
Medicinal Chemistry Research
https://doi.org/10.1007/s00044-020-02587-4

MEDICINAL
CHEMISTRY
RESEARCH

ORIGINAL ARTICLE

Design, synthesis, and antitumor evaluation of novel
anthraquinone derivatives

Larissa A. Oliveira1 ● Heloiza D. Nicolella2 ● Ricardo A. Furtado2
● Nerilson M. Lima 1

● Denise C. Tavares2 ●

Taís A. Corrêa3 ● Mauro V. Almeida1

Received: 12 March 2020 / Accepted: 4 June 2020
© Springer Science+Business Media, LLC, part of Springer Nature 2020

Abstract
N-alkylated and O-alkylated anthraquinone derivatives with structures analogous to mitoxantrone were synthesized,
characterized, and evaluated for their cytotoxic properties against three tumor cell lines (Human Breast Adenocarcinoma
MCF-7, Human Cervical Adenocarcinoma HeLa, and Human Glioblastoma M059J) and a normal cell line (human lung
fibroblasts GM-07492A). A structure-activity relationship study was carried out to verify the influence of lipophilic chain
size on the biological activity of these compounds. The results indicated promising candidates for antineoplastic agents for
the cancers evaluated, since these compounds showed significant selectivity and high cytotoxic potential for cancer cells,
rather than mitoxantrone, the compound of which is already used in anticancer therapy.
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Introduction

The biological control of cancer remains a medical and
scientific challenge. The inherent diversity of cancers leads
the resistance and relapse of therapy, making the drugs
unable to eliminate effectively all malignant cells (Lytle
et al. 2018).

Among the numerous compounds with recognized
anticancer potential, we highlight mitoxantrone (MTX), an
anthraquinone frequently used as an antineoplastic agent
effective in the treatment of several malignant neoplasms. It
is indicated for chemotherapy in patients with cancers such
as breast, ovarian, prostate, leukemia, lymphomas, and
sarcomas (Damiani et al. 2016; Varadwaj et al. 2010) and in

the treatment of active forms of multiple sclerosis (Neuhaus
et al. 2006).

Although the MTX shows promising results for patients,
its use has been limited due to its cardiotoxicity and
induction of drug resistance (Salustiano et al. 2016). In
addition, its action on the cells of the immune system is not
selective, triggering a series of serious side effects, such as
increased infections, rashes, and ulcers (Jones et al. 2010).

Anthraquinone derivatives analogous to MTX appear as
an alternative, in the search to minimize undesirable phar-
macological effects and increase their biological activity.
Analogs containing alkyl groups, epoxides, halohydrins, N-
alkylated, and O-alkylated compounds and aminoalcohols
are described with potent pharmacological properties such
as antitumor, antibacterial (Kumar et al. 2011; Johnson et al.
1997; Ulrich et al. 1998; Krapcho et al. 1986) immuno-
suppressive (Alves et al. 2012), and anti-inflammatory
(Alves et al. 2013). In this context, some authors such as
Huang et al. (2004) and Kumar et al. (2011) reported the
in vitro cytotoxic evaluation and synthesis of MTX lipo-
philic analogs by varying the size of the lateral carbon chain
and introducing alkylated and amino groups (Kumar et al.
2011; Huang et al. 2004). The compounds obtained showed
better inhibitory activity against the tumor cell lines eval-
uated than MTX. According to the authors, the promising
result observed for this series of compounds can be attrib-
uted to the lipophilicity of the substituents, which would
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have increased the affinity for the cell membrane facilitating
absorption and penetration into the cell.

Corrêa et al. (2013) reported the synthesis of mono and
disubstituted anthraquinone derivatives containing different
side chains and evaluated their effect on the production of
IL-1β, TNF-α, and nitric oxide (NO) by RAW264.7 cells.
These compounds had a greater potential for inhibition of
NO, TNF-α, and IL-1β production at low concentrations
and lower cytotoxicity than MTX with reliable cell viabi-
lity. Studies developed by Alves et al. (2012) have shown
efficacy in in vivo assays of a lipophilic anthraquinone
derivative in the treatment of experimental autoimmune
encephalomyelitis. Through the study, the percentage of
inflammatory cells IL-17, IFN-γ, IL-12p40, IL-6, TGF-β,
CCL5, and CCL20 in the spinal cord was observed with a
significant improvement in the clinical picture of the dis-
ease. In addition, in vitro studies demonstrated low cyto-
toxicity compared with MTX for most of the concentrations
tested (Alves et al. 2012).

Different studies also show that MTX analogs, which did
not have hydroxyl groups attached to the anthraquinone ring
(positions 5 and 8 in the MTX structure), would be less
cardiotoxic than the corresponding hydroxylates, presenting
high antitumor activity (Kumar et al. 2011; Krapcho et al.
1986; Shcekotikhin et al. 2009).

Given the pharmacological potential of anthraquinone
derivatives of MTX and the influence of carbonic chain size
on cytotoxic activity, the present study describes the pre-
paration, characterization and in vitro cytotoxic evaluation
of two series of N-alkylated and O-alkylated analogs from
anthraquinone derivatives.

Materials and methods

Chemistry

The reagents used in the experiments were all commercially
available. The melting points were obtained in a digital
apparatus MQAPF-Microchemistry. The FTIR spectra
obtained in the infrared region were recorded in a Bruker
ALPHAFT-IR MB102 spectrometer, in the region of
4000–400 cm−1, using KBr pelletis or attenuated total
reflectance technique. The analysis were done at the
Department of Chemistry of Federal University of Juiz de
Fora (UFJF). 1H-NMR (500MHz) and 13C NMR
(125MHz) spectra data, HMQC and COSY were obtained
on a BRUKER AVANCE III 500MHz spectrometer
(Chemical shifts (δ) were reported in parts per million
(ppm) referenced to the reference of the appropriate residual
solvent peak with the abbreviations s (singlet), d (doublet), t
(triplet), dd (doublet of doublets), m (multiplet), internal
reference was used tetramethylsilane; J were given in Hertz

(Hz)). The progress of the reactions and the purity analysis
of the compounds were monitored by silica thin-layer
chromatography (TLC) using Kiesegel aluminum plates
(chromate sheets 60F254). For silica column chromato-
graphy, silica gel 60G (70–230 mesh ASTM) was used.
Visible and ultraviolet light was used for the disclosure of
the compounds. Solvents used for the synthesis and pur-
ification of the compounds were Alphatec, Neon, Synth,
Exodus, Vetec, Biotec. Further purification was carried out
by distillation of the Exodus brand hexane solvent.

Synthesis of anthraquinone derivatives 2a–2j and
4a–4j

To a solution of the epoxide intermediate 1b (0.30 mmol)
or 3a (0.60 mmol) in 3.0 mL of tetrahydrofuran (THF) was
added excess (2.4 mmol, 8 equivalents to 2a–2j; 1.8 mmol,
3 equivalents to 4a–4f and 3.6 mmol, 6 equivalents to
4g–4j) of the aliphatic, cyclic, or aromatic commercial
amines. The reaction mixture was maintained under mag-
netic stirring and refluxing of THF for 18–72 h. The
reactions development was monitored by TLC (eluent:
CH2Cl2/MeOH 97:3 v/v). After the completion of the
reactions, the anthraquinones 2a–g (blue solids) and 4a–g
(yellow solids) were obtained through induced precipita-
tion, adding drops of treated hexane to the solution until
the solution is cloudy. The supernatant was removed and
the solids formed were filtered and washed with cold
distilled hexane and recrystallized from a mixture of
dichloromethane and hexane. Compounds 2h–j (blue
solids) and 4h–j (orange solids) were purified by column
chromatography through silica gel and CH2Cl2/MeOH as
eluent.

