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Abstract
Lapachol is a natural naphthoquinone known for having a variety of biological properties, and in recent years, it has been 
used in the synthesis of metal complexes with biological applications. This work reports on the synthesis, properties and 
antiproliferative activity of one new metal complex obtained by the reaction of the natural naphthoquinone lapachol with 
Fe(II). Characterizations by CHN elemental analysis, electrochemical and spectroscopic techniques (infrared, UV–Vis and 
luminescence) allowed to infer the coordination of two lapachol molecules to the metallic Fe(II) ion through the phenolic and 
carbonyl oxygens, as well as the presence of two water molecules completing the complex coordination sphere. Molecular 
modeling was in good agreement with the [Fe(Lap)2(H2O)2]⋅2H2O complex structure proposed from the experimental data. 
Antiproliferative activity assay revealed the efficiency of the [Fe(Lap)2(H2O)2]⋅2H2O complex against some human tumor 
cell lines, with lowest TGI (Total growth inhibition) value and higher selectivity index for the glioma tumor cell line (U251).

Introduction

In the last decades, research on compounds for cancer 
treatment been intensified because the number of cancer 
deaths has been growing considerably year-to-year 

according to The World Health Organization [1]. Although 
many chemotherapeutic agents are already in use, there still 
are several obstacles to overcome, such as the resistance and 
side effect associated with anti-cancer drugs [2].

In this context, natural substances emerge as interesting 
alternatives for cancer treatment, since they usually exhibit 
good biological and pharmacological properties. Lapachol 
(2-hydroxy-3-(3-methyl-2-butenyl)-1, 4-naphthoquinone) 
is a naphthoquinone compound extracted from ipê roxo 
(Tabebuia avellanedae) that is known for its antimicrobial, 
leishmanicidal, trypanosomicide and antitumor properties 
[2, 3, 4]. The biological properties of lapachol can be further 
improved by chemical modification approaches [5].

The synthesis of coordination complexes has been one 
of the most promising alternatives to enhance the biological 
properties of lapachol [3, 6–10]. In this sense, coordination 
compounds containing iron as a central atom are important 
candidates for metallodrug synthesis due to the biological 
importance of iron for vital functions [11]. Iron coordination 
complexes have been investigated also from the bioinorganic 
point of view, for example, with respect to their antitumor 
activity [12, 13].

In this work, we repor t the synthesis of a 
lapachola te–Fe(I I )  complex  wi th  subsequent 
characterizations by spectroscopic and electrochemical 
techniques, as well as computational studies. The 
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antiproliferative activity of the lapacholate–Fe(II) complex 
against human tumor and non-tumor cell lines was also 
evaluated.

Experimental

Reagents

The following reagents were of analytical grade and were used 
as received: iron perchlorate (Fe(ClO4)2·xH2O, ≥ 98 wt.%, 
Sigma-Aldrich), triethylamine  (N(C2H5)3 , > 99wt.%, 
Vetec), tetrabutylammonium hexafluorophosphate N(CH3
CH2CH2CH2)4(PF6), > 98 wt.%, Sigma-Aldrich), ferrocene 
(Fe(C5H5)2, ≥ 98 wt.%, Sigma-Aldrich), dichloromethane 
(CH2Cl2, ≥ 99%, Vetec), ethanol (CH3CH2OH, ≥ 99.8%, 
Dinâmica), dimethylsulfoxide (SO(CH3)2, ≥ 99%, 
Vetec), Trizma® base (2-Amino-2-(hydroxymethyl)-1,3-
propanediol, ≥ 99%, Sigma-Aldrich), RPMI-1640 culture 
medium (Gibco®), penicillin–streptomycin (Sigma-
Aldrich), doxorubicin (C27H29NO11 HCl, Sigma-Aldrich), 
fetal bovine serum (Sigma).

