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Abstract: In this work, fragments of isophthalic and terephthalic acids are proposed as a structural
scaffold to develop potential inhibitors of protein kinases. Novel isophthalic and terephthalic acid
derivatives were designed as type-2 protein kinase inhibitors, synthesized and subjected to physico-
chemical characterization. The screening of their cytotoxic actions against a panel of cell lines derived
from different types of tumors (liver, renal, breast and lung carcinomas, as well as chronic myeloge-
nous and promyelocytic leukemia) and normal human B lymphocyte, for the sake of comparison, was
performed. Compound 5 showed the highest inhibitory activity against four cancer cell lines, K562,
HL-60, MCF-7 and HepG2 (IC50 = 3.42, 7.04, 4.91 and 8.84 µM, respectively). Isophthalic derivative 9
revealed a high potency against EGFR and HER2, at the levels of 90% and 64%, respectively, being
comparable to lapatinib at 10 µM. In general, tumor cell cultures were more sensitive to isophthalic
acid derivatives than to terephthalic acid ones. In cell cycle studies, isophthalic analogue 5 showed
a pronounced dose-dependent effect, and with the increase in its concentration up to 10.0 µM, the
number of living cells decreased to 38.66%, while necrosis reached 16.38%. The considered isophthalic
compounds had a similar docking performance to that of sorafenib against the VEGFR-2 (PDB id:
4asd, 3wze). The correct binding of compounds 11 and 14 with VEGFR-2 was validated using MD
simulations and MM-GPSA calculations.

Keywords: terephthalic and isophthalic derivatives; anticancer activity; protein kinase inhibitors;
VEGFR; cellular apoptosis; ROS; MM-PBSA/MM-GBSA; molecular docking

1. Introduction

Targeted therapy with protein kinase inhibitors (PKIs) has significantly improved the
treatment results of many cancers. PKI development was greatly enhanced by the success of
imatinib for the treatment of chronic myelogenous leukemia (CML), which was approved
by the FDA in 2001 [1]. Imatinib inhibits the specific CML cell protein, Bcr-Abl tyrosine
kinase. The high and uncontrolled phosphorylating activity of this protein disturbs cell
signaling and promotes the fast growth of cancer tissue.

It was later discovered that the dysregulation of protein kinase function could be seen
in many other cancer types and that the blocking of these proteins reduced the development
of a disease much more effectively than classic chemotherapy, generally without major side
effects [2]. Since imatinib first showed its effectiveness, the number of approved PKIs has
been constantly growing. To date, approximately 70 PKIs have been approved, targeting
approximately 20 different classes of protein kinases [3,4]. Moreover, Bcr-Abl, the largest
group of approved drugs, comprises the inhibitors of various growth factor receptors,
including EGFR, VEGFR and PDGFR [5,6].

The modulation of selectivity is one of the most important aspects of the development
of new PKIs. Since the treatment protocol for PKIs assumes that a patient needs to take
the drug for a very long period of time, cancer cells have the opportunity to develop
resistance to an inhibitor. The resistance mechanisms can cause major changes in the kinase
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overexpression profiles of cancer cells, which are often revealed in the form of mutations
of the primary target of an inhibitor [7]. In particular, in the case of CML, second- and
third-generation Bcr-Abl inhibitors (nilotinib, dasatinib, bosutinib), in addition to having a
higher affinity for the main target, are also active against most mutant forms of this enzyme,
although the T315I mutation is still a problem [8].

It is worth noting that there is a high level of structural similarity between protein
kinases, as all of them accept ATP as a substrate [9]. This, in most cases, results in the non-
specificity of a particular inhibitor for its main target. For example, in addition to Bcr-Abl,
imatinib is able to inhibit c-Kit and PDGFR kinases, which also makes it possible to use
this substance for the treatment of gastrointestinal stromal tumors (GIST) [10]. Lapatinib
very specifically inhibits only two kinases: EGFR and the related Her2. This determines the
effectiveness of lapatinib for the treatment of Her2-positive breast cancer [11,12]. Sunitinib,
on the contrary, has an extremely wide spectrum of anti-kinase activities. It inhibits VEGFR,
PDGFR, Kit and Ret, as well as many other protein kinases, and is used to treat GIST, RCC
and pancreatic cancer [11,13]. Sorafenib has a similar selectivity profile to sunitinib, though
it is not as broad, but inhibits Raf kinase, which enables sorafenib to treat not only RCC
but also liver cancer and melanoma [11,14,15]. In the case of RCC, sunitinib has more
pronounced side effects compared to sorafenib, which, to some extent, can be explained
by differences between the kinase inhibition profiles of these two compounds [16]. In
addition, Atg5-deficient DU145 prostate cancer cells have been shown to undergo caspase-
independent autophagic cell death in response to sorafenib [17–19].

Crizotinib was originally developed as a met-kinase inhibitor. However, it was later
discovered that the efficacy of crizotinib for the treatment of NSCLC can be attributed to its
ability to inhibit alk-kinase [20], which likely contributed to the further development of
many other alk inhibitors.

The problem of the selectivity of PKIs becomes more complicated when taking into
account the fact that the profile of kinase hyperactivity significantly depends on the subtype
of a particular cancer, the stage of the disease, and the patient’s specificity. These factors,
combined, may affect the choice of the optimal inhibitor for the initial and subsequent
treatment. For example, when considering treatment options for CML in cases of resistance
to imatinib, one should focus on the empirically observed Bcr-Abl mutants, since the in-
hibitory activities of second-line drugs are different in relation to specific mutations [21,22].
At the same time, a fairly large number of inhibitors have been approved for the treatment
of RCC. All these drugs bind to VEGFR as the main target, but they all have different
activities against other protein kinases [23]. As a result, personalized medicine has the
potential to be an extremely effective tool for selecting the best first-line and second-line
therapies [24–26].

Considering how greatly the selectivity of an inhibitor affects its pharmacological prop-
erties, it is important to note that the obtained experimental data indicate that a significant
proportion of the approved drugs are, in fact, not competitors of ATP as they bind to the
biologically inactive conformations of their targets and are thus classified as type-2 PKIs [5].
The binding region of these inactive conformations is the ATP pocket, which is extended
and modified to varying degrees, of biologically active conformations. This conformational
flexibility of protein kinases is certainly a major tool for modulating PKI selectivity, as it
allows inhibitors to more completely differentiate their targets in structural terms, a fact
which is supported by in vitro profiling data [27]. For example, the high selectivity of
lapatinib can be explained by the fact that it binds to a rather specific egfr conformation,
which is a kind of an intermediate state between the kinase conformations that are typical
of type-1 (bosutinib, dasatinib) and type-2 (sorafenib, imatinib) inhibitors [28].

It should also be noted that the size of the human kinome is approximately 500 kinases,
with most protein kinases not being identified as drug targets. Additionally, if we also
consider the recent advances in the use of protein kinase inhibitors for the treatment of non-
cancer diseases [29], it becomes obvious that the search for novel chemical compounds that
can inhibit protein kinases with a given selectivity is an urgent area of scientific research.
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This work continues our previous studies on pharmacophore modeling and synthesis
and the biological activities of potential type-2 PKIs. In our previous studies, based on the
results of docking and molecular dynamics, we used the 4-methylbenzamide structural frag-
ment as a basis for designing new chemical compounds that had pharmacophore similarity
to imatinib, sorafenib and other known inhibitors [30]. These 4-methylbenzamide deriva-
tives were able to inhibit protein kinases and block the growth of tumor cells in vitro [31,32].

In this work, fragments of isophthalic and terephthalic acids were proposed as a
structural scaffold to develop potential inhibitors of protein kinases.

2. Materials and Methods
2.1. Chemistry

Organic solvents were purified and dried by standard methods before usage in the
synthesis. Analytical thin-layer chromatography (TLC) was performed on aluminum-
backed sheets on plates with Silica gel 60 F254 (Merck KGaA, Darmstadt, Germany).
The following solvent systems were used: CHCl3: MeOH, 7:1, and v/v or EtOAc, iso-
cratic. Preparative column chromatography was performed on Silica gel Merck 60, 70–230
mesh (Merck KGaA, Darmstadt, Germany). NMR spectra were recorded on a Bruker
Avance 500 MHz spectrometer (Bruker BioSpin GmbH, Rheinstetten, Germany) at 500
MHz (1H), 125 MHz (13C) and 470 MHz (19F). Multiplicities are abbreviated as follows: s,
singlet; d, doublet; t, triplet; q, quartet; and m, multiplet. High-resolution mass spectra
(HRMS) were recorded on an Agilent 1290 Accurate-Mass 6500 Series Q-TOF (Agilent
Technologies, Santa Clara, CA, USA) using ESI (electrospray ionization). Melting points
(m.p.) were determined using an electrically heated melting point apparatus and were
left uncorrected. The purities of the compounds were greater than 95%, as determined by
reversed-phase HPLC.

2.1.1. Synthesis of Isophthaloyl and Terephthaloyl Dichlorides 3 and 4

To a suspension of isophthalic acid (1) or terephthalic acid (2) (one equivalent) and
N,N-dimethylformamide (DMF, 0.1 equivalent) in tetrahydrofuran (THF) cooled to 0 ◦C,
we added (COCl)2 (4 equivalents) dropwise. The reaction mixture was stirred at room
temperature for 3 h. The progress was monitored by TLC. Upon completion of the reaction,
the solvent was evaporated under reduced pressure. The residue was washed with CHCl3
and the solvent was evaporated under reduced pressure. The resulting compound 3 or 4
was immediately introduced to a further reaction.

2.1.2. General Method for the Synthesis of Compounds 5–28

To a solution of terephthaloyl dichloride (2) (1.1 equivalent) in THF cooled to 0 ◦C, we
added a solution of amine (R1H = a/b/c) (one equivalent) and Et3N (one equivalent) in
THF dropwise under nitrogen. The reaction mixture was stirred at room temperature. The
progress was monitored by TLC. Upon full conversion of the starting amine, a solution of
another amine (R2H = b/c/e/g/h) (one equivalent) and Et3N (one equivalent) in THF was
added dropwise under nitrogen. The reaction mixture was stirred at room temperature.
The progress was monitored by TLC. Upon completion of the reaction, water was added
to the reaction mixture, and rotary evaporation was performed to remove the THF. The
resulting mixture was extracted with CHCl3 three times. The combined organic layers
were dried over Na2SO4, filtered and concentrated under reduced pressure. The resulting
product was purified by column chromatography on silica gel.

