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advantages due to its reactive amine group, while the chloro-substituent may
enhance its metabolic stability. This suggests that the structural modification
of pyrazines using chlorinated benzylamine may provide novel molecules
with enhanced biological activity; however, such modifications have not been
extensively pursued. This study aims to synthesize chlorinated benzylamine-
substituted pyrazine derivatives, obtain an effective synthetic method, and
determine their potential as EGFR and HER2 inhibitors. Synthesis was carried
out using three methods, namely microwave-assisted synthesis (MAS),
ultrasound-assisted synthesis (UAS), and conventional methods. Three
benzylamine-substituted pyrazine derivatives, namely 3-amino-N-(3-
chlorobenzyl)pyrazine-2-carboxamide (1), 3-amino-N-(4-
chlorobenzyl)pyrazine-2-carboxamide (2), and 3-amino-N-(2,4-
dichlorobenzyl)pyrazine-2-carboxamide (3), have been successfully
synthesized. The structures of compounds 1-3 have been determined
comprehensively based on FT-IR, 1H- NMR, 13C-NMR, HMBC, HSQC, and HRMS
spectra. MAS proved to be superior, performing the synthesis in a much faster
time (30 min), with higher yields (78-93%) compared to UAS (61-69%) and
conventional methods (58-65%). Compound 1 is predicted to be more
favorable as an EGFR inhibitor, while compound 3 is more favorable as an
HER?2 inhibitor. Predicted pharmacokinetics, toxicity, and drug-likeness of
compounds 1-3 provide a good initial safety prediction, but experimental
toxicology is necessary to confirm the safety issues. These three compounds
are recommended for further in vitro and in vivo studies as EGFR and HER2
inhibitors.
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Introduction

Pyrazine is a privileged scaffold widely used in
the design of bioactive ligands. The presence of
two nitrogen atoms in the aromatic ring allows
pyrazine to interact stably with key residues on
enzymatic targets and receptors, thus enhancing
its potential in the development of new drug
candidates. Comprehensive pharmacological
analyses in recent years have shown that various
pyrazine derivatives possess broad biological
activities, including antibacterial, anti-
inflammatory, and anticancer activities [1,2].

In vitro and in silico studies have shown that
substitutions in the pyrazine ring can increase
ligand affinity for the active domains of various
protein kinases that play a role in cell
proliferation. Several studies have reported the
ability of pyrazine derivatives to suppress cancer
cell growth through apoptosis induction, cell cycle
modulation, and inhibition of tyrosine kinase-
mediated pro-survival signaling pathways [3,4]

Two important targets that have become a
primary focus in the development of kinase-based
cancer therapies are the epidermal growth factor
receptor (EGFR) and human epidermal growth
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factor receptor 2 (HER2). Both receptors play a
role in the tumorigenesis of various cancers,
including lung, breast, and ovarian cancers.
Although several clinical inhibitors are available,
such as gefitinib, erlotinib, and lapatinib, the
emergence of mutational resistance and issues
with  pharmacological remain
significant obstacles to the development of
advanced therapies. Molecular design-based
approaches using pyrazine derivatives represent
a novel strategy for basic screening to generate
more selective inhibitors for EGFR and HER2.
Pyrazine structural modifications have been
widely used to enhance their biological activity
[2], including through nitration, acetylation,
esterification, bromination, and amidation
reactions [5,6]. Aromatic substitution
modifications and the insertion of electron-
withdrawing groups can increase the inhibitory
potency against both EGFR and HER2Z and
improve the ADME profile of drug candidates [7].
One compound that can be considered for
modifying the pyrazine structure is benzylamine.
Studies have shown that the presence of an amine
group adjacent to the benzyl ring facilitates
favorable orientation into the ligand back pocket
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and allows H-bond formation with surface
residues or solvents. The addition of chlorine to
the benzyl ring can offer several advantages.
Structurally, the chlorine atom can be involved in
halogen bonding or hydrophobic interactions that
place the aromatic ring in an optimal position in
the kinase affinity pocket. Therefore, chlorinated
benzylamines have the potential to enhance the
affinity and ADME profiles of candidate inhibitors
when paired with a pyrazine core [8-10].

