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Abstract 

The Epidermal Growth Factor Receptor (EGFR) is part of an extended family of proteins that 

together control aspects of cell growth and development, and thus a validated target for drug 

discovery.  We explore in this work the suitability of a molecular dynamics-based end-point 

binding free energy protocol to estimate the relative affinities of a virtual combinatorial 

library designed around the EGFR model inhibitor 6{1} as a tool to guide chemical synthesis 

toward the most promising compounds.  To investigate the validity of this approach, selected 

analogues including some with better and worse predicted affinities relative to 6{1} were 

synthesized, and their biological activity determined.  To understand the binding determinants 

of the different analogues, hydrogen bonding and van der Waals contributions, and water 

molecule bridging in the EGFR-analogue complexes were analyzed.  The experimental 

validation was in good qualitative agreement with our theoretical calculations, while also a 6-

dibromophenyl-substituted compound with enhanced inhibitory effect on EGFR compared to 

the reference ligand was obtained.   
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1. Introduction 

The epidermal growth factor receptor (EGFR) is one of the members of the family of 
tyrosine kinases (TKs) that are involved in the modulation of growth factor signaling. 

Receptors in this family contain an extracellular ligand binding domain, a transmembrane 

region, and an intracellular tyrosine kinase domain. Upon binding to a growth factor, 

receptors in this family dimerize, thus activating their kinase domain, and triggering 

intracellular signaling pathways, which control tumor cell growth, proliferation, survival, 

metastasis and angiogenesis
1
.   

Mutations that lead to EGFR overexpression (known as upregulation) have been 
associated with a number of cancers, including mammary

2, 3
, ovarian

4
, 

esophageal
5
, squamous cell head and neck carcinomas

6
, non-small cell lung cancer

7
, 

glioblastoma
8
, where it correlates with poor prognosis

9
.  Consequently, a huge effort has been 

poured in the development of anticancer drugs directed targeting EGFR
10
 which include, on 

one side, monoclonal antibodies targeting the extracellular domain, such as cetuximab 
(Erbitux) for colon cancer

11
, and, on the other hand, EGFR-specific tyrosine kinase inhibitors 

(TKIs) targeting the receptor catalytic domain, such as gefitinib (1, Iressa)
12
  and erlotinib (2, 

Tarceva)
13
 for lung cancer (Figure 1)

14
, and dual inhibitors, such as lapatinib (EGFR/ErbB2)

15
 

and vandetanib (EGFR/VEGFR, vascular endothelial growth factor receptor); others are 

under clinical trials.  However, somatic mutations in the kinase domain of EGFR induce drug 

resistance
14, 16, 17

.  For example, erlotinib and gefitinib, which are effective in treating non–
small cell lung cancer tumors harboring a mutated form of EGFR, are ineffective against 

EGFR variants found in glioblastoma
8, 18, 19

.  This, coupled with the fact that small 

modifications to TKIs could have a strong influence in the binding mode and kinetics
20

, has 

encouraged sustained efforts to develop small-molecule ATP-competitive EGFR inhibitors 

which target both wild type and mutated forms. 

In this context, functionalized pyrido[2,3-d]pyrimidin-7(8H)-ones comprise a privileged 

scaffold for pharmacologically active compounds with well-known activity as TKIs. More 

particularly, 4-unsubstituted compounds of general structure 3 have shown IC
50
 in the range 

M to nM in front of PDFGR, FGFR, EGFR, and c-Scr particularly when R
1
 and R

4 
are aryl 

groups (Figure 1)
21-23

. 
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Figure 1. Structures of gefitinib (1), erlotinib (2), 4-unsubstituted pyrido[2,3-d]pyrimidin-

7(8H)-ones (3), 4-amino-5,6-dihydropyrido[2,3-d]pyrimidin-7(8H)-ones (4), 4-

aminopyrido[2,3-d]pyrimidin-7(8H)-ones (5), and 2,6-dichlorophenyl substituted 

pyridopyrimidines 6{1} and 7. 

 
As part of our ongoing research in the area of TKIs we have described microwave assisted 

synthetic methodologies to access 2-arylamino substituted 4-amino-5,6-dihydropyrido[2,3-

d]pyrimidin-7(8H)-ones (4, R
1
 and R

4
 = aryl) (Ref.

24
 and references therein) and the 

corresponding dehydrogenated compounds 5 (Figure 1)
25
.  Using such methodologies we 

have recently described the synthesis of compound 7 active against non-Hodgkin´s 
lymphomas (NHLs) by inhibiting the most upstream tyrosine kinases in the B cell receptor 
(BCR) signaling pathway which are involved in the mature B cell neoplasms (Figure 1)

26
. The 

precursor 6{1} (Figure 1) of compound 7 also presented inhibitory activities against relevant 

TKs including EGFR. Interestingly, 4-amino substituted pyridopyrimidines 6{1} and 7 
presented very low cellular toxicity on normal cells, contrary to 4-unsubstituted compounds 

3, thus showing the importance of the 4-amino substituent. Of note, compounds  6{1} and 7 

bear at position C6 the 2,6-dichlorophenyl substituent that has been widely used in the field 
of TKIs due to its favored fitting into the hydrophobic back pocket adjacent to the ATP 
binding site present in different TKs.   

Today, computational methods play a critical role in lead discovery and optimization
27-31

.  
In this work, we investigate the suitability of a molecular dynamics (MD)-based end-point 
binding free energy protocol to estimate the relative affinities of a series of congeneric 
compounds for EGFR as a tool to guide chemical synthesis toward the most (in silico) 

promising compounds.  The MM/GBSA method used in this work has been successfully 
evaluated to re-score docking poses

32
 (cf. also the applicability of the related MM/PBSA 

method
33

).  While end-point methods based on classical mechanics are known to fail to 
correctly estimate binding free energies in certain cases

34
, MM/GBSA approaches were 

successfully used to estimate relative binding free energies in several molecular systems
35-37

.   

Starting with our EGFR model inhibitor 6{1}, its binding mode was assessed using 
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flexible molecular docking in dihedral coordinates and MD, in order to properly account for 

protein flexibility
38
; from there, a virtual combinatorial library around 6{1} was designed.  In 

order to investigate the validity of our methodology, selected analogues including some with 

better and worse calculated binding affinities relative to 6{1} were synthesized, and their 

biological activity determined.  Analysis of the EGFR-analogue interaction in terms of 
hydrogen bonding, van der Waals contribution, and water molecule bridging was undertaken 
in order to understand the binding determinants of the different analogues.  The experimental 
validation was in good qualitative agreement with our theoretical calculations, while we also 
obtained a 6-dibromophenyl-substituted molecule with improved performance toward EGFR 
compared to the reference ligand.   

