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EGFRYT and EGFR™79%M.

Ahmed A. Nasser,? Ibrahim H. Eissa, &2 ** Mohamed R. Oun,?

Mohamed A. El-Zahabi,** Mohammed S. Taghour,? Amany Belal, @ °
Abdulrahman M. Saleh,® Ahmed B. M. Mehany,© Hendrik Luesch, & €
Ahmad E. Mostafa,” Wael M. Afifi,"? James R. Rocca®" and Hazem A. Mahdy*?

A new series of pyrimidine-5-carbonitrile derivatives has been designed as ATP mimicking tyrosine kinase
inhibitors of the epidermal growth factor receptor (EGFR). These compounds were synthesized and evalu-
ated for their in vitro cytotoxic activities against a panel of four human tumor cell lines, namely colorectal
carcinoma (HCT-116), hepatocellular carcinoma (HepG-2), breast cancer (MCF-7), and non-small cell
lung cancer cells (A549). Five of the synthesized compounds, 11,, 11, 12, 15, and 16,, were found to
exhibit moderate antiproliferative activity against the tested cell lines and were more active than the EGFR
inhibitor erlotinib. In particular, compound 11, showed 4.5- to 8.4-fold erlotinib activity against HCT-116,
HepG-2, MCF-7, and A549 cells with ICsq values of 3.37, 3.04, 4.14, and 2.4 pM respectively. Moreover,
the most cytotoxic compounds that showed promising ICsq values against the four cancer cell lines were
RT790M using
homogeneous time resolved fluorescence (HTRF) assay. Compound 11, was also found to be the most
active compound against both EGFR™WT and mutant EGFR'7°M, exhibiting 1Cso values of 0.09 and
4.03 uM, respectively. The cell cycle and apoptosis analyses revealed that compound 11, can arrest the
cell cycle at the G2/M phase and induce significant apoptotic effects in HCT-116, HepG-2, and MCF-7
cells. Additionally, compound 11,, upregulated the level of caspase-3 by 6.5 fold in HepG-2 when com-

subjected to further investigation for their kinase inhibitory activities against EGFR™T and EGF

pared with the control. Finally, molecular docking studies were carried out to examine the binding mode
of the synthesized compounds against the proposed targets; EGFR"" and EGFR7°°M. Additional in silico

rsc.li/obc ADMET studies were performed to explore drug-likeness properties.
1. Introduction
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challenges, although there have been great advances in this
field. The cancer problem progressively affects low- and
middle-income countries, and poor persons within all nations,
reflecting the original socio-economic relationship.’ It is the
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USA

“Center for Natural Products, Drug Discovery and Development (CNPD3), University

of Florida, Gainesville, FL 32610, USA

leading cause of death all over the world, accounting for
9.6 million deaths in 2018. The number of affected persons

JPharmacognosy and Medicinal Plants Dept., Faculty of Pharmacy (Boys), Al-Azhar over the next twenty years is expected to increase by around
University, Cairo, 11884, Egypt 70%.3
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mechanisms which control their proliferation.* Protein
kinases (PKs) play a vital role in the regulation of cellular func-

fElectronic supplementary information (ESI) available. See DOI 10.1039/ (lONS such as cell proliferation, metabolism, survival, and
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apoptosis.” Such enzymes facilitate the transfer of the
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y-phosphate group from ATP to particular threonine, serine, or
tyrosine hydroxyl groups on target protein substrates involved
in a number of cell signaling pathways.® Disrupting cell signal-
ing cascades through kinase alterations (especially hyper-acti-
vation, hyper-production, or mutation) leads to many diseases,
including cancer.”

One of the most important protein kinases is the epidermal
growth factor receptor (EGFR), which plays a crucial role in cell
proliferation and migration.>® The EGFR is overexpressed in
many human solid tumors such as breast cancer,” non-small
cell lung cancer (NSCLC)' and hepatocellular carcinoma
(HCC)."* Modern molecular strategies have been designed to
target specific molecules affecting regulatory mechanisms
involved in the control of cancer cell proliferation. These strat-
egies enable the improvement of cancer therapy efficiency
compared to conventional chemotherapy and/or radiotherapy
protocols. The aim of targeted therapies is inhibition and
downregulation of overactive proteins responsible for trigger-
ing of aberrant cellular pathways,">** and hence, EGFRs are
considered as promising targets for the design of new antitu-
mor agents.'>™?

Erlotinib 1 ( 15tgeneration)
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Upon examination of the clinically used EGFR-tyrosine
kinase inhibitors (EGFR-TKIs) (Fig. 1), it was found that,
most of these inhibitors have some problems. For example,
the first-generation EGFR-TKI, erlotinib 1*° and gefitinib 2>
showed ocular side effects, trichomegaly,* and life-threaten-
ing side-effect interstitial lung disease (ILD).>* In addition,
the anticancer efficacy of such drugs was reduced due to the
acquired drug resistance caused by EGFR-TK mutation.>*
This mutation decreases the binding of an ATP-competitive
inhibitor to the kinase and restores ATP affinity to the
EGFR.> In order to overcome drug resistance induced by
EGFR™°M the second-generation had been developed
including neratinib 3°° and pelitinib 4.>” Most of these
inhibitors comprise electrophilic Michael-acceptor moieties
that could form a covalent bond with Cys797 at the lip of
the ATP binding cleft of EGFR causing the inactivation of
the protein.>®?° However, they showed a relatively low
maximal-tolerated-dose (MTD) due to the non-selective
inhibition against wild-type EGFR-TK (EGFR™") and the

mutant type EGFR™7°°™ leading to poor clinical patient
31,32

outcomes.

Neratinib 3 (2"d generation)

Osimetrinib 5 (3" generation)

Olmutinib 6 (3" generation)

: I Central hetero m Hydrophobic
Hydrotsirllob pa Y hepad

Fig. 1 Some reported EGFR-TK inhibitors and their basic pharmacophoric features.
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Moreover, the third-generation irreversible EGFR-TKIS, osi-
mertinib 5% and olmutinib 6 have shown improved activities
towards EGFR™°™ over EGFR™'. Unfortunately, in 2016,
a safety alert about olmutinib was recorded, in which
two cases of toxic epidermal necrolysis (one of which was
fatal) and a case of Stevens-Johnson syndrome were
described.** Accordingly, there is a great demand to modify
the existing EGFR-TKIs to obtain more potent and less toxic
candidates.

Pyrimidines are important building blocks in many phar-
maceuticals for the synthesis of antineoplastic agents,*>>®
including EGFR-TKIs.>*™** Similarly, the related substituted
pyrimidine nucleus is an important pharmacophore, pre-
sented in a number of anticancer agents.** Moreover, a litera-
ture survey revealed that the thiopyrimidine-5-carbonitrile
ring system has occupied a marked position in the design
and synthesis of novel chemotherapeutic agents with remark-
able antitumor effects.>®*>*® In addition, 4-anilinothiopyri-
midine-5-carbonitrile and 4-hydrazinothiopyrimidine-5-car-
bonitrile and their condensed heterocycles exerted promising
anticancer activity.*®*”

The nitrile group (CN) is an important pharmacophore,
present in a number of anticancer agents, including the EGFR
inhibitors neratinib 3°° and pelitinib 4,>” aromatase inhibitors
fadrozole monohydrochloride and letrozole for the treatment
of breast cancer,”® and a nonsteroidal androgen receptor
antagonist bicalutamide for the treatment of advanced pros-
tate cancer.”® Some reports state that nitrile-based inhibitors
are good candidates for the development of reversible covalent
inhibitors with SH and OH containing biomolecules such as
proteases,”®”" cysteine,”*** and serine amino acids™* (ESI?).
Hence, in our design, the CN group was inserted to act as an
electrophilic center toward a free nucleophilic amino acid.
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This is necessary to form a covalent bond with the conserved
cysteine residue present in the lip of the EGFR ATP binding
site (Cys797).

Based on our previous research in the field of design and
synthesis of new anticancer agents,">**>"% and attractiveness
of tyrosine kinases as promising targets for the design of new
anti-cancer agents, we decided to introduce new pyrimidine-5-
carbonitrile derivatives that may exhibit good inhibitory activi-
ties against wild-type EGFR-TK (EGFRV") and mutant
EGFR-TK (EGFRT”*’M).

1.1. Rationale of molecular design

The ATP binding pocket of EGFR-TK consists of five main
regions - (a) an adenine binding pocket contains key amino
acids which can form hydrogen bonds with the adenine ring,
(b) a sugar region (hydrophilic ribose pocket), (c) hydrophobic
region I, though not used by ATP but plays an important role
in inhibitor selectivity, (d) hydrophobic region II, not used by
ATP and may be exploited for inhibitor specificity, and (e) a
phosphate binding region — which can be used for improving
inhibitor pharmacokinetics (Fig. 2).°*°® A study of the struc-
ture-activity relationships (SAR) and common pharmacophoric
features shared by various EGFR-TKIs revealed that, most
EGFR-TKIs are Y-shaped®” and share four common pharmaco-
phoric features as shown in Fig. 1 and 3.%®

In addition, the common pharmacophoric features of
EGFR-TKIs are: (i) a flat hetero-aromatic system, occupying the
adenine binding pocket. This hetero-aromatic system can par-
ticipate in hydrogen bonding interactions with Met793,
Thr854, and Thr790 residues.® (ii) A terminal hydrophobic
head to be inserted in the hydrophobic region L1.°% (iii) An
imino group (NH, spacer) which can form important hydrogen
bond interactions with amino acid residues in the linker
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Fig. 2 ATP binding site of a EGFR-TK cavity composed of five main features.®
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Fig. 3 The basic structural requirements for erlotinib as a reported EGFR-TK inhibitor.*?

region.”® (iv) A hydrophobic tail which occupies the hydro-
phobic region I1.°47*

In this work, a series of pyrimidine-5-carbonitrile
derivatives having the essential pharmacophoric features of
EGFR-TKIs have been designed and synthesized. Such deriva-
tives comprised structural modifications of erlotinib 1 at four
different positions (Fig. 4).

The first position was the quinazoline moiety (hetero-aro-
matic system), where this nucleus was replaced by a pyrimi-
dine ring as a biological isostere to occupy the adenine
binding region.®”””> The second position was the terminal
phenyl ring (hydrophobic head), where different substituted
phenyl, aromatic heterocyclic, or aliphatic structures were
used. The third position was the NH linker, where different
hydrogen bond donors were utilized. The used linkers may be
one atom (imino group as in compounds 10, p, 11,1, 12,p,
134,py 144, 15, p, and 16, ), two atoms (hydrazinyl group as in
compounds 18,5 and the methyl amino group as in com-
pounds 17,), or three atoms (ethyl amino group as in com-

pounds 19,p). The fourth position was the two 2-methoxy-
ethoxy groups (hydrophobic tail), where a phenyl ring was
incorporated at position-6 of the pyrimidine nucleus to occupy
the hydrophobic region II of the ATP binding site. It is worth
mentioning that the bulkiness of the pyrimidine nucleus was
modified by alkyl substitution on SH groups at position-2 with
ethyl and butyl groups.

All modifications encouraged us to study the structure-
activity relationship of the synthesized compounds as anti-
cancer agents. The overall design and modification are illus-
trated in Fig. 4 and 5. The most active compounds were
examined for their anti-proliferative activities against a
number of human cancer cell lines. Promising compounds
were examined for their activities against EGFR™' and
EGFR™°M and the most active compound was tested for
its ability to induce apoptosis. Furthermore, a molecular
docking was performed to rationalize and emphasize the
mechanism of action of the synthesized compounds as
EGFR-TKIs.

Hydrophobic Central hetero Hydrophobic
tail aromatic system head
2-Alkyl-6-phenyl- i
4- sxbesstrt)uteerc]jy Imino,hydrazinyl, (?lﬁst!tu;i?é&iegrk
Phenyl ring pyrimidine-5- methylene imino, | 2roMatc o yele,
b | ethylene imino, . .
carl olnltrl e aliphatic structures
nucleus

Fig. 4 Summary of the possible modifications of EGFR-TK inhibitors.
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Fig. 5 Rationale of the molecular design of the new proposed EGFR-TK inhibitors.

2. Results and discussion
2.1. Chemistry

The synthetic routes adopted for the synthesis of the designed
compounds are outlined in Schemes 1, 2 and 3. For the prepa-
ration of compounds 7, 8, and 9, (Scheme 1), the key start-

ing compound (4-oxo-6-phenyl-2-thioxo-1,2,3,4-tetrahydro-pyri-
midine-5-carbonitrile) 7 was synthesized by one-pot reaction of
thiourea, ethylcyanoacetate and benzaldehyde in refluxing
ethanol containing potassium carbonate according to a
reported method.”*’* Selective S-alkylation of compound 7
using bromoethane or bromobutane in 10% alc. NaOH at

H._O 6]
N\\ N 0
. o) j\ K2CO;, | /"Q _ N
N —_— -~
+ \\)ko/\ +H,N" ONH, EtOH/12h N s N sH
Reflux
7
Stirring r.t/ 2 RX
10% alc. NaOH
cl OH %
N\\ N\\ N\\
X NH
| N POCI | N . L L &
pZ R -——— pZ R —
N~ °s” A 3h N~ 87 N s

9,; R=CyHs
9, R=C4Hg

Scheme 1 General procedure for the synthesis of intermediate compounds 7, 8, ,, and 9, .
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Scheme 2 General procedure for the synthesis of target compounds 10,_y, 11,4, 12,1, 13,5, 14, and 15, .

room temperature afforded the intermediate, 2-alkylsulfanyl
pyrimidine-5-carbonitrile 8,5 which was subsequently chlori-
nated via heating with an excess phosphorus oxychloride in
the presence of TEA as an acid binder to obtain the highly
reactive intermediate chloro-derivative 9,5, in 75% yield
(Scheme 1).

