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ABSTRACT

Three novel Py,N, cobalt(Ill) complexes with the 5-hydroxy-1,4-naphthoquinone nuclei (NQ) were evaluated as potential hypoxia-activated anticancer prodrugs.
The complexes were synthesized and fully characterized by IR and UV-Visible spectroscopies, ESI mass spectrometry and CHN elemental analysis. Structural
information was obtained from density functional theory (DFT) calculations. Cyclic voltammetry analysis in acetonitrile indicates that the ligand substituents (H, CHs
and p-tolylthio) do not have a relevant effect on the Co®*/Co®* redox potential. Reactions with ascorbic acid in phosphate buffers were performed to simulate redox
activation of the complexes in biological media. Fast and irreversible dissociation of the NQ ligands was observed for all complexes upon Co®>*/Co®* reduction.
Cytotoxic activity of complexes 1 and 3 was evaluated in tumor cells (HT-29 and HCT-116) under hypoxic and normoxic conditions.

1. Introduction

Conventional anticancer treatments such as radiation and che-
motherapy have limited efficacy in certain types of solid tumors, as a
consequence of inefficient vascularization that generates areas of low
O, concentrations, called hypoxic regions [1]. Nonetheless, differ-
entiation of hypoxic tumor cells from the normoxic tissue provides a
target that has been exploited for development of new therapeutic
strategies [2]. Metal complexes with two biologically accessible oxi-
dation states such as platinum, ruthenium and cobalt are of special
interest. These metals are kinetically inert in their higher oxidation
state (Pt*", Ru®" and Co®™), but become labile when reduced [3].
Reduction in hypoxic tissues is facilitated due to the lower concentra-
tion of O, and consequent higher concentration of biological reducing
agents [4,5]. Thus, prodrug candidates based on such metals have been
designed to circulate intact through the organism in their inert form.
When the hypoxic tissues of a tumor are reached, the prodrug is acti-
vated by reduction to its labile form, facilitating ligand exchange re-
actions [3,6]. For platinum and ruthenium, the metal is usually re-
sponsible for the cytotoxic activity by binding biologically relevant
targets such as DNA [3]. Cobalt, on the other hand, functions as a
carrier of drugs that are deactivated upon coordination to the metal ion
in its inert + 3 oxidation state [6]. Selective redox activation to Co?*
under hypoxic conditions triggers the dissociation of the drug in its
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active form. If reduction takes place in normoxic tissue, oxidation back
to Co®* by O, should prevent dissociation of the drug [7,8]. A number
of cobalt complexes have already been investigated, with promising
results [6,8-11]. Some key selected examples are those with nitrogen
mustards and 8-hydroxyquinolines, described by Ware and coworkers
[12-19], and with hydroxamic acids and curcumin, described by
Hambley and coworkers [20-23] (Fig. 1). Despite all affords so far none
presented the necessary requirements to reach clinical trials. To achieve
this goal, our group has focused on the investigation of the kinetic and
thermodynamic parameters associated with the reactivity of cobalt
prodrugs (inertia of the Co®* species, lability and stability of the Co®*
complex, kinetics of ligand dissociation, redox potential, etc.). In this
way, we have been studying a series of cobalt(III) complexes containing
the naphthoquinone nuclei (NQ) as potential candidates for hypoxia-
selective redox-activated drug delivery [24-28]. In a previous work, the
complex [Co™(bhnq)(py.en)]* was obtained from the reaction of
lawsone (2-hydroxy-1,4-naphthoquinone) with a cobalt(II) salt and the
ancillary ligand N,N’-bis(pyridin-2-ylmethyl)ethylenediamine, py.en
[24,27]. Dimerization of lawsone took place in situ to generate bis-(2-
hydroxy-1,4-naphthoquinonate), bhnq®. The redox potential of the
complex (—0.22 V vs. SHE) was within the accepted ideal range (—0.2
to —0.4V vs. SHE) for redox activation in biological conditions and an
0,-dependent dissociation of bhnq®~ from the complex upon reduction
was observed. Interestingly, methylation of the ancillary ligand py.en
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Fig. 1. Examples of relevant cobalt(III) complexes investigated as prodrugs for hypoxia activated drug delivery: (1) [Co(Meacac)o(DCE)]* [12-14], (2) [Co(cyclen)

