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Abstract: Reactions of copper(II) sulfate with 2,2′-bipyridine (bipy) and amino acids with nonpo-
lar side chains (L-alanine (HAla), L-valine (HVal), or L-phenylalanine (HPhe)) were investigated
under different solution-based and mechanochemical methods. Five new ternary coordination
compounds were obtained by a solution-based synthesis and three of them additionally by the liquid-
assisted mechanochemical method: {[Cu(µ-L-Ala)(H2O)(bipy)]2SO4·2H2O}n (1a·2H2O), {[Cu(µ-L-
Ala)(H2O)(bipy)][Cu(L-Ala)(H2O)(bipy)]SO4·2.5H2O}n (1b·2.5H2O), {[Cu(µ-L-Val)(H2O)(bipy)][Cu(L-
Val)(H2O)(bipy)]3(SO4)2·4H2O}n (2·4H2O), [Cu(L-Phe)(H2O)(bipy)][Cu(L-Phe)(SO4)(bipy)]·8H2O
(3·8H2O), and [Cu(L-Phe)(H2O)(bipy)][Cu(L-Phe)(SO4)(bipy)]·9H2O (3·9H2O). The compounds were
characterized by single-crystal and powder X-ray diffraction, infrared spectroscopy, and a thermal
analysis. Structural studies revealed two structural types, monomeric in 3·8H2O and 3·9H2O, poly-
meric architectures in 1a·2H2O, and mixed structures (monomeric and polymeric) in 1b·2.5H2O
and 2·4H2O. The copper(II) ion is either pentacoordinated or hexacoordinated, with an observed
Jahn–Teller effect. The crystal structures are based on an intensive network of hydrogen bonds and
π interactions. 1a·2H2O and 2·4H2O showed substantial in vitro antiproliferative activity toward
human hepatocellular carcinoma (HepG2) and moderate activity toward human acute monocytic
leukemia cell lines (THP-1).

Keywords: 2,2′-bipyridine; amino acids; coordination polymers; copper; crystal structures;
mechanochemistry; solution-based synthesis; ternary coordination compounds

1. Introduction

Copper is an essential element in living organisms that appears in traces and par-
ticipates in many biochemical processes (respiration, metabolism, DNA synthesis, and
oxidation-reduction reactions) [1]. Copper(II) compounds that contain biological ligands
like amino acids are currently studied because of their wide spectrum of applications in
biomedicine [1–4], crystal engineering [5–7], catalysis in organic chemistry [8], and stere-
ospecific reactions [8–10].

After the discovery of cisplatin [11], great attention has been given to the transi-
tion metal coordination compounds with a similar biological activity, especially to the
ternary copper(II) compounds with amino acids and N,N’-donor heterocyclic bases such
as 2,2′-bipyridine or 1,10-phenanthroline derivatives. It was shown that the presence of
heterocyclic bases, which act as N–N ligands, stabilizes the molecular structure and is cru-
cial for antiproliferative activity [1]. These compounds belong to the group of compounds
called Casiopeinas, which stand out because of their antiproliferative properties and can be
used as cytotoxic or diagnostic agents as well as antitumor or antiviral medicine [1,12,13].
The antiproliferative properties arise from DNA binding abilities in the physiological
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conditions with covalent or non-covalent interactions (groove binding, intercalation, and
external electrostatic effects) [14,15]. In addition to drug developments, these types of
compounds can be used as model compounds for studying the interaction between DNA
and proteins [15]. In most copper(II) coordination compounds, amino acids coordinate
to copper atoms as N,O didentate ligands, utilizing the amino group and the carboxylate,
but due to different side chains, amino acids are additionally capable of taking part in
the non-covalent interactions, mostly in the formation of hydrogen bonds and π interac-
tions [6,16]. In such a way, many different architectures with different dimensionalities
(0-dimensional monomers, 1D polymer chains, and 2D or 3D networks) may emerge from
the self-assembly. Additionally, these compounds are very often in the form of different
solvates, containing porous structures, making them interesting compounds for molecular
recognition and the absorption of gases or solvents [6,17].

Several monomeric and polymeric crystal structures of copper(II) with 2,2′-bipyridine
with nonpolar amino acids (L-alanine, L-valine, and L-phenylalanine) containing different
anions (nitrate, perchlorate, or hexafluorophosphate) have been structurally characterized
so far [17–26]. In all the reported crystal structures, the geometry around the copper(II)
atom is either a distorted square pyramidal or octahedral. Most of this research, including
those and similar ternary coordination compounds, was conducted to reveal their struc-
ture and biological activity [27–30]. It was also found that the copper(II) coordination
compound with 2,2′-bipyridine and L-alanine has long-lived photoluminescence and a
high quantum yield under air exposure [20]. The copper(II) coordination compound with
2,2′-bipyridine and L-valine was evaluated as a functional model for the catechol oxidase
enzyme and phenoxazinone synthase [23]. It was found that the ternary coordination
compound of copper(II) with 2,2′-bipyridine and L-phenylalanine has excellent ferroelectric
and piezoelectric properties [25,26].

Recently, we reported syntheses, structures, and magnetic and biological properties
of a series of ternary copper(II) coordination compounds with amino acids (L-serine,
L-threonine, and glycine) and heterocyclic N,N’-donor ligands (2,2′-bipyridine and 1,10-
phenanthroline) [6,31,32].

In this work, we were interested in reactions of copper(II) sulfate with 2,2′-bipyridine
(bipy) and nonpolar amino acids (L-alanine (HAla), L-valine (HVal), and L-phenylalanine
(HPhe)) under different solution-based and mechanochemical synthetic methods. The
effects of different solvents (water and methanol) and different amino acid side chains on
crystallization and crystal structures were investigated. These studies revealed different
structural types, including monomeric and polymeric architectures, as well as different sol-
vatomorphs. Five new ternary copper(II) compounds with 2,2′-bipyridine (bipy) and non-
polar amino acids (L-alanine (HAla), L-valine (HVal), or L-phenylalanine (HPhen)— {[Cu(µ-
L-Ala)(H2O)(bipy)]2SO4·2H2O}n (1a·2H2O), {[Cu(µ-L-Ala)(H2O)(bipy)][Cu(L-Ala)(H2O)
(bipy)]SO4·2.5H2O}n (1b·2.5H2O), {[Cu(µ-L-Val)(H2O)(bipy)][Cu(L-Val)(H2O)(bipy)]
3(SO4)2·4H2O}n (2·4H2O), [Cu(L-Phe)(H2O)(bipy)][Cu(L-Phe)(SO4)(bipy)]·8H2O (3·8H2O)
and [Cu(L-Phe)(H2O)(bipy)][Cu(L-Phe)(SO4)(bipy)]·9H2O (3·9H2O)) were synthesized and
structurally and thermally characterized.