N1-(3-(4-methyl-1H-imidazol-1-yl)-5-(trifluoromethyl)phenyl)-N3-(3-(trifluoromethyl)
phenyl)isophthalamide (5): yield 15%, white solid, m.p. 250–252 ◦C. 1H NMR (DMSO-d6):
δ 10.88 (s, 1H, NHCO), 10.76 (s, 1H, NHCO), 8.61 (s, 1H), 8.31 (s, 1H), 8.27 (s, 1H), 8.21–8.23
(m, 3H), 8.18 (s, 1H), 8.09 (d, J = 8.3, 1H), 7.75–7.78 (m, 2H), 7.63 (t, J = 8.0, 1H), 7.48–7.50
(m, 2H), 2.18 (s, 3H, CH3). 13C NMR (DMSO-d6): δ 165.4, 165.3, 141.1, 139.7, 138.8, 137.9,
134.9, 134.8, 134.3, 131.1, 131.0, 130.7 (d, JF,C = 32.7, C-CF3), 130.0, 129.3 (d, JF,C = 31.9,
C-CF3), 128.9, 127.1, 124.1 (d, JC,F = 272.0, CF3), 122.5 (d, JC,F = 272.6, CF3), 123.8, 120.1 (d,
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2C), 116.3 (d, 2C), 114.9, 114.3 (d, 2C), 114.1, 111.8, 13.5. 19F NMR (DMSO-d6): δ -61.26,
-61.33. HRMS (ESI): calcd. C26H18F6N4O2, [M+H]+ m/z: 533,1407, found: 533.1401. HPLC
purity: 99.9%.

N1-(4-((2-(methylcarbamoyl)pyridin-4-yl)oxy)phenyl)-N3-(3-(trifluoromethyl)phenyl)
isophthalamide (6): yield 23%, white solid, m.p. 258–260 ◦C. 1H NMR (DMSO-d6): δ 10.74
(s, 1H, NHCO), 10.60 (s, 1H, NHCO), 8.78 (q, 1H, J = 4.5, 9.4), 8.58 (s, 1H), 8.52 (d, 1H,
J = 5.6), 8.28 (s, 1H), 8.18–8.20 (m, 2H), 8.10 (d, 1H, J = 8.3), 7.94–7.96 (m, 2H), 7.74 (t, 1H,
J = 7.8), 7.63 (t, 1H, J = 7.9), 7.49 (d, 1H, J = 7.7), 7.41 (d, 1H, J = 2.6), 7.25–7.28 (m, 2H), 7.18
(dd, 1H, J = 5.5, 2.6), 2.8 (d, 3H, J = 4.8, CH3). 13C NMR (DMSO-d6): δ 165.8, 165.3, 165.0,
163.7, 152.4, 150.4, 148.9, 139.8, 136.8, 135.1, 134.6, 130.9, 130.8, 129.9, 129.3 (d, JC,F = 31.7,
C-CF3), 128.8, 127.1, 124.1 (d, JC,F = 272.1, CF3), 123.0, 122.1, 121.3, 120.1 (d, 2C), 116.3 (d,
2C), 114.1, 108.7, 26.0. 19F NMR (DMSO-d6): δ -61.25. HRMS (ESI): calcd. C28H21F3N4O4,
[M+H]+ m/z: 535,1588, found: 535.1588. HPLC purity: 99.9%.

3-(4-(4-Methoxybenzoyl)piperazine-1-carbonyl)-N-(3-(trifluoromethyl)phenyl)benzamide (7):
yield 15%, white solid, m.p. 72–74 ◦C. 1H NMR (DMSO-d6): δ 10.64 (s, 1H, NHCO), 8.25 (s,
1H), 8.08–8.04 (m, 3H), 7.68–7.60 (m, 3H), 7.47 (d, 1H, J = 7.7), 7.41–7.40 (d, 2H), 7.00–6.96
(d, 2H), 3.79 (s, 3H, OCH3), 3.71–3.43 (m, 8H, piperazine). 13C NMR (DMSO-d6): δ 169.1,
168.4, 165.1, 160.2, 139.7, 135.7, 134.5, 130.2, 129.8, 129.3 (d, JC,F = 31.9, C-CF3), 129.1, 128.9,
128.7, 127.4, 126.2, 124.1 (d, JC,F = 272.2, CF3), 123.7, 120.0 (d, 2C), 116.3 (d, 2C), 113.6, 55.2,
47.6, 41.6. 19F NMR (DMSO-d6): δ -61.26. HRMS (ESI): calcd. C27H24F3N3O4, [M+H]+ m/z:
512,1792, found: 512.1791. HPLC purity: 99.4%.

3-(4-(2-Fluorobenzoyl)piperazine-1-carbonyl)-N-(3-(trifluoromethyl)phenyl)benzamide (8):
yield 57%, white solid, m.p. 145–147 ◦C. 1H NMR (DMSO-d6): δ 10.62 (s, 1H, NHCO), 8.24
(s, 1H), 8.03–8.07 (m, 3H), 7.59–7.67 (m, 3H), 7.44–7.51 (m, 3H), 7.30 (bs, 2H), 3.65–3.76 (m,
4H, piperazine), 3.29–3.46 (m, 4H, piperazine). 13C NMR (DMSO-d6): δ 168.5, 165.1, 164.1,
157.5 (d, JC,F = 245.5, CF), 139.7, 135.7, 134.5, 131.6, 130.5, 130.2, 129.8, 129.3 (d, JF,C = 31.7,
C-CF3), 128.9, 128.8, 128.7, 126.2, 124.9, 124.1 (d, JC,F = 272.3, CF3), 123.8, 123.5, 120.0, 116.4
(d, 2C), 115.8, 115.6. 46.6, 41.4. 19F NMR (DMSO-d6): δ -116.18, -61.25. HRMS (ESI): calcd.
C26H21F4N3O3, [M+H]+ m/z: 500,1592, found: 500.1591. HPLC purity: 99.8%.

3-(4-(3-Fluorobenzoyl)piperazine-1-carbonyl)-N-(3-(trifluoromethyl)phenyl)benzamide (9):
yield 44%, white solid, m.p. 97–101 ◦C. 1H NMR (DMSO-d6): δ 10.63 (s, 1H, NHCO), 8.24
(s, 1H), 8.03–8.07 (m, 3H), 7.60–7.66 (m, 3H), 7.46–7.51 (m, 2H), 7.26–7.30 (m, 3H), 3.70
(br.s, 4H, piperazine), 3.43 (br.s, 4H, piperazine). 13C NMR (DMSO-d6): δ 168.4, 167.7, 165.1,
161.8 (d, JC,F = 245.6, CF), 139.7, 137.8 (d, J = 7.0), 135.7, 134.5, 130.7 (d, J = 8.0), 130.2, 129.8,
129.3 (d, JC,F = 31.6, C-CF3), 128.9, 128.7, 126.2, 124.1 (d, JC,F = 272.4, CF3), 123.7, 122.9,
120.0 (d, 2C), 116.5, 116.4 (d, 2C), 114.0, 113.8, 46.8, 41.6. 19F NMR (DMSO-d6): δ -61.25,
-116.18. HRMS (ESI): calcd. C26H21F4N3O3, [M+H]+ m/z: 500,1592, found: 500.1587. HPLC
purity: 96.5%.

N1,N3-bis(3-(4-methyl-1H-imidazol-1-yl)-5-(trifluoromethyl)phenyl)isophthalamide (10):
yield 14%, white solid, m.p. 304–306 ◦C. 1H NMR (DMSO-d6): δ 11.58 (s, 2H, 2×NHCO),
9.66 (d, 2H, J = 1.2), 9.18 (s, 1H), 8.77 (s, 2H), 8.58 (s, 2H), 8.27 (dd, 2H, J = 7.7, 1.0), 8.02 (s,
2H), 7.95 (s, 2H), 7.76 (t, 1H, J = 7.8), 2.37 (s, 6H, 2×CH3). 13C NMR (DMSO-d6): δ 165.3,
141.5, 136.0, 134.3, 133.5, 132.0, 131.1, 130.9 (d, JF,C = 32.7, C-CF3), 129.3, 126.9, 123.3 (d,
JF,C = 273.2, CF3), 117.4, 116.9, 114.1, 9.8. 19F NMR (DMSO-d6): δ -61.30. HRMS (ESI): calcd.
C30H22F6N6O2, [M+H]+ m/z: 613,1781, found: 613.1776. HPLC purity: 96.3%.

N1-(3-(4-methyl-1H-imidazol-1-yl)-5-(trifluoromethyl)phenyl)-N3-(4-((2-(methylcarbamoyl)
pyridin-4-yl)oxy)phenyl)isophthalamide (11): yield 11%, white solid, m.p. 313–315 ◦C. 1H
NMR (DMSO-d6): δ 10.90 (s, 1H, NHCO), 10.63 (s, 1H, NHCO), 8.75 (q, 1H, J = 4.4, 9.3),
8.62 (s, 1H), 8.53 (d, 1H, J = 5.8), 8.33 (s, 1H), 8.19–8.23 (m, 4H), 7.95 (d, 2H, J = 8.9), 7.76 (t,
2H, J = 7.8), 7.50 (s, 1H), 7.40 (d, 1H, J = 2.3), 7.27 (d, 2H), 7.18 (dd, 1H, J = 5.5, 2.6), 2.79 (d,
3H, CH3), 2.19 (s, 3H, CH3). 13C NMR (DMSO-d6): δ 165.8, 165.5, 165.0, 163.7, 152.4, 150.4,
149.0, 141.2, 138.9, 137.9, 136.8, 135.2, 134.9, 134.3, 131.1, 130.8 (d, JC,F = 32.2, C-CF3), 130.9,
128.8, 127.1, 123.7 (d, JF,C = 272.6, CF3) 122.1, 121.3, 114.9, 114.1–114.2 (m, 4C), 111.8, 108.8,
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26.0, 13.5. 19F NMR (DMSO-d6): δ -61.32. HRMS (ESI): calcd. C32H25F3N6O4, [M+H]+ m/z:
615,1962, found: 615.1946. HPLC purity: 95.4%.