(azaCBI)]?™* [18], (3) [Co(mmst)(tpa)]* [20], (4) [Co(curcumin)(tpa)]®* [21-23].

changed the Co®*/Co?* potential (—0.08 V vs. SHE); thus ligand dis-
sociation became O,-independent [24,27]. More recently, a series of
cobalt(III) complexes [Co(NQ-X)(TPA)]?™" (TPA = tris(2-pyr-
idylmethyl)amine) was investigated, with lawsone derivatives (NQ-X)
containing substituents at the 3-position of aromatic ring (X = CHs, Cl,
Br, I) [28]. Dimerization to form bhnqz‘ was hampered, but the co-
ordinated NQ-X" derivatives with electron withdrawing substituents
(X = Cl, Br and I) activated the carbonyl-C1 carbon atom for a nu-
cleophilic attack of the solvent (methanol). The redox potential for
these complexes shifted away (+0.21/+0.33V vs. SHE) from the ac-
cepted ideal range [28]. Simulations of redox activation by ascorbic
acid revealed a lack of hypoxic selectivity, with a fast O,-independent
dissociation of NQ-X" upon reduction. In both situations, neither of the
naphthoquinones (bhnq and NQ-X) were cytotoxic, thus preventing
additional evaluation of biological activity. In a continuation of our
effort to investigate cobalt(Ill)-naphthoquinone systems as potential
candidates for anticancer prodrugs, we describe here three novel cobalt
(II1) complexes, [Co™(NQ1)(py.en)l(ClO4)22H,0 (1), [Co™(NQ2)
(py2em)](Cl0,4)»4H,0 (2) and [Co™(NQ3)(py2en)]1(Cl04)22H,0 (3),
where pysen is the ancillary ligand N,N’-bis(pyridine-2-ylmethyl)ethy-
lenediamine, NQ1 is 5-hydroxy-1,4-naphthoquinone (Juglone), NQ2 is
5-hydroxy-2-(p-tolylthio)-1,4-naphthoquinone and NQ3 is 5-hydroxy-2-
methyl-1,4-naphthoquinone (Plumbagin) (Fig. 2). Juglone, plumbagine
and their derivatives are known for a broad spectrum of biological
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Fig. 2. Complexes of general formula [Co™(NQ)(pyzen)]®>*: (1), Ry = R, = H
(NQ1); (2), Ry = H, Ry = SCcH4CH3 (NQ2); (3) Ry = CH3, Ry = H (NQ3).

activities, including antitumor properties [29-36], thus allowing the
use of biological assays to further evaluate their cobalt(III) complexes
as prodrug candidates against cancer cells. Hence, the present work
focuses on investigating the properties and reactivity of cobalt(III)
complexes with juglone and its derivatives, as well as their activity
against cancer cells under hypoxia and normoxia.

2. Experimental
2.1. Material and instruments details

All starting materials, including juglone and plumbagin (Sigma-
Aldrich), were purchased from commercial sources and used without
further purification. Infrared spectra were measured in a Varian 600
FTIR equipped with a Pike ATR Miracle accessory (diamond/ZnSe
crystal, resolution: 4 cm™1). UV-Visible spectra were collected from
solutions in spectroscopic grade solvents, using a Varian Cary 50
spectrophotometer. Microanalyses were performed in a Perkin-Elmer
CHN 2400 micro analyzer at Universidade de Sao Paulo (USP-SP),
Brazil. Electron spray ionization mass spectrometry (ESI-MS) spectra
were obtained by direct infusion in a Perkin Elmer SQ-300 mass spec-
trometer, using acetonitrile or methanol (MS grade) as solvent, at
CAPEX 50. Electrochemical experiments were performed in acetonitrile
(HPLC grade) in a BASi Epsilon Potenciostat-Galvanostat at room
temperature under argon atmosphere, using 0.10M of tetra-
butylammonium perchlorate (TBACIO,4) as supporting electrolyte. A
standard three-component system was used: a glassy carbon working
electrode, a platinum wire auxiliary electrode, and an Ag/AgCl re-
ference electrode. Ferrocene (Fc/Fc*) (E° = 0.4V vs SHE) was used as
internal reference [37,38].