2. Materials and Methods

The copper(II) sulfate pentahydrate was purchased from Gram-mol; 2,2′-bipyridine
from Acros Organics; L-alanine, L-valine, and L-phenylalanine from Fisher Bioreagents;
and methanol from Carlo Erba Reagents. The copper(II) hydroxide was prepared by a
method described in the literature [33,34]. A Retch MM200 ball mill was used for grinding
experiments, working at a frequency of 25 Hz, with Teflon jars (volume of 14 mL) and
stainless-steel grinding balls (diameter of 8 mm). For a thermogravimetric analysis, the
Mettler Toledo TGA/DSC 3+ was used under an oxygen flow of 50 mL min−1 and a heating
rate of 10 ◦C min−1 in the temperature range of 25–800 ◦C. The sample (approximately
8.3–15.5 mg) was placed in a standard alumina crucible (70 µL). IR(ATR) spectra were
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measured using a Thermo Scientific™ Nicolet™ iS50 FTIR Spectrometer in ATR mode in
the range of 4000–400 cm−1.

General procedure for solution-based syntheses. Copper(II) hydroxide (0.25 mmol);
copper(II) sulfate pentahydrate (0.25 mmol); 2,2′-bipyridine (0.5 mmol); amino acids (L-
alanine, L-valine, or L-phenylalanine—0.5 mmol); and a solvent (water, methanol, or a
mixture of water and methanol—10 mL) were mixed. The solution was heated until most
of the reactants were dissolved. The reaction mixture was filtered off if some precipitate
was left after approximately one hour.

General procedure for liquid-assisted grinding (LAG) mechanochemical syntheses.
Copper(II) sulfate pentahydrate (0.25 mmol); 2,2′-bipyridine (0.5 mmol); copper(II) hydrox-
ide (0.25 mmol); and amino acids (L-alanine, L-valine, or L-phenylalanine—0.5 mmol) were
placed in a Teflon milling jar (volume 14 mL) with one stainless steel ball (diameter of
8 mm). Liquids (water or methanol) were used with η = 0.2 µL mg−1. The milling time was
15 min.

Solution-based synthesis of {[Cu(µ-L-Ala)(H2O)(bipy)]2SO4·2H2O}n (1a·2H2O). A
mixture of 2,2′-bipyridine (80.6 mg and 0.5 mmol), L-alanine (45.2 mg and 0.5 mmol),
copper(II) sulfate pentahydrate (62.1 mg and 0.25 mmol), copper(II) hydroxide (23.8 mg
and 0.25 mmol), and methanol (10 mL) was heated until a clear dark blue solution appeared.
The obtained solution slowly evaporated at room temperature, and after a few days,
dark blue needle-like crystals of 1a·2H2O formed, which were of good quality for single-
crystal X-ray diffraction. Synthesis is not always reproducible, since 1b·2.5H2O might also
crystallize in these synthetic conditions. The crystal data for 1a·2H2O, C26H36Cu2N6O12S
(M = 783.77 g mol−1) are as follows: monoclinic; space group C2 (no. 5); a = 22.2598(4) Å;
b = 7.0109(1) Å; c = 22.6682(5) Å; β = 116.481(2)◦; V = 3166.47(11) Å3; Z = 4; T = 170(2)
K; µ(MoKα) = 1.481 mm−1; Dcalc = 1.644 g cm−3; 47,713 reflections measured (5.2◦ ≤ 2Θ
≤ 60.0◦); and 9236 unique ones (Rint = 0.021 and Rsigma = 0.013), which were used in all
calculations. The final R1 was 0.0220 (I > 2σ(I)), and wR2 was 0.0633 (all data).

Solution-based synthesis of {[Cu(µ-L-Ala)(H2O)(bipy)][Cu(L-Ala)(H2O)(bipy)]SO4·
2.5H2O}n (1b·2.5H2O). Copper(II) hydroxide (25.3 mg and 0.25 mmol), copper(II) sulfate
pentahydrate (62.3 mg and 0.25 mmol), 2,2‘-bipyridine (78.6 mg and 0.5 mmol), and L-
alanine (44.6 mg and 0.5 mmol) were dissolved in water (10 mL) and heated until a clear
solution was obtained. The dark blue solution was left to cool down and evaporate slowly
at room temperature. After a few days or weeks, dark blue prismatic crystals of 1b·2.5H2O
were formed. Crystals were suitable for single-crystal X-ray diffraction. The crystal data for
1b·2.5H2O, C52H74Cu4N12O25S2 (M = 1585.51g mol−1) are as follows: orthorhombic; space
group P21212 (no. 18); a = 7.2476(3) Å; b = 18.9871(5) Å; c = 23.4551(6) Å; V = 3227.68(18) Å3;
Z = 2; T = 295(2) K; µ(MoKα) = 1.455 mm−1; Dcalc = 1.631 g cm−3; 16,263 reflections
measured (8.6◦ ≤ 2Θ ≤ 52.0◦); and 6303 unique ones (Rint = 0.024 and Rsigma = 0.040),
which were used in all calculations. The final R1 was 0.0493 (I > 2σ(I)), and wR2 was 0.1408
(all data).

IR (ATR) for 1b·2.5H2O:
∼
ν/cm−1: 3426 (m), 3205 (w), 3115 (m), 3093 (m), 3079 (m),

3063 (m), 3041 (m), 2983 (m), 2970 (m), 2931 (m), 1691 (w), 1619 (m), 1609 (ms), 1601 (s),
1576 (m), 1569 (m), 1496 (w), 1477 (m), 1458 (m), 1442 (ms), 1396 (ms), 1367 (m), 1319 (mw),
1295(w), 1252 (m), 1203(mw), 1150(m), 1125 (m), 1072 (vs), 1042 (s), 1033 (s), 1021 (s),
981 (m), 956 (m), 933 (mw), 911 (w), 899 (w), 860 (m), 807 (mw), 791 (w), 764 (s), 743 (m),
731 (s), 667 (m), 652 (m), 640 (m), 606 (s), 564 (ms), 557 (ms), 511 (ms), 500 (ms), 472 (m),
466 (m), 458 (m), 447 (m), 419 (s), and 411 (ms).