N1-(3-(4-methyl-1H-imidazol-1-yl)-5-(trifluoromethyl)phenyl)-N3-(2-methyl-5-nitrophenyl)
isophthalamide (12): yield 13%, pale-yellow solid, m.p. 290–292 ◦C. 1H NMR (DMSO-d6): δ
10.90 (s, 1H, NHCO), 10.37 (s, 1H, NHCO), 8.62 (s, 1H), 8.38 (d, 1H, J = 2.5), 8.31 (s, 1H),
8.22–8.26 (m, 3H), 8.18 (s, 1H), 8.06 (dd, 1H, J = 8.4, 1.3), 7.76–7.79 (m, 2H), 7.61 (d, 1H,
J = 8.6), 7.50 (s, 1H), 2.43 (s, 3H, CH3), 2.19 (s, 3H, CH3). 13C NMR (DMSO-d6): δ 165.4,
165.2, 145.7, 141.6, 141.1, 138.9, 137.9, 137.2, 134.9, 134.4, 131.5, 131.2, 131.0, 130.7 (d,
JC,F = 32.5, C-CF3), 128.9, 127.3, 123.6 (d, JC,F = 272.9, CF3), 120.5, 114.9, 114.3, 114.2, 111.8,
18.2, 13.5. 19F NMR (DMSO-d6): δ -61.33. HRMS (ESI): calcd. C26H20F3N5O4, [M+H]+ m/z:
524,1540, found: 524.1527. HPLC purity: 98.0%.

3-(4-(4-Methoxybenzoyl)piperazine-1-carbonyl)-N-(3-(4-methyl-1H-imidazol-1-yl)-5-
(trifluoromethyl)-phenyl)benzamide (13): yield 10%, white solid, m.p. 144–146 ◦C. 1H
NMR (DMSO-d6): δ 10.78 (s, 1H, NHCO), 8.29 (s, 1H), 8.22 (s, 1H), 8.16 (s, 1H), 8.06–8.09 (m,
2H), 7.75 (s, 1H), 7.65–7.70 (m, 2H), 7.49 (s, 1H), 7.40–4.41 (d, 2H), 6.98–6.99 (d, 2H), 3.79 (s,
3H, OCH3), 3.71–3.42 (m, 8H, piperazine), 2.18 (s, 3H, CH3). 13C NMR (DMSO-d6): δ 169.3,
168.5, 165.3, 160.4, 141.2, 138.9, 138.0, 136.0, 135.0, 134.3, 130.9 (d, JC,F = 31.8, C-CF3), 130.5,
129.2, 129.1, 128.9, 127.5, 126.3, 123.6 (d, JC,F = 272.9, CF3), 115.0, 114.3 (d, 2C), 113.7, 111.9,
55.3, 47.0, 41.7, 13.5. 19F NMR (DMSO-d6): δ -61.33. HRMS (ESI): calcd. C31H28F3N5O4,
[M+H]+ m/z: 592,2166, found: 592.2166. HPLC purity: 98.9%.

3-(4-(2-Fluorobenzoyl)piperazine-1-carbonyl)-N-(3-(4-methyl-1H-imidazol-1-yl)-5-
(trifluoromethyl)phenyl)benzamide (14): yield 25%, white solid, m.p. 135–138 ◦C. 1H
NMR (DMSO-d6): δ 10.77 (s, 1H, NHCO), 8.29 (s, 1H), 8.23 (s, 1H), 8.16 (s, 1H), 8.06 (bs, 2H),
7.75 (s, 1H), 7.64–7.70 (m, 2H), 7.44–7.50 (m, 2H), 7.30 (bs, 2H), 3.66–3.77 (m, 4H, piperazine),
3.35–3.45 (m, 4H, piperazine), 2.19 (s, 3H, CH3). 13C NMR (DMSO-d6): δ 168.4, 165.2, 164.2,
157.5 (d, JC,F = 245.7, CF), 141.1, 138.9, 137.9, 135.8, 134.9, 134.2, 131.6, 130.5 (d, JC,F = 32.9,
C-CF3), 130.5, 128.9, 128.8, 128.7, 126.2, 124.9, 123.6 (d, JC,F = 272.7, CF3), 123.7, 123.6, 115.8,
115.7, 114.9, 114.2, 114.1 (d, 2C), 111.7, 46.5, 41.3, 13.7. 19F NMR (DMSO-d6): δ -56.58,
-111,39. HRMS (ESI): calcd. C30H25F4N5O3, [M+H]+ m/z: 580,1966, found: 580.1963. HPLC
purity: 96.9%.

3-(4-(3-Fluorobenzoyl)piperazine-1-carbonyl)-N-(3-(4-methyl-1H-imidazol-1-yl)-5-
(trifluoromethyl)phenyl)-benzamide (15): yield 17%, white solid, m.p. 130–135 ◦C.
1H NMR (DMSO-d6): δ 10.78 (s, 1H, NHCO), 8.30 (s, 1H), 8.24 (s, 1H), 8.16 (s, 1H), 8.09–
8.06 (m, 2H), 7.76 (s, 1H), 7.68–7.66 (d, 2H), 7.50 (s, 2H), 7.30–7.27 (m, 3H), 3.43–3.69 (m,
8H, piperazine), 2.19 (s, 3H, CH3). 13C NMR (DMSO-d6): δ 168.4, 167.9, 165.2, 161.7 (d,
JC,F = 245.3, CF), 141.1, 138.7, 137.8, 137.7, 135.8, 134.9, 134.2, 130.8 (d, JC,F = 32.7, C-CF3),
130.7, 130.4, 130.3, 128.9, 128.8, 127.8, 123.5 (d, JC,F = 272.5, CF3), 123.0, 116.6, 116.4, 114.9,
114.3 (d, 2C), 114.2, 114.0, 113.9, 111.7, 46.8, 41.4, 13.4. 19F NMR (DMSO-d6): δ -112.20,
-61.33. HRMS (ESI): calcd. C30H25F4N5O3, [M+H]+ m/z: 580,1966, found: 580.1965. HPLC
purity: 95.4%.

N1-(2-methyl-5-nitrophenyl)-N3-(4-((2-(methylcarbamoyl)pyridin-4-yl)oxy)phenyl)
isophthalamide (16): yield 9%, white solid, m.p. 138–141 ◦C. 1H NMR (DMSO-d6): δ
10.61 (s, 1H, NHCO), 10.35 (s, 1H, NHCO), 8.78 (q, 1H, J = 4.2, 9.1), 8.59 (s, 1H), 8.52 (d,
1H, J = 5.7), 8.38 (d, 1H, J = 2.4), 8.20–8.22 (m, 2H), 8.06 (dd, 1H, J = 8.6, 2.5), 7.93–7.96 (m,
2H), 7.75 (t, 1H, J = 7.7), 7.60 (d, 1H, J = 8.5), 7.41 (d, 1H, J = 2.6), 7.25–7.27 (m, 2H), 7.18
(dd, 1H, J = 5.6, 2.6), 2.79 (d, 3H, J = 4.8, CH3), 2.43 (s, 3H, CH3). 13C NMR (DMSO-d6):
δ 165.8, 165.2, 165.0, 163.7, 152.4, 150.4, 148.9, 145.7, 141.6, 137.2, 136.8, 135.1, 134.2, 131.5,
130.9, 130.8, 128.7, 127.2, 122.1, 121.1, 120.5, 120.4, 114.0, 108.7, 25.9, 18.2. HRMS (ESI): calcd.
C28H23N5O6, [M+H]+ m/z: 526,1721, found: 526.1721. HPLC purity: 97.6%.

N1-(3-(4-methyl-1H-imidazol-1-yl)-5-(trifluoromethyl)phenyl)-N4-(3-(trifluoromethyl)phenyl)-
terephthalamide (17): yield 20%, white solid, m.p. 208–210 ◦C. 1H NMR (DMSO-d6): δ 10.85
(s, 1H, NHCO), 10.72 (s, 1H, NHCO), 8.31 (s, 1H), 8.27 (s, 1H), 8.22 (d, 1H, J = 1.3), 8.15–8.17
(m, 5H), 8.08 (d, 1H, J = 8.4), 7.76 (s, 1H), 7.63 (t, 1H, J = 8.0), 7.48–7.50 (m, 2H), 2.19 (s,
3H, CH3). 13C NMR (DMSO-d6): δ 165.4, 165.1, 141.0, 139.7, 138.9, 137.9, 137.4, 136.7,
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134.9, 130.9 (d, JC,F = 31.9, C-CF3), 129.9, 129.3 (d, JC,F = 31.8, C-CF3), 127.9, 127.8, 124.1 (d,
JC,F = 272.5, CF3), 123.9, 123.6 (d, JC,F = 272.5, CF3), 120.2 (d, 2C), 116.4 (d, 2C), 115.0,
114.3 (d, 2C), 114.1, 111.8, 13.5. 19F NMR (DMSO-d6): δ -61.27, -61.34. HRMS (ESI): calcd.
C26H18F6N4O2, [M+H]+ m/z: 533,1407, found: 533.1401. HPLC purity: 98.9%.

N1-(4-((2-(methylcarbamoyl)pyridin-4-yl)oxy)phenyl)-N4-(3-(trifluoromethyl)phenyl)
terephthalamide (18): yield 10%, white solid, m.p. 248–250 ◦C. 1H NMR (DMSO-d6): δ
10.71 (s, 1H, NHCO), 10.57 (s, 1H, NHCO), 8.77 (q, 1H, J = 4.4, 9.2), 8.52 (d, 1H, J = 5.6), 8.28
(s, 1H), 8.12–8.15 (m, 4H), 8.09 (d, 1H, J = 8.4), 7.95 (d, 2H), 7.63 (t, 1H, J = 8.0), 7.49 (d, 1H,
J = 7.8), 7.41 (d, 1H, J = 2.5), 7.26 (d, 2H, J = 8.9), 7.18 (dd, 1H, J = 2.9, 6.0), 2.80 (d, 3H,
J = 4.9, CH3). 13C NMR (DMSO-d6): δ 165.7, 165.1, 164.8, 163.7, 152.4, 150.3, 148.9, 139.7,
137.6, 138.9, 136.7, 129.9, 129.3 (d, JC,F = 31.4, C-CF3), 127.7, 124.0 (d, JC,F = 272.3, CF3),
123.8, 122.2, 121.2, 120.1 (d, 2C), 116.4 (d, 2C), 114.0, 108.7, 25.9. 19F NMR (DMSO-d6): δ
-61.25. HRMS (ESI): calcd. C28H21F3N4O4, [M+H]+ m/z: 535,1588, found: 535.1578. HPLC
purity: 99.1%.