Instrumentation and experimental procedures

The melting temperature of the compounds (lapachol 
and iron(II) complex) was determined using a QUIMIS 
Q340M13 apparatus. The synthesis of the complex was 
performed using a QUIMIS Q335D2 ultrasonic bath. CHN 
elemental analyses were carried out on a Perkin-Elmer 
CHN2400 equipment. Molar conductivity measurements 
were performed at 25 °C in CH2Cl2 solution (1 mmol L−1) 
using a Metrohm 912 apparatus. Infrared spectra were 
collected on a Thermo Nicolet Nexus 650 spectrophotometer 
with photoacoustic detection accessory using resolution of 
8 cm−1. Absorption spectra in the UV–Vis region were 
obtained in CH2Cl2 solution (50 μmol L−1) on a Cary 50 
UV–Vis spectrometer. Photoluminescence studies were 
performed on a Cary Eclipse spectrophotometer with 
excitation at 295 nm using CH2Cl2 solution (64 μmol L−1) 
as a solvent. Both optical analyses (UV–Vis absorption 
and photoluminescence) were done using quartz cuvettes 
(1 cm path length). The electrochemical behavior of the 
samples was examined by square wave voltammetry using a 
Metrohm Autolab-PGSTAT 302 potentiostat equipped with 
an electrochemical cell having one glass-carbon electrode 
(diameter 2 mm) as the working electrode, Ag/Ag+ as the 
reference electrode and a platinum wire in dimethylsulfoxide 
solution (1  mmol  L−1) as the auxiliary electrode. The 
supporting electrolyte and the internal standard were the 
tetrabutylammonium hexafluorophosphate salt and the Fc+/
Fc redox pair, respectively [14]. The electronic paramagnetic 
resonance (EPR) experiments were performed on a Bruker 

EMX EPR spectrometer with ruby as standard reference at 
298 K using DMSO as solvent. The 1H and 13C{1H} NMR 
analysis of extracted lapachol was carried out on a 14.1 T 
Bruker Avance 600 MHz spectrometer in CDCl3.

Computational study

All calculations reported in this paper were obtained with 
the ORCA 2.8 electronic structure program using DFT 
(B3LYP) levels of theory. The standard 6-31G* basis set 
was used for all atoms to predict the molecular structure and 
vibrational wavenumbers, whereas atoms in the ground state 
were used for complete optimizations, without symmetry 
constraints [15–17]. Harmonic vibrational wavenumbers 
were calculated using the analytic second derivatives to 
confirm the convergence to minima of the potential surface 
with real vibrational spectra in the gas phase. The absence of 
imaginary wavenumbers of the calculated vibrational spectra 
confirms that the structure deduced corresponds to minimum 
energy [18–21].

TD-DFT calculations were performed by characterizing 
the energy transitions in low excitation states [17]. The time-
dependent density functional theory (TD-DFT) based on the 
B3LYP/6-31G* method was used to calculate the electronic 
transitions between occupied and unoccupied states that 
result in absorption in the UV–Vis range. All structures, IR 
and UV–Vis spectra, and molecular orbitals were visualized 
and generated using the Gabedit software [22].

Lapachol extraction

Lapachol was extracted from ipê sawdust [23]. In a typical 
procedure, 500 mL of CH2Cl2 solution was added to 100 g 
of ipê sawdust and kept under stirring and heating (39 °C) 
for 30 min. Afterward, the mixture was filtered, and the 
solution was reduced with a rotary evaporator. The extract 
was purified by recrystallization from ethanol and water. 
Yield: 40% relative to the crude extract; melting point: 
139 °C; IR data (photoacoustic detection, cm−1): 3351 (s), 
1643 (s), 1662 (s), 1050 (w), 1271 (m), 1593 (m), 2973 (w), 
2854 (w), 2912 (w). The 1H and 13C{1H} NMR of the ligand 
are present in the supplementary material (Fig. S1).

