
Journal of Inorganic Biochemistry 248 (2023) 112345

Available online 2 August 2023
0162-0134/© 2023 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).

Cobalt(III)-py2en systems as potential carriers of β-ketoester-based ligands 

Marcos V. Palmeira-Mello a,b,c, Ana B. Caballero c,d,*, Piedad Herrera-Ramírez c, 
Analu R. Costa a, Savyo S. Santana b, Guilherme P. Guedes b, Amparo Caubet c, 
Alzir Azevedo Batista a, Patrick Gamez c,d,e, Mauricio Lanznaster b,** 

a Departamento de Química, Universidade Federal de São Carlos (UFSCar), 13561-901 São Carlos, São Paulo, Brazil 
b Instituto de Química, Universidade Federal Fluminense, Outeiro S. João Batista S/N, 24020− 141 Niterói, RJ, Brazil. 
c nanoBIC, Departament de Química Inorgànica i Orgànica, Secció Química Inorgànica, Facultat de Química, Universitat de Barcelona, Martí i Franquès 1− 11, 08028 
Barcelona, Spain 
d Institute of Nanoscience and Nanotechnology (IN2UB), Universitat de Barcelona, 08028 Barcelona, Spain 
e Catalan Institution for Research and Advanced Studies (ICREA), Passeig Lluís Companys 23, 08010 Barcelona, Spain   

A R T I C L E  I N F O   

Keywords: 
Cobalt(III) complexes 
β-Ketoester 
Prodrugs 
Hypoxia-activated drug delivery 
Anticancer drugs 
DNA binding 

A B S T R A C T   

Two cobalt(III) complexes containing different β-ketoesters, namely [CoIII(L1)(py2en)](ClO4)2⋅H2O (1) and 
[CoIII(L2)(py2en)](ClO4)2 (2) (py2en = N,N′-bis(pyridin-2-ylmethyl)ethylenediamine; L1¡ = methylacetoacetate; 
L2¡ = ethyl 4-chloroacetoacetate) have been prepared and investigated as prototypes of bioreductive prodrugs. 
The presence of β-ketoester and py2en ligands in 1 and 2, as well as the perchlorate counterions, was supported 
by IR spectroscopy and CHN elemental analysis. The composition molecular structure of both complexes was 
confirmed by NMR spectroscopy and ESI mass spectrometry. Structural information was also obtained for 2 via X- 
ray diffraction analysis. The redox properties indicate that 1 and 2 are suitable for reduction under biological 
conditions. Investigation of DNA-interacting suggest that 1 and 2 bind DNA via electrostatic forces. Both com-
plexes may be employed as possible platforms for the delivery of biologically active compounds, since their 
reaction with ascorbic acid in PBS at pH 6.2 and 7.4 at 37◦C results in the release of the β-ketoester ligands upon 
Co(III)/Co(II) reduction.   

1. Introduction 

Hypoxic regions in tumors play a central role in cancer therapy. 
Dioxygen deficiency favors an adapted metabolism of cancer cells, 
which is related to alterations in cell cycle, metastasis and resistance to 
chemotherapeutic drugs [1–3]. Despite being a common obstacle to 
cancer treatment, hypoxia can be exploited for the selective activation of 
a prodrug into the tumor microenvironment [4]. Thus, different classes 
of prodrugs have been developed using hypoxic tissues as a target to 
improve the chemotherapeutic selectivity [5], highlighting those based 
on cobalt(III) coordination compounds [6–8]. 

The rationale of cobalt-based hypoxia-activated prodrugs (HAPs) 
involves the deactivation of cytotoxic molecules upon their coordination 
to a cobalt(III) complex. Highly inert complexes (t2g

6 eg
0) can be selec-

tively activated in hypoxic areas, releasing the coordinated drug after 
reduction to more labile cobalt(II) species (t2g

5 eg
2). In normoxic tissues, 

O2 stabilizes cobalt(III) species, inhibiting undesired dissociation re-
actions and consequent drug activation. Therefore, HAPs can be 
designed to target the hypoxic environment of solid tumors, enhancing 
effectiveness, and avoiding undesired effects of widespread cytotoxicity 
[9–20]. 

Cobalt(III) complexes containing bidentate O-donor ligands present 
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a high stability in solution and have been investigated as potential 
hypoxia-selective prodrugs [21–26]. In an attempt to evaluate the effi-
cacy of such systems, Hambley and co-workers studied some cobalt(III) 
complexes with β-diketone ligands [21]. Hence, the redox behavior of 
the complex [Co(acac)(tpa)](ClO4)2 (acac = acetylacetonate, tpa = tris 
(2-pyridylmethyl)amine) was investigated and compared to the non- 
acac analogues [Co(bzac)(tpa)](ClO4)2 and [Co(naac)(tpa)](ClO4)2 
(bzac = 1-phenyl-1,3-butanedionate, naac = 1-methyl-3-(2-naphthyl)- 
propane-1,3-dionate). The complex containing the acac ligand pre-
sented a more negative cathodic peak potential (Epc = − 605 mV vs. Fc/ 
Fc+) than those containing bzac and naac (Epc = − 560 mV vs. Fc/Fc+). 
These electrochemical data in DMF revealed that replacement of methyl 
with benzyl or naphthyl groups favors cobalt(III) reduction, showing the 
influence of the electron density over the metal center. In addition, 
fluorescence measurements in methanol-water solution indicated the 
dissociation of [Co(naac)(tpa)](ClO4)2 upon reduction by an excess of 
ascorbic acid (AA) [21]. 

Recently, Mathuber and co-workers synthesized several (EGFR-in-
hibitor)-containing cobalt(III) prodrugs (EGFR = epidermal growth 
factor receptor) and investigated the role played by the electron- 
donating methyl group of the acac ancillary ligands [25]. Cyclic vol-
tammetry experiments in aqueous solution revealed that the methyl-
ation at [Co(Meacac)2L]+ (L = EFGR-inhibitor ligand) resulted in a Epc of 
4 mV vs. NHE, a lower value compared to that of the non-methylated 
analogue [Co(acac)2L]+ (62 mV vs. NHE). Reactions with AA, gluta-
thione (GSH) and reduced nicotinamide adenine dinucleotide (NADH) 
at pH 7.4 indicated that all biological reducing agents were not able to 
reduce the metal center that would release the free EGFR inhibitor. 
However, the time-dependent release of this ligand was observed by 
HPLC-MS analysis, after incubation in fetal calf serum pH 7.4 at 37◦C. 
Thus, 43% and ~ 85% of the initial [Co(Meacac)2L]+ and [Co(acac)2L]+

species were detected, after 26 h, in agreement with cyclic voltammetry 
results, highlighting the effect of the methyl group on the acac ligand. 

