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Abstract The synthesis, physico–chemical charac-

terization and cytotoxicity of four copper(II) coordi-

nation complexes, i.e. [Cu(HBPA)Cl2] (1),

[Cu(BHA)2] (2), [Cu(HBPA)(BHA)Cl] CH3OH (3)

and [Cu(HBPA)2]Cl2�4H2O (4), are reported. HBPA is

the tridentate ligand N-(2-hydroxybenzyl)-N-(2-

pyridylmethyl)amine and HBHA is the benzohydrox-

amic acid. The reaction between the HBHA and

CuCl2.2H2O has resulted in the new complex (2) and

the reaction between complex (1) and HBHA has

resulted in the new complex (3). X-ray diffraction

studies for complex (3) indicated the effective coor-

dination of HBHA as BHA-. Their cytotoxicity was

evaluated against three human tumoral cell lines

(Colo-205, NCI-H460 and U937) and PBMC (periph-

eral blood mononuclear cells), using the MTT cyto-

toxic assay. The results toward PBMC reveal that the

new copper(II) complex (2) presents lower toxicity

toward normal cells. Furthermore, complex (2) pre-

sents IC50 values lower than cisplatin toward NCI-

H460 and the best selectivity index obtained towards

NCI-H460 (SI = 2.2) and U937 cell lines (SI = 2.0),

as a result of the presence of two molecules of HBHA
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in its structure. Complex (3) presents IC50 values

lower than cisplatin toward NCI-H460, Colo-205 and

comparable to cisplatin toward U937. The evaluation

of the cell death type promoted by complexes (2) and

(4) was investigated toward NCI-H460 revealing

better results than the standard drug cisplatin, accord-

ing to the Annexin V and propidium iodide (PI)

labeling experiment. Based on the studies here

performed, HBHA seems to be related to lower

toxicity toward PBMC and HBPA is improving

directly the cytotoxity.

Keywords Copper(II) complex � Antitumor

activity � Benzo hydroxamic acid (HBHA) � PBMC �
Apoptosis

Introduction

Hydroxamic acids, both origin natural and synthetic,

are a class of organic complexes extensively studied

with a variety of applications (Končić et al. 2011;

Gupta and Sharma 2013; Marmion et al. 2013;

Rodrigues et al. 2016; Wang et al. 2018). In recent

years, hydroxamic acid derivatives have attracted the

attention due to their potential in combating various

etiological factors associated with cancer (Luu et al.

2008; Saban and Bujak 2009; Kovacic and Edwards

2011; Kenny et al. 2020). The first hydroxamic acid

approved by the FDA to enter clinics as a treatment of

cutaneous T-cell lymphoma (Codd et al. 2009) was the

suberoylanilide hydroxamic acid (SAHA) (Marks

2007) and it�s activity is associated with the inhibition

of histone deacetylases (HDACs), including all 11

known human class I and class II HDACs. HDACs

have many protein targets whose structures and

functions are altered by acetylation, including histones

and non-histones proteins components of transcription

factors, which control gene expression and proteins

that regulate cell proliferation, migration and death

(Kim et al. 2003; Parker et al. 2013). The mechanism

involved in SAHA cytotoxicity effects was identified

as inhibition of the histone deacetylases (HDACs), a

finding based on recognition of the similarity of

SAHA structure to the trichostatin A (Parker et al.

2013; Halaburková et al. 2017). Its antitumor activity

is also associated to multiple mechanisms, including

cell cycle arrest, intrinsic and extrinsic apoptosis,

generation of reactive oxygen species (ROS) and

inhibition of angiogenesis, both in vitro and in vivo.

This compound is well tolerated by patients in doses

with potent antitumor activity (Park et al. 2015).

Marmion and coworkers have been developing

platinum metal complexes containing hydroxamic

acids, obtaining new molecules with a platinum(II)

center at one side of the molecule and a hydroxamic

acid at the other (Griffith et al. 2011a; Brabec et al.

2012; Parker et al. 2013). This strategy resulted in

molecules with increased and more selective antitu-

mor activities compared to their starting reagents

(Griffith et al. 2011b). The in vitro study of the cis-

[Pt(NH3)2(Mal-p-Bel-2H)] complex revealed that it

has (i) substantial cytotoxicity against ovary cancer

cell lines, (ii) increased cytotoxicity over the previous

platinum compound reported (cis-[PtII(NH3)2(-

malSAHA-2H)]), and (iii) favorable cyto-selective

properties compared to cisplatin and belinostat

(Kenny and Marmion 2019).

A previous study using the histone deacetylase

inhibitor SAHA decreased thioredoxin (Trx1) activity,

due to the formation of complex with Trx1 and an

increase of reactive oxygen species (ROS) formation.

This study revealed that one possible mechanism for

the anticancer effect of SAHA is via the Trx1 system

and proves that SAHA induces an increase in Txnip

protein levels that can bind and inhibit Trx1. Thus this

would lead to a decreased oxidative stress defense,

oxidation, as well as inhibit Trx1 binding to ASK1,

thus promoting apoptosis (Ungerstedt et al. 2012). In

vivo studies demonstrated that SAHA decreases

viability and increases apoptosis similarly to the

paclitaxel for ovarian cancer chemotherapy (Cooper

et al. 2007).

Great efforts are currently underway for the design

of better prototypes for the treatment of cancer, as well

as other robust applications in health care, based on the

hydroxamic acids (Manal et al. 2016; Wang et al.

