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Abstract. The optimized geometry of methyl 2-oxo-1,2-dihydrofuro[3,4-d] pyrimidine-3(4H) carboxylate 
(FP) was determined by density functional theory calculations. Geometric properties of FP such as bond 
length, bond angle, dihedral bond angle, and HOMO-LUMO energies in the gas phase were calculated by 
using the Gaussian program. Delocalization of the molecule’s charge was analyzed using Mulliken 
Population Analysis (MPA) and Natural Population Analysis (NPA) approaches.  Electrophilic and 
nucleophilic regions of FP were identified by drawing a molecular electrostatic potential map. NMR and 
FTIR spectra were calculated with the B3LYP and 6-311++G (2d, p) basis set and a detailed FTIR analysis 
was performed by using the VEDA program. To determine the consistency of the calculated NMR and FTIR 
spectra, they were compared with their corresponding experimental NMR and FTIR spectra. Molecular 
insertion studies of FP with six different cancer proteins were analyzed and their interactions were evaluated. 
Data on the pharmacokinetics and drug affinity of FP were obtained through the Swiss ADME and ADMET 
programs.  
Keywords: Dihydrofuro [3,4-d] pyrimidine; DFT/B3LYP; molecular docking; swiss ADME; ADMET. 
 
Resumen. Se optimizó la geometría del metil 2-oxo-1,2-dihidrofuro[3,4-d] pirimidina-3(4H) carboxilato 
(FP) por medio de la teoría de funcionales de la densidad. Utilizando el programa Gaussian, se calcularon en 
fase gas las propiedades geométricas del FP como longitudes de enlace, ángulos de enlace, ángulos diedros, 
y la diferencia de energías entre HOMO y LUMO. Se analizó la deslocalización de la carga en la molécula 
utilizando los análisis de población de Mulliken (MPA) y de población natural (NPA). Se identificaron las 
regiones electrofílicas y nucleofílicas mediante mapas del potencial electrostático molecular. Utilizando el 
funcional B3LYP y la base 6-311++G (2d, p) se calcularon los espectros de NMR y FTIR; se realizó un 
análisis detallado de los espectros de FTIR utilizando el programa VEDA. Para determinar la confiabilidad 
de los espectros calculados de NMR y FTIR, se compararon con los resultados experimentales. Se analizaron 
estudios de inserción molecular del FP a seis diferentes proteínas involucradas en cáncer para determinar sus 
interacciones. Utilizando los programas Swiss ADME y ADMET se determinaron la farmacocinética y la 
afinidad del FP. 
Palabras clave: Dihidrofuro [3,4-d] pirimidina; DFT/B3LYP; acoplamiento molecular; Swiss ADME; 
ADMET. 
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Introduction 
    

Pyrimidine, an aromatic heterocyclic compound containing nitrogen, is found in the structure of 
DNA and RNA, which are important for life. Synthesized pyrimidine-derived compounds can be used in 
many areas due to their features such as antifungal, anti-tumor, anti-inflammatory, anti-viral, anti-bacterial, 
anti-proliferative, anti-Alzheimer's, anti-tuberculosis, anti-β-glucuronidase, anti-HIV and diuretic [1-10]. 
Also, some cancer drugs like Xeloda [11], cytarabine [12] and gemcitabine [13], 5-fluorouracil [14] contain 
pyrimidine as the main component. Furopyrimidine compounds are synthesized by forming a pyrimidine ring 
next to the furan ring by various reactions. These compounds have biological properties similar to 
pyrimidines, which have been the subject of many studies in recent years [15-17]. It can be said that there is 
not much literature on quantum chemical calculations, molecular docking, ADME, and ADMET for 
furopyrimidine derivative compounds. For this purpose, methyl 2-oxo-1,2-dihydrofuro[3,4-d] pyrimidine-
3(4H) carboxylate (FP) was first optimized using density functional theory (DFT). Bond angles, dihedral 
angles, bond lengths, dipole moments, molecular electrostatic potential map (MEP), highest occupied 
molecular orbital (HOMO), and lowest unoccupied molecular orbital (LUMO) of FP were obtained with the 
Gaussian G09w package program [18]. Then, the calculated spectrum values of FTIR and NMR were 
compared with the experimental spectrum values reported by Yilmaz et al. [19]. Finally, the biopotential of 
FP was evaluated by molecular docking with six different cancer proteins. Data on the pharmacokinetics and 
drug affinity of FP were obtained through the Swiss ADME [20] and ADMET programs [21]. 
 