2.2. Syntheses

The ligands N,N’-bis(pyridin-2-ylmethyl)ethylenediamine (py.en)
and 5-hydroxy-2-(p-tolylthio)-1,4-naphthoquinone (NQ2) were pre-
pared following procedures described elsewhere [39-41].
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Caution: Although the authors did not have problems, perchlorate
salts of metal complexes are potentially explosive and should be han-
dled with care only in only in small quantities.

[Co(NO,)2(py2en)] C1040.5H,0 was prepared by following pre-
viously reported procedures [42,43]. To a solution of Naz[Co(NO5)e]
(2.0 mmol) in 10 mL of water was added an aqueous solution (10 mL) of
pyzen (2.0 mmol). After stirring the mixture for 1h, LiClO, was added
(10 mmol). The mixture was stirred for another hour and cooled in an
ice bath. The product precipitated as a yellow powder, which was fil-
tered out, washed with diethyl ether and dried under vacuum. Yield:
44%. IR (ATR, cm™!): 1610, 1443 (C=C, C=N); 1408, 1345
(O — N=0); 1093 (Cl — 0). Anal. calc. for C;4H,9CICoN¢Og s: C, 33.52;
H, 3.82; N, 16.75%. Found: C, 33.64; H, 3.81; N, 16.71%. ESI-MS
(MeOH): m/z" = 393.09, 100% for [Co(NOy).(pyzen)]™*.

[Co(0SO,CF3),(py2en)] CF3SO3 was obtained by the reaction of
[Co(NO5)2(py2en)]-Cl04-0.5H,0 (1 mmol) with triflic acid (5mL) at
40 °C under argon atmosphere and magnetic stirring for 30 min. Then,
the reaction solution was cooled to 0°C in ice bath and diethyl ether
was added dropwise up to the precipitation of the product. A pink solid
was isolated by vacuum filtration inside of a glove bag filled with
argon, washed with diethyl ether, and storage in a — 30°C freezer.
Yield: 65%. IR (ATR, 4000-600cm™'): 3263 (N — H); 1612, 1444
(C=C, C=N); 1214, 1005 (O — S=0); 1168, 1031 (C — F).

General procedure for the synthesis of 1-3. A methanol solution
(10 mL) of the NQ (0.3 mmol) and EtsN (0.3 mmol) was added to a
methanol  solution (10mL) of [Co(OSO,CF3),(py2.en)]CF3SO5
(0.3 mmol). Then, LiClO4 (1.5 mmol) was added and the reaction was
kept under magnetic stirring at room temperature. After 4 h, the reac-
tion solution was filtered and diethyl ether was added dropwise until
the formation of a violet precipitate. The product was isolated by va-
cuum filtration, washed with diethyl ether and dried under vacuum.

2.2.1. [Co(NQ1)(py2en)](ClO4)>2H,0 (1)

Yield. 45%. IR (ATR, 4000-600 cm™1): 3194 (N — H); 1510, 1423
(C=C, C=N); 1622, 1591 (C=0); 1290 (C — 0); 1095 (Cl — 0). Anal.
Calc. for Cy4H,,Cl,CoN4Oq3: C, 40.64; H, 3.84; N, 7.90%. Found: C,
40.82; H, 3.97; N, 7.71%. ESI-MS (MeCN): m/z?t = 236.9, 100% for
[Co(NQ1)(py.em)]*™.

2.2.2. [Co(NQ2)(py=2en)1(ClO4)>4H20 (2)

Yield. 46%. IR (ATR, 4000-600 cm ™ 1): 3300 (N — H); 1506, 1417
(C=C, C=N); 1595, 1554 (C=0); 1244 (C — 0O); 1084 (CI — 0). Anal.
Calc. for C3;H3,Cl,CoN4O,5S: C, 42.92; H, 4.30; N, 6.46%. Found: C,
42.72; H, 4.03; N, 6.83%. ESI-MS (MeCN): m/z2t = 297.9, 100% for
[Co(NQ2)(py.em)]*™.

2.2.3. [Co(NQ3)(py=en)1(ClO4)>2H-0 (3)

Yield. 55%. IR (ATR, 4000-600 cmfl): 3195 (N — H); 1510, 1421
(C=C, C=N); 1633, 1593 (C=0); 1252 (C — 0); 1092 (CI — 0O). Anal.
Calc. for Cy5Hy9Cl,CoN4Oq3: C, 41.51; H, 4.04; N, 7.75%. Found: C,
41.47; H, 4.00; N, 7.91%. ESI-MS (MeCN): m/z2t = 243.8, 100% for
[Co(NQ3)(pyzen)]*™.

