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A B S T R A C T

A straightforward method for synthesizing ortho-naphthoquinones was identified using an easily available cobalt–Schiff base complex. Efficient oxidation of phenols
to ortho-naphthoquinones was useful in obtaining compounds with potent biological activity for the treatment of acute myeloid leukemia (AML). Among these
compounds, the compound 4h effectively inhibited the proliferation of different AML cell lines in vitro. Further in vivo antitumor studies indicated that 4h at 40mg/
kg/d led to tumor regression in led to tumor regression in an MV4-11 xenograft model without evident toxicity. The cobalt-Schiff base complex was found to be an
efficient catalyst in the transformation of phenols to ortho-quinones, and the compound 4h represents a potential scaffold to optimize the production of a treatment
for AML.

1. Introduction

Acute myeloid leukemia (AML) is one of the most common type of
leukemia [1,2]. Cytotoxic or targeted drugs and hematopoietic stem cell
transplant therapy is typically used to treat patients with AML. How-
ever, these therapies remain unsatisfactory with 3–8% survival at
5 years in patients aged more than 60 years and up to 50% in patients
younger than 60 years [3,4]. Thus, an efficient and well-tolerated drug
for the treatment of AML needs to be developed. The challenge to AML
treatment is attributed to the heterogeneity of various leukemogenic
mutations and cytogenetic abnormalities with a poorly understood in-
terplay among them in each patient [5,6]. A therapy focused on tar-
geting the broader characteristic of all AML cells would be an efficient
method. Growing evidence shows that compared with normal cells,
AMLs are characterized by high levels of oxidative stress relative to
normal cells [7,8]. Oxidative stress is develop by reactive oxygen spe-
cies (ROS) that accumulate as a result of an imbalance between ROS
generation and elimination [9]. Numerous genetic changes that confer
an elevated ROS phenotype occur within AML. An elevated basal ROS
level increases the susceptibility of AML cells to exogenously induced
ROS-mediated cell death [7,10]. Potentiating ROS in cancers by using
small molecules has been regarded as a rational approach to drug de-
sign in order to strengthen the relationship between ROS and AML
[11,12].

Ortho-naphthoquinones, such as Tanshinone IIA and β-lapachone

are most widely investigated anticancer agents for solid tumors (Fig. 1)
[13]. Our cooperated group has synthesized several ortho-naphthoqui-
nones with potent antitumor activity against non-small cell lung cancer
[12–15]. Several quinones have recently been found to efficiently treat
AML [8,16,17]. We committed to develop ortho-naphthoquinones as
novel effective antitumor agents with a superior safety profile. An in-
depth study of these ortho-naphthoquinones as treatment for AML has
not been conducted; thus, we intended to evaluate their activity in
order to obtain a potential treatment for AML.
In the present study, we focused on developing a novel method to

construct ortho-naphthoquinones before evaluating the biological ac-
tivity of these compounds. Substantial research has focused on the
synthesis of ortho-naphthoquinones. In the process of constructing the
naphthoquinone scaffold, oxidation of phenolics or amines to form the
quinone scaffold plays a key role. Accordingly, a large number of oxi-
dation agents have been identified. Classical methods use Fremy’s salt
K2(SO3)2NO or HNO3, as well as hypervalent iodine derivatives such as
IBX [18–20]. Although several of these oxidants are efficient, however,
these methods have disadvantages, such as low yield, and induces un-
desirable side effects.
Cobalt–Schiff base complexes, which are known to reversibly bind

oxygen, have been commonly used to catalyze oxygen activation in the
oxidation of phenols to para-quinones [21]. However, studies on the use
of these complexes to oxidize ortho-naphthoquinones as catalytic con-
version models of naphthol have rarely been reported. Using easily
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available Co(salen) (1, 2), we demonstrated the oxidation of phenols
leading to a straightforward method for synthesizing ortho-naphtho-
quinones (Fig. 2). The obtained ortho-naphthoquinones were also
screened for cytotoxicity against AML cells. In vivo antitumor studies
were performed to evaluate the efficacy of the most potent compound.

