetylacetonates derivatives patented under the name of “Casiopeinas®” 

[8, 9]. One of such complexes is currently subject of the phase I of clinical trials in Mexico [10]. 
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The obtained results confirmed that copper(II) complexes based on 2,2′-bipyridine and 1,10-phenanthroline are 

promising objects for the search for new antitumor drugs. When designing such compounds, the following O-donor systems 

are often used as additional ligands: carboxylic acid derivatives [11-13] (e.g., salicylic acid [14, 15]), N-oxides [16], 

biologically active ligands (norfloxacin, levofloxacin, indomethacin, doxycycline, tetracycline, etc.) [17-20], chromone 

[21, 22], etc.). However, only some of these complexes have been studied in detail in terms of their selectivity, and still  

a smaller number have been studied in vivo to confirm their antitumor activity [23]. 

In the present work, were prepared and characterized copper(II) complexes based on di(o-tolyl)phosphinic acid and 

1,10-phenanthroline/2,2′-bipyridine derivatives. It was shown that the 1,10-phenanthroline containing complexes in the 

concentration range 1-50 µM exhibit a pronounced cytotoxic non-selective effect on the A549 cell line of human lung 

carcinoma. 

EXPERIMENTAL 

The complexes were prepared using commercial copper(II) acetate hydrate (analytical-grade), 1,10-phenanthroline 

monohydrate, 2,2′-bipyridine, 4,7-dimethyl-1,10-phenanthroline, and 5-chloro-1,10-phenanthroline (reagent-grade). 

Synthesis of di(o-tolyl)phosphinic acid (HL). 30% H2O2 (2 mL) and di(o-tolyl)chlorophosphine (1 g, 0.004 mol) 

were added to a solution of NaOH (1 g, 0.025 mol) in distilled water (30 mL). The reaction mixture was stirred for 1 h at 

70 °C, cooled down and supplemented with an aqueous 20% HCl solution up to pH 2. The product was extracted by 

dichloromethane (2×20 mL), the organic layer was dried over Na2SO4, and filtered. The solvent was removed in a vacuum. 

The resulting white powder was dried in air. Yield: 81% (0.80 g). Elemental analysis (%), calculated for C14H15O2P: C 68.3, 

H 6.1; found: C 68.7, H 6.0. 1H NMR (δ, ppm): 7.47-7.32 (m, 3H, Ph), 7.27-7.10 (m, 5H, Ph), 2.32 (s, 6H, CH3). NMR 
31P{1H} (δ, ppm): 36.27. IR spectrum, ν, cm–1: 457, 478, 494, 538, 554, 579, 669, 698, 718, 760, 810, 941, 993, 1032, 1047, 

1086, 1142, 1204, 1248 ν(P=O), 1277 ν(P=O), 1285 (P=O), 1379, 1452, 1474, 1566, 1595, 1641, 2928, 2963, 3015, 3061, 

3443, 3499 (OH). 

Synthesis of [Cu(OH)L]
n
 (1). A weighted sample of di(o-tolyl)phosphinic acid (0.040 g, 0.16 mmol) was added to  

a weighted sample of copper(II) acetate (0.017 g, 0.08 mmol) dissolved in a 4:1 mixture of ethyl alcohol and water (5 mL) 

upon slight heating up to 50 °C. After a lavender-blue precipitate was formed, the solution was evaporated for 20 min at 

70 °C. The precipitate was filtered through a glass filter, washed with 1 mL portions of ethyl alcohol, and dried in air. Some 

small amount of XRD quality [Cu(OH)L]
n
 crystals were formed in the mother liquor. Yield: 80% (0.022 g). Elemental 

analysis (%), calculated for C14H15CuO3P: C 51.6, H 4.6; found: C 52.1, H 4.9. IR spectrum (ν, cm–1), main bands: 1125, 

1140, 1202, 1275 ν(P=O); 1454, 1474, 1568, 1593 Rring, 2420 ν(O–H⋯O=P); 2924, 2962, 3017, 3061, 3086 ν(C–H); 3375, 

3620 ν(O–H). 

Synthesis of [Cu(phen)(H2O)L2] (2). A weighted sample of 1,10-phenanthroline (0.020 g, 0.10 mmol) was 

dissolved in 3 mL ethyl alcohol, supplemented with a weighted sample of copper(II) acetate monohydrate (0.020 g, 

0.10 mmol), and dissolved upon heating up to 50 °C. The resulting bright blue solution was supplemented under stirring by  

a weighted sample of di(o-tolyl)phosphinic acid (0.049 g, 0.20 mmol). Some time after the latter was dissolved, a pale blue 

precipitate was formed. The precipitate was filtered, washed with several 1 mL portions of ethyl alcohol, and dried in air. 

