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A B S T R A C T

In this paper, based on Plastoquinone (PQ) analogs possessing substituted aniline containing alkoxy group(s),
new 2,3-dimethyl-5-amino-1,4-benzoquinones (PQ1-15) were designed and synthesized in either two steps or
one-pot reaction. Specifically, the substituted amino moiety containing mono or poly alkoxy group(s) with
various positions and groups were mainly explored to understand the structure-activity relationships for the
cytotoxic activity against three human cancer cell lines (K562, Jurkat, and MT-2) and human peripheral blood
mononuclear cells (PBMC). PQ2 was found to be most effective anticancer compound on K562 and Jurkat cell
lines with IC50 values of 6.40 ± 1.73 μM and 7.72 ± 1.49 μM, respectively. Interestingly, the compound was
non-cytotoxic to normal PBMC and also MT-2 cancer cells. PQ2 which showed significant selectivity in MTT
assay was chosen for apoptotic/necrotic evaluation and results exhibited that it induced apoptosis in K562 cell
line after 6 h of treatment. PQ2 showed anti-Abelson kinase 1 (Abl1) activity with different inhibitory profile
than Imatinib in the panel of eight kinases. The binding mode of PQ2 into Abl ATP binding pocket was predicted
in silico showing the formation of some key interactions. In addition, PQ2 induced Bcr-Abl1 mediated ERK
pathway in human chronic myelogenous leukemia (CML) cells. Furthermore, DNA-cleaving capability of PQ2
was clearly enhanced by iron (II) complex system. Afterward, a further in silico ADMET prediction revealed that
PQ2 possesses desirable drug-like properties and favorable safety profile. These results indicated that PQ2 has
multiple mechanism of action and two of them are anti-Bcr-Abl1 and DNA-cleaving activity. This study suggests
that Plastoquinone analogs could be potential candidates for multi-target anticancer therapy.

1. Introduction

Cancer is the most common human genetic disease that could affect
all people in the world regardless of race, age, or socioeconomic status.
Cancer starts in cells that are the smallest part of body and to know the
normal cell cycle processes and how a breakdown in the regulation of
this cycle occurs provides an understanding the mechanisms of cancer.
According to the report of the World Health Organization (WHO),
nearly 1 in 6 global deaths (8,8 million people) in 2015 is due to cancer
and this rates could further increase by 50% (15 million people) in the

year 2020 [1,2]. Around 360,000 deaths in 1,192,000 total deaths oc-
curred from cancer in Japan in other words this illness was the killer of
approximately 1 in every 3 people in 2014. The number in Turkey was
reported as 90,000 in 422,000 total deaths in the same year revealed
that 1 in every 5 people have been killed by this risky disease [3]. In all
types of cancer, uncontrolled growth of abnormal cells that refers
cancer, malignant, or tumor cells begin to divide without stopping and
invade surrounding tissues [2]. Not only genetic changes can cause
cancer but it also can arise throughout the lifespan as a result of failures
in cell division or due to DNA damage caused by certain environmental
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exposures such as tobacco and alcohol use, infections, and environ-
mental pollution [4].

From the first time ever a description of cancer was seen in an
Egyptian papyrus in 1600 BCE to the nineteenth century, it was thought
as an inevitably fatal illness [5]. The beginning of nineteenth century
was a period of surgical treatment which is the most effective in the
treatment of localized primary tumors [6], and subject to radiation
therapy (by X-rays and gamma rays) used to control the disease after
1960 [5]. After finding out surgery and radiation, even a combination
of both, wasn’t succeeding adequately in management of the metastatic
cancer due to the fact that therapy does not reach all parts of the body.
Next steps in the discovery of a cure for cancer have been focusing on
chemotherapy drugs, biological molecules, and immune mediated
therapies [5]. One of the most common treatments for cancer is che-
motherapy that is the use of drugs to kill cancer cells or slow their
growth [7]. Chemotherapy drugs can be given in a variety of different
ways including orally or by injection. They are delivered via the blood
circulatory system to all parts of the body so they have been effective in
cancer that has spread [8,9]. There has been continuing a struggle
between cancer and scientists who strive to overcome the possibly fatal
disease by using a combination of treatments, such as surgery with
chemotherapy and radiation therapy. Unfortunately, in addition to
adverse side effects of chemotherapy such as anaemia, diarrhoea, hair
loss, and weakening of the immune system, chemotherapeutic drugs
resistance may occur sooner or later in cancer cells [6]. Toxicity with
conventional chemotherapeutic drugs and damage to normal cells from
treatment have led to the development of targeted therapies. In recent
years, with the specific aim of reducing side effects and increasing the
effectiveness of cancer treatment, tyrosine kinase inhibitors (TKIs),
monoclonal antibodies, bortezomib, and other drugs such as thalido-
mide have become increasingly adept at targeted therapies [10].
Among these, TKIs have been widely used in the treatment of many
cancers, especially in chronic myeloid leukemia (CML) since TKIs are
more effective than other treatments such as chemotherapy and
radiotherapy by focusing on molecular and cellular changes and less
harm to normal cells [11]. TKIs inhibit the phosphorylation of protein
catalyzed by tyrosine kinases, stop cell cycle, and provide apoptosis of
the tumor cell [12]. The TKIs especially used in CML approved by the
US Food and Drug Administration (FDA) are Bosutinib, Dasatinib, Im-
atinib, Nilotinib, and Ponatinib [13]. Imatinib is the first Bcr-Abl TKI as
a specific inhibitor for the treatment of CML, subsequently, other drugs
have been used [14]. While Imatinib can be initially effective on early
stage CML, but it is less effective in advanced stage CML due to re-
sistance development [15,16]. The most important cause of progressive
resistance is the mutations in the Bcr-Abl kinase region. Nowadays, new
generation small molecules have been developed by many researches to
increase the therapeutic efficacy of Imatinib and overcome its re-
sistance [17,18].

Currently, the exploration for the new lead molecules for cancer
treatment in natural products is the best way of modern pharmaceutical
research since they are generally thought to be less toxic and side ef-
fects. A lot of major novel drugs have been obtained from natural
products as a source of bioactive compounds for thousands of years in
the world [19–21]. There are clearly two major points that prove the
importance of the natural products. First, they provide us the new drugs
and/or lead compounds that would be inaccessible by “medicinal
chemistry” approaches. Henkel et al. previously mentioned that “40%
of the natural products are not represented by synthetic compounds” in
a data set containing more than 200,000 chemical compounds [22].
Second, they provide us with important templates for the design of new
drugs in the future. Sometimes, even if there is a novel pharmacophore
in an isolated compound, the compound may not be a lead compound
for various reasons. After a new pharmacophore has been discovered,
the medicinal and/or organic chemists try to improve it by modifying
the moiety of the isolated compound. Some important bioactive com-
pounds, especially methyl substituted 1,4-benzoquinones, are shown in

Fig. 1 including Thymoquinone (TQ) [23,24], Plastoquinones (PQ), and
Mitomycin C [25,26]. One of the representative studies engineered
versatile TQ analogs and they were tested for their anticancer activity
against some pancreatic cancer cell lines. Among these analogs, three
analogs were found to have a great anticancer activity [27]. In 2018,
Johnson-Ajinwo et al. reported the novel TQ analogs with the evalua-
tion of their antiproliferative activity against ovarian cancer cell lines
and human malaria parasite [28]. The discovery of the PQ (Fig. 1) in
1946 by Barr for electron transfer in photosynthesis was the beginning
of an inevitable role in plant growth and development [29].