Solution-based synthesis of {[Cu(µ-L-Val)(H2O)(bipy)][Cu(L-Val)(H2O)(bipy)]3(SO4)2·
4H2O}n (2·4H2O). L-valine (59.3 mg and 0.5 mmol), 2,2′-bipyridine (78.4 mg and 0.5 mmol),
copper(II) hydroxide (24.1 mg and 0.25 mmol), and copper(II) sulfate pentahydrate (63.1 mg
and 0.25 mmol) were dissolved in water or methanol (10 mL) and heated for 45 min. The
precipitate was filtered, and the dark blue filtrate was left to evaporate at room tem-
perature for a few weeks until dark blue prismatic crystals of 2·4H2O were crystallized.
Crystals were analyzed by single-crystal X-ray diffraction. The crystal data for 2·4H2O,
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C30H44Cu2N6O12S (M = 839.85 g mol−1) are as follows: monoclinic; space group C2 (no. 5);
a = 41.7116(5) Å, b = 7.3630(1) Å; c = 22.3565(2) Å; β = 93.404(1)◦; V = 6854.07(14) Å3; Z = 8;
T = 170(2) K; µ(MoKα) = 1.374 mm−1; Dcalc = 1.628 g cm−3; 113,260 reflections measured
(5.2◦ ≤ 2Θ ≤ 65.0◦); and 24,013 unique ones (Rint = 0.025 and Rsigma = 0.018), which were
used in all calculations. The final R1 was 0.0473 (I > 2σ(I)), and wR2 was 0.1286 (all data).

IR (ATR) for 2·4H2O:
∼
ν/cm−1: 3471 (m), 3205 (m), 3112 (m), 3078 (m), 2931 (m),

2896(m), 2875 (m), 1630 (s), 1610 (s), 1568 (m), 1498 (w), 1479 (m), 1444 (m), 1430 (m),
1392 (m), 1362 (m), 1321 (m), 1256(w), 1218(w), 1193(w), 1162(m), 1142 (w), 1089 (s), 1055 (s),
1042 (s), 1032 (s), 1020 (s), 989 (m) 973 (m), 957 (m), 940 (m), 934 (m), 901 (m), 856 (w),
850 (w), 810 (m), 767 (ms), 711 (ms), 722 (s), 663 (w), 652 (w), 637 (w), 616 (s), 548 (ms),
499 (w), 422 (s), and 408 (m).

Solution-based synthesis of [Cu(L-Phe)(H2O)(bipy)][Cu(L-Phe)(SO4)(bipy)]·8H2O
(3·8H2O). L-phenylalanine (82.5 mg and 0.5 mmol), 2,2′-bipyridine (78.1 mg and 0.5 mmol),
copper(II) hydroxide (24.4 mg and 0.25 mmol), and copper(II) sulfate pentahydrate (62.4 mg
and 0.25 mmol) were dissolved in a mixture of water and methanol (10 mL, 1:9 v/v) and
heated for 15 min. The precipitate was filtered, and the dark blue filtrate was left to evap-
orate at room temperature for a few days until dark blue prismatic crystals of 3·8H2O
formed. The crystals were analyzed by single-crystal X-ray diffraction. If water is used
as the solvent, a glass-like solid is formed upon evaporation of the solvent. The crystal-
lization of 3·8H2O is highly dependent on external conditions, so in some experiments,
[Cu(µ-L-Phe)2]n was formed instead [35]. The crystal data for 3·8H2O, C38H54Cu2N6O17S
(M = 1026.01 g mol−1) are as follows: monoclinic; space group P21 (no. 4); a = 13.1976(2)
Å; b = 31.6655(7) Å; c = 22.1043(4) Å; β = 103.992(2)◦; V = 8963.5(3) Å3; Z = 8; T = 170(2) K;
µ(CuKα) = 2.282 mm−1; Dcalc = 1.521 g cm−3; 166,988 reflections measured (5.0◦ ≤ 2Θ ≤
150.0◦); and 36,423 unique ones (Rint = 0.030 and Rsigma = 0.023), which were used in all
calculations. The final R1 was 0.0731 (I > 2σ(I)), and wR2 was 0.2262 (all data).

IR (ATR) for 3·8H2O:
∼
ν/cm−1: 3333 (m), 3246 (m), 3152 (m), 3115 (m), 3086 (m),

3034 (m), 2934 (m), 2860(w), 2875 (m), 1619 (s), 1616 (s), 1609 (s), 1601 (s), 1575 (m), 1569 (m),
1496 (mw), 1475 (mw), 1445 (m), 1395 (m), 1347 (w), 1319 (m), 1270 (w), 1253(w), 1214(w),
1186(w), 1158(m), 1095 (ms), 1082 (s), 1056 (s), 1033 (s), 1021 (ms), 972 (m), 934 (w), 925 (w),
894 (w), 826 (w), 814 (w), 773 (s), 756 (m), 731 (s), 705 (s), 661 (m), 651 (w), 600 (s), 616 (s),
548 (ms), 499 (w), 476 (m), 465 (m), 415 (s), and 402 (m).

Solution-based synthesis of [Cu(L-Phe)(H2O)(bipy)][Cu(L-Phe)(SO4)(bipy)]·9H2O
(3·9H2O). L-phenylalanine (82.4 mg and 0.5 mmol), 2,2′-bipyridine (77.9 mg and 0.5 mmol),
copper(II) hydroxide (24.1 mg and 0.25 mmol), and copper(II) sulfate pentahydrate (62.4 mg
and 0.25 mmol) dissolved in 10 mL of methanol, and the mixture was heated for 15 min. The
precipitate was filtered, and the dark blue filtrate was left to evaporate at room temperature
for a few days until dark blue prismatic crystals of 3·9H2O formed. Crystals were analyzed
by single-crystal X-ray diffraction. The crystallization of 3·9H2O is highly dependent on
external conditions, so in some cases, [Cu(µ-L-Phe)2]n was formed instead [35]. The crystal
data for 3·9H2O, C38H56Cu2N6O18S (M = 1044.01 g mol−1) are as follows: monoclinic;
space group P21 (no. 4); a = 11.0442(1) Å; b = 32.2410(4) Å; c = 13.0288(2) Å; β = 100.863(2)◦;
V = 4556.11(10) Å3; Z = 4; T = 100(2) K; µ(MoKα) = 1.059 mm−1; Dcalc = 1.522 g cm−3;
113,707 reflections measured (4.4◦ ≤ 2Θ ≤ 54.0◦); and 19,857 unique ones (Rint = 0.036 and
Rsigma = 0.020), which were used in all calculations. The final R1 was 0.0685 (I > 2σ(I)), and
wR2 was 0.2058 (all data).

