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This study provides a comparative characterization of the structural parameters and cyto-
toxicity of zinc halide and copper(II) bromide complexes with caff eine (caf) of the composition 
[Zn(caf)(H2O)X2] (X = Cl, Br, I) and [Cu(caf)2Br2] (1). The cytotoxicity of the complexes is 
dose-dependent in all cell lines. The concentrations of the complexes, at which they are more 
cytotoxic against cancer cells (MCF-7) than against stem cells (DPSC), were determined. The 
synthesized complexes exhibited synergism of cytotoxicity.
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According to the World Health Organization (WHO), 
cancer is the second leading cause of death (after cardio-
vascular diseases) worldwide, accounting for about 13% 
of all deaths.1 According to estimates from the International 
Agency for Research on Cancer (IARC), in 2018 there 
were 17 million new cancer cases and 9.5 million cancer 
deaths worldwide, i.e., 26,000 deaths a day.** The con-
tinuing global demographic and epidemiologic transitions 
signal an ever-increasing cancer burden, and cancer rates 
expected to hit 20 million new cases per year by 2025.1 
Hence, a challenging problem is to develop new antican-
cer agents equally or more eff ective than platinum-based 
drugs, which exhibit toxicity, drug resistance, and other 
adverse side eff ects.2—5 

A major intracellular target of anticancer agents based 
on transition metal complexes is deoxyribonucleic acid 

(DNA). These drugs cause various DNA damages, block-
age of cell division, and cell death. The covalent interac-
tion of small metal complexes with the DNA double helix 
via intercalation into a DNA molecule followed by the 
binding in the DNA major and minor grooves is an es-
sential binding mode resulting in the irreversible degrada-
tion and cell destruction.3 Cyclin-dependent kinases 
regulating the cell cycle serve as an alternative target.6 

Copper and zinc are essential elements for living organ-
isms, as they are involved in fundamental life processes 
and can exhibit anticancer activity.7 Copper-containing 
compounds are known to have selective cytotoxicity 
against cancer cells due to a low oxygen content in regions 
surrounding malignant tumors, resulting in the reduction 
of CuII to CuI, the cleavage of double-stranded DNA, and 
the formation of reactive oxygen species (ROS).8,9 Metals 
capable of existing in diff erent oxidation states (CuII, MnII, 
MnIII) are mainly involved in redox processes, whereas 
ZnII and NiII participate in radical-type reactions.10 
However, mono- and binuclear zinc halide complexes 
with ligands synthesized by the Mannich reaction10 ex-
hibited anticancer activity against Jurkat T-lymphocyte 

*  Based on the materials of the XXI Mendeleev Congress 
on General and Applied Chemistry (September 9—13, 2019, 
St. Petersburg, Russia).
** https://www.cancer.org/research/cancer-facts-statistics/
global.html.
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leukemia cells; at concentrations of 100 μg mL–1, the 
cytotoxicity of the halide complexes changes in the order 
Cl– > Br– > I– for both types of compounds (the viability 
was 44.77, 48.08, 59.88%, and 37.98, 38.97, 40.7%, re-
spectively). A similar phenomenon was observed for zinc 
halide complexes with caff eine.11 Reactive oxygen species 
measurements demonstrated that the above-mentioned 
mono- and binuclear zinc halide complexes represent 
a rare example of an important role of zinc in the ROS 
generation. This is due to the fact that during oxidative 
stress, glutathione production becomes insuffi  cient in 
neutralizing ROS. It was also shown that the excess pro-
duction of ROS leads to oxidative DNA damage and 
apoptosis.10 

Caff eine (1,3,7-trimethyl-1H-purine-2,6-(3H,7H)-
dione, caf) and its derivatives, in particular proxyfeine 
(8-oxycaff eine -dimethylaminopropyl ether) and the 
radiosensitizing agent xanthobin (8-bromocaff eine), can 
be used in the development of drugs and in combination 
therapies of brain tumors due to their ability to cross the 
blood-brain barrier.12,13 Therefore, these compounds are 
promising for the preparation of drugs for cancer therapy, 
including the therapy of radio- and chemo-resistant neuro-
blastoma, in particular brain tumors. It is worth noting 
that these agents can be used in patients at high risk for 
brain metastases.12 