In an attempt to explore a new bioreductive platform for drug de-
livery, we investigated new cobalt(III)-β-ketoester complexes. Esterifi-
cation of a drug will alter its properties, and its pharmacokinetic profile 
may be affected [27–29]. Such compounds represent common prodrugs 
that can be activated through hydrolysis by esterases, which are over-
expressed in tumors. Additionally, in a hypoxic environment, a labile 
cobalt(II) complex can be obtained in situ upon Co(III)/Co(II) reduction, 
releasing the β-ketoester ligand acting as a drug. In this context, the 
development of Co(III)-β-ketoester complexes can be exploited in an 
attempt to provide more selective chemotherapeutic agents, targeting 
cancer cells [28]. 

In the present work, we report on the synthesis and characterization 
of two new cobalt(III) complexes, namely [CoIII(L1)(py2en)] 
(ClO4)2⋅H2O (1) and [CoIII(L2)(py2en)](ClO4)2 (2) (py2en = N,N′-bis 
(pyridin-2-ylmethyl)ethylenediamine; L1¡ = methylacetoacetate; L2¡

= ethyl 4-chloroacetoacetate) (Fig. 1). Py2en auxiliary ligand was cho-
sen due to its ability to bind to metal center via tetradentate mode, 

modulating its redox potential. Hence, solution studies under a reducing 
microenvironment (to mimic a hypoxic condition) were performed for 
both complexes to observe the potential release of the β-ketoester moi-
ety. Furthermore, DNA-binding studies were also conducted. 

2. Experimental 

2.1. Materials and instrumentation 

All reagents and solvents, including ligands HL1 and HL2, were 
purchased from commercial sources and used without further purifica-
tion. The ancillary ligand py2en was prepared as previously described 
[30,31]. Infrared spectra were recorded on a Varian 600 FTIR equipped 
with a Pike ATR Miracle accessory (diamond/ZnSe crystal, resolution: 4 
cm− 1). UV–Visible spectra were recorded in spectroscopic grade sol-
vents and aqueous buffered solutions, using a Varian Cary 50 spectro-
photometer, using a 1 cm path length quartz cuvette. 1H (400 MHz), 13C 
{1H} (100.62 MHz), HSQC and HMBC 2D NMR spectra were recorded on 
a 9.4 T Bruker Avance III 400 MHz spectrometer, using DMSO‑d6 as 
solvent. Chemical shifts (δ) are given in ppm and coupling constants (J) 
in hertz (Hz). Elemental analyses were performed with a Perkin-Elmer 
CHN 2400 micro analyzer at the University of São Paulo (USP, Brazil). 
ESI-MS spectra were obtained by direct infusion using a Perkin Elmer 
SQ-300 mass spectrometer, using acetonitrile (MS grade) as solvent. 
Electrochemical experiments were performed in MeCN and PBS/DMSO 
solutions (HPLC grade) with a BASi Epsilon Potentiostat-Galvanostat at 
room temperature under argon atmosphere. The experiments were 
conducted in acetonitrile (HPLC grade) containing 0.1 M tetrabuty-
lammonium perchlorate (TBAClO4) as supporting electrolyte, and in 
aqueous PBS solutions at pH 7.4 and at pH 6.2. A standard three- 
component system was used: a glassy carbon working electrode, a 
platinum wire auxiliary electrode, and an Ag/AgCl reference electrode. 
A BASi non-aqueous Ag/AgCl electrode kit (PN MF-2064) was used for 
measurements in acetonitrile, while a standard BASi 3 M NaCl (PN MF- 
2056) was used for PBS solutions. Ferrocene (Fc/Fc+) was used as an 
internal reference for the measurements in acetonitrile (E◦ = 0.4 V vs 
SHE) [32]. The potentials in aqueous PBS solutions, reported versus SHE 
(standard hydrogen electrode), were calculated by adding 0.209 V to the 
values versus the standard Ag/AgCl electrode [33]. For the biological 
studies, sodium cacodylate, Tris–borate–EDTA 1× (TBE), calf thymus 
DNA (ct-DNA), ethidium bromide (EB, 10 mg mL− 1 solution) and 
Hoechst 33258 were purchased from Sigma Aldrich. pBR322 plasmid 
DNA (4361 bp, 0.5 μg mL− 1) was purchased from Thermo Scientific. 
SYBR™ Safe DNA Gel Stain was purchased from Invitrogen. All chem-
icals were used without further purification. Ultrapure Milli-Q® water 
was used to prepare the solutions. 

2.2. Synthesis of the complexes 

The ancillary ligand py2en and the precursor [CoCl2(py2en)]ClO4 
were obtained as described previously [15,34]. The complexes 
[CoIII(L1)(py2en)](ClO4)2⋅H2O (1) and [CoIII(L2)(py2en)](ClO4)2 (2) 
were synthesized according to the following general procedure. A 
methanolic solution of HL1 or HL2 (0.2 mmol, 10 mL) containing 34 μL 
of Et3N was added to a methanolic solution of [Co(py2en)Cl2]ClO4 (0.2 
mmol, 10 mL). The mixture was refluxed for 1 h and subsequently 
cooled to room temperature. Then, 0.4 mmol of LiClO4 was added and 
the reaction was kept under stirring for further 30 min in an ice bath. 
Complexes 1 and 2 were isolated by filtration as pale pink solid powders, 
washed with cold methanol, and dried under reduced pressure. 