Cytotoxic assessment from anthraquinone
derivatives

Culture conditions of the cell lines

The cell lines were used in the present study after the 4th
passage. The normal human cell line (lung fibroblasts,
GM07492A) (courtesy of Mutagenesis Laboratory of the
Sao Paulo State University, Brazil) was included to evaluate
the possible cytotoxicity and selective activity. The cancer
cell lines used were human breast adenocarcinoma (MCF-7)
(courtesy of Mutagenesis Laboratory, Department of Bio-
logical Sciences, Sao Paulo State University, Brazil),
human cervical adenocarcinoma (HeLa), and human glio-
blastoma (MO59J) obtained from the Cell Bank of the
Federal University of Rio de Janeiro. The different cell lines
were maintained as monolayers in plastic culture flasks
(25 cm2) containing HAM-F10 plus DMEM (1:1; Sigma-
Aldrich) supplemented with 10% fetal bovine serum
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(Nutricell, Campinas, Brazil), 2.38 mg/mL Hepes (Sigma-
Aldrich) and antibiotics (0.01 mg/mL streptomycin and
0.005 mg/mL penicillin; Sigma-Aldrich). The cells were
incubated at 37 °C in a humidified 5% CO2 atmosphere.

Cytotoxicity assay

The cytotoxic effects from the samples were determined by
monitoring the growth of untreated and treated cells using
the Cell Proliferation Kit (an XTT-based colorimetric assay,
Roche, Mannheim, Germany) after 24 h of incubation. The
samples were dissolved in dimethylsulfoxide (1%; Sigma-
Aldrich) and complete medium. For the experiments, 104

cells were plated on to 96-well microplates and incubated
for 24 h. After incubation, the culture medium was removed
and the cells were washed with phosphate-buffered saline
and exposed to 100 µL HAM-F10 culture medium without
phenol red. At designated time points, 25 µL of XTT were
added to each well and the microplates were incubated for
17 h at 37 °C to allow the formation of an orange formazan
dye product by metabolically active cells. Absorbance was
read spectrophotometrically in an ELISA reader (Asys
UVM 340/Microwin 2000 (Biochrom, Holliston, MA,
USA)) at a wavelength of 450 nm and at a reference
wavelength of 620 nm. The experiments were performed in
triplicate. The assays were carried out at University of
Franca-SP, Brazil.

Calculation of the selectivity index (SI)

The SI was calculated by dividing the IC50 value (50% cell
growth inhibition) of the isolated compound obtained for
GM07492A cells by the IC50 value obtained for the cancer
cell line (Alves et al. 2012). Only values >1 were con-
sidered selective.

Statistical analysis

Cytotoxicity was assessed using the IC50 value as a
response parameter, which was calculated with the Graph-
Pad Prism program by plotting cell survival against the
respective concentrations of the samples tested. One-way

ANOVA plus Tukey test was used for the comparison of
means (p < 0.05).

SI evaluates the potential use of the compounds syn-
thesized in clinical trials from the selectivity between the
different cells lines studied. In cytotoxicity assay, it is
desirable that the SI be >5 (Suffness and Pezzuto 1990).

Results and discussion

Synthesis from MTX anthraquinone derivatives

The 1,4-diaminoanthraquinone was treated with epi-
chlorohydrin in the presence of acetic acid and then, under
basic condition, converted to epoxide 1b (Johnson et al.
1997). Intermediate 1b was then epoxy ring opened by
commercial amines as nucleophiles leading to the formation
of compounds 2a–j, which were obtained as blue solids in
yields of 22–73% (Scheme 1).

For the synthesis of O-alkylated anthraquinone deriva-
tives, 1,4-dihydroxyanthraquinone 3 was subjected to the
reaction with epichlorohydrin in dimethylformamide and
K2CO3 anhydrous powder (oven dried at 400 °C for 3 h).
The reaction mixture was taken to the microwave (Power:
150W) for 1 h leading to the formation of the intermediate
3a. Intermediate 3a underwent epoxide ring opening using
aliphatic, cyclic, and aromatic commercial nucleophiles,
leading to the formation of compounds 4a–j (Scheme 2),
which were obtained as solids by precipitation in yields
ranging from 3 to 57%. Anthraquinone derivatives were
obtained in low-to-moderate yields mainly due to the dif-
ficulty of purification from the compounds by analytical
techniques used.

The structures from all the compounds obtained were
confirmed by FTIR and NMR spectroscopy.

Experimental section

1,4-bis(2′, 3′-epoxypropylamino)anthracene-9,10-dione (1b)

Dark blue solid: Yield: 71%; mp: 189.0–190.0 °C; IR (KBr)
νmax 3417, 3060, 2994W, 2923, 2858, 1594, 1572, 1526,

Scheme 1 Synthesis from
anthraquinone derivatives 2a–j
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1285 cm−1; ¹H-NMR (500 MHz, CDCl3, ppm): δ 10.75 (2H,
t, J= 5.9 Hz, NH); 8.32 (2H, dd, J= 5.9, 3.3 Hz, H-5, H-8);
7.70 (2H, dd, J= 5.9, 3.3 Hz, H-6, H-7); 7.31 (2H, s, H-2,
H-3); 3.76 (2H, ddd, J= 15.0, 6.1, 3.4 Hz, H-1′a); 3.56 (2H,
ddd, J= 15.0, 6.1, 4.9 Hz, H-1′b); 3.24–3.27 (2H, m, H-2′);
2.86 (2H, dd, J= 4.7, 4.0 Hz, H-3′a); 2.73 (2H, dd, J= 4.8,
2.7 Hz, H-3′b); 13C NMR (125 MHz, CDCl3, ppm): δ 183.3
(C, C-9, C-10), 146.3 (C, C-1, C-4); 134.5 (C, C-11, C-12),
132.5 (CH, C-6, C-7), 126.3 (CH, C-5, C-8), 123.7 (CH, C-
2, C-3), 110.6 (C, C-13, C-14), 51.4 (CH, C-2′); 45.2 (CH,
C-3′); 44.1 (CH2, C-1′).

1,4-bis(3′-butylamino-2′-hydroxypropylamino)anthracene-
9,10-dione (2a)

Dark blue solid; Yield: 53%; mp: 109.0–112.0 °C; IR (KBr)
νmax 3391, 2955, 2929, 2851, 1572, 1520, 1263 cm−1; ¹H-
NMR (500MHz, CDCl3, ppm): δ 8.01–7.93 (2H, m, H-5, H-8),
7.55–7.38 (2H, m, H-6, H-7), 6.85-6.47 (2H, sl, H-2, H-3),
4.14–3.93 (2H, s, H-2′), 3.52–3.02 (4H, m, H-1′a, H-1′b),
2.86–2.42 (8H, m, H-3′a, H-3′b, H-4′), 1.55–1.23 (8H, m, H-
5′, H-6′), 0.95–0.82 (6H, m, H-7′); 13C NMR (125MHz,
CDCl3, ppm): δ 181.9 (C, C-9, C-10), 146.3 (C, C-1, C-4),
134.2, 132.0 (CH, C-6, C-7), 126.0 (CH, C-5, C-8), 123.4
(CH, C-2, C-3), 109.8, 68.8 (C-H, C-2′), 53.2 (CH2, C-3′), 49.8
(CH2, C-4′), 47.3 (CH2, C-1′), 32.4, 20.6, 14.1 (CH3, C-7′).

1,4-bis(3′-hexylamino-2′-hydroxypropylamino)anthracene-
9,10-dione (2b)

Dark blue solid; Yield: 35%; mp: 65.5–66.5 °C; IR (KBr)
νmax 3396, 3284, 2928, 2856, 1578, 1551, 1525, 1261 cm

−1;
¹H-NMR (500 MHz, CDCl3, ppm): δ 10.66 (2H, t, J=
5.4 Hz, NH), 7.99 (2H, dd, J= 5.9, 3.3 Hz, H-5, H-8), 7.55
(2H, ddd, J= 5.9, 3.3, 0.7 Hz, H-6, H-7), 7.26 (2H, s, H-2,
H-3), 4.06 (2H, s, H-2′), 3.33–3.21 (4H, m, H-1′a, H-1′b),
2.82–2.61 (8H, m, H-3′a, H-3′b, H-4′), 1.56–1.24 (16H, m,
H-5′–8′), 0.88 (6H, t, J= 6.9 Hz, H-9′); 13C NMR (125
MHz, CDCl3, ppm): δ 181.5 (C, C-9, C-10), 146.2 (C, C-1,
C-4), 134.1, 131.9 (CH, C-6, C-7), 126.0 (CH, C-5, C-8),
123.2 (CH, C-2, C-3), 109.7, 68.8 (CH, C-2′), 53.4 (CH2,

C-3′), 50.2 (CH2, C-4′), 47.4, (CH2, C-1′), 31.9, 30.1, 27.2,
22.8, 14.2 (CH3, C-9′).