Treating compounds 9, with the appropriate aromatic/
hetero aromatic amines, cyclic aliphatic amines, phenylhydra-
zine and/or benzene-sulfonamide derivatives in isopropyl
alcohol containing TEA afforded the corresponding final
designed compounds (Schemes 2 and 3).

All the synthesized compounds were characterized by' H
and "*C NMR and IR spectroscopy. IR spectra of the designed

This journal is © The Royal Society of Chemistry 2020

showed a
1

compounds strong C=N stretching band
around 2206-2218 cm™ and a strong NH absorption band
in a range of 3290-3363 cm™'. In addition, all final com-
pounds show strong absorption around 3039-3093 cm™" and
2924-2998 cm™" for aromatic C-H and aliphatic C-H bonds,
respectively. Moreover, 'H NMR spectra showed a singlet
signal in a range of § 5.43-10.10 ppm corresponding to the
linkage (-NH proton), up-field signals corresponding to the ali-
phatic protons in a range of § 0.76-4.67 ppm and down-field
signals for some protons in a range of § 6.93-8.10 ppm, corres-
ponding to the aromatic region. In agreement with the assign-
ments, ">C NMR and APT spectra showed characteristic up-
field peaks corresponding to the methyl (CH;) and methylene

Org. Biomol. Chem., 2020, 18, 7608-7634 | 7613
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Scheme 3 General procedure for the synthesis of target compounds 16, , 17, . 18, and 19, ..

(CH,) groups. In addition, ">*C NMR and APT spectra showed
characteristic peaks for down-field methine (CH) groups.

2.2. Biological evaluation

2.2.1. In vitro antiproliferative activities. All the final syn-
thesized (twenty-six) compounds were evaluated for their
in vitro anti-proliferative activities via the standard MTT
method,””””” against a panel of three human tumor cell lines
namely; colorectal carcinoma (HCT-116), hepatocellular carci-
noma (HepG-2), and breast cancer (MCF-7). The most active
compounds were further evaluated against non-small cell lung
cancer cells (A549). MCF-7, HepG-2 and A549 cells have the
overexpressed EGFRVY".”¥% Two commercially available drugs
(doxorubicin and EGFR inhibitor erlotinib) were used in this
test as positive controls. The results were expressed as growth
inhibitory concentration (ICs,) values and are summarized in
Table 1.

The obtained results in Table 1 revealed that the syn-
thesized compounds showed variable antiproliferative activi-

7614 | Org. Biomol. Chem., 2020, 18, 7608-7634

ties against the tested cell lines. In general, compounds 10,
11,, 11y, 124, 15, 16,, 17,, and 17;, were more active than the
reference drug, erlotinib, against the four tested cell lines. In
particular, compound 11, was found to be the most potent
counterpart as it was 5.13, 4.52, 5.72, and 8.37 times more
active than erlotinib against HCT-116, HepG-2 MCF-7, and
A549 cells, respectively. Also, compound 11;, was more active
than doxorubicin against HCT-116, HepG-2, and MCF-7 cells,
while compounds 11, and 12, were more active than doxo-
rubicin against HepG-2 and MCF-7 cells.

On the other hand, some compounds showed weak antipro-
liferative activities against all tested cell lines such as com-
pounds 10, 10, 10, and 15,. Finally, compound 10, was
found to be inactive against all tested cell lines, while com-
pound 10, was inactive against both HCT-116 and MCF-7
(Table 1).

2.2.2. EGFR™" kinase inhibitory assay. The most active
candidates (10, 104, 10g, 11,, 11y, 124, 13,, 13p, 15, 16,, 17,
and 17;,) that showed promising antiproliferative activities

This journal is © The Royal Society of Chemistry 2020
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Table 1 In vitro anti-proliferative activities towards HCT-116, HepG-2,
MCF-7 and A549 cell lines
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Table 2 In vitro enzymatic inhibitory activities of the target compounds
against EGFRV™ and EGFR79°M

IC5%? (LM) Comp. EGFRV" 1C50? (M) EGFR"*M IC5,“ (uM)

Comp. HCT-116 HepG-2 MCF-7 A549 10, 0.50 £ 0.02 10.85 + 0.43
104 0.41 +0.16 30.35 +1.21
10, NA? NA” NA? NT® 10¢ 6.64 £ 0.26 46.51 + 1.86
10, NA? 45.60 +1.82 NA? NT® 11, 0.25 £ 0.01 8.24 + 0.33
10, 13.56 £ 0.54 6.14 +0.24 14.49 £ 0.58 8.13 +0.32 11, 0.09 + 0.04 4.03 + 0.16
104 18.18 £0.73 13.72+0.54 18.53+0.74 12.01+0.48 124 0.68 + 0.03 8.40 £ 0.34
10, 41.42 +1.66 32.52+1.30 50.57 +2.02 NT¢ 13, 4.77 £ 0.19 24.59 + 0.98
10¢ 19.01 £0.76 21.62+0.86 20.01+0.80 12.76 +0.51 13y 4.87 +0.19 24.22 + 0.97
104 44.44 +1.78 39.64+1.58 46.59 +1.86 NT¢ 15y 4.29 + 0.17 20.66 + 0.83
10y 41.76 +1.67 32.34+1.29 39.97 +1.60 NT* 16, 3.05+0.12 14.37 £ 0.57
11, 6.56 + 0.26 3.89 + 0.04 8.00 £ 0.32 3.71 +0.14 17, 0.82 + 0.03 16.97 £ 0.68
11, 3.37 £0.13 3.04 +0.12 4.14 + 0.16 2.40 + 0.09 17y 3.92 £ 0.16 15.35£0.61
12, 16.78 £ 0.67 12.37+0.49 30.13+1.21 NT Erlotinib 0.31 +0.11 NT?
124 6.79 £ 0.27 6.27 £ 0.25 8.64 £ 0.34 4.88 + 0.19 Gefitinib NT? 21.91 £ 0.88
13, 15.84 £0.63 14.08 +0.56 20.95+0.84 11.12 +0.44
13 19.29 + 0.77 16.36 +0.65 21.16 +0.84 11.80+0.47 “Data were expressed as mean + standard error (S.E.) of three indepen-
14, 2769 +1.11 25.39+1.01 32.84+1.31 NT¢ dent experiments. bNT: Compounds not tested.
14 38.20 £1.52 28.02 +1.12 48.44 +1.94 NT¢
15, 58.27 +2.33 43.44+1.74 55.19+2.21 NT¢
154 9.29 + 0.37 10.18 £0.41 12.09 £0.48 9.77 £0.39
16, 271£038 = 8.22+0.33  17.85£0.71  6.22 + 0.23 and 17, with ICs, values ranging from 4.03 to 16.97 uM. In
+ + + .

n o lghiuTe WMebI T NI, paricla compound 1 (s - 03 ) as found to b e
17, 13.08 +0.52 9.90+ 0.39 17.48 +0.69 8.14 + 0.32 most potent counterpart as it was 5.43 times more active than
18, 23.57+£0.94 18.16+0.73 24.81+0.99 NTZ gefitinib (ICs, = 21.91 pM), while compounds 13,, 13}, and 15},
ig: ggg; i 1‘3‘; ;g:g: i 1;3 ig:ig i 12; E’?C showed comparable inhibitory activities to gefitinib with IC5,
19, 32.99+1.31 29.29+1.17 39.64+1.58 NT¢ values of 24.59, 24.22, and 20.66 },I.M, respectlvely. On the other
Doxorubicin 572 +0.22  6.96+0.27  8.65+0.34  NT* hand, compounds 104 and 10; showed weak activities when
Erlotinib 17.32+£1.77 13.76 +1.31 23.70+1.92 20.11 +£1.92

“ICs, values are the mean = S.D. of three separate experiments. ” NA:
Compounds having ICs, values >50 uM. “NT: Compounds not tested
for their anti-proliferative activities. “1Cs, (UM): 1-10 (very strong),
11-20 (strong), 21-30 (moderate), and 31-50 (weak).

against the tested cell lines were subjected to further investi-
gation for their EGFR™W' kinase inhibitory activities.
Homogeneous time resolved fluorescence (HTRF) assay®' was
applied in this test, using erlotinib as a reference standard
(Table 2).

In general, all the tested compounds could interfere with
the EGFR™" activity with ICs, values ranging from 0.09 to
6.64 uM. In particular, compounds 11, and 11;, exhibited
stronger activities than erlotinib (ICso = 0.31 pM) with ICs,
values of 0.25 and 0.09 pM, respectively, whereas, compounds
10, and 104, and 12;, showed comparable activities with erloti-
nib with ICs, values of 0.50, 0.41, and 0.68 pM, respectively.
On the other hand, compounds 10¢, 13,, 13}, 15y, 16,, 17,, and
17, showed moderate activities against EGFR™" with ICs,
values ranging from 0.82 to 6.64 uM.

2.2.3. EGFR"°™ kinase inhibitory assay. Furthermore, the
most active cytotoxic compounds (10, 104, 10¢, 11,, 11, 124,
13,, 13y, 15y, 16,, 17, and 17;,) were also further evaluated for
their inhibitory activities against mutant EGFR""?°™, Gefitinib
was tested as a positive control.

In general, most of the synthesized compounds could inter-
fere with the EGFR"7*®™ activity, exhibiting stronger activities
than gefitinib such as compounds 10, 11,, 11}, 12y, 16,, 17,

This journal is © The Royal Society of Chemistry 2020

compared with the reference drug with ICs, values of 30.35
and 46.51 uM, respectively (Table 2).

2.2.4. Structure-activity relationships (SAR). As outlined in
the rationale for the molecular design, we aimed at studying
the SAR of the newly synthesized compounds as potential anti-
cancer agents.

Firstly, the effect of substitution on the 2-mercapto group
by different alkyl moieties has been explored. The decreased
ICs, values of compounds 11, and 12}, incorporating butyl side
chains compared to the corresponding members incorporating
ethyl ones 11, and 12, indicated that substitution with a long
chain aliphatic group is preferred over incorporating a shorter
chain.

We then investigated the impact of the linker length on the
cytotoxicity of the synthesized compounds. A comparison of
the activities of compounds 10, (with an NH linker), 17,
(with an NH-CH, linker), 18, (with an NHNH linker), and
19, (with an NHCH,CH, linker) indicated that the activities
decreased in the order of NH-CH, linker > NHNH linker >
NHCH,CH, linker > NH linker.

Next, the effect of the hydrophobic head on the activity was
analyzed. The heterocyclic moiety (compounds 11,5) had a
greater cytotoxic effect than alicyclic moieties (compounds
12, and 13, ), which were more effective than non-heteroaro-
matic structures (compounds 10, ). In addition, the six-mem-
bered alicyclic moiety (compounds 12,)) showed a greater
effect than the five-membered one (compounds 13, ).

Finally, the effect of the substitutions on the phenyl ring of
the hydrophobic head was investigated. The decreased ICs,
values of compounds 14, , incorporating electron withdrawing
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(acetyl) groups compared to compounds 10.¢ incorporating
electron donating (methyl and methoxy) groups indicated that
electron withdrawing derivatives were more advantageous than
electron donating ones.

2.2.5. Correlation of cytotoxicity with EGFR™" inhibition.
As we reported, the tested compounds can inhibit EGFR"" in
the tested cell lines. Next, we tested whether the EGFR"" inhi-
bition can lead to cell death. To confirm this, the activities of
the studied compounds as EGFR™" inhibitors were plotted
against their corresponding cytotoxicity in a simple linear
regression setting for the cell lines used in this study. The
obtained coefficients of determination (R*) imply the corre-
lation between EGFR™T inhibition and the induced cyto-
toxicity. The R* values for HCT-116, HepG-2, MCF-7, and A549
were 0.32 (P value: 0.05245), 0.6376 (P value: 0.0018), 0.4795 (P
value: 0.0126) and 0.4398 (P value: 0.0187), respectively (Fig. 6).

2.2.6. Cell cycle analysis. The effect of the most active com-
pound 11, on the cell cycle distribution and apoptosis induc-
tion was evaluated using HCT-116, HepG-2, and MCF-7 cells
according to the procedure described by Wang et al® The
HCT-116, HepG-2, and MCF-7 cells were incubated with com-
pound 11, for 24 h at concentrations equal to its IC5, against
the three cell lines (3.37, 3.04, and 4.14 pM, respectively).
Then, the effect of compound 11;, on the cell cycle profile was
analyzed.

The results revealed that exposure of HCT-116 cells to com-
pound 114, led to an interference with the normal cell cycle dis-
tribution of this cell line. This compound induced a signifi-
cant increase in the percentage of cells at pre-G; phases
(which could be indicative of apoptosis) and G,-M phases by
5.4 and 1.5 fold, respectively, compared to the control. With
regard to HepG-2 cells, compound 11, induced an increase in

HCT-116
R? =0.3245

Cytotoxicity (ICsq)

EGFRY T inhibition (IC5)

MCF-7

309 R? = 0.4795

Cytotoxicity (ICsp)

EGFR" T inhibition (IC5)
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the percentage of cells at pre-G; phases and G,-M phases by
6.7 and 1.6 fold, respectively, compared to the control. For
MCF-7 cells, compound 11}, induced an increase in the percen-
tage of cells at pre-G; phases and G,-M phases by 4.4 and 1.5
fold, respectively, compared to the control. These results
clearly indicated that compound 11,, arrests the G,-M phase of
the cell cycle (Table 3 and Fig. 7, 8).

2.2.7. Annexin V-FITC apoptosis assay. In order to confirm
the apoptosis induction on HCT-116, HepG-2, and MCF-7 cells
by compound 11, Annexin V and PI double staining assay
with FITC was used®® to explore the mode of induced cell
death. HCT-116, HepG-2, and MCF-7 cells were incubated with
11, at concentrations of 3.37, 3.04, and 4.14 pM, respectively,
for 24 h. The obtained results are represented in Table 4 and
Fig. 9 and 10.