 

2. Results and discussion 

 

2.1. Characterization of the binding pose of ligand 6{1} and its interaction with EGFR. 

 

The optimized structure of ligand 6{1} was docked into the ligand binding site of EGFR 

using a two-stage protocol of rigid receptor docking followed by a full flexible docking 

approach, similar to what has been done on other receptors
39-41

 (see Methods). The collected 

poses were classified as “favorable” and “unfavorable”, according to their interaction pattern 

(see Figure 2). It can be seen that the unfavorable pose has no hydrogen bonds with the 

receptor, while the favorable pose of ligand 6{1} exhibits the following hydrogen bonds: 

O(Gln791)∙∙∙HN(C4), Oγ1(Thr790)∙∙∙HN(C4), N3∙∙∙HN(Met793), and O(Met793)∙∙∙HN. 

These residues are situated in the “hinge” region of the kinase, which connects the N and C 

loves. Moreover, one of the chlorine atoms in the favorable pose makes a van der Waals 

contact with the amide group of Ala743. 

 
Figure 2. Favorable (magenta) and unfavorable (orange) poses of the ligand 6{1} within the 

binding site (left panel). Interactions with the receptor for the favorable pose of ligand 6{1} 

are shown on the right panel.   

 

To further validate these results, and obtain a more detailed picture of the ligand-EGFR 

interaction, molecular dynamics (MD) simulations were carried out on both poses, and the 

relative binding energy estimated. An equilibration phase was performed, consisting of 1000 

steps of minimization with the complex fixed, followed by 50 ps of NVT (0 to 300 K) 

simulation for heating the system and water equilibration. Then, 150 ps of NPT (1 atm, 300 

K) simulation was carried out to relax the box size. Finally, a production phase of 40 ns in a  
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NPT ensemble (1 atm, 300 K) was run. Figure 3 shows the RMSD for heavy atoms of 6{1} in 

the “favorable” and “unfavorable” poses throughout the production phase (cf. Figure S1 for 

the RMSD of the EGFR backbone atoms throughout the simulation). The calculated binding 

energy using the MM/GBSA method of the “unfavorable” pose relative to the favorable one 

was +20.5(0.1) kcal mol
-1

, in full agreement with the qualitative analysis from the docking 

results, and henceforth, only the “favorable” pose will be considered as starting point for the 

simulations. 

 

Figure 3. RMSD of “favorable” (blue) and “unfavorable” (red) poses of ligand 6{1}, in 

complex with EGFR through 40 ns of the production phase (NPT ensemble, 1 atm, 300 K).  

 

In order to compare the interaction of this ligand with other EGFR inhibitors, the EGFR-

6{1} complex was superimposed with some of the available experimental EGFR structures 

complexed with other known ligands.  Figure 4 shows the superposition of 6{1} to gefitinib 

(PDB: 2ITY)
42

 and erlotinib (PDB: 1M17)
43

 bound to EGFR. The main fragments of these 

ligands, as well as the aromatic rings with substituents, are placed in a similar location as in 

ligand 6{1}, though it should be mentioned that those ligands they interact directly with the 

“hinge” region by only one hydrogen bond with Met793.    Comparison of 6{1} and the 

pyrazolo[3,4-d]pyrimidin-5-amine derivative described in Ref.
44

 also shows a similar binding 

pattern.    

 
Figure 4. Binding pose of ligand 6{1} (magenta color, receptor carbon atoms are in light 

grey color) overlapped with erlotinib (PDB: 1M17, left) and gefitinib (PDB: 2ITY, right). 

Residues Thr790, Gln791, and Met793 are shown in stick representation. 

 

Figure 5 shows the hydrogen bond time evolution of ligand 6{1} with the hinge region 

throughout the simulation. The hydrogen bonds N3∙∙∙HN(Met793), and O(Met793)∙∙∙HN 

exhibit a conserved interaction throughout the simulation.  In the case of 

O(Gln791)∙∙∙HN(C4), and Oγ1(Thr790)∙∙∙HN(C4) two main conformations are visited, since 

the rotation around amino group, bounded to C4, is not restricted. 



  

7 

 

 
Figure 5. Time dependence of hydrogen bond (HB) distances between H atom and acceptor 

atom of hydrogen bonds present in favorable pose of ligand 6{1} : N3∙∙∙HN(Met793) 

(yellow), O(Met793)∙∙∙HN (red), O(Gln791)∙∙∙HN(C4) (blue), Oγ1(Thr790)∙∙∙HN(C4) (green). 

In those bonds where the NH2 group is involved, distance was measured only for one of the 

two H atoms. 

 

2.2. In Silico design and characterization of ligand 6{1} analogues 

 

With the aim to design ligands with enhanced activity toward EGFR, a chemical library 

of small-molecule analogues was generated from ligand 6{x} (Table 1). These molecules 

were generated by substitution of the chlorine atoms with synthetic feasible groups. Taking 

into consideration that ring A is constrained to rotate within the binding site (Figure 6), in 

those molecules where substituents R
1
 and R

2
 were different, both combinations were 

generated (labeled 6{Na} and 6{Nb}, respectively), assuming that R
1
 refers to the substituent 

pointing toward the binding site. 

 
Figure 6. Ligand 6{1} within the binding side of EGFR showing the hindered rotation of 

aromatic ring A. 

 

The complex between EGFR-6{1} obtained from the last frame of MD trajectory was 

considered as the starting point to build protein-ligand complexes with molecules 6{2-11b}. 

Then, 1000 steps of minimization were applied, followed by 20 ns of NPT (1 atm, 300K) 

simulation. This protocol was also applied to ligand 6{1}. To estimate binding free energies, 

we expected the MM/GBSA to be suitable for this case
45, 46

, though other methods could be 

also valid
47

.  On Table 1 the binding energies calculated using the MM/GBSA method are 

listed (ΔG’), where given the structural similarity throughout the series, the ligand and 

receptor entropic contributions upon binding were assumed constant, and thus have not been 

included [cf. Eq. (1), Experimental Section]; it should be stressed that the entropic 
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contribution of the solvent is de facto accounted for in the solvation term.  Following an 

analysis of the MM/GBSA energy (electrostatic energy, electrostatic and nonpolar 

contribution to the solvation energy, and van der Waals contribution), it could be seen that the 

van der Waals energy term (ΔEvdW, see Table 1) had the highest correlation with the binding 

energy, a hint that the differential interaction with the receptor could be governed by that 

contribution.  