The synthesis of novel compounds combining
with chlorinated
benzylamines has the potential to produce
compounds with broader biological activity
properties, but research on this subject has not
been widely conducted. In this study, the
synthesis of chlorinated benzylamine-substituted
pyrazine derivatives was carried out using
conventional methods, UAS, and MAS. This
research expands on the previous study [11],
which synthesized pyrazine derivatives using
only conventional methods. The use of UAS and
MAS in this study is a novel. The synthesis was
conducted in a one-pot system. This study
describes a more effective and efficient method
for synthesizing chlorinated benzylamine-
substituted pyrazine derivatives. In addition, a
molecular docking study was conducted to predict
the interaction between ligands and protein
targets
complemented by ADME/Tox profiles as a basic
screening to predict the potential of these
compounds as selective cancer drug candidates
for EGFR and HER2.

pyrazine structures

[12]. The in silico study was also

Experimental
Materials and methods

The general procedure for the synthesis of
pyrazine derivatives was carried out according to
the method [12] with slight modifications. 3-
Aminopyrazine-2-carboxylic acid (1 eq) was
dissolved in DMSO, and then carbonyldiimidazole
(CDI) (2 eq) was added and left at room

temperature for 10 minutes. The resulting
solution was added to 3 eq benzylamine
derivatives (3-chlorobenzylamine, 4-
chlorobenzylamine,  2,4-dichlorobenzylamine)
then heated. In the conventional methods, the
reaction was carried out for 4 hours at 100 °C. UAS
was conducted at room temperature for 2 hours,
while the MAS was carried out at 100 watts (60
°C) for 30 minutes. The reaction was monitored by
thin layer chromatography (TLC) using n-hexane:
ethyl acetate = 2: 1 and visualized with a UV-Vis
detector at A=254 nm.

The molecular structure was determined based
on FT-IR, NMR, and HRMS data. NMR
measurements were performed in 1D and 2D
using Varian Unity INOVA Agilent Technologies at
25 °C. 1D NMR measurements were performed to
determine the number and type of protons (!H
500 MHz) and carbon (3C 125 MHz). 2D NMR
measurements were performed to determine the
proton-carbon single bond correlation (HSQC)
and the correlation between carbon and protons
separated by two, three, and four bonds (HMBC).
The molecular mass of the synthesized product
was determined using high-resolution mass
spectroscopy Waters LCT Premier XE ESI-TOF
HRMS.

Molecular docking was performed using
AutoDock Vina 1.5.6 [13,14] and the results were
visualized using BIOVIA Discovery Studio 2024
Client [15,16], and PyMOL 1.3 Delano Scientific
LLC, Italy [17]. The target proteins used were
EGFR (PDB ID: 1M17) [18] and HER2 (PDB ID:
3PP0) [19], obtained from the Protein Data Bank.
Pharmacokinetic predictions were run through
SwissADME  and toxicity predictions using
ProTox-II.

3-Amino-N-(3-chlorobenzyl)pyrazine-2-carboxam-
ide (1)

White solid. tH-NMR (500 MHz, DMSO0): 9.38 (¢,
1H,J=6.35),8.22 (d, 1H, J=2.3), 7.84 (d, 1H,J=2.3),
7.52 (bs, 2H), 7.36 (¢, 1H, J=2.0), 7.28 (¢, 2H,J=7.9),
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7.33 (d, 1H, J= 7.7), and 4.44 (d, 2H, J= 6.4). 13C-
NMR (125 MHz, DMSO): 166.2, 155.2, 147.0,
142.2, 1329, 131.0, 130.2, 127.2, 126.1, 125.6,
and 41.7. HRESITOF-MS (positive mode) m/z
[M+H]* 263.0693 (m/z [M + H]* calculation for
C12H12N40Cl1 263.0700). NMR, and HRMS data of 1
are provided in Supplementary Information.

3-Amino-N-(4-chlorobenzyl)pyrazine-2-carboxam-
ide (2)

White solid. tH-NMR (500 MHz, DMS0): 9.36 (¢,
1H, J= 6.35), 8.21(d, 1H, J= 2,35), 7.83 (d, 1H, J=
2,3), 7.54 (bs, 2H), 7.35 (dd, 4H, J= 8.7, 20.6), and
4.42 (d, 2H, J= 6,4). 13C-NMR (125 MHz, DMSO0):
166.1, 155.2, 146.9, 138.6, 131.3, 131.0, 129.2,
128.2, 125.6, and 41.5. HRESITOF-MS (positive
mode) m/z [M+H]* 247.0991 (m/z [M + H]*
calculation for C12H12N4OCl 263.0700). NMR and
HRMS data of 2 are demonstrated in
Supplementary Information.