The results revealed that the application of compound 11,
on HepG-2 cells increases the early apoptosis ratio (lower right
quadrant of the cytogram) from 0.61% to 5.98%, and increases
the late apoptosis ratio (upper right quadrant of the cytogram)

Table 3 Effect of compound 11, on cell cycle progression of HCT-116,
HepG-2, and MCF-7 cells

Cell cycle distribution (%)

Sample %G0-G1 %S %G2-M %Pre-G1
11,/HCT-116 47.44 30.17 22.39 13.74
Cont. HCT-116 52.74 32.28 14.98 2.53
11,/HepG-2 40.23 35.11 24.66 15.82
Cont. HepG-2 55.31 29.44 15.25 2.37
11,/MCE-7 46.3 33.09 20.61 11.86
Cont. MCF-7 57.11 29.42 13.47 2.70
25+ HepG2
R?=0.6376
g
z
K]
g
s
o
0 T T T 1
0 2 4 6 8
EGFR"T inhibition (IC5)
20- A549
R®=0.4398
g
2
S
g
8
>
o
c T T T 1

EGFR"T inhibition (ICs)

Fig. 6 Correlation of cytotoxicity with EGFRYT inhibition on four cell line models HCT-116, HepG-2, MCF-7, and A549.
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Fig. 7 Percentage of induced cell death by compound 11,, on HCT-116,

HepG-2, and MCF-7 cells.

from 0.54% to 5.13%. This means that compound 11}, induced
almost up to 9-folds for both early and late cellular apoptosis
when compared with the control. For HepG-2 cells, compound
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Table 4 Apoptosis and necrosis percent induced by compound 11,,

Apoptosis
Sample Total Early Late Necrosis
11,/HCT-116 13.74 5.98 5.13 2.63
Cont. HCT-116 2.53 0.61 0.54 1.38
11,/HepG-2 15.82 7.54 5.52 2.76
Cont. HepG-2 2.37 0.59 0.47 1.31
11,/MCF-7 11.86 4.19 5.08 2.59
Cont. MCF-7 2.7 0.68 0.57 1.45

11}, increased the early apoptosis ratio from 0.59% to 7.54%,
and the late apoptosis ratio from 0.47% to 5.52%. This means
that compound 11;, induced almost up to 12-folds for both
early and late cellular apoptosis when compared with the
control. For MCF-7 cells, compound 11,, increased the early
apoptosis ratio from 0.68% to 4.19%, and the late apoptosis
ratio from 0.57% to 5.08%. This means that compound 11,
induced almost up to 7-folds for both early and late cellular
apoptosis when compared with the control. These data indi-
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Fig. 8 HCT-116, HepG-2, and MCF-7 cell distribution upon treatment with compound 11,,.
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Fig. 9 Apoptosis effect of compound 11, on HCT-116, HepG-2, and
MCEF-7 cells.
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cate that compound 11, shows a potent apoptotic effect
against HCT-116, HepG-2, and MCEF-7 cells.

2.2.8. Caspase-3 determination. Caspases, a family of
cysteine-dependent aspartate-directed proteases, are promi-
nent among the death proteases. Regulation of caspase acti-
vation and activity occurs at several different levels.** In apop-
tosis, activation of caspases turns off a number of signals and
leads to eventual cell death.®> EGFR signaling serves as one of
the critical survival signals, which may become the target of
caspase activation, in order to ensure the execution of apopto-
sis.®® The EGFR is down-regulated in response to apoptosis by
a few treatments. It has been reported that caspase-3 specifi-
cally cleaves and inactivates the EGFR.®”%®

To analyze the effect of compound 11, on the levels of
caspase-3, HepG-2 cells were treated with such a compound at
a concentration of 3.04 uM for 24 h. The results revealed that
it produced a marked increase in the level of caspase-3 (358.19
pg mL™", 6.5 fold) compared to the control cells (55.27 pg
mL™") (Table 5 and Fig. 11).
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Table 5 Effect of compound 11, on active caspase-3 in HepG-2 cells
after 24 h treatment
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Table 6 The docking binding free energies of the synthesized com-
pounds against EGFR"T and EGFR™79°M

Sample Caspase-3“ (pg mL™")

55.27 £2.21
358.19 + 20.87

Cont. HepG-2
Compound 11,/HepG-2

“Values are given as mean + SEM of three independent experiments.

Caspase-3 analysis

400
350
g 300
o 250
S 200
o150
i 100
2 50
S .

Cont. HepG-2 11b /HepG-2
Sample

Fig. 11 Graphical representation for active caspase-3 assay of com-
pounds 11,,. The data are presented as the mean + SEM from three inde-
pendent experiments.

2.3. In silico studies

2.3.1. Docking studies. Docking studies were carried out
for the synthesized compounds against the ATP binding sites
of EGFR-TK Wild-type (EGFR"", PDB: 4HJO)* and EGFR-TK
mutant type (EGFR™°°™ PDB: 3W20)° to examine the mode
of binding with the proposed target. The results of docking
studies revealed that the docked compounds have good
binding affinities against EGFR"" with binding free energies
ranging from —6.77 to —9.55 kcal mol™" (Table 6).

A molecular docking protocol was implemented using the
MOE 14.0 software. The target proteins were prepared and the
active binding sites identified based on the positional coordi-
nates of the co-crystallized inhibitors. The results of the
docking protocol were validated by re-docking of the co-crystal-
lized ligands (erlotinib and TAK-285) inside the active sites of
EGFR™" and EGFR"°°™, respectively. The root mean square
deviations (RMSD) between the re-docked conformers and the
co-crystallized conformers of erlotinib and TAK-285 were 1.5
and 0.90, respectively, which confirms the validity of the
docking protocol (Fig. 12).

Erlotinib, as a co-crystallized ligand, showed a binding
energy of —7.55 kcal mol™". In detail, the quinazoline moiety
occupied the adenine pocket of EGFR™", where the pyrimidine
ring formed one hydrogen bond with Met769 with a distance
of 2.22 A. The phenyl ring of the quinazoline moiety was incor-
porated in pi-Sigma interactions with Lue694 and Leu820. The
terminal ethynylphenyl moiety was embedded in the hydro-
phobic pocket I creating hydrophobic interactions with Lys721,
Val702, and Ala719 residues. Additionally, the hydrophobic

This journal is © The Royal Society of Chemistry 2020

Binding free energy (kcal mol™")

Comp. EGFR™" EGFR"7*M
10, -6.93 -5.91
10, -6.90 -6.28
10, -6.98 -6.33
104 -7.30 —6.00
10, -7.03 -5.71
10¢ -7.34 —-6.72
10, -7.41 —-6.67
10y, ~7.64 -6.15
11, —-6.57 —-6.14
11, -7.22 -6.88
12, —-6.77 —-6.12
12, -7.24 —6.53
13, -6.00 —-6.27
13, -7.21 —6.54
14, -7.59 -6.31
14y, -8.16 —6.53
15, ~7.42 —-6.59
15, -7.99 -6.21
16, -8.66 -7.32
16y, -9.55 —6.74
17, -7.05 —6.06
17y -7.36 -6.07
18, -7.31 -5.98
18y, -7.28 —6.00
19, -7.90 —-6.82
19, -7.26 —6.64
Erlotinib —-7.55 —
TAK-285 — -7.11

region II was occupied by the two 2-methoxyethoxy groups
forming hydrophobic interactions with Gly772 and Leu694
residues and one hydrogen bond with Cys773 (Fig. 13).

Compound 11, as a representative example exhibited a
binding mode similar to that of the reference ligand, erlotinib.
It gave an affinity value of —7.22 kcal mol™. The pyrimidine-5-
carbonitrile moiety was lodged in the adenine pocket of the
EGFR™" forming hydrophobic interactions with Val702 and
Lys721. The nitrile group formed a hydrogen bond with
Thr766 with a distance of 2.02 A. The 2-pyridyl group occupied
the hydrophobic pocket I forming a hydrophobic interaction
with Leu764. In addition, the N-atom of the pyridine moiety
formed a hydrogen bond with Thr830 with a distance of
2.23 A. Such extra hydrogen bonding interactions may explain
the higher activity of this compound compared to that of the
corresponding members. Moreover, the phenyl group at posi-
tion-4 occupied the hydrophobic region II forming a hydro-
phobic interaction with Ala719. The sulfur atom formed one
hydrogen bond with Lys721 with a distance of 2.90 A (Fig. 14).
The binding mode of compound 16, against EGFR™" (as
another example) is illustrated in the ESIf.

The results of docking studies revealed that the docked
compounds have good binding affinities against EGFR'7?*M
with binding free energies ranging from -16.90 to
—26.96 kcal mol™" (Table 6). TAK-285, as a co-crystallized
ligand, showed a binding energy of —7.11 kecal mol™". In detail,
the pyrrolo[3,2-d]pyrimidine moiety occupied the adenine
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Fig. 12 (A) and (B) 3D images of the superimposition of the re-docked conformers of erlotinib and TAK-285 (turquoise) over the co-crystallized

conformers (green) with RMSD values of 1.5 and 0.90, respectively.
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Fig. 13 Erlotinib docked into the active site of EGFRW". The hydrogen bonds are represented in green dashed lines. The pi interactions are rep-

resented in orange lines.

pocket of EGFR"7°°™, It formed hydrophobic interactions with
Ala743 and Leu844. The pyrimidine moiety formed one hydro-
gen bond with Met793 with a distance of 2.23 A. The terminal
3-(trifluoromethyl)phenoxy group was embedded in the hydro-
phobic pocket I creating hydrophobic interactions with Lys745

7620 | Org. Biomol Chem., 2020, 18, 7608-7634

and Ile759. The trifluoromethane group formed a hydrogen
bond with Lys745 with a distance of 1.41 A. Additionally, the
hydrophobic region II was occupied by the N-ethyl-3-hydroxy-3-
methylbutanamide moiety forming hydrogen bonds with
Ser720 with a distance of 1.79 A. The central phenyl moiety

This journal is © The Royal Society of Chemistry 2020


https://doi.org/10.1039/d0ob01557a

Published on 11 September 2020. Downloaded by Florida State University on 1/13/2021 10:22:21 PM.

Organic & Biomolecular Chemistry

View Article Online

Paper

Fig. 14 (A) Compound 11, docked into the active site of EGFR"T. The hydrogen bonds are represented in green dashed lines. The pi interactions

are represented in orange lines. (B) Mapping surface showing compound 11,, occupying the active pocket of EGF

formed pi-Sigma interactions with Met790, Val726, and Lys745
(Fig. 15).

Compound 11}, exhibited a binding mode similar to that of
TAK-285 with an affinity value of —6.88 kcal mol™". The pyrimi-
dine-5-carbonitrile moiety was embedded in the adenine
pocket of EGFR"" forming hydrophobic interactions with
Lys745, Val726, and Ala743. The 2-pyridyl group occupied the
hydrophobic pocket I forming a hydrogen bonding interaction
with Lys745. The hydrogen bonding interaction between the
pyridine moiety and Lys745 may increase the binding affinity
of compound 11, toward the receptor, and consequently
increases its inhibitory activity compared to the corresponding
members. Moreover, the phenyl group at position-4 occupied
the hydrophobic region II forming hydrophobic interactions
with Ala743 and Leu844. The butyl moiety formed three hydro-

This journal is © The Royal Society of Chemistry 2020

RWT,

phobic interactions with Ile759, Leu788, and Lys745 (Fig. 16).
The binding mode of compound 16, against EGFR""* (as
another example) is illustrated in the ESL.}

2.3.2. In silico ADMET analysis. ADMET studies were
carried out for the most cytotoxic members 10, 104, 10¢, 11,,
11y, 12y, 13,, 13}, 15y, 16,, 17,, and 17;,. Erlotinib and gefitinib
were used as reference compounds. ADMET studies include
many descriptors. (i) Blood brain barrier penetration which
predicts the blood brain barrier penetration of a molecule. (ii)
Intestinal absorption which predicts human intestinal absorp-
tion (HIA) after oral administration. (iii) Aqueous solubility
which predicts the solubility of each compound in water at
25 °C. (iv) CYP2D6 binding which predicts cytochrome P450
2D6 enzyme inhibition. (v) Plasma protein binding which pre-
dicts the fraction of the drug bound to plasma proteins in
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Fig. 15 Co-crystallized ligand (TAK-285) docked into the active site of
EGFR™°°M The hydrogen bonds are represented in green dashed lines.

blood.”* Discovery studio 4.0 was used to predict ADMET
descriptors for all compounds. The predicted descriptors are
listed in Table 7.

ADMET-Blood Brain Barrier (BBB) penetration studies pre-
dicted that the BBB penetration levels of most of the com-
pounds (104, 10g, 11y, 124, 13y, 155, 16,, and 17;,) are very low.

[a]
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Accordingly, such compounds were expected to be safe to the
CNS. On the other hand, compound 10, was predicted to have
a high BBB penetration level and compounds 11,, 13,, and 17,
showed high BBB penetration levels. All the tested compounds
showed low to very low range levels of ADMET aqueous solubi-
lity. Intestinal absorption is defined as a percentage of the
absorbed compound from the gut wall.”*> A well-absorbed com-
pound is one that is absorbed at least 90% into the blood-
stream in humans.”® According to our ADMET studies, absorp-
tion levels of compounds 10, 11,, 11y, 12, 13,, 13, 155, 17,,
and 17, appeared in the good and moderate range, while com-
pounds 10d, 10f, and 16a showed poor intestinal absorption.