Based on these results, two compounds with better and worse predicted affinity than 6{1} 

were selected to advance to synthesis:  6{2}, with R
1
 = R

2
 = Br, and 6{10}, with R

1
 = F and 

R
2
 = CF3.  As a reference, 6{4}, with R

1
 = R

2
 = H was also included, to shed light on the 

impact of substituents on ring A. 

 

Table 1. Binding energies (ΔG’, kcal mol
-1

) and van der Waals contribution (ΔEvdW, kcal 

mol
-1

) calculated using MM/GBSA. The values in parentheses represent the standard error of 

the mean. 

 
Compound R

1
 R

2
 MM-GBSA 

   ΔEvdW ΔG’ 

6{1} Cl Cl -51.2 (0.1) -49.5 (0.1) 

6{2} Br Br -54.3 (0.1) -54.6 (0.1) 

6{3} F F -48.1 (0.1) -47.9 (0.1) 

6{4} H H -46.6 (0.1) -44.9 (0.1) 

6{5a} Br H -49.6 (0.1) -49.0 (0.1) 

6{5b} H Br -48.9 (0.1) -47.3 (0.2) 

6{6a} F H -46.5 (0.1) -41.6 (0.1) 

6{6b} H F -47.0 (0.1) -47.2 (0.1) 

6{7a} F Cl -47.6 (0.1) -46.3 (0.1) 

6{7b} Cl F -48.9 (0.1) -49.5 (0.1) 

6{8a} H CF3 -48.9 (0.1) -46.4 (0.1) 

6{8b} CF3 H -49.5 (0.1) -45.3 (0.1) 

6{9a} F Br -49.9 (0.1) -49.4 (0.1) 

6{9b} Br F -50.7 (0.1) -49.4 (0.1) 

6{10a} F CF3 -48.9 (0.1) -48.0 (0.1) 

6{10b} CF3 F -48.6 (0.1) -45.8 (0.1) 

6{11a} F OCH3 -50.6 (0.1) -47.3 (0.2) 

6{11b} OCH3 F -50.1 (0.1) -44.8 (0.2) 

 

2.3. Chemistry 
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As it is depicted in Scheme 1, the synthesis of compounds 6{x} consists of a 6 steps route 

and the diversity of R
1
 and R

2
 was introduced at the beginning through the synthesis of the 

corresponding aryl acetate 8{x}. All the synthesis of these starting materials and their 

corresponding 2-aryl acrylates 9{x} by condensation of 8{x} with paraformaldehyde in the 

presence of K2CO3 in DMF were described in a previous work
48

. The 2-aryl acrylates 9{x} 

were refluxed in MeOH with malononitrile (10) in the presence of NaOMe to afford through 

a Michael addition the corresponding pyridones 11{x} in very good yields (up to 93%). Then, 

pyridones 11{x} were condensed with phenyl guanidine (12) leading the corresponding 

intermediates 13{x} which were transformed to the corresponding pyrido[2,3-d]pyrimidines 

14{x} through a Dimroth rearrangement upon treatment with NaOMe/MeOH under 

microwave irradiation at 140 ºC during 40 min. To accomplish the dehydrogenation of 

compounds 14{x}, different procedures were carried out depending on the substituents 

presents in R
1
 and R

2
. When R

1
 = R

2
 = Br, 14{2} was heated at 100 ºC for 4h in anhydrous 

DMSO in presence of NaH to afford 15{2}, whereas when R
1
 = F and R

2
 = CF3, 14{10} was 

refluxed with activated MnO2 in AcOH for 3h to yield 15{10}. Finally, the desired 

compounds 6{x} were obtained by methylation of the lactam nitrogen of the corresponding 

15{x} with MeI in DMSO in the presence of NaH, the yields being in the range 93–96%. 

 

 
Scheme 1: Synthesis of pyrido[2,3-d]pyrimidines 6{x} 

 

2.4. Biological activity assessment 

 

After their synthesis, compounds 6{1}, 6{2}, 6{4} and 6{10} were evaluated at 

Proqinase (http://www.proqinase.com) by measuring residual activity values (%) at a 

concentration of 10 M in front of wild type EFGR. The results obtained (Table 2) indicate 

the best inhibition activity is for compound 6{2} (R
1
 = R

2
 = Br) followed by compound 6{1} 

(R
1
 = R

2
 = Cl) and finally the worst inhibitory activity is for 6{10} (R

1
 = F and R

2
 = CF3), 

showing the following values of residual activity (% of control activity) 3%, 14% and 61%, 

respectively. These experimental inhibitory data are in good qualitative agreement with our 

calculations, showing that MM/GBSA calculations are useful for the purpose used in this 

work. These results would seem indicate that the bulkier the substituent R
1
 and R

2
, the more 

active is the compound 6{x}. This observation is supported by the almost inactivity observed 

for compound 6{4} (R
1
 = R

2
 = H) but the required bulkiness has a limit as is clearly shown 

by compound 6{10} (R
1
 = F and R

2
 = CF3). 

 

http://www.proqinase.com/
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Table 2. Residual activity values (%) at a concentration of 10 M of pyrido[2,3-

d]pyrimidines 6{1}, 6{2}, 6{4} and 6{10} in front of EGFR wild type. 

 

Structure Residual activity (%) 

6{1} 14 

6{2} 3 

6{4} 49 

6{10} 61 

 

2.5. Analysis of EGFR-6{x} interaction 

 

Analysis of the RMSD for each of the ligands shows that the gly-rich loop, the activation 

loop, the αC helix and the DFG motif are stable throughout the simulation.  Regarding 

oscillations around the average conformation, it was only observed that the gly-rich loop 

exhibits a larger RMSF in the case of ligand 6{10} (see RMSF analysis in Supplementary 

Information).  

In order to investigate the influence of the hydrogen bonding network on binding 

energies, the fraction of hydrogen bonding during the MD simulations was calculated with 

cpptraj included in AmberTools13. The results are displayed in Table 3, where no substantial 

difference can be observed in those patterns. 
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Table 3. Donor and acceptor hydrogen bond atoms between ligands and EGFR residues 

through the last 10 ns of simulation. For distance cut-off and angular cut-off, values of 3.4Å 

and 150º were selected, respectively. Average distances between heavy atoms (Å), and angles 

(º) are also shown. The values in parentheses represent the standard deviation.  The two 

hydrogen atoms of NH2 group are discriminated with apostrophe on one of them.  