Synthesis of complex

The synthesis of the [Fe(Lap)2(H2O)2] complex was 
performed by dissolving 0.55  mmol of lapachol in 
methanol and adding triethylamine (in the ratio of 1: 1 
lapachol: triethylamine) to help in the deprotonation. 
Afterward, iron perchlorate salt (0.275 mmol) previously 
solubilized in distilled water was added to the reaction 
mixture which was kept in an ultrasonic bath for 
30 min (Scheme 1). The ensuing red solid was filtered, 
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washed with a methanol/distilled water solution (1:1 
v/v) and dried at room temperature. Yield: 51%; melting 
point: > 310 °C; elemental analysis for C30H34O10Fe (%) 
exp. (cal): C, 58.73 (59.03); H, 5.24 (5.61); N, 0.03 (0.00) 
IR data (photoacoustic detection, cm−1): 1627 (s), 1581 
(s), 1064 (w), 1280 (m), 3070 (w), 2915 (w), 2861 (w), 
732 (w).

In vitro antiproliferative assay

The antiproliferat ive activity of lapachol and 
[Fe(Lap)2(H2O)2]⋅2H2O complex was evaluated against 
eight human tumor cell lines (U251 (glioma), MCF-7 
(breast tumor line), NCI-ADR/RES (ovary), 786-0 
(kidney), NCI-H460 (lung), PC-3 (prostate), OVCAR-
03 (ovary), HT-29 (colon)) and one non-tumor cell line 
(HaCat (keratinocyte)). These cell lines were cultured 
in 25 cm3 flasks containing 5 ml of RPMI 1640 medium 
supplemented with 5% of fetal bovine serum (FBS) 
and 1% of penicillin–streptomycin (1000 U. mL−1: 
1000 μg mL−1) mixture. After 24 h incubation in 96-well 
plates (100 μL well−1), the cell in plate T1 was exposed 
to the samples (0.25, 2.5, 25 and 250 μg mL−1) in DMSO/
RPMI and incubated at 37 °C under 5% CO2 for 48 h, 
while cells in plate T0 were fixed with 50% trichloroacetic 
acid solution (TCA, 50  μL well−1). The final DMSO 
concentration (> 0.25%) did not affect cell viability. Before 
(T0 plate) and 48 h after (T1 plates) the sample addition, 
the fixed cells were stained with 0.4% sulforhodamine B in 
1% acetic acid solution (50 μL well−1) for cell proliferation 
quantification at 540 nm. The concentration–response 
curve for each cell line was plotted and, from these 
curves, the effective concentration TGI (concentration 
that promotes total growth inhibition) was determined 
by means of nonlinear regression analysis using Origin 
8.0 software. The selectivity index (SI) was calculated by 
equation SI = TGIHaCat/TGItumor cell line using Excel software 
[24].

Results and discussion

General characterization

The melting point temperature of the pure lapachol ligand 
was 139 °C. This value is in good agreement with previous 
reports (139–141 °C) [25]. The complex showed a shift 
in the melting point temperature compared with the free 
ligand. The temperature measured for the complex was 
greater than 300 °C, indicating the coordination of lapachol 
to the Fe2+ ion. The molar conductivity of the complex 
was 0.262 S m2 mol−1, suggesting that it was obtained as 
a neutral compound [26]. The absence of signals in the 
EPR spectra of the complex confirmed the iron(II) ion 
in the structure (Fig. S2). The 1H NMR spectrum of the 
compound was performed (Fig. 1a), indicating a formation 
of a low-spin diamagnetic iron(II) complex. It can be 
observed that the spectrum profile of the metallic complex 
is similar to the uncoordinated lapachol ligand (Fig.S1), with 
the absence of a signal at 7.32 ppm (free lapachol), which 
probably occurs due to the deprotonation of the -OH group 
of naphthoquinone after coordination to the metallic center. 
The water molecules are probably overlaid on the signals 
assigned to the -CH3 groups of the natural ligand, present in 
the lower frequency region of the spectrum. It is important 
to emphasize that the integral values of the signals are in 
agreement with the presence of two Lapachol molecules, 
according to the proposed structure. To confirm the presence 
of the hydration and coordination water molecules in the 
structure of the complex, the thermogravimetric analysis of 
it was performed. The TG curve of the compound (Fig. 1b) 
presents two processes of loss of mass, where the first one in 
150°C is attributed to the loss of two molecules of hydration 
water (experimental: 6%; theoretical: 7%), and the second 
one in 387°C experimental: 85%; theoretical: 75%) to the 
loss of two molecules of ligands water together with the 
two molecules of the natural ligand, resulting in a residue 
of iron(III) oxide.

