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ARTICLE INFO ABSTRACT

Keywords: A novel compound N-benzyl-2-oxo-1,2-dihydrofuro [3,4-d]pyrimidine-3(4H)-carboxamide
Curtius rearrangement (DHFP) was synthesized by addition, rearrangement, and intramolecular cyclization reactions.
DU145

The three-dimensional geometry of DHFP has been determined by density functional theory

HT29 calculations in the gas phase. Thus, the geometrical properties of DHFP such as the bond lengths,
HOMO-LUMO . . : I
B3LYP bond angles, and dihedral bond angles have been determined in the optimized molecular

configuration. Also, the HOMO-LUMO energies were calculated. The charge distribution of the
DHFP has been calculated by Natural Population Analysis (NPA) approach. NMR and FTIR spectra
were calculated and compared with their experimental corresponding to confirm the synthesis of
the DHFP. The anticancer activities of the DHFP were also determined on human colon cancer
(HT29) and prostate cancer (DU145) cell lines. Molecular docking studies of the DHFP with EGFR
tyrosine kinase, which is responsible for cancer cell proliferation and growth, were performed and
it was observed that docking interaction took place. The DHFP has the potential to be a drug, as it
is determined that DHFP obeys Lipinski’s five rules, can cross the blood-brain barrier, and can be
rapidly absorbed from the gastrointestinal wall.

1. Introduction

Pyrimidine, an important nitrogen-containing aromatic heterocyclic compound, is found in the structure of DNA and RNA, which
carry the necessary information for life. Many different pyrimidine compounds have been first designed, and then synthesized, and it
has been seen that they have quite a lot of biological effects such as anti-proliferative [1], antiviral [2], antitumor [3],
anti-inflammatory [4], antibacterial [5], antifungal [6], anti-B-glucuronidase [7]. Also, its anti-Alzheimer [8] and anti-tuberculosis [9]
effects have been identified. In addition, the main component of commercial cancer drugs such as cytarabine [10], gemcitabine [11],
xeloda [12], and 5-fluorouracil [13] are pyrimidine compounds.

Furopyrimidines are fused ring-containing compounds synthesized by forming a pyrimidine ring on the furan ring by various
reactions. In addition, these compounds have many biological properties similar to pyrimidines and have; therefore, been the subject of
much research in recent years [14-16]. However, the concerning literature has just a few articles targeting quantum chemical cal-
culations and molecular docking studies on furopyrimidines.

Hossam et al. have published that the anilino-furo [2,3-d]pyrimidine derivatives they synthesized have EGFR tyrosine kinase
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inhibitory and anti-cancer effects [17]. Han et al. stated that the chiral 6-aryl-furo [2,3-d]pyrimidine-4-amines they synthesized are
equipotent to Erlonitib, which is an EGFR tyrosine kinase inhibitor and is used as an anticancer drug [18]. The other study group has
shown that polysubstituted thieno [2,3-d]pyrimidine derivatives have EGFR tyrosine kinase inhibitory effect with an ICs( value similar
to that of the commercial drug Olmitinib [19]. All these studies are for the furo [2,3-d]pyrimidine skeleton, and we could not find any
studies for the furo [3,4-d]pyrimidine skeleton. In this context, we synthesized the new N-benzyl-2-oxo-1,2-dihydrofuro [3,4-d]
pyrimidine-3(4H)-carboxamide (DHFP) compound and investigated its EGFR kinase inhibitory and anticancer effect.

Herein, the DHFP geometry has been optimized using density functional theory (DFT) in this study. Vibrational frequencies and
structural parameters.of DHFP have been obtained with the Gaussian GO9w program [20]. FTIR and NMR have been calculated and
compared with the experimental value. The anticancer activities have been investigated in two cell lines (prostate and colon),
respectively. Molecular docking studies of compound DHFP with EGFR tyrosine kinase have been performed to evaluate its potential as
an anticancer agent. Finally, data on the pharmacokinetic and drug-likeness of DHFP have been obtained using the Swiss ADME [21],
and ADMET-SAR programs [22].

2. Materials and methods
2.1. Instruments and reagents

NMR spectra were recorded on Varian Mercury Plus 400 MHz spectrometer at 400 MHz for "H NMR and 100 MHz for 13C NMR. 13C
and 'H NMR spectra were taken using acetone-d6 (for 4-((3-benzylureido)methyl)furan-3-carbonyl azide) (3) and DMSO-d6 (for
DHFP) as a solvent. Infrared spectra were recorded on Perkin Elmer FTIR/FIR Spectrophotometer Frontier. All high-resolution mass
spectra (HRMS) were measured on UPLC-UHR-Q/TOFABSCIEX Triple TOF 4600. Uncorrected melting points were determined on the
Electrothermal melting point analyzer.

4-(isocyanatomethyl)furan-3-carbonyl azide was used as starting material and was synthesized according to the Yilmaz et al.
procedure [23]. The chemicals used in the experiments were obtained from commercial sources. All reactions were monitored by TLC
(Thin Layer Chromatography) with Merck 0.2 mm silica gel 60 F254 aluminum plates, and silica gel (Merck 70-230 mesh) was used in
column chromatography.