Yield: 63% (0.049 g). Elemental analysis (%), calculated for C40H38CuN2O5P2: C 63.9, H 5.1, N 3.7; found: C 63.3, H 5.2,  

N 4.0. IR spectrum (ν, cm–1), main bands: 1138, 1173, 1202, 1273 ν(P=O); 1425, 1454, 1472, 1495, 1520, 1591, 1632 Rring, 

2421 ν(O–H⋯O=P); 2926, 2953, 3009, 3061 ν(C–H); 3462 ν(O–H). TGA: 3.1% mass loss at 175 °C. Calculated for 1H2O: 

2.4%. 

Synthesis of [Cu(dmphen)(H2O)L2] (3). A weighted sample of 4,7-dimethyl-1,10-phenanthroline (0.010 g, 

0.050 mmol) was dissolved in 3 mL ethyl alcohol, supplemented with a weighted sample of copper(II) acetate monohydrate 

(0.010 g, 0.050 mmol) that was dissolved upon slight heating up to 50 °C. A weighted sample of di(o-tolyl)phosphinic acid 
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(0.025 g, 0.10 mmol) was added to the resulting solution. Some time after it dissolved, a pale green precipitate was formed. 

The solution with the precipitate was evaporated to half the original volume at 80 °C. The precipitate was filtered, washed by 

1 mL portions of ethyl alcohol, and dried in air. Dimethyl sulfoxide (0.50 mL) was added to the mother liquor, and 

[Cu(dmphen)(H2O)L2]⋅3H2O (3a) crystals suitable for XRD were formed after a few months, which could not be though 

collected because of small quantities. Yield: 60% (0.024 g). Elemental analysis (%): calculated for C42H42CuN2O5P2 - C 64.6, 

H 5.4, N 3.6; found - C 63.7, H 5.8, N 3.9. IR spectrum (ν, cm–1), main bands: 1138, 1163, 1202, 1231, 1273 ν(P=O); 1425, 

1454, 1474, 1495, 1526, 1581, 1593, 1610, 1625 Rring, 2413 ν(O–H⋯O=P); 2922, 2960, 3007, 3047 ν(C–H); 3443 ν(O–H). 

TGA: mass loss 3.2% at 130 °C. Calculated for 1H2O: 2.3%. 

Synthesis of [Cu(Cl-phen)(H2O)L2] (4). A weighted sample of 5-chloro-1,10-phenanthroline (0.021 g, 0.10 mmol) 

was dissolved in ethyl alcohol (3 mL). A weighted sample of copper(II) acetate monohydrate (0.021 g, 0.10 mmol) was 

added to the obtained solution an dissolved upon slight heating up to 50 °C. A weighted sample of di(o-tolyl)phosphinic acid 

(0.049 g, 0.20 mmol) was added to the resulting solution. Some time after it dissolved, a pale green precipitate was formed; 

the solution with the precipitate was evaporated to half the original volume at 80 °C. The precipitate was filtered, washed 

with 1 mL portions of ethyl alcohol, and dried in air. Yield: 84% (0.066 g). Elemental analysis (%),calculated for 

C40H37ClCuN2O5P2: C 61.1, H 4.7, N 3.6; found: C 60.6, H 4.9, N 3.8. IR spectrum (ν, cm–1), main bands: 1136, 1171, 1202, 

1273 ν(P=O); 1423, 1454, 1520, 1585, 1618 Rring, 2446 ν(O–H⋯O=P); 2922, 2945, 3003, 3057, 3086 ν(C–H); 3470 ν(O–H). 

TGA: 2.7% mass loss at 180 °C. Calculated for 1H2O: 2.3%. 

Synthesis of [Cu(bipy)(H2O)L2] (5). A weighted sample of 2,2′-bipyridine (0.016 g, 0.10 mmol) was dissolved in 

ethyl alcohol (3 mL). A weighted sample of copper(II) acetate monohydrate (0.021 g, 0.10 mmol) was added to the solution 

and dissolved upon slight heating up to 50 °C. A weighted sample of di(o-tolyl)phosphinic acid (0.050 g, 0.20 mmol) was 

added to the obtained solution. After its dissolution, a pale blue precipitate was formed. The solution was filtered through  

a glass filter, washed with 1 mL portions of ethyl alcohol, and dried in air. After several months, a small amount of 

[Cu(bipy)(H2O)L2] crystals suitable for XRD were formed in the mother liquor. Yield: 51% (0.039 g). Elemental analysis 

(%),calculated for C38H38CuN2O5P2: C 62.7, H 5.3, N 3.9; found: C 62.7, H 5.2, N 4.0. IR spectrum (ν, cm–1), main bands: 

1138, 1163, 1202, 1253, 1273 ν(P=O); 1447, 1474, 1497, 1568, 1593, 1603, 1608 Rring, 2428 ν(O–H⋯O=P); 2925, 2952, 

3011, 3053, 3075 ν(C–H); 3472 ν(O–H). TGA: 4.5% mass loss at 160 °C. Calculated for 1H2O: 2.5%. 