3-Amino-N-(2,4-dichlorobenzyl)pyrazine-2-carbo-
xamide (3)

White solid. tH-NMR (500 MHz, DMSO0): 9.34 (¢,
1H, J= 6.35), 8.24 (d, 1H, J= 2,35), 7.86 (d, 1H, J=
2,3),7.60 (d, 1H,J=2.1), 7.48 (bs, 2H), 7.39 (dd, 1H,
J=8.35;2,1), 7.30 (d, 1H, J= 8,35), and 4.49 (d, 2H,
J=6,25). 13C-NMR (125 MHz, DMS0): 166.3, 155.2,
147.2, 135.6, 132.7, 132.1, 131.1, 129.7, 1285,
127.4, 125.4, and 60.5. HRESITOF-MS (positive

o o)
Nﬁmﬁ/\
® =0
N NH, N

CDI

mode) m/z [M+H]+ 297.0309 (m/z [M + H]*
calculation for C12H10N4OCl; 297.0310). NMR and
HRMS data of 3 are indicated Supplementary
Information.

Results and Discussion

The synthesis of chlorinated benzylamine-
substituted pyrazine derivatives was carried out
by reacting 3-aminopyrazine-2-carboxylic acid as
a starting material
benzylamine derivatives (3-chlorobenzylamine,
4-chlorobenzylamine, 2,4-
dichlorobenzylamine) 1,1-
carbonyldiimidazole (CDI) as a coupling agent in
anhydrous dimethyl sulfoxide (DMSO) [20]. This
reaction took place in one pot with two steps. The
first step of CDI functions to activate the
carboxylic acid, changing the acidic -OH group,
which is a less favorable leaving group into a good
leaving group. The
aminopyrazine-2-carboxylic acid and CDI forms
the intermediate (3-aminopyrazine-2-yl)(1H-
imidazol-1-yl)methanone. In the second step, the
intermediate react with chlorinated
benzylamine derivatives to form compounds 1, 2,
and 3 (Figure 1) [12,21]. The intermediate
resulting from CDI activation (1st step) is formed
directly in the reaction
isolation/purification in the previous stage and
reacts directly with the benzylamine derivative
(2nd step) [22].

with three chlorinated
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using

reaction between 3-

will

system without

)}
)}

Figure 1. Formation of compounds 1-3
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Figure 1 shows that the starting material
contains both carboxylic and amine groups, and
both can react with CDI. The carboxylic group
reacts much more dominantly with CDI than the
amine group present in the starting material. This
is because CDI reacts primarily with groups that
have nucleophilic oxygen on the carboxylate to
form N-acylimidazole. This carboxylic activation
occurs more quickly and has more favorable
kinetics than the direct reaction of CDI with the
amine group under normal conditions [23].
Although nitrogen has a lower electronegativity
than oxygen, its ability to attack (nucleophilicity)
is less reactive due to several obstacles. Nitrogen
atoms have greater ionization energy compared
to oxygen, making it more difficult for nitrogen to
form cations or radicals (N+ or N*) without the
assistance of a photocatalyst or an external
electron donor. In amide compounds, the lone
electron pair on nitrogen is delocalized in the
system, so it cannot attack the electrophilic
center. The electron pair on nitrogen is
delocalized toward the carbonyl group, thereby
reducing the electron density on nitrogen in
heteroaromatic systems, making it less
electrophilic. Furthermore, delocalization
stabilizes nitrogen but weakens its ability to
attack, as the free electron pair is no longer
localized, making nitrogen unable to attack [24].

Table 1. Yield of compounds 1-3 by conventional,

UAS and MAS methods
Entry Yield (%) 2
conventional® UASe MAS4
1 65.86 69.19 92.29
2 59.66 61.54 78.67
3 58.76 68.03 93.32

aYield of isolated products; ® Reflux, 100 °C, 4 h; c Room
Temp., 2 h; d 100 watt (60 °C), 30 min.