The cytochrome P450 2D6 (CYP2D6) model predicts
CYP2D6 enzyme inhibition using a 2D chemical structure as
the input. CYP2D6 is involved in the metabolism of a wide
range of substrates in the liver and its inhibition by a drug
constitutes a majority cases of drug-drug interactions.
Therefore, a CYP2D6 inhibition experiment is required as part
of the regulatory procedures in the drug discovery and develop-
ment process.” All examined members were predicted as non-
inhibitors of CYP2D6 except compound 17;. Consequently, a
liver dysfunction side effect is not expected upon adminis-
tration of these compounds. The plasma protein binding
model predicts whether a compound is likely to be highly
bound (>90% bound) to carrier proteins in blood.”> All com-
pounds are expected to bind plasma protein more than 90%
except compound 16, (Fig. 17) (ESIt).

Asp855
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Fig. 16 (A) Binding of compound 11, with EGFR™°°M, The hydrogen bonds are represented in green dashed lines and the pi interactions are rep-
resented in orange dashed lines. (B) Mapping surface showing compound 11, occupying the active pocket of EGFRT7°°,
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Table 7 Predicted ADMET for the designed compounds and reference drugs

Comp. BBB level® Solubility level” Absorption level® CYP2D6 prediction? PPB prediction®
10, 0 1 1 False True
104 4 1 2 False True
10¢ 4 1 2 False True
11, 1 2 0 False True
11y, 4 1 1 False True
12, 4 1 1 False True
13, 1 2 0 False True
13, 4 1 1 False True
15y 4 1 1 False True
16, 4 1 2 False False
17, 1 2 0 False True
17y 4 1 1 True True
Erlotinib 1 2 0 False True
Gefitinib 2 2 0 False True

“BBB level, blood brain barrier level: 0 = very high, 1 = high, 2 = medium, 3 = low, and 4 = very low. b Solubility level, 1 = very low, 2 = low, 3 =
good, and 4 = optimal. ° Absorption level, 0 = good, 1 = moderate, 2 = poor, and 3 = very poor. ? CYP2D6 = cytochrome P2D6, TRUE = inhibitor,
and FALSE = non inhibitor. The classification whether a compound is a CYP2D6 inhibitor using a cutoff Bayesian score of 0.161.  PBB, plasma
protein binding, FALSE means less than 90%, and TRUE means more than 90%. The classification whether a compound is highly bound (>90%

bound) to plasma proteins using a cutoff Bayesian score of —2.209.
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Fig. 17 The expected ADMET study.

3. Conclusion

A series of EGFR inhibitors was designed, synthesized and
evaluated for antiproliferative activities against HCT-116,
HepG-2, MCF-7, and A549 cell lines. Compound 11;, (IC5, =
3.37, 3.04, 4.14, and 2.40 uM) was found to be the most potent
counterpart as it was 5.13, 4.52, 5.72, and 8.37 times more
active than erlotinib (ICs, = 17.32, 13.76, 23.70, and 20.11 pM)
against HCT-116, HepG-2, MCF-7, and A549 cells, respectively.
The inhibitory profiles against two isoforms: EGFR™' and
EGFR"7°™M were assessed for the most promising candidates
(10, 104, 10¢, 11,, 11y, 124, 13,, 13y, 155, 16,, 17, and 17;,). The
tested compounds showed promising activities against both
wild type and mutant forms, and compound 11;, emerged as
the most potent EGFR inhibitor with ICs, values of 0.09 and
4.03 uM against EGFR"" and EGFR"7°°™, respectively. In order
to get an additional comprehension about the effect of the syn-
thesized compounds on the inhibition of cancer cell growth,
the effect of compound 11, on cell cycle distribution and
apoptosis induction was analyzed. Compound 11, induced
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apoptosis based on annexin V staining and arrested the cell
cycle at the G2/M phase. Structure-activity relationship studies
revealed that hydrophobic heterocyclic moieties had a greater
cytotoxic effect than alicyclic moieties, which were more
effective than non-hetero-aromatic structures, and that the
cytotoxic effects correlated with EGFR-inhibitory effects. To
further understand and rationalize the strong inhibitory profile
of the compounds against EGFR"" and EGFR"°*™, docking
studies were performed, which suggested that most of the syn-
thesized compounds have similar binding modes with a target
crystal structure. Therefore, this study presents compounds 11,
as a potential promising candidate as an EGFR inhibitor.

4. Experimental
4.1. Chemistry

4.1.1. General. All melting points were determined by the
open capillary method using a Gallen lamp melting point
apparatus. Elemental analyses were performed on a CHN ana-
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lyzer. The IR spectra were recorded on a pye Unicam SP 1000
IR spectrophotometer. The progress of reactions was moni-
tored by TLC using TLC sheets coated with UV fluorescent
silica gel (Kieselgel 0.25mm, 60 F254, Merck Germany) with a
developing solvent system of DCM/methanol (95:5) and was
visualized using a UV lamp.

NMR spectra were acquired at 600 MHz for 'H and
151 MHz for "*C on either of these two spectrometers: (1) a
Bruker Avance NEO-600 equipped with a 1.7 mm TCI
CryoProbe, or (2) an Agilent VNMRS-600 equipped with a one-
of-a-kind 1.5 mm HTS Cold Probe optimized for 13C detection
(see Acknowledgements).”® Spectra were acquired with these
relevant parameters: 1H, 45° pulse, spectral width: 12-16 ppm,
acquisition time: 1.1-4.6 s., and relaxation delay: 2-3 s.; 13C
and 13C-APT, 45° pulse, spectral width: 240 ppm, acquisition
time: 1.0 s., and relaxation delay: 2.0 s. Chemical shifts were
expressed in § (ppm) with reference to TMS and the coupling
constant (J) in Hertz using DMSO-d, and CDCl;s-dg as solvents.

Compounds, 4-oxo-6-phenyl-2-thioxo-1,2,3,4-tetrahydro-
pyrimidine-5-carbonitrile 7,°”7'°" 2-(ethylthio)-6-oxo-4-phenyl-
1,6-dihydropyrimidine-5-carbonitrile 8,,°>'°> 2-(butylthio)-6-
oxo-4-phenyl-1,6-dihydropyrimidine-5-carbonitrile 8p,'*> 4-chloro-
2-(ethylthio)-6-phenyl-pyrimidine-5-carbonitrile 9, and
2-(butylthio)-4-chloro-6-phenylpyrimidine-5-carbonitrile 93,
were prepared according to the reported procedures.

4.1.2. General procedure for synthesis of target com-
pounds 10, ,-19, 5. To a solution of compound 9, (0.01 mol)
in isopropanol (25 mL) containing a catalytic amount of TEA,
the appropriate amine derivatives, namely substituted anilines,
2-aminopyridine, cyclohexylamine, cyclopentylamine, 4-ami-
noacetophenone, 3-aminoacetophenone, 4-amino-N-(4,6-di-
methylpyrimidin-2-yl)benzenesulfonamide, benzylamine, phe-
nylhydrazine and/or 4-(2-aminoethyl)benzenesulfonamide
(0.01 mol) were added. The reaction mixture was refluxed for
3-6 h. Then, the mixture was concentrated, cooled and poured
onto ice/water containing dil. HCI. The formed precipitate was
filtered, washed with water and crystallized from ethanol to
afford the corresponding target compounds 10,_,~19, p.

4.1.2.1. 2-(Ethylthio)-4-phenyl-6-(phenylamino )pyrimidine-5-
carbonitrile 10, White crystals (yield 72%); mp: 193-194 °C; IR
(KBr) v em™': 3298 (NH), 3056 (CH aromatic), 2986, 2924 (CH
aliphatic), 2210 (C=N), 1604 (C=N); '"H NMR (DMSO-d;) &
ppm; 1.22 (t, 3H, J = 7.2 Hz, ~-CH,CH3), 2.98 (q, 2H, J = 7.2 Hz,
-CH,CHj), 7.20 (dd, 1H, J = 7.2 Hz, Ar-H, H-4 of -NHCcH;),
7.38 (dd, 2H, J = 7.2 Hz, 7.8 Hz, Ar-H, H-3 & H-5 of -NHC¢H3),
7.54-7.61 (m, 5H, Ar-H, H-3, H-4 & H-5 of C¢H; and H-2 & H-6
of -NHC¢Hj), 7.84 (d, 2H, J = 7.2 Hz, Ar-H, H-2 & H-6 of C¢H,),
9.82 (s, 1H, exchangeable with D,0, -NH); **C NMR (DMSO-dj)
5 (ppm); 14.72, 24.87, 84.62, 116.16, 124.01 (2C), 125.15,
128.47 (2C), 128.67 (2C), 128.76 (2C), 131.27, 136.02, 137.72,
160.33, 168.26, 173.76: APT (DMSO-de) & (ppm); 14.71 (CH,),
24.87 (CH,), 84.62 (C), 116.15 (C), 124.01 (2CH), 125.15 (CH),
128.47 (2CH), 128.66 (2CH), 128.75 (2CH), 131.27 (CH), 136.02
(C), 137.71 (C), 160.33 (C), 168.26 (C), 173.75 (C): Anal. Caled
for CoH;N,S (332.43): C, 68.65; H, 4.85; N, 16.85; found: C,
68.33; H, 5.03; N, 17.00%.
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4.1.2.2. 2-(Butylthio)-4-phenyl-6-( phenylamino)pyrimidine-5-
carbonitrile 10, White crystals (yield 78%); mp: 172-173 °C; IR
(KBr) v em™": 3290 (NH), 3066 (CH aromatic), 2968, 2931 (CH
aliphatic), 2214 (C=N), 1608 (C=N); 'H NMR (DMSO-d,) &
ppm; 0.81 (t, 3H, J = 7.2 Hz, -CH,CH,CH,CHj3), 1.27 (m, 2H,
-CH,CH,CH,CH3), 1.54 (p, 2H, -CH,CH,CH,CHj), 2.97 (t, 2H,
J = 7.2 Hz, -CH,CH,CH,CHj), 7.19 (dd, 1H, J = 7.2 Hz, Ar-H,
H-4 of -NHC¢Hj), 7.39 (dd, 2H, J = 7.8 Hz, 9.0 Hz, Ar-H, H-3 &
H-5 of -NHCgH;), 7.54-7.60 (m, 5H, Ar-H, H-3, H-4 & H-5 of
CeH; and H-2 & H-6 of -NHC¢H;), 7.86 (d, 2H, J = 7.8 Hz, Ar-
H, H-2 & H-6 of C¢Hs), 9.82 (s, 1H, exchangeable with D,O,
-NH); "*C NMR (DMSO-d) § (ppm); 13.59, 21.66, 30.03, 31.51,
84.81, 116.03, 124.92 (2C), 125.16, 128.32 (2C), 128.50, 128.62
(2C), 130.74, 135.73, 135.90, 137.63, 160.38, 167.91, 173.64;
APT (DMSO-dg) & (ppm); 13.35 (CH3), 21.96 (CH,), 30.02 (CH,),
31.50 (CH,), 84.81 (C), 116.03 (C), 124.00 (2CH), 125.23 (CH),
128.23 (2CH), 128.50 (2CH), 128.62 (2CH), 130.97 (CH) 135.85
(C), 137.87 (C), 160.37 (C), 168.44 (C), 173.63 (C): Anal. Calced
for C,H,oN,S (360.48): 69.97; H, 5.59; N, 15.54. Found: C,
69.53; H, 5.34; N, 15.82%.

4.1.2.3. 2-(Ethylthio)-4-phenyl-6-(o-tolylamino)pyrimidine-5-
carbonitrile 10,. White crystals (yield 76%); mp: 142-143 °C;
'H NMR (DMSO-de) 6 ppm; 1.08 (t, 3H, J = 7.2 Hz, -CH,CH3),
2.19 (s, 3H, -CH3;), 2.83 (q, 2H, J = 7.2 Hz, -CH,CH3;), 7.22-7.24
(m, 2H, Ar-H, H-4 & H-6 of ~C¢H,), 7.29-7.30 (m, 2H, Ar-H,
H-3 & H-5 of -C¢H,), 7.55-7.59 (m, 3H, Ar-H, H-3, H-4 & H-5 of
Ce¢Hs), 7.87 (d, 2H, J = 7.2 Hz, Ar-H, H-2 & H-6 of C¢H;), 9.58
(s, 1H, exchangeable with D,0, -NH); >*C NMR (DMSO-d;) &
(ppm); 14.41, 17.75, 24.69, 83.54, 115.97, 126.07, 126.78,
127.61, 128.46 (2C), 128.55 (2C), 130.22, 131.01, 134.80,
135.94, 136.11, 160.49, 167.81, 173.55: APT (DMSO-d¢) &
(ppm); 14.41 (CH;), 17.74 (CH,), 24.69 (CH,), 83.54 (C), 115.97
(C), 126.07 (CH), 126.87 (CH), 127.61 (CH), 128.46 (2CH),
128.55 (2CH), 130.22 (CH), 131.01 (CH), 134.80 (C), 135.94 (C),
136.11(C), 160.94 (C), 167.81 (C), 173.55 (C): Anal. Calcd for
CooH gN,S (346.45): C, 69.34; H, 5.24; N, 16.17; found: C,
69.54; H, 5.04; N, 16.33, %.