2.2. Theoretical method

Molecular configuration and geometrical calculations of DHFP were performed in the Gaussian GO9w package program with the
basis set of 6-311++G (2d, p) by using the BSLYP theory, which consists of Becke’s three-parameter hybrid variable function and Lee-
Yang-Parr’s correlation function [24-28]. Frontier molecular orbitals and molecular electrostatic potential maps were calculated by
the density functional theory B3LYP/6-311+-+G (2d, p) method. Gauge invariant atomic orbitals (GIAO) method was used for 'H and
13C NMR chemical shifts relative to reference tetramethyl silane (TMS) [29]. Since the experimental data were obtained in dimethyl
sulfoxide (DMSO), theoretical calculations were made in DMSO for comparison. To reduce the theoretical errors in the spectrum, the
FTIR parameters were multiplied by 0.9613 and a detailed potential energy distribution (PED) analysis was performed using the VEDA
program [30]. Visualization of all data was performed in Gauss View 5.0 [20,31-33].

2.3. Anticancer activity

Anticancer activity studies of DHFP were performed on HT29 and DU145 cell lines according to our previous study [34] using the
MTT (3-(4,5-Dimethylthiazol-2-yl1)-2,5-diphenyl tetrazolium bromide) method [35] at the Trakya University Technology Research
Development Application and Research Center (TUTAGEM).

Cell viability and cell death were calculated as follows:

sample absorbance

Cell Viabilty % = 100

control absorbance

Cell Death % = 100 — Cell Viability %

2.4. Molecular docking

Since many in vivo and in vitro experiments are required, it is very difficult to determine whether the synthesized compounds have
biological effects. Molecular docking calculation of ligand-receptor interactions provides us with easier information about the
bioactivity of the compound [36-40]. By choosing the lowest energy interaction among the molecular docking results, the best
ligand-receptor interaction can be examined. Molecular docking studies were performed with Auto Dock Tools 1. 5. 6 [41,42]. Mo-
lecular docking of DHFP with EGFR tyrosine kinase was studied. The 3D crystal structure of EGFR tyrosine kinase was taken from
Protein Data Bank (PDB ID:1M17) [43,44]. Water molecules were removed, and polar hydrogens and Kollman United charges were
added as the biomolecule was prepared for docking. The DHFP was made ready for use for docking by minimizing its energy at the
Gaussian 09w program. Partial charges of DHFP were calculated by Geistenger Method. In grid preparation, the grid box was set as
126 x 126 x 126 A for x,y and z, respectively with a grid spacing of 0.375 A and the grid center was set to 23.55, 9.53, 58.35 for x, y
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and z, respectively. Autodock docking studies were examined by using the Lamarckian Genetic Algorithm (LGA). As a result of the
calculations, the lowest energy interaction was selected and the results were interpreted. All of the ligand-protein interactions were
illustrated using Pymol [45,46] and Chimera software [47]. PLIP (Protein-Ligand Interaction Profiler) web tool was used to show the H
bonds in detail [48].

2.5. Determinations of the data of ADME and ADMET SAR

Evaluation of the bioavailability of compounds using computer-based programs is important in the discovery and development of
new drugs. The Lipinski rule assists in categorizing compounds as drug-like and non-drug like by evaluating various parameters
(Hydrogen Bond Acceptor, Hydrogen Bond Donor, molecular weight, lipophilicity (log P)) [49]. Physicochemical and pharmacokinetic
properties of DHFP obtained by utilizing Swiss ADME http://www.swissadme.ch/index.php free website (Swiss Institute of Bioin-
formatics, Switzerland) [21]. ADMET (absorption, distribution, metabolism, elimination, toxicity) is an essential part of drug discovery
and gives information about the drug’s behavior in metabolism. ADMET features of DHFP were obtained using the online database
ADMETSAR, http://Immd.ecust.edu.cn/admetsar2 [50].

3. Result and discussion
3.1. Synthesis of DHFP

Synthesis of N-benzyl-2-oxo-1,2-dihydrofuro [3,4-d]pyrimidine-3(4H)-carboxamide (DHFP) consists of three steps as shown in
Fig. 1: The first step is the addition of benzylamine (2) to the isocyanate on 4-(isocyanatomethyl)furan-3-carbonyl azide (1). The
second step involves the conversion of the azide group on 4-((3-benzylureido)methyl)furan-3-carbonyl azide (3) to isocyanate (in-
termediate state) by the Curtius rearrangement reaction. The reaction continued without isolating the intermediate product (4) in the
second step. The third step is the synthesis of DHFP by the intramolecular cyclization reaction of 1-benzyl-3-((4-isocyanatofuran-3-yl)
methyl)urea (4).