[Co(L1)(py2en)](ClO4)2⋅H2O (1). Yield 45%. (ATR, νmax/ cm− 1): 
3224 (N − H); 2983 (C − H); 1594 (C=O); 1500–1400 (C––C, C––N); 
1289 (C − O); 1095 (Cl − O). Anal. Calc. for C19H27Cl2CoN4O12: C, 
36.04; H, 4.30; N, 8.85%. Found: C, 35.67; H, 4.22; N, 8.69. %. ESI-MS 
(MeCN): m/z+ = 208.3, 100% for [Co(L1)(py2en)]2+.1H NMR (400 
MHz, DMSO‑d6, δ ppm): 8.33–8.22 (m, 4H, H4, H6), 8.18 (s, 1H, NH), 

Fig. 1. Chemical structure of the complexes [Co(L1)(py2en)](ClO4)2 (1) and 
[Co(L2)(py2en)](ClO4)2 (2) (py2en = N,N′-bis(pyridin-2-ylmethyl)ethylenedi-
amine; L1 = methylacetoacetate; L2 = ethyl 4-chloroacetoacetate). 
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7.96 (s, 1H, NH), 7.84–7.73 (m, 4H, H3, H5), 5.01 (s, 1H, H3’), 
5.00–4.84 (m, 2H, H1a), 4.32 (d, J = 17.4 Hz, 1H, H1a), 4.14 (d, J =
17.4 Hz, 1H, H1a), 3.85 (s, 3H, H5’), 2.61 (m, 4H, H1b), 2.09 (s, 3H, 
H1’). 13C NMR (101 MHz, DMSO‑d6, δ ppm): 189.9, 171.8, 164.1, 163.7, 
150.7, 150.6, 141.3, 125.3, 125.2, 123.4, 123.2, 83.6, 59.2, 58.9, 53.7, 
53.1, 26.6. 

[Co(L2)(py2en)](ClO4)2 (2). Yield 50%. IR (ATR, νmax/ cm− 1): 3205 
(N − H), 2983 (C − H); 1593 (C=O); 1500–1400 (C––C, C––N); 1284 (C 
− O); 1090 (Cl − O). Anal. Calc. for C20H26Cl3CoN4O11: C, 36.19; H, 
3.95; N, 8.44%. Found: C, 36.09; H, 3.96; N, 8.18%. ESI-MS (MeCN): m/ 
z+ = 232.2, 100% for [Co(L2)(py2en)]2+. 1H NMR (400 MHz, DMSO‑d6, 
δ ppm): 8.41 (d, J = 6.1 Hz, 1H, H6), 8.32–8.23 (m, 3H, H6c, H4, H4c), 
8.20 (s, 1H, NH), 8.05 (s, 1H, NH), 7.84 (d, J = 7.9 Hz, 2H, H3 and H3c), 
7.78 (t, J = 6.1 Hz, 2H, H5, H5c), 5.23 (s, 1H, H3’), 4.93 (dd, J = 17.4, 
6.6 Hz, 1H, H1a), 4.85 (dd, J = 17.4, 6.3 Hz, 1H, H1c), 4.49–4.26 (m, 
4H, H1a, H1’ and H5’), 4.22 (d, J = 12.3 Hz, 1H, H5’), 4.13 (d, J = 17.4 
Hz, 1H, H1c), 2.49 (m, 4H, H1b), 1.16 (t, J = 7.1 Hz, 3H, H6’). 13C NMR 
(101 MHz, DMSO‑d6, δ ppm): 183.40, 172.5, 164.0, 163.5, 150.9, 150.7, 
141.5, 141.4, 125.4, 125.3, 123.5, 123.4, 84.5, 63.4, 59.3, 59.1, 53.7, 
53.3, 45.5, 13.9. 

2.3. Single crystal X-ray diffraction 

Single crystals of 2 were obtained from recrystallization in methanol. 
X-ray diffraction data was collected on a Bruker D8 Venture diffrac-
tometer using Mo Kα radiation (λ = 0.71073 Å) at room temperature. 
Data collection, cell refinement and data reduction were performed 
using Bruker Instrument Service, APEX3 [35] and SAINT [36], respec-
tively. The absorption correction using equivalent reflections was done 
with the SADABS program [37]. The structure solution and full-matrix 
least-squares refinement based on F2 was carried out with SHELXS and 
SHELXL programs [38]. All atoms except hydrogens were refined 
anisotropically and hydrogen atoms were treated using a constrained 
refinement. Structure drawings were generated by Mercury program 
[39]. A summary of the crystal, data collection and refinement is gath-
ered in Table S3. Fig. 2 shows the thermal ellipsoids for 2. CCDC 
2244204 contains the supplementary crystallographic data for this 
paper, which can be obtained from The Cambridge Crystallographic 

Data Centre via https://summary.ccdc.cam.ac.uk/structure-summar 
y-form. 

2.4. Reactivity assays – Ligand release studies 

Ligand dissociation of complexes 1 and 2 was investigated before 
and after reaction with ascorbic acid (AA). Fresh stock solutions of the 
complexes (5.0 mM) were prepared in DMSO. For the reactivity exper-
iments with the reducing agent, aliquots of the stock solutions of the 
complexes were diluted with PBS (pH 6.2 and 7.4) to 0.5 mM. A final 
concentration of 5.0 mM of AA was used. The final solutions were pre-
pared (i) in open air and (ii) purged with argon or dioxygen. For the last 
one, solutions of complexes were added to the quartz cuvettes, which 
were kept sealed. The cuvettes were purged during 15 min and then, the 
solution containing the reducing agent was transferred with a needle 
into the cuvette. The monitoring of UV–Vis spectra was carried out using 
a Varian Cary 50 spectrophotometer with an 18-multicell accessory in 1 
cm quartz cuvettes and monitored by 24 h at 4800 nm min− 1 at 37◦C. 
Conversion rates were estimated by measuring the absorbance varia-
tions of the complexes at 498 nm during two different timescales (6 h 
and 24 h period). Absorbance spectra of the complexes were also 
recorded before the start of the reactions (corresponding to 0% con-
version) and at the end of the reaction (corresponding to 100% 
conversion). 

2.5. DNA-binding studies 

For the DNA-binding studies, the concentration of calf thymus DNA 
(ct-DNA) was determined spectrophotometrically at 260 nm using the 
nucleobase molar absorptivity of 6600 M− 1 cm− 1. The absorbance ratio 
at 260 and 280 nm (A260/A280) of 1.90 indicated that the DNA was 
sufficiently free of protein [40,41]. 