2018). In this sense, we report herein the synthesis,

characterization and antitumoral activity of two new

copper(II) complexes [Cu(HBHA)2] (2) and [Cu(HB-

PA)(HBHA)Cl] CH3OH (3), both coordinated to the

benzohydroxamic acid (HBHA), with relevant antitu-

mor activities. The goal of this work is to obtain

complexes less toxic to normal cells and with a higher

capacity to overcome some undesirable side effects, as

well as the acquired resistance, common in cisplatin

treatments. In order to achieve this goal we observed

123

230 Biometals (2021) 34:229–244



that the reactions between hydroxamic acids and the

copper(II) complexes are favored by the chelate effect

and by the presence of labile ligands such as chloride

in the structures of the complexes, leading to the

formation of stable hydroxamate complexes. There-

fore, complex (1), previously reported by us (Borges

et al. 2016), was selected to this investigation. This

complex induced apoptotic cell death by activating

both the intrinsic and extrinsic pathways. In vivo

results revealed that complex (1) was effective against

human acute monocytic leukemia (THP-1) and murine

melanoma cells lines (B16-F10). BALB/c nude bear-

ing THP-1 tumors treated with 12 mg kg-1 of this

complex showed a 92.4% inhibition of tumor growth

compared to the control group (Borges et al. 2016).

Here we are also going to evaluate the type of death

promoted by the most promising complexes in tumor

cells through annexin-V and propidium iodide (PI)

labeling studies. The comparison of cytotoxic activity

of these complexes with the respective ones without

hydroxamic acid, against the same cell lines, will be

presented.

Experimental

General

Reagents and solvents were used as received from

commercial sources. The ligands and their respective

copper(II) complexes were synthesized using analyt-

ical grade reagents. The elemental analysis (CHN) for

the complexes was performed with a Perkin Elmer

2400 CHN analyzer. The determination of melting

point (MP) was carried out employing a Microquimica

MQAPF-301 apparatus. Infrared spectras were

recorded with a Shimadzu FT-IR 8300 spectropho-

tometer. The solid samples were prepared in a KBr

pellet and the spectra recorded over the frequency

range of 400–4000 cm-1. UV–Vis spectras were

recorded with a UV–Vis Varian, Cary 50 Bio, using

DMF (dimethylformamide) as solvent. Full scan mass

spectra (MS mode) were obtained with a MicroTOF

LC Bruker Daltonics spectrometer equipped with an

electrospray source operating in positive ion mode.

Samples were dissolved in a MeOH/H2O (50/50)

solution and were injected in the apparatus by direct

infusion. The electrical conductivity of solution of

each complex (1 9 10-3 mol L-1) was measured

with a Biocristal conductometer in DMF. X-ray

diffraction data was carried out with a Bruker D8-

Venture diffractometer equipped with the detector

Photon 100 CMOS using microfocus MoKa
(k = 0,71,073 Å) X-ray radiation at 150 K. The

crystal data was collected using APEX2 (BRUKER

2012). The structure was solved and refined with

SHELX package (Sheldrick 2008). Electron Param-

agnetic Resonance (EPR) spectra were obtained using

a Bruker E500 spectrometer using a highly sensitive

cylindrical cavity, operating in X-band (9 GHz), at

100 K, with 5 mW microwave power, 5 G modulation

amplitude and 100 kHz modulation frequency. The

spectra were simulated using the Qpow program

(Maurice 1980) and a MgO:Cr(III) (g = 1.9797)

marker.

Synthesis

The ligand HBPA was synthesized as previously

described (Neves et al. 1993). HBPA has been used as

a ligand and a precursor of the ligand (N-(2-hydrox-

ybenzyl)-N-(2-pyridylmethyl)[(3-chloro)(2-hy-

droxy)]propylamine)] (H2BPClNOL), which has been

extensively studied by us (Silva et al. 2008; Fernandes

et al. 2010, 2014; Costa et al. 2018). Scheme 1 shows

the synthesis of complexes (1)–(4).

[Cu(HBPA)Cl2] (1). Complex (1) was synthesized

according to the methodology previously described in

literature (Borges et al. 2016). Yield: (430 mg) 82%.

Elemental anal. found (%): C = 41.87; H = 4.18;

N = 7.56. Calcd. for CuC13H16N2O2Cl2
(%) = C = 41.56; H = 4.56; N = 7.46. MP: 170 �C
(18 lS cm-1 non-electrolyte type). (Geary 1971).

[Cu(BHA)2] (2). Complex (2) was obtained by

reacting 2 mmol (274 mg) of HBHA and stoichio-

metric amounts of KOH (1 mmol, 56 mg) and

copper(II) chloride salt dehydrate (1 mmol,

170.5 mg), in 20 mL of methanol, under reflux. After

30 min of reaction a thin, moss–green amorphous

solid was obtained, which was filtrated and dried under

vacuo. Yield: (306 mg) 41%. Elemental anal. found

(%): C = 48.97; H = 3.0; N = 8.49. Calcd. for CuC14-

H12N2O4 (%) = C = 50.07; H = 3.6; N = 8.34.

IR cm-1: 3420 (m NH), 3190-2710 (m OH), 3050 (m
CHAromatic), 2957, 2915, 2868 and 2812 (m CH2 and m
CH3), 1605, 1587, 1524 and 1489 (m C = C and m
C = N), 791, 685, 469 and 424 (c-CH aromatic and b-
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ring aromatic). MP: 205 �C (4 lS cm-1 non-elec-

trolyte type). (Geary 1971).

[Cu(HBPA)(BHA)Cl] CH3OH (3). Complex (3)

was obtained by reacting 1 mmol of BHA (137 mg)

and 1 mmol of complex (1) (348 mg). Initially,

HBHA was deprotonated with a stoichiometric

amount of KOH and then a methanolic solution of

complex (1) was added to the solution containing

deprotonated BHA-. The reaction was conducted

under reflux and dark green single crystals were

obtained after a few days. Yield: (220 mg) 60%.

Elemental anal. found (%): C = 52.2; H = 5.3;

N = 8.8. Calcd. for CuC21H25N3O4Cl (%): C = 52.3;

H = 5.2; N = 8.7. IR cm-1: 3500 (m NH), 3200-2800

(m OH), 1657, 1609, 1578, and 1514 (m C = C and m
C = N), 1485, 1456, 1431 (m CH2 and m CH3) and 787,

750, 694, 670 (c-CH aromatic and b-ring aromatic).

MP: 150 �C (50 lS cm-1 non-electrolyte type).

(Geary 1971).