 
Theorical method 
 

Geometric calculations and molecular configuration of the FP were performed in the Gaussian G09w 
package program with the 6-311++G (2d, p) basis set using B3LYP [22-24]. MAP and FMO were also 
calculated by the same method. The gauge invariant atomic orbitals (GIAO) method was used for 1H and 13C 
NMR. Since the experimental data were obtained in dimethylsulphoxide (DMSO), theoretical calculations 
were made in DMSO for comparison, and the solvent effect on the chemical shift value was also investigated 
by calculating NMR in the gas phase. The calculated IR vibration frequencies are multiplied by the correction 
factor 0.9613 which provides the best agreement between the theoretical data and the experimental FTIR 
frequencies for B3LYP/6-31G(d) method [24]. A detailed potential energy distribution (PED) analysis was 
also performed using the VEDA program. The visualization of all data was carried out in GaussView 5.0 
[25-27].  

 
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 easier information about the bioactivity of the compound [28-31]. The best ligand-
receptor interaction can be examined by choosing the lowest energy interaction among the molecular docking 
results. Molecular docking studies were performed with Auto Dock Tools 1. 5. 6. [32,33]. Molecular docking 
FP with various cancer proteins, namely brain cancer, breast cancer, gastric cancer, liver cancer, lung cancer, 
and skin cancer [34-39]. The 3D crystal structure of cancer proteins was taken from Protein Data Bank (Brain 
Cancer Protein PDB ID: 1QHT, [40] Breast Cancer Protein PDB ID:1JNX [41], Gastric Cancer Protein PDB 
ID:1BJ7 [42], Liver Cancer Protein PDB ID:3WZE [43], Lung Cancer Protein PDB ID:2ITO [44], Skin 
Cancer Protein PDB ID:2VCJ [45]. Water molecules were removed, and polar hydrogens and Kollman 
United charges were added as the biomolecules were prepared for docking. The FP molecule was prepared 
for docking by minimizing its energy at the Gaussian 09w program [18]. Partial Charles of FP was calculated 
by Geistenger Method. The spacing between grid points was 0.375 Å. 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 FP-biomolecule interactions were 
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illustrated using Pymol and Chimera software [46-48]. LigPlot+ v.1.4.5 software was used to show the H 
bonds in detail [49].  

 
Swiss ADME and ADMET Lab 

It is important to evaluate the bioavailability of compounds using computer-based programs for the 
discovery of new drugs. Compounds can be classified as drug-like and non-drug-like according to the 
Lipinski rule [50]. Physicochemical and pharmacokinetic properties of FP were obtained using the Swiss 
ADME free website http://www.swissadme.ch/index.php (Swiss Institute of Bioinformatics, Switzerland) 
[20]. ADMET (absorption, distribution, metabolism, elimination, toxicity) is an important part of drug 
discovery and provides information about the drug's behaviour in metabolism. ADMET properties of FP 
were obtained using the online ADMET database, https://admetmesh.scbdd.com/service/screening/molecule 
[51]. 
 
 
Results and discussion 
 
Molecular geometry 

Molecular geometry is defined as a three-dimensional arrangement of atoms in a molecule. 
According to the differences in the positions and orientations of the atoms, a lot of conformations can be 
determined for a compound. Each different conformation affects the energy of the molecule, its physical and 
chemical properties, its reactivity, and its interaction with other molecules [52]. The most stable optimized 
geometry of the FP at its minimum energy level obtained by DFT calculations is shown in Fig. 1. 
 

 
Fig. 1. Molecular configuration of FP. 

 
 
 
The selected parameters for structural analysis, namely bond lengths, bond angles, and dihedral bond 

angles for the gas phase and in the DMSO solution of FP are given in Table 1. The Cartesian coordinates of the 
atoms in the minimized structure in the gas phase are given in supplementary S1. There are slight differences 
between the calculation in the gas phase and DMSO, except for dihedral angle H19-N9-C8-O10 as it turns to a 
positive value for the “in DMSO” case from its negative value for the gas phase. The dihedral angles (C6-C2-
C3-N9) is are.1(1)° on average of the values obtained from both cases, while (C2-C6-N7-C8) is ~44.58(35)° 
exhibiting a bent pyrimidine ring. The flat dihedral angle (C1-C2-C3-N9) is ~180° showing that the (C6-C2-
C3-N9) side of pyrimidine and furan rings are almost in the same plane while the angle ~162.89 (1,18)° of (N9-
C8-N7-C11) indicates the separation of the FP tail from (C2-C6-N7-C8) plane of the pyrimidine ring. 
 
 
 

https://admetmesh.scbdd.com/service/screening/molecule
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Table 1. Theoretical bond lengths (Å), bond angles (◦), and dihedral bond angles (◦) of FP. Atom labels refer 
to Fig. 1. 