1,4-bis(2′-hydroxy-3′-(octylamino)propylamino)anthracene-
9,10-dione (2c)

Dark blue solid; Yield: 49%; mp: 78.7–81.6 °C; IR (KBr)
νmax 3314, 2918, 2848, 1575, 1521, 1467, 1260 cm

−1; ¹H-
NMR (500 MHz, CDCl3, ppm): δ 10.66 (2H, t, J= 5.4 Hz,
NH), 7.99 (2H, s, H-5, H-8), 7.55 (2H, m, H-6, H-7), 6.89
(2H, d, J= 2.6 Hz, H-2, H-3), 4.01 (2H, s, H-2′), 3.32–3.17
(4H, m, H-1′a, H-1′b), 2.77–2.56 (8H, m, H-3′a, H-3′b, H-
4′), 1.52–1.15- (24H, m, H-5′-10′), 0.82 (6H, t, J= 6.9 Hz,
H-11′). 13C NMR (125 MHz, CDCl3, ppm): δ 181.7 (C, C-9,
C-10), 146.2 (C, C-1, C-4), 134.1, 132.0 (CH, C-6, C-7),
126.0 (CH, C-5, C-6), 123.2 (CH, C-2, C-3), 109.8, 68.7 (CH,
C-2′), 53.4 (CH2, C-3′), 50.2 (CH2, C-4′), 47.4, 47.1 (CH2, C-
1′), 32.0, 30.2, 29.7, 29.4, 27.5, 22.8, 14.2 (CH3, C-11′).

1,4-bis(3′-decylamino-2′-hydroxypropylamino)anthracene-
9,10-dione (2d)

Dark blue solid; Yield: 50%; mp: 79.7–82.3 °C; IR (KBr) νmax

3326, 2924, 2846, 1578, 1520, 1266 cm−1; ¹H-NMR (500
MHz, CDCl3, ppm): δ 10.74–10.72 (2H, m, NH), 8.10–8.07
(2H, m, H-5, H-8), 7.59 (2H, ddd, J= 5.9, 3.3, 1.7, H-6, H-7),
7.00 (2H, d, J= 5.3 Hz, H-2, H-3), 4.73 (2H, s, NH), 4.05
(2H, s, H-2′), 3.42–3.27 (4H, m, H-1′a, H-1′b), 2.84–2.61
(8H, m, H-3′a, H-3′b, H-4′), 1.90 (s, OH), 1.55–1.22 (32H, m,
H-5′-12′); 0.87 (6H, t, J= 6,9Hz, H-13′); 13C NMR (125
MHz, CDCl3, ppm): δ 181.9 (C, C-9, C-10), 146.3 (C, C-1, C-
4), 134.2, 132.1 (CH, C-6, C-7), 126.1 (CH, C-5, C-6), 123.4
(CH, C-2, C-3), 109.9, 68.8, 68.7 (CH, C-2′), 53.4 (CH2, C-
3′), 50.1(CH2, C-4′), 47.3, 47.1 (CH2, C-1′), 32.1, 30.3, 29.8,
29.5, 27.5, 22.8, 14.2 (CH3, 13′).

1,4-bis(3′-dodecylamino-2′-hydroxypropylamino)
anthracene-9,10-dione (2e)

Dark blue solid; Yield: 62%; mp: 63.2–64.3 °C; IR (KBr)
νmax 3314, 2917, 2846, 1578, 1520, 1266 cm−1; ¹H-NMR

Scheme 2 Synthesis from
anthraquinone derivatives 3a
and 4a–j
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(500 MHz, CDCl3, ppm): δ 10.69 (2H, s, NH), 8.06–8.02
(2H, m, H-5, H-8), 7.59–7.55 (2H, m, H-6, H-7), 6.99 (2H,
d, J= 4.9 Hz, H-2, H-3), 4.06 (2H, s, H-2′), 3.40–3.26 (4H,
m, H-1′a, H-1′b), 2.84–2.62 (8H, m, H-3′a, H-3′b, H-4′),
1.56–1.22 (40H, m, H-5′-14′); 0.87 (6H, t, J= 6,9 Hz, H-
15′); 13C NMR (125 MHz, CDCl3, ppm): δ 181.8 (C, C-9, C-
10), 146.2 (C, C-1, C-4), 134.2, 132.0 (CH, C-6, C-7),
126.1 (CH, C-5, C-6), 123.2 (CH, C-2, C-3), 109.8, 68.7,
68.7 (CH, C-2′), 53.4 (CH2, C-3′), 50.2 (CH2, C-4′), 47.1
(CH2, C-1′), 42.4, 34.0, 32.1, 30.2, 29.8, 29.7, 29.5, 27.5,
27.0, 22.8, 14.3 (CH3, 15′).

1,4-bis(2′-hydroxy-3′-(tetradecylamino)propylamino)
anthracene-9,10-dione (2f)

Dark blue solid; Yield: 32%; mp: 76.0–77.6 °C; IR (KBr)
νmax 3384, 3293, 2923, 2851, 1577, 1539, 1259 cm

−1; ¹H-
NMR (500 MHz, CDCl3, ppm): δ 10.61 (2H, s, NH),
7,94–7,93 (2H, m, H-5, H-8), 7.52–7.51 (2H, m, H-6, H-7),
6.77 (2H, s, H-2, H-3), 4.06 (2H, s, H-2′), 3.33–3.15 (4H,
m, H-1′a, H-1′b), 2.82–2.62 (8H, m, H-3′a, H-3′b, H-4′),
1.58–1.18 (48H, m, H-5′-16′); 0.87 (6H, t, J= 6,9 Hz, H-
17′); 13C NMR (125 MHz, CDCl3, ppm): δ 181.3 (C, C-9, C-
10), 146.1 (C, C-1, C-4), 134.0, 131.8 (CH, C-6, C-7),
125.9 (CH, C-5, C-6), 123.1 (CH, C-2, C-3), 109.6, 68.7,
68.6 (CH, C-2′), 53.5 (CH2, C-3′), 50.2 (CH2, C-4′), 47.4
(CH2, C-1′), 47.2, 32.1, 30.1, 29.8, 29.5, 27.5, 22.8, 14.2
(CH3, C-17′).

1,4-bis(2′-hydroxy-3′-(pyrrolidino) propylamino)
anthracene-9,10-dione (2g)

Dark blue solid; Yield: 72%; mp: 54.0–57.0 °C; IR (KBr)
νmax 3469, 3366, 3248, 2956, 2813, 1591, 1573, 1268 cm

−1;
¹H-NMR (500 MHz, CDCl3, ppm): δ 10.92 (2H, t, J=
5.6 Hz, NH), 8.32 (2H, ddd, J= 5.8, 3.3, 0.6 Hz, H-5, H-8),
7.66 (2H, dd, J= 5.9, 3.3 Hz H-6, H-7), 7.29 (2H, s, H-2,
H-3), 4.03–3.98 (2H, m, H-2′), 3.53–3.42 (4H, m, H-1′a, H-
1′b), 2.81 (2H, dd, J= 12.0, 10.0 Hz, H-3′a, H-3′b),
2.72–2.68 (4H, m, H-4′, H-7′), 2.54–2.51 (4H, m, H-4′, H-
7′), 2,49 (2H, dd, J= 12.0, 3.5 Hz, H-3′a, H-3′b), 1.80–1.78
(8H, m, H-5′, H-6′); 13C NMR (125 MHz, CDCl3, ppm): δ
182.6 (C, C-9, C-10), 146.5 (C, C-1, C-4), 134.6, 132.1,
126.2, 123.8, 110.2, 67.9 (CH, C-2′), 59.7 (CH2, C-3′), 54.2
(CH2, C-4′, C-7′), 46.9 (CH2, C-1′), 23.8 (CH2, C-5′, C-6′).