2.3. Theoretical calculations

Theoretical calculations were carried out for the cations cis-a-[Co
(NQ1)(py.en)]** and cis-B-[Co(NQ1)(py,en)]** considering them as
non-interacting independent units. All calculations have been opti-
mized from several initial geometries, in order to guarantee global
minima energy structures. After this procedure, the vibrational calcu-
lations were performed. No imaginary modes were observed. In all
calculations, the density functional theory method (DFT-PBE1PBE) with
double zeta 6-311G** basis sets were used in the Gaussian 09 program
[44]. Validation of the results was performed through single-point
calculations with MO06 L, CAM-B3LYP, WB97XD and PBE1PBE-D3
methods that incorporate long-rang corrected and dispersion effects. In
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addition, the MP2 perturbative method was employed since this post-
Hartree-Fock method recovers the electron correlation energy and
serves as a reference result for the data obtained by DFT (see Table S1).
All results were visualized using the graphical Chemcraft program
[45,46].

2.4. Reactivity assays

The reactivity of complexes 1-3 towards ligand dissociation was
evaluated in 0.05M phosphate buffer solutions at pH 6.2, 7.0 and 7.4,
prior and after reduction with ascorbic acid. Fresh stock solutions of the
complexes (2.0 x 10~ 3M) were prepared using HPLC grade DMSO.
Stock solutions of phosphate buffer(0.05M) were prepared by dissol-
ving Na,HPO, and NaH,PO, in distilled water. The pH was adjusted to
6.2, 7.0 and 7.4 with NaOH 3.0 M. For the stability experiments, ali-
quots of 300 pL from the stock solutions of the complexes were diluted
in 2700 pL of each phosphate buffer solution (pH 6.2, 7.0 and 7.4) in a
lcm quartz cuvette, in order to obtain a final concentration of
2.0 x 10~ *M for the complexes. For the reduction experiments, fresh
stock solutions (0.1 M) of ascorbic acid were prepared using distilled
water. Aliquots of 150 pL from the stock solutions of the complexes and
100 L from the stock solution of ascorbic acid were diluted in 150 pL of
DMSO and added to 2600 pL of the buffer solutions, in 1cm quartz
cuvettes, in order to obtain final concentrations of 1.0 X 10~ %M and
1.0 X 1073 M, respectively. For all experiments, the solutions were
monitored over 72h (1 h interval) at room temperate (25 *+ 2°C) in a
Varian Cary 50 spectrophotometer with an 18-multicell accessory.

2.5. Cytotoxic activity

Colorectal adenocarcinoma (HT-29) and colorectal carcinoma
(HCT-116) cells were kindly donated by Dr. Marcel Leist, University of
Konstanz/Germany and maintained in Dulbecco's Modified Eagle
Medium (DMEM, from Sigma Aldrich) with 10% fetal serum (GIBCO
BRL, Grand Island, NY) and enriched with 1% antibiotic solution
(100 IU/mL penicillin and 100 pg/mL streptomycin (GIBCO BRL, Grand
Island, NY)). Cytotoxic activity was based on the mitochondrial re-
duction rate of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) to formazan crystals [47]. Briefly, HT-29 and HCT-116
cells were plated at the density of 1 x 10* cells per well (96-well plate).
The cells were allowed to adhere overnight under hypoxic conditions
(1% 0,, 5% CO,, 94% N, at 37 °C) and normoxia (5% CO,, 95% at-
mospheric air at 37 °C) as described by Harrison and coworkers [48].
After stabilization, all cells were incubated with the complexes 1-3 and
the positive control Tirapazamine (TPZ) for 72 h, using seven serial 1:2
dilutions (100-1.56 uM), under conditions of hypoxia and normoxia.
The ICso was calculated by non-linear regression using GraphPad
Prism® Version 5.01 software (GraphPad Software Inc., La Jolla, CA,
USA). All compounds were tested in three independent experiments
performed in triplicate. DMSO (0.5%) was used as the control. The
results were expressed as percentage of viability in relation to the ne-
gative control (DMSO, 0.5%), calculated as follows: percentage of cell
viability (%) = [(OD of treated mean/OD negative control) X 100].