3.1.1. Synthesis of 4-((3-benzylureido)methyl)furan-3-carbonyl azide (3)

0.22 g (1.15 mmol) of 4-(methylisocyanate)furan-3-carbonyl azide (1) was dissolved in 10 mL of dry benzene, 0.14 mL (0.14 g,
1.27 mmol) of benzylamine (2) was added and then stirred at room temperature under nitrogen atmosphere. According to the TLC
result, the reaction was finished after 5 min. The precipitate was filtered, and the crude product was purified by column chroma-
tography in a 1:1 ethylacetate: hexane solvent system. 0.43 g 4-((3-benzylureido)methyl)furan-3-carbonyl azide (6) (94%) was ob-
tained as white crystals. Mp: 95.3-97.1 °C, 'H NMR (400 MHz, acetone-d6) & (ppm): 8.23 (s, 1H, =CH), 7.58 (s, 1H, =CH), 7.2-7.3 (m,
5H, =CH), 6.08 (br. s, 1H, NH), 5.91 (br. s, 1H, NH), 4.39 (d, 2H, CHy), 4.32 (d, 2H, CHy), '3C NMR (100 MHz, acetone-d6) & (ppm):
172.9 (CON3), 157.7 (NCON), 150.6 (=CH), 143.0 (=CH),128.1 (=CH), 127.1 (2C, =CH), 126.5 (2C, =CH), 124.2 (=C), 119.4
(=CH),119.0 (=C), 43.4 (CHy), 33.7 (CH3), FAR FTIR (cm-1): 3316 (broad, -NH), 2153 (-N3) 1687 (NCON), 1662 (CON3), LC-Q/TOF
(exp.) (C14H1303N5 (+Na)): 322.0937, LC-Q/TOF (theo.) (C14H;303N5 (+Na)): 322.0916.

3.1.2. Synthesis of N-benzyl-2-oxo-1,2-dihydrofuro [3,4-d]pyrimidine-3(4H)-carboxamide (DHFP)

0.19 g (0.64 mmol) of 4-((3-benzylureido)methyl)furan-3-carbonyl azide (3) was refluxed in 15 mL of dry THF under nitrogen
atmosphere for 16 h. The solvent was evaporated, and the crude product was purified by column chromatography of the 2:3 Ethyl
acetate/Hexane solvent system. 0.124 g (73.3%) of N-benzyl-2-0x0-1,2-dihydrofuro [3,4-d]pyrimidine-3(4H)-carboxamide (DHFP)
was obtained as a white shiny solid. Mp: 218.6-220.1 °C,'"H NMR (400 MHz, DMSO-d6) & (ppm): 9.93 (s, 1H, NH), 9.49 (s, 1H, NH),
7.45 (s, 1H, =CH), 7.31 (s, 1H, =CH), 7.24-7.33 (m, 5H, =CH), 4.77 (s, 2H, CH,), 4.77 (d, 2H, CH,),'3C NMR (100 MHz, DMSO-de) 6
(ppm): 155.2 (C]0), 153.4 (C]0), 139.5 (=CH), 137.0 (=C), 128.8 (=C), 127.6 (=C), 127.3 (2C,=CH), 125.3 (2C,=CH), 124.0(=CH),
109.5 (=C), 43.9 (CHy), 39.3 (CH3),LC-Q/TOF (exp.) (C14H1403N3(+H)): 272.1035, LC-Q/TOF (theo.) (C14H;403N3(+H)): 272.1035.

Experimental 'H and 3C NMR, FTIR and Q-TOF spectrum data of 3 and DHFP was also given as supplementary data.
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Fig. 1. Synthesis of DHFP.
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3.2. Molecular geometry

DFT/B3LYP/6-311++G (2d, p) method is employed to obtain the geometry of the DHFP by calculating its minimized energy. The
molecular geometry of the DHFP is shown in Fig. 2. The parameters for structural analysis such as selected bond lengths, bond angles,
and dihedral bond angles are given in Table 1.

The calculated NMR and FTIR spectra are compared with those of experimental spectra to be able to confirm the theoretically
obtained geometry of the DHFP for its minimized energy.

The charge distribution in the atoms in the molecule is important for determining the electrostatic interaction and molecular force
fields [51,52]. The atomic charge distribution of the DHFP is obtained by Natural Population Analysis (NPA) method within the
framework of Gaussian 09 and listed in Table 2. The atomic charge distribution shows that the negative charges localize on the
electronegative oxygen and nitrogen atoms, while the positive charges are on the hydrogen atoms in the molecule. Carbon atoms can
have negative or positive charges with respect to the electronegative atoms around them. The highest negative charges were found as
—0.33848 and —0.33840 on 010 and O12 atoms, respectively. As expected, the highest positive charges were found as 0.42333 and
0.42106 on C8 and C11 atoms, respectively. Since there are three electronegative atoms, two nitrogen, and one oxygen, to which each
is bonded, the carbon atoms in question become electron-depleted and positively charged.

Atomic charge distribution calculations were also performed using the MPA method. However, the results found with NPA were
more consistent than those found with MPA. For example, in the distribution obtained with MPA, the highest positive charges were not
found on C8 and C11.