During the last few years, our group is dedicated to develop new
bioactive substances with potential applications as pharmaceuticals
especially anticancer and/or antimicrobial agents based on aminoqui-
nones and/or thioquinones [30,31]. Attention and applications into
aminoquinones have greatly increased in recent years [32–37]. Ami-
noquinones are considered to be not only versatile synthetic synthons
[37–41] but also pharmacologically active substances displaying a wide
range spectrum such as antibacterial [42–44], antifungal [45,46], an-
ticancer [47,48], antimalarial [49], antiviral [50], and antitubercular
activity [51]. In this article, to explore the possibility of the amino-
quinone compounds as a pivotally structure in TKIs, we, therefore,
designed, synthesized potent aminobenzoquinones named PQ analogs
with lower IC50, and studied their anti-Bcr-Abl and DNA-cleavage ac-
tivities using cellular and in vitro assays. PQ, TQ, and Mitomycin C
(Fig. 1) were used as lead molecules for the design.

2. Results and discussion

2.1. Design and chemical synthesis

Quinones’ electrophilic character enables them to undergo nucleo-
philic addition with electron-rich nucleophilic species such as amines,
thiols, and alcohols. Medicinal and/or organic chemists are often in-
terested in synthesis of novel analogs of the discovered pharmacophore
moiety in isolated natural molecules with lower IC50 in order to develop
new therapeutic agents for the treatment of diseases [52–54]. In addi-
tion to obtain new analogs with different side chains of PQ [55], ca-
tionic benzoquinones were synthesized with positively charged phos-
phonium or rhodamine moiety attached to PQ as mitochondria-targeted
antioxidants [56].

Building a library of PQ analogs (PQ1-15) started with the design
based on PQ, TQ, and Mitomycin C. Scheme 1, initially, illustrates the
retrosynthetic analyses of the PQ analogs that could be easily prepared
from the commercially available 2,3-dimethylhydroquinone (1) in one
or two steps. Firstly, oxidation of commercially available 2,3-di-
methylhydroquinone (1) by oxidant (KBrO3 [57] or MnO2 [58]) re-
sulted in the production of 2,3-dimethyl-1,4-benzoquinone (2) in 98%
or 86% yield, respectively. Then, last step of synthesis accomplished by
the reaction of 2,3-dimethyl-1,4-benzoquinone (2) with the corre-
sponding substituted anilines in ethanol at reflux (Scheme 2) according
to reported procedure, but in the absence of CeCl3 [59]. To our delight,
it is worth mentioning that a simple one-pot reaction is also performed
starting from the commercially available 2,3-dimethylhydroquinone (1)
with the corresponding substituted anilines in the presence of oxidant
(NaIO3) (Scheme 2) according to reported procedure [60]. Among
these, PQ2 [61] and PQ8 [62] are known molecules reported in the
literature before, while the other PQ analogs are novel molecules.

The chemical structures of the PQ analogs (PQ1-15, Table 1) were
determined on the basis of their spectral properties by FTIR, 1H NMR,
13C NMR, and MS. The FTIR spectra of PQ analogs revealed the char-
acteristic absorption band of carbonyl groups (>C]O) at around
1636–1666 cm−1 and NeH group at around 3223–3349 cm−1. 1H NMR
spectra displayed a broad singlet corresponding to one NH proton in the
range of 7.08–7.90 ppm. The signals of the protons on methoxy groups
were observed a singlet in the range of 3.71–3.83 ppm as expected.
Further evidence in support of a formation of PQ analogs came by
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recording their 13C NMR spectra which showed the two characteristic
signals of quinone moiety at around 183 and 187 ppm due to the two
carbonyl groups (>C]O). In 13C NMR spectra, two carbon atoms in
the methyl groups of quinone moiety (C-2 and C-3) and carbon atoms of
methoxy groups were displayed at around 12 and 15 ppm and in the
range of 55–61 ppm, respectively. Chemical shifts of other protons and
related carbons were reported in experimental section with all details.
Additionally, the structures of the PQ1 (1891326), PQ4 (1891328),
PQ11 (1891330), and PQ14 (1891331) were further confirmed by the
single crystal diffraction (Fig. 2) (For details, please see the
Supplementary file).

2.2. Biological evaluation

To assess the cytotoxicity, PQ analogs (PQ1-15) were examined for
their anticancer activities against three cancer cell lines by MTT assay
including K562 (chronic myelogenous leukemia), Jurkat, MT-2 (other
leukemias), and peripheral blood mononuclear cells (PBMC) as sum-
marized in Tables 1 and 2 and Fig. 3. As shown in Table 1, PQ analogs
were designed to explore the effect of methoxy group(s) and positions,
and, additionally, the methoxy group was also replaced with ethoxy
and butoxy group in the substituted amino moiety to investigate the
effect of the alkyl chain on cytotoxicity. In the case of MT-2 cell, the
compound PQ10 with dimethoxy group showed the anticancer activity
with the IC50 value of 35.79 μM. Some of the tested compounds (PQ3,

PQ6, PQ9-12, and PQ14-15) were found to possess the IC50 values
lower than 30 μM against Jurkat cell. The analogs (PQ2 and PQ5)
containing alkoxy group (methoxy and ethoxy, respectively) at the 3-
position in the aryl amino moiety showed better anticancer activity
than the control drug Imatinib against Jurkat cell (Fig. 3b). Among the
PQ analogs, PQ2, PQ3, and PQ10 were shown to be the most potent
compounds against K562 cell line with the IC50 value of 6.40 μM,
9.66 μM, and 8.91 μM respectively (Fig. 3a). Other analogs except that
the analogs (PQ1, PQ4, PQ7, and PQ11-13) exerted comparable ac-
tivities with IC50 less than 30 μM against K562 cell. Additionally, some
analogs (PQ1, PQ4, PQ7, and PQ13) showed no significant activity
against the all three cell lines.

Moreover, the cytotoxicity of selected PQ analogs (PQ2, PQ3, and
PQ10) on PBMC was also tested as shown in Fig. 3c. As the selective
index (SI) is calculated as the ratio of cytotoxicity of the IC50 between
the PBMC and K562 cells, the greater the SI value, the more selective
for cancer cells. The results revealed that the most active analog PQ2
against K562 cell had the highest SI with the value of over 46.88
(Table 2).

The structure–activity relationships (SAR) were investigated by
modification of various positions (mono- or polysubstituted) with dif-
ferent alkoxy group(s) in the substituted amino moiety since the same
substituent at different positions may change the activity. Taken as
whole, these results indicate some important points. For the analogs
containing monosubstituted alkoxy group in the amino moiety, the

Fig. 1. Bioactive compounds containing quinone moiety in natural products.

Scheme 1. Retrosynthetic analyses of PQ analogs.

N. Bayrak, et al. Bioorganic Chemistry 92 (2019) 103255

3



alkoxy group at the 2-position did not show the good cytotoxic activ-
ities. The analogs with alkoxy group at the 4-position had relatively
higher potency but the monosubstituted alkoxy at the 3-position led to
a considerable increase in potency against K562 and Jurkat cell lines.
Among the analogs containing polysubstituted alkoxy group in the
amino moiety, the compounds containing the dimethoxy in 3,5-posi-
tions (PQ11) led to a large reduction in activity compared to com-
pounds containing the dialkoxy in 2,3-positions (PQ10 and PQ14).
However, we could say that the compounds having specifically alkoxy
group(s) at the 3-position were found to be more potent against K562
and Jurkat cell lines, but the addition of the methoxy group led to
decrease the activities. With the elongation of the alkyl tail in the al-
koxy group, the cytotoxic activities decreased in the obtained analogs
(i.e., PQ2 vs PQ5, PQ6 vs PQ7, and PQ9 vs PQ12).