Scheme 1   Pathway for the synthesis of [Fe(Lap)2(H2O)2] complex
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Spectroscopic measurements

Infrared

In the infrared spectra (Fig. 2), significant differences can be 
observed between the vibration bands of the complex and 
vibration bands of the free ligand. Lapachol has a narrow 
and strong band at 3351 cm−1, which can be attributed to the 
stretching of O–H groups. After coordination to the Fe(II) 
ion, this band is not observed, indicating the coordination 
of the natural ligand to the metal ion by the phenolic oxygen 
atom of the naphthoquinone. Another important fact in 
the structural elucidation of the complex is the presence 
of a broad band ascribed to water molecules, giving 
experimental basis for the proposed complex structure. It 
can also be observed that the band related to the C1=O1 
group was shifted in the complex spectrum when compared 

to the free ligand [1662 cm−1 (Lap); 1581 cm−1 (complex)]. 
Accordingly, we can estimate that the coordination to 
the iron atom is occurring through the carbonyl oxygen 
(C1=O1), which causes the loss of double bond character, 
thus causing a significant decrease in the band wavenumber 
[5, 6, 27, 28]. The band corresponding to the C4=O3 group 
was also shifted after coordination, but at a less significant 
extent, as already observed in literature [8, 23, 27]. The 
other bands present in the complex spectrum also exhibit 
differences in relation to those in the free ligand spectrum, 
such as the bands at 2993, 2973, 2912 and 2854  cm−1 
attributed to stretching of CH (C-12), CH3 (14 and 15) and 
CH2 (C-11) groups, respectively, the band related to CH 
scissor mode (1369 cm−1) and the out-of-plane vibrations of 
the aromatic rings (724 cm−1) [5, 23]. These results indicate 
the bidentate coordination of lapachol to the Fe2+ ion 
through the carbonylic and phenolic oxygens (keto–enol).

UV–Vis spectra

The electronic spectrum of lapachol showed characteristic 
bands at 223 nm, referring to the transitions π→π* of the 
aromatic ring, at 249 nm and 282 nm related to the transitions 
present in the ring that supports the quinonoid system, and 
at 330 nm attributed to the carbonyl groups characteristic 
of naphthoquinone (n→π*) [5, 23, 27]. After coordination 
to the metal ion, there is a shift of the band at 282–278 nm, 
and the disappearance of the band at 330 nm, which can be 
directly related to the coordination of the naphthoquinone 
through the oxygen atom of the C1O1 group. A new low-
intensity band at approximately 480 nm (molar absorptivity: 
3.612 mol L−1 cm−1) was observed in the metal complex 
spectrum, which could be attributed to ligand-to-metal 
charge transfer (LMCT) [28, 29]. This new band is also 
probably related to the red color of the compound. Other 
changes were related to the intensity of absorption, such 

Fig. 1   1H NMR spectra in CDCl3 (a) and TG and DTG profiles from thermogravimetric analysis (b )of complex
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Fig. 2   Infrared spectra of lapachol and ([Fe(Lap)2(H2O)2]) complex
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as the hyperchromic effect in the band at 278  nm, for 
which the metal complex has higher absorbance intensity 
than the free ligand (molar absorptivity: 31.787 (lap) and 
37.659 (complex) mol L−1 cm−1). The UV–Vis spectra of 
the compounds are compared in the supplementary material 
(Fig. S3).