[Cu(HBPA)2]Cl2.H2O (4). Complex (4) was syn-

thesized as previously described by Azeredo and

coworkers (Azeredo et al. 2015). Yield: (270 mg)

86%. Elemental anal. found (%): C = 49.1; H = 5.8;

N = 8.9. Calcd. for CuC21H25N3O4Cl (%):C = 49.2;

Scheme 1 Synthesis of the

new copper(II) complexes

containing HBHA ((2) and

(3)) and the complexes

previously reported ((1) and

(4)) (Azeredo et al. 2015;

Borges et al. 2016)
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H = 5.7; N = 8.8. MP: 175 �C (130 lS cm-1 2:1

electrolyte type). (Geary 1971).

Antitumor activity

Cell culture

Human leukemia cell line Colo-205 (human colon

adenocarcinoma), NCI-H460 (lung carcinoma) and

U937 (histiocytic lymphoma cell line) were cultured

routinely in DMEM-F12 medium, (Dulbecco’s Mod-

ified Eagle Medium) (Gibco, BRL) supplemented with

10% fetal calf serum and gentamicin (20 lg mL-1,

Gibco, BRL) and incubated at 37 �C in a humidified

atmosphere containing 5% CO2. Blood samples were

collected from healthy donors in Sodium Heparin

glass tubes ‘‘VacutainerTM’’ (Becton Dikinson) and

the peripheral blood mononuclear cells (PBMC)

isolated over Ficoll–PaqueTM Plus (1.08 g mL-1) in

a 50 mL conical tube (2:1—blood:ficoll). Twenty

milliliters of fresh heparinized blood sample were

diluted in phosphate buffer saline (PBS), gently laid

over 10 mL of Ficoll and centrifugated at 1500 rpm

for 40 min at 25 �C. PBMC rings were collected and

washed three times with PBS by centrifugating at

1500 rpm for 10 min at 4 �C. After the washing

process, the supernatant was discarded and the cells

were suspended in DMEM-F12 medium supple-

mented with 10% fetal bovine serum, 20 lg ml-1

gentamicin and 0.25 lg ml-1 Staphilococcus entero-

toxin B (Sigma, S0812). Trypan blue solution 0.4%

(Sigma, Germany) was used to count the cells into an

appropriate concentration and the viability of cells was

checked. The required range of cells’ viability was

maintained between 95% and 99%. Stock solutions of

synthesized complexes and cisplatin were prepared at

a concentration of 0.02 mol L-1, using dimethyl

sulfoxide (DMSO) and water as solvents. Stock

solutions were stored in a freezer to remain stable.

The complexes previously dissolved in DMSO were

diluted in DMEMF12 culture medium, (Gibco, BRL)

supplemented with 20 mg mL-1 gentamicin (Gibco,

BRL) and 10% fetal bovine serum (Gibco, BRL) to

achieve the working concentrations (100 lmol L-1,

50 lmol L-1, 25 lmol L-1, 12.5 lmol L-1 and

6.25 lmol L-1).

Cell viability study

The cell viability assays were performed according to

a previously described methodology (Mosmann

1983), by evaluating the MTT (3-(4,5-dimethyl- 2-

thihazyl)-2,5-diphenyl-2H-tetrazolium bromide)

(Sigma, M2128) metabolization. Tumoral and normal

cells (Colo-205, NCI-H460, U937 and PBMC, respec-

tively) were plated in 96-well plates at densities of

1 9 106 cells mL-1, and different concentrations of

the copper(II) complexes (100 lM, 50 lM, 25 lM,

12.5 lM and 6.5 lM) were added to the culture and

maintained for 36 h at 37 8C. Twenty microliters of

MTT stock solution (5 mg mL-1) were added into

each well, containing 100 lL of the tested compound,

and the cells were incubated at 37 �C for 4 h with 5%

of CO2. After this period, 120 lL of the supernatant

were removed and the formazan crystals were dis-

solved in 150 lL of acidic isopropanol. The 96-well

plates were centrifuged to separate solid remains of

cells debris, and a 100 lL aliquot from each well was

transferred to a clean plate for spectrophotometric

quantification at 570 nm wavelength. The absorbance

was determined at 570 nm using a microplate reader,

(Thermo Labsystems Multiskan, 352 model) and each

concentration was evaluated in three independent

experiments run in triplicate. Cisplatin (Sigma) was

used as a positive control. The absorbance results

obtained were converted to viable cell percentage and

the IC50 values were obtained using GraphPad Prism

5.0. The selectivity index (SI) was calculated as

presented in Eq. 1 (Muller and Milton 2012).

SI ¼ IC50 PBMCð Þ = IC50 tumor cellð Þ ð1Þ

Evaluation of cell death pathway

To evaluate if the complexes induced necrosis or

apoptosis 106in the cells, experiments using flow

cytometry (annexin V/propidium iodide staining)

were carried out by. Tumoral cells were cultured at

2 9 106 cells mL-1 for non-adherent strains (U937)

and 1 9 cells mL-1 for adherent strains (Colo-205

and NCI-H460), in 24 multiwell plates. After 4-6 h

(37 �C with 5% CO2), the cells were treated with 1 mL

of the copper(II) complexes at a final concentration of

1 9 IC50 and 2 9 IC50 for 24 h, 36 h or 48 h

(depending on the compound). Briefly, after
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incubation, the cells were washed twice with PBS and

incubated in 500 lL of binding buffer (100 mM

HEPES/NaOH, pH 7.5, 1.4 M NaCl and 25 mM

CaCl2). 5 lL of Annexin V-FITC (Sigma–Aldrich)

and 10 lL of PI (Sigma–Aldrich) were added to each

sample. They were then incubated at room tempera-

ture for 10 min protected from light. Cell fluorescence

was determined immediately with a flow cytometer

(FACS Calibur-BD). The result was determined by

recording 10.000 events per sample (Rieger et al.

2011).

Results and discussion

Among the four complexes described in this work, the

synthesis and molecular structures of complexes (1)

and (4) were previously reported by us (Azeredo et al.