 

6{1} Acceptor Donor Fraction <Distance> <Angle> 

 N3 HN(Met793) 0.86 3.10 (0.16) 164.9 (9.6) 

 Oγ1(Thr790) HN(C4) 0.30 3.07 (0.15) 162.5 (7.0) 

 O(Met793) HN 0.30 2.93 (0.14) 156.8 (5.3) 

 Oγ1(Thr790) H’N(C4) 0.23 3.08 (0.15) 162.7 (7.0) 

 O(Gln791) H’N(C4) 0.02 2.89 (0.14) 154.1 (3.7) 

      

6{2} Acceptor Donor Fraction <Distance> <Angle> 

 N3 HN(Met793) 0.79 3.09 (0.13) 164.1 (7.0) 

 Oγ1(Thr790) HN(C4) 0.72 2.97 (0.13) 163.0 (7.1) 

 O(Met793) HN 0.33 2.92 (0.14) 156.6 (5.1) 

 O(Gln791) H’N(C4) 0.08 2.91 (0.14) 154.5 (4.0) 

 Oγ1(Thr790) H’N(C4) 0.05 2.96 (0.13) 163.3 (7.7) 

      

6{4} Acceptor Donor Fraction <Distance> <Angle> 

 N3 HN(Met793) 0.83 3.09 (0.14) 164.1 (7.0) 

 O(Met793) HN 0.37 2.91 (0.13) 157.7 (5.7) 

 Oγ1(Thr790) HN(C4) 0.23 3.07 (0.16) 162.7 (7.0) 

 Oγ1(Thr790) H’N(C4) 0.19 3.06 (0.15) 163.3 (7.2) 

 N(Met793) H’N(C4)  0.04 3.24 (0.11) 155.7 (5.0) 

 O(Gln791) HN(C4) 0.03 2.84 (0.12) 155.3 (4.3) 

 O(Gln791) H’N(H) 0.02 2.89 (0.14) 154.0 (4.1) 

      

6{10a} Acceptor Donor Fraction <Distance> <Angle> 

 N3 HN(Met793) 0.81 3.12 (0.13) 164.1 (6.9) 

 Oγ1(Thr790) HN(C4) 0.46 3.09 (0.15) 163.9 (7.0) 

 O(Met793) HN 0.41 2.97 (0.15) 157.2 (5.3) 

 Oγ1(Thr790) H’N(C4) 0.24 3.08 (0.15) 163.7 (7.2) 

 O(Gln791) H’N(C4) 0.05 2.84 (0.12) 154.9 (4.1) 

 O(Gln791) HN(C4) 0.03 2.84 (0.12) 154.3 (4.0) 

 

Decomposition of the binding energy and the van der Waals interaction between 

compounds and their neighboring residues are plotted in Figure 7. Overall, both plots follow 

a similar pattern in almost the entire range, which is consistent with the hypothesis that the 

van der Waals term has a predominant effect on the binding energy. Residues with the highest 

stabilizing contributions are Ala743, Lys745, Thr790, Met793, and Leu844, where the first 

three are close to the substituted aromatic ring A. The differences between the distances 

R
1
∙∙∙O(Ala743) and the van der Waals radii of the atoms involved are reported on Table 4. 

This magnitude increases in the order 6{2} < 6{1} < 6{10a} < 6{4}, what correlates with the 

loss of binding affinity.  A similar effect is also observed between R
1
 and the N atom of the 

adjacent residue Ile744.  The linear correlation coefficients between components and binding 

energies shown in Table S1 confirm this trend. 
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Figure 7. Decomposition of the binding energies ΔG’ (left) and the van der Waals 

contribution ΔEvdW (right) on a pairwise energy decomposition scheme for 6{1} (blue), 6{2} 

(green), 6{4} (yellow), and 6{10a} (red).  

 

Table 4.  Mean bond distance σ between R
1
 substituent and the carbonyl oxygen of Ala743, 

standard deviation in parenthesis, and the difference δ between σ  and the van der Waals radii 

of atoms involved [δ = σ - rvdw(O) - rvdw(R
1
)] (Distances in Å). 

 

R
1
…O(Ala743) σ δ 

6{2} Br∙∙∙O 3.48 (0.21) 0.11 

6{1} Cl∙∙∙O 3.46 (0.26) 0.19 

6{10a} F∙∙∙O 3.28 (0.30) 0.29 

6{4} H∙∙∙O 3.65 (0.41) 0.93 

 

Analysis of water clusters on all four ligands shows a conserved O=C(7) interaction 

through hydrogen bonding with a water molecule. Water distribution around O=C(7) is 

similar for all ligands with the exception of the 6{10a} complex, where the displacement of  

Lys745 restricts the available space. There are other two water molecules within the binding 

site interacting with Gln791 and Thr854, however, unlike the case of erlotinib
43, 49

, these 

water molecules are not directly involved in hydrogen bonding between the ligand and 

EGFR.  In the case of 6{1} there is another water molecule at the bottom of the pocket, 

which interacts with Phe856.  

 

3. Conclusions 

 

Currently, most hit-to-lead campaigns are based on a “trial and error” approach.  A 

computationally-aided synthetic approach is usually not undertaken.  In this work we 
explored the use of a molecular dynamics-based end-point binding free energy protocol to 
estimate the relative affinities of a virtual combinatorial library designed around a 4-amino 

substituted pyridopyrimidine EGFR model inhibitor (6{1}) as a tool to guide chemical 

synthesis toward the most promising compounds, and then validate our predictions through 
biological activity evaluation.    

It was observed that the experimental inhibition activity was in good qualitative 

agreement with our binding free energy calculations using the MM/GBSA method for the 

four synthesized compounds. From the MD trajectories, we concluded that differences at the 

binding free energy level are governed by van der Waals interaction, showing the compounds 

examined negligible differences in terms of hydrogen bonding, and water molecules bridging 

their interaction with EGFR.  It should be also mentioned that a 6-dibromophenyl-substituted 
molecule which exhibited an enhanced affinity toward EGFR compared to the reference 
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ligand was obtained.  Although further validation is needed on other molecular systems –
since in many cases the usefulness of a given computational method is system-dependent-, we 
consider that this approach offers an attractive balance of performance and computational 
affordability. 