Liquid-assisted grinding (LAG) mechanochemical syntheses of 1b·2.5H2O. 2,2′-
bipyridine (78.2 mg and 0.5 mmol), copper(II) hydroxide (24.4 mg and 0.25 mmol), cop-
per(II) sulfate pentahydrate (62.3 mg and 0.25 mmol), L-alanine (44.3 mg and 0.5 mmol),
and methanol (41.8 µL and η = 0.2 µL mg−1) were placed in a Teflon jar with one stainless
steel ball. Milling was carried out for 15 min at room temperature. The product was
analyzed by powder X-ray diffraction, and the powder pattern was consistent with the
pattern calculated from the single-crystal structure data of 1b·2.5H2O (Figure S1).
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Liquid-assisted grinding (LAG) mechanochemical syntheses of 2·4H2O. 2,2′-bipy-
ridine (77.9 mg and 0.5 mmol), copper(II) hydroxide (24.5 mg and 0.25 mmol), copper(II)
sulfate pentahydrate (62.6 mg and 0.25 mmol), L-valine (58.6 mg and 0.5 mmol), and water
or methanol (44.7 µL and η = 0.2 µL mg−1) were placed in a Teflon jar with one stainless
steel ball. Milling was carried out for 15 min at room temperature. The product was
analyzed by powder X-ray diffraction, and the powder pattern was consistent with the
pattern calculated from the single-crystal structure data of 2·4H2O (Figure S2).

Liquid-assisted grinding (LAG) mechanochemical syntheses of 3·8H2O.
2,2′-bipyridine (78.1 mg and 0.5 mmol), copper(II) hydroxide (24.4 mg and 0.25 mmol),

copper(II) sulfate pentahydrate (62.4 mg and 0.25 mmol), L-phenylalanine (82.6 mg and
0.5 mmol), and water (49.5 µL and η = 0.2 µL mg−1) were placed in a Teflon jar with one
stainless steel ball. Milling was carried out for 15 min at room temperature. The product
was analyzed by powder X-ray diffraction, and the TGA was conducted. The powder
pattern was mostly consistent with the pattern calculated from the single-crystal structure
data of 3·8H2O (Figure S3). Some additional peaks appeared, probably due to the slow
decomposition of the sample over time, as seen in the changes in the diffraction pattern
over time (Figure S3). The TGA of the same sample gave a water fraction close to the
theoretical value for 3·8H2O (exp., 15.6%; theor., 15.8%).

Single-crystal X-ray Diffraction. The Oxford Diffraction Xcalibur 2 CCD diffrac-
tometer was used for a single-crystal X-ray diffraction analysis of 1b·2.5H2O, with a
graphite monochromator and MoKα source of radiation (λ = 0.71073 Å) by a ω scan at
room temperature. The XtaLAB Synergy-S diffractometer, at a temperature of 170 K and
with MoKα radiation (λ = 0.71073 Å), was used for the analysis of 1a·2H2O, 2·4H2O,
and 3·9H2O, while CuKα radiation (λ = 1.54184 Å) was used for the analysis of 3·8H2O.
The collection and reduction of data were performed by the CrysAlis software package [36].
Crystal structures were solved using direct methods by SHELXS [37] and refined by the
SHELXL [38] program, incorporated within the WinGX program system [39]. The structures
were refined by the full-matrix least-squares method based on F2 against all reflections.
All non-hydrogen atoms were refined anisotropically. The hydrogen atoms of aminoaci-
dates and 2,2′-bipyridine ligands were found in the Fourier difference map, but due to
the poor geometry of some of them, they were placed on calculated positions for the cor-
responding functional group. Hydrogen atoms belonging to the water molecules were
located in the Fourier difference map and were restrained to O–H and H···H distances of
0.85(1) Å and 1.39(2) Å, respectively. Some of the positional parameters of water hydrogen
atoms were fixed to their position due to a disorder in the structure or instability of a
model. Sulfate ions in 1a·2H2O are disordered and were modelled over two positions,
with occupancies of exactly 0.5, since they lie on a two-fold axis. One sulfate ion and one
valinate residue in 2·4H2O are disordered over two positions, and in this case, occupancies
were refined to values 0.38:0.62 and 0.58:0.42, respectively. Structures were visualized
by MERCURY [40], and the geometrical parameters were calculated by PLATON [41].
The crystallographic data for 1a·2H2O, 1b·2.5H2O, 2·4H2O, 3·8H2O, and 3·9H2O are
summarized in Tables S1 and S2.

Powder X-ray Diffraction (PXRD). The Panalytical Aeris diffractometer was used
to collect powder X-ray diffraction data in a Bragg–Brentano geometry. The source of
radiation was CuKα (λ = 1.54056 Å). The sample was placed on a Si sample holder and
measured. The experiment was conducted at 2θ = 5–40◦ with 0.022◦ and 15.045 s per step.
Data were visualized by the DataViewer program [42].

In vitro cytotoxic activity. Cytotoxicity experiments on compounds 1a·2H2O and
2·4H2O were performed at the School of Medicine, the University of Zagreb. Experiments
were evaluated on two human cell lines: human hepatocellular carcinoma cell lines (HepG2)
and human acute monocytic leukemia cancer cell lines (THP-1). The antiproliferative effects
of compounds 1a·2H2O and 2·4H2O were determined by the CellTiter 96 Aqueous One
Solution Cell Proliferation Assay (Promega, G3580). This is a tetrazolium-based cell viability
assay that measures the metabolic capacity of cells in a culture [43]. 1a·2H2O and 2·4H2O
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were prepared in sterilized water as a stock solution at a concentration of 10−2 mol dm−3.
Before their application into the bioassay, compounds were diluted in a cell culture medium.
Cells were added to plates in an appropriate number per well (50 µL). Plates were incubated
overnight at 37 ◦C in a 5% CO2 atmosphere. For determining the inhibition of cellular
proliferation or the inducement of cytotoxic effects, the CellTiter 96 Aqueous One Solution
Cell Proliferation Assay (Promega, G3580) was used. A total of 10 µL of an MTS reagent
was dispensed per well. Plates were incubated for 2 h at 37 ◦C in a 5% CO2 atmosphere,
and the absorbances were recorded at 490 nm using a 96-well Spectramax i3x plate reader.
Results were analyzed in the GraphPad Prism software.