3. Results and discussions
3.1. Synthesis of complexes

The complexes [Co(NQ1)(py.en)](ClO4)22H,0 (1), [Co(NQ2)
(pyzen)] (C104)24H20 (2) and [CO(NQB)(pYQEH)] (C104)22H20 (3) were
synthesized according with Scheme 1. The precursor complex [Co
(NO,)2(py2en)]-Cl04-0.5H,O was obtained in the first step from the
reaction between the ligand py,en and Na3[Co(NO,)s]-6H,0, following
a previously described procedure [42,43]. In the second step, [Co
(NO,)2(py2en)]-Cl040.5H,0 was treated with triflic acid under argon
atmosphere, to produce the complex [Co(OSO,CF3),(py2en)]CF3SO3
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[49]. Finally, complexes 1-3 were obtained from reactions between the
precursor [Co(OSO5CF3)2(py-en)]ICF3SO; and the naphthoquinones
NQ1, NQ2 or NQ3, respectively, in methanol, at room temperature.
Triethylamine was added as a base to deprotonate the naphthoqui-
nones, and lithium perchlorate was added to guarantee an excess of the
counterion to favor product precipitation. Repeated attempts to obtain
X-ray suitable single crystals have been unsuccessful.

3.2. Spectroscopic and ESI-MS characterization

The IR spectra of complex [Co(NO,)»(py2en)]-ClO40.5H,0 (Fig. S1)
present bands in 1408 and 1345 cm ™ assigned to the NO,~ ligands
and a band at 1093 cm ™! characteristic of the ClO,~ counter-ion. For
the precursor [Co(OSO,CF3)5(py2en)]CF3SO3, bands assigned to the
trifluoromethanesulfonate anion (OTf™) were observed in the region of
1213-1001 cm ™! (Fig. S2). The IR spectra of complexes 1-3 (Figs.
S3-S5) reveal the presence of intense bands in the region of
1506-1623 cm ™ *, typical of C=0 and C=C bonds of the naphthoqui-
none ligands [50-53]. The presence of ClO,~ was also confirmed by
intense bands in the region of 1095-1084 cm ™! [54]. Electrospray io-
nization mass spectrometry (ESI-MS) spectra of 1-3 in acetonitrile so-
lutions show the peaks for the molecular ions of [Co(NQl)(pyzen)]2+,
[Co(NQ2)(py2en)]** and [Co(NQ3)(py.en)]*" as the main species in
solution at, respectively, (m/z%27) 236.9, 297.9 and 243.8 (Fig. S7). The
UV-Vis spectra of complexes 1-3 and free naphthoquinone ligands
(NQ1, NQ2 and NQ3) were recorded in acetonitrile (1.0 x 10~ *M) in
the range of 200-800 nm (Fig. S8-S10). The spectrum of complex 1
(Fig. S11) shows two well-defined absorptions at 550nm
(3.5 x10°M 'em™!) and 355nm (2.0 x 10°M~'em™!). The low
energy absorption is slightly shifted (bathocromically) in the spectrum
of 2 (552nm, 4.0 X 10°M~'em ™!, Fig. S12) and hypsocromically
shifted in the spectrum of 3 (540nm, 4.0 X 10°M~'cm™?, Fig. S13),
respectively. Instead, the high-energy band in 3 has the same absorp-
tion maxima as complex 1 (355nm, 3.5 x 10°M ' cm ™), while in
complex 2 a shoulder is found at ~350 nm. The p-tolylthio in NQ2
seems to play a much stronger influence on the high-energy region of
the spectrum of 2, while the effect of the methyl group in NQ3 is limited
to the lower energy absorption in 3. These spectral features are similar
to those observed for other complexes containing a naphthoquinone
ligand and have been attributed to an overlapping of LMCT from the
naphthoquinone skeleton to the cobalt(Ill) ion and naphthoquinone
intra-ligand transitions [24,28,50]. The spectra of the free ligands NQ1
and NQ3 also present two absorptions in the regions of ~250 nm and
~410 nm, while a shoulder in ~290nm and a band in ~410nm is
observed for NQ2.