4-(4-(4-Methoxybenzoyl)piperazine-1-carbonyl)-N-(3-(trifluoromethyl)phenyl)benzamide (19):
yield 16%, white solid, m.p. 202–205 ◦C. 1H NMR (DMSO-d6): δ 10.64 (s, 1H, NHCO), 8.26
(s, 1H), 8.05 (d, 3H, J = 8.0), 7.59–7.63 (m, 3H), 7.47 (d, 1H, J = 7.7), 7.40–7.42 (m, 2H), 6.99 (d,
2H), 3.79 (s, 3H, OCH3), 3.69–3.39 (m, 8H, piperazine). 13C NMR (DMSO-d6): δ 169.1, 168.4,
165.2, 160.3, 139.7, 138.8, 135.2, 129.8, 129.3 (d, JC,F = 32.1, C-CF3), 129.1, 127.9, 127.3, 127.0,
124.1 (d, JC,F = 272.3, CF3), 123.7, 120.0 (d, 2C), 116.3 (d, 2C), 113.6, 55.2, 46.9, 41.5. 19F NMR
(DMSO-d6): δ -61.26. HRMS (ESI): calcd. C27H24F3N3O4, [M+H]+ m/z: 512,1792, found:
512.1790. HPLC purity: 98.4%.

4-(4-(2-Fluorobenzoyl)piperazine-1-carbonyl)-N-(3-(trifluoromethyl)phenyl)benzamide (20):
yield 35%, white solid, m.p. 215–217 ◦C. 1H NMR (DMSO-d6): δ 10.64 (s, 1H, NHCO), 8.27
(s, 1H), 8.05–8.06 (m, 3H), 7.60–7.63 (m, 3H), 7.44–7.52 (m, 3H), 7.32 (bs, 2H), 3.60–3.76 (m,
4H, piperazine), 3.35–3.42 (m, 4H, piperazine). 13C NMR (DMSO-d6): δ 168.6, 165.2, 164.1,
157.5 (d, JC,F = 245.4, CF), 139.7, 138.7, 135.2, 131.6, 130.5, 129.8, 129.3 (d, JC,F = 31.7, C-CF3),
128.8 (d, 2C), 128.7, 127.0, 124.9, 124.0 (d, JC,F = 272.3, CF3), 123.8, 123.6, 120.0 (d, 2C), 116.3
(d, 2C), 115.8, 115.6, 46.4, 41.2. 19F NMR (DMSO-d6): δ -61.26, -116.21. HRMS (ESI): calcd.
C26H21F4N3O3, [M+H]+ m/z: 500,1592, found: 500.1586. HPLC purity: 99.5%.

4-(4-(3-Fluorobenzoyl)piperazine-1-carbonyl)-N-(3-(trifluoromethyl)phenyl)benzamide (21):
yield 50%, white solid, m.p. 228–300 ◦C. 1H NMR (DMSO-d6): δ 10.64 (s, 1H, NHCO), 8.26
(s, 1H), 8.04–8.06 (m, 3H), 7.60–7.63 (m, 3H), 7.46–7.51 (m, 2H), 7.26–7.30 (m, 3H), 3.67 (br.s,
4H, piperazine), 3.43 (br.s, 4H, piperazine). 13C NMR (DMSO-d6): δ 168.4, 167.7, 165.2, 161.7
(d, JC,F = 245.4, CF), 139.7, 138.7, 137.8 (d, J = 6.8), 135.2, 130.7 (d, J = 7.7), 129.8, 129.3 (d,
JC,F = 31.7, C-CF3), 127.9, 127.0, 124.1 (d, JC,F = 272.3, CF3), 123.7, 123.0, 120.0 (d, 2C), 116.6,
116.3 (d, 2C), 114.0, 113.8, 46.7, 41.6. 19F NMR (DMSO-d6): δ -61.26, -112.19. HRMS (ESI):
calcd. C26H21F4N3O3, [M+H]+ m/z: 500,1592, found: 500.1591. HPLC purity: 97.1%.

N1,N4-bis(3-(4-methyl-1H-imidazol-1-yl)-5-(trifluoromethyl)phenyl)terephthalamide (22):
yield 27%, white solid, m.p. 295–296 ◦C. 1H NMR (DMSO-d6): δ 11.47 (s, 2H, 2×NHCO),
9.68 (d, 2H), 8.73 (s, 2H), 8.47 (s, 2H), 8.30 (s, 4H), 8.02 (s, 2H), 7.96 (s, 2H), 2.37 (s, 6H,
2×CH3). 13C NMR (DMSO-d6): δ 165.2, 141.4, 136.6, 136.0, 134.2, 131.0, 130.7 (d, JC,F = 32.7,
C-CF3), 128.1, 123.3 (d, JC,F = 272.8, CF3), 117.3, 117.1, 114.0, 9.8. 19F NMR (DMSO-d6): δ
-61.30. HRMS (ESI): calcd. C30H22F6N6O2, [M+H]+ m/z: 613,1781, found: 613.1778. HPLC
purity: 96.9%.

N1-(3-(4-methyl-1H-imidazol-1-yl)-5-(trifluoromethyl)phenyl)-N4-(4-((2-(methylcarbamoyl)
pyridin-4-yl)oxy)phenyl)terephthalamide (23): yield 12%, white solid, m.p. 299–300 ◦C. 1H
NMR (DMSO-d6): δ 10.85 (s, 1H, NHCO), 10.59 (s, 1H, NHCO), 8.78 (q, 1H, J = 4.6, 9.4), 8.52
(d, 1H, J = 5.6), 8.32 (s, 1H), 8.23 (d, 1H, J = 1.0), 8.13–8.17 (m, 5H), 7.93–7.95 (m, 2H), 7.77 (s,
1H), 7.50 (s, 1H), 7.40 (d, 1H, J = 2.5), 7.25–7.27 (m, 2H), 7.18 (dd, 1H, J = 2.6, 5.6), 2.79 (d,
3H, J = 4.9, CH3), 2.19 (s, 3H, CH3). 13C NMR (DMSO-d6): δ 165.8, 165.3, 164.8, 163.7, 152.4,
150.4, 148.9, 141.0, 138.9, 137.9 137.7, 136.7, 136.5, 134.9, 130.8 (d, JC,F = 31.9, C-CF3), 127.8 (d,
2C), 123.6 (d, JC,F = 273.3, CF3), 122.2, 121.2, 115.0, 114.3 (d, 2C), 114.1 (d, 2C), 111.8, 108.7,
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25.9, 13.5. 19F NMR (DMSO-d6): δ -61.30. HRMS (ESI): calcd. C32H25F3N6O4, [M+H]+ m/z:
615,1962, found: 615.1955. HPLC purity: 97.0%.

N1-(3-(4-methyl-1H-imidazol-1-yl)-5-(trifluoromethyl)phenyl)-N4-(2-methyl-5-nitrophenyl)
terephthalamide (24): yield 20%, pale-yellow solid, m.p. 269–270 ◦C. 1H NMR (DMSO-d6):
δ 10.85 (s, 1H, NHCO), 10.33 (s, 1H, NHCO), 8.38 (d, 1H, J = 2.4), 8.32 (s, 1H), 8.23 (d, 1H,
J = 1.2), 8.15–8.19 (m, 5H), 8.07 (dd, 1H, J = 2.5, 8.4), 7.77 (s, 1H), 7.60 (d, 1H, J = 8.6), 7.51
(s, 1H), 2.42 (s, 3H, CH3), 2.19 (s, 3H, CH3). 13C NMR (DMSO-d6): δ 165.2, 165.0, 145.7,
141.6, 141.0, 138.8, 137.9, 137.1, 137.0, 136.7, 134.9, 131.5, 130.8 (d, JC,F = 31.8, C-CF3), 127.9
(d, 2C), 123.5 (d, JC,F = 273.6, CF3), 120.5 (d, 2C), 115.0, 114.3 (d, 2C), 114.1, 111.8, 18.2, 13.4.
19F NMR (DMSO-d6): δ -61.33. HRMS (ESI): calcd. C26H20F3N5O4, [M+H]+ m/z: 524,1540,
found: 524.1533. HPLC purity: 99.2%.