2. Synthetic methodology

We initially investigated the reaction conditions for 3-methyl-5-
hydroxynaphthol[1,2-b]furan (3a) as a model substrate. By using O2
with 10% of catalysts 1 or 2 to treat 3a, ortho-naphthoquinone (4a) was
obtained at 50% and 52% yields, respectively. Further reducing the
amount of catalyst 1 to 5% prompts a significant decrease in 4a yield;
meanwhile, reducing catalyst 2 to 5% and shortening the reaction time
to 5 h result in nearly the same 4a yield (entries 3–4). Thus, catalyst 2
exhibits higher reactivity, compared with 1. The moderate reactivity of
catalyst 1 may be attributed to its poor oxygen-binding capacity. Thus,
catalyst 2 was selected for further study. No considerably increase in
yield was observed when the temperature was set higher than the room
temperature (entries 5–7). The presence of additional aromatic or ali-
phatic nitrogen bases reportedly enhanced the reactivity of the cata-
lytically active complex [21]. The effect of adding an axial ligand was
then evaluated. The yield of ortho-naphthoquinone (4a) from naphthol
was significantly improved by adding a base N,N-diisopropylethyla-
mine, pyridine, or triethylamine (TEA) to oxidations catalyzed by 2
(entries 8–10). Oxidation of 3a by using catalytic amounts of Co(salen)
and equimolar amounts of TEA obtains the highest yield (70%) of 4a.
We then evaluated the effect of solvents and determined that CH3CN/
H2O was the best solvent for this reaction among those tested (entries
11–15). Therefore, the optimized reaction conditions consist of 2
(10mol %), TEA (100mol %), and CH3CN/H2O (solvent) at room
temperature for 2 h under O2 (50 psi) (Table 1).
With the optimized reaction conditions in hand, other ortho-naph-

thoquinones were systematically screened. In Scheme 1, naphthol de-
rivatives are successfully transformed into the desired products in
moderate to high yields. Most naphthols were synthesized as described
in previous studies, with moderate to high yields [12–15]. The naphthol
3h was synthesized as shown in Scheme 2 [13,22].
Notably, the effectiveness of 2 as a catalyst was also demonstrated

by the oxidation of nitrogen-containing heteroaromatic naphthol sub-
strate 3h to the quinone 4h in high yield. The model 3h yielded

corresponding product in similar amounts although a longer reaction
time and higher catalyst loadings were required. To demonstrate the
practicability of the method, the model procedure was successfully
scaled up with comparable yield. The product 4a (1.85 g, 79%) was
prepared when the reaction was run in a 10mmol scale (Scheme 3).
A possible catalytic cycle for these reactions, employing the model

substrate 3a for illustrative purposes, is shown in Scheme 4. The first
starting cobalt–Schiff base/ligand complex A is converted to the su-
peroxo complex B upon reaction with O2 [23,24]. Reacting B with the
model substrate 3a then generates the phenoxy radical C and D, which
is transformed into the intermediate E, followed by elimination of water
and the product 4a. The mediate F was further oxidized to regenerate
the catalyst B.

3. Biological activity

3.1. In vitro cytotoxic activity screening

When these compounds were obtained with good yields, we in-
vestigated the antiproliferative activity of these ortho-naphthoquinones
against AML cells by MTT assay. We observed that most ortho-naph-
thoquinones exhibited moderate to high activities toward these AML
cell lines (MV4-11, MOLM-14, and THP-1) (Table 2). Except for com-
pound 4e and 4f, which showed poor activity toward all of the three

Fig. 1. Structures of representative ortho-naphthoquinone compounds.

Fig. 2. Structures of cobalt–Schiff base complexes used in this study.

Table 1
Condition screening for oxidation of phenol 3a into quinone 4a.a

.

Entry Catalyst Additive Solvent Time (h) T Conv.(%)

1 1 – MeOH 2 r.t. 50
2 2 – MeOH 2 r.t. 52
3b 1 – MeOH 5 r.t. 31
4b 2 – MeOH 5 r.t. 48
5 2 – MeOH 2 35 60
6 2 – MeOH 2 45 63
7 2 – MeOH 2 60 58
8 2 DIPEA MeOH 2 r.t. 62
9 2 Pyr MeOH 2 r.t. 58
10 2 TEA MeOH 2 r.t. 70
11 2 TEA CH3CN 2 r.t. 85
12 2 TEA EtOH 2 r.t. 63
13 2 TEA CH3CN/H2O 2 r.t. 92
14 2 TEA CH2Cl2 2 r.t. 70
15 2 Pyr CH3OH/CH2Cl2 3 r.t. 78