Emission spectroscopy

Lapachol exhibits an emission band with λmax = 330 nm 
from an excitation with wavelength at 255 nm (Fig. 3), 
which is characteristic of the intra-binding transitions 
derived from the aromatic ring (π→π*). In the emission 
spectrum of the complex (Fig. 2), this characteristic band 
of lapachol is still visible with no displacements in relation 
to the λmax; however, its luminescence intensity decreased 

in comparison with the uncoordinated ligand. It is also 
observed the appearance of a new band in the red region 
at ~ 566 nm related to the LMCT, demonstrating that the 
data are in agreement with the absorption spectroscopy 
results [30]. According to the literature, the coordination of 
metal ions to fluorophores can lead to two distinct effects, 
namely the chelation enhanced fluorescence effect (CHEF), 
in which the luminescence intensity of the ligand increases 
after coordination, and the chelation enhancement quenching 
effect (CHEQ), in which the coordination to the metal ion 
decreases the luminescence intensity of the fluorophore. In 
this way, it can be suggested that the interaction between 
lapachol and the iron(II) ion is characterized by the CHEQ 
effect, demonstrating the effectiveness of the coordination 
reaction [31].

Electrochemical behavior

The electrochemical profile of naphthoquinone compounds 
is unclear, since they form several species and subspecies. 
To evaluate the lapachol square wave voltammogram 
(Fig.  4a), considering a reductive profile, it is initially 
suggested an electron transfer followed by a protonation 
step, which may be related to a semiquinone radical 
formation (Epa4 = 0.767 V vs. Fc+/Fc, Epc5 = 0.631 V vs. 
Fc+/Fc). The formation of this reactive radical may lead to 
the formation of other species, such as anion and dianion 
radicals (Epc3 = − 0.683 and Epc4 = − 0.423 V vs. Fc+/Fc). 
Afterward, catecholate species would be originated (Epa2 = 
− 0.753 V vs. Fc+/Fc, Epc2 = − 0.947 V vs. Fc+/Fc), which 
can lead to formation of hydroquinone (Epa1 = − 1.334 V 
vs. Fc+/Fc; Epc1 = − 1.326 V vs. Fc+/Fc) through another 
electronic gain/protonation step. Likewise, there may also 
occur keto–enol equilibrium, formation of quinone dimeric 
structure, as well as formation of conjugated bases [32–34].
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In the square wave voltammogram of the complex 
(Fig. 4b), the first redox pair is attributed to the hydroquinone 
species (Epa1 = − 1.301 V vs. Fc+/Fc; Epc1 = − 1.252 V vs. 
Fc+/Fc), like observed on the free naphthoquinone. Other 
processes are related to the ligand and show distinctions 
due to oxygen→Fe(II) interaction. In the formation of the 
catecholate species, a low reduction potential and absence 
of reversibility are observed. This interaction also interferes 
on the quasi-reversible pair associated with the formation of 
the semiquinone radical which is shifted to a lower potential 
(Epa4 = 0.421 V vs. Fc+/Fc, Epc4 = 0.532 V vs. Fc+/Fc).

Computational details

Full optimization of the [Fe(lap)2(H2O)2]⋅2H2O complex 
structure was performed with the DFT/B3LYP method 

in the gas phase and 6-31G* basis set for all atoms. The 
optimized molecular structure is presented in Fig. 5. Table 1 
summarizes the corresponding selected angles and bonding 
lengths.

The Fe(II) metal center is coordinated to the donor atoms 
O11, O13, O30 and O32 of the lapachol ligand, as well as to 
the atoms O38 and O39 of the water molecules. The complex 
has a slightly distorted octahedral geometry, as shown by 
the angles described in Table 1. The bond lengths were 
calculated as Fe19–O13 = 1.943 Å, Fe19–O11 = 1.926 Å for 
ligand 1 and Fe19–O30 = 1.927 Å, Fe19–O32 = 1.942 Å for 
ligand 2. The bond lengths for the two H2O molecules 
are Fe19–O38 = 2.007 Å and Fe19–O39 = 2.006 Å. The 
angles and bonding lengths are typical of crystalline iron 
complexes, according to the data available in the CCDC 
software [35–37].