2015) (Borges et al. 2016) We have previously

described the antitumor activity of (1) in vitro and

in vivo as well (Borges et al. 2016). While complex (1)

contains only one molecule of the ligand HBPA,

complex (4) contains two of them. In addition, we

have observed that ligands derived from the HBPA

generate complexes with expressive antineoplastic

activities (Fernandes et al. 2015; Morcelli et al. 2016;

Moreira et al. 2019; Maciel et al. 2020) Furthermore,

complexes containing hydroxamic acid derivatives

have also shown antitumor activity (Kenny and

Marmion 2019; Kenny et al. 2020). Aiming to develop

new anticancer agents with better activity, we decided

to study the formation of a new heterolepetic cop-

per(II) complex containing the ligands HBPA and

HBHA (HBPA is the tridentate ligand N-(2-hydrox-

ybenzyl)-N-(2-pyridylmethyl)amine and HBHA is the

benzohydroxamic acid). In this sense, the four com-

plexes presented in Scheme 1 were tested against three

different cancer cell lines. The only complex isolated

as an amorphous solid was [Cu(HBHA)2], however

it�s characterization data obtained agree with the

formation of a mononuclear copper(II) complex.

X-ray molecular structure

The single crystal X-ray data obtained for complex (3)

reveals the formation of a pentacoordinated copper(II)

complex containing a benzohydroxamate anion

(BHA-), a molecule of HBPA ligand and a chlorine.

A methanol molecule is present as the solvent of

crystallization, resulting in an empirical formula of

CuC21H24ClN3O4 and a molecular weight of 481.42 g

mol-1.

The geometry presented by complex (3) is

described as a near ideal square pyramidal, with an

Addison parameter (s) value of 0.05 (Addison et al.

1984). The benzohydroxamate anion is coordinated in

a bidentate manner to the metallic center (through

alcohol and carbonyl oxygen atoms) and, together

with the ligand HBPA, form the base of the pyramid,

which contains a chloro ligand in the apical position

(Fig. 1). The most relevant bond lengths and angles are

shown in Table 1 and crystallographic data for

complex (3) are presented in Table 2. It is important

to highlight that the coordination behavior of ligand

HBPA in (3) differs from the observed in complexes

(1) and (4). While in complex (1) the HBPA ligand

shows a tridentate coordination mode and the phenol

group interacts with the copper center in the proto-

nated form, in (3), the phenol group is not coordinated

to the metal center. Due to this arrangement, the

HBPA ligand shows a bidentate coordination mode in

(3). Similar behavior for the phenol group was found

in the zinc(II) complex [Zn(HBPA)Cl2], previously

reported by us (Fernandes et al. 2014).

The distance between the metallic center and the

pyridine nitrogen (N20) of 1.987(5)Å, is similar to the

distance between the metallic center the amine

nitrogen (N1) of 2.012(5)Å. This similarity suggests

that the pyridine and the amino groups have similar

basicity. On the other hand, the bonds formed between

BHA- and the copper(II) anion (Cu1–O2A and Cu1–

O1A) are shorter, suggesting that the amine and

pyridine groups have less affinity for the metallic

center than the oxygen from the alkoxide and carbonyl

groups present in the benzohydroxamate ligand

(HBHA). The longest distance is observed in the

Cu1–Cl1 bond [(2.679(2)Å].

ESI-( ?)-MS

Data of ESI-( ?)-MS spectra will be presented for the

complexes (2), (3) and (4). Data for complex (1) were

reported previously (Borges et al. 2016). The spectra

and the structures proposal were based on the isotopic

patterns for the main ions of each complex and are

presented in the Supplementary Material (S1-S15).

The ESI-( ?)-MS spectrum of complex (2)

(Fig. S1) shows an intense signal of m/z 336 attributed
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to the cation of the compound in which one HBHA

ligand is in protonated form (HBPA) and the other,

BHA- is in deprotonated form, resulting in:

[Cu(HBHA)(BHA)]?. The most intense signal in the

spectrum (m/z 358) is assigned to the cation

Na[Cu(BHA)2]?. The signals of m/z 534, m/z 734

and m/z 932 refer to the dimers, trimers and tetramers

of the original complex where the copper center shows

reduced oxidation state ([CuI
2(BHA)(HBHA)2]?,

[CuI
3(BHA)2(HBHA)2]? and [CuI

4(BHA)5]?). These

species are possibly formed in gas–phase after

ionization. The MS/MS analysis of the signal of m/z

932 reveals that this ion forms the species of m/z 534

([CuI
2(BHA)(HBHA)2]?), 358 (Na[Cu(BHA)2]?) and

336 ([Cu(HBHA)(BHA)]?) (Figs. S2–S5).

The ESI-( ?)-MS spectrum obtained of complex

(3) (Fig. S6) shows the most intense peak at m/z 413,

attributed to the cation [Cu(HBPA)(BHA)]?, confirm-

ing the formation of a mononuclear copper(II) com-

plex in solution and the coordination of the

benzohydroxamic acid (HBHA) in the deprotonated

form. Another signal with copper profile is present

with m/z 589, whose proposal indicates a binuclear

complex [(HBPA)CuI(l-Cl)CuI(HBPA)]?. It is also

possible to visualize the signal of ligand HBPA in its

protonated form [H2BPA]?, with m/z 215. Another

signal observed in the spectrum of m/z 276 is

equivalent to a copper(II) center coordinated only to

the ligand HBPA: [Cu(HBPA)]?]. The MS/MS study

of the signal of m/z 413 reveals that this ion gives rise

to the cations of m/z 276 ([Cu(HBPA)]?) and 215

Fig. 1 X-ray structure of complex (3)

Table 1 The main bond lenghts and angles in complex (3)

Atoms Distances/Å

Cu(1)–Cl(1) 2.6790(14)

Cu(1)–N(1) 2.012(5)

Cu(1)–N(20) 1.987(5)

Cu(1)–O(1A) 1.951(4)

Cu(1)–O(2A) 1.935(4)

Angles/̊

O(2A)–Cu(1)–N(20) 168.31(19)

O(1A)–Cu(1)–N(1) 165.15(18)

N(20)–Cu(1)–Cl(1) 98.37(14)

O(1A)–Cu(1)–Cl(1) 97.90(13)

N(1)–Cu(1)–Cl(1) 96.89(15)

O(2A)–Cu(1)–N(1) 96.27(18)

O(1A)–Cu(1)–N(20) 94.33(19)

O(2A)–Cu(1)–Cl(1) 93.31(12)

O(2A)–Cu(1)–O(1A) 84.24(18)

N(20)–Cu(1)–N(1) 82.2(2)
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([H2BPA]?). All fragments present in the spectrum

were assigned based on their isotopic profiles

(Figs. S7–S10).