The CHN analysis was performed at the Analytical Laboratory of NIIC SB RAS on a Vario MICRO cube analyzer 

according to the standard procedure. The IR spectra were registered on a Scimitar FTS 2000 FTIR spectrometer in the region 

of 4000-400 cm–1. The samples were prepared in the form of suspensions in vaseline and fluorinated oil and PE and pressed 

in KBr pellets. Powder XRD was performed on a Shimadzu XRD-7000S diffractometer (CuKα radiation, λ = 1.54056 Å, Ni-

filter, 2θ range from 5° to 40°, counting time per point = 1 s). The studied samples were ground in an agate mortar in the 

presence of heptane; the resulting suspension was deposited to the polished side of a standard quartz cuvette; after the 

heptane dried, the sample was a thin (~100 µm) even layer. The thermogravimetric analysis was performed on a NETZSCH 

TG 209 F1 Iris Thermo Microbalance instrument  in helium in open Al2O3 crucibles at a heating rate of 10 °C/min. 

XRD. The XRD study of single crystals of 1, 3a, 5 was conducted according to the standard procedure on a Bruker 

D8 Venture diffractometer (MoKα monochromatic graphite radiation, λ = 0.71073 Å) at 150 K. The measurements were 

conducted using ϕ- and ω-scanning. Absorption corrections were introduced using the SADABS program [24]. The 

structures were solved and refined with the SHELXTL program [25, 26] using the Olex2 interface [27]. Atomic displacement 

parameters for non-hydrogen atoms were refined anisotropically. Positions of hydrogen atoms were calculated geometrically 

and refined using a riding model. The outer sphere of 3a contains disordered water molecules. The electron density 

corresponding to three water molecules in the system was removed by using the Solvent Mask function of the Olex2 

program. The crystal data and structure refinements are listed in Table 1. The XRD data were deposited with the Cambridge 

Crystallographic Data Centre (CCDC No. 2352372-2352374) and can be obtained free of charge at http://www.ccdc. 

cam.ac.uk/data_request/cif. 
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TABLE 1. Crystal Data and Structure Refinement Details for 1, 3a, 5 

Compound 1 3a 5 

Empirical formula C14H15CuO3P C42H48CuN2O8P2 C38H38CuN2O5P2 
M, g/mol 325.77 834.33 728.18 

Crystal system Monoclinic Triclinic Triclinic 
Space group P21/c 1P 1P

a, b, c, Å 7.1099(9),  
15.4517(17),  
12.3317(15) 

11.263(3),  
13.622(3),  
14.304(3) 

10.7045(12),  
12.4863(13),  
13.7658(14) 

α, β, γ, deg 90,  
94.605(5),  

90 

91.958(8),  
113.173(7),  
98.831(8) 

69.060(3),  
86.387(4),  
86.873(4) 

V, Å3 1350.4(3) 1982.8(8) 1714.0(3) 
Z 4 2 2 

Dcalc, g/cm3 1.607 1.307 1.411 

μ, mm–1 1.735 0.677 0.777 

Crystal size, mm 0.65×0.55×0.20 0.090×0.030×0.010 0.125×0.025×0.013 

2θ Range for data collection, deg 4.23-55.05 3.95-49.55 3.79-50.77 

Index ranges –8 ≤ h ≤ 9, 
–20 ≤ k ≤ 20, 
–16 ≤ l ≤ 16 

–13 ≤ h ≤ 13, 
–16 ≤ k ≤ 14, 
–16 ≤ l ≤ 16 

–12 ≤ h ≤ 12, 
–13 ≤ k ≤ 15, 
–16 ≤ l ≤ 16 

Reflections collected / unique 13910 / 3092 15716 / 6697 14819 / 6223 

Rint, Rσ 0.0568,  0.0518 0.1018,  0.1896 0.0859,  0.1439 

Restraints / parameters 0 / 180 1 / 478 1 / 440 
GOOF on F2 1.069 0.987 0.979 

Final R indices [I > 2σ(I)] R1 = 0.0537,  
wR2 = 0.1218 

R1 = 0.0746, 
wR2 = 0.1501 

R1 =0.0628, 
wR2 = 0.1159 

R indices (all data) R1 = 0.0785,  
wR2 = 0.1333 

R1 = 0.1601,  
wR2 = 0.1818 

R1 = 0.1273,  
wR2 = 0.1384 

Largest diff. peak and hole, e/Å3 1.41 / –0.59 0.74 / –0.43 0.60 / –0.70 
CCDC No. 2352372 2352374 2352373 