3. Results
3.1. Synthetic Comments

Five new ternary coordination compounds containing copper(II) ions; aminoacidate
(L-alaninate (L-Ala), L-valinate (L-Val), or L-phenylalaninate (L-Phen)); and 2,2′-bipyridine
(bipy) were prepared using a solution-based and/or mechanochemical synthesis, as listed
in Figure 1. Two compounds with L-alaninate were synthesized under different conditions—
1b·2.5H2O was crystallized from an aqueous solution, while 1a·2H2O was crystallized
from a methanolic solution. In some repeated experiments, 1b·2.5H2O was also crystallized
from methanolic solution. By using a mechanochemical synthesis, only 1b·2.5H2O was
prepared. In syntheses with L-valinate, only one compound was formed, 2·4H2O, both in
aqueous and methanolic solutions, and mechanochemically with a small amount of water or
methanol. L-Phenylalaninate produced compounds with a higher fraction of water, 3·8H2O
and 3·9H2O, where the crystallization product depended on a solvent. No crystalline
product was formed at a higher water ratio in the solution-based synthesis, while a mixture
of water and methanol (1:9 v/v) gave crystals of 3·8H2O. From pure methanol, 3·9H2O
was crystallized from a solution. In some experiments, [Cu(L-Phe)2]n was crystallized
from a solution, both from a mixture of water and methanol (1:9 v/v) or pure methanol,
with the same number of reactants. 3·8H2O was synthesized mechanochemically when
water was used for liquid-assisted grinding. A scheme of the synthetic procedures is
given in Figure 1. The outcomes of solution-based syntheses involving alaninato and
phenylalaninato ligands highly depended on unidentified external factors. In these cases,
mechanochemical syntheses proved to be very useful in ensuring the reproducibility and
purity of the bulk products.

3.2. Crystal Structures

The synthesized ternary coordination compounds are composed of complex cations
of two different types, with sulfate counterions in 1a·2H2O, 1b·2.5H2O, and 2·4H2O or of
complex cations and complex anions in 3·8H2O and 3·9H2O, all of them being hydrates
(Figures S4–S8). The asymmetric unit of 1a·2H2O consists of two octahedrally coordinated
complex cations (with bridging alaninato ligands), two sulfate anions with an occupancy
of 0.5, and two crystallization water molecules (Figure S4). In 1b·2.5H2O, the asymmetric
unit contains two complex cations, one octahedrally coordinated (with bridging alaninato
ligand) and another square-pyramidal, with two symmetrically unique halves of sulfate
anions and 2.5 crystallization water molecules (Figure S5). In 1b·2.5H2O, sulfate anions
and one water molecule lie on a 2-fold axis of rotation. The asymmetric unit of 2·4H2O
contains one octahedrally coordinated (with bridging valinato ligand) and three square-
pyramidal complex cations, two sulfate anions, and four crystallization water molecules
(Figure S6). The 3·8H2O asymmetric unit contains four complex cations, four complex
anions, and 32 crystallization water molecules (Figure S7), and 3·9H2O contains two
complex cations, two complex anions, and 18 crystallization water molecules (Figure S8).
In complex cations, the copper(II) ion is either pentacoordinated by one N,O-donating
L-aminoacidato ligand and one N,N’-donating bipyridine ligand in the basal plane and
an apically coordinated water molecule (in 1b·2.5H2O, 2·4H2O, 3·8H2O, and 3·9H2O;
Figure 2a) or a hexacoordinated one, with the sixth position being occupied by a carboxylate
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oxygen atom from a neighboring complex cation (in 1a·2H2O, 1b·2.5H2O, and 2·4H2O;
Figure 2b). In complex anions, the copper atom is pentacoordinated by phenylalaninato
and bipyridine ligands in the basal plane and apically coordinated in sulfate anions (in
3·8H2O and 3·9H2O; Figure 2c).
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In the equatorial plane, copper–oxygen bonds (1.927(2)—1.983(6) Å) are slightly
shorter than copper–nitrogen bonds (1.966(5)–2.032(9) Å), which is consistent with lit-
erature data [44]. As expected for the copper(II) complexes, the pronounced Jahn–Teller
effect is observed in all complex species, with elongated bonds in apical/axial positions.
Additionally, both penta- and hexacoordinated complex species in L-alaninato and L-
valinato coordination compounds, 1a·2H2O, 1b·2.5H2O, and 2·4H2O, have even longer
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axial bonds (2.333(3)–2.874(4) Å) due to trans-influence. In all square–pyramidal com-
plex species in these three compounds, either water or carboxylate oxygen atoms are in
proximity of a copper atom (at a distance of 2.923(3)–3.324(4) Å) in trans-position to the
apical ligand. L-Phenylalaninato coordination compounds, 3·8H2O and 3·9H2O, do not
show trans-influence (distances of d(Cu–Oaxial) = 2.181(7)–2.320(6) Å) due to the steric
hindrance caused by the phenyl ring. Bond lengths in the coordination sphere of copper
in all investigated compounds are given in Table 1. All of the pentacoordinated complex
species are in elongated square–pyramidal geometry, with a different level of distortion (τ5
parameters are 0.05–0.41). The τ5 parameters are given in Table S3.

Table 1. Intramolecular bond lengths of copper(II) coordination sphere in compounds 1a·2H2O,
1b·2.5H2O, 2·4H2O, 3·8H2O, and 3·9H2O.