4.1.2.4. 2-(Butylthio)-4-phenyl-6-(o-tolylamino)pyrimidine-5-
carbonitrile (104). Yellowish white crystals (yield 80%); mp:
127-129 °C; 'H NMR (DMSO-dg) § ppm; 0.76 (t, 3H, ] = 7.2 Hz,
-CH,CH,CH,CHj3), 1.13 (m, 2H, -CH,CH,CH,CHj;), 1.41 (p,
2H, -CH,CH,CH,CHj3), 2.19 (s, 3H, -CH3), 2.77 (t, 2H, J = 7.2
Hz, -CH,CH,CH,CHj;), 7.22-7.24 (m, 2H, Ar-H, H-4 & H-6 of
-Ce¢H,), 7.27-7.31 (m, 2H, Ar-H, H-3 & H-5 of —Cg¢H,),
7.55-7.59 (m, 3H, Ar-H, H-3, H-4 & H-5 of C¢H;), 7.86 (d, 2H,
J = 7.2 Hz, Ar-H, H-2 & H-6 of C¢H5), 9.64 (s, 1H, exchangeable
with D,0, -NH); *C NMR (DMSO-d¢) § (ppm); 13.36, 17.93,
21.42, 29.74, 31.50, 83.72, 116.00, 126.14, 126.91, 127.70,
128.48 (2C), 128.59 (2C), 130.24 131.07, 134.95, 135.95, 136.17,
160.99, 167.90, 173.96; APT (DMSO-d,) § (ppm); 13.35 (CH,),
17.93 (CH,), 21.37 (CH,), 29.73 (CH,), 31.53 (CH,), 83.10 (C),
116.54 (C), 126.15 (CH), 126.91 (CH), 127.70 (CH), 128.48
(2CH), 128.59 (2CH), 130.24 (CH), 131.04 (CH), 134.94 (C),
135.93 (C), 136.17 (C), 161.31 (C), 167.59 (C), 173.96 (C): Anal.
Caled for C,,H,,N,S (374.51): C, 70.56; H, 5.92; N, 14.96;
found: C, 70.88; H, 6.15; N, 14.79%.
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4.1.2.5. 2-(Ethylthio)-4-phenyl-6-(m-tolylamino)pyrimidine-5-
carbonitrile 10,. Yellow crystals (yield 70%); mp: 134-135 °C;
IR (KBr) v em™": 3294 (NH), 3066, 3039 (CH aromatic), 2966,
2927 (CH aliphatic), 2214 (C=N), 1620 (C=N); 'H NMR
(DMSO-ds) 6 ppm; 1.23 (t, 3H, J = 7.2 Hz, -CH,CHj3), 2.30 (s,
3H, -CH3;), 2.99 (q, 2H, J = 7.2 Hz, -CH,CH3), 7.00 (d, 1H, J =
6.60 Hz, Ar-H, H-4 of -NHCH,), 7.25 (dd, 1H, J = 7.2 Hz, 7.8
Hz, Ar-H, H-5 of -C¢H,), 7.35 (dd, 1H, J = 7.2 Hz, 7.8 Hz, Ar-H,
H-4 of -C¢H;), 7.42 (s, 1H, Ar-H, H-2 of -NHC¢H,), 7.55-7.59
(m, 3H, Ar-H, H-3 & H-5 of -C¢H;5 and H-6 of -NHC¢H,), 7.85
(d, 2H, J = 6.60 Hz, Ar-H, H-2 & H-6 of -C¢Hj), 9.74 (s, 1H,
exchangeable with D,0, -NH); "*C NMR (DMSO-d;) § (ppm);
14.68, 21.06, 24.78, 84.50, 116.07, 120.86, 124.34, 125.67,
128.21, 128.56 (2C), 128.68 (2C), 131.16, 135.95, 137.60 (2C),
160.21, 168.14, 173.69; APT (DMSO-ds) § (ppm); 14.69 (CHy),
21.07 (CHj;), 24.79 (CH,), 84.50 (C), 116.07 (C), 120.86 (CH),
124.34 (CH), 125.67 (CH), 128.21 (CH), 128.56 (2CH), 128.68
(2CH), 131.16 (CH), 135.95 (C), 137.60 (2C), 160.21 (C), 168.14
(C), 173.69 (C): Anal. Caled for C,oH;5N,S (346.45): C, 69.34; H,
5.24; N, 16.17; found C, 69.54; H, 5.12; N, 16.32, %.

4.1.2.6. 2-(Butylthio)-4-phenyl-6-(m-tolylamino)pyrimidine-5-
carbonitrile 10 White crystals (yield 82%); mp: 117-118 °C; IR
(KBr) v em™": 3302 (NH), 3051 (CH aromatic), 2962, 2927 (CH
aliphatic), 2218 (C=N), 1616 (C=N); 'H NMR (DMSO-d,) &
ppm; 0.80 (t, 3H, J = 7.2 Hz, -CH,CH,CH,CHj,), 1.29 (m, 2H,
-CH,CH,CH,CHj,), 1.53 (p, 2H, -CH,CH,CH,CHj;), 2.31 (s,
3H, -CH3,), 2.98 (t, 2H, J = 7.2 Hz, -CH,CH,CH,CH3), 7.01 (d,
1H, J = 7.2 Hz, Ar-H, H-4 of -C¢H,), 7.26 (dd, 1H, J = 7.2 Hz,
7.8 Hz, Ar-H, H-5 of -C¢H,), 7.35 (dd, 1H, J = 8.4 Hz, 7.8 Hz,
Ar-H, H-4 of -C¢H;), 7.38 (s, 1H, Ar-H, H-2 of -C¢H,),
7.55-7.59 (m, 3H, Ar-H, H-3 & H-5 of CgH; and H-6 of ~CgH,),
7.85 (d, 2H, J = 7.8 Hz, Ar-H, H-2 & H-6 of C¢Hjs), 9.74 (s, 1H,
exchangeable with D,0, -NH); "*C NMR (DMSO-d;) § (ppm);
13.28, 21.17, 21.28, 29.98, 30.98, 84.59, 116.01, 121.12, 124.51,
125.66, 128.14, 128.48 (2C), 128.61 (2C), 131.22, 135.86,
137.53, 137.65, 160.35, 168.12, 173.75; APT (DMSO-ds) &
(ppm); 13.41 (CH3), 21.10 (CH,), 21.26 (CHj3), 30.65 (CHy),
30.89 (CH,), 84.50 (C), 116.55 (C), 121.02 (CH), 124.61 (CH),
125.66 (CH), 128.14 (CH), 128.48 (2CH), 128.61 (2CH), 131.19
(CH), 135.89 (C), 137.53 (C), 137.65 (C), 160.29 (C), 168.15 (C),
173.64 (C): Anal. Caled for C,,H,,N,S (374.51): C, 70.56; H,
5.92; N, 14.96; found: C, 70.78; H, 5.81; N, 14.68, %.

4.1.2.7. 2-(Ethylthio)-4-[(4-methoxyphenyl)amino]-6-phenyl-
pyrimidine-5-carbonitrile (10,). Yellow crystals (yield 82%);
mp: 150-151 °C; IR (KBr) v em™': 3298 (NH), 3066, 3039 (CH
aromatic), 2968, 2931 (CH aliphatic), 2214 (C=N), 1604
(C=N); '"H NMR (DMSO-de) § ppm; 1.20 (t, 3H, J = 7.2 Hz,
-CH,CH3), 2.96 (q, 2H, J = 7.2 Hz, -CH,CH3), 3.76 (s, 3H,
OCHj;), 6.93 (d, 2H, J = 9.0 Hz, Ar-H, H-3 & H-5 of -CsH,), 7.42
(d, 2H, J = 9.0 Hz, Ar-H, H-2 & H-6 of -C¢H,), 7.53-7.59 (m,
3H, Ar-H, H-3, H-4 & H-5 of -C¢H;), 7.83 (d, 2H, J = 7.2 Hz, Ar-
H, H-2 & H-6 of -C¢Hs), 9.68 (s, 1H, exchangeable with D,O,
-NH); *C NMR (DMSO-d,) & (ppm); 14.75, 24.82, 55.19, 83.73,
113.50 (2C), 116.07, 125.72 (2C), 128.48 (2C), 128.59 (2C),
130.34, 131.03, 136.09, 156.70, 160.40, 167.94, 173.33; APT
(DMSO-ds) § (ppm); 14.44 (CHj), 24.83 (CH,), 55.40 (CHs),
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83.96 (C), 113.50 (2CH), 116.11 (C), 125.72 (2CH), 128.53
(2CH), 128.59 (2CH), 130.34 (C), 130.97 (CH), 135.85 (C),
156.65 (C), 160.14 (C), 167.90 (C), 173.40 (C): Anal. Calcd for
Ca0HsN,OS (362.45): C, 66.28; H, 5.01; N, 15.46; found: C,
66.51; H, 5.20; N, 15.29, %.

4.1.2.8.  2-(Butylthio)-4-[(4-methoxyphenyl)amino]-6-phenyl-
pyrimidine-5-carbonitrile (104). White crystals (yield 85%);
mp: 159-160 °C; IR (KBr) v cm™': 3294 (NH), 3066 (CH aro-
matic), 2964, 2931 (CH aliphatic), 2214 (C=N), 1612 (C=N);
'H NMR (DMSO-d;) & ppm; 0.81 (t, 3H, J = 7.2 Hz,
-CH,CH,CH,CH;), 1.26 (m, 2H, -CH,CH,CH,CHj;), 1.53
(p, 2H, -CH,CH,CH,CHj), 2.94 (t, 2H, J = 7.2 Hz,
~CH,CH,CH,CHj), 3.76 (s, 3H, -OCH3), 6.94 (d, 2H, J = 8.4 Hz,
Ar-H, H-3 & H-5 of -C¢H,), 7.42 (d, 2H, J = 8.4 Hz, Ar-H, H-2 &
H-6 of -CgH,), 7.54-7.59 (m, 3H, Ar-H, H-3, H-4 & H-5 of
Ce¢Hs), 7.85 (d, 2H, J = 7.8 Hz, Ar-H, H-2 & H-6 of C¢Hs), 9.65
(s, 1H, exchangeable with D,0, -NH); >*C NMR (DMSO-d;) §
(ppm); 13.33, 21.38, 29.92, 31.18, 55.20, 83.86, 113.52 (2C),
116.00, 125.88 (2C), 128.41 (2C), 128.51 (2C), 130.31, 130.97,
135.93, 156.78, 160.40, 167.82, 173.60; APT (DMSO-d) &
(ppm); 13.33 (CH;), 21.50 (CH,), 29.92 (CH,), 31.18 (CH,),
55.20 (CH3;), 83.86 (C), 113.52 (2CH), 116.00 (C), 125.88 (2CH),
128.41 (2CH), 128.51 (2CH), 130.31 (C), 130.97 (CH), 135.93
(C), 156.78 (C), 160.40 (C), 167.82 (C), 173.60 (C): Anal. Caled
for C,,H,,N,0S (390.51): C, 67.67; H, 5.68; N, 14.35; found: C,
67.49; H, 5.91; N, 14.08%.

4.1.2.9. 2-(Ethylthio)-4-phenyl-6-( pyridin-2-ylamino)pyrimi-
dine-5-carbonitrile (11,). Yellowish white crystals (yield 88%);
mp: 235-236 °C; "H NMR (DMSO-d;) § ppm; 1.23 (t, 3H, ] = 7.2
Hz, -CH,CHj), 2.94 (q, 2H, J = 7.2 Hz, -CH,CHj3), 7.10 (dd, 1H,
J = 7.2 Hz, 6.6 Hz Ar-H, H-5 of pyridine), 7.25 (d, 1H, J = 9.0
Hz, Ar-H, H-3 of pyridine), 7.44 (dd, 1H, J = 7.2, 7.8 Hz, Ar-H,
H-4 of -C¢Hs), 7.53-7.59 (m, 3H, Ar-H, H-4 of pyridine & H-3,
H-5 of -Cg¢Hs), 7.71 (d, 2H, J = 7.8 Hz, Ar-H, H-2 & H-6 of
—-C¢Hs), 7.80 (d, 1H, J = 7.8 Hz, Ar-H, H-6 of pyridine), 9.21 (s,
1H, exchangeable with D,0, -NH); *C NMR (DMSO-d) §
(ppm); 14.34, 25.35, 83.09, 103.80, 113.72, 116.38, 127.93 (2C),
128.45 (2C), 129.21, 135.73, 137.08, 150.60, 153.25, 167.35,
172.49, 173.35; APT (DMSO-ds) 6 (ppm); 14.34 (CH3), 25.35
(CH,), 83.42 (C), 103.80 (CH), 113.72 (C), 116.83 (CH), 127.93
(2CH), 128.45 (2CH), 129.21 (CH), 135.79 (C), 137.08 (CH),
150.60 (CH), 153.29 (C), 167.35 (C), 172.49 (C), 173.35 (C):
Anal. Caled for C,gH;5N5S (333.41): C, 64.84; H, 4.53; N, 21.01;
found: C, 64.62; H, 4.23; N, 20.80%.

4.1.2.10. 2-(Butylthio)-4-phenyl-6-( pyridin-2-ylamino )pyrimi-
dine-5-carbonitrile (11). Orange crystals (yield 91%); mp:
103-105 °C; 0.81 (t, 3H, J = 7.2 Hz, -CH,CH,CH,CHj3), 1.31 (m,
2H, -CH,CH,CH,CHj), 1.54 (p, 2H, -CH,CH,CH,CH3;), 2.90 (t,
2H, ] = 7.2 Hz, -CH,CH,CH,CHj3), 7.11 (dd, 1H, J = 7.2 Hz, 6.6
Hz Ar-H, H-5 of pyridine), 7.27 (d, 1H, J = 9.0 Hz, Ar-H, H-3 of
pyridine), 7.44 (dd, 1H, J = 7.2 & 7.8 Hz, Ar-H, H-4 of C¢Hs),
7.53-7.57 (m, 3H, H-3, H-5 of C¢Hs & H-4 of pyridine), 7.78 (d,
2H, ] = 7.2 Hz, Ar-H, H-2 & H-6 of C¢Hs), 7.88 (d, 1H, J = 7.8
Hz, Ar-H, H-6 of pyridine), 9.19 (s, 1H, exchangeable with
D,0, -NH); **C NMR (DMSO-dq) 6 (ppm); 13.40, 21.46, 30.07,
31.07, 85.47, 115.87, 122.54, 128.55 (2C), 128.69 (2C), 128.73
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(2C), 131.26, 132.77, 135.74, 142.37, 160.05, 168.24, 173.87;
APT (DMSO-d) & (ppm); 13.39 (CH3), 21.46 (CH,), 30.07 (CH,),
31.07 (CH,), 85.47 (C), 115.87 (C), 122.54 (CH), 128.55 (2CH),
128.69 (2CH), 128.73 (2CH), 131.27 (CH), 132.77 (C), 135.74
(CH), 142.37 (C), 160.05 (C), 168.24 (C), 173.87 (C): Anal. Calcd
for C,0H,oN5S (361.47): C, 66.46; H, 5.30; N, 19.38; found: C,
66.70; H, 5.12; N, 19.66%.