1,4-bis(3′-phenylamino-2′-hydroxypropylamino)
anthracene-9,10-dione (2h)

Dark blue solid; Yield: 54%; mp: 184.0–186.0 °C; IR (KBr)
νmax 3378, 2930, 2852, 1604, 1571, 1513, 1261 cm

−1; ¹H-
NMR (500 MHz, Acetone-d6, ppm): δ 10.96 (2H, t, J=
5.5 Hz, NH), 8.23 (2H, dd, J= 5.9, 3.3 Hz, H-5, H-8), 7.67

(2H, dd, J= 5.9, 3.3 Hz, H-6, H-7), 7.35 (2H, s, H-2, H-3),
7.01 (4H, dd, J= 8.5, 7.3 Hz, H-6′, H-8′), 6.62 (4H, d, J=
7.7 Hz, H-5′, H-9′), 6.50 (2H, tt, J= 7.3, 1.0 Hz, H-7′), 4.54
(2H, d, J= 4.9 Hz, NH), 4.12–4.06 (2H, m, H-2′),
3.67–3.62 (2H, m, H-1′a), 3.49–3.44 (2H, m, H-1′b),
3.34–3.30 (2H, m, H-3′a), 3.22–3.17 (2H, m, H-3′b); 13C
NMR (125 MHz, Acetone-d6, ppm): δ 182.3 (C, C-9, C-10),
149.7 (C, C-4′), 147.2 (C, C-1, C-4), 135.3, 132.7 (CH, C-
6, C-7), 129.7 (CH, C-6′, C-8′), 126.6 (CH, C-5, C-8),
124.8 (CH, C-2, C-3), 117.3 (CH, C-7′), 113.4 (CH, C-5′,
C-9′), 110.2, 69.6 (CH, C-2′), 48.4 (CH2, C-3′), 47.4 (CH2,
C-1′).

1,4-bis(2′-hydroxy-3′-(4-methylphenylamino)propylamino)
anthracene-9,10-dione (2i)

Dark blue solid; Yield: 22%; mp: 171.0–173.0 °C; IR
(KBr) νmax 3377, 2915, 2856, 1578, 1525, 1255 cm

−1; ¹H-
NMR (500 MHz, Acetone-d6, ppm): δ 11.03 (2H, t, J=
5.8 Hz, NH), 8.30 (2H, dd, J= 5.9, 3.3 Hz, H-5, H-8),
7.75 (2H, dd, J= 5.9, 3.3 Hz, H-6, H-7), 7.43 (2H, s, H-2,
H-3), 6.91 (d, 4H, J= 7,9 Hz, H-6′, H-8′), 6.61 (4H, d,
J= 8.4 Hz, H-5′, H-9′), 4.18–4.13 (2H, m, H-2′), 3.74-
3.69 (2H, m, H-1′a), 3.56–3.51 (2H, m, H-1′b), 3.39–3.34
(2H, m, H-3′a), 3.27–3.22 (2H, m, H-3′b), 2.16 (6H, s, H-
10′); 13C NMR (125 MHz, Acetone-d6, ppm): δ 182.4 (C,
C-9, C-10), 147.6 (C, C-1, C-4), 147.2 (C, C-4′), 135.4,
132.8 (CH, C-6, C-8), 130,3 (CH, C-6′, C-8′), 126.7 (CH,
C-5, C-8), 126.2, 124.9 (CH, C-2, C-3), 113.8 (CH, C-5′,
C-9′), 110.4, 69.8 (CH, C-2′), 48.8 (CH2, C-3′), 47.5
(CH2, C-1′), 20.4 (pCH3, C-10′).

1,4-bis(3′-(4-bromophenylamino)-2′-hydroxypropylamino)
anthracene-9,10-dione (2j)

Dark blue solid; Yield: 73%; mp: 189.0–192.0 °C; IR (KBr)
νmax 3377, 2923, 2851, 1597, 1571, 1500, 1265, 1025 cm

−1;
¹H-NMR (500 MHz, Acetone-d6, ppm): δ 11.04 (2H, s,
NH), 8.33 (2H, dd, J= 5.5, 3.3 Hz, H-5, H-8), 7.77 (2H, dd,
J= 5.7, 3.1 Hz, H-6, H-7), 7.45 (2H, s, H-2, H-3), 7.22 (d,
4H, J= 8.5 Hz, H-6′, H-8′), 6.69 (4H, d, J= 8.5 Hz, H-5′,
H-9′), 4.57 (2H, d, J= 3.9 Hz, NH), 4.18 (2H, s, H-2′),
3.76–3.71 (2H, m, H-1′a), 3.59–3.35 (2H, m, H-1′b),
3.44–3.39 (2H, m, H-3′a), 3.31–3.25 (2H, m, H-3′b); 13C
NMR (125 MHz, CDCl3, ppm): δ 182.5 (C, C-9, C-10),
149.2 (C, C-4′), 147.2 (C, C-1, C-4), 135.4, 132.9, 132.5,
126.7, 124.9, 115.3 (CH, C-5′, C-9′), 110.4, 108.2, 69.6
(CH, C-2′), 48.4 (CH2, C-3′), 47.4 (CH2, C-1′).

1,4-bis(2′,3′-epoxy-methoxy)anthracene-9,10-dione (3a)

Yellow solid; Yield: 74%; mp: 159.2–159.9 °C; IR (KBr)
νmax 3073, 3008, 2930, 2865, 1670, 1591, 1564, 1278 cm

−1;
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¹H-NMR (500 MHz, CDCl3, ppm): δ 8.16 (2H, dd, J= 5.8,
3.3 Hz, H-5, H-8); 7.71 (2H, dd, J= 5.9, 3.3 Hz, H-6, H-7);
7.37 (2H, s, H-2, H-3); 4.44 (2H, ddd, J= 11.0, 2.7, 1.4 Hz,
H-1′a), 4.15 (2H, ddd, J= 11.0, 5.0, 1.1 Hz, H-1′b);
3.49–3.47 (2H, m, H-2′); 3.03 (2H, dd, J= 5.1, 2.7 Hz, H-3′
a); 2.96 (2H, dd, J= 4.9, 4.1 Hz, H-3′b); 13C NMR (125
MHz, CDCl3, ppm): δ 183.0 (C, C-9, C-10), 153.7 (C, C-1,
C-4) 134.1, 133,4 (CH, C-6, C-7), 126.5 (CH, C-5, C-8),
124.0, 123.3 (CH, C-2, C-3), 70.8 (CH2, C-1′); 50.3 (C-H,
C-2′), 44.7 (CH2, C-3′).

1,4-bis[(3′-butylamino-2′-hydroxy)propoxy]anthracene-
9,10-dione (4a)

Yellow solid; Yield: 16%; mp: 85.0–87.2 °C; IR (KBr) νmax

3372, 2956, 2930, 2872, 1667, 1591, 1564, 1244 cm−1; ¹H-
NMR (500MHz, CDCl3, ppm): δ 8.16 (2H, ddd, J= 5.8, 3.3,
1.1 Hz, H-5, H-8); 7.73 (2H, dd, J= 5.8, 3.3 Hz, H-6, H-7);
7.35 (2H, s, H-2, H-3); 4.30 (2H, ddd, J= 9.0, 4.3, 3.3 Hz, H-
1′a), 4.21–4.16 (2H, m, H-2′), 4.11–4.07 (2H, m, H-1′b),
2.89–2.88 (4H, m, H-3′), 2.68 (4H, m, H-4′), 1.55–1.49 (4H,
m, H-5′), 1.38 (4H, sex, J= 7.5Hz, H-6′), 0.93 (6H, t, J=
7,2Hz, H-7′); 13C NMR (125MHz, CDCl3, ppm): δ 183.7 (C,
C-9, C-10), 154.4 (C, C-1, C-4), 134.2, 133.8 (CH, C-6, C-7),
126.9 (CH, C-5, C-8), 123.4, 74.3 (CH2, C-1′), 68.5 (CH, C-
2′), 64.4 (CH2, C-3′), 51.8, 50.0 (CH2, C-4′), 32.4 (CH2, C-
5′), 20.6 (CH2, C-6′), 14.2 (CH3, C-7′).