3.3. Experimental and theoretical 1>*C NMR and 'H NMR chemical shift values

Experimental and theoretical 'H NMR and '3C NMR chemical shift values of DHFP as converted from Hertz units to ppm are listed
in Table 3 referencing TMS. The experimental NMR values were taken in DMSO-d6 solvent while theoretical NMR data were calculated
in the gas phase and again in DMSO solvent. Eleven hydrogen atoms in the DHFP structure give seven proton NMR signals and can be
classified as two hydrogens attached to aliphatic carbons, three hydrogens attached to aromatic carbons, and two hydrogens attached
to amines. As expected, 13C NMR shows twelve different carbons in aliphatic, aromatic, and carbonyl structures.

The two identical benzylic protons (CHy) give a doublet peak because of the spin-spin interaction of protons in HoC-NH. Exper-
imentally, these protons were observed as a doublet at 4.39 ppm, while theoretically they (H28 and H27) were seen as two separate
peaks at 3.82 and 5.27 ppm. The aliphatic identical protons in the CH; of the pyrimidine ring have a single peak because there is no H
on its neighboring atoms. Their experimental corresponding was at 4.77 ppm as a singlet, while the theoretical values of H23 and H24
were at 4.32 and 5.90 ppm, respectively.

Two different aromatic protons of the furan ring give a singlet for each because of the absence of H in their neighboring atoms. The
experimental values of furan ring protons, namely H22 and H21 were at 7.31 and 7.45 ppm, whereas their theoretical values were at
7.18 and 7.35 ppm, respectively. The five protons on the ortho (H33, H29), meta (H32, H30), and para (H31) positions of the benzene
ring give three different peaks. The signals were split due to the neighboring hydrogen atoms in carbons. While the experimental values
of these protons were observed as multiplet in the range of 7.24-7.33 ppm, the theoretical values were 7.58 ppm for H33 and H31,
7.64 ppm for H32 and H30, and 7.98 ppm for H29.

The amine protons must appear as a broad singlet. Indeed, the experimental values of protons of two amines were at 9.49 and 9.93
ppm as a broad singlet, their (H25 and H26) theoretical values were at 6.03 and 9.59 ppm, respectively.

Considering the 13C NMR spectra of the DHFP, the experimental values of the aliphatic carbon on the pyrimidine ring (CHy) and
benzylic carbon peak (CHy) were at 39.31 and 43.98 ppm, while the theoretical values of C6 and C14 were at 41.30 and 46.35 ppm,

Fig. 2. Molecular configuration of DHFP.
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Table 1
Theoretical bond lengths (A), bond angles (o), and dihedral bond angles (o) of DHFP in the gas phase. Labels refer to Fig. 2.
Selected Bond Lengths @A) Selected Bond Angles (°) Selected Dihedral Bond Angles (°)
Cc1-c2 1.355 C1-05-C4 107.503 C1-05-C4-H22 179.236
C1-05 1.361 C1-C2-C3 105.871 C1-05-C4-C3 0.521
C2-C3 1.420 C3-C4-H22 134.650 05-C4-C3-C2 —-0.213
Cl-H21 1.076 C3-N9-H25 120.953 C1-C2-C3-N9 178.854
C2-C6 1.488 C3-N9-C8 122.632 C2-C3-N9-C8 —20.053
C6-N7 1.489 N9-C8-N7 116.753 C3-N9-C8-010 —163.966
N7-C8 1.392 N9-C8-010 118.727 N9-C8-N7-C11 —175.940
C8-N9 1.382 C8-N7-C6 122.352 010-C8-N7-C11 3.858
C8-010 1.227 N7-C11-N13 117.046 C8-N7-C11-012 —178.800
C3-N9 1.390 N7-C11-012 118.482 C8-N7-C11-N3 1.251
C6-H28 1.096 C11-N13-H26 117.088 012-C11-N13-H26 179.726
N9-H25 1.009 C11-N13-C14 121.582 012-C11-N13-C14 -1.631
C11-N7 1.442 H27-C14-H28 107.980 N13-C14-C15-C16 74.990
Cl11-012 1.222 Cl14-C15-C16 120.433 C14-C15-C16-C17 —179.394
C11-N13 1.345 C15-C16-C17 120.484 C15-C16-C17-C18 —0.178
N13-H26 1.015 H29-C16-C17 120.226 H29-C16-C17-H30 0.176
C14-N13 1.460
Cl14-H27 1.090
C14-C15 1.516
C15-C16 1.398
Cl6-C17 1.390
C17-C18 1.393
Cl16-H29 1.084
C17-H30 1.084
Table 2
Natural Charges of DHFP. Atomic labels refer to Fig. 2.