Compound d(Cu–
Ocarboxylate)/Å

d(Cu–
Naminoacidate)/Å

d(Cu–
Nbipyridine)/Å

d(Cu–
Owater/sulfate)/Å

d(Cu–
Ocarboxylate)/Å

1a·2H2O
1.950(2) 1.9863(18) 1.9984(18); 2.012(2) 2.430(2) 2.672(2) 2

1.961(2) 1.9816(18) 1.9982(18); 2.008(2) 2.419(2) 2.690(2) 3

1b·2.5H2O
1.933(5) 1.986(5) 1.994(5); 2.013(5) 2.457(6) 2.846(6) 4

1.955(5) 1.966(5) 1.994(5); 2.006(5) 2.394(6) 2.930(6) 1

2·4H2O

1.936(2) 1.992(3) 2.003(3); 2.004(3) 2.333(3) 3.324(4) 1

1.927(2) 1.988(2) 1.999(2); 2.004(3) 2.462(3) 3.134(4) 1

1.943(2) 1.982(2) 1.988(2); 2.005(3) 2.476(3) 2.923(3) 1

1.940(2) 1.985(3) 1.995(2); 1.990(3) 2.874(4) 2.573(3) 5

3·8H2O

1.970(7) 2.000(9) 2.002(9); 1.983(8) 2.224(7) /
1.983(6) 1.985(9) 2.005(9); 1.983(8) 2.274(7) /
1.966(7) 2.010(9) 1.994(9); 2.016(8) 2.215(9) /
1.964(7) 1.996(7) 1.995(7); 1.989(9) 2.194(7) /
1.956(7) 1.997(9) 1.995(9); 1.997(8) 2.281(7) /
1.959(9) 1.994(9) 2.004(10); 2.010(9) 2.219(7) /
1.945(8) 2.040(9) 2.006(9); 1.994(8) 2.236(9) /
1.962(8) 2.032(9) 2.009(9); 1.989(10) 2.186(7) /

3·9H2O

1.953(7) 1.992(7) 2.016(8); 2.006(7) 2.320(6) /
1.956(6) 2.015(7) 2.009(7); 1.988(8) 2.185(6) /
1.966(7) 1.990(9) 1.979(8); 2.003(8) 2.277(10) /
1.941(8) 2.023(9) 1.991(9); 2.007(9) 2.181(7) /

1 Cu···O distance bigger than the sum of van der Waals radii; 2 1/2−x,1/2 + y,−z; 3 1/2−x,−1/2 + y,1−z; 4 −1/2
+ x,3/2−y,1−z; 5 1/2−x,1/2 + y,2−z.

In 3·8H2O and 3·9H2O, two types of conformations of L-phenylalaninato residue are
observed: gauche− and gauche+. Six symmetrically independent complex species in 3·8H2O
(three complex cations and three complex anions) and three complex species in 3·9H2O
(one complex cation and two complex anions) are in gauche− conformation (χ1 angles,
∠(Nx–CxA–CxB–CxG1) and are in the range of 36.4(12)–65.9(10)◦). The phenyl ring from
the L-phenylalaninato residue is almost coplanar with the bipyridine ligand in the same
complex (dihedral angles between planes of the phenyl ring and any of the bipyridine
rings are 2.0(5)–14.4(5)◦). Two symmetrically independent complex species in 3·8H2O
(one complex cation and one complex anion) and one complex cation in 3·9H2O are in
gauche+ conformation (χ1 angles, ∠(Nx–CxA–CxB–CxG1) and are in the range of −64.5(11)
to −69.6(12)◦). The torsion angles χ1 (∠(Nx–CxA–CxB–CxG1)) are given in Table S4.

The crystal structures of the complex species can be divided into the hydrophobic part,
with aliphatic side chains of alanine and valine and aromatic systems of bipyridine and
phenylalanine ligands, and the hydrophilic part of aminoacidates, with water molecules
and sulfate ions. Due to the specific structure, complex species form predictable supramolec-
ular architectures. Complex cations in 1·2H2O, 1·2.5H2O, and 2·4H2O are stacked into
infinite 1D chains through π interactions between bipyridine ligands in the [010], [100],
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and [010] directions, respectively. Within the chains, longer (4.6943(17)–5.7026(19) Å) and
shorter (3.6398(19)–3.8319(16) Å) centroid···centroid distances are alternating between two
bipyridine ligands (Tables S5 and S6). These chains are connected through coordination
(d(Cu···Ocarboxylate) = 2.573(3)–2.846(6) Å), carboxylate···copper intermolecular interactions
(d(Cu···Ocarboxylate) = 2.923(3)–3.324(4) Å), and O–H···Ocarboxylate hydrogen bonds (d(O–
H···Ocarboxylate) = 2.812(3)–2.985(4) Å) forming 2D supramolecular layers parallel to (101)
in 1·2H2O, (010) in 1·2.5H2O, and (101) in 2·4H2O (Figure 3 and Tables 1 and S5–S7).
Sulfate ions and crystallization water molecules act as hydrogen-bonding bridges between
2D layers.
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carboxylate···copper interactions (blue; in 2·4H2O), and hydrogen bonds (cyan).

In 3·8H2O and 3·9H2O, complex cations and anions, which are in gauche− confor-
mation, form 1D chains through π interactions (Tables S8 and S9) in the alternating fash-
ion of the two bipyridine ligands (d(Cg···Cg) = 3.565(5)–4.012(6) Å) and the two phenyl
rings (d(Cg···Cg) = 3.760(7)–4.060(6) Å). One-dimensional chains are connected through
O–H···Ocarboxylate (d(O–H···Ocarboxylate) = 2.633(11)–2.708(9) Å), N–H···Ocarboxylate (d(N–
H···Ocarboxylate) = 2.944(10)–3.151(12) Å), and N–H···Osulfate (d(N–H···Osulfate) = 2.988(14)–
3.138(11) Å) hydrogen bonds forming 2D supramolecular layers parallel to (010) (Figure 3,
Table S7). Complex cations and anions in gauche+ conformation form dimers (d(Cg···Cg) =
3.608(6)–4.843(6) Å) with one complex species in gauche− conformation. π-stacked dimers
are connected through O–H···Osulfate (d(O–H···Osulfate) = 2.671(11)–2.744(12) Å) and N–
H···Osulfate (d(N–H···Osulfate) = 2.916(14)–3.333(14) Å) hydrogen bonds forming 1D chains
propagating along [001] in 3·8H2O and [100] in 3·9H2O (Figure 4, Table S7).