Biologically active platinum(II),14 gold(III),15 and 
silver(I)16 complexes with caff eine and its derivatives were 
described in the literature. For instance, silver(I) acetate 
complexes with caff eine, theophylline, and theobromine 
derivatives were evaluated for antiproliferative activity in 
relation to cisplatin against eight cancer cell lines: A375 
(malignant melanoma), HCT116 (human colorectal ad-
enocarcinoma), HT-29 (colon adenocarcinoma), LN229, 
U-87 MG, U-251 (glioblastomas), Panc-1 (pancre-
atic carcinoma), and SiHa (cervical cancer).16 These 
complexes exhibited moderate cytotoxicity, with half-
maximal inhibitory concentrations (IC50) in a micro-
molar range. The bis-carbene complex [Au(caff ein-2-
ylidene)2][BF4] is known to be selective toward human 
ovarian cancer cell lines and is non-toxic to normal 
cells,17 whereas the caff eine derivative of the square-
planar rhodium(I) complex [Rh(I)Cl(COD)(NHC)] 
with N-hetero cyclic carbene (NHC) and 1,5-cycloocta-
diene (COD) combines cytotoxicity against various tu-
mor cell lines and also antimetastatic and antiangio-
genic eff ects.18 

The copper(II) chloride complex with caff eine [Cu(caf)-
(H2O)C12] was described;19 however, its biological activ-
ity was not evaluated. Data on copper bromide complexes 
with caff eine are absent in the literature. Therefore, the 
goal of this work is to synthesize and characterize the caf-
feine derivative of copper bromide and compare its bio-
logical activity with that of the zinc halide complexes with 
caff eine studied earlier.11,20 

The complex [Cu(caf)2Br2] (1) was prepared in an 
aqueous solution from copper(II) bromide and caff eine, 
taken in the molar ratio CuBr2 : caf = 1 : (0.8—2), followed 
by heating until the solvent was almost completely removed 
and dark-brown crystals were formed (Scheme 1).

Scheme 1

Compound 1 was identifi ed by chemical and elemen-
tal analyses, powder X-ray diff raction, single-crystal X-ray 
diff raction, IR and 1H NMR spectroscopy, and mass 
spectrometry. Homogeneity of the samples was confi rmed 
by a comparison of the X-ray diff raction patterns of the 
starting compounds with the experimental X-ray diff rac-
tion pattern and the simulated pattern of compound 1 
(Fig. 1). Therefore, compound 1 was isolated in individual 
state without impurities of the reagents or other com-
pounds. The simulated X-ray diff raction pattern based on 
the single-crystal X-ray diff raction data coincides with the 
experimental pattern. Hence, the single-crystal structure 
is representative for the bulk sample.

The mass spectra are indicative of the formation of the 
complex species [Cu(caf)2Br]+ (m/z 532.01+), [Cu(caf)2]+ 
(m/z 451.14+) and other fragments, including caff eine 
clusters.

Complex 1 crystallizes in the monoclinic crystal system 
(space group P21/n; Z = 4; a = 18.4484(5) Å, b = 6.4101(2) Å, 
c = 19.0059(5) Å, β = 111.2870(10)) and is characterized 
by square-planar geometry (two Br– anions and two 
nitrogen atoms N(9) of caff eine molecules are in trans 
positions) (Fig. 2, Table 1). The unit cell parameters cal-
culated from the single-crystal X-ray diff raction data are 
in good agreement with those calculated from the powder 
X-ray diff raction data. Selected bond lengths and bond 
angles are given in Table 2. A comparison of the М—Х 
and М—N bond lengths shows that the Cu—N bond length 
of complex 1 is shorter (1.9692—1.9784 Å) than those of 
the zinc compounds: the Zn—N distances vary from 2.068 
(X = Cl) to 2.074 (X = Br) and 2.053 Å (X = I), while the 
M—X bond length has an intermediate value for the cop-
per derivative (2.4098—2.4211 Å for M = Cu; 2.206—2.558 Å 
for M = Zn). The average distance between the bound 
bromide ion and the cis-nitrogen atom of the coordinated 
caff eine molecule in 1 is 3.121 Å and is similar to the 
N(1)—O(3) distance in [Zn(caf)(H2O)Br2]11 (3.124 Å). 

The coordination of caff eine is confi rmed by IR spec-
troscopy. Thus, the absorption band at 1597 cm–1 assigned 

caf
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to bending vibrations (NСN) of caff eine is shifted to 
longer wavelengths upon coordination of the ligand 
through the nitrogen atom N(9) (1554 cm–1, (Cu—N) +
+ (NСN)). The coordination of bromide ions is con-
fi rmed by the presence of absorption bands at 200—300 cm–1.