1,4-bis(3′-hexylamino-2′-hydroxypropoxy)anthracene-9,10-
dione (4b)

Yellow solid; Yield: 3%; mp: 90.0–93.0 °C; IR (KBr) νmax

3339, 2929, 2864, 1665, 1593, 1567, 1252 cm−1; ¹H-NMR
(500 MHz, CDCl3, ppm): δ 8.16–8.00 (2H, m, H-5, H-8),
7.74–7.53 (2H, m, H-6, H-7), 7.33 (2H, s, H-2, H-3),
3.96–4.32 (8H, m, H-), 2.97–2.56 (8H, m), 1.63–1.19 (12H,
m, H-6′, H-7′, H-8′), 0.89–0.82 (6H, m, H-9′).

1,4-bis[(2′-hydroxy-3′-octylamino)propoxy]anthracene-
9,10-dione (4c)

Yellow solid; Yield: 23%; mp: 74.0–77.0 °C; IR (KBr) νmax

3411, 2923, 2845, 1669, 1593, 1561, 1249 cm−1; ¹H-NMR
(500 MHz, CDCl3, ppm): δ 8.13 (2H, dd, J= 5.3, 3.1 Hz, H-
5, H-8), 7.70 (2H, dd, J= 5.7, 3.3 Hz, H-6, H-7), 7.31 (2H,
s, H-2, H-3), 4.35–4.01 (10H, m, H-1′a, H-1′b, H-3′a, H-3′
b), 2.67–2.95 (4H, m, H-4′), 1.62–1.19 (24H, m, H-5′-10′),
0.87–0.85 (6H, m, H-11′); 13C NMR (125 MHz, CDCl3,
ppm): δ 183,6 (C, C-9, C-10), 154.3 (C, C-1, C-4), 134.1,
133.8 (CH, C-5, C-8), 126.8 (CH, C-5, C-8), 123.2, 74.2
(CH2, C-1′), 68.2 (C-H, C-2′), 51.7 (CH2, C-3′), 50.2 (CH2,
C-4′), 32.0, 29.9, 29.7, 29.5, 29.4, 27.5, 22.8, 14.2 (CH3, C-
11′).

1,4-bis[(3′-decylamino-2′-hydroxy)propoxy]anthracene-
9,10-dione (4d)

Yellow solid; Yield: 41%; mp: 76.0–78.3 °C; IR (KBr) νmax

3416, 2923, 2851, 1665, 1593, 1564, 1252 cm−1; ¹H-NMR
(500 MHz, CDCl3, ppm): δ 8.10 (2H, dd, J= 5.7, 3.4 Hz, H-
5, H-8), 7.68 (2H, dd, J= 5.7, 3.3 Hz, H-6, H-7), 7.30 (2H,
s, H-2, H-3), 4.26–4.07 (6H, m, H-1′a, H-1′b, H-2′),
2.93–2.91 (4H, m, H-3′a, H-3′b), 2,71–2,68 (4H, m, H-4′);
1.56–1.24 (32H, m, H-5′-12′), 0.87–0.85 (6H, t, J= 6,9 Hz,
H-13′); 13C NMR (125 MHz, CDCl3, ppm): δ 183,5 (C, C-9,
C-10), 154.2 (C, C-1, C-4), 134.1, 133.7 (CH, C-5, C-8),
126.8 (CH, C-5, C-8), 123.2, 123.0, 74.1 (CH2, C-1′), 68.2
(C-H, C-2′), 51.8 (CH2, C-3′), 50.2 (CH2, C-4′), 32.0, 29.9,
29.7, 29.4, 27.4, 22.8, 14.2 (CH3, C-13′).

1,4-bis[(3′-dodecylamino-2′-hydroxy)propoxy]anthracene-
9,10-dione (4e)

Oil; Yield: 15%; IR (KBr) νmax 3385, 2924, 2846, 1666,
1591, 1562, 1247 cm−1; ¹H-NMR (500 MHz, CDCl3, ppm):
δ 8.09–7.97 (2H, m, H-5, H-8), 7.67–7.54 (2H, m, H-6, H-
7), 7.27 (2H, s, H-2, H-3), 4.26–3.99 (6H, m, H-1′a, H-1′b,
H-2′), 2.95–2.53 (8H, m, H-3′a, H-3′b, H-4′), 1.62–1.14
(40H, m, H-5′-14′), 0.85 (6H, t, J= 6,9 Hz, H-15′); 13C
NMR (125 MHz, CDCl3, ppm): δ 183,4 (C, C-9, C-10),
154.2 (C, C-1, C-4); 134.0, 133.7 (CH, C-5, C-8), 126.8
(CH, C-5, C-8), 123.1, 123.0, 74.1 (CH2, C-1′), 68.2 (C-H,
C-2′), 51.8 (CH2, C-3′), 50.2 (CH2, C-4′), 32.0, 29.7, 29.4,
27.4, 22.8, 14.2 (CH3, C-15′).

1,4-bis[2′-hydroxy-3′-(tetradecylamino)propoxy]
anthracene-9,10-dione (4f)

Yellow solid; Yield: 46%; mp: 66.0–68.0 °C; IR (KBr) νmax

3378, 2924, 2846, 1666, 1594, 1562, 1244 cm−1; ¹H-NMR
(500 MHz, CDCl3, ppm): δ 8.13–7.99 (2H, m, H-5, H-8),
7.69–7.56 (2H, m, H-6, H-7), 7.29 (2H, s, H-2, H-3),
4.28–3.98 (6H, m, H-1′a, H-1′b, H-2′), 2.91–2.58 (8H, m,
H-3′a, H-3′b, H-4′), 1.58-1.17 (48H, m, H-5′-16′), 0.86 (6H,
t, J= 6,9 Hz, H-17′); 13C NMR (125 MHz, CDCl3, ppm): δ
183,5 (C, C-9, C-10), 154.3 (C, C-1, C-4), 134.1, 133.7
(CH, C-5, C-8), 126.8 (CH, C-5, C-8), 123.2, 74.1 (CH2, C-
1′), 68.4 (C-H, C-2′), 51.8 (CH2, C-3′), 50.3 (CH2, C-4′),
32.0, 30.1, 29.8, 29.5, 27.5, 22.8, 14.2 (CH3, C-17′).

1,4-bis[(2′-hydroxy-3′-pyrrolidino)propoxy]anthracene-
9,10-dione (4g)

Yellow solid; Yield: 10%; mp: 41.6–42.8 °C; IR (KBr) νmax

3404, 2968, 2878, 2806, 1663, 1590, 1564, 1240 cm−1; ¹H-
NMR (500 MHz, CDCl3, ppm): δ 8.16 (2H, dd, J= 5.8,
3.3 Hz, H-5, H-8), 7.71 (2H, dd, J= 5.8, 3.3 Hz, H-6, H-7),
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7.36 (2H, s, H-2, H-3), 4.29 (2H, dt, J= 9.0, 3.5 Hz, H-1′a),
4.24–4.19 (2H, m, H-2′), 4.09–4.05 (2H, m, H-1′a), 2.80
(2H, ddd, J= 12.0, 7.5, 1.1 Hz, H-3′a), 2.73 (2H, ddd, J=
12.0, 5.7, 1.0 Hz, H-3′b), 2.67–2.61 (8H, m, H-4′-7′), 1.80
(8H, qui, J= 3.4 Hz, H-5′, H-6′); 13C NMR (125 MHz,
CDCl3, ppm): δ 183,6 (C, C-9, C-10), 154.4 (C, C-1, C-4);
134.2, 133.7, 126.9, 126.8, 123.4, 123.3, 74.0 (CH2, C-1′),
68.2 (C-H, C-2′), 58.6 (CH2, C-3′), 54.7 (CH2, C-4′, C-7′),
23.7 (CH2, C-5′, C-6′).