MTT results showed that PQ2 was the most active and selective
anticancer compound in this series, and was chosen to investigate its
apoptotic and necrotic activity in K562 cell line. Thus, the annexin V/
ethidium homodimer III and Hoechst 33,342 staining method was
carried out with K562 cell line-treated PQ2 at IC50 concentration and
then observed by a fluorescence microscope (Fig. 4). In the control
experiment, all cells were stained with blue (healthy cells) at 6 h after
treatment of DMSO (Fig. 4a). On the contrary, K562 cells treated-PQ2
and Imatinib were stained mostly with healthy cells (blue), then with
apoptotic cells (green), late apoptotic or necrotic cells (both green and
red), and necrotic cells (red) (Fig. 4a), suggesting that PQ2 and Im-
atinib induced apoptosis mainly in earlier time. The results indicated

that PQ2 has 69% apoptotic, 20% late apoptotic/necrotic, and 11%
necrotic effects at 6 h as illustrated in Fig. 4b. The response of K562
cells upon 6 h Imatinib treatment was 63% apoptosis, 19% late apop-
tosis/necrosis, and 18% necrosis (Fig. 4b). The results revealed that
PQ2 induced more cell apoptosis than Imatinib in CML.

In order to explore the inhibition profile of PQ2 on tyrosine kinase
enzymes, a panel of kinases including Abl1, BRK, BTK, CSK, FYN A,
LCK, LYN B, and SRC were selected. In this activity-based kinase
system, inhibitory effects of PQ2 were tested using multipoint dose-
response experiments. The results are presented in Fig. 5. Among these
eight kinases, PQ2 showed the most potent inhibitory activity against
the Abl1 kinase enzyme (IC50= 19.22 ± 3.16 μM). Imatinib was used
for comparison and demonstrated stronger inhibition than PQ2 against
Abl1 (IC50= 0.27 ± 0.04 μM). On the other hand, the activity of Im-
atinib was weaker than that of PQ2 on BTK and SRC. Kinase inhibitory
activity of PQ2 on selected kinase family revealed the following po-
tency order: Abl1 > SRC > BRK > CSK > BTK with the IC50 value
of 19.22 ± 3.16 μM, 26.21 ± 2.09 μM 31.54 ± 2.92 μM,
40.76 ± 3.87 μM, and 89.99 ± 6.15 μM, respectively. Furthermore,
this compound was found to be inactive against FYN A, LCK, and LYN B.
These results pointed out that PQ2 inhibits multiple kinases in the panel
of eight kinases with different kinase inhibitory profile than Imatinib.

Furthermore, we explored the binding mode of PQ2 into the ATP
binding site of Abl kinase to get more insight into its potential inter-
action pattern. In spite of different stereo-electronic features and mo-
lecular weight from Imatinib, PQ2 could make some key interactions

Scheme 2. Preparation of PQ analogs (PQ1-15).
Reagents and conditions: (i) KBrO3, H2SO4/H2O,
10min, 80 °C; (ii) Substituted anilines, EtOH,
reflux, 4–12 h; (iii) Substituted anilines, NaIO3,
H2O, rt, 10–24 h.

Table 1
Structure and Cytotoxicity of PQ Analogs (PQ1-15) in K562, Jurkat, and MT-2 Cell Lines by MTT Assay.

ID Substitution Groups Cell Type (IC50, μM)a

R1 R2 R3 R4 K562b Jurkatb MT-2b

PQ1 OCH3 H H H >30 >30 >100
PQ2 H OCH3 H H 6.40 ± 1.73 7.72 ± 1.49 > 100
PQ3 H H OCH3 H 9.66 ± 2.31 22.75 ± 1.93 53.96 ± 3.81
PQ4 OCH2CH3 H H H >30 >30 >100
PQ5 H OCH2CH3 H H 20.43 ± 3.78 8.95 ± 0.87 53.07 ± 4.64
PQ6 H H OCH2CH3 H 26.6 ± 4.28 22.79 ± 3.91 90.89 ± 5.29
PQ7 H H O(CH2)3CH3 H >30 >30 >100
PQ8 OCH3 H OCH3 H 22.28 ± 2.65 > 30 71.63 ± 3.97
PQ9 OCH3 H H OCH3 29.11 ± 4.07 14.57 ± 1.13 78.77 ± 2.75
PQ10 H OCH3 OCH3 H 8.91 ± 1.26 14.47 ± 1.35 35.79 ± 0.89
PQ11 H OCH3 H OCH3 >30 15.07 ± 2.11 > 100
PQ12 OCH2CH3 H H OCH2CH3 >30 15.95 ± 1.87 > 100
PQ13 H OCH2O H >30 >30 >100
PQ14 H OCH2CH2O H 13.88 ± 2.32 21.65 ± 0.91 70.76 ± 4.93
PQ15 H OCH3 OCH3 OCH3 19.87 ± 3.74 14.39 ± 1.14 51.89 ± 4.41
Imatinibc 7.47 ± 2.22 9.49 ± 2.46 22.09 ± 1.76

a The reported values represent the mean ± SD for each compound based on three independent experiments.
b Cell lines include chronic myelogenous leukemia (K562) and other leukemias (Jurkat and MT-2).
c Used as reference.
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that conferred it a moderate inhibition as mentioned above. PQ2 NH
forges a key interaction with the gatekeeper Thr315. The C]O of di-
methyl benzoquinone forms one more significant hydrogen bond with
Met318. Furthermore, the dimethyl benzoquinone makes two CH-π
interactions with Leu370 and Tyr253. PQ2 less affinity, compared to
the native ligand Imatinib, may be attributed to missing indispensable
bonding with Asp381 and Glu286 (Fig. 6).

As a consequence of the pivotal role of ERK (extracellular signal-
regulated kinase) in activation of the mitogen-activated protein kinase

(MAPK) signaling cascades for leukemogenesis, K562 cell-treated PQ2
were evaluated for their inhibitory effects as shown in Fig. 7. PQ2
showed inhibitory activity on phosphorylation of ERK similar to Im-
atinib at 20 μM concentration after 6 h of drug treatment. Furthermore,
it showed inhibitory activity in a dose dependent manner. It can be
concluded that PQ2 suppresses signaling downstream of tyrosine ki-
nases.

To investigate DNA-cleavage activity of PQ2, its capability at IC50
concentration were studied using pUC19 DNA with and without the
iron (II), H2O2, and ascorbic acid complex as shown in Fig. 8. The re-
action solution was incubated at 37 °C for 2 h and electrophoresis was
performed at 100 V for 30min. The DNA was stained with ethidium
bromide and the gel image was captured by an electronic camera under
ultraviolet radiation (UV). The result demonstrated that PQ2 cleaved
the DNA from form I to form II and form III by the activation of the iron
complex, suggesting the relationship between the DNA cleavage and the
cell death [63].