 

4. Experimental section 

 

4.1. Docking  

 

Ligand 6{1} was docked within the binding site of EGFR (PDB: 2ITW
42

 ) using a 

flexible-ligand/rigid-receptor approach, as implemented in the ICM package
50, 51

.  Two 

dominant ligand binding modes were observed, and a representative complex of each was 

chosen, and subjected to a flexible-ligand/flexible-side chain Monte Carlo-based global 

energy optimization
40, 52-55

.  Solvation effects were taken into account using a Generalized Born 
model

56
.  A conformational stack was collected throughout the simulation of each complex

57
, 

and the best-energy structure corresponding to each initial binding mode was kept, labeled as 
“favorable” and “unfavorable”, according to their relative energy. 

 

4.2. Preparation of the molecular systems 

 

The simulations were based on the X-ray crystal structure of EGFR in complex with 

(PDB: 2ITW)
42

. In the preparation of the receptor, all Asp and Glu residues were considered 

to have a negative charge and all the Arg and Lys residues were considered to have a positive 

charge.  Histidine tautomers were assigned following the hydrogen bonding pattern. In the 

case of His835, close to binding site, was protonated on the Nε.  

 

4.3. Molecular dynamics (MD) simulations 

 

The complexes have a net charge of +1. To achieve electroneutrality, a chloride was 

added as counterion, with the Leap module. The neutralized complexes were immersed in a 

box of TIP3P
58

 waters which extended up to 10 Å from the solute. The protein was described 

using the Amber99SB force field
59

 with the dielectric constant taken as 1, while the ligands 

were described using the Generalized Amber Force Field (GAFF)
60

, with charges derived 

from AM1-BCC
61

, which were calculated with the Antechamber module. Leap and 

Antechamber are included in the package AmberTools 13.0
62

.   

All MD simulations were run using the NAMD 2.9 software
63

. The van der Waals 

interaction cutoff distances were set at 12 Å and long-range electrostatic forces were 

computed using the particle mesh Ewald summation method with a grid size set to 1.0 Å. The 

1-4 contributions were multiplied by a factor of 0.83 to match the AMBER force field 

requirements. For all production simulations, constant temperature (300 K) was maintained 

using Langevin dynamics with a damping coefficient of 5 ps
-1

, while pressure was kept 

constant at 1 atm through the Nosé-Hoover Langevin piston method with a decay period of 

200 fs and a damping time constant of 100 fs. A time step of 1 fs was used along molecular 

mechanics. Bonds involving hydrogen atoms were constrained using the SHAKE algorithm
64

. 

 

4.4. MM/GBSA calculations 

 

Small-molecule-protein binding free energies were computed using the MM/GBSA 

method for all complexes, where the binding free energy is calculated as the difference 

between the bound and unbound states of protein and ligand, according to
34, 65-68
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bind

bindsolvMMbind

STG

STGEG





'
 (1) 

where … is the trajectory average, EMM is the gas-phase potential energy, and ΔGsolv = ΔW 

(W is the effective solvation energy which incorporates the solvent degrees of freedom).  

Provided the high similarity of the molecules on Table 1, the entropic changes upon binding 

were assumed constant, and thus ΔG’ is reported on Table 1. The solvation free energy ΔGsolv 

was separated into polar and non-polar contributions as 
np

solv

pol

solvsolv GGG   (2) 

The polar contribution to the solvation free energy was calculated using the generalized Born 

(GB) model
67

 implemented in MMPBSA.py module of Amber
69

,  igb=2 as selected model.  

The hydrophobic contribution to the solvation free energy ( nonpG ) was determined using the 

solvent-accessible surface area (SASA) as 

  SASAnonpG
 (3)

 

where values for γ and β were set to 0.0072 kcal·mol
−2

 and 0 kcal·mol
−1

, respectively. The 

protein–ligand binding free energy was calculated using a single trajectory (for ligand, 

receptor and complex)
34, 45

 based on 1000 snapshots taken from the last 10 ns portion (10 ps 

interval) of the MD simulation trajectories. 

For the purpose of obtaining the detailed representation of the ligands/EGFR interactions, 

free energy decomposition analysis was employed to decompose the total binding free 

energies into ligand–residue pairs. These calculations were performed using a pairwise 

energy decomposition scheme (idecomp option 3) also with the MMPBSA.py module. In this 

scheme, interactions are decomposed by specific residue pairs by including only those 

interactions in which one atom from each of the analyzed residues is participating, following 

the work of Gohlke et al.
70

. 

 

4.5. Synthesis and characterization of compounds 

 

4.5.1. General 

 

All solvents and chemicals were reagent grade. Unless otherwise mentioned, all solvents 

and chemicals were purchased from commercial vendors (Fluka, Aldrich, ABCR and ACROS 

Organics) and used without purification. Compound 6{1} was prepared as previously 

described
26

. 
1
H and 

13
C NMR spectra were recorded on a Varian 400-MR spectrometer that 

was operating at a field strength of 400 and 100.6 MHz, respectively. Chemical shifts were 

reported in parts per million () and coupling constants (J) were in Hz by using, in the case of 
1
H NMR spectroscopy, TMS as an internal standard, and in the case of 

13
C NMR 

spectroscopy the solvent at 39.5 ppm (DMSO-d6) or at 29.84 ppm (acetone-d6) as an internal 

reference. Standard and peak multiplicities are designed as follows: s, singlet; d, doublet; t, 

triplet; q, quartet; br, broad signal. IR spectra were recorded in a Thermo Scientific Nicolet 

iS10 FTIR spectrophotometer with Smart iTr. Wavenumbers () are expressed in cm
-1

. MS 

data (m/z (%), EI, 70 eV) were obtained by using an Agilent Technologies 5975 spectrometer 

and a Hewlett Packard HP5988A quadrupole mass spectrometer operating in electronic 

ionization (EI) mode at 70 eV and at 4 kV accelerating potential, or a Bruker Biotoff II 

spectrometer operating in electrospray ionization (ESI) mode with a Time of Flight (TOF) 

detector or on a VG AutoSpec (Micromass Instruments). HRMS data were obtained by using 

a VG AutoSpec (Micromass Instruments) Trisector EBE high resolution spectrometer (EI 

mode), a Bruker Biotof II mass spectrometer (ESI TOF mode). Elemental microanalyses 
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were obtained on a EuroVector Instruments Euro EA elemental analyzer. The melting points 

were determined with a Büchi-Tottoli 530 capillary apparatus and are uncorrected. 