Atoms NPA Atoms NPA

Cl 0.07788 N7 —0.27129

c2 —0.07397 N9 —0.30476

C3 0.03910 N13 —0.32219

C4 0.03988 H21 0.09986

C6 —0.08963 H22 0.09985

Cc8 0.42333 H23 0.10259

C11 0.42106 H24 0.12582

Cl4 —0.09479 H25 0.20563

C15 —0.02409 H26 0.21789

Cl6 —0.09702 H27 0.11421

C17 —0.09703 H28 0.09860

C18 —0.10163 H29 0.10934

C19 —0.09876 H30 0.10143

C20 —0.09957 H31 0.10148

05 —0.22750 H32 0.10138

010 —0.33848 H33 0.09980

012 —0.33840

respectively. The eight aromatic carbon peaks were experimentally in the range of 109.51-139.55 ppm, as they theoretically were in
the range of 127.33-148.39 ppm. Experimentally, the pyrimidine ring carbonyl carbon C8 was at 153.41 ppm, and the aliphatic
carbonyl carbon C11 was at 155.22 ppm. Meanwhile, their theoretical corresponding values of C8 and C11 were at 159.73 and 160.06
ppm, respectively. The agreement between the experimental and theoretical NMR results points out that the DHFP was synthesized
successfully while theoretical calculations confirm the molecular structure of the DHFP.

3.4. Experimental and theoretical vibration frequencies

The experimental vibration values were obtained by Perkin Elmer FTIR/FIR Spectrophotometer Frontier, while theoretical vi-
brations were calculated using DFT/B3LYP method and the 6-311++G (2d, p) basis set. The structure of DHFP contains 33 atoms
which theoretically gave 93 normal vibrational modes. The experimental and theoretical FTIR spectra of DHFP, shown in Fig. 3, were
analyzed based on characteristic peaks such as amine, aromatic, carbonyl, and CHy vibrations. In addition, the experimental FTIR
frequencies are listed in Table 4 together with their corresponding calculated values. The theoretical data in the table also reflects the
details of the percentage potential energy distribution (PED) and vibrational mode assignments. The experimental and theoretical
vibrational spectra are found to be compatible.
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The experimental and theoretical 'H NMR and 3C NMR chemical shift values of DHFP according to TMS §/ppm (s: singlet, br.: broad, m: multiplet,
Assign.: assignments). The hydrogen and carbon labels can be followed from Fig. 2.

'H NMR
Experimental Theoretical
Assign. & (ppm) Assign. Gas phase DMSO
CH, 4.38 (d) H28 3.58 3.82
H27 5.39 5.27
CH, 4.77 (s) H23 4.17 4.32
H24 5.98 5.90
CH (arom., 5H) 7.24-7.33(m) H33 7.35 7.58
H31 7.40 7.58
H32 7.47 7.64
H30 7.51 7.64
H29 8.03 7.98
CH (arom.) 7.31 (s) H22 6.99 7.18
CH (arom.) 7.45 (s) H21 7.21 7.35
NH 9.49 (br. s) H25 5.54 6.03
NH 9.93 (br.s) H26 9.49 9.59
3¢ NMR
Experimental Theoretical
Assign. é (ppm) Assign. Gas phase DMSO
CH, 39.31 C6 40.93 41.30
CH, 43.99 C14 46.76 46.35
C (arom.) 109.51 Cc2 116.22 116.06
CH (arom.) 124.02 C18 131.18 131.51
CH (arom.) 125.35 C16 134.54 133.96
C20 132.06 132.88
CH (arom.) 127.32 C17 133.03 132.06
C19 132.01 132.71
C (arom.) 127.64 C3 132.45 132.19
C (arom.) 128.81 C15 147.91 148.39
CH (arom.) 137.04 Cl 141.28 141.85
CH (arom.) 139.55 C4 125.80 127.33
C=0 153.41 Cc8 158.60 159.73
Cc=0 155.22 C11 158.95 160.06
i T r A/ T 2 T T
] l Theo. ﬂ ﬂM M
8 ——
= Exp.
©
E
E
0 -
c
T
S
=
T T —Af T T T T T
4000 3000 2000 1500 1000 500

3.4.1. NH vibrations

Wavenumber (cm')

Fig. 3. Experimental and theoretical FTIR spectrum of DHFP.

The stretching vibrations of the amide NH bond observe around 3300-3600 cm ! [53-55]. In the DHFP, N9H25 and N13H26