The synthesis used a substrate: catalyst: reactant
ratio of 1: 2: 3 equivalents. The use of CDI is at
least 2 equivalents to ensure that all carboxylate
groups on the substrate can be fully activated into

acyl imidazole intermediates that are reactive to
nucleophiles. The appearance of byproducts such
as urea is not due to excessive use of CDI but
because CDI reacts in humid conditions (presence
of water) and at high temperatures [25]. The
conventional method successfully produced the
target compound, but it required a longer time
and a lower yield (59-65%) (Table 1). This was
due to the uneven distribution of heat generated
by the conventional method.

Synthesis using the UAS method was carried out
at room temperature for 2 hours. The synthesis
yield was higher (61-69%) than the conventional
method (Table 1). The UAS method exhibits a
cavitation effect that accelerates the reaction,
increases mass transfer efficiency, and reduces
energy requirements [26,27].

Synthesis using microwave irradiation achieved
higher yields (72-92%) (Table 1). The yield of
MAS increased by 25-35% compared to
conventional methods and 20-30% compared to
UAS. Furthermore, MAS required significantly less
time. MAS only requires 30 minutes, which is
about 8 times faster than the conventional
method (4 hours) and 4 times faster than UAS (2
hours) (Table 1). In terms of energy, MAS operates
at 100 W and 60 °C for 30 minutes (Table 1),
resulting in lower energy requirements compared
to conventional (100 °C, 4 hours). Although UAS is
performed at room temperature without external
heating, the combination of a much shorter
reaction time and higher yield makes MAS more
operationally efficient. The use of microwaves
allows for very fast reaction rates. The direct
interaction between electromagnetic waves and
reactant molecules generates internal heat
without the need for conduction through the
medium [28-32] . Dielectric heating in MAS allows
for more direct energy transfer to the reactants,
thereby accelerating the reaction and increasing
process efficiency [33].

This enables a significant reduction in synthesis
time without compromising product purity.
Furthermore, the implementation of one-pot
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synthesis also reduces intermediate purification,
thus saving solvents and generating less waste
[28].

The optimization was carried out to determine
the MAS optimum
compounds 1, 2, and 3. The optimization carried
out included the ratio of substrate to reactant,
catalyst (CDI) usage, and reaction time. From the

reaction conditions for

optimization, the optimum conditions for
compound 1 were obtained at a substrate to
reactant ratio of 1:1 with the use of 3 eq CDI for 30
minutes (Table 2), compound 2 at a substrate to
reactant ratio of 1:2.5 with the use of 1 eq CDI
catalyst for 30 minutes (Table 3), and compound
3 at a substrate to reactant ratio of 1:2.5 with the
use of 2 eq CDI for 30 minutes (Table 4).

Table 2. Microwave-assisted synthesis optimization of compound 1

Substrate : Reactant (eq) CDI (eq)
1:3 1

1:3

1:3

1:1

1:1.5

1:2

1:2.5

1:3

1:3

W W w w w w wnN

Table 3. Microwave-assisted synthesis optimization of compound 2

Substrate : Reactant (eq) CDI (eq)
1:3 1
1:3
1:3
1:1
1:1.5
1.2
1:2.5
1:2.5
1:2.5

=R R R RN

Table 4. Microwave-assisted synthesis optimization of compound 3

Substrate : Reactant (eq) CDI (eq)
1:3 1
1:3
1:3
1:1
1:1.5
1:2
1:2.5
1:2.5
1:2.5

N DN DNDNDNDNDWN

Time (minutes) Yield (%)
30 4891
30 70.17
30 72.29
30 92.29
30 78.29
30 89.84
30 79.74
20 63.81
40 48.16

Time (minutes) Yield (%)
30 70.17
30 54.75
30 69.11
30 57.25
30 30.30
30 70.17
30 78.67
20 30.30
40 43.59