Bond Length (Å) Bond Angles (°) Dihedral Bond Angles (°) 

 Gas DMSO  Gas DMSO  Gas DMSO 

C1-C2 1.354 1.354 C1-C2-C3 105.97 106.06 H16-C4-O5-C1 -179.31 -179.55 

C2-C3 1.423 1.423 C3-C4-O5 108.75 108.53 C1-C2-C3-C4 -0.16 -0.18 

C1-H15 1.076 1.076 C3-C4-H16 134.58 134.48 C2-C3-C4-O5 -0.31 -0.27 

C6-H18 1.086 1.085 H16-C4-O5 116.65 116.99 C4-C3-C2-C6 178.21 178.03 

C14-H20 1.089 1.088 C4-O5-C1 107.53 107.68 C6-C2-C3-N9 -1.98 -2.19 

C4-O5 1.371 1.373 O5-C1-C2 116.17 109.99 H19-N9-C8-O10 -1.34 0.23 

C1-O5 1.364 1.364 N7-C11-O12 122.17 122.19 N9-C8-N7-C11 -164.08 -161.71 

C8-O10 1.209 1.218 C11-O13-C14 115.19 115.61 N9-C8-N7-C6 28.54 29.15 

C11-O12 1.210 1.215 C2-C6-N7 108.62 108.49 O10-C8-N7-C11 16.69 19.05 

C14-O13 1.438 1.444 C6-N7-C8 120.75 120.65 C8-N7-C11-O12 -158.54 -158.83 

C6-N7 1.484 1.488 N7-C8-N9 114.16 114.78 N7-C11-O13-C14 -178.25 -179.53 

C8-N7 1.420 1.419 H19-N9-C3 121.91 121.24 C11-O13-C14-H21 177.59 178.19 

C8-N9 1.382 1.370 N9-C8-O10 121.14 121.29 O12-C11-O13-C14 5.13 3.76 

C3-N9 1.389 1.391 O10-C8-N7 124.69 123.92 C1-C2-C3-N9 179.63 179.60 

C11-N7 1.399 1.395 C8-N7-C11 122.81 122.89 C2-C6-N7-C8 -44.95 -44.22 

N9-H19 1.009 1.009 O12-C11-O13 124.75 124.35 C6-C2-C3-N9 -1.99 -2.19 

 
 

The charge distribution in the atoms in the molecule is important for determining the electrostatic 
interaction and molecular force fields [53,54]. The atomic charge distributions of the FP are obtained by 
Mulliken Population Analysis (MPA), and Natural Population Analysis (NPA) methods within the 
framework Gaussian 09, which are listed in Table 2. There are differences when comparing the calculated 
atomic charges in the two methods. The charges such as C1, C2, and C3 are given discrepant by the two 
methods. MPA(C1) is -0.116 and NPA(C1) is 0.154 with a change in the sign. C2 has the same issue. Other 
atoms, even though they show the same sign, they differ in magnitude; for example, MPA(C3) is 0.312, and 
NPA(C3) is 0.078. However, the two methods provide good agreement on the charges of some atoms, such 
as O5, C4, C11, and H16. Overall, the oxygen and nitrogen atoms in the molecule are negatively charged, 
while the hydrogen atoms are positively charged, as usual. Amongst the carbon atoms, the highest negative 
charge is located on C14, while the highest positive charge is located on C11. The carbon atoms have negative 
or positive charges with respect to the electronegative atoms around them.  
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Table 2. Atomic charges of FP compound by Mulliken Population Analysis (MPA), and Natural Population 
Analysis (NPA) methods. Labels refer to Fig. 1. 

Atom MPA NPA Atom MPA NPA 

C1 -0.116 0.154 O13 -0.318 -0.533 

C2 0.549 -0.147 N7 -0.343 -0.564 

C3 0.312 0.078 N9 -0.509 -0.616 

C4 0.055 0.082 H15 0.181 0.200 

C6 -0.963 -0.176 H16 0.180 0.200 

C8 0.559 0.843 H17 0.161 0.205 

C11 0.713 0.968 H18 0.212 0.244 

C14 -0.121 -0.200 H19 0.275 0.412 

O5 -0.366 -0.455 H20 0.164 0.186 

O10 -0.458 -0.608 H21 0.145 0.187 

O12 -0.468 -0.644 H22 0.157 0.184 
 
 

The MPA and NPA methods obtain the results sensitively depending on their basis sets which induce 
change in the calculated net charges [54]. However, the results given by NPA are supposed to be more reliable 
as their calculations are based on the natural charges [55]. 
 