4.1.2.11. 4-(Cyclohexylamino)-2-(ethylthio)-6-phenylpyrimi-
dine-5-carbonitrile (12,). Yellow crystals (yield 76%); mp:
200-201 °C; 'H NMR (CDCl;-dg) 6 ppm: 1.27 (m, 2H, CH, of
cyclohexyl), 1.41 (m, 2H, CH, of cyclohexyl), 1.44 (t, 3H, J = 7.2
Hz, -CH,CH3;), 1.68 (m, 2H, CH, of cyclohexyl), 1.81 (m, 2H,
CH, of cyclohexyl), 2.06 (m, 2H, CH, of cyclohexyl), 3.15 (q,
2H, ] = 7.2 Hz, -CH,CHj3), 4.11 (m, 1H, H-1 of cyclohexyl), 5.57
(br s, 1H, exchangeable with D,0, -NH), 7.47-7.52 (m, 3H,
H-3, H-4, H-5 of C¢H;), 7.94 (d, 2H, J = 6.6 Hz, Ar-H, H-2 & H-6
of Ce¢Hs); "*C NMR (CDCly-dg) 6 (ppm); 14.70, 24.90 (2C),
25.53, 25.76, 32.62 (2C), 50.58, 83.33, 116.85, 128.68 (2C),
128.74 (2C), 131.55, 136.21, 160.92, 166.99, 175.15; APT
(CDCls-dg) 6 (ppm); 14.75 (CHj), 24.90 (2CH,), 25.53 (CH,),
25.72 (CH,), 32.86 (2CH,), 50.58 (CH), 83.37 (C), 116.85 (C),
128.68 (2CH), 128.74 (2CH), 131.34 (CH), 135.88 (C), 160.89
(C), 166.79 (C), 174.89 (C): Anal. Caled for CoH,,N,S (338.47):
C, 67.42; H, 6.55; N, 16.55; found: C, 67.71; H, 6.32; N,
16.80, %.

4.1.2.12. 2-(Butylthio)-4-(cyclohexylamino)-6-phenylpyrimi-
dine-5-carbonitrile (12,). Orange crystals (yield 77%); mp:
167-168 °C; IR (KBr) v cm™": 3309 (NH), 3068 (CH aromatic),
2931 (CH aliphatic), 2214 (C=N), 1583 (C=N); 'H NMR
(CDCl;-dg) 6 ppm; 0.95 (t, 3H, J = 7.2 Hz, -CH,CH,CH,CHj),
1.25 (m, 2H, CH, of cyclohexyl), 128 (m, 2H, CH, of cyclo-
hexyl), 1.40 (m, 2H, ~-CH,CH,CH,CH3), 1.49 (m, 2H, CH, of
cyclohexyl), 1.68 (p, 2H, -CH,CH,CH,CHj3), 1.81 (m, 2H, CH,
of cyclohexyl), 2.06 (m, 2H, CH, of cyclohexyl), 3.13 (t, 2H, J =
7.8 Hz, -CH,CH,CH,CH3;), 4.11 (m, 1H, H-1 of cyclohexyl),
5.55 (br s, 1H, exchangeable with D,0O, -NH), 7.46-7.52 (m,
3H, Ar-H, H-3, H-4 & H-5 of ~-C¢H3), 7.94 (d, 2H, J = 7.8 Hz, Ar-
H, H-2 & H-6 of -C¢H;); "*C NMR (CDCl;-dg) 6 (ppm); 13.82,
22.32, 24.94 (2C), 25.67, 31.05, 31.79 (2C), 32.89, 50.53, 83.25,
116.91, 128.66 (2C), 128.73 (2C), 131.30, 135.87, 160.95,
166.82, 175.08; APT (CDCly-dg) 6 (ppm); 13.81 (CHj), 22.32
(CH,), 24.94 (2CH,), 25.53 (CH,), 31.05 (CH,), 31.79 (2CH,),
32.89 (CH,), 50.53 (CH), 83.25 (C), 116.91 (C), 128.66 (2CH),
128.73 (2CH), 131.29 (CH), 135.87 (C), 160.95 (C), 166.82 (C),
175.09 (C): Anal. Caled for G, H,eN,S (366.53): C, 68.82; H,
7.15; N, 15.29; found: C, 69.03; H, 6.93; N, 15.45%.

4.1.2.13. 4-(Cyclopentylamino)-2-(ethylthio)-6-phenylpyrimi-
dine-5-carbonitrile 13, Yellow crystals (yield 69%); mp:
135-137 °C; "H NMR (CDCl;-dg) 6 ppm: 1.42 (t, 3H, J = 7.2 Hz,
-CH,CHj;), 1.55 (m, 2H, CH, of cyclopentyl), 1.68 (m, 2H, CH,
of cyclopentyl), 1.77 (m, 2H, CH, of cyclopentyl), 2.12 (m, 2H,
CH, of cyclohexyl), 3.17 (q, 2H, J = 7.2 Hz, -CH,CH3), 4.51 (m,
1H, H-1 of cyclopentyl), 5.63 (br s, 1H, exchangeable with D,0,
-NH), 7.47-7.51 (m, 3H, H-3, H-4, H-5 of phenyl), 7.94 (d, 2H,
J = 6.6 Hz, Ar-H, H-2 & H-6 of phenyl); ">*C NMR (CDCl;-d¢) &
(ppm); 14.70, 23.98 (2C), 25.70, 33.30 (2C), 53.42, 83.38,
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116.89, 128.74 (4C), 131.34, 135.79, 161.31, 166.69, 175.12;
APT (CDCly-ds) 6 (ppm); 14.76 (CHj), 23.98 (2CH,), 25.86
(CH,), 33.33 (2CH,), 53.42 (CH), 83.46 (C), 116.89 (C), 128.74
(4CH), 131.06 (CH), 135.80 (C), 161.05 (C), 166.69 (C), 174.83
(C): Anal. Caled for CgH,oN,S (324.45): C, 66.64; H, 6.21; N,
17.27; found: C, 66.43; H, 6.45; N, 17.03, %.

4.1.2.14. 2-(Butylthio)-4-(cyclopentylamino)-6-phenylpyrimi-
dine-5-carbonitrile 13). Yellowish white crystals (yield 75%);
mp: 139-140 °C; "H NMR (DMSO-d,) § ppm; 0.91 (t, 3H, J = 7.8
Hz, -CH,CH,CH,CH3), 1.41 (m, 2H, -CH,CH,CH,CHj3), 1.54
(m, 2H, -CH,CH,CH,CHj3), 166-1.72 (m, 6H, 3(CH,) of cyclo-
pentyl), 1.94 (m, 2H, CH, of cyclopentyl), 3.09 (t, 2H, J = 7.8
Hz, -CH,CH,CH,CHj;), 4.46 (m, 1H, H-1 of cyclopentyl),
7.51-7.57 (m, 3H, Ar-H, H-3, H-4 & H-5 of -C¢Hs), 7.76 (br s,
1H, exchangeable with D,0, -NH), 7.80 (d, 2H, J = 7.2 Hz, Ar-
H, H-2 & H-6 of -C¢Hs); *C NMR (DMSO-d¢) & (ppm); 13.36,
21.92, 23.55 (2C), 30.00, 31.29, 31.77 (2C), 53.11, 83.06, 116.19,
128.34 (2C), 128.41 (2C), 130.81, 136.00, 160.95, 167.32,
173.35; APT (DMSO-dg) 6 (ppm); 13.44 (CHj), 21.58 (CHy),
23.60 (2CH,), 30.04 (CH,), 31.34 (CH,), 31.62 (2CH,), 52.81
(CH), 83.17 (C), 116.26 (C), 128.40 (2CH), 128.47 (2CH), 130.87
(CH), 136.08 (C), 160.69 (C), 167.18 (C), 173.56 (C): Anal. Caled
for C,oH,4N,S (352.50): C, 68.15; H, 6.86; N, 15.89; found: C,
68.41; H, 7.05; N, 16.12, %.

4.1.2.15. 4-[(4-Acetylphenyl) amino]-2-(ethylthio)-6-phenylpyr-
imidine-5-carbonitrile 14, White crystals (yield 84%); mp:
190-191 °C; IR (KBr) v cm™": 3294, (NH), 3066 (CH aromatic),
2974, 2936 (CH aliphatic), 2214 (C=N), 1681 (C=0), 1600
(C=N); 'H NMR (DMSO-d¢) & (ppm); 1.29 (t, 3H, J = 7.2 Hz,
-CH,CHj;), 2.56 (s, 3H, -COCH3), 3.09 (q, 2H, J = 7.2 Hz,
-CH,CHj3), 7.57-7.63 (m, 3H, H-3, H-4, H-5 of -C¢H,), 7.79 (d,
2H, J = 8.4 Hz, Ar-H, H-2 & H-6 of -C¢H,), 7.88 (d, 2H, ] = 7.8
Hz, Ar-H, H-2 & H-6 of -C¢H5), 7.98 (d, 2H, J = 8.4 Hz, Ar-H,
H-3 & H-5 of -C¢Hy), 10.04 (br s, 1H, exchangeable with D,0,
-NH); "*C NMR (DMSO-dg) § (ppm); 14.47, 24.82, 26.48, 85.56,
115.77, 122.24 (2C), 128.53 (2C), 128.65 (2C), 128.71 (2C),
131.22, 132.75, 135.74, 142.32, 159.96, 168.28, 173.77, 196.69;
APT (DMSO-dg) & (ppm); 14.47 (CH,), 24.81 (CH,), 26.48 (CH3),
85.56 (C), 115.77 (C), 122.27 (2CH), 128.53 (2CH), 128.65
(2CH), 128.71 (2CH), 131.22 (CH), 132.75 (C), 135.74 (C),
142.34 (C), 159.96 (C), 168.28 (C), 173.77 (C), 196.69 (C): Anal.
Caled for C,yHygN,OS (374.46): C, 67.36; H, 4.85; N, 14.96;
found: C, 67.13; H, 5.09; N, 14.71, %.

4.1.2.16. 4-[(4-Acetylphenyl) amino]-2-(butylthio)-6-phenylpyr-
imidine-5-carbonitrile 14p. Yellowish white crystals (yield 78%);
mp: 180-181 °C; IR (KBr) v em™': 3298, (NH), 3070 (CH aro-
matic), 2998, 2931 (CH aliphatic), 2214 (C=N), 1678 (C=0),
1604 (C=N); '"H NMR (DMSO-d,) § (ppm); 0.81 (t, 3H, J = 7.2
Hz, -CH,CH,CH,CHj;), 1.32 (m, 2H, -CH,CH,CH,CHj3;), 1.60
(p, 2H, -CH,CH,CH,CHj3), 2.56 (s, 3H, -COCHj), 3.04 (t, 2H, J
= 7.2 Hz, -CH,CH,CH,CH3), 7.56-7.61 (m, 3H, H-3, H-4, H-5
of -C¢Hs), 7.77 (d, 2H, J = 8.4 Hz, Ar-H, H-2 & H-6 of -C¢H,),
7.87 (d, 2H, J = 7.2 Hz, Ar-H, H-2 & H-6 of -C¢Hs), 7.97 (d, 2H,
J = 8.4 Hz, Ar-H, H-3 & H-5 of -C¢H,), 10.09 (br s, 1H,
exchangeable with D,0, -NH); >C NMR (DMSO-d;) § (ppm);
13.39, 21.46, 26.52, 30.07, 31.07, 85.47, 115.88, 122.45 (2C),
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128.55 (2C), 128.69 (2C), 128.73 (2C), 131.27, 132.77, 135.74,
142.38, 160.05, 168.24, 173.86, 196.66: APT (DMSO-d;) &
(ppm); 13.39 (CH;), 21.46 (CH,), 26.52 (CHj), 30.07 (CH,),
31.07 (CHy), 85.47 (C), 115.87 (C), 122.54 (2CH), 128.55 (2CH),
128.69 (2CH), 128.72 (2CH), 131.27 (CH), 132.77 (C), 135.74
(C), 142.38 (C), 160.05 (C), 168.24 (C), 173.86 (C), 196.66 (C):
Anal. Caled for C,3H,,N,0S (402.52): C, 68.63; H, 5.51; N,
13.92; found: C, 68.44; H, 5.84; N, 14.15, %.