Microwave irradiation experiments were carried out in a Initiator
TM

 (Biotage) microwave 

apparatus, operating at a frequency of 2.45 GHz with continuous irradiation power from 0 to 

400 W. Reactions were carried out in 0.5, 2.5, 5, 20 mL glass tubes, sealed with 

aluminium/Teflon crimp tops, which can be exposed up to 250 
o
C and 20 bar internal 

pressure. Temperature was measured with an IR sensor on the outer surface of the process 

vial. After the irradiation period, the reaction vessel was cooled rapidly to 50 
o
C by air jet 

cooling. 

The synthesized compounds have been checked for their melting points, physical nature, 

IR, 
1
H NMR, 

13
C NMR, Mass spectroscopy and Elemental analysis for individual compounds 

and the data are summarized as under 

 

4.5.2. 5-(2,6-dibromophenyl)-2-methoxy-6-oxo-1,4,5,6-tetrahydropyridine-3-carbonitrile 

(11{2}) 

To a solution of 913.0 mg (16.42 mmol) of NaOMe in 20 mL of anhydrous methanol, 

802.0 mg (12.14 mmol) of malononitrile (10) were added and the mixture left cool down. 

3.26 g (10.2 mmol) of methyl 2-(2,6-dibromophenyl)acrylate (9{2})
48

 were added slowly and 

the mixture refluxed for 5 h. The solvent was evaporated in vacuo and the residue dissolved 

in the minimum quantity of water. Careful neutralization to pH 7 with 2M aqueous HCl 

allowed the precipitation of a solid which was filtered, washed with cold water and dried in 

vacuo over phosphorus pentoxide. 3.750 g (9.71 mmol, 95%) of 5-(2,6-dibromophenyl)-2-

methoxy-6-oxo-1,4,5,6-tetrahydropyridine-3-carbonitrile (11{2}) were obtained as a white 

solid, mp 200-203 
o
C. 

1
H NMR (400 MHz, DMSO-d6) δ (ppm): 10.88 (br s, 1H), 7.71 (ddd, J 

= 16.1, 8.0, 1.0 Hz, 2H), 7.19 (t, J = 8.0 Hz, 1H), 4.71 (dd, J = 13.9, 8.8 Hz, 1H), 3.97 (s, 

3H), 2.97 (dd, J = 15.2, 13.9 Hz, 1H), 2.46 (dd, J = 15.2, 8.8 Hz, 1H). 
13

C NMR (100.6 MHz, 

DMSO-d6) δ (ppm): 169.0, 159.5, 136.5, 133.9, 132.3, 130.8, 126.5, 124.2, 118.3, 62.5, 59.1, 

47.3, 25.1. IR (KBr): (cm
-1

): 3230, 3183, 2926, 2203, 1713, 1645, 1487, 1254. MS (70 eV, 

EI): m/z (%) = 385.8 (19) [M]
+
, 304.9 (12) [M-Br]

+
, 275.7 (100) [M-CH3OBr]

+
. HRMS (70 

eV, EI): calcd. for C13H10Br2N2O2: 383.9109 [M]
+
, found: 383.9109. 

 

4.5.3. 2-methoxy-6-oxo-5-phenyl-1,4,5,6-tetrahydropyridine-3-carbonitrile (11{4}) 

As above for 11{2} but using NaOMe (1.289 g, 23.18 mmol), anhydrous methanol (29 

mL), malononitrile (10) (1.133 g, 17.15 mmol) and methyl 2-phenylacrylate (9{4})
48

 (2.34 g, 

14.4 mmol) to afford 1.741 g (7.63 mmol, 53%) of 2-methoxy-6-oxo-5-phenyl-1,4,5,6-

tetrahydropyridine-3-carbonitrile (11{4}) as a yellow solid, mp 138-141 
o
C. 

1
H NMR (400 

MHz, DMSO-d6) δ (ppm): 10.78 (br s, 1H), 7.37 – 7.32 (m, 2H), 7.31 – 7.27 (m, 1H), 7.26 – 

7.23 (m, 2H), 3.95 (s, 3H), 3.85 (dd, J = 11.0, 6.7 Hz, 1H), 2.73 (dd, J = 15.4, 11.0 Hz, 1H), 

2.60 (dd, J = 15.4, 6.7 Hz, 1H). 
13

C-RMN (100.6 MHz, DMSO-d6) δ (ppm): 171.3, 159.7, 

137.8, 128.37, 128.36, 127.1, 118.5, 63.2, 58.9, 45.5, 28.0. IR (KBr): (cm
-1

): 3427, 3226, 

2204, 1712, 1644. MS (ESI-TOF): m/z (%) = 229.1 (20) [M+H]
+
. HRMS (ESI-TOF): calcd. 

for C13H13N2O2: 229.0972 [M+H]
+
, found: 229.0969. 

 

4.5.4. 5-(2-fluoro-6-(trifluoromethyl)phenyl)-2-methoxy-6-oxo-1,4,5,6-

tetrahydropyridine-3-carbonitrile (11{10}) 

As above for 11{2} but using NaOMe (913.0 mg, 16.42 mmol), anhydrous methanol (20 

mL), malononitrile (10) (802.0 mg, 12.14 mmol) and methyl 2-(2-fluoro-6-

(trifluoromethyl)phenyl)acrylate (9{10}) (2.53 g, 10.2 mmol) to afford 2.969 g (9.45 mmol, 

93%) of 5-(2-fluoro-6-(trifluoromethyl)phenyl)-2-methoxy-6-oxo-1,4,5,6-tetrahydropyridine-

3-carbonitrile (11{10}) as a white solid, mp 207-208 
o
C. 

1
H NMR (400 MHz, DMSO-d6) δ 
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(ppm): 10.93 (br s, 1H), 7.67 – 7.57 (m, 3H), 4.14 (dd, J = 13.8, 7.1 Hz, 1H), 3.98 (s, 3H), 

2.79 (t, J = 15.0 Hz, 1H), 2.43 (dd, J = 15.3, 7.5 Hz, 1H). 
13

C NMR (100.6 MHz, DMSO-d6) 

δ (ppm): 169.2, 161.0 (d, J = 248.1 Hz), 159.85, 130.4 (d, J = 9.7 Hz), 129.7 (dq, J = 30.2, 

5.6 Hz), 124.3 (d, J = 16.0 Hz), 123.6 (dq, J = 274.3, 3.6 Hz), 121.9, 120.7 (d, J = 22.6 Hz), 

118.2, 62.9, 59.0, 40.15, 26.6 (d, J = 3.3 Hz). IR (KBr): (cm
-1

): 3220, 3180, 2960, 2199, 

1715, 1639, 1487, 1323, 1251, 1120. MS (70 eV, EI): m/z (%) = 314.0 (16) [M]
+
, 204.0 (100) 

[M-C3H3F3N]
+
. HRMS (70 eV, EI): calcd. for C14H10F4N2O2: 314.0678 [M]

+
, found: 

314.0680. 