In order to evaluate the drug-likeness of PQ2, we utilized compu-
tational calculations of ADMET Predictor 9.0 to predict its risks and
physicochemical properties (Fig. 9). PQ2 toxicity risk (TOX-Risk) value
is 2 (acceptable value is up to 3.3). Mutagenic risk (MUT-Risk) value is
2.0, slightly exceeding the standard value 1. Risk related to metabolism
by or inhibition of major cytochrome P450s (CYP-Risk) is 0.1 (standard
value not exceeds 2.5). Obviously, PQ2 possesses a potentially appro-
priate safety profile. PQ2 exhibited zero violation of Lipinski rule of 5
in terms of (Molecular weight, Log P, tPSA, number of H bond donors
and acceptors, and number of rotatable bonds). Concomitantly, ab-
sorption risk (Absn-Risk) is 0.0 reflecting a high likelihood of good oral
activity. In general, ADMET-Risk value is 2.1 (acceptable value is up to
7.5). In a word, PQ2 is predicted to have both favorable pharmacoki-
netic and safety profiles.

PQ1 PQ4

PQ11 PQ14

Fig. 2. ORTEP drawings of PQ1, PQ4, PQ11, and PQ14.

Table 2
Cytotoxicity of Selected PQ Analogs (PQ2, PQ3, and PQ10) and Selectivity
Index (SI).

ID

Substitution Groups Cell Type (IC50, μM) SIb

R1 R2 R3 R4 K562a PBMCa

PQ2 H OCH3 H H 6.40 ± 1.73 >300 >46.88
PQ3 H H OCH3 H 9.66 ± 2.31 72.68 ± 6.51 7.52
PQ10 H OCH3 OCH3 H 8.91 ± 1.26 69.35 ± 7.12 7.78
Imatinibc 7.47 ± 2.22 39.81 ± 4.38 5.33

a Cell lines include chronic myelogenous leukemia (K562) and peripheral
blood mononuclear cells (PBMC).

b The selectivity index (SI) values are calculated as the ratio of the IC50 be-
tween the peripheral blood mononuclear cells (PBMC) and chronic myelo-
genous leukemia (K562) cells.

c Used as reference.
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3. Conclusions

In conclusion, we have synthesized a series of PQ analogs (PQ1-15)
and examined for their anticancer activities against K562, Jurkat, and
MT-2 cell lines. Out of all the compounds evaluated, the analog (PQ2)
possessing methoxy group at the 3-position in the substituted amino
moeity showed the most promising cytotoxic activity against both K562
and Jurkat cell lines, IC50 values were 6.40 μM and 7.72 μM, respec-
tively, as well as a low toxicity to PBMC and a high SI compared with
the Imatinib. To get more insights into molecular mechanism of PQ
analogs, apoptotic/necrotic, DNA cleavage, and kinase profiling were

evaluated. The results showed that PQ2 has considerable apoptotic
effect on CML cells when compared with Imatinib and cleaved DNA
efficiently. Considering the inhibition profile of PQ2 on a panel of eight
tyrosine kinases, this compound has a different kinase inhibitor pro-
filing than Imatinib. Molecular docking provided the possible binding
mode of PQ2 into the ATP site of Abl1 kinase. Furthermore, in silico
ADMET prediction highlighted that PQ2 has desirable drug-like prop-
erties and favorable safety profile. This research with the previous
studies clearly revealed that action mechanism of PQ2 (Fig. 10) is
considered to be multiple, and two of them are anti-Bcr-Abl1 and DNA-
cleaving activity. Further derivatization of Plastoquinone analogs and

Fig. 3. Anticancer effects of tested compounds and Imatinib on (a) K562, (b) Jurkat, and (c) PBMC cells after 24 h drug treatment.
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Fig. 4. Alteration in K562 cells at IC50 concentrations of PQ2 and Imatinib (a) for 6 h. (b) A total of approximate 100 stained cells were selected randomly in each
experiment of (A) and were classified into 3 types “apoptosis” (green), “necrosis or late apoptosis” (both green and red), and “necrosis” (red).

Fig. 5. The inhibition profile of PQ2 and Imatinib in the panel of eight kinases.
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their biological investigation for improvement of their anticancer ac-
tivity are ongoing in our laboratory.

4. Experimental section

4.1. Chemistry

Melting points (mp) were obtained with a Buchi B-540 melting
point apparatus and are uncorrected. All reagents were commercially
obtained from commercial supplier and used without further purifica-
tion unless specified otherwise. Thin layer chromatography (TLC) was
purchased from Merck KGaA (silica gel 60 F254) based on Merck DC-
plates (aluminum based). General compound visualization for TLC was
achieved by UV light (254 nm). Column chromatographic separations
were carried out using silica gel 60 (Merck, 63–200 µm particle sized,
60–230mesh). FTIR spectra were recorded as ATR on either a Thermo
Scientific Nicolet 6700 spectrometer or Alpha T FTIR spectrometer or a
Perkin Elmer Spectrum 100 Optical FTIR spectrometer. 1H NMR and
13C NMR spectra were obtained on either VarianUNITY INOVA spectro-
meters with 500MHz frequency for 1H and 125MHz frequency for 13C
NMR in ppm (δ) or Bruker spectrometers with 400MHz frequency for
1H and 100MHz frequency for 13C NMR in ppm (δ). 1H NMR spectra
and 13C NMR spectra in CDCl3 refer to the solvent signal center at δ
7.19 and δ 76.0 ppm, respectively. Chemical shifts (δ) are reported in
parts per million (ppm). Coupling constants (J) are reported in Hz.
Standard abbreviations indicating multiplicity were used as follows: s
(singlet), br s (broad singlet), d (doublet), t (triplet), q (quartet), sext
(sextet), m (multiplet), dd (doublet of doublets), dt (doublet of triplets),
and td (triplet of doublets). Mass spectra were obtained on either a
Thermo Finnigan LCQ Advantage MAX MS/MS spectrometer equipped
with an ESI (Electrospray ionization) sources or a BRUKER Microflex LT
by MALDI (Matrix Assisted Laser Desorption Ionization)-TOF technique
via addition of 1,8,9-anthracenetriol (DIT, dithranol) as matrix. Data for
the single crystal compounds were obtained with Bruker APEX II
QUAZAR three-circle diffractometer. Indexing was performed using
APEX2 [64]. Data integration and reduction were carried out with
SAINT [65]. Absorption correction was performed by multi-scan
method implemented in SADABS [66]. The Bruker SHELXTL [67]
software package was used for structures solution and structures re-
finement. Aromatic C-bound and N-bound hydrogen atoms were posi-
tioned geometrically and refined using a riding mode. Crystal structure
validations and geometrical calculations were performed using the
Platon software [68]. Mercury software [69] was used for visualization
of the .cif files. 2,3-Dimethyl-1,4-benzoquinone (2) was synthesized
using the reported method in the literature [57].

4.2. General synthetic procedure 1: For the preparation of PQ analogs [59]

A suspension of the appropriate substituted aniline (4.40mmol, 1.2
equiv.) and 2,3-dimethyl-1,4-benzoquinone (2, 0.500 g, 3.67mmol) in
absolute EtOH (25mL) was stirred at reflux for 6–12 h until the con-
sumption of the quinone. The reaction was monitored by TLC until the
spot of starting materials disappeared under UV light. The reaction

Met318 Thr315

Leu370

Tyr253
Phe382

Asp381

Glu286

Fig. 6. Binding mode of PQ2 and Imatinib (green and yellow ball and sticks,
respectively) into the ATP binding site of Abl kinase (PDB:1IEP) as calculated
by MOE. Key amino acids are depicted in violet sticks. All heteroatoms are
colored by element. Ligand-protein interactions are shown as black dash lines.