4.1.2.17. 4-[(3-Acetylphenyl) amino]-2-(ethylthio)-6-phenylpyr-
imidine-5-carbonitrile (15,). Yellow crystals (yield 73%); mp:
183-185 °C; IR (KBr) v cm™": 3294, (NH), 3066 (CH aromatic),
2974, 2936 (CH aliphatic), 2214 (C=N), 1681 (C=0), 1600
(C=N); '"H NMR (CDCl;-ds) 6 ppm; 1.21 (t, 3H, J = 7.2 Hz,
-CH,CH;), 2.59 (s, 3H, COCHj), 3.03 (q, 2H, J = 7.2 Hz,
-CH,CH3;), 7.54 (dd, 1H, J = 7.8 Hz, Ar-H, H-5 of -C¢H,),
7.56-7.62 (m, 3H, Ar-H, H-3, H-4 & H-5 of -C¢H3), 7.79 (d, 1H,
J =7.8 Hz, Ar-H, H-4 of -C¢H,), 7.86-7.87 (m, 3H, Ar-H, H-6 of
-CeH, and H-2 & H-6 of -C¢H;), 8.21 (s, 1H, Ar-H, H-2 of
-CgH,), 10.01 (s, 1H, exchangeable with D,0, -NH); *C NMR
(CDCly-dg) 6 (ppm); 14.47, 25.97, 26.91, 84.66, 116.43, 121.76,
125.25, 126.44, 128.89 (2C), 128.91 (2C), 129.37, 131.87,
135.49, 137.74, 138.09, 160.14, 167.51, 175.69, 197.53; APT
(CDCls-dg) § (ppm); 14.38 (CHj), 26.10 (CH,), 26.98 (CHsy),
84.66 (C), 116.44 (C), 121.70 (CH), 125.25 (CH), 126.44 (CH),
128.89 (2CH), 128.90 (2CH), 129.43 (CH), 131.76 (CH), 135.46
(C), 137.73 (C), 138.13 (C), 160.17 (C), 167.55 (C), 175.70 (C),
197.39 (C): Anal. Caled for C,,H;3N,OS (374.46): C, 67.36; H,
4.85; N, 14.96; found: C, 67.19; H, 4.66; N, 14.79, %.

4.1.2.18.  4-[(3-Acetylphenyl) amino]-2-(butylthio)-6-phenylpyr-
imidine-5-carbonitrile (15p). Yellowish white crystals (yield
79%); mp: 154-156 °C; IR (KBr) v cm™": 3298, (NH), 3070 (CH
aromatic), 2998, 2931 (CH aliphatic), 2214 (C=N), 1678
(C=0), 1604 (C=N); 'H NMR (DMSO-d,) § ppm; 0.77 (t, 3H, J
= 7.2 Hz, -CH,CH,CH,CHj), 1.24 (m, 2H, -CH,CH,CH,CHj),
1.52 (p, 2H, -CH,CH,CH,CHj3), 2.58 (s, 3H, -COCH3), 2.99 (t,
2H, J = 7.8 Hz, -CH,CH,CH,CHj3;), 7.55 (dd, 1H, J = 7.8 & 8.0
Hz, Ar-H, H-5 of -C¢H,), 7.58-7.60 (m, 3H, Ar-H, H-3, H-4 &
H-5 of -C¢H;), 7.79 (d, 1H, J = 7.8 Hz, Ar-H, H-4 of -C¢H,),
7.84 (d, 1H, J = 8.0 Hz, Ar-H, H-6 of -CcH,), 7.87 (d, 2H, J= 7.8
Hz, Ar-H, H-2 & H-6 of -C4Hs), 8.18 (s, 1H, Ar-H, H-2 of
-CgHy), 9.96 (s, 1H, exchangeable with D,0, -NH); *C NMR
(DMSO-ds) 6 (ppm); 13.28, 21.29, 26.65, 29.97, 30.84, 84.69,
115.84, 123.33, 124.67, 128.31 (2C), 128.46 (2C), 128.57,
128.64, 131.06, 135.79, 137.09, 138.12, 160.25, 168.02, 173.75,
197.17; APT (DMSO-ds) 6 (ppm); 13.28 (CH3), 21.29 (CHy),
26.63 (CH3), 29.97 (CH,), 30.86 (CH,), 84.69 (C), 115.84 (C),
123.33 (CH), 124.66 (CH), 128.30 (2CH), 128.45 (2CH), 128.57
(CH), 128.64 (CH), 131.10 (CH), 135.79 (C), 137.09 (C), 138.12
(C), 160.25 (C), 168.02 (C), 173.75 (C), 197.35 (C): Anal. Caled
for C,3H,,N,0S (402.52): C, 68.63; H, 5.51; N, 13.92; found: C,
68.82; H, 5.33; N, 13.65, %.

4.1.2.19. 4-[(5-Cyano-2-(ethylthio)-6-phenylpyrimidin-4-yl)-
amino]-N-(4,6-dimethyl pyrimidin-2-yl)benzenesulfonamide (16,).
White crystals (yield 87%); mp: 245-246 °C; IR (KBr) v cm™ "
3314, 3213 (2 NH), 3093, 3062 (CH aromatic), 2970, 2924
(CH aliphatic), 2218 (C=N), 1597 (C=N), 1319, 1165 (SO,);
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'H NMR (DMSO-d) & (ppm); 1.17 (t, 3H, J = 7.2 Hz, ~-CH,CH3),
2.25 (s, 6H, 2(CHj), 3.01 (q, 2H, J = 7.2 Hz, -CH,CH3), 6.74 (s,
1H, Ar-H, H-5 of dimethylpyrimidine), 7.55-7.61 (m, 3H,
Ar-H, H-3, H-4 & H-5 of -C¢H;), 7.77 (d, 2H, J = 8.4 Hz, Ar-H,
H-3 & H-5 of -C¢H,), 7.86 (d, 2H, J = 7.20 Hz, Ar-H, H-2 & H-6
of -C¢Hs), 7.98 (d, 2H, J = 8.4 Hz, Ar-H, H-2 & H-6 of ~C¢H,),
10.12 (s, 1H, exchangeable with D,0, -NH); *C NMR (DMSO-
dy) & ppm; 14.44, 22.89, 24.87 (2C), 85.50, 111.80, 115.92,
122.45, 128.63 (3C), 128.66 (2C), 128.77, 131.36, 135.81 (2C),
141.70, 156.39, 160.14, 168.39 (2C), 173.83 (2C): Anal. Calcd
for C,sH,3N,0,S, (517.63): C, 58.01; H, 4.48; N, 18.94; found:
C, 57.80; H, 4.70; N, 19.13, %.

4.1.2.20. 4-((2-(Butylthio)-5-cyano-6-phenylpyrimidin-4-yl)-
amino)-N-(4,6-dimethyl  pyrimidin-2-yl)benzenesulfonamide
16,. Light green crystals (yield 79%); mp: 209-210 °C; IR (KBr)
v em™': 3314, 3213 (2 NH), 3093, 3062 (CH aromatic), 2970,
2924 (CH aliphatic), 2218 (C=N), 1597 (C=N), 1319, 1165
(SO,); '"H NMR (DMSO-de) 6 ppm; 0.75 (t, 3H, J = 7.2 Hz,
-CH,CH,CH,CHj3), 1.22 (m, 2H, -CH,CH,CH,CH3), 1.51 (p,
2H, -CH,CH,CH,CH3), 2.26 (s, 6H, 2CH3), 2.99 (t, 2H, J = 7.2
Hz, -CH,CH,CH,CHj3), 6.76 (s, 1H, Ar-H, H-5 of dimethyl-
pyrimidine), 7.55-7.61 (m, 3H, Ar-H, H-3, H-4 & H-5 of -C¢Hj),
7.76 (d, 2H, J = 8.4 Hz, Ar-H, H-3 & H-5 of ~-C¢H,), 7.86 (d, 2H,
J = 7.8 Hz, Ar-H, H-2 & H-6 of -C¢Hs), 7.99 (d, 2H, J = 8.4 Hz,
Ar-H, H-2 & H-6 of -C¢H,), 10.10 (s, 1H, exchangeable with
D,0, -NH); >C NMR (DMSO-d,) 6 (ppm); 13.35, 21.34, 24.15
(2€), 30.00, 31.05, 85.14, 111.80, 115.69, 122.61, 128.55 (3C),
128.68 (2C), 128.97, 130.31, 131.27, 135.71 (2C), 141.43,
156.32, 160.18, 168.24 (2C), 173.82 (2C); APT (DMSO-dg) &
(ppm); 13.35 (CH3), 21.33 (CH,), 24.20 (2CH3), 30.00 (CH,),
31.05 (CH,), 85.36 (C), 111.82 (CH), 115.82 (C), 122.49 (CH),
128.55 (3CH), 128.68 (2CH), 128.97 (CH), 130.33 (CH), 131.26
(CH), 135.71 (2C), 141.57 (C), 156.15 (C), 160.10 (C), 168.25
(2C), 173.82 (2C): Anal. Caled for C,,;H,;N;0,S, (545.68): C,
59.43; H, 4.99; N, 17.97; found: C, 59.21; H, 5.16; N, 17.78, %.

4.1.2.21. 4-(Benzylamino)-2-(ethylthio)-6-phenylpyrimidine-5-
carbonitrile 17, Yellow crystals (yield 79%); mp: 160-161 °C;
IR (KBr) v ecm™: 3329 (NH), 3062 (CH aromatic), 2974, 2927
(CH aliphatic), 2214 (C=N), 1573 (C=N); '"H NMR (DMSO-d,)
8 ppm; 1.19 (t, 3H, J = 7.2 Hz, -CH,CHj), 2.99 (q, 2H, J = 7.2
Hz, -CH,CH3), 4.66 (s, 2H, -NHCH,), 7.24 (dd, 1H, J = 6.0, 6.6
Hz Ar-H, H-4 of benzyl), 7.31-7.34 (m, 4H, Ar-H, of benzyl),
7.52-7.57 (m, 3H, H-3, H-4 & H-5 of phenyl), 7.83 (d, 2H, J =
7.2 Hz, Ar-H, H-2 & H-6 of phenyl), 8.70 (s, 1H, exchangeable
with D,0, -NH); *C NMR (DMSO-d;) § (ppm); 14.75, 24.84,
44.15, 83.09, 116.31, 126.82, 127.10 (2C), 128.28 (2C), 128.46
(2C), 128.48 (2C), 130.96, 136.02, 138.99, 161.18, 167.24,
173.59; APT (DMSO-ds) 6 (ppm); 14.66 (CHj;), 24.69 (CH,),
44.20 (CHy), 83.42 (C), 116.01 (CH), 126.82 (CH), 127.09 (2CH),
128.28 (2CH), 128.45 (2CH), 128.48 (2CH), 130.42 (C), 136.04
(C), 139.04 (C), 161.53 (C), 167.36 (C), 173.64 (C): Anal. Caled
for CoH;sN,S (346.45): C, 69.34; H, 5.24; N, 16.17; found: C,
69.21; H, 5.40; N, 16.31, %.

4.1.2.22. 4-(Benzylamino)-2-(butylthio)-6-phenylpyrimidine-5-
carbonitrile 17y Yellow crystals (yield 82%); mp: 124-125 °C;
'H NMR (DMSO-dg) & ppm; 0.80 (t, 3H, J = 7.2 Hz,
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-CH,CH,CH,CH3;), 1.29 (m, 2H, -CH,CH,CH,CHj3), 1.52 (p,
2H, -CH,CH,CH,CH;), 2.99 (t, 2H, J = 7.2 Hz,
-CH,CH,CH,CHj), 4.67 (s, 2H, -NHCH,), 7.24 (dd, 1H, J = 8.4,
6.6 Hz Ar-H, H-4 of benzyl), 7.32-7.33 (m, 4H, Ar-H, of
benzyl), 7.52-7.58 (m, 3H, H-3, H-4 & H-5 of C¢Hj;), 7.83 (d,
2H, J = 7.2 Hz, Ar-H, H-2 & H-6 of C¢H5), 8.68 (s, 1H, exchange-
able with D,0, -NH); *C NMR (DMSO-d,) & (ppm); 13.39,
21.42, 29.99, 31.07, 44.07, 83.22, 116.24, 126.82, 126.98 (2C),
128.28 (2C), 128.46 (2C), 128.49 (2C), 130.99, 135.94, 138.75,
161.23, 167.09 (C), 173.71 (C); APT (DMSO-d¢) & (ppm); 13.45
(CH;), 21.42 (CH,), 29.99 (CH,), 31.07 (CH,), 44.06 (CH,),
83.17 (C), 116.24 (C), 126.82 (CH), 126.98 (2CH), 128.28 (2CH),
128.46 (2CH), 128.49 (2CH), 130.99 (CH), 135.94 (C), 138.75
(C), 161.23 (C), 167.09 (C), 173.71 (C): Anal. Caled for
CyoHoN,S (374.51): C, 70.56; H, 5.92; N, 14.96; found: C,
70.31; H, 6.14; N, 14.77, %.

4.1.2.23. 2-(Ethylthio)-4-phenyl-6-(2-phenylhydrazinyl )pyrimi-
dine-5-carbonitrile 18,. White crystals (yield 83%); mp:
167-168 °C; IR (KBr) v cm™': 3363, 3294, 3197, 3163 (NH)
&NH,, 3089 (CH aromatic), 2962, 2924 (CH aliphatic), 2206
(C=N), 1635, 1600 (C=N); 'H NMR (DMSO-d;) & (ppm); 1.41
(t, 3H, J = 7.2 Hz, -CH,CHj), 3.23 (q, 2H, J = 7.2 Hz, -CH,CH3),
6.75 (dd, 1H, J = 7.2, 7.8 Hz, Ar-H, H-4 of CgH;NH-), 6.79 (d,
2H, ] = 7.2 Hz, Ar-H, H-2 & H-6 of C4H;NH-), 7.17 (dd, 2H, J =
7.2, 7.8 Hz, Ar-H, H-3 & H-5 of C;H;NH-), 7.51-7.56 (m, 3H,
H-3, H-4, H-5 of -C¢Hs), 7.86 (d, 2H, J = 7.6 Hz, Ar-H, H-2 &
H-6 of -C¢H;), 8.17 (br s, 1H, exchangeable with D,0, -NH),
10.02 (br s, 1H, exchangeable with D,0, -NH); *C NMR
(DMSO-d¢) 6 (ppm); 14.46, 24.63, 81.95, 112.40 (2C), 119.51,
124.93, 128.38, 128.64 (2C), 128.80, 128.88, 128.94, 129.04,
136.08, 148.69, 161.48, 169.22, 173.73; APT (DMSO-d;) §
(ppm); 14.46 (CHj), 24.75 (CH,), 81.83 (C), 112.40 (2CH),
119.51 (C), 124.93 (CH), 128.38 (CH), 128.64 (2CH), 128.80
(CH), 128.88 (CH), 128.94 (CH), 129.03 (CH), 136.12 (C), 148.69
(C), 161.84 (C), 169.22 (C), 173.73 (C): Anal. Caled for
C1oH17N5S (347.44): C, 65.68; H, 4.93; N, 20.16; found: C,
65.45; H, 4.65; N, 19.81%.