 

4.5.5. 2-amino-6-(2,6-dibromophenyl)-4-imino-3-phenyl-4,5,6,8-tetrahydropyrido[2,3-

d]pyrimidin-7(3H)-one (13{2}) 

A mixture of N-phenylguanidine carbonate (12 having a C7H9N3・(H2CO3)0.7 

stoichiometry) (523.0 mg, 3.07 mmol of N-phenylguanidine), sodium methoxide (232.5 mg, 

4.30 mmol), and 1,4-dioxane (15 mL) is sealed in a 20 mL microwave vial and heated at 65 

ºC under microwave irradiation for 15 min. A clear solution with a white precipitate is 

obtained. The solid is removed by filtration and the mother liquor is transferred to a 20 mL 

microwave vial together with 5-(2,6-dibromophenyl)-2-methoxy-6-oxo-1,4,5,6-tetra-

hydropyridine-3-carbonitrile (11{2}) (393.0 mg, 1.02 mmol). The vial is sealed and heated at 

140 ºC under microwave irradiation for 40 min. The solvent of the red solution obtained is 

removed in vacuo, and the resulting red oil is treated with acetone (10 mL) and sonication for 

10 min while a white precipitate is formed. The solid is filtered, washed with cold acetone to 

afford 402.4 mg (3.29 mmol) (81%) of 2-amino-6-(2,6-dibromophenyl)-4-imino-3-phenyl-

4,5,6,8-tetrahydropyrido[2,3-d]pyrimidin-7(3H)-one (13{2}) as a light orange solid, mp 262-

264 
o
C. 

1
H NMR (400 MHz, DMSO-d6) δ (ppm): 10.00 (br s, 1H), 7.72 (dd, J = 8.0, 1.1 Hz, 

1H), 7.69 (dd, J = 8.0, 1.1 Hz, 1H), 7.58 (t, J = 7.5 Hz, 2H), 7.55 – 7.48 (m, 1H), 7.32 (d, J = 

7.3 Hz, 2H), 7.18 (t, J = 8.0 Hz, 1H), 6.19 (br s, 2H), 5.54 (br s, 1H), 4.62 (dd, J = 13.3, 9.4 

Hz, 1H), 2.86 (dd, J = 16.0, 9.4 Hz, 1H), 2.74 (dd, J = 15.9, 13.4 Hz, 1H). 
13

C NMR (100.6 

MHz, DMSO-d6) δ (ppm): 169.7, 156.3, 153.9, 149.0, 138.2, 135.3, 135.2, 133.8, 132.1, 

130.5, 130.4, 129.5, 129.4, 129.1, 126.3, 124.3, 84.9, 47.9, 24.5. IR (KBr): (cm
-1

): 3396, 

3174, 1685, 1634, 1525, 1486, 1430, 1379, 1315, 1268, 1198, 767, 703. Anal. calcd for 

C19H15N5OBr2: C: 46.65%, H: 3.09%, N: 14.32%, O: 3.27%, Br: 32.67%; Found: C: 46.49%, 

H: 2.99%, N: 14.23%. HRMS (ESI-TOF): calcd. for C19H16Br2N5O: 487.9716 [M+H]
+
, 

found: 487.9718. 

 

4.5.6. 2-amino-4-imino-3,6-diphenyl-4,5,6,8-tetrahydropyrido[2,3-d]pyrimidin-7(3H)-

one (13{4}) 

As above for 13{2} but using N-phenylguanidine carbonate (12 having a 

C7H9N3・(H2CO3)0.7 stoichiometry) (523.0 mg, 3.07 mmol of N-phenylguanidine), sodium 

methoxide (232.5 mg, 4.30 mmol), dioxane (15 mL) and 2-methoxy-6-oxo-5-phenyl-1,4,5,6-

tetrahydropyridine-3-carbonitrile (11{4}) (232,4 mg, 1.02 mmol) to afford 192.7 mg (0.58 

mmol, 53%) of 2-amino-4-imino-3,6-diphenyl-4,5,6,8-tetrahydropyrido[2,3-d]pyrimidin-

7(3H)-one (13{4}) as a white solid, mp 248-251 
o
C. 

1
H NMR (400 MHz, DMSO-d6) δ 

(ppm): 9.94 (br s, 1H), 7.63 – 7.46 (m, 3H), 7.38 – 7.18 (m, 7H), 6.11 (br s, 2H), 5.04 (br s, 

1H), 3.80 (dd, J = 9.4, 7.4 Hz, 1H), 2.84 (dd, J = 16.1, 7.3 Hz, 1H), 2.69 (dd, J = 15.9, 9.3 

Hz, 1H). 
13

C NMR (100.6 MHz, DMSO-d6) δ (ppm): 172.0, 153.7, 149.9, 139.7, 135.3, 

130.5, 129.5, 129.3, 129.1, 128.2, 128.2, 126.7, 86.2, 46.1, 26.4. IR (KBr): (cm
-1

): 3491, 

3412 3313, 3153, 2890, 1684, 1637, 1524, 1489, 1454, 1380, 1313, 1260, 1197, 770, 701. 

HRMS (ESI-TOF): calcd. For C19H18N5O: 332.1506 [M+H]
+
, found: 332.1514. 
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4.5.7. 2-amino-6-(2-fluoro-6-(trifluoromethyl)phenyl)-4-imino-3-phenyl-4,5,6,8-

tetrahydropyrido[2,3-d]pyrimidin-7(3H)-one (13{10}) 

As above for 13{2} but using N-phenylguanidine carbonate (12 having a 

C7H9N3・(H2CO3)0.7 stoichiometry) (523.0 mg, 3.07 mmol of N-phenylguanidine), sodium 

methoxide (232.5 mg, 4.30 mmol), dioxane (15 mL) and 5-(2-fluoro-6-

(trifluoromethyl)phenyl)-2-methoxy-6-oxo-1,4,5,6-tetrahydropyridine-3-carbonitrile 

(11{10}) (320.0 mg, 1.02 mmol) to afford 393.9 mg (0.94 mmol, 93%) of 2-amino-6-(2-

fluoro-6-(trifluoromethyl)phenyl)-4-imino-3-phenyl-4,5,6,8-tetrahydropyrido[2,3-

d]pyrimidin-7(3H)-one (13{10}) as a white solid, mp 252-254 
o
C. 