2.5.1. UV–Vis measurements 
The UV–Visible spectra were obtained from cacodylate/NaCl buffer 

solutions (1 mM sodium cacodylate, 20 mM NaCl, pH 7.3) using a Varian 
Cary 100 spectrophotometer at room temperature, with a 1 cm path 
length quartz cuvette. The stability of 25 μM solutions of complexes 1 
and 2 in 1 mM cacodylate – 20 mM NaCl buffer (containing 1% DMSO) 
solution was previously monitored over a period of 24 h. After that, 
DNA-binding measurements were performed using increasing concen-
trations of ct-DNA (0–100 μM) added to a 25 μM solution of the com-
plexes in cacodylate–NaCl buffer. The intrinsic binding constant, Kb, was 
obtained using Eq. 1. 

[DNA]
(
εa − εf

) =
[DNA]

(
ε0 − εf

)+
1

Kb
(
ε0 − εf

) (1)  

where [DNA] is the concentration of ct-DNA in base pairs, εa is the 
extinction coefficient observed at the given DNA concentration, εf is the 
extinction coefficient of the free complex in solution, and ε0 is the 
extinction coefficient of the compound when fully bound to DNA. 

2.5.2. Viscosity assays 
The viscosity experiments were carried out by using an Ostwald 

viscosimeter maintained in a thermostatic bath at 25◦C. The concen-
tration of ct-DNA in Tris-HCl was maintained constant at 80 μM. The 
complexes were solubilized in DMSO, and their concentrations were 
varied, to obtain different complex-to-DNA ratios (namely 0.0, 0.12, 
0.25, 0.31, 0.37, 0.50) in the final solutions (4000 μL, DMSO 30%). The 
flow times (five replicates) were recorded with a digital stopwatch. The 
specific viscosity values (η/η0)1/3 were plotted versus [complex]/[ct- 
DNA], where η and η0 correspond to the relative viscosity of DNA in 
the presence and the absence of the complexes, respectively. Eq. (2) was 
used to calculate the relative viscosity of DNA; the η0 values were 
determined from the flow times of the DNA solutions (t) corrected for 

Fig. 2. View of the mononuclear cationic [CoIII(L2)(py2en)]2+ species in 2. 
Hydrogen atoms and counterions were omitted for sake of clarity. Color codes: 
C (gray), N (blue), Co (orange), Cl (green) and O (red). (For interpretation of 
the references to color in this figure legend, the reader is referred to the web 
version of this article.) 
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the flow times of the buffer (t0). 

η0 =
(t − t0)

t0
(2)  

2.5.3. Circular dichroism spectroscopy 
Circular dichroism (CD) spectra were recorded with a JASCO-815 

spectropolarimeter. Solutions of ct-DNA (100 μM) in 1 mM cacodylate 
– 20 mM NaCl buffer (pH 7.3) were incubated for 1 h at 37◦C with 
different amounts of the complexes (viz. complex-to-DNA ratios of 0, 0.2, 
0.6 and 1.0). The CD spectra were obtained at room temperature from 
230 to 320 nm using a quartz cuvette with an optical path length of 0.5 
cm and a scanning rate of 200 nm min− 1. 

2.5.4. Fluorescence – Dye displacement assay 
Ethidium bromide (EB)-displacement studies were carried out using 

a HORIBA Jobin–Yvon iHR320 spectrofluorometer. A solution of ct-DNA 
(15 μMbp) was pre-incubated with EB (75 μM) in 1 mM cacodylate – 20 
mM NaCl buffer (pH 7.3) for 30 min at 37◦C, to allow full interaction of 
the dye with the biomolecule. Increasing amounts of 1 and 2 (0–50 μM) 
were subsequently added to the DNA samples, followed by incubation 
for 1 h. The emission spectra of all complexes were recorded at 25◦C 
upon excitation at 514 nm. 

Hoechst-displacement studies were carried out by monitoring the 
fluorescence of Hoechst-ct-DNA upon addition of complexes 1 and 2. 
Solutions containing Hoechst (5 μM) and ct-DNA (100 μM) were pre-
pared, mixed, and incubated for 30 min at 25◦C. Next, increasing 
amounts of 1 and 2 (0–40 μM) were added to the Hoechst-DNA solution, 
and 200 μL of the resulting solution were added to an opaque 96-well 
plate. Fluorescence spectra were registered from 370 to 700 nm at 25, 
30 and 37◦C upon excitation at 343 nm using a Synergy/H1-Biotek 
fluorimeter. For data analysis, the classical Stern-Volmer eq. (3) was 
used. 

F0

F
= 1+Ksv [Q] (3)  

where F0 and F correspond to the fluorescence intensities in the absence 
and presence of 1 or 2, respectively, [Q] represents the concentration of 
1 or 2 and Ksv is the Stern Volmer constant. The binding constant (Kb) 
was estimated using Eq. (4), and the thermodynamic parameters, ΔH, 
ΔS and ΔG were determined using Eqs. (5) and (6). 

log
F0 − F

F
= logKb + nlog[Q] (4)  

ln
Kb2
Kb1

=

(
1

T2
−

1
T1

)
ΔH
R

(5)  

ΔG = − RTlnK = ΔH − TΔS (6)  

where Kb is the binding constant between the complexes and the ct-DNA 
at different temperatures, and R is the gas constant (R = 8.314 J/K mol). 

2.5.5. Agarose gel electrophoresis 
The potential DNA-cleaving properties of the complexes were 

investigated using agarose gel electrophoresis. Stock solutions of 1 and 2 
(10 mM) were prepared in 1 mM cacodylate – 20 mM NaCl buffer (pH 
7.3). Plasmid pBR322 (15 μMbp) was treated with the complexes (5, 10, 
25 and 50 μM) in the absence and presence of AA (100 μM), GSH (150 
μM) and tris(2-carboxyethyl)phosphine hydrochloride (TCEP; 1 mM). 
The samples treated with reducing agent were pre-incubated at 37◦C for 
30 min. Later, the samples were also incubated at 37◦C for 1.5 h. Then, 4 
μL of loading buffer (30% glycerol, 5 mM xylene cyanol) were added and 
the samples were electrophoresed in TBE 1× at 6.5 Vcm− 1 for 1 h in a 
BioRad horizontal tank. Next, the gel was stained with SYBR™ Safe 
overnight, and the images were acquired using a Gel Doc EZ Imager 
instrument (Bio-Rad). The DNA-cleaving complex [Cu(phen)2(H2O)] 

(NO3)2, also known as Sigman’s reagent, was used as a reference com-
pound [42]. 