stretching vibrations were theoretically observed at 3483 and 3351 cm

-1

, as seen experimentally at 3623 and 3486 cm ™. Further-

more, H25N9C3 and H26N13C14 in-plane bending vibrations were observed theoretically at 1511 and 1415 cm ™" and experimentally
at 1622 and 1402 cm ™ *. The H25N9C3C2 torsional vibration was observed theoretically at 511 cm ™! and experimentally at 523 cm ™.
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Exp. Theo. Vibration assignment (PED)
Unscaled  Scaled
3694 3623 3483 VN9H25 (100)
3652 3486 3351 VN3H26 (99)
3226 3286 3159 vC4H22 (95)
3158 3271 3144 vC1H21 (95)
3061 3186 3063 vC16H29, vC17H30, vC18H31, vC19H32 (93)
- 3178 3055 vC16H29, vC17H30, vC18H31, vC19H32 (96)
- 3170 3047 vC16H29, vC17H30, vC18H31, vC19H32 (87)
3042 3160 3038 5c16C17C18 (87)
3023 3151 3029 vC20H33 (77)
- 3140 3018 vC6H24 (98)
2965 3109 2989 vC14H27 (80),
vC14H28 (20)
2926 3054 2936 vC14H27 (20),
vC14H28 (80)
2888 3010 2894 vC6H23 (98)
1723 1747 1679 vC8010, ¥C11012 (63),
vN3C11 (11)
1654 1701 1635 vC8010, ¥C11012 (66)
1622 1572 1511 VN13C11 (18),
5326N13C14 (58)
1522 1516 1457 5124C6H23 (72)
1465 1490 1432 6131C18C19, 61527C14C15, 5330C17C18, 5532C19C20 (55)
1480 1423 5128C14H27 (91)
1402 1472 1415 6325N9C3 (31)
1383 1431 1376 vC1C2, vC2C6, UN7C8 (34),
8324C6H23 (15)
1358 1402 1348 vC3C4 (15),
5u25N9C3 (26)
1308 1388 1334 TH27C14C15C16, TH28C14C15C16 (80)
1264 1328 1277 VN9C8 (13),
6121C105, 6,3;22C405 (35)
1239 1299 1249 5123C6C2 (40)
1214 1280 1230 vC15C20, ¥C16C17, vC17C18 (12),
6127C14C15, §529C16C17, §333C20C19 (13) TH28C14C15C16 (26),
1195 1236 1188 vC3C4 (13)
1151 1225 1178 vC14C15 (18),
VN13C11 (10)
1132 1220 1173 vC14C15 (20),
8129C16C17, 53530C17C18, 5332C19C20, §333C20C19 (10)
1101 1171 1126 vO5C1, vO5C4 (14),
5c6C2C1 (13),
5c3C405, 5:105C4 (12)
1082 1114 1071 vC15C20, vC17C18 (11),
6127C14C15, 6,529C16C17, §;33C20C19 (21)
1025 1102 1059 VN13C14 (10)
- 1050 1009 v05C1, vO5C4 (58),
61521C105 5322C405 (14)
968 1041 1001 VN13C14 (23),
886 918 882 5c3C405 (12),
8c105C4 (52)
848 863 830 5c105C4 (18),
8N7C11N13, 8N9C8010 (10)
746 790 759 1C2C105C4, T1C105C4C3 (15),
TH21C105C4 (63)
741 769 739 5c16C17C18, 6c18C19C20, 6c17C18C19 (10) TH31C18C19C20, TH32C19C20C15, TH33C20C19C18 (20), yYO12N13N7C11 (41)
- 759 730 yO10N9N7C8 (82)
699 714 686 TH31C18C19C20, TH32C19C20C15, TH33C20C19C18 (45)
667 713 685 TH22C405C1 (40)
642 676 650 8c6C2C1 (17),
8N7C11N13, 6N9C8010 (13)
611 660 634 TH26N13C11N7 (76)
579 608 585 8012C11N13 (14),
1C2C105C4, TC105C4C3 (58)
523 532 511 TH25N9C3C2 (40)
479 515 495 TH25N9C3C2 (28)

Experimental: exp., theoretical: theo., PED: potential energy distribution, v: stretching, &: in-plane bending, y: out-of-plane bending, t: torsion.
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3.4.2. Aromatic CH vibrations

Aromatic CH bond stretching vibrations are usually just over 3000 cm ! [54,56]. There are seven aromatic CH on the DHFP
structure, and their vibrational values were very close to each other. These CH stretching vibrations were theoretically observed in the
range of 3029-3159 cm ™!, and experimentally in the range of 3023-3226 cm !, respectively. These atoms in-plane bending vibrations
of these atoms theoretically observed in the range of 1432-1537 cm ™! while they were experimentally in the range of 1465-1622 cm ™",

3.4.3. Carbonyl vibrations

Depending on the electronegative atoms attached to the carbonyl group, the carbonyl group gives a stretching vibration in the
range of 1650-1800 cm™! [53,54,57]. There are two different carbonyl groups in the DHFP structure, but since both are located
between N-N they gave the same experimental and theoretical vibrations value. While C8010 and C11012 stretching frequencies were
theoretically at 1679 cm ~?, experimentally at 1723 cm™!. In addition, N9C8010 and 012C11N13 in-plane bending vibrations were
theoretically observed at 650 and 585 cm ™, and experimentally at 642 and 579 cm ™.

3.4.4. CH, vibrations

The characteristic vibration of the CH, is the stretching vibration in the range of 2900-3000 cm ! and the in-plane bending vi-
bration around 1450 cm ™! [58]. The C6H23, C6H24, C14H27 and C14H28 stretching vibrations were observed theoretically in the
range of 2894-3018 cm™}, and experimentally in the range of 2888-2965 cm ™ '. In-plane bending vibration of these atoms was
observed theoretically at 1376, 1423 and 1432 cm ™! and experimentally at 1383 and 1465 cm ™ *.