4.1.2.24. 2-(Butylthio)-4-phenyl-6-(2-phenylhydrazinyl )pyrimi-
dine-5-carbonitrile 18;. Light green crystals (yield 70%); mp:
117-118 °C; IR (KBr) v em™": 3309, 3197, 3170 (NH) &NH,,
3089 (CH aromatic), 2964, 2931 (CH aliphatic), 2206 (C=N),
1635, 1600 (C=N); "H NMR (DMSO-d,) § ppm; 0.93 (t, 3H, J =
7.2 Hz, -CH,CH,CH,CHj3), 1.48 (m, 2H, -CH,CH,CH,CH3),
1.76 (p, 2H, -CH,CH,CH,CH,), 3.21 (t, 2H, J = 7.2 Hz,
-CH,CH,CH,CH3), 5.43 (s, 2H, exchangeable with D,O,
2 -NH), 7.26 (dd, 1H, J = 7.2, 7.8 Hz, Ar-H, H-4 of C¢HsNH-),
7.51 (d, 2H, J = 7.8 Hz, Ar-H, H-2 & H-6 of C¢HsNH-),
7.52-7.62 (m, 3H, Ar-H, H-3 & H-5 of C¢H;NH- and H-4
of C¢Hs), 7.86 (dd, 2H, J = 7.2, 8.4 Hz, H-3 H-5 of & C¢Hs),
8.19 (d, 2H, J = 8.4 Hz, Ar-H, H-2 & H-6 of C4H;); *C NMR
(DMSO-ds) 6 (ppm); 13.51, 21.73, 30.21, 31.19, 102.18, 119.74
(2C), 124.95, 128.87 (2C), 129.00 (4C), 130.79, 136.06, 138.63,
148.76, 153.26, 161.83, 169.27; APT (DMSO-d,) § (ppm);
13.54 (CH3), 21.72 (CHy), 30.20 (CH,), 31.19 (CH,), 102.18 (C),
119.74 (2CH), 124.95 (CH), 128.87 (2CH), 129.00 (4CH),
130.79 (CH), 136.05 (C), 138.62 (C), 148.75 (C), 153.26 (C),
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161.83 (C), 169.26 (C): Anal. Caled for C,;H,;NsS (375.49):
C, 67.17; H, 5.64; N, 18.65; found: C, 67.36; H, 5.36; N,
18.90, %.

4.1.2.25. 4-(2-((5-Cyano-2-(ethylthio)-6-phenylpyrimidin-4-yl)-
amino) ethyl) benzene sulfonamide 19, Yellow crystals (yield
75%); mp: 213-215 °C; IR (KBr) v cm™': 3362, 3236 (NH &
NH,), 3088, 3051 (CH aromatic), 2978, 2931 (CH aliphatic),
2206 (C=N), 1593 (C=N), 1300, 1161 (SO,); 'H NMR (DMSO-
ds) 6 ppm; 1.35 (t, 3H, J = 7.2 Hz, -CH,CHj3), 2.99 (t, 2H, J = 7.2
Hz, -CH,CH,NH), 3.14 (q, 2H, J = 7.2 Hz, -CH,CHj3), 3.71 (t,
2H, J = 7.2 Hz, -CH,CH,NH), 7.30 (s, 2H, exchangeable with
D,0, -NH,), 7.43 (d, 2H, J = 7.8 Hz, Ar-H, H-3 & H-5 of ~C4H,),
7.53-7.59 (m, 3H, Ar-H, H-3, H-4 & H-5 of ~C¢H;), 7.78 (d, 2H,
J = 7.8 Hz, Ar-H, H-2 & H-6 of ~-C¢H,), 7.83 (d, 2H, J = 7.8 Hz,
Ar-H, H-2 & H-6 of -C¢Hj;), 8.19 (br s, 1H, exchangeable with
D,0, -NH); *C NMR (DMSO-d,) 6 (ppm); 14.75, 24.84, 34.39,
41.92, 83.11, 116.32, 125.79 (2C), 128.47 (3C), 129.04 (2C),
130.99, 135.90 (2C), 142.25, 143.40, 161.27, 167.05, 173.83;
APT (DMSO-ds) & (ppm); 14.70 (CH3), 24.81 (CHs), 34.35 (CH.),
42.00 (CH,), 83.15 (C), 116.20 (C), 125.79 (2CH), 128.47 (3CH),
129.09 (2CH), 130.99 (2CH), 135.95 (C), 142.18 (C) 143.30 (C),
161.16 (C), 167.05 (C), 173.68 (C): Anal. Caled for
C,1H,,N50,S, (439.55): C, 57.38; H, 4.82; N, 15.93; found: C,
57.70; H, 5.00; N, 15.67%.

4.1.2.26. 4-(2-((2-(Butylthio)-5-cyano-6-phenylpyrimidin-4-yl)-
amino) ethyl) benzene sulfonamide (19p). Yellowish white crys-
tals (yield 73%); mp: 198-199 °C; 3363, 3271 (NH & NH,),
3086, 3062 (CH aromatic), 2968, 2931 (CH aliphatic), 2210
(C=N), 1593 (C=N), 1323, 1157 (SO,); '"H NMR (DMSO-d;) &
ppm; 0.88 (t, 3H, J = 7.8 Hz, -CH,CH,CH,CHj), 1.41 (m, 2H,
~CH,CH,CH,CHj), 1.68 (p, 2H, ~-CH,CH,CH,CHj), 2.99 (t, 2H,
J = 7.2 Hz, -CH,CH,NH), 3.13 (t, 2H, J = 7.2 Hz,
-CH,CH,CH,CHj3), 3.72 (t, 2H, J = 7.2 Hz, -CH,CH,NH), 7.27
(s, 2H, exchangeable with D,0, -NH,), 7.43 (d, 2H, J = 7.8 Hz,
Ar-H, H-3 & H-5 of ~-C¢H,), 7.52-7.58 (m, 3H, Ar-H, H-3, H-4 &
H-5 of -C¢Hs), 7.78 (d, 2H, J = 7.2 Hz, Ar-H, H-2 & H-6 of
~CgH,), 7.83 (d, 2H, J = 7.8 Hz, Ar-H, H-2 & H-6 of ~C¢H3), 8.13
(br s, 1H, exchangeable with D,0, -NH); *C NMR (DMSO-d) §
(ppm); 13.42, 21.45, 30.03, 31.07, 34.25, 41.87, 83.10, 116.12,
125.70 (2C), 128.39 (4C), 128.99 (2C), 130.93, 135.90, 142.18,
143.23, 161.13, 166.94, 173.74; APT (DMSO-d,) § (ppm); 13.42
(CH3), 21.45 (CH,), 30.03 (CH,), 31.01 (CH,), 34.25 (CH,),
41.88 (CH,), 83.10 (C), 116.12 (C), 125.70 (2CH), 128.39 (4CH),
128.99 (2CH), 130.92 (CH), 135.90 (C), 142.18 (C) 143.23 (C),
161.13 (C), 166.94 (C), 173.74 (C): Anal. Caled for
C13H,5N50,S, (467.61): C, 59.08; H, 5.39; N, 14.98; found: C,
58.79; H, 5.68; N, 15.17%.

4.2. Biological evaluation

4.2.1. In vitro antiproliferative activities. The in vitro anti-
proliferative activities of all the synthesized compounds
against a panel of four human tumor cell lines, namely color-
ectal carcinoma (HCT-116), hepatocellular carcinoma
(HepG-2), breast cancer (MCF-7) and non-small cell lung
cancer cells (A549), were evaluated quantitatively as described
in the literature, using the MTT assay protocol.””””7'%%1% Twq
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commercially available drugs (doxorubicin and erlotinib) were
used in this test as positive controls. The anti-proliferative
activity was assessed quantitatively as follows.

Human cancer cell lines were dropped in 96-well plates at a
density of 3-8 x 10® cells per well. Next, the wells were incubated
for 12 h in a 5% CO, incubator at 37 °C. Then, for each well, the
growth medium was exchanged with 0.1 ml of fresh medium
containing graded concentrations of the test compounds to
reach the concentration of DMSO. The wells were incubated for
two days. Then 10 pl MTT solution (5 pg mI™") was added into
each well, and the cells were incubated for an additional 4 h.
The crystals of MTT-formazan were dissolved in 100 pl of DMSO;
the absorbance of each well was measured at 490 nm using an
automatic ELISA reader system (TECAN, CHE). The IC5, values
were calculated using the nonlinear regression fitting models
(Graph Pad, Prism Version 5). The data represented the mean of
three independent experiments in triplicate and were expressed
as means + SD. The IC5, value was defined as the concentration
at which 50% of the cells could survive.

The results were expressed as growth inhibitory concen-
tration (ICs,) values and are summarized in Table 1.

4.2.2. EGFR"T and EGFR""°*™ kinase inhibitory assay. The
most active cytotoxic compounds (10, 104, 10¢, 11,, 11, 124,
13,, 13y, 155, 16,, 17, and 17;,) that showed promising ICs,
values against four cancer cell lines were further examined for
their inhibitory activities against both EGFR™" and
EGFR™°°™, Homogeneous time resolved fluorescence (HTRF)
assay was applied in this test®" with EGFR"" and EGFR""*™™
(Sigma). Firstly, EGFR™" and/or EGFR™°*™ and their sub-
strates were incubated with the tested compounds in enzy-
matic buffer for 5 min. ATP (1.65 pM) was added into the reac-
tion mixture to allow starting the enzymatic reaction. The
assay was conducted for 30 min at room temperature. The
reaction was stopped by the addition of detection reagents
which contain EDTA. The detection step continued for 1 h,
and then the IC;, values were determined using GraphPad
Prism 5.0. Three independent experiments were performed for
each concentration.

4.2.3. In vitro DNA-flow cytometric (cell cycle) analysis.
HCT-116, HepG-2, and MCF-7 cells were exposed to the most
active member 11, at concentrations of 3.37, 3.04, and
4.14 pM, respectively, for 24 h. Then, the tested cells were col-
lected by trypsinization and washed in PBS. Ice-cold absolute
ethanol was used for fixation of the collected cells. The cells
were stained with a Cycle TESTTM PLUS DNA Reagent Kit (BD
Biosciences, San Jose, CA) according to the manufacturer’s
instructions. Cell-cycle distribution was evaluated using a flow
cytometer.'%°

4.2.4. Annexin V-FITC apoptosis assay. To detect the apop-
tosis induced by compound 11y, HCT-116, HepG-2, and MCF-7
cells were seeded and incubated overnight and then treated
with compound 11, at concentrations of 3.37, 3.04, and
4.14 pM, respectively for 24 h. DMSO was chosen as the nega-
tive control. After that, the cells were collected and washed
with PBS two successive times. The cells were exposed to cen-
trifugation. An apoptosis detection kit (BD Biosciences, San
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Jose, CA) was used in this test. According to the manufacturer’s
protocol the cells were stained with Annexin V-FITC and propi-
dium iodide (PI) in the binding buffer for 20min at room
temperature in the dark. Using a flow cytometer, Annexin
V-FITC and PI binding were analyzed. Flowjo software was
used to analyze the frequencies in all quadrants.'®”

4.2.5. Caspase-3 determination. The percentage of caspase-
3 activation was determined using a Caspase-Invitrogen
Caspase-3 ELISA Kit (KHO1091) following the manufacturer’s
instructions.'®'%°

4.3. In silico studies

4.3.1. Docking studies. The crystal structures of the target
enzymes EGFRW" (PDB ID: 4HJO, resolution: 2.75 A and
EGFR"°™ (PDB ID: 3W20, resolution: 2.35 A) were down-
loaded from the Protein Data Bank (http:/www.pdb.org).
Molecular Operating Environment (MOE) was used for the
docking analysis."™ In these studies, the free energies and
binding modes of the designed molecules against EGFR™" and
EGFR"°™ were determined. At first, the water molecules were
removed from the crystal structures of EGFR™" and EGFR"7**™,
retaining only one chain in each enzyme. Erlotinib and TAK-285
(the co-crystallized ligands) were utilized as references in the
docking processes against both EGFR™" and EGFR"7*™™|
respectively. After that, in order to prepare the target molecules
for binding with the designed compounds, the target proteins
were subjected to a protonation step. Then, the hydrogen atoms
were hidden to make the areas of interaction clearer. Next, the
energy of all systems were minimized followed by identification
of the binding pockets of the target proteins.

The structures of the designed compounds and the co-crys-
tallized ligands, erlotinib and TAK-285, were drawn using
ChemBioDraw Ultra 14.0 and saved as an SDF format. Then,
the saved files were opened using MOE and 3D structures were
protonated. Next, the energy of the molecules was minimized.
The validation process was performed for each target by
running the docking process for only the co-crystallized
ligand. Low RMSD values between docked and crystal confor-
mations indicate valid performance. The docking procedures
were carried out utilizing a default protocol. In each case,
10 docked structures were generated using genetic algorithm
searches. The obtained figures from the MOE were further
analyzed and visualized using Discovery Studio 4.0 software.'"* "

4.3.2. In silico ADMET analysis. ADMET descriptors
(absorption, distribution, metabolism, excretion and toxicity)
of the compounds were determined using Discovery studio 4.0.
At first, the CHARMM force field was applied, then the tested
compounds were prepared and the energy was minimized
according to the preparation using the small molecule proto-
col. Then the ADMET descriptor protocol was applied to calcu-
late the different descriptors.*®*4
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