Fig. 7. The effect of PQ2 and Imatinib on ERK signaling. K562 cells were in-
cubated with tested compounds at 5 μM, 10 μM, and 20 μM for 6 h, and then
immunoblot analysis was conducted.

Fig. 8. The DNA-cleaving activity of PQ2 in the presence and absence of FeSO4,
H2O2, and ascorbic acid system.

TOX-Risk 2.0

MUT-Risk 2.0

ADMET-Risk 2.1

Absn-Risk 0.0

CYP-Risk 0.1

Fig. 9. Star plots depiction for different risk descriptors associated with PQ2 as
calculated by ADMET Predictor 9.0.

Fig. 10. The optimized active PQ analog (PQ2).
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mixture was cooled to ambient temperature. After evaporation of the
solvent, the residue was dissolved with CH2Cl2 (3×50mL), and the
solution was washed sequentially with water (3×30mL). The organic
layers were collected, dried over anhydrous CaCl2, filtered, con-
centrated under reduced pressure, and purified by means of column
chromatography on silica gel to afford the pure compounds.

4.3. General synthetic procedure 2: One-pot reaction for the preparation of
PQ analogs [60]

In a round-bottom flask, the corresponding substituted aniline
(4.00mmol, 2 equiv.) and 2,3-dimethylhydroquinone (1, 0.276 g,
2.00mmol) was suspended in MeOH (12mL). To a stirred the mixture
was added sodium iodate (6.00mmol, 3 equiv.) in water (12mL) at
room temperature for 12–24 h. The reaction was monitored by TLC
until the spot of starting materials disappeared under UV light. After
evaporation of the solvent, the residue was extracted with CH2Cl2
(3× 50mL), and the combined organic layers were washed with water
(3× 50mL). Finally, the organic layer was dried with anhydrous CaCl2
and concentrated under vacuum. The residue was purified by column
chromatography on silica gel to give the pure compounds.

4.3.1. 5-((2-Methoxyphenyl)amino)-2,3-dimethyl-1,4-benzoquinone
(PQ1)

Following the general synthetic procedure 1 by applying 2-meth-
oxyaniline (0.542 g, 4.40mmol), the crude residue was purified by
column chromatography to furnish PQ1 as a dark red solid. Yield: 49%,
mp 170–172 °C. FTIR (ATR) υ (cm−1): 3300 (NH), 3011 (CHaromatic),
2959, 2919, 2848 (CHaliphatic), 1666 (>C]O). 1H NMR (400MHz,
CDCl3) δ (ppm): 1.99–2.00 (m, 6H, CH3), 3.83 (s, 3H, OCH3), 6.16 (s,
1H, CH), 6.85–6.93 (m, 2H, CHaromatic), 7.00–7.05 (m, 1H, CHaromatic),
7.28 (dd, J=7.9 and 1.5 Hz, 1H, CHaromatic), 7.75 (br s, 1H, NH). 13C
NMR (100MHz, CDCl3) δ (ppm): 12.1, 12.8 (CH3), 55.8 (OCH3), 100.9,
111.0, 120.2, 120.9, 124.8, 127.5, 136.8, 141.9, 143.8, 150.8 (Caromatic
and Cq), 184.1, 186.6 (>C]O). MS (+ESI) m/z (%): 259 (15,
[M+2H]+), 258 (100, [M+H]+). Anal. Calcd. for C15H15NO3
(257.28).

4.3.2. 5-((3-Methoxyphenyl)amino)-2,3-dimethyl-1,4-benzoquinone
(PQ2) [61]

Following the general synthetic procedure 1 by applying 3-meth-
oxyaniline (0.542 g, 4.40mmol), the crude residue was purified by
column chromatography to furnish PQ2 as a claret red solid. Yield:
16%, mp 142–143 °C. FTIR (ATR) υ (cm−1): 3337 (NH), 3063
(CHaromatic), 2922, 2852 (CHaliphatic), 1664 (>C]O). 1H NMR
(400MHz, CDCl3) δ (ppm): 1.98–1.99 (m, 6H, CH3), 3.74 (s, 3H, OCH3),
6.11 (s, 1H, CH), 6.62–6.66 (m, 2H, CHaromatic), 6.72 (dd, J=8.0 and
1.6 Hz, 1H, CHaromatic), 7.20 (t, J=8.1 Hz, 1H, CHaromatic), 7.25 (br s,
1H, NH). 13C NMR (100MHz, CDCl3) δ (ppm): 12.1, 12.8 (CH3), 55.4
(OCH3), 101.2, 107.8, 110.4, 114.2, 130.4, 136.7, 139.0, 142.4, 143.9,
160.6 (Caromatic and Cq), 184.0, 186.6 (>C]O). MS (+ESI) m/z (%):
259 (23, [M+2H]+), 258 (100, [M+H]+), 257 (4, [M]+). Anal.
Calcd. for C15H15NO3 (257.28).

4.3.3. 5-((4-Methoxyphenyl)amino)-2,3-dimethyl-1,4-benzoquinone
(PQ3)

Following the general synthetic procedure 1 by applying 4-meth-
oxyaniline (0.542 g, 4.40mmol), the crude residue was purified by
column chromatography to furnish PQ3 as a dark purple solid. Yield:
28%, mp 103–104 °C. FTIR (ATR) υ (cm−1): 3293 (NH), 3010
(CHaromatic), 2932, 2834 (CHaliphatic), 1660 (>C]O). 1H NMR
(500MHz, CDCl3) δ (ppm): 1.93–1.97 (m, 6H, CH3), 3.72 (s, 3H, OCH3),
5.85 (s, 1H, CH), 6.81 (dt, J=9.3 and 2.4 Hz, 2H, CHaromatic), 7.03 (dt,
J=8.8 and 2.0 Hz, 2H, CHaromatic), 7.15 (br s, 1H, NH). 13C NMR
(125MHz, CDCl3) δ (ppm): 12.2, 13.0 (CH3), 55.8 (OCH3), 99.9, 115.0,
124.5, 130.8, 136.6, 143.8, 144.2, 157.5 (Caromatic and Cq), 184.3,

186.5 (>C]O). MS (-ESI) m/z (%): 257 (16, [M]−), 256 (100,
[M−H]−). Anal. Calcd. for C15H15NO3 (257.28).

4.3.4. 5-((2-Ethoxyphenyl)amino)-2,3-dimethyl-1,4-benzoquinone (PQ4)
Following the general synthetic procedure 1 by applying 2-ethox-

yaniline (0.604 g, 4.40mmol), the crude residue was purified by
column chromatography to furnish PQ4 as a dark red solid. Yield: 16%,
mp 116–117 °C. FTIR (ATR) υ (cm−1): 3302 (NH), 2992, 2944
(CHaliphatic), 1644 (>C]O). 1H NMR (400MHz, CDCl3) δ (ppm): 1.39
(t, J=7.0 Hz, 3H, CH3), 1.96–1.98 (m, 6H, CH3), 4.02 (q, J=7.0 Hz,
2H, OCH2), 6.16 (s, 1H, CH), 6.79–6.90 (m, 2H, CHaromatic), 6.97 (td,
J=7.8 and 1.6 Hz, 1H, CHaromatic), 7.25 (dd, J=7.9 and 1.5 Hz, 1H,
CHaromatic), 7.85 (br s, 1H, NH). 13C NMR (100MHz, CDCl3) δ (ppm):
12.1, 12.8, 14.8 (CH3), 64.3 (OCH2), 101.0, 111.9, 119.7, 120.7, 124.6,
127.7, 136.7, 141.6, 143.8, 149.9 (Caromatic and Cq), 184.1, 186.5
(>C]O). MS (MALDI TOF) m/z: 271 [M]+. Anal. Calcd. for
C16H17NO3 (271.31).