3.5. HOMO-LUMO analysis and electronic properties

Frontier Molecular Orbital (FMO) deals with the calculation of the highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) energy levels. Thus, information about the reactivity and physical properties of the molecule is
obtained. HOMO indicates the electron-donating ability and is used to calculate the Ionization Potential (IP), while LUMO refers to the
electron-accepting ability and is used for the calculation of Electron Affinity (EA). The energy difference between HOMO and LUMO
tells us a lot about molecules. If the energy difference between two orbitals is less, the molecule is more polarized, with high softness,
low hardness, and high chemical reactivity [52,59-61]. If the energy difference between two orbitals is large, they are vice versa.

The HOMO and LUMO energies of the DHFP were calculated using the B3LYP theory and the 6-311++G (2d, p) base set. The
molecular orbitals for the calculated HOMO and LUMO energies are shown in Fig. 4. Here Gaussian output values in the atomic unit (a.
u.), were converted to electrostatic units (1 a.u. = 27.2116 eV) [62,63].

The Ionization Potential (IP), Electron Affinity (EA), Electronegativity ()), Chemical Potential (p), Chemical Hardness (1), and

ErLumo=-0.6138¢eV

AE=5.8182¢eV

EH0M0=-6.43206V

Fig. 4. HOMO and LUMO energy levels for DHFP.
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Chemical Softness (s) for DHFP were calculated using HOMO and LUMO values. Molecular electrical properties were obtained by using
HOMO and LUMO energies and the results were given in Table 5. In summary, the low value of AE, calculated as 5.8182 eV, proves the
high chemical reactivity of the DHFP molecular structure.

3.6. Molecular electrostatic potential surface

The molecular electrostatic potential (MEP) mabp, if calculated, shows the positive and negative regions of the molecule and allows
us to gain insight into the chemical reactivity of the molecule. The MEP of DHFP calculated is shown in Fig. 5. It shows the positive
parts of the molecule in blue, the negative parts in red, and the neutral parts in green [53,64-66].

When the MEP of the DHFP was examined in Fig. 5, the negative regions (red region) were found localized on the oxygen atoms as
the positive regions (blue region) localized on the hydrogen atoms. This indicates possible sites for nucleophilic attack.

3.7. Anticancer activity

The cytotoxicity of the DHFP has been examined by MTT assay towards human colon cancer HT29 and prostate cancer DU145 cell
lines. The dose application times were 24 h and 48 h. The cell viability percentages of HT29 and DU145 are shown depending on doses
in Fig. 6A and B, respectively. In 24-h dose application on HT29 cells, the growth of cell lines remained above 50 percent on average in
the x - y dose range. In the 48-h test on the same cells, there was no significant change in cell viability compared to the 24 h test. The
inhibitory effects of DHFP on DU145 cells for 24 h dose application exhibited over 70% viability even for the highest dose (300 ppm).
However, DHFP was effective on DU145 in 48 h application as 59.13% death was observed for 300 ppm dose. The ICsg value is found to
be 17.4 ppm. This sharp difference between 24 h and 48 h dose application may be due to the aggressive properties of prostate cancer
cells. The MTT studies have determined that DHFP showed a higher inhibition on DU145 compared to the HT29 cell line. According to
these results, DHFP exhibited reasonable anticancer activity against HT29 while it showed a potent activity on DU145 cells.

To the best of our knowledge, there is no study that evaluates the anticancer effect of furo- [3,4-d] pyrimidine compounds. The
closest examples are given by the two investigation of the anticancer effects of pyrimidine-based compounds on HT29 and DU145 cells
[67,68]. It was seen that DHFP was effective at higher doses in comparison with the doses applied in these latter studies.

3.8. Molecular docking analysis

The epidermal growth factor receptor (EGFR) has an important role in cell growth and division. The amount of EGFR protein is
above normal in some types of cancer cells such as colorectal cancer, head and neck cancer, lung cancer, and breast cancer. It causes
cancer cells to divide faster and grow faster. Thus, EGFR tyrosine kinase inhibitors are used as a drug in cancer treatment [69,70].