To estimate the energy associated with the possible 
conformations of the lapachol lateral groups (cis and trans), 
a rotation around a dihedral angle τ (C3–C11–C12–C13) was 
performed in the interval from 0 to 360° by 20° B3LYP/6-
31G * calculations [38]. The PES scan for the lateral group 
positions presented in Fig.  6 clearly demonstrates the 
presence of two structures of low energy (I and III) and one 
of high energy (II). The conformer I is 0.8 kJ mol−1 more 
stable than the conformer III, and the conformer II is at the 
maximum point in the potential energy curve, having an 
energy of 20 kJ mol−1 greater than the conformer I.

The vibrational modes of the [Fe(lap)2(H2O)2]⋅2H2O 
complex were also evaluated by the theoretical infrared 
spectroscopy data (Fig. 7). The frequencies were calculated 
using the B3LYP/6-31G* method and then scaled by 
0.99697 from the correlation between the experimental and 
computational wavenumbers (Fig. S3). Theoretical infrared 
data show that the proposed complex structure, with two 

Fig. 5   Optimized structure of the [Fe(lap)2(H2O)2] complex

Table 1   Selected calculated bond lengths (Å) and bond angles (°) of the [Fe(lap)2(H2O)2] complex structure

Bond Length (Å)

Fe19–O11 1.93
Fe19–O13 1.94
Fe19–O30 1.93
Fe19–O32 1.94
Fe19–O38 2.01
Fe19–O39 2.01

Angle (°)

O11–Fe19–O13 83.3
O11–Fe19–O32 96.6
O13–Fe19–O30 96.8
O30–Fe19–O32 83.3
O38–Fe19–O39 179.8
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ligands in the axial position and two aqua ligands in the 
equatorial position, is consistent with the experimental data.

The energy difference between the HOMO (highest-
energy occupied molecular orbital) and LUMO (lowest-
energy vacant molecular orbital) orbitals was evaluated 
because of its importance for the reactivity and stability of 
the compound. The border orbitals for the [Fe(Lap)2(H2O)2]⋅
2H2O complex are shown in Fig. 8 (Table S1) [39, 40].

The energy values calculated for the HOMO and LUMO 
at the DFT level were 0.176690 au and − 0.112020 au, 
respectively; therefore, the band gap energy value is 
0.06467 au (169,8 kJ mol−1). The vacuum UV–Vis spectrum 
displayed three main absorption bands with maximum 
wavelength at 251, 280 and 489 nm, corroborating with 

the experimental spectrum (Fig. S3). The theoretical data 
are also in agreement with the experimental assignments: 
the absorption band at 251 nm (251 nm exp.) attributed 
to a π–π type transition formed by the contribution of the 
HOMO-7 → LUMO + 4 transition by 25.17% and HOMO-4 
→ LUMO + 4 transition by 32.84%, and with significant 
contribution of the naphthoquinone carbonyl group orbitals. 
The n–π type absorption band at 280 nm (278 nm exp.) 
formed mainly by the HOMO → LUMO + 5 and HOMO 
→ LUMO + 7 transitions with contributions of 10.87% and 
14.01%, respectively. The LMCT-type absorption band at 
489 nm (480 nm exp.) is attributed to HOMO-7 → LUMO 
transition (contribution of 35.99%) and HOMO-6 → LUMO 
transition (contribution of 32.62%).

In vitro antiproliferative assay

The in  vitro antiproliferative assay of lapachol and 
[Fe(Lap)2(H2O)2]⋅2H2O complex was performed following 
the Developmental Therapeutics Program NCI/NIH protocol 
(Fig.  9) [41]. Considering the concentration required 
to total cell growth inhibition (TGI), it was possible to 
observe that the coordination to the Fe(II) ion remarkably 
increased the antiproliferative effect of lapachol, since the 
complex was very effective against all tumor cell lines. 
The complex presented the best results for the U251 