Cytotoxicity was evaluated using the MTT assay20—22 
in postnatal human dental pulp stem cells (DPSC)20 and 
the MCF-7 cell line (breast cancer cell line). The sta-
tistical data processing was performed using the Origin 
program, the error was taken as the root-mean-square 

Fig. 1. Experimental powder X-ray diff raction pattern of complex 1 (1), the simulated diff raction pattern of 1 (2) based on single-
crystal X-ray diff raction data, and the powder diff raction patterns of the starting compounds CuBr2 (3) and сaf•H2O (4).
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Fig. 2. Structure of the complex [Cu(caf)2Br2] (1).
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deviation from the mean, and the statistically signifi cant 
diff erence was determined using the Mann—Whitney U 
test at р < 0.01. 

Changes in the biological action upon complexation 
can be analyzed based on the data on cytotoxicity of the 
compounds and the corresponding stoichiometric mixtures 
against postnatal human dental pulp stem cells (DPSC) 
and the MCF-7 cell line (Tables 3 and 4, respectively). 
Cytotoxicity of the compounds is dose-dependent (Fig. 3) 
in both cell lines. The highest cytotoxicity was found at 
concentrations of 5•10–5—1•10–4 mol L–1 in the MCF-7 
cell line (compared to DPSC). At these concentrations, 
the complex is more toxic than the mixture of the ini-
tial components and the conventional doxorubicin 
(dox, C27H29NO11) served as the standard (see Tables 3 
and 4). Besides, signifi cant diff erences (p < 0.01) from the 
control were found according to the Mann—Whitney U 
test in the MCF-7 cell line at concentrations of 5•10–5—

Table 1. X-ray diff raction data collection and refi nement 
statistics for the complex [Cu(caf)2Br2] (1)

Parameter Value

Compound [Cu(C8H10N4O2)2Br2]
Empirical formula C16H20Br2CuN8O4
Molecular weight 611.76
Radiation Mo-Kα
λ/Å 0.71073
T/K 150
Crystal system Monoclinic
Space group P21/n
Z  4
a/Å 18.4484(5)
b/Å 6.4101(2)
c/Å 19.0059(5) 
α/deg 90.00
β/deg 111.287(1)
γ/deg 90.00
V/Å3 2094.22(10) 
dcalc/g cm–3 1.940
μ/mm–1 4.902
F(000) 1212
Scan range, θ/deg 2.37—28.24 
Index ranges hkl –24 ≤ h ≤ 24; 
  –8 ≤ k ≤ 8; 
  –25 ≤ l ≤ 25 
Crystal size/mm (brown block) 0.460.360.08 
Number of refl ections
 measured 5178
 with I > 2σ(I) 4322
Number of refi ned parameters 289
GOOF 1.035
R1 0.0223
wR2 (for I > 2σ(I)) 0.0502
R1 0.0302
wR2 (based on all data) 0.0527 

Table 2. Selected bond lengths (d) and bond 
angles () of [Cu(caf)2Br2]

Parameter Value

Bond d/Å
Cu(1)—Br(1) 2.4098(2)
Cu(1)—N(1) 1.9784(18)
Cu(2)—Br(1) 2.4211(2)
Cu(2)—N(1) 1.9692(18)
Angle /deg
Br(1)—Cu(1)—Br(1) 179.999(2)
N(1)—Cu(1)—N(1) 180.0
N(1)—Cu(1)—Br(1) 89.26(6)
N(1)—Cu(2)—Br(1) 88.77(6)

Table 3. Cytotoxicity of the studied compounds and mixtures against primary DPSC cells

Compound DPSC viability (%)* at С/mol L–1

 1•10–6 1•10–5 5•10–4 1•10–4

[Zn(caf)(H2O)Cl2] 62.43±18.67 79.62±13.83 53.05±16.5 35.64±8.52
[Zn(caf) (H2O)I2] 113.97±13.11 88.96±12.62 37.98±5.06 27.03±8.16
[Zn(caf)(H2O)Br2] 90.64±14.10 85.97±8.31 74.35±12.04 59.23±7.06
[Cu(caf)2Br2] 85.81±10.03 93.71±10.57 67.84±7.13 54.29±13.72
ZnCl2 + caf 90.92±8.84 109.63±10.75 64.816±3.18 44.96±3.08
ZnI2 + caf 92.42±2.71 100.72±14.93 57.96±8.40 44.75±5.33
ZnBr2 + caf 109.63±20.31 77.73±24.88 72.02±5.11 54.49±12.10
CuBr2 + caf 98.93±5.27 96.62±7.41 76.30±7.89 62.22±9.71
ZnCl2 87.14±9.35 66.68±9.32 33.99±4.81 23.29±7.96
ZnI2 74.19±9.48 69.27±34.63 35.13±11.54 35.01±6.33
ZnBr2 89.27±4.95 78.51±16.73 71.77±7.98 62.37±5.82
CuBr2 106.06±6.23 85.149±8.97 77.29±10.84 65.75±7.27
dox 101.59±6.84 79.09±5.63 64.87±12.68 58.79±10.92
caf 91.08±11.34 96.19±10.59 88.15±17.49 91.81±13.24

* Relative to the control.
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1•10–4 mol L–1 for all the complexes compared to stoi-
chiometric mixtures.