The ESI-( ?)-MS spectrum of complex (4)

(Fig. S11) reveals three intense cationic species with

copper profile (m/z 276, m/z 490 and m/z 589). The

protonated HBPA ligand signal is observed at m/z 215

[H2BPA]? and the signal of m/z 276 is assigned to the

equivalent copper(II) center coordinated to the depro-

tonated form of the HBPA ligand, resulting in the

cation [Cu(HBPA)]?. This was also observed in the

ESI-(?)-MS spectrum of complex (3) (Figs. S12–

S13). The signal of m/z 490 corresponds to the cation

containing two units of the ligand HBPA, one of them

is in anionic form, resulting in the species

[Cu(HBPA)(BPA)]? (Fig. S14). The peak at m/z 589

was attributed to a binuclear species [(HBPA)CuI(l–

Cl)CuI(HBPA)]? (Fig. S15).

Infrared and electronic spectra

The infrared spectrum of complex (2) (Fig. S16)

shows more defined bands and variations in the wave

number in comparison to the ligand HBHA spectrum.

The characteristic hydroxyl band is narrower/straigh-

ter in the complex (2) spectrum when compared to the

OH vibration in HBHA spectrum, showing the effec-

tive action of potassium hydroxide (KOH) in depro-

tonating the hydrogen from alcohol and proving the

coordination of copper(II) to the oxygen atom. The

appearance of a shoulder at 3420 cm-1, characteristic

of the associated NH stretch in secondary amines is

also observed in complex (2). In the HBHA spectrum,

this band is overlapped due to the broad band of the

hydroxyl group.

The infrared spectrum of complex (3) (Fig. S17)

shows the characteristic bands of the HBHA ligand

Table 2 Crystal data and

structure refinement for

complex (3)

Empirical formula C21H24ClCuN3O4

Formula weight 481.42

Temperature/K 291.01

Crystal system Triclinic

Space group P1

a/Å 6.4321(4)

b/Å 6.8547(4)

c/Å 12.4876(8)

a/� 98.612(3)

b/� 94.805(3)

c/� 101.884(3)

Volume/Å3 528.95(6)

Z 1

qcalcg/cm3 1.511

l/mm-1 1.192

F(000) 249.0

Crystal size/mm3 0.276 9 0.085 9 0.065

Radiation MoKa (k = 0.71073)

2H range for data collection/� 6.484 to 52.174

Index ranges -7 B h B 7, -8 B k B 8, -15 B l B 15

Reflections collected 9385

Independent reflections 4123 [Rint = 0.0363, Rsigma = 0.0468]

Data/restraints/parameters 4123/3/275

Goodness-of-fit on F2 1.073

Final R indexes [I[ = 2r (I)] R1 = 0.0379, wR2 = 0.0782

Final R indexes [all data] R1 = 0.0469, wR2 = 0.0828

Largest diff. peak/hole / e Å-3 0.27/-0.43

Flack parameter -0.023(18)
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and the precursor copper(II) complex (1), such as the

OH vibration in the region between 3200 cm-1 and

2800 cm-1 and the axial deformation of CO and CN

present between 1354 cm-1 and 1244 cm-1. The

presence of axial deformation of C = C of aromatics in

1657 cm-1 and 1609 cm-1 is also observed. The

angular deformation bands of the aromatic ring

replaced are found in 787 cm-1, 750 cm-1,

694 cm-1 and 670 cm-1.

The spectrum in the infrared region obtained for

complex (4) was compared to the HBPA ligand in the

region between 4000 cm-1 and 400 cm-1 (Neves

et al. 1993). Bands characteristic of the aromatic

groups are observed in complex (4) between

1612 cm-1 and 1433 cm-1 (mC = C and mC = N), at

3345 cm-1 for the stretch of the mNH bond, and at

1365 cm-1 due to the phenol group (dOH). These

results (Fig. S18) are in agreement with those previ-

ously published by us for HBPA (Azeredo et al. 2015).

The bands present in the large region between

3500 cm-1 and 3100 cm-1 in complex (4) are

attributed to the overlapping of the hydroxyl group

(OH) of phenol, the axial deformations of the aromatic

C–H in 3041 cm-1 and 3009 cm-1 and the aliphatic

C–H in 2947 cm-1 and 2858 cm-1. The phenol C–O

stretch band appears at 1272 cm-1. The displacement

of the bands to regions of different wavenumbers, in

comparison to the ligand infrared spectrum, shows the

weakening of some bonds and changes in the geom-

etry, confirming the complexation and the obtainment

of complex (4) (Azeredo et al. 2015).

The electronic spectra of the new complexes (2)

and (3) were obtained in DMF and are presented in

Fig. 2a and b, respectively. Complex (2) presents a low

intensity d–d transition at 634 nm (48.3 L mol-1

cm-1). Complex (3) presents a band at 423 nm (400 L

mol-1 cm-1), with an e value a slightly higher than a

typical d–d, and also a d–d transition at 648 nm (140 L

mol-1 cm-1). In agreement with previous studies

carried out for complex (4) (Azeredo et al. 2015), we

can state that the high e value observed for the band at

423 nm is indicating the partial deprotonation of the

phenol groups and its coordination to the copper center

as a phenolate. Complex (4) exhibits two transitions in

DMF, at 429 (341 dm3 mol-1 cm-1) and at 661 nm

(163 dm3 mol-1 cm-1) previously attributed to phe-

nolate ppCu2? dr* charge transfer (LMCT) and d–d

transition, respectively (Azeredo et al. 2015).