Molecular orbital energy analysis and electronic properties 

Quantum chemical parameters were calculated with FMO analysis, and the highest occupied molecular 
orbital energy (𝐸𝐸HOMO ), the lowest unoccupied molecular orbital energy (𝐸𝐸LUMO) together with the energy gap 
(∆𝐸𝐸 = 𝐸𝐸LUMO − 𝐸𝐸HOMO) given in Fig.2. ∆𝐸𝐸 determines the molecular properties, namely softness and chemical 
reactivity [54,56-58]. In this respect, the ∆𝐸𝐸 energy difference of the FP calculated using the B3LYP and the 6-
311++G (2d, p) basis set was 5.81 eV as a single molecule ( 5.64 eV in DMSO) related to the dipole moments 
of FP molecule which were found 𝜇𝜇gas = 1,92 Debye and 𝜇𝜇DMSO = 2,99 Debye in the gas phase and iMSO, 
respectively. The dipole moments were obtained by the conformal minimization of the molecule. These values 
make FP a high enough polarized pyrimidine molecule as compared to that of 4.86 eV for 5-Fluorouracil, a 
commercial anticancer reagent [59]. 
 

 
Fig. 2. 𝐸𝐸HOMO and 𝐸𝐸LUMO energy levels for FP. 
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The calculations of 𝐸𝐸HOMO and 𝐸𝐸LUMO energy levels lead to automatic determination of ionization 
energy (𝐼𝐼) and electron affinity (𝐴𝐴) which are expressed as 
 

𝐼𝐼 = −𝐸𝐸HOMO (1) 
 

and 
 
𝐴𝐴 = −𝐸𝐸LUMO (2) 

 
As 𝐸𝐸HOMO indicates the electron-donating ability while 𝐸𝐸LUMO refers to the electron-accepting 

ability. Once reaching the concerning parameters above, some characterizing parameters such as 
electronegativity (𝜒𝜒), chemical hardness (𝜂𝜂), and softness (𝜎𝜎) from the following relations: 
 

𝜒𝜒 =
𝐼𝐼 + 𝐴𝐴

2
 (3) 

  

𝜂𝜂 =
𝐼𝐼 − 𝐴𝐴

2
      (4) 

 
and 
 

𝜎𝜎 =
1
𝜂𝜂

     (5) 

 
The molecular electronic properties of FP obtained are given in Table 3. The high electronegativity 

values 𝜒𝜒gas = 3.51 eV and 𝜒𝜒DMSO = 3.53 eV indicates the strong attraction to covalent bonds [34]. Also, the 
large chemical hardness 𝜂𝜂gas = 2.91 eV and 𝜂𝜂DMSO = 2.82 eV indicates chemical stability, and the molecule 
can be considered as nontoxic because of the low softness values  𝜎𝜎gas = 0.34 eV−1 and 𝜎𝜎DMSO = 0.35 eV−1. 
 
Table 3. Electronic structure values of FP. 

Phase 𝑬𝑬𝐇𝐇𝐇𝐇𝐇𝐇𝐇𝐇(𝐞𝐞𝐞𝐞) 𝑬𝑬𝐋𝐋𝐋𝐋𝐇𝐇𝐇𝐇(𝐞𝐞𝐞𝐞) 𝜟𝜟𝑬𝑬 (𝐞𝐞𝐞𝐞) 𝑰𝑰(𝐞𝐞𝐞𝐞) 𝑨𝑨(𝐞𝐞𝐞𝐞) 𝝌𝝌(𝐞𝐞𝐞𝐞) 𝜼𝜼(𝐞𝐞𝐞𝐞) 𝝈𝝈 (𝐞𝐞𝐞𝐞−𝟏𝟏) 

gas -6.42 -0.61 5.81 6.42 0.61 3.51 2.91 0.34 

DMSO -6.36 -0.71 5.64 6.36 0.71 3.53 2.82 0.35 
 
 
Molecular electrostatic potential  

The molecular electrostatic potential of FP was calculated and shown in Fig. 3. It shows the 
positively charged parts of the molecule in blue colour and the negatively charged parts in red colour [60-
62].  
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Fig. 3. Molecular electrostatic potential for FP. 
 
 

As MEP allows us to have insight into the chemical reactivity of a molecule, the highest negative 
charge -0.059 region by red shade in Fig.3 is the electrophilic region. The negative electrostatic potential 
indicates the concentrated electron density in the molecule interacting with the receptors and forming hydrogen 
bonds with the positive sites of amino acids. They correspond to the tops of two carbonyls. The highest positive 
charge +0.059 region by blue shade is the nucleophilic region which corresponds to the hydrogen in the N-H 
bond.  The green area can be considered almost a neutral region.  
 
Experimental and theoretical 13C NMR and 1H NMR chemical shift values 

Experimental and theoretical 1H NMR and 13C NMR chemical shift values of FP are listed in Table 4 
according to TMS δ/ppm. The experimental NMR values were taken in DMSO [19], and theoretical NMR data 
were calculated in the gas phase and DMSO phase. In the FP structure, there are five different hydrogens 
attached to aliphatic and aromatic carbons and amine-bound, and all H peaks were observed as a singlet. In 
addition, eight different carbon peaks were found in the aliphatic, aromatic, and carbonyl structures. 