3. Results and discussion 

3.1. Synthesis, infrared spectroscopy, and X-ray crystallography 

The cobalt(III) complexes 1 and 2 were synthesized by substitution of 
the chlorido ligands from the precursor compound [CoCl2(py2en)]ClO4 
with methylacetoacetate and ethyl 4-chloroacetoacetate, respectively, 
in the presence of Et3N. The products of the reactions were isolated as 
pale pink solids, and their compositions were confirmed by CHN 
elemental analyses. For both complexes, the IR spectra (Figs. S1 and S2) 
show the presence of bands at ≈1289 cm− 1 and ≈1593 cm− 1 assigned, 
respectively, to the C–O and C––O bonds of β-ketoester ligands [43]. 

Suitable single crystals for X-ray diffraction were obtained by slow 
evaporation of methanolic solution. Compound 2 crystallized in the P1 
space group and its crystal structure is comprised of one mononuclear 
cationic species [CoIII(L2)(py2en)]2+ (Fig. 2 and Table S1) and two 
perchlorates as counterions. Table 1 contains selected bond lengths and 
angles. 

The cobalt(III) ion lies on a distorted octahedral environment, co-
ordinated to one py2en auxiliary ligand in a tetradentate mode, by both 
pyridine (N1 and N4) and secondary amine (N2 and N3) moieties, and 
one deprotonated β-ketoester molecule by O1 and O2 atoms. The L2¡

coordination mode resulted in a stable six-membered chelated ring. 
Moreover, the py2en pyridine rings are cis, while the β-ketoester oxygen 
atoms are trans-coordinated to the py2en secondary amine fragments 
(N2 and N3). The bond angles involving the metal center vary between 
85.2(1) to 177.1(1)◦, as listed in Table 1. The Co–N and Co–O bond 
distances are in the range 1.926(4)–1.938(3) Å and 1.886(2)–1.899(2) 
Å, respectively, which are typical for low-spin cobalt(III) ions [13,44], as 
reported for others cobalt(III) complexes containing β-diketonate li-
gands, such as [Co(acac)(tpa)](ClO4)2, [Co(Clacac)(tpa)](ClO4)2 [21], 
[Co(acac)3] [45], [Co(acac)(bpy)(N3)2], [Co(acac)(en)(N3)2] [46], [Co 
(phen)2(acac)](ClO4)2 and [Co(dpq)2(acac)](ClO4)2 [47]. 

The crystal packing is stabilized by a network of hydrogen bonds and 
a series of C—H⋅⋅⋅O short contacts involving the mononuclear cationic 
complex and the perchlorate counter ions. Geometric parameters asso-
ciated with these interactions are gathered in Table S2. Oxygen 
perchlorate atoms act as hydrogen acceptors through the interaction 
with the py2en secondary amine moieties (N2—H2⋅⋅⋅O8 and 
N3—H3⋅⋅⋅O7). Furthermore, a second hydrogen bond connecting 
counter-ion and the β-diketonate hydrogen atom (C18-H18⋅⋅⋅O5iv) leads 
to set of two cationic species and two perchlorates in solid state. This set 
of molecules is linked to the neighbouring one through Csp2-H⋅⋅⋅O short 
contacts (C2ii—H2Aii⋅⋅⋅O10) (Fig. 3). 

Table 1 
Selected bond lengths (Å) and angles (◦) for compound 2.  

Bond lengths Bond angles 

Co1-O1 1.886(2) O1-Co1-O2 95.6(1) 
Co1-O2 1.899(2) O1-Co1-N1 90.0(1) 
Co1-N1 1.927(3) O1-Co1-N2 86.9(1) 
Co1-N2 1.927(3) O1-Co1-N3 175.3(1) 
Co1-N3 1.938(3) O1-Co1-N4 93.1(1) 
Co1-N4 1.926(4) O2-Co1-N1 93.5(1) 
N2-C6 1.489(6) O2-Co1-N2 177.1(1) 
N2-C8 1.488(5) O2-Co1-N3 88.8(1) 
N3-C7 1.488(5) O2-Co1-N4 90.4(1) 
N3-C9 1.486(7) N1-Co1-N2 85.2(1) 
C7-C8 1.511(6) N1-Co1-N3 91.5(1) 
C20-Cl1 1.745(8) N2-Co1-N3 88.7(1)   

N2-Co1-N4 90.7(1)   
N3-Co1-N4 85.2(1)  
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3.2. Solution studies 

The molecular structures of 1 and 2 in solution were investigated by 
1H and 13C NMR in DMSO‑d6 (Figs. S3–S6). The chemical shift assign-
ments were made based on COSY, HSQC and HMBC correlations and by 
comparison with analogous complexes [48–50]. The 1H NMR spectrum 
of 1 shows the pyridine Hα hydrogen atoms of py2en at 8.33–8.22 (m) 
(2H). The other aromatic hydrogen atoms are found as multiplets at 
8.33–8.22 ppm (2H) and 7.84–7.73 (m) ppm (4H). The aliphatic 
hydrogen atoms from py2en are in the range of 5.00–2.61 ppm (8H). 
These chemical shifts are similar to those observed for the complex [Co 
(py2en)(TCC)]ClO4 [48]. The remaining two amino hydrogen atoms are 
found as two singlets at 8.18 and 7.96 ppm. For complex 2, the pyridine 
Hα hydrogen atoms are observed at 8.41 (d) and 8.32–8.23 ppm (m) 
(2H). The other pyridine hydrogen atoms are found at 8.32–8.23 (m), 
7.84 (d) and 7.78 (t) ppm (6H). The aliphatic hydrogen atoms are in the 
range 4.93–2.49 ppm (8H) and the two –NH hydrogen atoms are 
observed at 8.20 (s) and 8.05 (s) ppm. 