In all the compounds, crystallization water molecules are packed between 2D layers
formed by coordination compounds. There is a significant difference in the amount and
packing pattern of crystallization water molecules between compounds with aliphatic
amino acids and phenylalanine compounds. 1a·2H2O, 1b·2.5H2O, and 2·4H2O contain a
lower fraction of water molecules (2.0, 5.3, and 4.4% of the unit cell volume, respectively),
and the water molecules pack in discrete pockets (Figure 5). On the other hand, 3·8H2O
and 3·9H2O contain higher amounts of water (20.9% and 22.4% of the unit cell volume,
respectively), and the water molecules pack into 2D channels (Figure 5).
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3.3. IR (ATR) Analysis

As explained in Section 3.1, we were not able to repeat the synthesis of compounds
1a·2H2O and 3·9H2O to obtain a pure bulk sample for the IR and TG analysis. Infrared
and thermogravimetric analyses were made for 1b·2.5H2O, 2·4H2O, and 3·8H2O, for
which we could reproduce pure samples (Figures S9–S11). As being built by analogous
moieties that are almost identically coordinated to the copper(II) centers, the IR spectra
of analyzed compounds are similar. Each compound shows one or two broad bands
from 3450 cm−1 to 3150 cm−1 that may be assigned to ν(O–H) and ν(N–H) stretching
vibrations. These bands indicate extensive hydrogen bonding in crystal structures. In
a broad band in the range of 1690–1530 cm−1, there is an overlap of several vibrational
modes of the carboxylate group, the C=N, NH2, and OH groups. Absorption bands
from 1630 cm−1 to 1600 cm−1, together with those from 1480 cm−1 to 1390 cm−1, may be
assigned to stretching vibrations of the carboxylate groups

∼
νasym(COO−) and

∼
νsym(COO−),

respectively [21,23,45,46]. Absorption bands from 1590 cm−1 to 1490 cm−1 are assigned
to ring stretching, C=N stretching (1568 cm−1), and ring bending vibrations. Absorption
bands at 1218–1203 cm−1 and broad bands between 1150 and 1000 cm−1 correspond to
the S=O stretching modes of sulfate ions, and those from 1000 cm−1 to 600 cm−1 belong
to ring–H out-of-plane bending, ring in-plane bending, and ring torsion modes. Bands at
557 cm−1 and 548 cm−1 correspond to stretching vibrations that indicate Cu–O bonding,
while those close to 460 cm−1 indicate Cu–N bonding.

3.4. Thermogravimetric Analysis

The TGA for 1b·2.5H2O, 2·4H2O, and 3·8H2O was performed in the flow of pure
oxygen in the temperature range of 25–800 ◦C at a rate of 10 K min−1 (Figures S12–S14).
Although crystals of all compounds are basically stable in the air at room temperature,
water loss in all samples starts approximately at 40 ◦C, especially in the case of 3·8H2O,
due to its high water content. All samples exhibit complex degradation, and a loss of water
is overlapped by a further decomposition of the compound. Only in the case of 1b·2.5H2O
is loss of water completed at approximately 180 ◦C, giving a step of 11.0%, which is in good
agreement with the theoretical value (10.2%).

For all samples, further degradation of the compound continues up to 400 ◦C and then
abruptly ends (430 ◦C to 460 ◦C for 1b·2.5H2O; 400 ◦C to 430 ◦C for 2·4H2O; and 420 ◦C to
450 ◦C for 3·8H2O), leaving residues that slowly decompose up to 750 ◦C. The residues
in crucibles are identified as CuO. Data on CuO contents and corresponding Cu contents
are given in Table S10. In general, experimentally determined Cu contents are in good
agreement with theoretical values.

3.5. Cytotoxic Activity

The results of the cell viability assay with IC50 values of the tested compounds
1a·2H2O and 2·4H2O showed substantial antiproliferative activity towards human hep-
atocellular carcinoma cell lines (HepG2) and some activity towards human acute mono-
cytic leukemia cancer cell lines (THP-1) (Table 2). The activity of the two compounds
towards both cell lines was almost identical, pointing to a negligible structural influ-
ence on their antitumor activity. In our previous work on the ternary coordination
compounds of copper(II) with glycine (Gly) and 2,2′-bipyridine (bipy), the compounds
[Cu(Gly)(H2O)(bipy)][Cu(Gly)(SO4)(bipy)]·6H2O and [Cu(Gly)(H2O)(bipy)]2SO4 showed
pronounced antiproliferative activity toward a panel of six human cell lines (the HepG2,
KATO III, Caco-2, MDA-MB-231, PANC-1, and MRC-5 cells). The most impaired was the
HepG2 cell line at a 10−5 mol dm−3 concentration (74.5% reduction in cell growth) [31]. It
was shown that copper(II) complexes with a diethylamino substituent and 2,2′-bipyridine
exhibited high in vitro cytotoxicity towards breast cancer cell lines (MDA-MB-231) [47,48].
Similarly, copper(II) complexes with benzimidazole-derived scaffolds and heterocyclic
bases (1,10-phenanthroline and 2,2′-bipyridine) showed in vitro cytotoxic activities on
human breast cancer MCF-7 cell lines and a binding affinity for the HSA protein [49].
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Table 2. In vitro cytotoxicity (IC50 values 1) of compounds 1a·2H2O and 2·4H2O.

IC50/µmol L−1

HepG2 THP-1

1a·2H2O 79.4 21.86
2·4H2O 68.87 25.78

staurosporine 36.38 0.39
1 Concentration that causes 50% inhibition of cell growth.