When discussing the 1H NMR spectra of the FP, the experimental chemical shift values of the protons-
bounded aliphatic carbons were observed as a singlet in a value, while the theoretical chemical shift values were 
seen as two different peaks. The experimental value of the ring protons, CH2 was at 4.71 ppm as a singlet, while 
the theoretical values of H17 and H18 were 4.50 and 5.19 ppm, respectively. Ester protons, CH3 experimental 
value was in the 3.78 ppm as a singlet, while the theoretical values of H21 and H20, H22 were in 3.72 and 3.87 
ppm, respectively. The experimental value of amine proton was 9.96 ppm as a broad singlet, whereas the 
theoretical value of H19 was 6.42 ppm. The experimental values of aromatic ring protons were at 7.27 and 7.46 
ppm, whereas the theoretical values of H15 and H16 were at 7.31 and 7.37 ppm, respectively. 

 
Table 4. The experimental and theoretical 1H NMR and 13C NMR chemical shift values of FP according to TMS 
δ/ppm. (s.: singlet, br.: broad Assign.: assignments) The hydrogen and carbon labels can be followed in Fig. 1. 

1H NMR 

Experimental Theoretical 

Assign. δ(ppm) Assign. Gas phase DMSO 

CH3 3,73 (s) H21 3.56 3.72 

  H20, H22 3.83 3.87 

CH2 4.71 (s) H17 4.34 4.50 

  H18 5.14 5.19 

NH 9.96 (br. s) H19 5.75 6.42 

CH (arom.) 7.27 (s) H15 7.05 7.31 

CH (arom.) 7.46 (s) H16 7.12 7.37 
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13C NMR 

Experimental Theoretical 

Assign. δ(ppm) Assign. Gas phase DMSO 

CH2 29.74 C6 43.24 44.06 

CH3 54.28 C14 54.87 55.95 

C(arom.) 111.13 C2 117.37 117.28 

CH(arom.) 124.88 C4 126.54 129.19 

C(arom.) 126.17 C3 132.70 131.85 

CH(arom.) 136.96 C1 140.50 141.87 

C=O 150.05 C8 153.01 156.06 

C=O 155.32 C11 162.07 163.40 

 
 
Considering the 13C NMR spectra of the FP, the experimental values of the aliphatic ring (CH2) and 

ester methyl carbon peaks (CH3) were at 29.74 and 54.28 ppm, whereas the theoretical values of C6 and C14 
were at 44.06 and 55.95 ppm, respectively. The aromatic carbons’ experimental values were 111.13, 124.88, 
126.17, and 136.96 ppm, whereas theoretical values of C2, C4, C3, and C1 were 117.28, 129.18, 131.85, and 
141.87, respectively. The experimental values of ring carbonyl carbon and aliphatic carbonyl carbon were at 
150.05 and 155.32 ppm, while theoretical values of C8 and C11 were at 156.06 and 163.40 ppm, respectively. 
According to the NMR results, the experimental and theoretical chemical shift values are compatible. The 
theoretical and experimental NMR spectra were given in the supplementary (S2-S5). 
 
Experimental and theoretical vibration frequencies 

The molecular structure of FP contains twenty-two atoms, which gives forty-four normal modes of 
vibrations. While experimental vibration values were taken from the literature [19], theoretical vibration values 
were calculated using the DFT/B3LYP method and 6-311++G (2d, p) basis set. The FTIR spectrum was analyzed 
based on characteristic peaks such as amine, aromatic, carbonyl, and CH2 vibrations. The experimental and 
theoretical values of the vibrational wavenumber of FP are shown in Fig. 4. For analysis, all the calculated FTIR, 
compared to experimental values, and details of the percentage of potential energy distribution (PED) assignment 
are listed in Table 5. When performing PED assignments, it was found that there were thirty-four stretching 
vibrations, thirty-six in-plane bending vibrations, four out of plane bending vibrations, and eighteen torsional 
vibrations. When the experimental and theoretical values were compared, they were found to be well-matched. 
 

 
Fig. 4. Experimental and theoretical FTIR spectrum of FP (cm-1). 
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Table 5. Experimental and theoretical FTIR values of FP (cm-1). 

 Experimental Theoretical Vibration assignment (PED) 

No  Unscaled Scaled  

1 3321 3633 3492 νN9-H19 (100) 

2 3071 3282 3155 νC4-H16 (95) 

3 3048 3271 3144 νC1-H15 (95) 

4  3158 3036 νC14-H21 (80), νC14-H20 (19), νC14-H22 (19) 

5  3137 3016 νC6-H18 (98) 

6 2980 3127 3006 νC14-H20, νC14-H22 (100) 

7  3054 2936 νC14-H20, νC14-H21 (80) 

8 2925 3010 2894 νC6-H17 (98) 

9 1694 1777 1708 νC8-O10 (77) 

10 1686 1752 1684 νC11-O12 (81) 