Fig. 6   Potential energy curve of the optimized [Fe(lap)2(H2O)2] 
complex structure varying the C3–C11–C12–C13 torsion angle, ϕ, 
from 0° to 360° at intervals of 5° by B3LYP/6-31G* calculations
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Fig. 7   Theoretical and experimental infrared spectra of 
[Fe(lap)2(H2O)2] complex. Theoretical data were obtained by the 
B3LYP/6-31G* method

Fig. 8   Energy level diagram. The HOMO/LUMO plots of 
[Fe(lap)2(H2O)2] complex with indication of the HOMO–LUMO gap



118	 Transition Metal Chemistry (2021) 46:111–120

1 3

(glioma, TGI = 3.60  μmol  L−1) and NCI-H460 (lung, 
TGI = 10.65 μmol L−1) lines, with a selectivity index (SI) 
of 6.46 and 2.18, respectively, in comparison with the TGI 
value observed for the non-tumoral cell line HaCat (Table 2). 
It is important to highlight that the selectivity index (SI) is 
an indicator of potential antiproliferative effects on normal 
tissues; however, as an on-target toxicology approach (the 
expected drug effect), SI does not predict other systemic 
effects [24].  

Other lapachol-based complexes described in the 
literature also showed higher antitumor activity than 
the free naphthoquinone, but the structures of these 
compounds are quite different from the [Fe(lap)2(H2O)2]⋅
2H2O complex presented in the work, mainly because 
lapachol was not the only ligand used in the metal complex 

synthesis [3, 8]. In this case, the TGI values given in 
Table 2 are relevant from a bioinorganic chemistry point 
of view, since the complex evaluated was only comprised 
of lapachol. These results demonstrate that coordination 
chemistry may be a powerful approach for new anti-cancer 
drug development.

Conclusions

A new coordination complex containing lapachol 
and Fe(II) ion was synthesized and characterized by 
spectroscopic techniques. The theoretical study on the 
compound structure was carried out for complementing 
and confirming the experimental results, demonstrating 
the coordination of lapachol to the Fe(II) central atom 
in a keto–enolic way. The results of antiproliferative 
activity against several tumor cell lines demonstrated that 
the coordination to the metal ion substantially enhanced 
the antitumor activity of lapachol. The complex was 
very active for all the tumor cell lines, being particularly 
effective against the tumoral lineage of glioma (U251), 
presenting lower TGI value in comparison with the non-
tumoral lineage. The results obtained are relevant from 
the bioinorganic point of view since they demonstrate the 
potential of coordination chemistry in the development for 
new, effective compounds for cancer treatment.
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Fig. 9   Correlation between the percentage of cell growth and the 
concentration of the complex [Fe(Lap)2 (H2O)2]

Table 2   Antiproliferative 
activity, expressed as TGI 
values (μmol L−1) and selective 
index (SI) for lapachol, 
[Fe(Lap)2(H2O)2] complex and 
doxorubicin standard

TGI concentration required for totally cell growth inhibition; SI selectivity index expressed as TGIHaCat/
TGItumor cell line

Human tumor cell lines: U251 = Glioma; MCF-7 = Breast; NCI-ADR/RES = Ovary, expressing multidrug 
resistance phenotype; 786-0 = Kidney; NCI-H460 = Lung, non-small cells; PC-3 = Prostate; OVCAR-
03 = Ovary; HT-29 = Colon. Human non-tumor cell line: HaCa t = Keratinocyte

Cell line Lapachol Complex Doxorubicin

TGI SI TGI SI TGI SI

U251 39.21 2.20 N3.60 6.46 0.29 1.00
MCF-7 133.7 0.65 25.06 0.93 2.02 0.14
NCI-ADR/RES 236.5 0.36 62.41 0.37 2.21 0.13
786-0 322.37 0.27 51.44 0.45 1.20 0.24
NCI-H460 52.83 1.63 10.65 2.18 0.57 0.51
PC-3 123.8 0.70 30.14 0.77 0.75 0.39
OVCAR-03 91.63 0.94 78.79 0.30 2.58 0.11
HT29 163.0 0.53 35.55 0.65 5.15 0.06
HaCat* 86.27 – 23.26 – 0.29 –
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