Time (minutes) Yield (%)
30 73.15
30 77.38
30 71.75
30 66.50
30 58.15
30 74.48
30 93.32
20 41.27
40 36.58
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The FT-IR spectrum shows a difference in
absorption between 3-aminopyrazine-2-
carboxylic acid as a substrate or starting material
and the product (1-3). In the substrate, the
absorption of carboxylic acid carbonyl was found
at 1,718.65 cm-! followed by the absorption of the
hydroxyl group at 3,328.31 cmL. In compounds 1-
3, the carbonyl absorption shifted towards 1,645
- 1,671 cm-1 which is the absorption of the amide
carbonyl, while the absorption of the hydroxyl
group was not found. This indicates that the
carboxylic group of the substrate has reacted with
the amine group of the benzylamine derivative to
form a new amide group. The appearance of
methylene absorption (1,430 - 1,437 cm'1) in the
spectrum of compounds 1-3 strengthens the
evidence that the product contains a benzylamine
framework (Figure 2). Typical N-H absorption
bands were found at 3,146-3,392 cm™}, and C-N

amine bands at 1,000-1,300 cm ™. The presence of
overlapping bands, especially in the 3,200-3,500
cm™' (N-H/O-H stretching) and 1,000-1,300
cm™! (C-N stretching), occurs because several
vibrational modes can appear simultaneously.
This type of overlap is generally caused by
hydrogen bonds and polar functional groups [34].
Minor band shifts and broadening are also seen
due to the influence of the solvent environment
and intermolecular interactions, especially for the
amide C=0 and N-H vibrations. FT-IR data are
interpreted evidence, with
structural confirmation dependent on NMR and
HRMS analysis (Figure 2, Table 5).

The 'H-NMR spectrum showed two typical
pyrazine core signals at 6y ~8.2 ppm and 6u ~7.8
ppm with multiplicity and coupling constants
corresponding to one proton at positions 5 and 6,
respectively.

as supporting

329263
3406.76
N-H

3392,03 327141
N-n

Transmitance (%)

3406.44 | 3289.74
3362.07
NI

383
O-H

-~ compound 3|
-~ compound 2
= compound 1
substrate

114257

143097

114983

114485

1192.06 | 1098.51

1718.65 1607.74 1

C=0

T T T
4000 3500 3000 2500

T T T
2000 1500 1000 500

Wavenumber (nm)

Figure 2. Comparison FT-IR spectrum of compounds 1-3 with substrate
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Table 5. Interpretation of FT-IR spectrum

Interpretation

C-N amine/amide

C=C aromatic
C=0 carboxylic acid
C=0 amide

CH:z (Bend)

N-H Amine/Amide

Substrate Compound 1 Compound 2 Compound 3
1,098.51
113131 1,144.85 1,149.83 1,142.57
1,607.74 1,504.54 1,534.44 1,518.25
1,718.65 - - -
- 1,645.45 1,653.75 1,671.94
- 1,437.85 1,435.92 1,430.97
3,/406.44 3,392.93 3,292.63
1,558.55 3,362.07
3,271.41 3,406.76
(bend) 3,289.74 (Stretch) (Stretch)
(Stretch)
3,328.31 - - -

A broad singlet signal at 6y ~7.5 ppm indicated
the presence of an amine group at position 3. The
amide proton (-NH-) was indicated by a triplet
signal at 6y ~9.3 ppm. The methylene proton was
indicated by a signal at 6u ~4.4 ppm. The
difference in the !H-NMR spectra between
compounds 1, 2, and 3 lies in the aromatic proton
signal. The aromatic proton signal of compounds
1 and 2 appeared at &y ~7 ppm, with the same
integration indicating the presence of four
protons, but with different multiplicity patterns
(Table 6). Meanwhile, the spectrum of compound
3 revealed only three aromatic signals with
corresponding multiplicities and coupling
constants for the 3', 5', and 6' positions (Table 6).

The 13C-NMR spectra of compounds 1-3 each
indicated the presence of 12 carbons. The amide
carbonyl signal appeared at §¢c ~ 166 ppm, while
the methylene carbon signal appeared at 6¢ ~ 41
ppm for compounds 1 and 2, and at 6¢c ~ 60 ppm
for compound 3. Compound 3 has two chlorine
substituents as withdrawing groups. An
additional chlorine group at ortho position
toward the methylene is suggested to provide a
greater deshielding effect on the methylene in

O-H carboxylic acid

compounds 1 and 2. Moreover, the methylene
carbon of compound 3 bonded to the nitrogen
atom can appear in the chemical shift region
around 55-65 ppm [35]. The other 10 carbon
signals indicated four aromatic carbons from the
pyrazine ring and six aromatic carbons from the
benzylamine ring (Table 6)