4-(4-(4-methoxybenzoyl)piperazine-1-carbonyl)-N-(3-(4-methyl-1H-imidazol-1-yl)-5-
(trifluoromethyl)-phenyl)benzamide (25): yield 14%, white solid, m.p. 212–214 ◦C. 1H NMR
(DMSO-d6): δ 10.78 (s, 1H, NHCO), 8.30 (s, 1H), 8.23 (s, 1H), 8.16 (s, 1H), 8.07 (d, 2H,
J = 8.1), 7.75 (s, 1H), 7.63 (d, 2H, J = 8.1), 7.50 (s, 1H), 7.41 (d, 2H, J = 8.4), 6.99 (d, 2H,
J = 8.4), 3.79 (s, 3H), 3.70–3.39 (m, 8H, piperazine), 2.19 (s, 3H, CH3). 13C NMR (DMSO-d6): δ
169.1, 168.3, 165.3, 160.3, 141.1, 139.0, 138.7, 137.8, 134.8 (d, 2C), 130.8 (d, JC,F = 32.6, C-CF3),
129.1, 127.9, 127.3, 127.1, 123.5 (d, JC,F = 273.2, CF3), 114.9, 114.2 (d, 2C), 113.6, 111.8, 55.2,
46.8, 41.5, 13.4. 19F NMR (DMSO-d6): δ -61.33. HRMS (ESI): calcd. C31H28F3N5O4, [M+H]+

m/z: 592,2166, found: 592.2158. HPLC purity: 98.3%.
4-(4-(2-fluorobenzoyl)piperazine-1-carbonyl)-N-(3-(4-methyl-1H-imidazol-1-yl)-5-

(trifluoromethyl)phenyl)-benzamide (26): yield 18%, white solid, m.p. 142–145 ◦C. 1H NMR
(DMSO-d6): δ 10.77 (s, 1H, NHCO), 8.29 (s, 1H), 8.21 (s, 1H), 8.15 (s, 1H), 8.06 (br.s, 2H), 7.75
(s, 1H), 7.63 (br.s, 2H), 7.44–7.51 (m, 2H), 7.31 (bs, 2H), 3.42–3.75 (m, 8H, piperazine), 2.19
(s, 3H, CH3). 13C NMR (DMSO-d6): δ 168.3, 165.3, 164.2, 157.5 (d, JC,F = 245.6, CF), 141.1,
138.9, 138.8, 137.9, 134.9, 131.6 (d, J = 7.6), 130.8 (d, JC,F = 32.3, C-CF3), 128.9, 128.8, 127.9,
124.9, 123.7, 123.6, 123.5 (d, JC,F = 272.7, CF3), 115.8, 115.7, 114.9, 114.2 (d, 2C), 114.1, 111.7,
46.6, 41.3, 13.5. 19F NMR (DMSO-d6): δ -116.19, -61.34. HRMS (ESI): calcd. C30H25F4N5O3,
[M+H]+ m/z: 580,1966, found: 580.1965. HPLC purity: 98.0%.

4-(4-(3-fluorobenzoyl)piperazine-1-carbonyl)-N-(3-(4-methyl-1H-imidazol-1-yl)-5-
(trifluoromethyl)phenyl)-benzamide (27): yield 12%, white solid, m.p. 110–113 ◦C. 1H NMR
(DMSO-d6): δ 10.77 (s, 1H, NHCO), 8.29 (s, 1H), 8.21 (s, 1H), 8.15 (s, 1H), 8.07–8.06 (d,
2H), 7.75 (s, 1H), 7.63–7.61 (d, 2H), 7.51–7.49 (m, 2H), 7.30–7.26 (m, 3H), 3.42–3.72 (m,
8H, piperazine), 2.19 (s, 3H, CH3). 13C NMR (DMSO-d6): δ 168.3, 167,7, 165.3, 161.7 (d,
JC,F = 245.1, CF), 141.1, 138.9, 138.8, 137.9, 137.8 (d, 2C), 134.9, 134.8, 130.8 (d, JC,F = 32.8,
C-CF3), 130.7 (d, 2C), 127.9, 127.1, 123.5 (d, JC,F = 272.7, CF3), 123.0, 116.6, 116.5, 114.9,
114.2 (d, 2C), 114.1, 114.0, 113.9, 111.7, 46.6, 41.3, 13.4. 19F NMR (DMSO-d6): δ -112.14,
-61.34. HRMS (ESI): calcd. C30H25F4N5O3, [M+H]+ m/z: 580,1966, found: 580.1960. HPLC
purity: 98.8%.

N1-(2-methyl-5-nitrophenyl)-N4-(4-((2-(methylcarbamoyl)pyridin-4-yl)oxy)phenyl)
terephthalamide (28): yield 10%, pale-yellow solid, m.p. 285–287 ◦C. 1H NMR (DMSO-
d6): δ 10.58 (s, 1H, NHCO), 10.32 (s, 1H), 8.79 (d, 1H, J = 4.7), 8.53 (d, 1H, J = 5.5), 8.38 (d,
1H, J = 2.1), 8.13–8.16 (m, 4H), 8.05–8.07 (dd, 1H, J = 2.2, 8.4), 7.95–7.96 (m, 2H), 7.60 (d,
1H, J = 8.4), 7.41 (d, 1H, J = 2.3), 7.26–7.27 (m, 2H), 7.18 (dd, 1H, J = 4.5, 5.5), 2.79 (d, 3H,
J = 4.8, CH3), 2.42 (s, 3H, CH3). 13C NMR (DMSO-d6): δ 165.7, 165.0, 164.7, 163.7, 152.4,
150.3, 148.9, 145.7, 141.6, 137.6, 137.1, 136.7, 136.5, 131.5, 127.8, 127.7, 122.2, 121.2, 120.5,
120.4, 114.0, 108.7, 25.9, 18.2. HRMS (ESI): calcd. C28H23N5O6, [M+H]+ m/z: 526,1721,
found: 526.1718. HPLC purity: 97.9%.

2.2. Cell Proliferation Assay

Tests to determine the effects of the synthesized compounds on cell viability and
the half-maximal inhibitory concentration (IC50) were performed using the MTT assay, as
described in our prior work [32].
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2.3. Kinase Inhibitory Assay

The ADP-Glo kinase assay (Promega, Madison, WI, USA) was used to screen com-
pounds 5, 8–10, 14, 17, 19 and 24 for the tyrosine kinase (Kinase Selectivity Profiling System
TK-1, Promega, Madison, WI, USA) and serine/threonine kinase (Kinase Selectivity Profil-
ing System Other/CK-1, Promega, Madison, WI, USA) inhibition effects according to the
manufacturer’s technical manual. The luminescence data were analyzed as described in
our prior work [32].

2.4. Cell Apoptosis Assay

K562 tumor cells were plated on a 6-well plate at a density of 400,000 per well. Test
compounds 5, 14 and 15 were added at concentrations of 1, 5 and 10 µM in duplicate for 48 h.
The methodology and analysis of the obtained data were performed as described in our
prior work [32].

2.5. In Vitro Cell Cycle Effects

Tumor cells were seeded on a 6-well plate at a density of 400,000 per well for K562.
Test compounds 5, 14 and 15 were added at concentrations of 1, 5 and 10 µM in duplicate
for 48 h. The methodology and analysis of the obtained data were performed as described
in our prior work [32].

2.6. ROS Determination

The redox status was assessed using the K562 cell line. A total of 400,000 of cells
per well were seeded on a 6-well plate and treated with compounds 5, 14 and 15, as
well as lapatinib and sorafenib, at concentrations of 5, 10, and 20 µM in duplicate for
48 h. After treatment, staining was performed with a 10 µM concentration of 2′,7′-
dichlorodihydrofluorescein diacetate (Acros Organics, Somerville, NJ, USA) for 30 min at 37 ◦C
in the dark. Then, the cells were washed to remove the 2′,7′-dichlorodihydrofluorescein
diacetate by centrifugation at 1000 rpm for 5 min. The measurements were conducted using
a Cytomics FC500 Beckman Coulter flow cytometer (FL1 channel for DCF).

2.7. Molecular Docking and Molecular Dynamics

The docking and MD protocols were the same as those described in our previous pub-
lication [32], except for the fact that QVina 2 (Nanyang Technological University, Singapore,
2015) [33] was used as docking software and the Cactus web server was used [34] to obtain
3D structures of the ligands.

3. Results and Discussion
3.1. Molecular Design

As shown in our previous work [31,32], the structure of a typical type-2 protein kinase
inhibitor can be decomposed into three main fragments (Figure 1). Since the reengineering
of imatinib into nilotinib, 3-(trifluoromethyl)aniline has emerged as the best choice for
handling a kinase’s allosteric site. While type-2 inhibitors use various heterocyclic systems
to mimic ATP interactions in the ATP-binding site, the linker is responsible for the spatial
orientation of the inhibitor’s ATP and allosteric fragments. Taking these considerations into
account, we proposed examining various linkers attached to the 3-(trifluoromethyl)aniline
moiety as a rational strategy towards the development of novel chemical scaffolds that
are able to target protein kinases. As part of this approach, we used 4-methylbenzamide
linker to develop promising anticancer agents [31,32]. In the present study, we propose
using isophthalic and terephthalic linkers as a framework for constructing novel type-2
inhibitors. Compared to 4-methylbenzamide, these phthalic linkers have some advantages.
Firstly, they are more rigid, which can render inhibitor positioning more restrained and
stable. Secondly, a non-allosteric amide bond may be involved in hydrogen bonding in the
ATP pocket, resulting in additional interactions.
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Figure 1. Pharmacophore-based approach to the design of target compounds. Structural fragments
that bind to the ATP pocket are highlighted in red, and those binding to the allosteric pocket are in
blue. Linkers are labeled in yellow.

It should be noted that phthalic linkers with adjacent 1,2-carbonyl groups were not
considered as a good choice, since they would not provide the optimal angle between
the ATP and allosteric pharmacophoric groups of the potential inhibitors. In this context,
both isophthalic and terephthalic linkers seemed to be rational choices, as they have more
structural similarity with the known inhibitors.

In general, we suggest that, at least theoretically, the binding effects of the designed
isophthalic derivatives and their terephthalic counterparts to the protein kinase receptors
are quite similar. Considering our primary structures of focus (Figure 1), which are closely
related to previously discovered anticancer 4-methylbenzamide analogues [31,32], the
3-trifluoromethylaniline should rest in the allosteric pocket, as it does in the case of ima-
tinib/nilotinib. Phthalic acid fragments, whether isophthalic or terephthalic, is intended
to play the role of a linker, ensuring the ability of the substituted piperazine to reach the
ATP pocket. We supposed that the piperazine ring is flexible enough to fit into the ATP
pocket, no matter which type of linker it is attached to. However, clearly, one of those
linker types must provide a more favorable placement of piperazine in the ATP pocket
than the other, with more electrostatic and van der Waals contacts. In the design stage,
it was not particularly clear which phthalic linker was more promising; thus, two series
were synthesized.

In fact, we used a combinational strategy with various amines to obtain target ph-
thalimides so as to gain more knowledge about promising linker types and structural
fragments, as shown in the Chemistry section. For example, to target the allosteric pocket
of a kinase, we might consider the nitro-group as an alternative pharmacophore to the
trifluoromethyl group. The nitro-group is polar and can engage in specific interactions with
a protein. In the case of strong observed in vitro activity, the bioisosteric replacement of the
nitro-group (with oxazole, for example) could be a valuable step towards the identification
of a promising drug candidate.