1,4-bis[(3′-phenylamino-2′-hydroxy)propoxy]anthracene-
9,10-dione (4h)

Yellow solid; Yield: 16%; mp: 91.0–94.0 °C; IR (KBr) νmax

3365, 2929, 2871, 1663, 1600, 1565, 1250 cm−1; ¹H-NMR
(500 MHz, CDCl3, ppm): δ 8.19 (2H, dd, J= 5.7, 3.3 Hz H-
5, H-8), 7.75 (2H, dd, J= 5.8, 3.3 Hz, H-6, H-7), 7.31 (2H,
s, H-2, H-3), 7.20 (4H, t, J= 7.9 Hz, H-6′, H-8′), 6.75–6.72
(6H, m, H-5′, H-7′, H-9′), 4.58 (2H, m, NH), 4.35–4.31 (4H,
m, H-1′a, H-1′b), 4.20–4.16 (2H, m, H-2′), 3.50 (2H, dd,
J= 13.0, 4.7 Hz, H-3′a), 3.38 (dd, 2H, J= 13.0, 5.3 Hz, H-
3′b); 13C NMR (125 MHz, CDCl3, ppm): δ 183,7 (C, C-9, C-
10), 154.4 (C, C-1, C-4), 148.5 (C, C-4′), 134.1, 134.0,
129.4, 127.0, 123.4, 123.3, 117.9, 113.4, 73.9 (CH2, C-1′),
68.3 (C-H, C-2′), 46.3 (CH2, C-3′).

1,4-bis[{2′-hydroxy-3′-(4-methylphenylamino)}propoxy]
anthracene-9,10-dione (4i)

Orange solid; Yield: 42%; mp: 124.0–126.0 °C; IR (KBr)
νmax 3351, 2917, 2868, 1663, 1619, 1590, 1564, 1243 cm

−1;
¹H-NMR (500 MHz, CDCl3, ppm): δ 8.19 (2H, sl, H-5, H-8),
7.75 (2H, sl, H-6, H-7), 7.31 (2H, s, H-2, H-3), 7.01 (4H, d,
J= 7.3 Hz, H-6′, H-8′), 6.66 (4H, d, J= 7.4 Hz, H-5′, H-9′),
4.32 (4H, s, H-1′a, H-1′b), 4.17 (2H, sl, H-2′), 3.50–3.44
(2H, m, H-3′a), 3.38–3.32 (2H, m, H-3′b), 2.25 (6H, s, H-
10′); 13C NMR (125 MHz, CDCl3, ppm): δ 183,7 (C, C-9, C-
10), 154.4 (C, C-1, C-4); 146.2 (C, C-4′), 134.1, 134.0,
129.9, 127.2, 127.0, 123.4, 123.3, 113.6, 73.9 (CH2, C-1′),
68.4 (C-H, C-2′), 46.7 (CH2, C-3′), 20.5 (pCH3, C-10′).

1,4-bis[(3′-(4-bromophenylamino)-2′-hydroxy)propoxy]
anthracene-9,10-dione (4j)

Orange solid; Yield: 57%; mp: 128.7–130.7 °C; IR (KBr)
νmax 3346, 2929, 2878, 1661, 1592, 1561, 1247, 1051 cm

−1;
¹H-NMR (500 MHz, Acetone-d6, ppm): δ 8.21 (2H, dd, J=
5.8, 3.3 Hz, H-5′, H-8), 7.89 (2H, dd, J= 5.8, 3.3 Hz, H-6,
H-7), 7.62 (2H, s, H-2, H-3), 7.24 (4H, d, J= 8.9 Hz, H-6′,
H-8′), 6.79 (4H, d, J= 8.9 Hz, H-5′, H-9′), 4.31–4.25 (6H,
m, H-1′a, H-1′b, H-2′), 3.58–3.53 (2H, m, H-3′a), 3.42–3.34
(2H, m, H-3′b); 13C NMR (125 MHz, Acetone-d6, ppm): δ
183,9 (C, C-9, C-10), 154.7 (C, C-1, C-4); 149.4 (C, C-4′),

135.1, 134.6, 132.4, 127.2, 123.9, 123.5, 115.3, 108.0, 73.9
(CH2, C-1′), 68.8 (C-H, C-2′), 47.7 (CH2, C-3′).

In vitro cytotoxicity and structure-activity
relationship analysis

From cell viability assays at different concentrations of the
synthesized compounds, were obtained the SI and IC50.

The cytotoxicity of the synthesized compounds was
evaluated against three tumor cell lines (MCF-7, HeLa, and
M059J) and a normal human cell line (GM07492A).

The IC50 values obtained of the synthesized compounds
and the MTX are shown in Table 1. The results indicated
that the most compounds showed potent anticancer activity
against cancer cell lines. Among the N-alkylated deriva-
tives, compounds such as 1b, 2a, 2b, 2c, 2d, 2g, and 2h had
better antiproliferative activity than MTX. Especially the
compound 2b had the highest cytotoxicity against the three
cancer cells with IC50 values 13.6, 14.1, and 14.8 μM to
MCF-7, HeLa, and MO59J, respectively.

According to the structure-activity relationship study, an
increase in cytotoxic activity was observed from the intro-
duction of four carbon atoms in the side chain, and the same
behavior was observed for compounds bearing 6, 8, and 10
carbon atoms in the side chain. Compounds with higher
carbon chains such as 2e and 2f, containing 12 and
14 carbon atoms, did not show significant improvement in
cytotoxic activity. This factor may be related to the larger
size of the carbon chain, which would have caused a greater
steric hindrance.

The influence of the cyclic and aromatic carbon chains
on the cytotoxic activity of the compounds was analyzed.
Among the compounds, the pyrrolidine derivative 2g
showed cytotoxic activity comparable with that MTX and
greater selectivity for tumor cells with IC50 values of
153.9 μM (SI= 2.36) and 169.3 μM (SI= 2.14) for MCF-7
cell line, respectively. With the introduction of donor sub-
stituents and electron withdrawals into compounds 2i and
2j, no significant cytotoxic action was observed for the
tumor cell lines evaluated.

Among the O-alkylated derivatives, compounds 3a, 4a,
4b, 4c, 4d, 4e, 4f, 4j were more active than MTX having
much lower IC50. The compound 3a (LogP= 3.35) showed
potent cytotoxic activity with IC50 values lower than that
MTX and its nitrogenous analog 1b, in addition to pre-
senting considerable selectivity for all tumor cells tested
(MCF-7, IS= 2.57, HeLa, SI= 1.75, M059J, SI= 2.26).
With the introduction of lipophilic carbon chains into
epoxide 3a, the same behavior of nitrogenous analogs was
observed, with compounds 4b (MCF-7 IC50= 28.6 μM,
HeLa IC50= 32.3 μM, M059J IC50= 53.4 μM, HeLa IC50

= 27.8 μM, M059J IC50= 27.3 μM) and 4d (MCF-7 IC50=
33.3 μM; HeLa IC50= 23.4 μM, M059J IC50= 26.1 μM)
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revealing greater cytotoxic activity against all tumor
cell lines.

The study of the structure-activity relationship showed
that increased lipophilicity provided an increase in the
cytotoxic activity with low IC50 values, especially the
compound 4b (LogP= 6.16), which showed selectivity for
HeLa (SI= 1.66) and MCF-7 (SI= 1.87), indicating good
influence of the lipophilic substituents on the activity of
these compounds. Other factors besides the partition coef-
ficient (LogP) of compound 4b and other compounds that
presented significant selectivity may be involved in the
evaluation of the biological activity, since the most active
compound of the series 3a was more selective, with a
partition coefficient smaller. Compound 4f (14 carbon
atoms in the side chain) showed improved selectivity
although with a higher IC50 value than the analogs bearing

8, 10, and 12 carbon atoms in the side chain. One of the
factors that may have affected the improvement of its
cytotoxic activity is a possible conformation adopted by the
molecule and its target site. Compound 4f showed a high
partition coefficient (LogP= 9.98) as the other compounds
compared, indicating high hydrophobicity and affinity for
lipophilic membranes (Gareth 2010).