4.3.5. 5-((3-Ethoxyphenyl)amino)-2,3-dimethyl-1,4-benzoquinone (PQ5)
Following the general synthetic procedure 1 by applying 3-ethox-

yaniline (0.604 g, 4.40mmol), the crude residue was purified by
column chromatography to furnish PQ5 as a dark red solid. Yield: 6%,
mp 99–100 °C. FTIR (ATR) υ (cm−1): 3328 (NH), 2987, 2921
(CHaliphatic), 1640 (>C]O). 1H NMR (400MHz, CDCl3) δ (ppm): 1.35
(t, J=7.0 Hz, 3H, CH3), 1.98–2.00 (m, 6H, CH3), 3.95 (q, J=7.0 Hz,
2H, OCH2), 6.12 (s, 1H, CH), 6.58–6.72 (m, 3H, CHaromatic), 7.19 (t,
J=8.1 Hz, 1H, CHaromatic), 7.24 (br s, 1H, NH). 13C NMR (100MHz,
CDCl3) δ (ppm): 12.1, 12.8, 14.8 (CH3), 63.7 (OCH2), 101.1, 108.3,
111.0, 114.0, 130.3, 136.7, 139.0, 142.4, 143.9, 160.0 (Caromatic and
Cq), 184.0, 186.6 (>C]O). MS (MALDI TOF) m/z: 271 [M]+. Anal.
Calcd. for C16H17NO3 (271.31).

4.3.6. 5-((4-Ethoxyphenyl)amino)-2,3-dimethyl-1,4-benzoquinone (PQ6)
Following the general synthetic procedure 1 by applying 4-ethox-

yaniline (0.604 g, 4.40mmol), the crude residue was purified by
column chromatography to furnish PQ6 as a brown solid. Yield: 19%,
mp 107–109 °C. FTIR (ATR) υ (cm−1): 3312 (NH), 3050 (CHaromatic),
2977, 2929 (CHaliphatic), 1655 (>C]O). 1H NMR (500MHz, CDCl3) δ
(ppm): 1.34 (t, J=6.8 Hz, 3H, CH3), 1.95–1.99 (m, 6H, CH3), 3.95 (q,
J=6.8 Hz, 2H, OCH2), 5.87 (s, 1H, CH), 6.82 (dt, J=9.3 and 2.4 Hz,
2H, CHaromatic), 7.03 (dt, J=8.8 and 2.0 Hz, 2H, CHaromatic), 7.11 (br s,
1H, NH). 13C NMR (125MHz, CDCl3) δ (ppm): 11.0, 11.8, 13.8 (CH3),
62.8 (OCH2), 98.7, 114.3, 123.3, 129.3, 135.4, 142.6, 143.1, 155.7
(Caromatic and Cq), 183.1, 185.3 (> C]O). MS (+ESI) m/z (%): 273 (16,
[M+2H]+), 272 (100, [M+H]+); MS (-ESI) m/z (%): 271 (9, [M]−),
270 (100, [M−H]−). Anal. Calcd. for C16H17NO3 (271.31).

4.3.7. 5-((4-Butoxyphenyl)amino)-2,3-dimethyl-1,4-benzoquinone (PQ7)
Following the general synthetic procedure 1 by applying 4-butox-

yaniline (0.727 g, 4.40mmol), the crude residue was purified by
column chromatography to furnish PQ7 as a purple solid. Yield: 8%, mp
87–88 °C. FTIR (ATR) υ (cm−1): 3261 (NH), 2957, 2923, 2871
(CHaliphatic), 1664 (>C]O). 1H NMR (500MHz, CDCl3) δ (ppm): 0.90
(t, J=7.3 Hz, 3H, CH3), 1.42 (sext, J=7.3 Hz, 2H, CH2CH3),
1.66–1.72 (m, 2H, OCH2CH2), 1.96 (s, 3H, CH3), 1.97 (s, 3H, CH3), 3.88
(t, J=6.3 Hz, 2H, OCH2), 5.87 (s, 1H, CH), 6.81 (d, J=8.8 Hz, 2H,
CHaromatic), 7.02 (d, J=8.8 Hz, 2H, CHaromatic), 7.12 (br s, 1H, NH). 13C
NMR (125MHz, CDCl3) δ (ppm): 11.0, 11.8, 12.8 (CH3), 18.2, 30.3
(CH2), 67.0 (OCH2), 98.5, 114.4, 123.1, 129.3, 135.4, 142.6, 143.0,
155.9 (Caromatic and Cq), 183.1, 185.3 (>C]O). MS (-ESI)m/z (%): 301
(3, [M+2H]−), 299 (12, [M]−), 298 (100, [M−H]−). Anal. Calcd. for
C18H21NO3 (299.36).

4.3.8. 5-((2,4-Dimethoxyphenyl)amino)-2,3-dimethyl-1,4-benzoquinone
(PQ8) [62]

Following the general synthetic procedure 2 by applying 2,4-
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dimethoxyaniline (0.612 g, 4.00mmol) and sodium iodate (1.186 g,
6.00mmol), the crude residue was purified by column chromatography
to furnish PQ8 as a dark purple solid. Yield: 40%, mp 126–128 °C. FTIR
(ATR) υ (cm−1): 3318 (NH), 2934 (CHaliphatic), 1644 (>C]O). 1H
NMR (400MHz, CDCl3) δ (ppm): 1.98–1.99 (m, 6H, CH3), 3.75 (s, 3H,
OCH3), 3.79 (s, 3H, OCH3), 5.97 (s, 1H, CH), 6.39–6.46 (m, 2H,
CHaromatic), 7.15 (d, J=8.7 Hz, 1H, CHaromatic), 7.46 (br s, 1H, NH). 13C
NMR (100MHz, CDCl3) δ (ppm): 11.0, 11.8 (CH3), 54.6, 54.7 (OCH3),
98.4, 98.7, 102.9, 119.4, 121.1, 135.5, 141.6, 143.0, 151.5, 156.7
(Caromatic and Cq), 183.2, 185.4 (>C]O). MS (MALDI TOF) m/z: 287
[M]+. Anal. Calcd. for C16H17NO4 (287.31).