11 1571 1686 1621 νC1-C2, νC3-C4 (76) 

12 1528 1599 1537 
νC1-C2 (52), νC3-N9 (52) δH15-C1-O5 (12), δH16-C4-O5 

(12), 
δC1-O5-C4 (11), δC3-C4-O5 (11) 

13 1465 1513 1454 δH18-C6-H17 (74), τH18-C6-C2-C1 (12) 

14 1458 1497 1439 δH20-C14-H22 (70), τH20-C14-O13-C11 (21), τH22-C14-
O13-C11-(21) 

15 1440 1485 1428 
δH21-C14-H20 (38), δH22-C14-H21 (35), τH21-C14-O13-

C11 (15), 
τH20-C14-O13-C11 (10), τH22-C14-O13-C11 (10) 

16 1406 1469 1412 δH19-N9-C3, δC2-C1-O5 (44) 

17 1326 1411 1356 δC6-N7-C8 (14) 

18 1301 1402 1348 νC3-C4, νC3-N9 (24) 

19 1293 1337 1285 νC11-N7 (44), νC11-O13 (44), δH17-C6-C2 (10) 

20 1270 1289 1239 νC8-N9 (10) 

21 1234 1244 1196 δH16-C4-O5, δH15-C1-O5 (67) 

22 1205 1224 1177 δC8-N7-C11, δN9-C8-O10, δC3-N9-C8, δO12-C11-O13, 
δC3-C4-O5 (15) 

23 1159 1172 1127 νC1-O5, νC6-N7 (54) 
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24 1128 1147 1103 νC1-O5, νC4-O5, νC6-N7 (61) 

25 1100 1112 1069 νC11-N7 (22), νC11-O13 (22), νC14-O13 (11) 

26 1040 1049 1008 νC1-O5, νC4-O5 (64) 

27 985 1005 966 τH17-C6-C2-C1 (26) 

28 951 916 881 δC1-O5-C4, δN7-C8-N9 (44) 

29 902 858 825 δC3-C4-O5, δN9-C8-O10, δN7-C8-N9 (76) 

30 859 822 790 δO12-C11-O13, δC11-O13-C14, δC3-N9-C8 (41) 

31 781 790 759 τH15-C1-O5-C4 (57), τC1-O5-C4-C3 (11), γO12-N7-O13-
C11 (66) 

32 766 749 720 γO10-N9-N7-C8 (85) 

33 724 743 714 νC8-N7 (12), τC6-N7-C8-N9 (10) 

34 660 715 687 τH16-C4-O5-C1 (45), τC2-C1-O5-C4 (18), τC1-O5-C4-C3 
(18) 

35 608 606 583 δC3-N9-C8, δO12-C11-O13, δN9-C8-O10 (35) 

36 580 502 483 τH19-N9-C3-C2 (30) 

37 489 435 418 δN7-C11-O13, δN9-C8-O10,-δO12-C11-O13, δC8-N7-C11 
(49) 

38  334 321 γN9-C2-C4-C3 (23) 

39  324 311 δC11-O13-C14, δC8-N7-C11 (60) 

40  296 285 τN7-C8-N9-C3 (10) 

41  257 247 δC8-N7-C11, δC11-O13-C14, δN7-C11-O13, δN7-C8-N9 
(10) 

42  222 213 τC8-N9-C3-C2 (34), τC14-O13-C11-N7 (11) 

43  169 162 γC11-C6-C8-N7 (17) 

44  62 60 τO13-C11-N7-C6 (71) 
 
 
NH vibrations 

The stretching vibrations of the amide NH bond were observed around 3300-3600 cm-1 [62,63].  In 
FP, N9-H19 stretching vibration was theoretically observed at 3492 cm-1 with PED contribution is 100 % and 
experimentally at 3321 cm-1 as a strong peak. Furthermore, H19-N9-C3 in-plane bending vibration was 
observed theoretically at 1412 cm-1 and experimentally at 1406 cm-1. The H19-N9-C3-C2 torsional vibration 
was observed theoretically at 483 cm-1 and experimentally at 580 cm-1. 

 
Aromatic CH vibrations 

Aromatic CH bond stretching vibrations are usually just over 3000 cm-1 [63,64]. There are two 
different aromatic CH in the FP structure, and their vibrational values were very close. C4-H16 and C1-H15 
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stretching vibrations were theoretically observed at 3144 cm-1 and 3157 cm-1, and experimentally at 3193 cm-1 
and 3139 cm-1, respectively. H16-C4-O5 and H15-C1-O5 in-plane bending vibrations had the same value and 
two vibrations; theoretically observed at 1537 cm-1 and 1196 cm-1, experimentally at 1528 cm-1 and 1234 cm-1. 
Moreover, H15-C1-O5-C4 and H16-C4-O5-C1 torsional vibrations were observed theoretically at 759 cm-1 and 
687 cm-1 experimentally at 781 cm-1 and 660 cm-1, respectively.  