Anthraquinone aromatic derivatives 4g, 4h, and 4i did
not present significant cytotoxic activities. Derivative 4j,
containing an electron withdrawing group in the aromatic
ring, showed modest cytotoxicity for the tumor cell lines
evaluated, with low IC50 values (MCF-7 IC50= 30.6 μM;
HeLa IC50= 36.9 μM; M059J IC50= 37.5 μM) and com-
parable with the alkylated derivatives 4b–d, however they
did not show selectivity. The presence of a phenyl group
(4h) considerably decreased the toxicity (IC50= 958.9) of

Table 1 Inhibition concentration
of 50% and selectivity index (SI)
from compounds N-alkylated
1a–b, 2a–j, O-alkylated 3a, 4a–j
and MTX (positive control)
against different cell lines

Compound logPa Concentration (µM)

GM07492A MCF-7 HeLa M059J

IC50 (µM) IC50 (µM) SI IC50 (µM) SI IC50 (µM) SI

MTX 0.36 141.1 ± 7.2 146.3 ± 3.5 – 146.3 ± 3.5 – 150.0 ± 8.3 –

1b 2.95 57.4 ± 5.2 107.6 ± 9.1 – 115.6 ± 3.4 – 120.8 ± 12.6 –

2a 3.74 165.9 ± 5.9 109.9 ± 5.0b 1.51 94.2 ± 6.6b 1.76 142.3 ± 0.0b 1.16

2b 5.76 10.3 ± 0.6 13.6 ± 0.1 – 14.1 ± 0.4 – 14.8 ± 1.5 –

2c 7.79 15.5 ± 0.3 38.0 ± 3.3 – 28.9 ± 1.5 – 29.7 ± 1.3 –

2d 9.03 29.2 ± 0.2 47.2 ± 7.8 – 56.2 ± 0.0 – 40.3 ± 0.4 –

2e 9.57 394.3 ± 14.5 533.6 ± 15.0 – 566.1 ± 2.0 – 360.0 ± 16.9 –

2f 9.92 236.5 ± 5.9 228.9 ± 0.9 1.03 438.2 ± 18.0 – 269.1 ± 0.9 –

2g 2.86 362.6 ± 17.5 153.9 ± 9.4b 2.36 169.3 ± 11.3b 2.14 298.5 ± 12.3b 1.21

2h 4.96 777.2 ± 59.9 442.8 ± 9.9b 1.75 545.7 ± 28.2b 1.42 664.5 ± 30.8b 1.17

2i 5.86 81.8 ± 3.3 298.5 ± 11.2 – 578.6 ± 84.1 – 459.8 ± 8,4 –

2j 6.58 410.6 ± 28.5 908.4 ± 113.8 – 640.8 ± 24.2 – 680.3 ± 6.1 –

3a 3.35 164.8 ± 10.8 64.0 ± 0.9b 2.57 93.9 ± 3.3b 1.75 72.9 ± 7.5b 2.26

4a 4.14 72.2 ± 2.3 94.4 ± 0.6 – 98.9 ± 0.2 – 92.4 ± 5.1 –

4b 6.16 53.6 ± 6.2 28.6 ± 1.1b 1.87 32.3 ± 1.7b 1.66 53.4 ± 0.3 –

4c 8.17 27.9 ± 5.0 24.5 ± 2.3 1.14 27.8 ± 1.1 – 27.3 ± 2.9 1.02

4d 9.16 24.5 ± 0.2 33.3 ± 1.5 – 23.4 ± 1.7 1.05 26.1 ± 2.6 –

4e 9.65 77.0 ± 5.0 108.5 ± 17.7 – 126.4 ± 3.0 – 124.3 ± 8.1 –

4f 9.98 118.9 ± 10.7 84.5 ± 6.7b 1.41 90.4 ± 2.9b 1.31 104.1 ± 6.6 1.14

4g 3.26 157.3 ± 5.5 224.2 ± 2.9 – 324.9 ± 18.7 – 209.3 ± 7.0 –

4h 5.36 294.8 ± 24.4 958.9 ± 90.3 – >742.7 – >742.7 –

4i 6.26 228.8 ± 7.2 312.6 ± 4.5 – 672.5 ± 0.4 – 306.1 ± 3,2 –

4j 6.98 30.6 ± 0.2 30.6 ± 0.1 – 36.9 ± 3.1 – 37.5 ± 2.9 –

The results in μM are expressed as mean ± standard deviation

GM07492A human lung fibroblasts, MCF-7 human breast adenocarcinoma, HeLa human cervical
adenocarcinoma, M059J human glioblastoma, IC50 dose that inhibits 50% of cell growth (μM), SI
selectivity index
aCalculated at <http://www.molinspiration.com/cgi-bin/properties>
bSignificantly different from GM07492A at *0.05, **0.01, and ***0.001
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MTX (IC50= 146.3) to the MCF-7 tumor cell line. How-
ever, the presence of an electron donor group on the aro-
matic ring such as methyl group (4i) increased up to 3 times
the cytotoxicity (IC50= 312.6) as compared with its phenyl
derivative (IC50= 958.9) and a withdrawing group in the
aromatic ring as bromine (4j) increased up to 30 times the
cytotoxicity (IC50= 30.6) relative to the derivative only
substituted with the phenyl group (IC50= 958.9).

These results also indicated that the presence of epoxide
group increased selectivity of compounds for the tumor cell
lines evaluated MCF-7 (SI= 2.57) and MO59J (SI= 2.26)
and the derivative 2b showed high cytotoxicity against the
all cancer cell line evaluated, with IC50 values <15 μM.
However, in normal fibroblasts, it shows IC50 at 10.3 μM.

Conclusion

The structural modification of bioactive natural products
constitutes an effective and promising method for obtaining
of pharmacologically active compounds or to optimize the
activity of natural active molecules in order to increase
therapeutic potency, selectivity, and confer lower toxicity.
In this study, two series of MTX-anthraquinone analogous
were obtained and evaluated for their cytotoxic potential
against MCF-7, HeLa, and M059J tumor cell lines and a
normal cell line from human lung fibroblasts GM07492A,
whose results showed an improvement, even if modest, in
the antiproliferative activity of these compounds in relation
to MTX, through the introduction of different sizes of car-
bon chain. The results obtained through the in vitro cyto-
toxicity bioassays showed that the introduction of carbon
chains with different sizes potentiated the cytotoxic activity
against the tumor cells tested, evidencing the importance of
the alkyl chain in the therapeutic potential and nature of the
pharmacological effect of the molecule for these types of
cancer. The introduction of aromatic substituents with
electron withdrawing groups as halogens significantly
enhanced the toxicity of the compounds. The potent and
selective activity of semisynthetic anthraquinones against
cancer cell lines reveals that the compound may represent
the scaffold for the design of compounds with anticancer
properties and encourage the development of further com-
pounds for further studies in vivo.

Acknowledgements This work was supported by grants from FAPE-
MIG, CNPq, CAPES, Rede Mineira de Química, and UFJF.

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict of
interest.