Cytotoxicity of [Cu(caf)2Br2] compared to the com-
plexes [Zn(caf)(H2O)X2] (X = Cl, Br, I) studied previously 
is more pronounced against the MCF-7 cell line (as com-
pared to DPSC, Fig. 3) at a concentration of 1•10–4 mol L–1. 
Apparently, this is due to the planar structure of complex 1, 
which facilitates its intercalation into DNA and causes 
DNA damage.3 At this concentration, the cytotoxic eff ects 
of the zinc and copper bromide complexes are insignifi -
cantly diff erent (within experimental error) apparently due 
to the nearly equal mutual distance between the ligands 
in cis positions of these complexes, which is close to the 
distance between adjacent base pairs along the DNA helix.

According to the Mann—Whitney U test (p < 0.01), 
signifi cant diff erences in cytotoxicity against human den-
tal pulp stem cells (DPSC) were found between [Zn(caf)-
(H2O)X2] (X = Cl, I) and the corresponding stoichiomet-
ric mixtures, which is indicative of an increase in cyto-
toxicity upon complexation apparently as a result of the 
ROS generation leading to oxidative DNA damage.10 The 
absence (the Mann—Whitney U test, p < 0.01) of signifi -
cant diff erences in cytotoxicity against DPSC between the 
complexes [Zn(caf)(H2O)Br2] and [Cu(caf)2Br2] and their 
stoichiometric mixtures at concentrations of 5•10–5—
1•10–4 mol L–1 is apparently attributed to the fact that 
hypobromous acid (HOBr) is formed as the reactive in-
termediate in the presence of bromide ions, as opposed to 

Table 4. Cytotoxicity of the studied compounds and mixtures against the MCF-7 cell line

Compound MCF-7 cell line viability (%)* at С/mol L–1

 1•10–6 1•10–5 5•10–4 1•10–4

[Zn(caf)(H2O)Cl2] 59.77±12.63 58.46±10.75 61.91±15.98 24.68±1.57
[Zn(H2O)(caf)I2] 108.41±12.73 112.48±7.46 54.76±10.64 29.09±4.09
[Zn(caf)(H2O)Br2] 84.80±12.25 82.16±15.35 15.70±5.58 16.78±6.08
[Cu(caf)2Br2] 87.49±9.99 78.08±12.67 56.31±5.02 10.87±1.77
ZnCl2 + caf 101.10±14.58 91.10±10.74 86.23±8.38 65.16±8.043
ZnI2 + caf 102.37±9.56 91.38±6.96 81.52±7.22 69.31±7.73
ZnBr2 + caf 103.49±12.29 101.20±8.35 89.39±8.75 77.35±12.41
CuBr2 + caf 92.14±9.64 87.37±12.52 82.99±10.78 73.22±11.22
ZnCl2 98.87±9.63 92.28±11.29 47.11±6.41 28.45±6.33
ZnI2 85.80±12.63 85.59±14.88 67.85±12.47 58.83±12.13
ZnBr2 62.65±2.80 59.21±2.60 28.44±2.49 17.87±5.17
CuBr2 103.06±10.24 91.34±11.33 75.27±10.69 31.62±5.21
dox 90.86±6.75 81.73±9.23 68.97±7.55 39.76±5.09
caf 82.52±16.89 108.49±11.18 82.58±15.91 74.10±14.43

* Relative to the control.

Fig. 3. Comparison of cytotoxicity of the complexes and mixtures of the starting compounds against the DPSC (а) and MCF-7 (b) 
cell lines: [Zn(caf)(H2O)Cl2] (1), ZnCl2 + caf (2), [Zn(caf)(H2O)I2] (3), ZnI2 + caf (4), [Zn(caf)(H2O)Br2] (5), ZnBr2 + caf (6), 
[Cu(caf)2Br2] (7), CuBr2 + caf (8);  is the cell viability (% of the control).
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chloride and iodide ions. This acid is taken up by cultured 
cells and is incorporated into genomic DNA as 5-bromo-
deoxyuridine.23 

In conclusion, we synthesized and identifi ed a complex 
of the composition [Cu(caf)2Br2] (1), determined its 
structure, and evaluated cytotoxicity against diff erent cell 
lines. The complex was shown to have a molecular struc-
ture. Two bromide ions and two nitrogen atoms N(9) of 
caffeine molecules in mutually trans positions form 
a square-planar environment of the central copper(II) atom. The 
dose-dependent change in cytotoxicity was observed in all 
cell lines. Additional in vivo and in vitro studies are required 
for a more detailed characterization of biological activity.