Tetradentate ligands, such as py2en, can bind to a transition-metal 
ion in two different configurations, namely cis-α or cis-β [51,52]. 
The presence of a single peak for the pyridine Hα hydrogen atoms of 
py2en for 1 and two sets of peaks for 2 indicate that these complexes 
adopt a cis-α and a cis-β conformation in solution, respectively [49]. The 
cis-α conformation adopted by 1 is characterized by two trans-coordi-
nated pyridine rings while, for 2, the pyridines are in cis-β conformation, 
which is different from that determined by X-ray diffraction (see Fig. 2) 
[53]. The Hα hydrogen atom of the β-ketoester ligand is found as a 
singlet at 5.01 ppm for 1 and 5.25 ppm for 2, while the –CH2 hydrogen 
atoms of 2 are seen at 4.49–4.26 (m) ppm. The –CH3 hydrogen atoms 
appear as two singlets at 3.85 and 2.09 ppm for 1, and as a triplet at 1.16 
ppm for 2. These chemical shifts are similar to those reported for an 
analogous β-ketoester-containing complex [50]. 

For 1, the pyridine carbon atoms of py2en are found in the range 
164.1–123.2 ppm, and its aliphatic atoms are observed between 59.1 
and 53.1 ppm. For 2, the chemical shifts of the aromatic and aliphatic 
carbon atoms of py2en are found at 164.0–123.4 ppm and 59.3–53.3 
ppm, respectively. For the β-ketoester ligands, for complex 1, the cor-
responding chemical shifts are observed at 189.9 (C=O), 171.8 
(C=C–Hα), 83.6 (C–Hα), 53.7 (CH3–O) and 26.6 (CH3) ppm. For 2, the 
β-ketoester peaks are found at 183.4 (C=C–Hα), 172.5 (C=O), 84.5 
(C–Hα), 63.4 (CH2–O), 45.5 (CH2–Cl) and 13.9 (CH3) ppm. These δ 

values are also in agreement with previously reported data [50]. 
Electrospray ionization mass spectrometry (ESI-MS) spectra of 1 and 

2 in acetonitrile (Fig. S7) show the m/z peaks for the molecular ions of 
[Co(L1)(py2en)]2+ and [Co(L2)(py2en)]2+ as the main species in solu-
tion at 208.3 and 232.2, respectively. 

The UV–Vis spectra of 1 and 2, recorded in DMSO (using two 
different concentrations, i.e., 1.0 mM and 0.1 mM) are very similar to 
each other (Figs. S8 and S9). The complexes present an absorption at 
297 nm (1; ε = 5540 M− 1 cm− 1) and 300 nm (2; ε = 5350 M− 1 cm− 1), 
which is assigned to a mixture of intraligand π → π* and LMCT transi-
tions. A low-energy absorption, attributed to d-d transitions, is observed 
at 500 nm (ε = 175 M− 1 cm− 1) for 1 and at 498 nm for 2 (ε = 184 M− 1 

cm− 1). Moreover, for 1, a shoulder is also seen at ca. 350 nm [15,34]. 
The stability of complexes 1 and 2 in aqueous media was investigated 

by monitoring their UV–Vis spectra in PBS (containing 10% DMSO) at 
pH 6.2 and 7.4, at 37◦C (Figs. S10 and S11). No changes were observed 
after 24 h (at the two different concentrations), indicating that 1 and 2 
are stable under these conditions. 

3.3. Electrochemical behavior in solution 

Structural changes of the ligands can modulate the electron density 
around the metal center and therefore modify the Co3+/Co2+ redox 
potential. Cyclic voltammetry (CV) measurements were therefore per-
formed for complexes 1 and 2 in acetonitrile and PBS. The cyclic vol-
tammograms obtained in acetonitrile revealed the lack of reversibility of 
the Co3+/Co2+ process, with ΔE and Ipa/Ipc values of 0.24 V and 0.27 for 
1, and 0.18 V and 0.29 for 2 (Table 2). In addition, Epc values were found 
at − 0.22 and − 0.14 V vs. SHE for 1 and 2, respectively (Fig. S12). These 
peak potentials follow the same trend as those observed by Hambley and 

Fig. 3. Details of the crystal packing of compound 2, showing the intermolecular hydrogen bonds (dotted lines) between the mononuclear cationic complex and the 
perchlorate anions. Crystallographic axis orientation is shown in the Figure. 

Table 2 
Electrochemical data for complexes 1 and 2 in MeCN and PBS (V vs. SHE) at 
different pH values. Ferrocene (Fc/Fc+) (E◦ = +0.4 V vs SHE).  

Complex MeCN PBS pH 6.2 PBS pH 7.4 

CV CV SWV CV SWV 

Epc ΔE Ipa/Ipc Epc Epc Epc Epc 

1 − 0.22 0.24 0.27 − 0.19 − 0.13 − 0.19 − 0.13 
2 − 0.14 0.18 0.29 − 0.10 − 0.07 − 0.05 − 0.04  

M.V. Palmeira-Mello et al.                                                                                                                                                                                                                    



Journal of Inorganic Biochemistry 248 (2023) 112345

6

co-workers for analogous cobalt(III)-β-diketone complexes [21]. For 
instance, potentials of − 0.61 and − 0.52 V vs. Fc/Fc+ in DMF were found 
for [Co(acac)(tpa)](ClO4)2 and [Co(Clacac)(tpa)](ClO4)2, respectively. 
Although the electrochemical data were not reported in the same sol-
vent, they match our results, which suggest that 2 is more susceptible to 
Co3+ reduction than 1. This difference may be explained by the electron- 
withdrawing effect of the chlorine atom of the β-ketoester ligand in 2, 
which facilitates the Co3+ reduction. Such electrochemical behavior was 
also observed by Mathuber and co-workers with cobalt(III)-acac pro-
drugs [25]. 

As a potential bioactivation of these cobalt(III) prodrugs into a solid 
tumor is dependent on their reduction potential, the redox properties of 
1 and 2 were investigated by CV in PBS. The peak potentials attributed 
to the Co3+/Co2+ reduction follow the same trend as those obtained in 
acetonitrile, with a slight shift. Since the electrochemical processes of 
these compounds are irreversible, square-wave voltammetry (SWV) 

measurements were also conducted to allow a more accurate determi-
nation of the reduction potentials. The SWV studies provided compa-
rable results and reduction potentials of − 0.13 and − 0.07 V vs. SHE 
were found for 1 and 2, respectively, at pH 6.2 (Fig. S13). These results 
suggest that complex activation by Co3+/Co2+ reduction may occur 
under biological conditions, followed by ligand dissociation due to the 
liability of the cobalt(II) species [15,25,44]. It can be noted that the 
influence of pH on the reduction potential of 2 is minor, with a peak 
potential of − 0.04 V vs. SHE at pH 7.4, which is 30 mV higher than that 
at pH 6.2 (Table 2 and Fig. 4). 