The structures of compounds 1-3 were further
confirmed through 2D NMR measurements to
determine proton-carbon single bond correlation
(HSQC) and correlations between carbons and
protons separated by two, three, and four bonds
(HMBC). In this study, 2D NMR measurements
were performed on compound 2, which
represents compounds 1-3 HSQC and HMBC were
used to prove the correlation between molecular
parts, specifically the correlation between the
pyrazine nucleus, the methylene group (CH;), and
the benzyl ring. In the three synthesized
compounds, this main framework did not undergo
any changes, as the differences between the
compounds were only in the position of the
substituents on the benzyl ring. Therefore, the 2D
NMR correlations obtained in one compound can
be considered representative of the correlation
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patterns in all compounds with the same core
framework. The difference in substituent position
between compounds can be clearly distinguished
through the *H-NMR and *3C-NMR spectra
without the need to repeat the same 2D NMR data
[36]. Based on the HMBC and HSQC spectra, the
correlations that occurred in the synthesized
compounds were consistent. The correlation of

protons and carbon in compound 2 based on the
HMBC and HSQC spectra is shown in Figure 3 and
Supplementay Information. The high-resolution
mass spectra (HRMS) (Table 7) of compounds 1
and 2 showed a molecular ion peak [M+H]" at m/z
263.0693, with a theoretical calculation of
263.0700.

Table 6. Interpretation of tH-NMR and 3C-NMR spectrum

Chemical shift (ppm)
H/C Compound 1 Compound 2 Compound 3
Sn 8¢ Sn 8¢ Sn 8¢
2 - 127.2 - 125.6 - 127.4
3 - 155.2 - 155.2 - 155.2
5 8.22 (d,J=2.3) 147.0 8.21 (d, J=2,35) 146.9 8.24 (d,J=2,35) 147.2
6 7.84 (d,J=2.3) 131.0 7.83 (d,J=2,3) 131.3 7.86 (d,J=2,3) 135.6
-CO- - 166.2 - 166.1 - 166.3
-NH- 9.38 (t,J=6.35) - 9.36 (t,J= 6.35) - 9.34 (t, J= 6.35) -
-CHz- 444 (d,]=6.4) 41.7 442 (d,]J=6,4) 41.5 4.49 (d,]J=6,25) 60.5
1 - 142.2 - 131.0 - 132.7
2’ 7.36 (t,J=2.0) 130.2 7.35 (dd, J=8.7, 20.6) 128.2 - 131.1
3 - 1329 7.35 (dd, J= 8.7, 20.6) 129.2 7.60 (d, J=2.1) 129.7
4 7.28 (t,]J=7.9) 126.1 - 138.6 - 132.1
5 7.28(t,]=7.9) 125.6 7.35 (dd, J=8.7, 20.6) 129.2 7.39 (dd, J=8.35; 2,1) 1254
6’ 7.33(d, J=7.7) 127.2 7.35 (dd, J=8.7, 20.6) 128.2 7.30 (d,J=8,35) 128.5
-NH: 7.52 (bs) - 7.54 (bs) - 7.48 (bs) -
O
NN

(L

Figure 3. Proton and carbon correlation of 2 based on HMBC and HSQC spectra
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Table 7. Interpretation of HRMS spectrum

Compound m/z [M+H]* Calc. mass m/z [M+H+2] + Molecular formula
1 263.0693 263.0700 265.0811 C12H11N40Cl
2 263.0693 263.0700 265.0811 C12H11N4OCl
3 297.0309 297.0310 299,0343 C12H10N4OCl2

EFGR (RMSD 1.621 A)

HER2 (RMSD 0.522 A)

Figure 4. Visualization of docking method validation on EGFR and HER2

Compounds 1 and 2 have the same molecular
formula but differ in the position of the Cl group
(positional isomers), so they have an identical
molecular formula and produce the same m/z
value [37]. This result is valid and indicates that
the molecular formula of compounds 1 and 2 is
C12H11N4OCl.  The
compound 3 showed a molecular ion peak [M+H]*
at m/z 297.0309 with a theoretical calculation of
297.0310, indicating that the molecular formula
of compound 3 is Ci12H19oN4OCl,. The presence of
chloride groups in all three compounds is
confirmed by the appearance of the [M+H+2]+
peak with a 1:3 ratio to the molecular ion peak.