a Reaction conditions: 3a (0.50mmol), catalyst 2 (10mol %) under O2 (50
psi).
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cell lines. Most of the methyl-substituted naphtho[1,2-b]furan-4,5-
diones 4b-4d showed more potent activity than compound 4a toward
MV4-11 cells. When introducing the nitrogen atom into the benzene
ring (compound 4h), the cytotoxicity toward MV4-11 is significantly
improved (IC50= 0.11 ± 0.07 μM). In addition, the 2-ethyl naphtho
[2,1-d]oxazole-4,5-diones (4g) also showed good activity with
IC50= 0.41 μM toward MV4-11 cells. As for the MOLM-14 cell lines,
only three compounds (4c, 4g and 4h) showed inhibitory activity. This
result indicated that the ortho-quinone maybe the key pharmacophore
for their antitumor activity due to the A ring or C ring are different with
each other of these three compounds. Compounds 4a-4c showed more
inhibitory activity against THP-1 compared with single methyl-sub-
stitution at the benzene ring (4d and 4e). Among these compounds, 4g
and 4h showed potent inhibitory activity toward all these three cell
lines, probably due to the improved physicochemical properties. Spe-
cifically, the compound 4h showed a concentration-dependent decrease
after exposure for 48 h with IC50 values of 0.11 ± 0.07 μM for MV4-11,
0.65 ± 0.12 μM for MOLM-14, and 0.60 ± 0.14 μM for THP-1 (Fig. 3).

3.2. In vivo antitumor activity study.

The compound 4h exhibited superior potency; thus, it was selected

for further in vivo evaluation. The oral efficacy of 4h was evaluated in a
xenograft model in athymic nude mice with a subcutaneous implant of
an MV4-11 cell pellet (Fig. 4). When the tumors grew to ∼150mm3,
the animals were randomly injected with a vehicle, 4h (20 and 40mg/
kg), and the control sunitinib (40mg/kg) once a day for three weeks. At
both doses of 4h, the tumor growth of implanted AML tumor was in-
hibited (p < 0.01 vs. the vehicle-treated control, Fig. 4). The com-
pound 4h (40mg/kg) demonstrated potent in vivo antitumor activity
with tumor growth inhibition (63.4%) comparable to that of sunitinib
(40mg/kg, 66.8%). In addition, no body weight loss was observed in
animals treated with 4h compared with the vehicle (Fig. 4B). These

Scheme 1. Substrate scope of ortho-naphthoquinones. Reaction conditions: catalyst 2 (0.05mmol), 3 (0.5 mmol), TEA (0.5mmol) in CH3CN/H2O for 2 h at room
temperature for 2 h under O2 (50 psi). Isolated yield.

Scheme 2. Reactions and conditions. (i) HNO3 (62%), 0 °C to r.t., 3 h, 90% yield. (ii) H2, Pd/C, r.t., 6 h, 92% yield. (iii) freshly distilled 2,3-butanedione, reflux,
30min, 85% yield. (iv) ceric ammonium nitrate, r.t., 1 h. 95% yield. (v) CH2Cl2, 0 °C to r.t., 12 h, 55% yield. (vi) dil. HCl, 75 °C, 3 h, 80% yield.

Scheme 3. Scale-up experiment.
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results clearly demonstrated the efficacy and tolerability of the novel
ortho-quinone scaffold 4h in MV4-11 nude mice xenograft models.

4. Conclusion

In conclusion, we described a simple, efficient and scalable method
for the oxidation of phenols to quinones. The efficient oxidation of
phenols to ortho-quinones in this study helped obtain a series of com-
pounds with efficient biological activity for the treatment of AML. In
addition, the compound 4h exhibited efficacy both in vitro and in vivo.
These findings encourage further investigations around the ortho-
naphthoquinones. We aim to identify the optimal ortho-naphthoqui-
nones for the treatment of AML in clinicals.

5. Experimental section

5.1. Chemistry

5.1.1. General experimental methods
Reactions were monitored by thin-layer chromatography on silica

gel plates (60F-254) visualized under UV light. Melting points were
determined on a Mel-TEMP II melting point apparatus without correc-
tion. 1H NMR and 13C NMR spectra were recorded in CDCl3 on a Bruker
Avance 300MHz spectrometer at 300MHz and 75MHz, respectively.
Chemical shifts (δ) are reported in parts per million (ppm) from tetra-
methylsilane (TMS) using the residual solvent resonance (CDCl3:
7.26 ppm for 1H NMR, 77.16 ppm for 13C NMR. Multiplicities are ab-
breviated as follows: s= singlet, d= doublet, t= traplet, q= quartet,
m=multiplet). IR spectra were recorded on a Nicolet iS10 Avatar FT-
IR spectrometer using KBr film. MS spectra were recorded on a LC/MSD
TOF HR- MS Spectrometer. Flash column chromatography was per-
formed with 100–200 mesh silica gel and yields refer to

Scheme 4. Proposed mechanism for ortho-naphthoquinone formation from naphthol catalyzed by the catalyst Co.