4. Conclusions

We have shown that by using different solvents (methanol or water), different hy-
drates of ternary coordination compounds with copper, 2,2′-bypiridine and amino acidates
(L-alaninate, L-valinate and L-phenylalanine), can be obtained: {[Cu(µ-L-Ala)(H2O)(bipy)]2SO4·
2H2O}n (1a·2H2O), {[Cu(µ-L-Ala)(H2O)(bipy)][Cu(L-Ala)(H2O)(bipy)]SO4·2.5H2O}n (1b·
2.5H2O), {[Cu(µ-L-Val)(H2O)(bipy)][Cu(L-Val)(H2O)(bipy)]3(SO4)2·4H2O}n (2·4H2O), [Cu(L-
Phe)(H2O)(bipy)][Cu(L-Phe)(SO4)(bipy)]·8H2O (3·8H2O), and [Cu(L-Phe)(H2O)(bipy)][Cu(L-
Phe)(SO4)(bipy)]·9H2O (3·9H2O). Solution-based syntheses of 1a·2H2O, 3·8H2O, and 3·9H2O
were shown to be difficult to reproduce and to obtain pure products. On the other hand,
mechanochemical syntheses proved to be a simple and reliable technique for obtaining 1b·
2.5H2O, 2·4H2O, and 3·8H2O. Regarding the crystal structures, there is an influence of amino
acid residue on crystal packing, with a clear difference in forming complex species and the
packing of aliphatic (1a·2H2O, 1b·2.5H2O, and 2·4H2O) and aromatic amino acids (3·8H2O
and 3·9H2O). Despite these differences, some similarities and predictability in the packing of
aliphatic and phenylalaninato complexes are evident. The aromatic parts of complexes stack
into rods, while carboxylate groups are bonded to a neighboring complex through hydrogen
bonds in all of the prepared compounds. In similar synthetic conditions, L-phenylalaninate gave
compounds with a significantly higher fraction of crystallization water molecules compared to
the L-alaninato and L-valinato compounds. Like other Casiopeina compounds, 1a·2H2O and
2·4H2O exhibited significant antiproliferative activity towards human hepatocellular carcinoma
cell lines (HepG2) and moderate activity towards human acute monocytic leukemia cancer cell
lines (THP-1) compared to staurosporine. Both compounds have similar activity, with 1a·2H2O
being slightly more active towards THP-1 and 2·4H2O towards the HepG2 cell line.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cryst14070656/s1, Table S1: Crystallographic data for com-
pounds 1a·2H2O, 1b·2.5H2O, and 2·4H2O; Table S2: Crystallographic data for compounds 3·8H2O
and 3·9H2O; Table S3: Geometries and τ5 parameters of complex cations and anions in 1a·2H2O,
1b·2.5H2O, 2·4H2O, 3·8H2O, and 3·9H2O; Table S4: Torsion angles and conformation of phenylalan-
inate in 3·8H2O and 3·9H2O; Table S5: Geometric parameters of the aromatic rings stacked by π

interactions in 1a·2H2O and 1b·2.5H2O; Table S6: Geometric parameters of the aromatic rings stacked
by π interactions in 2·4H2O: Table S7: Inter- and intramolecular hydrogen bonds within π-stacked 2D
layers in 1a·2H2O, 1b·2.5H2O, 2·4H2O, 3·8H2O, and 3·9H2O; Table S8: Geometric parameters of the
aromatic rings stacked by π interactions in 3·8H2O; Table S9: Geometric parameters of the aromatic
rings stacked by π interactions in 3·9H2O; Table S10: Overview of theoretical and experimentally
determined water and copper contents in samples of 1b·2.5H2O, 2·4H2O, and 3·8H2O; Figure S1:
Powder diffraction pattern of a sample obtained by the mechanochemical synthesis of 1b·2.5H2O
(blue) compared to the powder diffraction pattern of 1b·2.5H2O simulated from the crystal structure
data (red); Figure S2: Powder diffraction pattern of a sample obtained by the mechanochemical
synthesis of 2·4H2O with methanol (purple) or water (blue) compared to the powder diffraction
pattern of 2·4H2O simulated from the crystal structure data (red); Figure S3: The powder diffraction
pattern of a sample obtained by the mechanochemical synthesis of 3·8H2O and aging in the air
for 5 min (dark blue), 10 min (blue), and 3 months (light blue) prior to measurements compared
to the powder diffraction patterns of 3·8H2O (red) and 3·9H2O (black) simulated from the crystal
structure data; Figure S4: ORTEP plot of the asymmetric unit of 1a·2H2O with the atom-labelling
scheme. Crystallization water molecules were omitted for clarity. Sulfate atoms are disordered in two

https://www.mdpi.com/article/10.3390/cryst14070656/s1
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positions. Displacement ellipsoids were calculated at the 50% probability level. Symmetry operators:
i1/2−x,−1/2 + y,−z; ii1/2−x,1/2 + y,−z; iii1/2−x,1/2 + y,1−z; iv1/2−x,−1/2 + y,1−z; v x,y,1−z;
vi−x,y,−z; Figure S5: ORTEP plot of the asymmetric unit of 1b·2.5H2O with the atom-labelling
scheme. Crystallization water molecules were omitted for clarity. Displacement ellipsoids were calcu-
lated at the 50% probability level. Symmetry operators: i−1/2 + x,3/2−y,1-z; ii1/2 + x,3/2−y,1−z;
Figure S6: (a) ORTEP plot of the asymmetric unit of 2·4H2O and (b) the atom-labelling scheme of two
complex species. Crystallization water molecules and two other complex cations in (b) were omitted
for clarity. One sulfate ion and one side chain of L-valinate is disordered in two positions. Displace-
ment ellipsoids were calculated at the 50% probability level. Symmetry operators: i1/2−x,1/2 +
y,2−z; ii1/2−x,−1/2 + y,2−z; Figure S7: (a) ORTEP plot of the asymmetric unit of 3·8H2O and (b)
the atom-labelling scheme of two complex species. Crystallization water molecules and six complex
species in (b) were omitted for clarity. Displacement ellipsoids were calculated at the 50% probability
level; Figure S8: (a) ORTEP plot of the asymmetric unit of 3·9H2O, and (b) the atom-labelling scheme
of two complex species. Crystallization water molecules and two complex species in (b) were omitted
for clarity. Displacement ellipsoids were calculated at the 50% probability level; Figure S9: IR(ATR)
spectrum of 1b·2.5H2O; Figure S10: IR(ATR) spectrum of 2·4H2O; Figure S11: IR(ATR) spectrum
of 3·8H2O; Figure S12: TGA curve of 1b·2.5H2O; Figure S13: TGA curve of 2·4H2O; Figure S14:
TGA curve of 3·8H2O. CCDCs 2363904–2363908 contain the supplementary crystallographic data
for this paper. These data can be obtained free of charge via http://www.ccdc.cam.ac.uk/structures
(accessed on 14 July 2024) or from the CCDC, 12 Union Road, Cambridge CB2 1EZ, UK; Fax: +44
1223 336033; E-mail: deposit@ccdc.cam.ac.uk.
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