3.4. Activation of the complexes: Ligand release 

To simulate the reducing environment found in solid tumors, freshly 
prepared solutions of the complexes and ascorbic acid were mixed. The 
resulting reaction mixtures were monitored by UV–Visible spectroscopy 
at 37◦C for 24 h, using different atmospheric conditions. Under argon, a 
decrease of the absorbance at 500 nm (for 1) and 498 nm (for 2) is 
observed (Fig. 5), which was used to estimate the reaction progression 
(%). At pH 7.4, significant transformation of the complexes were 
observed, with 69% and 84% conversion for 1 and 2, respectively after 
24 h (Fig. 5 and Table 3). 

In the presence of dioxygen, significant spectroscopic changes were 
observed after long periods of time (due to the “degradation of the 
original compounds”). Thus, the conversion percentages (illustrating the 
ligand release upon Co(III)-to-Co(II) reduction) were determined after 6 
h instead of 24 h (Table 3). As observed for different cobalt(III) 

Fig. 4. Cyclic and square-wave voltammograms of complexes 1 (top) and 2 
(bottom) in PBS at pH 7.4. CV at 0.1 V s− 1 and SWV with pulses of 40 mV, step 
sizes of 4 mV and frequency of 15 Hz, using a three-electrode system (working: 
carbon; ref.: Ag/AgCl (NaCl 3 M, BASi); aux.: Pt wire). 

Fig. 5. Reaction between complex 1 and 2 and ascorbic acid (10-fold excess) in PBS (10% DMSO) at pH 6.2 and 7.4 at 37◦C under argon, followed by UV–Vis 
spectroscopy during 12 h. 

Table 3 
Conversion (%) for the reaction between complexes 1 and 2 and ascorbic acid 
(AA) using different atmospheric conditions (nd: not determined).  

Atmosphere Time Complex 1 Complex 2 

pH 6.2 pH 7.4 pH 6.2 pH 7.4 

Argon 24 h nd 69 83 84 
Argon  

6 h 
19 31 43 69 

Air 6 15 24 39 
O2 sat. 0 4 0 6  
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complexes [16], the release of the β-ketoester ligand is hampered by 
dioxygen (Table 3 and Figs. S14–S21). The pH effect may be associated 
to the amount of deprotonated form of AA (ascorbate) [16]. It can be 
pointed out that interesting results were also obtained at pH 6.2 for 
cobalt(III)-esculetin complexes, and the releasing of the ligand is 
accompanied by the generation of [Co(py2en)(OH)(H2O)]+ species 
[15,34]. 

3.5. Binding studies with DNA 

The stability of both complexes in cacodylate–NaCl buffer containing 
1% DMSO was first verified (Fig. S22). Subsequently, the possible mode 
(s) of interaction of 1 and 2 with DNA was investigated using various 
techniques. 

3.5.1. UV–Visible spectroscopy 
UV–Visible spectra of 1 and 2 were recorded after incubation with 

increasing amounts of ct-DNA at 37◦C for 24 h. Unlike with some cobalt 
(III)-acac complexes [46], slight hyperchromic effects without wave-
length shifts were observed for 1 and 2 upon the addition of DNA 
(Fig. 6). These features suggest the occurrence of electrostatic or groove- 
binding interactions between the metal complexes and the biomolecule. 
Only the data for compound 2 could be fitted to Eq. 1, which yielded a 
binding constant (Kb) value of 3 × 106 M− 1. This value is higher than 
those found for other related cobalt(III) complexes [46,54]. 

3.5.2. Viscosity assay 
Viscosity measurements may help to determine the way in which a 

molecule interacts with DNA [55]. Intercalating molecules like thiazole 
orange, ethidium bromide and chloroquine increase DNA viscosity, as 
the result of the lengthening of the DNA helix due to base-pair separa-
tion. Compounds that strongly bind to DNA, such as cisplatin, give rise 
to a decrease of viscosity, owing to a shortening of the DNA length. The 

absence of changes in DNA viscosity can be justified by the lack of or 
weak interactions between the compound and the biomolecule; for 
instance, groove or electrostatic interactions may not affect DNA vis-
cosity. As observed in Fig. 7, there are no significant changes in the 
viscosity profile, thus indicating the occurrence of at best weak in-
teractions between DNA and complexes 1 and 2. 

3.5.3. Circular dichroism 
Circular dichroism (CD) was also used to study the interaction of 1 

and 2 with DNA; indeed, the interaction of these compounds may cause 
conformational changes in the chiral biomolecule, which will be re-
flected by alterations of the CD spectra [56,57]. Spectra of ct-DNA in the 
presence of 1 and 2 at different complex-to-DNA molar ratios (0.0, 0.2, 
0.6 and 1.0) were recorded after 1 h of incubation at 37◦C. No significant 
changes were observed [58], indicating that these cobalt complexes 
cannot significantly affect the secondary structure of ct-DNA. Most 
likely, 1 and 2 interact mainly through electrostatic interactions with 
the double helix (Figs. 7 and S23). These CD data agree with those ob-
tained previously. 

3.5.4. Displacement assays with two DNA-binding dyes 
Competitive DNA-binding studies with ethidium bromide (EB) were 

performed to obtain information about the type of interaction between 1 
and 2 and the biomolecule. EB is a DNA-intercalating agent that emits 
strongly at 610 nm when it intercalates between nucleobase pairs; its 
displacement from DNA by an external competitor thus results in fluo-
rescence quenching. The spectral data obtained indicate that these 
complexes do not act as intercalators, since no fluorescence quenching 
was observed (Figs. S24 and S25). Studies using Hoechst 33258 were 
then carried out. Hoechst is a fluorescent probe that binds in the minor 
groove of DNA, leading to an emission centered at 460 nm. The results 
achieved show that both complexes can displace this groove-binding 
molecule (Figs. 7 and S26). 