 
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-1 [62,63]. There are two different carbonyl groups located 
between nitrogen-nitrogen and oxygen-nitrogen in the FP structure. The carbonyl group (C8-O10) located 
between nitrogen and nitrogen in the ring structure gave a higher frequency peak than the other (C11-O12). 
While C8-O10 and C11-O12 stretching frequency were observed theoretically at 1708 and 1684 cm-1, 
experimentally at 1694 and 1686 cm-1, respectively. In addition, N9-C8-O10 in-plane bending vibrations were 
theoretically observed at 1177, 825, 583, 418 cm-1, and experimentally at 1205, 902, 608, 489 cm-1. 

 
CH2 vibrations 

The characteristic vibration of the CH2 is the stretching vibration in the range of 2900-3000 cm-1 and 
the in-plane bending vibration around 1450 cm-1 [65]. The C6-H18 and C6-H17 stretching vibrations were 
observed theoretically at 3016 and 2894 cm-1, respectively, and experimentally at 2925 cm-1. H18-C6-H17 in-
plane bending vibration was observed theoretically at 1454 cm-1 and experimentally at 1465 cm-1. 

 
Molecular docking  

Molecular docking calculations are used to gain information about ligand-receptor interactions and 
play an important role in drug discovery. As a result of these calculations, it can be found out which region of 
the protein the ligand binds to, what kind of interactions it makes, and their binding energies [54,60,66,67]. In 
this study, molecular docking calculations with the brain (PDB ID: 1QHT), breast (PDB ID: 1JNX), gastric 
(PDB ID: 1BJ7), liver (PDB ID: 3WZE), lung (PDB ID: 2ITO), and skin (PDB ID: 2VCJ) cancer proteins to 
see the biological potential of FP were examined. Many docking studies were carried out and the lowest energies 
interaction was selected. The calculated lowest binding energies of the target biomolecules and FP are given in 
Table 6. In addition, FP makes more stable interactions with brain and liver cancer cells than others. The binding 
sites of FP with target biomolecules are shown in Figure 5. Looking at the structure of the FP compound, it is 
seen that it is an active compound-containing pyrimidine ring, furan ring, and ester. When calculated results are 
examined, FP makes hydrophobic interactions with ARG130, ARG132, TRP228, ARG236, ILE238, MET240, 
ARG292 amino acids in brain cancer protein, SER1755, ARG1758, LYS1759, ILE1760, ARG1762, TYR1845, 
GLN1846, CYS1847 amino acids in breast cancer protein, ARG40, ILE149, ASP152, ASN153, CYS154, 
PRO156 amino acids in gastric cancer protein, HIS816, LYS868, ALA881, SER884, GLU885, ILE888, 
ARG1027, ASP1046, GLY1048, LEU1049, BAX1201 amino acids in liver cancer protein, SER 719, ALA722, 
PHE723, VAL726, LYS745, ARG841, LEU844, ASP855, IRE2020 amino acids in lung cancer protein, 
ARG46, GLU47, SER50, ASN51, GLY132, GLN133, GLY135, GLY137 amino acids in skin cancer protein.  

 
Table 6. The binding energies of FP and target biomolecules. 

Protein (PDB ID) Types of cancer Binding energy (kcal/mol) 

1QH4 Brain cancer -6.1 

1JNX Breast cancer -4.9 

1BJ7 Gastric cancer -4.4 

3WZE Liver cancer -6.1 

2ITO Lung cancer -5.9 

2VCJ Skin cancer -4.8 
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Fig. 5. The binding site of FP on target proteins, (A) Brain cancer protein, (B) Breast cancer protein, (C) Gastric 
cancer protein, (D) Liver cancer protein, (E) Lung cancer protein, (F) Skin cancer protein. 
 

 
 
H bonds are strong interactions that hold molecules together and the number of the H bonds gives 

information about the strength of the interaction. The H bond interactions between FP and targeted biomolecules 
are given in Fig. 6. Also, the number of H bonds made by FP with each biomolecule and the atoms forming the 
H bond are listed in Table 7.  
 

 
Fig. 6. The H bond interactions between FP and target proteins, (A) Brain cancer protein, (B) Breast cancer 
protein, (C) Gastric cancer protein, (D) Liver cancer protein, (E) Lung cancer protein, (F) Skin cancer protein. 
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Table 7. Summary of hydrogen bonding of furopyrimidine molecule with different types of biomolecule targets. 