Table 2
In vitro antitumor activity of compounds 4a-4ha.

Entry Compound MV4-11 (μM) MOLM-14 (μM) THP-1 (μM)

1 4a >10 >10 5.81 ± 0.82
2 4b 7.98 ± 1.82 >10 6.12 ± 1.03
3 4c 7.10 ± 0.98 6.20 ± 1.12 4.19 ± 0.89
4 4d 9.21 ± 1.68 >10 >10
5 4e >10 >10 >10
6 4f >10 >10 >10
7 4 g 0.41 ± 0.10 4.98 ± 0.31 1.50 ± 0.64
8 4h 0.11 ± 0.07 0.65 ± 0.12 0.60 ± 0.14

a For the detailed structures of compounds 4a-4h, see Scheme 1.

Fig. 3. Cell proliferation of different AML cells (MV4-11, MOLM-14 and THP-1)
treated with compound 4h.
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chromatographically and spectroscopically pure compounds.
All chemicals purchased from commercial suppliers were used as

received unless otherwise stated. Reactions and chromatography frac-
tions were monitored by Merck silica gel 60 F-254 glass TLC plates. All
solvents were reagent grade and, when necessary, were purified and
dried by standard methods.

5.2. Experimental procedures

5.2.1. Procedure for the preparation of 4a-4h
To a solution of o-phenol substrates (3, 0.5mmol) and Co catalyst

(0.05mmol) were combined in 5mL CH3CN/H2O in a Fisher-Porter
bottle. The TEA (0.05mmol) was added to the mixture and stirred for
15min. The bottle was flushed with oxygen three times and then
pressurized with oxygen to 50 psi and stirred at room temperature.
After the reaction finished, the mixture was poured into cooled water
(50mL), extracted with ethyl acetate (3×100mL), and washed with
brine (100mL). The organic layer was combined, dried over sodium
sulfate, and concentrated under reduced pressure. The residue was
purified by column chromatography on silica gel to provide the desired
products.

5.2.2. Synthesis
3-Methylnaphtho[1,2-b]furan-4,5-dione (4a). m.p. 170–172 °C. 1H

NMR (300MHz, CDCl3) δ: 8.09 (d, J=7.8 Hz, 1H), 7.69–7.62 (m, 2H),
7.47 (t, J=9.0 Hz, 1H), 2.31 (s, 3H). IR (ν, cm−1): 3134, 1672, 1590,
1539, 1020. ESI-HRMS m/z [M+Na]+ calculated for C13H8O3Na:
235.0371, found: 235.0374. HPLC purity (80% methanol in water):
tR= 8.01min, 99.62%.

3-Ethylnaphtho[1,2-b]furan-4,5-dione (4b). m.p. 220–222 °C. 1H
NMR (300MHz, CDCl3) δ: 8.06 (d, J=7.5 Hz, 1H), 7.72–7.62 (m, 2H),
7.48–7.43 (m, 1H), 7.28 (s, 1H), 2.73 (q, J=7.4 Hz, 2H), 1.26 (t,
J=7.4 Hz, 3H). IR (ν, cm−1): 3415, 2971, 1677, 1215, 1088. ESI-
HRMS m/z [M+H]+ calculated for C14H11O3: 227.0703, found:
227.0707.

3,6,9-Trimethylnaphtho[1,2-b]furan-4,5-dione (4c). m.p. 203–204 °C.
1H NMR (300MHz, CDCl3) δ: 8.09 (d, 1H, J=7.8 Hz), 7.69–7.62 (m,
2H), 7.47 (t, 1H, J=9.0 Hz), 2.31 (s, 3H). IR (ν, cm−1): 3416, 2360,
2342, 1670, 1507, 1242. ESI-HRMS m/z [M+H]+ calculated for
C15H13O3: 241.0859, found: 241.0854.