Fig. 6. Absorption spectra of 25 μM solutions of 1 (top) and 2 (bottom), in the presence of increasing amounts of ct-DNA (0–100 μM). The arrows show the intensity 
change upon increase of [ct-DNA]. The spectra were recorded in cacodylate–NaCl buffer (pH 7.3) after incubation at 37◦C for 24 h. 
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The quenching process was evaluated using the Stern-Volmer 

equation (Fig. 7 and Table 4). The results show that Ksv increases with 
the temperature, hence indicating that a dynamic process is taking place 
[59–61]. The thermodynamic parameters, ΔH, ΔS and ΔG were deter-
mined for both complexes (Table 4). The negative values obtained for 
ΔH and ΔS suggest the existence of van der Waals interactions between 
the complexes and the biomolecule [69–61]; moreover, the observed ΔG 
values are indicative of a spontaneous process. 

3.5.5. Agarose gel electrophoresis 
The potential interacting or/and cleaving properties of 1 and 2 were 

investigated by agarose gel electrophoresis using pBR322 DNA. 
Different forms of the plasmid can be observed in a gel as the conse-
quence of their distinct electrophoretic mobilities: supercoiled DNA 
(Form I), which is compact, migrates faster on the gel; open circular 
DNA (Form II) resulting from a single-strand scission, presents a lower 
migration rate; linear DNA (Form III), generated when both strands are 
cleaved, can be observed between Forms I and II. The gel electrophoresis 
images obtained for complexes 1 and 2 using the conditions described in 
the “Experimental section”, treated with various reducing agents (AA 
(A), GSH (B), TCEP (C)) and increasing concentrations of the complexes 
(from 5 to 50 μM) are displayed in Fig. 8. The electrophoretic results 
indicate that 1 and 2 (lanes 9–14) do not significantly alter the 
biomolecule (lanes 6, 9, 12 and 15), as already observed with other 

Fig. 7. Binding studies with DNA: (A) Effect of increasing concentrations of 1 and 2, thiazole orange and cisplatin on the relative viscosity of ct-DNA at 25◦C. (B) CD 
spectra of ct-DNA (100 μM) in the absence and presence of 1 at different complex-to-DNA molar ratios. (C) Fluorescence emission spectra of the DNA–Hoechst 
complex in the absence and presence of increasing amounts of 1, [Hoechst] = 5 μM, [DNA] = 100 μM, [Complex] = 5–40 μM, λexc = 343 nm. (D) Stern-Volmer plot, 
Q = complex 1. 

Table 4 
Ksv and Kb values and thermodynamic parameters for [CoIII(L1)(py2en)](ClO4)2 
(1) and [CoIII(L2)(py2en)](ClO4)2 (2).  

Complex T 
(K) 

Ksv Kb ΔH (KJ/ 
mol) 

ΔS (J/K 
mol) 

ΔG (J/K 
mol) 

1 298 7.41 ±
0.09 ×
104 

1.33 ±
0.05 ×
105 

− 66.39 − 118.51 − 29.24 

303 7.41 ±
0.03 ×
104 

1.90 ±
0.06 ×
105 

− 30.49 

310 7.88 ±
0.01 ×
104 

2.13 ±
0.05 ×
105 

− 31.56 

2 298 7.40 ±
0.08 ×
104 

1.78 ±
0.07 ×
105 

− 65.83 − 115.51 − 29.84 

303 7.69 ±
0.13 ×
104 

1.88 ±
0.18 ×
105 

− 30.58 

310 7.92 ±
0.13 ×
104 

2.40 ±
0.20 ×
105 

− 31.92  
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techniques (see above) that indicated that both complexes were weakly 
interacting with DNA. The use of a reducing agent, namely AA, GSH or 
TCEP did not lead to any changes of the electrophoretic mobility of the 
plasmid DNA (lanes 7–8, 10–11, 13–14 and 16–17) (Fig. 8), thus indi-
cating that both the cobalt(II) species and the freed β-ketoester ligand 
generated upon cobalt(III) reduction are not (strongly) interacting with 
the DNA. 

4. Conclusions 

Two new cobalt(III)-β-ketoester complexes were prepared and their 
potential use as carriers of bioactive molecules to be released under 
hypoxic conditions was investigated. Although the Co3+/Co2+ redox 
potential in PBS was found to be more positive than the ideal range 
reported for bioreduction under a hypoxic environment (− 0.2 to − 0.4 V 
vs. SHE), complex 2 appeared to be a possible candidate as a targeted- 
delivery carrier. Indeed, reactivity studies using a reducing agent, i.e. 
ascorbic acid, to mimic a hypoxic tumor microenvironment indicated 
that complex 2 presents a significantly higher degree of dissociation of 
the β-ketoester ligands upon Co(III)-to-Co(II) reduction. The results 
allow us to envisage the utilization of such β-ketoester‑cobalt-based 
compounds as redox-active drug carriers. Thus, the next steps to be 
investigated include a fine-tuning of the release properties by adjusting 
the electronic properties of the ligands, introducing electron donating 

and/or electron-withdrawing substituents on both the N4 tetradentate 
ligand and the β-ketoesters. Moreover, the possible use of known 
β-ketoesters-containing drugs and their redox-induced release could be 
investigated. 
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Fig. 8. Agarose gel electrophoresis images of 15 μMbp pBR322 DNA incubated for 1.5 h at 37◦C with increasing concentrations of the cobalt(III) complexes in the 
absence and in the presence of a reducing agent (RA): 100 μM AA (A), 150 μM GSH (B) and 1 mM TCEP (C). In all cases, lanes 1, 2, 3, 4 and 5 correspond to DNA 
control, DNA control + RA, Cuphen (5 μM), Cuphen (5 μM) + RA and Cuphen (5 μM) + RA with pre-incubation, respectively. Lanes 6–17 correspond to samples 
treated with complexes 1 (Top) and 2 (Down). Lanes 6, 9, 12 and 15 correspond to DNA-complex samples with increasing complex concentrations (5, 10, 25, 50 μM); 
Lanes 7, 10, 13 and 16 correspond to DNA-complex samples with added RA; Lanes 8, 11, 14 and 17 correspond to complex samples that were first pre-incubated with 
RA before DNA addition. 
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