In this context, molecular docking studies become crucial as they provide an opportunity to gain information about ligand-receptor
interaction before any experimental drug test. It can be found out which region of the protein the ligand binds to, what kind of in-
teractions it makes, and their binding energies in these docking calculations [71,72]. The molecular docking calculations of various
furopyrimidine compounds have shown that they behave as an inhibitor of EGFR tyrosine kinase [17-19,73,74]. To have an idea about
if the compound DHFP can carry the potential of being an inhibitor as a molecule containing furopyrimidine ring, we carried out
docking calculations on its effect on EGFR tyrosine kinase (PDB ID:1M17). Amongst the calculated docking positions, the lowest energy
protein-ligand binding was selected. The selected docking pose demonstrated that the binding energy of DHFP and EGFR tyrosine
kinase was found to be —7.4 kcal/mol. Although this binding energy value is higher than that of the standard drug erlotinib which has
been given as —10.6 kcal/mol [67], the DHFP does hydrogen bonds and hydrophobic interactions, as expected from an anticancer
agent. The binding sites of DHFP to EGFR tyrosine kinase are shown in Fig. 7A from which DHFP interacts close to the binding site of
erlotinib in the EGFR tyrosine kinase structure. These interactions are hydrophobic with PHE699, VAL702, and ASP831 and hydrogen
bonds with ASP813 and ARG817 amino acids in EGFR tyrosine kinase, as all interactions are shown in Fig. 7B. Moreover, it is seen in
Fig. 7C that N9 in the DHFP structure is both a hydrogen bond acceptor and donor in the two different interactions.

3.9. Evaluation of pharmacokinetics and drug-likeness properties of DHFP

By evaluating the pharmacokinetic, toxicity, and bioavailability properties of the compounds, their use or development as drugs
can be achieved [68-70]. As shown in Table 6, DHFP follows the Lipinski rule (molecular weight <500, number of H bond acceptor <5,
number of H bond donor <5, TPSA/A2<140, log P < 5) as a drug candidate. According to the ADME result, DHFP has a high GI
(gastrointestinal) absorption value means that the drug is rapidly absorbed.

The ADMET data of the DHFP which is computationally forecasted from its given molecular structure are shown in Table 7. It is
exhibited that the DHFP has oral bioavailability, is rapidly absorbed in the human intestine, and can cross the blood-brain barrier. In
addition, mitochondria provide the subcellular localization of DHFP. DHFP is not a P-glycoprotein inhibitor or substrate. Since, P-
glycoprotein pumps drugs back into the lumen, reducing the drug absorption, it can be said that the bioavailability and bioactivity of
the DHFP is high.

4. Conclusions

Novel N-benzyl-2-oxo-1,2-dihydrofuro [3,4-d]pyrimidine-3(4H)-carboxamide was synthesized with a very good yield in the
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Table 5

Electronic structure values of DHFP.
Enomo(eV) ELumo(eV) AE (eV) IP(eV) EA (eV) ¥ (eV) @ (eV) n (eV) c(eVh
—6.4320 —0.6138 5.8182 6.4320 0.6138 3.5229 —3.5229 2.9091 0.3437

IP= Ionization Potential = -HOMO, EA = Electron Affinity = -LUMO.
x = Electronegativity = (IP + EA)/2, ¢ = Chemical potential = - y,
n = Chemical hardness = (IP-EA)/2, 6 = Chemical softness = 1/1.

5.726e* [N T 72662

Fig. 5. Molecular electrostatic potential map for DHFP.
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Fig. 6. A: The cytotoxic effect of DHFP on HT29 cell line, B: The cytotoxic effect of DHFP on DU145 cell line.

present study. NMR and FTIR spectra confirm the expected structure of DHFP, while the mass spectrum is 100% compatible with the
calculated mass of the compound, indicating high purity. Its molecular configuration was determined theoretically by DFT calcula-
tions. DHFP bounds to EGFR tyrosine kinase near Erlotinib. Therefore, we thought that it could be a potential anticancer agent and
determined effective anticancer activity in colon and prostate cancer cells. The biological properties of DHFP can be further inves-
tigated, as ADME and ADMET calculations reveal its high bioavailability. For future studies, it would be desirable to synthesize
different derivatives of 1,2-dihydrofuro [3,4-d]pyrimidine and additional studies are required to determine their mechanism as a

potential anticancer agent.
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ASP813
ARG817

Erlotinib

= Hydrogen Bond

Fig. 7. A: The binding site of DHFP and erlotinib on EGFR tyrosine kinase structure, B: detailed illustration of interactions between DHFP and EGFR
tyrosine kinase and C: detailed illustration of H bonds between DHFP and EGFR tyrosine kinase.

Table 6
Data of Lipinski rule, Pharmacokinetics, and Drug likeness.
Mw NBR HBA HBD TPSA/A2 (<140) Consensus Lipinski Rule Bioavailability GI abs.
Log Porw result violation Score
271.27 4 3 2 74.58 1.47 yes 0 0.55 High

Mw: Molecular weight, NBR: Number of rotatable bonds, HBA: Number of Hydrogen bond acceptors, HBD: Number of Hydrogen bond donors, TPSA:
Topological polar surface area, Consensus Log Py w: LOg Poctane/water, GI: Gastrointestinal.

Table 7

Pharmacokinetics and ADMET data.
Human Intestinal Absorption =~ Human oral Caco-2 (<0.25  Blood Brain Subcellular P-glycoprotein P- glycoprotein
(<0.25 poor, bioavailability poor, Barrier localization inhibitor substrate
>0.80 high) >50 great
0.9640 yes 0.7279 yes mitochondria No no
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Appendix A. Supplementary data
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