3.3. Theoretical calculations

As single crystals suitable for X-ray could not be obtained for any of
the complexes, structural analysis was carried out using DFT calcula-
tions. It has been observed that py.en and similar tetradentate ligands
with reduced amine linkage can wrap around a single metal center in
different modes [53,55,56]. Thus, geometry optimizations were per-
formed for the cis-a and cis-p isomers of [Co(NQl)(pyzen)]zJr (Fig. 3),
employing the PBE1PBE hybrid functional [46]. Validation of the re-
sults was performed through single-point calculations with MO6 L,
CAM-B3LYP, WB97XD, PBEIPBE-D3 and MP2 methods that

Journal of Inorganic Biochemistry 199 (2019) 110756

Scheme 1. Synthesis of  complexes [Co(NQ)

o (py2en)1ClO4.XH,0 (1-3): (i) water, 80°C, 1h, LiClOy;
R4 (i) triflic acid under argon atmosphere, 40 °C, 30 min;

(iii) NQ, EtsN/MeOH, room temperature, 4h. (1)
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incorporate long-rang corrected and dispersion effects (see Table S1).
According to the variation of the total electronic energy (E°) of the
isomers, the cis-a is the most stable configuration adopted by complex 1
(Fig. 3). In this conformation, the two pyridine groups are coordinated
trans to each other while the two oxygen atoms from NQ1 are co-
ordinated trans to the two amine nitrogen atoms. For the other two
possible configurations, known as cis-f3 (Fig. 3), the two pyridine groups
are mutually cis, with the hydroxyl and carbonyl oxygen atoms of NQ1
coordinated trans to one pyridine and one amine nitrogen atoms, or
vice-versa. The cis-a conformation seems to be favored by relieve of
steric strains present in the cis- isomer. For the cis-B isomer, the pyr-
idine rings are in a closer proximity, which creates a mutual repulsion
that increases the NPY-Co-NP¥ angle to 99° (see Table S2 for selected
bond distances and angles). The Nz(py) also become much closer to the
N*H(en) (2.437 f\) when compared with the cis-a isomer (2.712 A).
Additionally, a relevant difference was observed for the torsion angle of
the ethylenediamine backbone (Co-N*-CC = 15° for cis-p and 36° for
cis-a), which also indicates a higher steric strain in the cis-f con-
firguration [56,57]. The cis-a conformation was also observed in the X-
ray structure of the previously reported complexes [Co(bhnq)(pyzen)]
BF4H>O and [Co(py2en)(Tz)I(BF4)22H>O (Tz = (E)-1-phenyl-1H-
1,2,3-triazole-4-carbaldehyde) [27,58]. Calculated Co-L bond distances
are of 1.9 A in average, which is within the range expected for a low
spin cobalt(IIl) ion coordinated to N,O-donnor ligands [27,28,58-61].

3.4. Cyclic voltammetry

The redox behavior of complexes 1-3 was evaluated by cyclic vol-
tammetry (CV) in acetonitrile (Fig. 4). Electrochemical data are sum-
marized in Table 1. A quasi-reversible process (Ic/Ia) was observed at
(E12) 0.47, —0.43 and —0.48V vs. Fc/Fc* for complexes 1-3, re-
spectively, and assigned to the couple Co®>*/Co®*. The average Co®**/
Co?* potential (—0.46 V) of complexes 1-3 is shifted cathodically in
0.27V, when compared with the analogous complex [Co(tpa)(NQ-
CH3)]?>*  (NQ-CHj = 2-hydroxy-3-methyl-1,4-naphthoquinone) (E;,
2= —0.19V ys Fc/Fc*), analyzed under similar conditions [28]. Al-
though a direct comparison between these two systems is difficult, due
to the distinct nature of both ancillary and naphthoquinone ligands, it
seems that neither the position of the hydroxyl group (5 in NQ1 and 2 in
NQ-CH3), nor the substituents (methyl and p-tolylthio in NQ2 and NQ3)
has a significant effect on the Co®*/Co®* potential. Thus, the nature of
the ancillary ligands is most likely responsible for the cathodic shift
(0.27 V) in 1-3, as pyzen is a better o-donnor than TPA (two pyridyl and
two secondary amines vs three pyridyl and one tertiary amine, re-
spectively) [58]. Additional processes present in the CVs of 1-3
(Table 1) are assigned to successive reductions (Ilc, Illc) and oxidations
(Ila, IlTa) of coordinated naphthoquinone ligands (Table 1) [28,53].