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

References

Alves CCS, Castro SBR, Costa CF, Dias AT, Alves CJ, Rodrigues
MF, Teixeira HC, De Almeida MV, Ferreira AP (2012)
Anthraquinone derivative O, O′-bis-(3′-iodopropyl)-1, 4-
dihidroxyanthraquinone modulates immune response and
improves experimental autoimmune encephalomyelitis. Int
Immunopharmacol 14:127–132

Alves CCS, Collison A, Hatchwell L, Plank M, Morten M, Foster PS,
Johnston SL, Da Costa CF, De Almeida MV, Teixeira HC,
Ferreira AP, Mattes J (2013) Inhibiting AKT phosphorylation
employing non-cytotoxic anthraquinones ameliorates TH2 medi-
ated allergic airways disease and rhinovirus exacerbation. PLoS
ONE 8:79565

Corrêa TA, Alves CCS, Castro SBR, Oliveira EE, Franco LS, Ferreira
AP, Almeida MV (2013) Synthesis of 1,4-anthracene-9,10-dione
derivatives and their regulation of nitric oxide, IL-1β and TNF-α
in activated RAW264.7 cells. Chem Biol Drug Des 82:463–467

Damiani RM, Moura DJ, Viau CM, Caceres RA, Henriques JAP, Saffi
J (2016) Pathways of cardiac toxicity: comparison between che-
motherapeutic drugs doxorubicin and mitoxantrone. Arch toxicol
90:2063–2076

Gareth G (2010) Química medicinal: Uma introdução. Guanabara, Rio
de Janeiro

Huang HS, Chiu HF, Lee AL, Guo CL, Yuan CL (2004) Synthesis and
structure–activity correlations of the cytotoxic bifunctional 1,4-
diamidoanthraquinone derivatives. Bioorg Med Chem
12:6163–6170

Johnson MG, Kiyokawa H, Tani S, Koyama J, Morris-Natschke SL,
Mauger A, Bowers-Daines MM, Lange BC, Lee KH (1997)
Antitumor Agents-CLXVII. Synthesis and structure-activity cor-
relations of the 124 cytotoxic anthraquinone 1,4-bis-(2,3-epox-
ypropylamino)-9,10-anthracenedione, and of related compounds.
Bioorg Med Chem 5:1469–1479

Jones JL, Anderson JM, Phuah PL, Fox EJ, Selmaj K, Margolin D,
Lake SL, Palmer J, Thompson SJ, Wilkins A, Webber DJ,
Compston DA, Coles AJ (2010) Improvement in disability after
alemtuzumab treatment of multiple sclerosis is associated with
neuroprotective autoimmunity. Brain 133:2232–4227

Krapcho AP, Landi Jr JJ, Shaw KJ, Phinney DG, Hacker MP, McCor-
mack JJ (1986) Synthesis and antitumor activities of unsymme-
trically substituted 1,4-Bis[(aminoalkyl)amino]anthracene-9,10-
dioneas and related systems. J Med Chem 29:1370–1373

Kumar PH, Prakash SS, Kumar SK, Diwakar L, Reddy GC (2011)
Synthesis of mitoxantrone analogues and their in-vitro cytotoxi-
city. Int J Chem Tech 3:690–694

Lytle NK, Barber AG, Reya T (2018) Stem cell fate in cancer growth,
progression and therapy resistance. Nat Rev Cancer 18:669–680

Neuhaus O, Kieseier BC, Hartung HP (2006) Therapeutic role of
mitoxantrone in multiple sclerosis. Pharmacol Ther 109:198–209

Salustiano EJ, Dumas ML, Silva-Santos GG, Netto CD, Costa PRR,
Rumjanek VM (2016) In vitro and in vivo antineoplastic and
immunological effects of pterocarpanquinone LQB-118. Investig
N Drugs 34:541–51

Shcekotikhin AE, Glazunova VA, Dezhenkova LG, Luzikov YN, Sin-
kevich YB, Kovalenko LV, Buyanov VN, Balzarini J, Huang FC,
Lin JJ, Huang HS, Shtil AA, Preobrazhenskay MN (2009) Synth-
esis and cytotoxic properties of 4,11-bis[(aminoethyl)amino]anthra-
[2,3-b]thiophene-5,10-diones, novel analogues of antitumor
anthracene-9,10-diones. Bioorg Med Chem 17:1861–1869

Medicinal Chemistry Research



Suffness M, Pezzuto JM (1990) Assays related to cancer drug dis-
covery. In:Hostettmann K (ed) Methods in plant biochemistry:
assay for bioactivity. Academic Press, London, p 71–133

Ulrich SH AM T, Hans PK, Hans-Harald S, Hoechst A (1998)
Monofunctional and bisfunctional anthraquinone-(oxy-2,3-

oxidopro panes), processes for their preparation, and their use as
drugs. US Patent 4.762.648. 9 Aug 1998

Varadwaj P, Misra K, Sharma A, Kuma R (2010) Mitoxantrone: an
agent with promises for anticancer therapies. Electron J Biol
6:36–42

Medicinal Chemistry Research


	Design, synthesis, and antitumor evaluation of novel anthraquinone derivatives
	Abstract
	Introduction
	Materials and methods
	Chemistry
	Synthesis of anthraquinone derivatives 2a&#x02013;nobreak2j and 4a&#x02013;nobreak4j
	Cytotoxic assessment from anthraquinone derivatives
	Culture conditions of the cell lines
	Cytotoxicity assay
	Calculation of the selectivity index (SI)
	Statistical analysis

	Results and discussion
	Synthesis from MTX anthraquinone derivatives
	Experimental section
	1,4-bis(2&#x02032;, 3&#x02032;-epoxypropylamino)anthracene-9,10-dione (1b)
	1,4-bis(3&#x02032;-butylamino-2&#x02032;-hydroxypropylamino)anthracene-9,10-dione (2a)
	1,4-bis(3&#x02032;-hexylamino-2&#x02032;-hydroxypropylamino)anthracene-9,10-dione (2b)
	1,4-bis(2&#x02032;-hydroxy-3&#x02032;-(octylamino)propylamino)anthracene-9,10-dione (2c)
	1,4-bis(3&#x02032;-decylamino-2&#x02032;-hydroxypropylamino)anthracene-9,10-dione (2d)
	1,4-bis(3&#x02032;-dodecylamino-2&#x02032;-hydroxypropylamino)anthracene-9,10-dione (2e)
	1,4-bis(2&#x02032;-hydroxy-3&#x02032;-(tetradecylamino)propylamino)anthracene-9,10-dione (2f)
	1,4-bis(2&#x02032;-hydroxy-3&#x02032;-(pyrrolidino) propylamino)anthracene-9,10-dione (2g)
	1,4-bis(3&#x02032;-phenylamino-2&#x02032;-hydroxypropylamino)anthracene-9,10-dione (2h)
	1,4-bis(2&#x02032;-hydroxy-3&#x02032;-(4-methylphenylamino)propylamino)anthracene-9,10-dione (2i)
	1,4-bis(3&#x02032;-(4-bromophenylamino)-2&#x02032;-hydroxypropylamino)anthracene-9,10-dione (2j)
	1,4-bis(2&#x02032;,3&#x02032;-epoxy-methoxy)anthracene-9,10-dione (3a)
	1,4-bis[(3&#x02032;-butylamino-2&#x02032;-hydroxy)propoxy]anthracene-9,10-dione (4a)
	1,4-bis(3&#x02032;-hexylamino-2&#x02032;-hydroxypropoxy)anthracene-9,10-dione (4b)
	1,4-bis[(2&#x02032;-hydroxy-3&#x02032;-octylamino)propoxy]anthracene-9,10-dione (4c)
	1,4-bis[(3&#x02032;-decylamino-2&#x02032;-hydroxy)propoxy]anthracene-9,10-dione (4d)
	1,4-bis[(3&#x02032;-dodecylamino-2&#x02032;-hydroxy)propoxy]anthracene-9,10-dione (4e)
	1,4-bis[2&#x02032;-hydroxy-3&#x02032;-(tetradecylamino)propoxy]anthracene-9,10-dione (4f)
	1,4-bis[(2&#x02032;-hydroxy-3&#x02032;-pyrrolidino)propoxy]anthracene-9,10-dione (4g)
	1,4-bis[(3&#x02032;-phenylamino-2&#x02032;-hydroxy)propoxy]anthracene-9,10-dione (4h)
	1,4-bis[2&#x02032;-hydroxy-3&#x02032;-(4-methylphenylamino)propoxy]anthracene-9,10-dione (4i)
	1,4-bis[(3&#x02032;-(4-bromophenylamino)-2&#x02032;-hydroxy)propoxy]anthracene-9,10-dione (4j)
	In vitro cytotoxicity and structure-activity relationship analysis

	Conclusion
	Compliance with ethical standards

	ACKNOWLEDGMENTS
	References