Electrochemical studies

The electrical conductivity measurement performed

for all the new complexes shows their poor ionizable

nature (neutral complexes). The values observed for

complexes (2) (4 lS cm-1) and (3) (50 lS cm-1) were

below 65 lS cm-1 (non-electrolyte complex forma-

tion in solution), suggesting that the solid state

structures were kept in solution. Although complex

(3) presents a long–distance Cu–Cl, based on the

X-ray diffraction studies, and some dissociation in

solution is expected, its low value conductivity proves

a non-electrolyte complex.

Compound (2) was not soluble in the concentration

required to observe any redox process related to the

copper oxidation/reduction by cyclic voltammetry.

The cyclic voltammogram of complex (3) shows the

presence of two cathodic and two anodic redox

processes. The cathodic processes were observed at

Fig. 2 Electronic spectra in DMF of the complexes (a) (2), in

the concentrations 0.2–1.4 9 10-3 mol L-1 (b) (3), in the

concentrations 1.0–2.5 9 10-3 mol L-1

Fig. 3 Cyclic voltammogram of the complex (3). Working

electrode: glassy carbon; pseudo-reference electrode: platinum;

counter electrode: platinum; supporting electrolyte: tetrabuty-

lammonium perchlorate 0.1 mol dm-3; solvent DMF
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-0.168 V and -0.327 V vs NHE, while the anodic

processes at 0.037 V and 0.784 V vs NHE (Fig. 3).

The presence of only one redox process would be

expected, since complex (3) is a mononuclear species.

The presence of a large number of such processes can

be attributed to the formation of more than one species

in solution. For example, the chloro ligand is labile and

can be replaced in some extension by solvent

molecules. This can be also induced by the reduction

process, since Cu(I) prefers a tetracoordinated envi-

ronment than a pentacoordinated one. According to

X-ray diffraction data, complex (3) is a mononuclear

copper(II) complex, containing both ligands HBPA

and HBHA coordinated. However, in solution, this

complex undergoes changes in the coordination

sphere, suggesting the occurrence of a coupled

reaction (chloride ligand release, phenol coordination

and/or interaction with solvent molecules), generating

two distinct species that are in equilibrium (Azeredo

et al. 2015).

EPR spectroscopy

Figure 4 shows the EPR spectra of the complexes (1)–

(4). All spectra are characteristic of Cu(II) in an axial

site. The Cu(II) has 3d9 electronic configuration,

electron spin S = 1/2 and nuclear spin I = 3/2 and,

therefore, the hyperfine interaction between electron

and nucleus produces four lines (2*I ? 1 = 4). For an

axial site, a set of four parallel and four perpendicular

signals are expected. The spectra were simulated

considering electronic Zeeman and hyperfine interac-

tions, and the parameters obtained from simulations

are listed in Table 3. The spectrum of complex (1) was

simulated considering just one Cu(II) site (S1).

However the simulated spectra for complexes (2),

(3) and (4) represent the sum of two spectra, and each

one is associated to one Cu(II) site: (S21 and S22) for

complex (2), (S31 and S32) for complex (3) and (S41

and S42) for complex (4) (Fig. 4). The relative

intensity of each Cu(II) site, showed in Table 3, was

obtained by double integration of each simulated

spectrum. All simulated spectra show g//[ g\-

[ 2.0023 and A//[A\, which are characteristic of

Cu(II) in an elongated octahedral site and ground state

dx
2-y

2 (Kalfaolu and Karabulut 2011).

The g// value is related to the nature of copper

environment (Kivelson and Neman 1961), so that the

g//\ 2.3 indicates the covalent interaction between

Cu(II) and its ligands. This is the case of all spectra of

complexes (1), (3) and (4), which have the ligand

HBPA coordinated to the Cu(II) centers. For complex

(2), the S21 site has g//\ 2.3 and S22 site has

g//[ 2.3, which indicates the ionic environment, as

effect of the coordination of two ligands HBHA to the

copper(II).

The G parameter, defined as G = (g// - 2.0023)/

(g\ - 2.0023), is an indication for the exchange

1

2

S21

MgO:Cr(III)

S22

 S1

 S21 + S22

4

S41

S42

2600 2800 3000 3200 3400

 Magnetic Field (G)

 S41 + S42

S31

S32

3

 S31 + S32

Fig. 4 EPR spectra of complexes (1)–(4) (solid lines) and its

simulations (dotted lines). The simulations for the spectra

presented for complexes (2), (3) and (4) are represented by the

sum of two spectra (dashed lines): (S21 and S22) for complex

(2), (S31 and S32) for complex (3) and (S41 and S42) for

complex (4). MgO:Cr(III) was used as g-factor reference
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interactions between Cu(II) centers (Hathaway and

Billing 1970). For the spectra of all complexes, G[ 4

was obtained, which is characteristic of the exchange

interaction negligible, and therefore, no spin–ex-

change interaction between Cu(II) exists in the

analyzed samples.

The ratio g///A//, in cm, is an index of tetrahedral

distortion of Cu(II) sites (Faggi et al. 2015). All

spectra of complexes (1), (3) and (4) have ratio g///A//

values within the range from 105 cm to 135 cm, which

corresponds to the square planar arrangement of atoms

in the equatorial plane. The same arrangement is

observed in the S21 site of the complex (2). For the

S22 site, the ratio is 140 cm, which is out of range

(150–250 cm), typical of tetragonal distortion sites.

Therefore, this site shows a very small distortion in the

equatorial plane.

All sites present in complexes (1), (3) and (4),

which have at least one HBPA ligand coordinated to

the Cu(II) centers, have square planar arrangement of

atoms in the equatorial plane and covalent interaction

between Cu(II) and its ligands. The EPR parameters of

the new complex (3) is consistent with its geometry,

determined by X-ray diffraction. Complex (2) is the

only compound with two Cu(II) sites, similar relative

intensities and different characteristic: the S21 site has

a covalent environment and square planar arrange-

ment at equatorial plane; the S22 site has an ionic

environment and small distortion of equatorial plane.