3,7-Dimethylnaphtho[1,2-b]furan-4,5-dione (4d). m.p. 216–217 °C.
1H NMR (300MHz, CDCl3) δ: 7.90 (s, 1H), 7.60 (d, J=7.8 Hz, 1H),
7.46 (d, J=7.1 Hz, 1H), 7.26 (d, J=1.3 Hz, 1H), 2.44 (s, 3H), 2.31 (d,
J=1.2 Hz, 3H). IR (ν, cm−1): 3416, 2963, 2926, 1675, 1091, 804. ESI-
HRMS m/z [M+H]+ calculated for C14H11O3: 227.0703, found:
227.0701.

3,8-Dimethylnaphtho[1,2-b]furan-4,5-dione (4e). m.p. 192–193 °C.
1H NMR (300MHz, CDCl3) δ: 7.96 (d, J=8.1 Hz, 1H), 7.50 (s, 1H),
7.23 (s, 2H), 2.46 (s, 3H), 2.29 (s, 3H). IR (ν, cm−1): 3447, 2360, 2342,
1673, 1223. ESI-HRMS m/z [M+H]+ calculated for C14H11O3:

227.0703, found: 227.0708.
2-Methylnaphtho[2,1-d]oxazole-4,5-dione (4f). m.p. 180–181 °C. 1H

NMR (300MHz, CDCl3) δ: 8.17 (d, J=7.5 Hz, 1H), 7.72–7.70 (m, 2H),
7.60–7.54 (m, 1H), 2.67 (s, 3H). 13C NMR (75MHz, CDCl3) δ: 179.8,
175.1, 161.6, 139.3, 137.5, 127.3, 124.2, 123.6, 122.7, 119.8, 119.3,
11.7. IR (ν, cm−1): 3415, 2361, 1683, 1638, 1592, 1561, 1228, 1065,
1002, 839, 581. ESI-HRMS m/z [M+Na]+ calculated for C12H7NO3Na:
236.0318, found: 236.0312.

2-Ethylnaphtho[2,1-d]oxazole-4,5-dione (4g). m.p. 190–192 °C. δ:
8.09 (d, J=7.8 Hz, 1H), 7.63 (d, J=3.8 Hz, 2H), 7.50–7.45 (m, 1H),
2.90 (q, J=7.6 Hz, 2H), 1.39 (t, J=7.6 Hz, 3H). IR (ν, cm−1): 3415,
1685, 1562, 1229, 1067, 838, 573. ESI-HRMS m/z [M+Na]+ calcu-
lated for C13H9NO3Na: 250.0475, found: 250.0470.

2,3,7-Trimethylfuro[2,3-f]quinoxaline-5,6-dione (4h). m.p.
178–179 °C. δ: 7.42 (s, 1H), 2.68 (s, 1H), 2.63 (s, 1H), 2.01 (s, 1H) IR (ν,
cm−1): 3425, 1678, 1089, 857, 773. ESI-HRMS m/z [M+H]+ calcu-
lated for C13H11N2O3: 243.0764, found: 243.0768.

5.3. Biological experiments

5.3.1. Cytotoxicity studies
Growth inhibition was determined by the MTT colorimetric assay.

Cells were plated in 96-well plates at a density of 10,000 cells /mL and
allowed to attach overnight (16 h). The plates were incubated at 37 °C
under a humidified atmosphere containing 5% CO2 for 72 h. MTT
(50 μg) was added and the cells were incubated for another 4 h.
Medium/MTT solutions were removed carefully by aspiration, the MTT
formazan crystals were dissolved in 100 μL of DMSO, and absorbance
was determined on a plate reader at 560 nm. IC50 values (concentration
at which cell survival equals 50% of control) were determined from
semilog plots of percent of control versus concentration.

5.3.2. In vivo antitumor activity
Log-phase MV4-11 cells were harvested, washed 3 times with PBS,

followed by resuspension at a concentration of 5×106 per mL. A total
of 100 μL of cell suspension was injected into the flanks of athymic nude
mice (7–8weeks). Tumor sizes were regularly measured using calipers,
and volumes were calculated using the following formula: volume
(mm3)= length×width×width/2. After the tumors had grown to
100–150mm3, all the mice were randomized into four groups (five
mice for each group) in two independent experiments and dosed with
4h (20mg/kg and 40mg/kg), Sunitinib (40mg/kg), or control. All
agents were administered daily for three weeks through tail vein in-
jection, and tumor growth was monitored and measured every day.
After three weeks, mice were euthanized and the average tumor vo-
lumes were calculated.
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