3.2. Chemistry

Twenty-four target compounds were obtained by a two-step synthesis, starting with
isophthalic acid (1) and terephthalic acid (2). In the first stage, corresponding phthalic
acids were treated with a 4-fold excess of oxalyl chloride in tetrahydrofuran and DMF
(Scheme 1). In the second stage, the resulting acid dichlorides 3 and 4 (1.1 equivalent)
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were subsequently condensed with the amines a–g. The last reaction was carried out in
tetrahydrofuran in the presence of an equimolar amount of Et3N at room temperature for
3 h. The yields of the target compounds 5–28 after isolation on silica gel varied within the
range of 9–57%. The structures and yields of the synthesized compounds are presented in
Table 1.
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The structures of the synthetic products were established by 1H, 13C and 19F NMR 

spectroscopy and high-resolution mass spectrometry (HRMS). 

The 1H and 13С NMR spectrа of isophthalic and terephthalic derivatives 5‒28 are com-

plicated by crowded aromatic regions (see Supplementary Materials). However, some 

characteristic features can be distinguished. In the 1H NMR spectra,  the weakest signals 

correspond to protons of secondary amide bonds and are defined by a chemical shift from 

11.58 to 10.32 ppm. For compounds 7‒9, 13‒15, 19‒21 and 25‒27, containing a piperazine 

moiety, CH2 resonance signals can be observed in the upfield at 3.29–3.76 ppm. 

The 19F NMR spectra of the target compounds, except for 16 and 28, exhibit the char-

acteristic peaks near -61.25 ppm assigned to the F-atoms of the 5-(trifluoromethyl)phenyl 

fragment [35]. In the similar spectra of compounds 8, 9, 14 and 15 as well as 20, 21, 26 and 

27, additional signals appear at -116.3 and -112.2 ppm, respectively, which are related to 

the fluorine atom of the 2(3)-fluorobenzoic acid moiety, in addition to the CF3 signal. The 

C-F coupling constant (JC,F) for the CF3 and 2(3)-F-benzoic acid moiety was observed at 

275 Hz and 245 Hz, respectively. 

3.3. Biological Studies 

3.3.1. Antiproliferative Activity 

The target compounds 5, 6, 8‒12, 14, 15, 17‒22 and 24‒26 were tested for antiprolifer-

ative activity against six cancer cell lines: K562 (chronic myelogenous leukemia), HL-60 

(promyelocytic leukemia), MCF-7 (breast adenocarcinoma), HepG2 (human liver cancer), 

A549 (lung carcinoma) and OKP-GS (renal cell carcinoma). The RPMI 1788 cells (B lym-

phocyte, human) were used as a control to evaluate the system toxicity of the studied 

compounds to normal cells. Sorafenib, nilotinib and lapatinib were utilized as reference 

standards for comparison. 

The IC50 values are presented in Table 2. In the case of nilotinib, the IC50 value for the 

chronic myeloid leukemia cell line (K562) was determined to be less than 0.1 μmol, which 
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The 1H and 13C NMR spectra of isophthalic and terephthalic derivatives 5–28 are
complicated by crowded aromatic regions (see Supplementary Materials). However, some
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27, additional signals appear at -116.3 and -112.2 ppm, respectively, which are related to
the fluorine atom of the 2(3)-fluorobenzoic acid moiety, in addition to the CF3 signal. The
C-F coupling constant (JC,F) for the CF3 and 2(3)-F-benzoic acid moiety was observed at
275 Hz and 245 Hz, respectively.

3.3. Biological Studies
3.3.1. Antiproliferative Activity

The target compounds 5, 6, 8–12, 14, 15, 17–22 and 24–26 were tested for antiprolifer-
ative activity against six cancer cell lines: K562 (chronic myelogenous leukemia), HL-60
(promyelocytic leukemia), MCF-7 (breast adenocarcinoma), HepG2 (human liver cancer),
A549 (lung carcinoma) and OKP-GS (renal cell carcinoma). The RPMI 1788 cells (B lym-
phocyte, human) were used as a control to evaluate the system toxicity of the studied
compounds to normal cells. Sorafenib, nilotinib and lapatinib were utilized as reference
standards for comparison.

The IC50 values are presented in Table 2. In the case of nilotinib, the IC50 value for the
chronic myeloid leukemia cell line (K562) was determined to be less than 0.1 µmol, which is
a marker of Bcr-Abl protein expression and is consistent with data obtained previously [36].
The antiproliferative activity of nilotinib and lapatinib for the studied cell cultures was
characterized by IC50 values ranging from 2 to 27 µM.

Table 2. In vitro antiproliferative activities of target compounds 5, 6, 8–12, 14, 15, 17–22 and
24–26 against cancer cell lines (K562, HL-60, MCF-7, HepG2, A-549, OKP-GS) and normal human
lymphoblastoid cells (RPMI 1788).

Comp. Acid R1 R2
Anti-Proliferative Activities in Deferent Cell Lines (IC50 µM) 1

K562 HL-60 MCF-7 HepG2 A549 OKP-GS RPMI 1788
5 Iso a b 3.42 ± 0.78 7.04 ± 0.29 4.91 ± 1.27 7.84 ± 2.61 >50 17.76 ± 2.13 2.86 ± 0.09
6 Iso a c >50 >50 41.15 ± 5.06 >50 >50 >50 12.98 ± 2.99
8 Iso a f 18.33 ± 1.15 18.19 ± 1.02 24.71 ± 5.95 35.49 ± 0.34 >50 >50 24.91 ± 1.17
9 Iso a g 20.99 ± 0.59 21.90 ± 1.59 26.29 ± 3.71 33.29 ± 3.45 >50 >50 26.26 ± 1.88

10 Iso b b 25.96 ± 2.38 35.75 ± 3.19 38.47 ± 1.95 23.21 ± 1.81 >50 13.23 ± 1.30 13.00 ± 0.30
11 Iso b c >50 >50 >50 >50 >50 26.51 ± 3.65 21.89 ± 0.44
12 Iso b d >50 >50 >50 >50 >50 27.47 ± 2.58 2.36 ± 1.13
14 Iso b f 7.71 ± 2.84 32.50 ± 1.50 27.30 ± 0.16 44.09 ± 4.19 >50 >50 26.63 ± 2.31
15 Iso b g 10.51 ± 2.54 34.76 ± 4.70 27.38 ± 0.26 45.81 ± 1.76 >50 >50 29.40 ± 1.79
17 Tere a b 15.62 ± 0.00 >50 >50 >50 >50 >50 >50
18 Tere a c 26.93 ± 0.00 >50 >50 45.85 ± 1.83 >50 34.43 ± 2.52 46.02 ± 1.76
19 Tere a e >50 >50 >50 >50 >50 >50 >50
20 Tere a f >50 >50 >50 >50 >50 >50 >50
21 Tere a g >50 >50 >50 >50 >50 >50 >50
22 Tere b b >50 >50 >50 >50 >50 >50 >50
24 Tere b d 16.98 ± 0.20 26.42 ± 3.35 15.48 ± 1.16 >50 >50 >50 36.49 ± 0.86
26 Tere b f 18.53 ± 0.73 26.41 ± 1.73 48.83 ± 1.17 44.28 ± 4.79 >50 >50 23.97 ± 0.03
27 Tere b g 22.25 ± 2.12 26.04 ± 4.15 49.36 ± 0.67 38.63 ± 1.11 >50 >50 24.08 ± 0.07

Reference Compounds
Sorafenib 2.44 ± 0.21 3.37 ± 0.42 8.62 ± 2.24 5.01 ± 0.14 12.52 ± 1.64 7.17 ± 0.50 3.48 ± 0.39
Nilotinib <0.1 22.67 ± 4.76 4.20 ± 0.14 4.81 ± 0.21 >50 2.76 ± 0.06 19.32 ± 0.09
Lapatinib 9.62 ± 1.56 10.58 ± 1.02 10.93 ± 0.34 27.10 ± 0.08 18.55 ± 2.65 7.32 ± 2.15 9.31 ± 0.90

1 IC50—the concentration that causes 50% cell growth inhibition after 72 h of exposition. The background
color indicates the lowest IC50 values for compounds 5, 14 and 15, which were selected as candidates for
additional studies.

It was found that, in general, the tumor cell cultures were more sensitive to isoph-
thalic acid derivatives than to terephthalic acid ones. Thus, compound 5, containing
3-(4-methyl-1H-imidazol-1-yl)-5-(trifluoromethyl)aniline and 5-(trifluoromethyl)aniline
fragments, showed the highest inhibitory activity against four cancer cell lines, K562, HL-60,
MCF-7 and HepG2 (IC50 = 3.42, 7.04, 4.91 and 8.84 µM, respectively), compared to those of
the corresponding derivatives of terephthalic acid 17, which had almost no effect on the cell
lines’ viability. Compounds 14 and 15, containing a 2(3)-fluorobenzoyl piperazine moiety f,
g, showed moderate inhibitory activity (IC50 = 7.71 and 10.51 µM, respectively) comparable
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to that of lapatinib against the K562 cell line. The replacement of the isophthalic linker with
a terephthalic linker in these compounds led to a 2-fold decrease in their activity.

The other synthesized compounds showed moderate to weak antiproliferative activity
against most of the cancer cell lines (IC50 ranging from 15 to 49 µM), with most of the active
compounds being related to derivatives of isophthalic acid. The introduction of amines c
and d into the molecule with an isophthalic linker resulted in a lack of sensitivity of the
cancer cells in the studied concentration range (compounds 6, 11 and 12). The A549 cell
line was insensitive to all the synthesized compounds.

According to Table 2, most of the synthesized compounds were toxic to normal RPMI
1788 cells. However, this finding is consistent with the results for reference compounds
inhibiting the growth of normal human dermal fibroblasts (NHDF) based on in vitro
experiments [37,38].

3.3.2. Kinase Inhibitory Assays

The selectivity of the potential kinase inhibitor against a specific protein kinase or a
specific family of kinases was investigated using the Kinase Selectivity Profiling System
TK-1, Other/CK-1 and ADP-Glo™ Kinase assay kit (Promega, Madison, WI, USA). The
target compounds 5, 8–10, 14, 17, 19 and 24 were tested against eight receptor tyrosine
kinases, including EGFR, HER2 and HER4 (epidermal growth factor receptors), IGF1R
(insulin-like growth factor 1 receptor), InsR (insulin receptor), KDR (vascular endothelial
growth factor receptor 2—VEGFR-2), PDGFRα and PDGFRβ (platelet-derived growth
factor receptors), and two serine/threonine kinases, Aurora A and B. Lapatinib, sorafenib
and sunitinib were taken as comparison compounds. The inhibition percentage results at a
concentration of 10 µM are presented in Table 3.