Antitumoral activity evaluation

Evaluation of cell viability by MTT metabolization

The cytotoxicity against cancer cell lines (Colo-205,

NCI-H460 and U937) were determined by means of

the colorimetric MTT assay and the IC50 values were

calculated in order to identify the more cytotoxic

complexes, before carrying out studies related to cell

death mechanism. The complexes were also tested

towards normal cells (PBMC) and the selectivity

index (SI) was calculated for in-vitro evaluations of

the antiproliferative effect on normal tissues. Cis-

platin, the prototype of many metal–based drugs, was

also evaluated and included as a control drug. The IC50

values were determined based on the concentration

dependence of viable cells 36 h after exposure to the

complexes. The cytotoxic effect of the ligands HBPA

and HBHA was also investigated.

Neither the ligand HBPA nor HBHA were cyto-

toxic to the tested cells up to a concentration of

100 lmol L-1 (Table 4). On the other hand, their

complexation with copper (II) resulted in complexes

with increased cytotoxicity. The best cytotoxic activ-

ity was observed for compound (4), which showed

IC50 values in the range 20–30 lM for all the cancer

cells. Cisplatin showed activity (20 ± 0.4 lM) only

on the leukemia cell line tested (U937). The drawback

for complex (4) is the high cytotoxicity levels it

showed on the normal cell tested (PBMC).

Complex (1), which contains just one HBPA

ligand, reduced cytotoxicity in lung cancer cells

(NCI-H460) only. A better activity was shown by

complex (2), which has two HBHA ligands. It was

active on lung (NCI-H460) and leukemia (U-937) cell

lines. Complex (2) also showed the lowest cytotoxicity

against the normal cell (PBMC): 82 ± 0.4 lM.

(Table 4) It was not active against Colo-205.

Complex (2) presents IC50 values lower than

cisplatin toward NCI-H460 (38 ± 0.5 and[ 200 lM,

respectively) and the best selectivity index obtained

towards NCI-H460 (SI = 2.2) and U937 cell lines

(SI = 2.0), as a result of the presence of two molecules

of HBHA in its structure. Complex (3), which contains

Table 3 EPR parameters of complexes (1)–(4)

Compound Cu(II) site Relative intensity (%) g// g\ A// (MHz) A\ (MHz) g///A// (cm) G

(1) S1 100 2.271 ± 0.001 2.062 ± 0.003 530 ± 10 46 ± 5 129 4.501

(2) S21 53 2.29 ± 0.005 2.065 ± 0.005 550 ± 5 30 ± 10 125 4.589

S22 47 2.34 ± 0.005 2.07 ± 0.01 500 ± 5 25 ± 10 140 4.99

(3) S31 66 2.253 ± 0.001 2.06 ± 0.005 590 ± 10 25 ± 5 115 4.35

S32 34 2.297 ± 0.001 2.07 ± 0.005 530 ± 10 50 ± 5 130 4.35

(4) S41 90 2.292 ± 0.001 2.063 ± 0.005 530 ± 10 30 ± 5 130 4.773

S42 10 2.235 ± 0.005 2.04 ± 0.01 550 ± 10 10 ± 5 122 6.17
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both ligands (HBPA and HBHA) on its structure,

presents IC50 values lower than cisplatin toward NCI-

H460 (32 ± 0.2 and[ 200 lM, respectively), Colo-

205 (35 ± 0.2 lM and[ 100 lM, respectively) and

comparable to cisplatin towards U937 (31 ± 0.9 lM

and 20 ± 0.4 lM, respectively). Complex (3) is more

cytotoxic than complex (2), exhibiting a moderate

selectivity index (SI * 1.0) for all the three tumoral

cell lines investigated (Colo-205, NCI-H460 and

U937).

While complexes (1) and (4) contains only the

ligand HBPA (one and two, respectively), complex (2)

has only the ligand HBHA (two molecules). On the

other hand, complex (3) contains both ligands (one

HBPA and one HBHA) (Scheme 1). From the

biological point of view, the presence of both ligands

(HBPA and HBHA) in the composition of (3) should

result in a synergic effect. However, complex (3) was

slightly less active than complex (4), and it was more

toxic for PBMC than complexes (1) and (2). A positive

feature of (3), in comparison to (4), is that (3) was

twice less toxic to the normal cells than (4) (IC50-

= 36 ± 0.4 lM and 18 ± 0.5 lM, respectively).

Such effect can be attributed to the presence of the

ligand HBHA in (3), since complex (2), was the

compound with the lowest cytotoxicity towards the

normal cells (PBMC) (IC50 = 82 ± 0.4 lM). Consid-

ering that complex (2) showed the lowest cytotoxicity

to the normal cells and a satisfactory activity on lung

cancer (NCI-H460) (IC50 = 38 ± 0.5 lM), it was

selected, together with (4), which showed the best

activity, against all the tumoral cell lines under

investigation (IC50 = 20 ± 0.8, 25 ± 0.9 lM and

27 ± 0.1 lM, respectively) for the further studies.

Evaluation of the cell death pathway

According to the cell viability assay (Table 4), com-

plexes (2) and (4) exhibited interesting cytotoxicity

toward NCI-460, a cell culture resistant to cisplatin

treatment (Sirichanchuen et al. 2012; Ballestreri et al.

2018). Complex (2) exhibited low cytotoxicity toward

normal cells (PBMC) (IC50 = 82 ± 0.4 lM), and

complex (4) was very active towards all the tumoral

cell lines. In order to determine the type of cell death

induced by these complexes on NCI-H460 cells, the

annexin V and propidium iodide (PI) staining study

was carried out for 48 h (Fig. 5). In this type of

experiment, normal cells are unmarked, cells in the

early apoptosis stage are single marked with annexin

V-labeled, late apoptosis cells (apoptosis–necrosis)

are marked with both annexin V and PI and necrosis

cells are PI-labeled only (Wlodkowic et al. 2011).