3.5. Reactivity assays

Reactions of complexes 1-3 with ascorbic acid (1:10) were per-
formed in DMSO/phosphate buffer solutions (1:10) at pH 7.4, 7.0 and
6.2, in an attempt to mimic reduction in healthy and tumor cells en-
vironments. The reactions were carried out from freshly prepared so-
lutions of the complexes and ascorbic acid, and monitored by UV-Vis
spectroscopy at room temperature (25 * 2°C) under aerobic condi-
tions. An immediate spectral change was observed after addition of
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Fig. 3. Evaluation of the geometry and total electronic energy of cis-a and cis-3 isomers for [Co(NQl)(pyzen)]“.
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Fig. 4. CVs of 1 (A), 2 (B) and 3 (C) in 0.1 M MeCN/TBACIO,, at 0.1 Vs~ '. Ag/
AgCl for organic solvent (BASi) was used as reference electrode, and ferrocene
was used as internal reference [37].

ascorbic acid to the solutions of the complexes (Fig. 5, $23-S30). The
two absorptions (~350 and ~550nm) present in the spectra of 1-3
disappear, giving rise to a single band in ~420 nm, which is similar in
wavelength and intensity to that of the free NQ ligands measured under
identical conditions. These results indicate that fast dissociation of the
NQ ligands takes place after reduction from Co®* to Co®*, with
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Fig. 5. Spectra of NQ1 and 1 in DMSO/phosphate buffer at pH 6.2 at room
temperature, prior and after addition of ascorbic acid (10-fold excess): 1 (—
solid line), 1 + AA (— dashed line), NQ1 + AA (... dotted line). Similar spectra
were at pH 7.0 and 7.4 for 1 and for complexes 2 and 3 at pH6.2, 7.0 and 7.4
(Fig. S23-S30).

negligible influence of the pH. To confirm that ligand dissociation only
occurs after reduction, control experiments were performed for the
complexes in the absence of ascorbic acid. Since no relevant spectral
changes were observed during a 1 h period (Fig. S14-S22), spontaneous
ligand dissociations induced by the solvent solution within the time
scale of the experiment were discarded [62]. Nonetheless, the spectral
changes become relevant on a larger time scale (monitored within a

Table 1
CV data (V vs. Fc/Fc™) for complexes 1-3, in MeCN.
Complexes Co>* /Co?* NQ/NQ'~ NQ'~/NQ*~
Ic Ia AE Ey) IIc IIa IIlc IITa
[Co(NQl)(pyzen)]2+ ()] —0.52 —0.42 0.10 0.47 -1.13 -0.99 —-1.63
[Co(NQz)(py2en)]24r 2) —0.48 —0.38 0.10 0.43 -1.10 —1.00 -1.59
[Co(NQB‘)(pyzen)]zJr 3) —-0.53 —-0.43 0.10 0.48 -1.19 —1.08 -1.70 —1.47
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72 h interval — data not shown), specially for complex 2, which seems to
be more susceptible to ligand exchange by a hydrolytic pathway. These
results are comparable to those obtained for the analogous complex [Co
(tpa)(NQ—CHg)]2+ [28] and thus indicate that the position of the hy-
droxyl group, as well as the presence of additional radicals (methyl and
p-tolylthio) in the NQ ligands, do not have a significant effect on the
reactivity of the complexes towards reduction and ligand dissociation
(Scheme 2). As the NQ ligands dissociate quickly (t < 5min) upon
reduction under aerobic conditions, these complexes are not expected
to present hypoxic selectivity in biological conditions.