Table 3. Inhibition of receptor tyrosine kinases by target compounds.

Kinase
% Inhibition at 10 µM

Lapat. Soraf. Sunit. 5 8 9 10 14 17 19 24
Tyrosine Kinases

EGFR 100 0 - 0 14 90 1 21 0 4 2
HER2 76 0 - 33 0 64 19 14 13 39 49
HER4 100 0 - 0 0 37 0 0 0 2 3
IGF1R 0 0 - 0 0 0 0 0 0 0 0
InsR 0 0 - 0 6 0 0 0 0 17 0
KDR 24 100 - 18 34 33 33 26 0 16 0

PDGFRα 2 100 - 73 0 20 17 24 20 19 0
PDGFRβ 10 100 - 18 0 24 0 23 15 20 0

Serine/Threonine Kinases
Aurora A - - 68 0 0 0 0 0 0 - 0
Aurora B - - 90 0 0 0 0 7 0 - 3

Isophthalic derivative 9 revealed a high potency against EGFR and HER2, at the levels
of 90% and 64%, respectively, being comparable to lapatinib at 10 µM (Table 3). Kinase
insert domain receptor, KDR, is a tyrosine kinase receptor for VEGFs that plays a central role
in tumor angiogenesis and is a major therapeutic target for the inhibition of angiogenesis
and tumor growth. Compounds 5, 8–10, 14 and 19 showed inhibitory activity against KDR
in the range of 16–34% at a concentration of 10 µM.

Compound 5 exhibited a high inhibitory activity against PDGFRα, at the level of
73%, although this was slightly lower compared to sorafenib. The activity of the isomeric
terephthalic analogue 17 did not exceed 20%. The influence of the linker type on the
possible binding of isomers 5 and 17 in the ATP pocket of a kinase was clear. In this sense,
the higher activity of the isophthalic derivatives, compared to their terephthalic analogues,
can be explained by the peculiarities of the geometry of the molecules.
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It is noteworthy that none of the studied phthalic acid analogues were shown to be
active against Aurora A and B (serine/threonine kinases).

3.3.3. In Vitro Cell Cycle Effects of Compounds 5, 14 and 15

As shown above, compounds 5, 14 and 15 had significant antiproliferative activities,
which is why their influences on the cell cycle and apoptosis level were determined, with
the aim of understanding whether these effects are cytostatic or cytotoxic. In the cell
cycle experiments, K562 cells were used. The cells were treated for 48 h with 1 µM, 5 µM
and 10 µM concentrations of compounds 5, 14 and 15, as well as lapatinib and sorafenib,
respectively. For the determination of changes in the distribution of cells in the phases of
the cell cycle, the widely employed method of staining the cells with propidium iodide was
used [39]. The results are shown in Table 4 and Figure 2.

Table 4. Cell cycle data analysis of K562 cells treated with compound 5, 14 and 15.

Comp. Concentration, µM G1, % S, % G2/M, % Apoptosis, %
K562 (control) 31.11 23.27 45.62 14.80

5
1 37.92 17.01 45.08 14.56
5 31.77 18.14 50.09 37.20

10 29.86 32.05 38.08 53.50

14
1 32.65 20.41 46.95 14.28
5 27.58 17.25 55.16 25.10

10 31.21 17.71 51.08 38.02

15
1 30.15 21.31 48.54 17.90
5 34.76 11.59 53.65 20.54

10 28.85 8.16 62.99 32.72

Lap.
1 34.47 13.31 52.23 14.74
5 31.31 13.02 55.68 28.92

Sor.
1 36.50 7.72 55.78 22.60
5 33.87 30.14 35.99 44.20
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Figure 2. Cell cycle inhibition of K562 cells treated with different concentrations of compounds 5 (A),
14 (B) and 15 (C), with 5 µM of sorafenib and lapatinib as a reference compound.

The cell cycle analysis showed a decrease in the number of K562 cells in phase S to
17.0% and 18.14%, respectively, when treated with isophthalic analogue 5 at concentrations
of 1 µM and 5 µM, down from 23.27% in the control (DMSO). While the number of cells in
the G2/M phase decreased from 45.6% in the control (DMSO) to 38.0%, apoptosis increased
to 53.50% (Table 4, Figure 2A).

In the case of the isomeric ortho- and meta-isophthalic fluorine derivatives 14 and
15, for compound 15, a pronounced dose-dependent effect was observed in reducing the
number of K562 cells in the S phase from 23.3% in the control (DMSO) to 11.59% (5.0 µM)
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and 8.16% (10, 0 µM) after 48 h. With a practically unchanged number of cells in the G1
phase, the number of cells in the G2/M phase increased from 45.62% in the control (DMSO)
to 53.65% (5.0 µM) and 62.99% (10 µM) for compound 15 and up to 55.16% (5.0 µM) and
51.08% (10 µM) for isomer 14.

The arrest of division in the G2/M phase is one of the main mechanisms of response
to cell DNA damage, and the molecular mechanisms of the initiation of this arrest are
being actively studied. It is likely that the action of ortho-analogue 15 may induce double-
stranded DNA breaks and increase the proportion of cells that are delayed in the G2/M
phase in a dose-dependent manner. At the same time, the number of cells passing into
apoptosis increases linearly from 17.90% (1.0 µM) to 32.72% (10.0 µM). Based on the
obtained results, it can be assumed that some of the cells overcome the block in G2/M and
enter the G1 phase, while the rest undergo apoptosis. In the case of isomeric compound 14,
this tendency is less pronounced. It should be noted that the phase distribution of the cell
cycle of compound 15 is similar to the action of lapatinib [40]. The data obtained suggest
that compounds 5, 14 and 15 have cytostatic effects, as they reduce the number of cells in
the S phase and cause an accumulation of cells in the G2/M phase. This cell cycle arrest
then results in apoptosis.

3.3.4. Apoptosis Assay

One of the major modes of action of chemotherapeutic drugs may be the activation
of apoptosis. Sorafenib has previously been shown to not only exert anti-tumor effects by
inhibiting kinases involved in cell proliferation and survival but also induce apoptosis and
necrosis in various types of cancer [17].

The effects of compounds 5, 14 and 15 on cell apoptosis were examined using the
Annexin V-FITC Kit (Beckman Coulter, Brea, CA, USA) according to the protocols provided.
The Annexin V-FITC Kit is an apoptosis detection kit based on the binding properties of
annexin V to phosphatidylserine (PS) and on the DNA intercalating capability of propidium
iodide (PI) [41]. K562 cells were treated with compound 5, 14 and 15 at 1, 5 and 10 µM for
48 h, after which annexin V/PI binding was measured by flow cytometry. The dot plot
flow cytometry data of the stained cells are displayed in Figure 3.

The results of this assay revealed that isophthalic derivative 5, as well as the reference
drug, mostly induced both early and late apoptosis in the K562 cell line (Figure 4). The
treatment of K562 cells with compound 5 and sorafenib at 5 µM resulted in an increase
in the apoptotic cell percentage for the early stage of apoptosis, rising from 9.33% for the
untreated control cells to 29.07% and 36.2%, respectively. The percentage of apoptotic
cells in the late stage for these two compounds at 5 µM was 19.93% and 19.57% (6.02% for
the control).

In addition, compound 5 was found to promote dynamic cellular activities in a dose-
dependent manner. When the concentration was increased from 5 to 10 µM, the percentage
of normal K562 cells decreased to 38.66%, while necrosis reached 16.38%, which was three
times more than that of sorafenib under similar conditions (5.73%). Thus, the overall
cell population shift indirectly indicated that there are differences in the mechanism of
cell death.

The isomeric derivatives of isophthalic acid 14 and 15 did not have necrotic effects
on the K562 cells, while the percentage of living cells decreased slightly depending on the
concentration and was 56.83% and 60.97%, respectively, versus 26.41% for sorafenib at
10 µM.

3.3.5. Reactive Oxygen Species (ROS)

The intracellular level of ROS was assessed using the K562 cell line with the help of a
fluorescent probe, 2′,7′-dichlorodihydrofluorescein diacetate and flow cytometry [42].
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Figure 3. Effects of compounds 5, 14 and 15 on apoptosis in K562 cells compared with the positive
control, sorafenib.
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Figure 4. Percentage of apoptosis and necrosis induced by compounds 5, 14, 15 and sorafenib in the
K562 cell line.

The data obtained for compound 5 showed a decrease in ROS of up to 62.9% at
20 µM (Table 5, Figure 5) and, at the same time, a decrease in the number of cells that is
probably indirectly associated with a rather high level of necrosis caused by the action of
this compound on the K562 cells.

Table 5. Changes in ROS level under the influences of compounds 5, 14 and 15.

Concentration, µM Control
ROS Level, % of Control

Compound
5 14 15 Sor. Lap.

5
100%

76.76 92.84 92.89 69.20 64.12
10 64.66 76.96 87.87 79.03 72.23
20 62.90 71.90 94.07 71.59 89.07

Figure 5. ROS level histogram under the influences of compounds 5, 14 and 15.
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In the case of isomeric derivatives 14 and 15, a dose-dependent decrease in ROS was
observed for the ortho-analogue 14, while the meta-analogue 15 showed only a basic level
of ROS accumulation in the presence of similar concentrations in this cell line. To date, a
number of studies have shown that ROS can play a decisive role in the death of tumor cells
through various mechanisms that affect oxidative stress [43,44]. A high level of oxidative
stress contributes to the death of tumor cells by necrosis or apoptosis [45,46].

As 2′,7′-dichlorodihydrofluorescein diacetate is only converted to its reduced form
in living cells with an intact membrane, the decrease in ROS is probably due to a rather
high level of necrosis, in the case of compound 5, and the intensive formation of apoptotic
bodies, in the case of compounds 14, with an increase in the effective concentrations of
these compounds.