According to Fig. 5, 66% of NCI-H460 cells treated

with 2 9 IC50 (76 lmol L-1) of complex (2) were

found in apoptosis. NCI-H460 cells treated with

2 9 IC50 (400 lmol L-1) of cisplatin were mostly

marked in the necrosis death quadrant under the same

conditions (56%).

Since complex (4) was the most toxic towards the

lung carcinoma cell (IC50 = 25 ± 0.9 lM), its death

mechanism was also investigated (Fig. 5). After 48 h

incubation time with annexin V and propidium iodide

complex (4) (2 9 IC50 = 50 lM) promoted 88% of

cell death by apoptosis, being the best result observed

for this experiment. On the other hand, cisplatin, in a

concentration eight times higher than complex (4)

(2 9 IC50 = 400 lM), promoted less than half of the

apoptosis death percentage (39%). Only 9% of the

remaining cells treated with complex (4) were marked

in late apoptosis (apoptosis–necrosis).

Table 4 IC50 (lM) values

obtained for the complexes

by MTT metabolization

assay

#Colo-205 bowel colon

cancer, NCI-H460 lung

carcinoma, U-937 human

monocyte lymphoma,

PBMC peripheral blood

mononuclear cells

COMPOUNDS Cell line

Colo-205# NCI-H460# U-937# PBMC#

(1) [ 250[14] 56 ± 0.1 [ 400[14] 45[14]

(2) [ 100 38 ± 0.5 42 ± 0.5 82 ± 0.4

(3) 35 ± 0.2 32 ± 0.2 31 ± 0.9 36 ± 0.1

(4) 20 ± 0.8 25 ± 0.9 27 ± 0.1 18 ± 0.5

HBPA [ 100[14] [ 100 [ 150[14] [ 200[14]

HBHA [ 100 [ 100 [ 100 [ 100

Cisplatin [ 100 [ 200 20 ± 0.4 [ 100

CuCl2
.2H2O [ 200 [ 200 [ 200 –
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In order to verify the type of cell death induced by

complex (4) against human monocyte lymphoma

lineage (U937), annexin V and PI labeling was

performed within 24 h. Complex (4) is very active

toward this cell line (IC50 = 27 ± 0.1 lM). About

97% of the cells treated with the complex (4)

(2 9 IC50 = 54 lM) were unfeasible by apoptosis

(Fig. 6). A similar study shows that the behavior of this

complex is similar to the clinical drug cisplatin,

inducing mainly apoptosis (96%) in this same cell line

(Fernandes et al. 2015).

In the cell assay performed for Colo-205 during

24 h of incubation, using a cisplatin concentration of

260 lM (2 9 IC50) approximately 73% of the cells

remained viable and 18% were marked in necrosis. On

the other hand, complex (4) at concentration of 40 lM

(2 9 IC50), promoted about 20% apoptosis cell death

in this tumor line and 45% necrosis (Fig. 7).

Therefore, based on the results presented in Fig. 7,

despite the interesting IC50 value presented by com-

plex 4 towards Colo-205 cell line (20 ± 0.8 lM),

after 24 h of incubation, the percentage of apoptosis is

low (20%) and the necrosis one is considerably higher

(about 45%). However, cisplatin does not promote

expressive results, neither in apoptosis (only 10%) nor

in necrosis (around 18%), probably due to its high IC50

value ([ 100 lM). These results show that complex

(2) promotes a high percentage of cell death by

apoptosis towards NCI-H460 and U937 cell lines, and

moderate percentage of necrosis toward Colo-205.

Conclusion

In this work, the successful synthesis of two new

copper(II) complex obtained by the coordination of

Fig. 5 Annexin V-FITC/PI staining of NCI-H460 cells after

treatment for 48 h with complex (2), complex (4) and cisplatin

Fig. 6 Annexin V-FITC/PI staining of U-937 cells after

treatment for 24 h with complex (4)

Fig. 7 Annexin V-FITC/PI

staining of Colo-205 cells

after treatment for 24 h with

compound (4) and cisplatin
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the benzo hydroxamic acid (HBHA): [Cu(BHA)2] (2)

and [Cu(HBPA)(BHA)Cl] CH3OH (3) was demon-

strated. The reaction between complex (1) and HBHA

resulted in the new complex (3), and its molecular

structure was solved by X-ray diffraction. Complex

(2) presents IC50 values lower than cisplatin towards

NCI-H460 (38 ± 0.5 lM and[ 200 lM, respec-

tively) and the best selectivity index obtained towards

NCI-H460 (SI = 2.2) and U937 cell lines (SI = 2.0),

as a result of the presence of two molecules of HBHA

in its structure. Complex (3), which contains both

ligands (HBPA and HBHA) in its structure, exhibits

IC50 values lower than cisplatin towards NCI-H460

(32 ± 0.2 lM and[ 200 lM, respectively), Colo-

205 (35 ± 0.2 lM and[ 100 lM, respectively) and

comparable results to cisplatin towards U937

(31 ± 0.9 lM and 20 ± 0.4 lM, respectively). Com-

plex (3) shows higher cytotoxicity than complex (2),

presenting a moderate selectivity index (SI * 1.0) for

all the three tumoral cell lines investigated (Colo-205,

NCI-H460 and U-937). On the other hand, the

insertion of a second HBPA ligand on the structure

of complex (1) has resulted in [Cu(HBPA)2]Cl2
. 4H2O

(4), which promoted major apoptosis death towards

NCI-H460 and U-937 cells (88% and 97%, respec-

tively) and 45% of death by necrosis toward Colo-205.

In general, each ligand showed a distinct effect on the

antitumoral activity, which was also related to the cell

line investigated. HBHA ligand seems to lower the

toxicity toward PBMC and HBPA is directly affecting

the cytotoxity towards the tumoral cells investigated.

These initial results highlight the improvements in the

performance of the copper(II) complexes activity after

the hydroxamic acid coordination, motivating us to

carry future investigations.

Supplementary data

Crystallographic data (without structure factors) for

the structure reported in this manuscript has been

deposited with the Cambridge Crystallographic Data

Centre as supplementary publication: deposition num-

ber: CCDC 2,008,656 for complex (3).
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