3.6. Cytotoxic activity

The cytotoxic activity of complexes 1 and 3 was evaluated by MTT
assay under conditions of normoxia and hypoxia for 72h on HCT-116
and HT-29 cell lines. Control experiments were carried out for the free
ligands NQ1, NQ3 and py.en, for cobalt perchlorate and for tir-
apazamine as a positive reference. The results are showed in Table 2
and the data are presented as mean * standard deviation obtained
from three independent experiments performed in triplicate. In general,
complexes 1 and 3 showed a better activity against HCT-116 cells,
while the corresponding free ligands NQ1 and NQ3 performed equally
for both cell lines. When compared with its free ligand NQ1, complex 1
was more active for both lineages, while complex 3 was on average four
times more active than NQ3 against HCT-116 under both normoxia and
hypoxia. Complex 3 also performed approximately three times better
than NQ3 against HT-29 and four times better against HT-29 under
normoxia. The better activity under normoxia suggest the generation of
reactive oxygen species (ROS), which is a well-known mechanism of
action of naphthoquinones [29],[63]. Although both complexes 1 and 3
presented better activity than TPZ, none have shown selectivity for
hypoxia. The lack of hypoxic selectivity may be explained by the fast
dissociation of the NQ ligands observed in the reactivity assays. To be
selectively activated in a hypoxic environment, both cobalt(III) and
cobalt(II) complexes should resist ligand exchange by the solvent in
normoxic conditions, while the cobalt(II) complex must remain stable
long enough to be oxidized back by O, under normoxia. Nevertheless,
the lack of hypoxic selectivity does not prevent cobalt(II) chaperones
from improving the activity of a drug in many distinct ways, such as
modifying the pharmacokinetic properties and improving cellular up-
take [5,6,64].

Table 2

Cytotoxicity of compounds on HCT-116 and HT-29 cells (ICso, tM)*.
Compounds HCT-116 HT-29

Normoxia Hypoxia Normoxia Hypoxia

Complex 1 10.2 = 4.0 10.9 = 0.2 17.8 £ 5.3 26.1 = 2.1
Complex 3 52 =15 7.6 £ 5.1 57 = 0.2 237 £ 7.0
NQ1 133 £ 1.3 28.8 + 4.4 142 + 2.8 219 = 8.1
NQ3 20.6 = 3.6 36.7 £ 5.4 22.6 = 3.3 34.8 = 10.0
py2en 141 = 41 25.8 * 6.6 39.1 = 4.3 38.4 *+ 6.6
Co(Cl04),:6H,0 > 100 > 100 > 100 > 100
TPZ 57.6 = 24.6 11.1 = 0.7 72.6 = 0.8 25.5 = 9.6

* > 100: at the highest concentration tested (100 uM), inhibition of 50% of cell
viability was not achieved and means that the ICs, is above that value.
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Scheme 2. Ligand dissociation upon reduction of com-
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4. Conclusions

The structure, properties and reactivity of three cobalt(Ill) complexes
with 5-hydroxy-1,4-naphthoquinones were investigated for their potential
to function as hypoxia activated prodrugs. DFT calculations suggest that
the NQ ligands are coordinated in a bidentate mode and the pysen an-
cillary ligand occupies the four remaining positions in a cis-a configura-
tion. Reactivity studies simulating bioreduction by ascorbic acid revealed a
fast and irreversible (O»-independent) dissociation of the NQ ligand as-
sociated with Co®*/Co®* reduction under aerobic conditions, as pre-
viously observed for the analogous complex [Co(tpa)(NQ-CH5)]%* [28].
The lack of hypoxic selectivity was confirmed by in vitro cytotoxicity ac-
tivity assays against HCT-116 and HT-29 cell lines under hypoxic and
normoxic conditions. Both complexes 1 and 3 were more active than the
reference compound TPZ, with a slightly better performance in normoxia.
This result is consistent with the involvement of ROS, which are typically
generated by naphthoquinones. Despite the lack of selectivity for hypoxia,
a significant improvement in the cytotoxicity of the complexes compared
with the naphthoquinones alone was observed and should be investigated
further. The absence of hypoxic selectivity is attributed to the redox po-
tential, which facilitates Co®>*/Co?" reduction but does not allow reox-
idation by O, along with low thermodynamic and kinetic stability of the
cobalt(II)-NQ complex. In order to achieve selective dissociation of an NQ-
based drug under hypoxia upon redox activation, further modifications on
the NQ skeleton may be necessary to strengthen its coordination to the
metal center. Additionally, the redox potential for the Co®>* /Co®** has to
be adjusted into the ideal range of —0.2 to —0.4V vs. SHE, by improving
the electron-donor capabilities of the ancillary and/or NQ ligands.
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