Treatment with lapatinib and sorafenib caused a dose-dependent increase in ROS and
decrease in the cell number that can be explained by the fact that only the remaining, living
cells fluoresce at the basic ROS cell level.

3.4. Docking and Molecular Dynamics

We studied the inhibitory activity of the synthesized compounds in silico using a two-step
protocol. Firstly, molecular docking was performed against various cancer-related protein
targets. The obtained docking poses were energetically refined by molecular dynamics.

Thirty-three receptor structures were obtained from PDB. These structures included
the following kinases: ABL (PDB ids: 3cs9, 2hyy, 3qrj), Trk (4at3, 5kvt, 6kzd), EGFR (4g5p),
VEGFR (3hng, 4ag8, 3wze, 4asd), BRAF (3og7, 5hi2), ERBB (3pp0, 3bbt), LCK (2pl0), Aurora
(2bfy, 2vrz, 4bm8, 4c2w, 5ew9), ROS (3zbf), ALK (4dce), MEK (4lmn), MET (1r0p), BTK
(5kup), JAK (5toz), SYK (5y5u), Ret (6nec), Wee (2in6) and MAP (3gcs). Two receptors were
poly(ADP-ribose)-polymerases (PDB ids: 4tvj, 7kk4). A total of 926 highest-ranked docking
poses were obtained for each ligand–receptor pair.

The obtained docking poses were filtered using a −11.5 kcal/mol threshold to yield
only high-affinity poses. The majority of these high-affinity poses, i.e., more than 75%,
were the poses of isophthalic derivatives. Furthermore, type-2 protein kinases were the
most common receptors in these poses, including Trkc kinase (PDB: 6kzd), the ABL family
(PDB: 3cs9, 2hyy) and the VEGFR family (PDB: 3hng, 3wze, 4asd). The list of receptors
is given in frequency-descending order. The analysis of amide bond substituents in the
studied structures revealed that the docking-estimated binding affinities correlated with the
presence or absence of 3-(trifluoromethyl)aniline in the ligand structure. Altogether, these
observations strongly support the approach to the design of target phthalic acid derivatives
as type-2 protein kinase inhibitors.

Poses with the highest docking scores, as well as some poses of particular interest to us
regarding a certain structure, were subjected to binding affinity refinement using molecular
dynamics. For 24 docking-generated complexes (18 with isophthalic linkers and 6 with
terephthalic linkers), we obtained the binding energy using MM-PBSA (g_mmpbsa [47]
tool) and MM-GBSA (gmx_mmpbsa [48]). We also used the machine learning rescoring
model RF-Score-VS [49]. All the calculations were performed using snapshots of the MD
trajectory. Known inhibitors were used as reference structures (Table 6).

In our case, all three methods showed similar results. The MM-PBSA and MM-GBPSA
binding energies were in close correlation with the linear correlation coefficient of (R2) 0.7.
The RF-Score-VS scores were highly correlated with the van der Waals component of the
MM-PBSA/GPBSA energies (R2 = 0.7) and not correlated with the electrostatic component
(R2 = 0.1).

In general, the known inhibitors showed better binding energies than the studied
phthalic acid derivatives. For ABL kinase, the second-generation inhibitor (nilotinib) was
more potent in silico than the first-generation imatinib.
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Table 6. Calculated binding affinities of the studied and reference structures for their receptors.

Protein
Family

PDB
Code Linker

N
Comp.

Gmx_Mmpbsa, kcal/mol RF-
Score

g_mmpbsa, kJ/mol
v.d.w. Electr. Entr. Total v.d.w. Electr. Total

ABL 3cs9 iso 7 −68 −21.6 13.8 −46 6.1 −284.4 −43.96 −141.8
ABL 3cs9 iso 8 −62.6 −14 13.2 −41 6.2 −262 −29.21 −128.6
ABL 3cs9 iso 11 −77.1 −37.1 9.1 −47.9 6.3 −322.3 −77.15 −144.4
ABL 3cs9 iso 14 −72.6 −13.5 6 −53.3 6.3 −303.5 −28.01 −144.9

TRKC 6kzd iso 8 −59.3 −2.4 13.3 −34.5 6.0 −248 −5.111 −123.5
TRKC 6kzd iso 9 −48.5 −30.7 14.4 −21.5 6.0 −202.8 −64.39 −76.8
TRKC 6kzd iso 13 −65.8 −40.7 17.8 −31.4 6.3 −275.3 −85.14 −95.59
TRKC 6kzd iso 14 −62.7 −4.4 16.2 −31.4 6.1 −262.3 −9.205 −111.5
TRKC 6kzd iso 15 −70.1 −20 9.9 −45.6 6.2 −293.4 −41.89 −137.9
TRKC 6kzd tere 21 −58.1 −29.8 8.6 −39.3 6.0 −243.1 −62.39 −128.4
TRKC 6kzd tere 25 −69.8 −22.4 14.2 −37 6.2 −291.8 −46.92 −149
TRKC 6kzd tere 26 −69.6 −19 18.7 −38.8 6.2 −291.3 −39.37 −141.1
TRKC 6kzd tere 27 −63.8 −5.5 15.2 −27.4 6.2 −266.7 −11.69 −125.9

VEGFR1 3hng iso 5 −64.9 −22.6 16 −36.8 6.3 −271.3 −47.31 −119.6
VEGFR2 4ag8 iso 5 −65.4 −23.2 11.2 −44 6.2 −273.6 −49.12 −138.8
VEGFR2 4ag8 iso 7 −65.2 −33.1 7.7 −58 6.2 −272.9 −69.09 −148.4
VEGFR2 4ag8 iso 11 −76.4 −34.4 9.3 −53.5 6.5 −319.5 −71.87 −150.8
VEGFR2 3wze iso 11 −71.1 −26.2 9.9 −48.8 6.5 −297.4 −54.7 −150.5
VEGFR2 4asd iso 11 −79.9 −33.8 10.1 −53.6 6.5 −334.2 −70.75 −155.3
VEGFR2 3wze iso 14 −74 −30.8 7.4 −64 6.5 −309.6 −64.57 −157.0
VEGFR2 3wze tere 21 −51.9 −30.3 8 −34.7 6.0 −217 −63.19 −85.65
BRAF 5hi2 iso 8 −57.4 −27.4 7 −46.6 6.1 −240.2 −57.45 −118.9
ERBB2 3pp0 iso 9 −55.6 −9.1 7.7 −34.1 6.0 −232.6 −19.04 −96.72
ERBB2 3pp0 tere 20 −50.8 −15.6 11.5 −26.7 6.0 −212.6 −32.59 −86.55
ERBB4 3bbt iso 14 −50.4 −22.4 8.6 −30.7 6.0 −211.0 −46.8 −79.0

Reference ligands
ABL 2hyy imatinib −67.4 −20.1 5.3 −50.5 6.2 −282.1 −42.4 −154.7
ABL 3cs9 nilotinib −72.8 −28.1 6.1 −56.1 6.6 −304.6 −57.8 −183.1

VEGFR2 3wze sorafenib −60.8 −35.3 7.4 −58.5 6.2 −254.3 −73.9 −170.0
VEGFR2 4asd sorafenib −60.3 −37.9 5.9 −59.8 6.2 −252.2 −79.3 −153.0
ERBB4 3bbt lapatinib −58.7 −26.5 6.2 −54.4 6.1 −245.6 −55.2 −179.8
TRKC 6kzd not approved −82.6 −31.7 8.2 −61.0 6.4 −345.5 −66.2 −206.9

The results of the molecular modeling studies suggest that, for the studied structures,
type-2 (imatinib-like) binding, rather than type-1 (lapatinib), is preferable. Furthermore,
the obtained docking scores and MM-PBSA/MM-GBSA binding energies were, in general,
higher for the isophthalic acid derivatives than their terephthalic counterparts. These
observations correspond with the results of the in vitro testing, in which the phthalic
derivatives showed better activities.

The structures of isophthalic derivatives 11 and 14 showed the best affinities. High
binding energies and RF-Score-VS scores were observed for these complexes with ABL
(3cs9) and VEGFR (3wze, 4ag8, 4asd), which are type-2 receptors. On the contrary, no
activity of 14 was obtained against the type-2 receptor (3bbt).

The binding models of compounds 11 and 14 to the type-2 receptors, obtained by
docking and MD simulations, are shown in Figure 6. These structures show a placement
that is typical for type-2 inhibitors. Two hydrogen bonds form with asparagine and
glutamine residues of the allosteric binding pocket. For structure 14, the carbonyl group
of phenyl(piperazin-1-yl)methanone may be involved in h-bond formation in the ATP
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site, while the 4-(4-aminophenoxy)-N-methylpicolinamide fragment of 11 may form two
hydrogen bonds.
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4. Conclusions

A series of novel compounds containing isophthalic and terephthalic diamides as
linkers were designed as type-2 kinase inhibitors and synthesized via their corresponding
phthalic dihalides. The screening of their cytotoxic actions against a panel of cell lines
obtained from various types of tumors allowed us to establish that, in general, tumor cell
cultures are more sensitive to isophthalic derivatives than to the terephthalic analogues.
Compound 5 showed the greatest inhibitory activity against four cancer cell lines, K562,
HL-60, MCF-7 and HepG2 (IC50 = 3.42, 7.04, 4.91 and 8.84 µM, respectively), in contrast
to the terephthalic analogue 17, which practically did not affect the cell lines’ viability.
Isophthalic analogues 5 and 9 demonstrated high inhibitory activity against the PDGFRα
and EGFR receptor protein kinases, with values of 73% and 90%, respectively. Possibly, the
peculiarities of their structural geometry can explain the fact that the isophthalic derivatives
showed higher activity compared to the terephthalic analogues.

Compound 5 induced both early and late apoptosis. In addition, it showed a decrease
in ROS and, at the same time, a decrease in the number of living cells, which was probably
indirectly related to the rather high level of necrosis caused by the action of this compound
on K562 cells.

Molecular docking and molecular dynamics studies showed that the obtained isoph-
thalic derivatives could be type-2 inhibitors of ABL kinase and VEGFR, showing good
docking scores and high MM-PBSA/GBSA binding energies compared to the known lig-
ands. This research may offer a promising model for new anticancer drug development in
the future.
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