The inhibitory potential of compounds 1-3
against HER2 and EGFR was studied in silico using
molecular docking, and their pharmacological
effects and toxicity were estimated. The validation
results of the ligand docking method against EGFR
and HER2 were declared valid, as indicated by the
root mean square deviation (RMSD) value lower
than 2 A, and showed a clear overlap between the

measurement results for

conformations of the redocked ligand and the
original ligand (Figure 4).

Molecular docking results suggest that among
compounds 1-3, compound 1 shows the most

favorable predicted interaction with EGFR,
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indicating its potential as a candidate EGFR
inhibitor (Table 8). Compound 1 is predicted to
form hydrogen bonds with the key residues
Glu738, Thr830, and Asp831 with a hydrogen
bond distance above 1.85 A (Figure 5), thus
categorizing it as a weak to moderate hydrogen
interaction. Compared with Erlotinib, the number
of hydrogen interactions in compound 1 was
predicted to be higher (Table 9). A higher number
of hydrogen bonds contributes to a more stable
ligand pocket,
strengthening the stability of the ligand-receptor
complex and increasing inhibitory potential [38].

Compound 1 is also thought to interact with key
Thr766 (gatekeeper) and Met769
(hinge). The interaction between these two
residues is crucial because the gatekeeper and
hinge residues are known to be binding anchor
points for first-generation EGFR inhibitors [39].
This suggests that the test ligand is expected to
occupy the appropriate position inside the ATP
binding pocket and replicate the interaction

orientation in the active

residues

pattern of the previously validated inhibitor
pharmacophore. Compound 3 had the most
favorable predicted interaction with HER2 (Table
8) and is expected to establish a hydrogen bond
with Thr862 (Figure 5).
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Table 8. Docking results of ligands with EGFRand HER2

) Affinity (kkal/mol)
Ligand EGFR HER2
Control (Erlotinib) -7.3 -9.3
Compound 1 -7.4 -8.6
Compound 2 -6.8 -8.6
Compound 3 -7.1 -9.0
Table 9. Protein-ligand interaction
Ligand Interaction Amino acid residues
EGFR HER2
Hydrogen Bond Met769* Met801, Asp863*
Gly695, Val702, Glu738, Ile752, Ala771, Ser783,
Met742, Thr766*, Leu768, Val797, Thr798%*, Leu800,
. Van Der Waals
Native Pro770, Phe771, Gly772, and Gly804, Cys805*, and
Asp831 Arg849
Carbon and Pi-Donor GIln767and Thr830 Gly729, GIn799, Asn850, and
Hydrogen Bond Thr862
Hydrogen Bond Met769* Asp863*
Gly695, Phe699, Met742, Leu726, Ser728, Gly729,
. Thr766* Gln767, Leu768, Ile752, 11e767, Glu770,
F(:rtl)(r)lttll:)llt; Van Der Waals Phe771, Thr830, and Asp831  Leu800, Gly8004, Cys805*,
Arg849, Asn850, Leu852,
Carbon and Pi-Donor Leu694, Pro770, and Gly772 Leu796, Met801, Arg849,
Hydrogen Bond and Thr862
Hydrogen Bond Glu738, Thr830, Asp831
Val702, Met742, Leu764, Gly729, Ala751, Glu770,
Van Der Waals Thr766* Leu768, Met769%, Ala771, Ser783, Thr798*,
Compound 1
Gly772, and Phe832 and Asp863
Carbon and Pi-Donor
Hydrogen Bond
Hydrogen Bond Lys721and Thr830 Thr862 and Asp863*,
Van Der Waals Leu764, Thr766* Gly772, Lys753, Met774, Arg784,
Compound 2 Asp831, and Phe832 and Leu796
Carbon and Pi-Donor Ser783, and Thr798*
Hydrogen Bond
Hydrogen Bond Glu738, Met742, Thr830 Thr862
Gly772, Met769*, and Asp831 Gly729, Lys753, Glu770,
Van Der Waals Arg784, Leu796, Asp863*,
Compound 3 and Thr798*
Carbon and Pi-Donor Ala719, Leu764, and Thr766* Ser783

Hydrogen Bond
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Figure 5. 2D and 3D visualization of compound 1-EGFR interaction (a, b) and compound 3-HER2 interaction (c, d)