4.3.9. 5-((2,5-Dimethoxyphenyl)amino)-2,3-dimethyl-1,4-benzoquinone
(PQ9)

Following the general synthetic procedure 2 by applying 2,5-di-
methoxyaniline (0.612 g, 4.00mmol) and sodium iodate (1.186 g,
6.00mmol), the crude residue was purified by column chromatography
to furnish PQ9 as a purple solid. Yield: 6%, mp 104–106 °C. FTIR (ATR)
υ (cm−1): 3295 (NH), 2920, 2849 (CHaliphatic), 1646 (>C]O). 1H NMR
(500MHz, CDCl3) δ (ppm): 1.98–2.01 (m, 6H, CH3), 3.71 (s, 3H, OCH3),
3.78 (s, 3H, OCH3), 6.19 (s, 1H, CH), 6.53 (dd, J=8.9 and 2.9 Hz, 1H,
CHaromatic), 6.77 (d, J=8.9 Hz, 1H, CHaromatic), 6.87 (d, J=2.8 Hz, 1H,
CHaromatic), 7.78 (br s, 1H, NH). 13C NMR (125MHz, CDCl3) δ (ppm):
12.1, 12.8 (CH3), 55.8, 56.3 (OCH3), 101.4, 107.2, 108.3, 111.5, 128.2,
136.8, 141.5, 143.8, 145.0, 153.8 (Caromatic and Cq), 184.0, 186.5
(> C]O). MS (MALDI TOF) m/z: 287 [M]+. Anal. Calcd. for
C16H17NO4 (287.31).

4.3.10. 5-((3,4-Dimethoxyphenyl)amino)-2,3-dimethyl-1,4-benzoquinone
(PQ10)

Following the general synthetic procedure 2 by applying 3,4-di-
methoxyaniline (0.612 g, 4.00mmol) and sodium iodate (1.186 g,
6.00mmol), the crude residue was purified by column chromatography
to furnish PQ10 as a purple solid. Yield: 62%, mp 151–153 °C. FTIR
(ATR) υ (cm−1): 3341 (NH), 3070, 3014 (CHaromatic), 2961 (CHaliphatic),
1640 (>C]O). 1H NMR (400MHz, CDCl3) δ (ppm): 1.98–2.00 (m, 6H,
CH3), 3.81 (s, 3H, OCH3), 3.82 (s, 3H, OCH3), 5.93 (s, 1H, CH), 6.64 (d,
J=2.4 Hz, 1H, CHaromatic), 6.70 (dd, J=8.6 and 2.4 Hz, 1H,
CHaromatic), 6.79 (d, J=8.6 Hz, 1H, CHaromatic), 7.14 (br s, 1H, NH). 13C
NMR (100MHz, CDCl3) δ (ppm): 11.0, 11.8 (CH3), 55.0, 55.1 (OCH3),
98.9, 105.8, 110.6, 113.9, 129.7, 135.4, 142.4, 143.1, 145.9, 148.6
(Caromatic and Cq), 183.1, 185.3 (>C]O). MS (MALDI TOF) m/z: 287
[M]+. Anal. Calcd. for C16H17NO4 (287.31).

4.3.11. 5-((3,5-Dimethoxyphenyl)amino)-2,3-dimethyl-1,4-benzoquinone
(PQ11)

Following the general synthetic procedure 2 by applying 3,5-di-
methoxyaniline (0.612 g, 4.00mmol) and sodium iodate (1.186 g,
6.00mmol), the crude residue was purified by column chromatography
to furnish PQ11 as a purple solid. Yield: 27%, mp 142–144 °C. FTIR
(ATR) υ (cm−1): 3349 (NH), 3050 (CHaromatic), 2922, 2850 (CHaliphatic),
1640 (>C]O). 1H NMR (400MHz, CDCl3) δ (ppm): 1.98–2.00 (m, 6H,
CH3), 3.72 (s, 6H, OCH3), 6.13 (s, 1H, CH), 6.19 (t, J=2.1 Hz, 1H,
CHaromatic), 6.27 (d, J=2.1 Hz, 2H, CHaromatic), 7.21 (br s, 1H, NH). 13C
NMR (100MHz, CDCl3) δ (ppm): 11.1, 11.8 (CH3), 54.4, 54.5 (OCH3),
96.0, 99.2, 100.5, 135.6, 138.5, 141.3, 142.8, 160.5 (Caromatic and Cq),
182.9, 185.5 (> C]O). MS (MALDI TOF) m/z: 288 [M+H]+. Anal.
Calcd. for C16H17NO4 (287.31).

4.3.12. 5-((2,5-Diethoxyphenyl)amino)-2,3-dimethyl-1,4-benzoquinone
(PQ12)

Following the general synthetic procedure 1 by applying 2,5-die-
thoxyaniline (0.798 g, 4.40mmol), the crude residue was purified by
column chromatography to furnish PQ12 as a purple solid. Yield: 37%,
mp 69–71 °C. FTIR (ATR) υ (cm−1): 3223 (NH), 2973, 2928
(CHaliphatic), 1645 (>C]O). 1H NMR (500MHz, CDCl3) δ (ppm): 1.33

(t, J=6.8 Hz, 3H, OCH2CH3), 1.37 (t, J=6.8 Hz, 3H, OCH2CH3), 2.00
(m, 6H, CH3), 3.91 (q, J=7.3 Hz, 2H, OCH2), 3.98 (q, J=7.3 Hz, 2H,
OCH2), 6.22 (s, 1H, CH), 6.49 (dd, J=9.3 and 2.9 Hz, 1H, CHaromatic),
6.75 (d, J=9.3 Hz, 1H, CHaromatic), 6.87 (d, J=2.9 Hz, 1H, CHaromatic),
7.90 (br s, 1H, NH). 13C NMR (125MHz, CDCl3) δ (ppm): 12.1, 12.8,
14.8, 14.9 (CH3), 64.2, 65.0 (OCH2), 101.3, 107.3, 108.9, 112.9, 128.6,
136.8, 141.4, 143.8, 144.1, 153.1 (Caromatic and Cq), 184.0, 186.5
(>C]O). MS (MALDI TOF) m/z: 315 [M]+. Anal. Calcd. for
C18H21NO4 (315.36).

4.3.13. 5-(Benzo[d] [1,3]dioxol-5-ylamino)-2,3-dimethyl-1,4-benzoquinone
(PQ13)

Following the general synthetic procedure 2 by applying 3,4-(me-
thylenedioxy)aniline (0.548 g, 4.00mmol) and sodium iodate (1.186 g,
6.00mmol), the crude residue was purified by column chromatography
to furnish PQ13 as a purple solid. Yield: 8%, mp 165–166 °C. FTIR
(ATR) υ (cm−1): 3332 (NH), 2922, 2854 (CHaliphatic), 1640 (>C]O).
1H NMR (400MHz, CDCl3) δ (ppm): 1.97–1.99 (m, 6H, CH3), 5.90 (s,
1H, CH), 5.93 (s, 2H, OCH2O), 6.58 (dd, J=8.3 and 2.2 Hz, 1H,
CHaromatic), 6.65 (d, J=2.2 Hz, 1H, CHaromatic), 6.73 (d, J=8.3 Hz, 1H,
CHaromatic), 7.08 (br s, 1H, NH). 13C NMR (100MHz, CDCl3) δ (ppm):
12.1, 12.8 (CH3), 100.1 (OCH2O), 101.7, 104.5, 108.7, 116.3, 131.6,
136.5, 143.5, 144.0, 145.4, 148.4 (Caromatic and Cq), 184.1, 186.4
(>C]O). MS (MALDI TOF) m/z: 271 [M]+. Anal. Calcd. for
C15H13NO4 (271.27).