 

Cytotoxic activity. The experiments were conducted with a A549 cell line of human lung carcinoma (Biolot, 

Russia) and MRC5 non-tumor human lung fibroblasts (State Research Center of Virology and Biotechnology VECTOR, 

Russia). Cell viability was estimated by the double staining method using Hoechst 33342 and propidium iodide (PI) 

fluorescent dyes according to the standard procedure described earlier in [28]. The cells were seeded into 96-well plates and 

cultured in DMEM (MRC5) or DMEM/F12 (A549) media  in a CO2 incubator at 37 °C. After 24 h, the compounds dissolved 

in ethanol in the 0.20-50 µM concentration range were added, and the cells were incubated for 48 h. The cells were stained by 

Hoechst 33342 (Sigma-Aldrich) and propidium iodide (Invitrogen) for 30 min at 37 °C. The records were performed on  

an IN Cell Analyzer 2200 (GE Healthcare, UK) in the automatic mode using 4 fields per well. The obtained images were 

analyzed using the In Cell Investigator program to determine live, dead, and apoptotic cells in the entire population. The 

result is presented as the percentage of cells from three independent experiments ± standard deviation. The experimental 

dependence of the percentage of living cells on the compound concentration was approximated by a nonlinear function. The 

LC50 parameter was calculated as the compound concentration causing 50% cell death. 
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Fig. 2. Structure of [Cu(OH)L]
n
 (1). 

 

 

Fig. 3. Structure of [Cu(dmphen)(H2O)L2]⋅3H2O (3a) with intramolecular hydrogen bonding (green 
dashed line) and π-staking (blue dashed line) (a); intermolecular H-bond between neighboring 
molecules (b); packing of non-covalent dimers (different colors) into a polymer chain due to 
intermolecular π-staking (c) (see the electronic version). 

 

molecule and the ligand oxygen with O–H⋯O distances equal to 2.668 Å (3a) and 2.709 (5) Å. Besides, the phenyl group of 

the L– anion and dmphen/bipy are connected by a π–π interaction with a length of 3.568 Å (3a) and 3.744 Å (5), respectively 

(Fig. 3a). Two neighboring molecules of the complex (water molecule and oxygen of the phosphinate anion) are connected 

by intermolecular hydrogen bonds with distances 2.586 Å (3a) and 2.575 Å (5), thus leading to the formation of a non-

covalent dimer (Fig. 3b). Such dimers are packed into a polymer chain due to π-staking between dmphen or bipy with  
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The cytotoxicity was studied both on human tumor cell lines and on non-tumor ones in order to calculate selectivity 

indices for the synthesized compounds. The indices were determined as the ratio of LC50 on the MRC5 line to its value on the 

A549 line. For 2–5, the selectivity indices are close to 0.8-0.9, indicating that these complexes are not selective to the tumor 

cell line. In the case of 5, fibroblasts are even more sensitive to the complex than tumor cells: the action of 50 µM of the 

complex for 48 h caused ∼75% fibroblast death, whereas the death of A549 increases relative to the control group and 

reaches ∼12% only upon the action of 100 µM of the complex (Fig. 7). 

CONCLUSIONS 

Copper(II) complexes based on derivatives of 1,10-phenanthroline/2,2′-bipyridine and di(o-tolyl)phosphinic acid 

were prepared and characterized. It was established that copper has a planar square environment in the [Cu(OH)L]
n 

polymer 

complex and a distorted square-pyramidal environment  in [Cu(LN–N)(H2O)L2] mononuclear complexes. At the same time, the 

L– phosphinate anion has different coordinations: a bidentate-bridge of coordination in the first case and a monodentate one 

in other complexes. It was shown that 1,10-phenanthroline based complexes exhibit pronounced dose-dependent cytotoxicity 

exceeding that of cisplatin on the A549 and MRC5 cell lines, while the cytotoxicity of the 2,2′-bipyridine based complex is 

an order of magnitude lower. At the same time, none of the compounds of this series demonstrated selectivity to the A549 

tumor cell line. 
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