Experimental

The compounds [Zn(caf)(H2O)X2] (X = Cl, Br, I) were 
synthesized by a procedure described previously.11,20 Elemental 
analysis was performed on a EuroVector EuroEA 3000 CHNS 
elemental analyzer (EuroVector s.p.a., Italy). The zinc and cop-
per contents were determined by complexometric titration using 
Trilon; the bromide content was determined by the gravimetric 
method.11,20 The IR spectra were recorded on a Bruker VERTEX 
70 Fourier-transform infrared spectrometer in the region of 
350—4000 cm–1 as KBr pellets and in the region of 30—680 cm–1 
as Nujol mulls. Electrospray ionization mass spectra (ESI-MS) 
were obtained on an AmaZon Bruker Daltonik GmbH mass 
spectrometer (acquired over the mass range m/z = 70—2200) in 
positive and negative ion modes in a H2O—MeCN solvent mix-
ture (1  : 1). The 1H NMR spectra were recorded on a Bruker 
Avance III NanoBay spectrometer (300.28 MHz, 25 С, D2O as 
the solvent, calibration using residual signals of HDO (δ 4.71)). 
Powder X-ray diff raction (XRD) patterns were measured on 
a Bruker D8 Advance X-ray diff ractometer equipped with 
a LYNXEYE detector (Cu-Kα radiation, Ni fi lter, refl ection geo-
metry, 2θ angle range 5—80, step size 0.01132). Single-crystal 
X-ray diff raction data were collected on a CCD SMART APEX-
II diff ractometer (graphite monochromator, Mo-Kα radiation, 
ω-scanning technique, 150 K). The X-ray diff raction data were 
processed using the SAINT program.24 An absorption correction 
was applied with the SADABS program. The crystal structure 
was solved by direct methods and refi ned based on F2 by the 
full-matrix least-squares method with anisotropic displacement 
parameters for nonhydrogen atoms. The hydrogen atoms were 
positioned geometrically and refi ned by the least-squares meth-
od using a riding model. All calculations were carried out with 
the Olex-2 software25 and SHELXTL-Plus program package.26 
Principal crystallographic parameters are given in Table 1. The 
structural data were deposited with the Cambridge Crystallographic 
Data Centre (CCDC 1953834) and are available, free of charge, 
at http://www.ccdc.cam.ac.uk. The crystal structure visualization 
was performed using the MERCURY program.27 

Dibromodi(caff eine)copper, [Cu(caf)2Br2] (1), was synthe-
sized in an aqueous solution (50 mL) from copper(II) bromide 
(0.75 g) and caff eine (0.51 g) pre-recrystallized from water, 
taken in the molar ratio CuBr2 : caf = 1 : 0.8, followed by heat-
ing until the solvent was almost completely removed and dark-
brown crystals appeared. The yield was 0.66 g (82%). Found (%): 

С, 31.08; H, 3.43; Br, 26.25; Cu, 10.72; N, 18.16. C16H20Br2CuN8O4. 
Calculated (%): C, 31.41; H, 3.30; Br, 26.12; Cu, 10.38; N, 18.32.  

IR, /cm–1: 1554 (Cu—N) + (NСN); 200—300 (Сu—Br). 
1Н NMR (D2O), : 8.77 (br.s, 1 H, C(8)H); 3.96 (s, 3 H, N(7)
CH3); 3.30 (s, 3 H, N(1)CH3); 2.24 (s, 3 H, N(3)CH3). MS 
(ESI, 4.5 kV), m/z (Irel (%)): 532.01 [М – Br]+ (4), 451.14 
[М – 2 Br]2+ (49). The mass spectra are indicative of the forma-
tion of the complex species [Cu(caf)2Br]+ and [Cu(caf)2]+: found 
m/z 532.01, calculated for [Cu(caf)2Br]+ 532.01; found m/z 
451.14, calculated for [Cu(caf)2]+ 451.09; and also other frag-
ments, including caff eine clusters.

Analytical studies were performed using equipment 
of the Shared Knowledge Center "Research Analytical 
Center of the National Research Center "Kurchatov 
Institute" — IREA". The powder X-ray diff raction analy-
sis was performed using equipment of the Shared Facility 
Center for Physical Research Methods of the N. S. 
Kurnakov Institute of General and Inorganic Chemistry 
of the Russian Academy of Sciences within the framework 
of State assignments.
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