Protein 
(PDB ID) 

Number of 
H bond Bonded residues Bond distance 

(A◦) 

1QH4 2 Protein ARG292:HN Ligand: O12 2.89 

  Protein ARG132:HN Ligand:O13 2.95 

 
1JNX 

 
4 

Protein SER1755:OH 
Protein ARG1758:O 

Protein ARG1762:HN 
Protein ARG1762:HN 

Ligand: O5 
Ligand: N9H19 

Ligand: O12 
Ligand: O12 

3.18 
3.18 
2.82 
3.22 

1BJ7 2 
 

Protein ASP152:O 
Protein CYS154:O 

Ligand: N9H19 
Ligand: N9H19 

2.91 
2.80 

3WZE 1 Protein ALA881:O Ligand: N9H19 2.85 

2ITO 1 Protein LYS745:NH Ligand: O12 3.21 

2VCJ - - - - 
 
 

When it is examined in this study, FP makes two H bonds with ARG 132, ARG 292 amino acids in 
brain cancer protein, it makes four H bonds with SER1755, ARG1758, ARG1752 amino acids in breast cancer 
protein, it makes two H bonds with ASP152, CYS 154 amino acids in gastric cancer protein, it makes one H 
bond with ALA881 amino acid liver cancer protein, it makes one H bond with GLY863 amino acid in liver 
cancer protein, it doesn’t make H bond with an amino acid in skin cancer protein, and it makes two H bond 
with DA5. 

When the H bonds were examined, it was seen that N9 in the FP structure is the H bond donor, and 
O5, O12, and O13 are H bond acceptors. It can be said that N9 and O12 atoms in the FP structure are the most 
active ones in forming H bonds. 

 
 
Evaluation of pharmacokinetics and drug-likeness properties of FP 

By evaluating the pharmacokinetic properties, toxicity, and bioavailability of the compounds, their 
usage or development as a drug can be achieved [68-70]. As shown in Table 8, FP follows the Lipinski Rule, 
Pfizer Rule, and GlaxoSmithKline Rule as a drug candidate. According to the ADME result, FP has a high GI 
(gastrointestinal) absorption value, which means that the drug is rapidly absorbed. 

The molecular weight of FP being 196.16 g/mol and having 2 rotatable bonds indicate the conformity 
of the molecule. The number of hydrogen bond acceptors and donors is within the expected range, which 
indicates that they can interact strongly enough. Log P is a measure of the hydrophilicity and hydrophobicity 
of a molecule. The log P value of FP is compatible with the Lipinski rule. The topological polar surface area 
(TPSA) value of FP 71.78Å2 indicates that they have good permeability during the cellular plasma membrane 
and blood-brain barrier. 

 
Table 8. Data of Lipinski rule, Pharmacokinetics, and Drug likeness. 

Mw NBR HBA HBD TPSA/A2 
(≤140) 

Consensus 
Log Po/w 

Bioavailability 
Score GI abs. 

196,16 2 4 1 71.78 0.21 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 Po/w: Log Poctane/water, GI: Gastrointestinal. 
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The ADMET data of the FP which is computationally forecasted from its given molecular structure 
are shown in Table 9. It is exhibited that the FP has oral bioavailability, and is rapidly absorbed in the human 
intestine. Also, FP does not show skin sensitivities, AMES toxicity, and respiratory toxicity. The FP is not a P-
glycoprotein inhibitor or substrate. Since P-glycoprotein pumps drugs back into the lumen, reducing drug 
absorption, it can be said that the bioavailability and bioactivity of the FP are high. A summary of the ADMET 
properties of FP is shown in Fig. 7. 
 

 
Fig. 7. Radar chart involved in ADMET properties of FP. 
 
 
 
Table 9. Pharmacokinetics and ADMET Data. 

Lipinski Rule yes Respiratory toxicity no 

Pfizer Rule yes P-glycoprotein inhibitior no 

GlaxoSmithKline Rule yes P-glycoprotein substrate no 

Human Intestinal Absorption high Solubility yes 

AMES toxicity no hERG (the human Ether-à-go-go-
Related Gene) inhibitor no 

Skin sensitization no   

 
 
Conclusions 
 

In this study, the FP geometry was optimized using the B3LYP/6-311G++ (2d, p) method within 
density functional theory. The bond lengths, bond angles, dihedral angles, MEP, dipole moments, HOMO, and 
LUMO of FP were obtained with the Gaussian G09w program. Theoretical FTIR and NMR spectrum values 
were found to be compatible with the experimental spectrum values. Due to the wide biological activities of 
pyrimidine compounds, molecular docking studies of FP were carried out with various biomolecules. As a result 
of molecular docking studies, it was determined that N9 and O12 atoms of FP were the most active ones, and 
they make hydrogen bonds and hydrophobic interactions with biomolecules. Data on the pharmacokinetic and 
drug-likeness of FP was observed. For future studies, the synthesis of new dihydrofuro [3,4-d] pyrimidine 
derivatives may be desirable and could be a source of similar studies to determine their mechanisms as potential 
anticancer agents. 
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