4.3.14. 5-((2,3-Dihydrobenzo[b] [1,4]dioxin-6-yl)amino)-2,3-dimethyl-
1,4-benzoquinone (PQ14)

Following the general synthetic procedure 2 by applying 1,4-ben-
zodioxan-6-amine (0.604 g, 4.00mmol) and sodium iodate (1.186 g,
6.00mmol), the crude residue was purified by column chromatography
to furnish PQ14 as a dark purple solid. Yield: 12%, mp 148–150 °C.
FTIR (ATR) υ (cm−1): 3332 (NH), 1636 (>C]O). 1H NMR (400MHz,
CDCl3) δ (ppm): 1.94–1.98 (m, 6H, CH3), 4.18 (s, 4H, OCH2), 5.93 (s,
1H, CH), 6.59 (dd, J=8.6 and 2.6 Hz, 1H, CHaromatic), 6.65 (d,
J=2.6 Hz, 1H, CHaromatic), 6.77 (d, J=8.6 Hz, 1H, CHaromatic), 7.11
(br s, 1H, NH). 13C NMR (100MHz, CDCl3) δ (ppm): 12.1, 12.8 (CH3),
64.3, 64.4 (OCH2), 100.0, 111.8, 116.0, 117.9, 131.2, 136.5, 141.3,
143.2, 143.9, 144.0 (Caromatic and Cq), 184.1, 186.4 (>C]O). MS
(MALDI TOF) m/z: 285 [M]+. Anal. Calcd. for C16H15NO4 (285.29).

4.3.15. 5-((3,4,5-Trimethoxyphenyl)amino)-2,3-dimethyl-1,4-
benzoquinone (PQ15)

Following the general synthetic procedure 2 by applying 3,4,5-tri-
methoxyaniline (0.732 g, 4.00mmol) and sodium iodate (1.186 g,
6.00mmol), the crude residue was purified by column chromatography
to furnish PQ15 as a dark purple solid. Yield: 39%, mp 89–90 °C. FTIR
(ATR) υ (cm−1): 3264 (NH), 3011 (CHaromatic), 2940 (CHaliphatic), 1644
(>C]O). 1H NMR (400MHz, CDCl3) δ (ppm): 1.98–2.00 (m, 6H, CH3),
3.77 (s, 3H, OCH3), 3.78 (s, 6H, OCH3), 6.01 (s, 1H, CH), 6.35 (s, 2H,
CHaromatic), 7.16 (br s, 1H, NH). 13C NMR (100MHz, CDCl3) δ (ppm):
12.1, 12.9 (CH3), 56.3, 61.0 (OCH3), 100.1, 100.7, 133.6, 135.7, 136.6,
142.9, 144.1, 153.9 (Caromatic and Cq), 184.0, 186.4 (>C]O). MS
(MALDI TOF) m/z: 317 [M]+. Anal. Calcd. for C17H19NO5 (317.34).

4.4. Cell culture and MTT assay

4.4.1. Cell culture and drug treatment
Briefly, the K562, Jurkat, and MT-2 leukemic cell lines were cul-

tured in RPMI 1640 (Wako Pure Chemical Industries, Osaka, Japan)
medium with 10% fetal bovine serum (FBS) (Equitech-Bio, Texas, U.S.).
Peripheral blood mononuclear cells (PBMC) (Precision Bioservices,
Frederic, MD) were incubated in RPMI 1640 medium with 10% human
serum AB (HS) (Gemini, Woodland, CA). All media were supplemented
with 89 μM/mL streptomycin (Meiji Seika Pharma, Tokyo, Japan) in a
humid atmosphere at 37 °C and 5% CO2. In experiments, the leukemia
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and PBMC cells were incubated in 24-well and 96-well culture plates
(Iwaki brand Asahi Glass Co., Chiba, Japan) at 2×104 and 106 cells/
mL concentration respectively for 24 h. The stock solution of com-
pounds and Imatinib (Wako Pure Chemical Industries, Osaka, Japan) in
concentrations between 3 and 30mM were prepared in dimethyl sulf-
oxide (DMSO; Wako Pure Chemical Industries) and then were added to
fresh culture medium. The concentration of DMSO in the final culture
medium was 1%.

4.4.2. Cytotoxicity assay
The MTT test was performed as previously described in the litera-

ture with small modifications [70]. The tested compounds were cul-
tured with cells in different concentrations (3–300 µM) for 24 h and
then, MTT (Dojindo Molecular Technologies, Kumamoto, Japan) was
added to cells. After 4 h of incubation, the medium was taken out and
100 µL DMSO was added to each well. The absorbance at 550 nm was
measured using a microplate reader Infinitive M1000 (Tecan, Groding,
Austria) with background subtraction at 630 nm. All experiments were
run in triplicate and IC50 values were estimated from the results of the
MTT test described as the drug concentrations that reduced absorbance
to 50% of control values.

4.4.3. Detection of cell death
Apoptotic/necrotic/healthy detection kit (PromoKine, Heidelberg,

Germany) was performed according to PromoKine‘s instructions with
the modifications [71]. Briefly, K562 cells were treated with PQ2 and
Imatinib at IC50 concentrations for 6 h. Then, the cells were harvested
and washed with PBS and stained with 4 μL of FITC-Annexin V, 4 μL of
ethidium homodimer III and 4 μL of Hoechst 33,342 in 1× binding
buffer for 30min at room temperature in the dark. The cells were
analyzed by a fluorescence microscope Biorevo Fluorescence BZ-9000
(Keyence, Osaka, Japan). The number of apoptotic cells (Annexin V),
late apoptotic or necrotic cells (Annexin V and Ethidium homodimer
III) and necrotic cells (Ethidium homodimer III) were counted as pre-
viously described [72].

4.4.4. Kinase selectivity profiling assay
The kinase inhibition assay system (TK-2) (Promega Corporation,

Madison, WI, USA) was performed as previously described with some
modification [15]. In this system, eight kinase strips (Abl1, BRK, BTK,
CSK, FYN A, LCK, LYN B, and SRC) and their substrates were diluted
with 2.5x kinase reaction buffer (95 µL) and 100 µM ATP (15 µL) so-
lution respectively. The reaction of kinases was performed in the 384-
well plate using 2 µL of compound solution at multiple concentrations
in a buffer, 4 µL of kinase working stock and 4 µL of ATP/substrate
working stock. After 1 h of incubation at room temperature, the ADP-
Glo Kinase Assay (Promega) protocol was employed and inhibitory ki-
nase activity of the test compounds were determined as previously
described [15].

4.4.5. Immunoblot analysis
The K562 cells were incubated in the presence of 5, 10, and 20 μM

of PQ2 and Imatinib for 6 h and then lysed in PBS-Laemmli sample
buffer. Immunoblot analysis using phospho-specific-p44/42 MAPK
(Erk1/2) (Thr202/Tyr204) (D13.14.4E) XP Rabbit mAb (1:1000) (from
Cell Signaling Technology) or anti-β-actin clone AC-15 (from Sigma-
Aldrich) was conducted. For immunoreactivity detection,
Chemiluminescence method was performed [73].

4.4.6. DNA-cleaving activity
The DNA cleavage assay was performed as described previously

[74].

4.4.7. Molecular docking simulation and ADMET prediction
Crystal structure of the Abl kinase domain in complex with Imatinib

was retrieved from the RCSB Brookhaven Protein Data Bank (PDB:

1IEP); PQ2 was built by ChemDraw Professional 15.1. Before docking
simulations, PQ2 and 1IEP were prepared as previously described [75].
MOE 2018.01 software (Chemical Computing Group, Montreal, Ca-
nada) was employed for preparation, interactive docking, visualization,
and analysis procedures using its default parameters [76,77]. The
ADMET properties were calculated in silico using ADMET predict 9 from
Simulation Plus, Inc.; the risk models were previously explained in
details [78].
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