In the HER2 domain, the catalytic residues are
located around the HRD/DFG motif (including
Asp863). The position of Thr862, which is
adjacent to Asp863 in the DFG motif, suggests that
compound 3 occupies the region around the HER2
catalytic domain. Furthermore, compound 3 is
alleged to have hydrophobic interactions with
Thr798 as a gatekeeper that regulates ligand
access to the ATP pocket [40] (Table 9). Compared
to Erlotinib, which forms a hydrogen bond with
Asp863 and only interacts with Thr862 through
van der Waals forces, compound 3 forms a direct
hydrogen bond with Thr862 and interacts

hydrophobically with Asp863 (Table 9). This
difference in interaction patterns predicts that
compound 3 and Erlotinib both occupy the ATP-
binding pocket, but with slightly different
orientations around the Thr862-Asp863 residue
pair. The interactions predicted through this
molecular docking study represent an initial
screening, indicating the potential of compounds
1-3 as a preliminary lead for EGFR and HER2
inhibitors. This in silico study requires further in
vitro and in vivo assays to validate its biological
relevance.
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Table 10. ADME and toxicity prediction

Lipinski’s rule of five
Compound ) i TI:SA MSA LDso Toxicity
P MW RB HBA HBD LogP \Violations (A2) (mg/kg) class
(g/mol)

Erlotinib 393.44 10 6 1 3.67 0 74.73  3.19 125 3
1 262.69 4 3 2 1.49 0 80.90 2.05 1,000 4
2 262.69 4 3 2 1.45 0 80.90 2.00 1,000 4
3 297.14 4 3 2 2.08 0 80.90 2.17 1,000 4

MW: molecular weight, RB: number of Rotatable bonds, HBA: number of Hydrogen Bonds Acceptor, HBD: number of
Hydrogen Bonds Donor, Log P: Lipophilicity, TPSA: Topological Polar Surface area, and MSA: Medicinal Synthesis

Accessibility.

The molecular docking results presented in this
paper provide a basic overview of protein-ligand
interactions, including static binding sites. The
desolvation energy and entropic effects are not
explicitly captured by the docking scoring
functions used in this study. There were no
molecular dynamics simulations performed;
therefore, the long-term reliability of the
interactions under physiological settings cannot
be investigated, which is a limitation of this
research. The presented interactions correspond
to reasonable docking predictions, and more
molecular dynamics studies are required to verify
binding stability.

Pharmacokinetic, toxicity, and drug-likeness
predictions (Table 10) indicate that Erlotinib and
compounds 1-3 fulfill Lipinski and Veber's rules.
Like Erlotinib, compounds 1-3 have log P < 5 and
TPSA < 140 A2, thus predicted to have the ability
to penetrate lipid membranes passively and are
suitable for oral absorption [41]. All three
compounds are classified as class 4 toxicity, with
LDso values of 1,000 mg/kg, while Erlotinib is
classified as class 3, with an LDs, value of 125
mg/kg [42]. The toxicity classifications presented
in ProTox-II are in silico predictions rather than
direct correlations to the toxicological effects of
compounds. This result depends on the machine
learning models and their specific application
areas. Compounds in the same toxicity class in
ProTox-II may not have comparable predictive

power. ADME and toxicology predictions
represent only screening-level computational
estimates and should be interpreted as
preliminary computational indicators,

confirmed safety profiles.

not

Conclusion

The synthesis of three chlorinated benzylamine-
substituted pyrazine derivatives has been
successfully carried out using CDI catalysts in a
one-pot reaction. The molecular structures of the
three compounds have been comprehensively
determined through FT-IR, 'H-NMR, 13C-NMR,
HMBC, HSQC, and HRMS spectra. MAS proved
superior to conventional and UAS methods
because it is faster, energy-efficient, and produces
higher yields. The one-pot process also reduces
intermediate purification, thus saving solvents
and generating less waste. Among the three
compounds, compound 1 is predicted to be more
favorable as an EGFR inhibitor, while compound 3
is more favorable as an HER2 inhibitor. Predicted
pharmacokinetics, toxicity, and drug-likeness
provide a good initial safety prediction for
compounds 1-3 but must be followed up with
experimental toxicology to confirm the safety
The
recommended for further evaluation in vitro and

issues. three compounds can be

in vivo as anticancer candidates based on EGFR
and HER2 inhibitors.
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