1
H NMR (400 MHz, 

DMSO-d6) δ (ppm): 10.05 (br s, 1H), 7.70 – 7.45 (m, 6H), 7.31 (dd, J = 13.2, 7.5 Hz, 2H), 

6.16 (br s, 2H), 5.27 (br s, 1H), 4.01 (dd, J = 13.8, 8.1 Hz, 1H), 2.92 (dd, J = 15.3, 8.2 Hz, 

1H), 2.57 (dd, J = 15.0, 13.8 Hz, 1H). 
13

C NMR (100.6 MHz, DMSO-d6) δ (ppm): 169.7, 

161.1 (d, J = 247.8 Hz), 156.0, 153.9, 149.7, 135.2, 130.6, 129.9 (d, J = 9.8 Hz), 129.7 (m), 

129.5, 129.4 (m), 129.4, 129.2, 126.5 (d, J = 16.5 Hz), 123.7 (dq, J = 274.1, 3.2 Hz), 121.7 

(m), 120.6 (d, J = 22.9 Hz), 85.7, 40.7, 25.8 (d, J = 2.6 Hz). IR (KBr): (cm
-1

): 3446, 3312, 

3177, 2944, 1689, 1643, 1523, 1468, 1384, 1318, 1267, 1167, 1120, 807. HRMS (ESI-TOF): 

calcd. for C20H16F4N5O: 418.1285 [M+H]
+
, found: 418.1300. 

 

4.5.8. 4-amino-6-(2,6-dibromophenyl)-2-(phenylamino)-5,8-dihydropyrido[2,3-

d]pyrimidin-7(6H)-one (14{2}) 

A mixture of 2-amino-6-(2,6-dibromophenyl)-4-imino-3-phenyl-4,5,6,8-

tetrahydropyrido[2,3-d]pyrimidin-7(3H)-one (13{2}) (1.609 g, 3.29 mmol), sodium 

methoxide (177.7 mg, 3.29 mmol) and methanol (10 mL) is sealed in a 20 mL microwave 

vial and heated at 140 ºC under microwave irradiation for 40 min. The white solid obtained is 

filtered, washed with water, ethanol and diethyl ether to afford 1.429 mg (2.92 mmol) (89%) 

of pure 4-amino-6-(2,6-dibromophenyl)-2-(phenylamino)-5,8-dihydropyrido[2,3-

d]pyrimidin-7(6H)-one (14{2}), mp > 280 
o
C. 

1
H NMR (400 MHz, DMSO-d

6
) δ (ppm): 

10.35 (br s, 1H), 8.75 (br s, 1H), 7.84 (dd, J = 8.7, 1.0 Hz, 2H), 7.73 (ddd, J = 12.6, 8.0, 1.2 

Hz, 2H), 7.23 – 7.15 (m, 3H), 6.84 (tt, J = 7.3, 1.1 Hz, 1H), 6.39 (br s, 2H), 4.70 (dd, J = 

13.0, 9.2 Hz, 1H), 2.96 (dd, J = 15.9, 9.2 Hz, 1H), 2.85 (dd, J = 15.9, 13.0 Hz, 1H). 
13

C NMR 

(100.6 MHz, DMSO-d6) δ (ppm): 169.2, 161.5, 158.3, 155.6, 141.4, 138.2, 133.9, 132.1, 

130.5, 128.2, 126.3, 124.4, 120.2, 118.4, 84.1, 47.9, 23.7. IR (KBr): (cm
-1

): 3499, 3400, 

3286, 3201, 3136, 3090, 2917, 1676, 1637, 1612, 1574, 1550, 1499, 1478, 1441, 1382, 1246, 

778, 757. Anal. calcd for C19H15N5OBr2: C: 46.65%, H: 3.09%, N: 14.32%, O: 3.27%, Br: 

32.67%; Found: C: 46.67%, H: 2.90%, N: 14.18%. HRMS (ESI-TOF): calcd. for 

C19H16Br2N5O: 487.9716 [M+H]
+
, found: 487.9713. 

 

4.5.9. 4-amino-6-phenyl-2-(phenylamino)-5,8-dihydropyrido[2,3-d]pyrimidin-7(6H)-one 

(14{4}) 

As above for 14{2} but using 2-amino-4-imino-3,6-diphenyl-4,5,6,8-

tetrahydropyrido[2,3-d]pyrimidin-7(3H)-one (13{4}) (497.1 mg, 1.5 mmol), sodium 

methoxide (81.0 mg, 1.5 mmol) and methanol (5 mL) to afford 416.0 mg (1.26 mmol, 84%) 

of pure 4-amino-6-phenyl-2-(phenylamino)-5,8-dihydropyrido[2,3-d]pyrimidin-7(6H)-one 

(14{4}) as a white solid, mp > 280 
o
C. 

1
H NMR (400 MHz, DMSO-d6) δ (ppm): 10.27 (br s, 

1H), 8.72 (br s, 1H), 7.83 (d, J = 7.7 Hz 2H), 7.36 – 7.29 (m, 2H), 7.29 – 7.22 (m, 3H), 7.18 

(t, J = 7.5 Hz, 2H), 6.84 (t, J = 7.3 Hz, 1H), 6.38 (br s, 2H), 3.87 (dd, J = 9.3, 7.0 Hz, 1H), 

2.95 (dd, J = 15.9, 6.9 Hz, 1H), 2.82 (dd, J = 15.9, 9.5 Hz, 1H). 
13

C NMR (100.6 MHz, 

DMSO-d6) δ (ppm): 172.0, 161.3, 158.2, 156.1, 141.5, 139.6, 128.3, 128.2, 128.2, 126.8, 

120.2, 118.4, 85.7, 46.2, 25.6. IR (KBr): (cm
-1

): 3469, 3255, 3171, 2926, 1696, 1642, 1591, 
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1574, 1542, 1485, 1449, 1433, 1379, 1243, 783, 785, 700. HRMS (ESI-TOF): calcd. 

forC19H18N5O: 332.1506 [M+H]
+
, found: 332.1508. 

 

4.5.10. 4-amino-6-(2-fluoro-6-(trifluoromethyl)phenyl)-2-(phenylamino)-5,8-

dihydropyrido[2,3-d]pyrimidin-7(6H)-one (14{10}) 

As above for 14{2} but using 2-amino-6-(2-fluoro-6-(trifluoromethyl)phenyl)-4-imino-3-

phenyl-4,5,6,8-tetrahydropyrido[2,3-d]pyrimidin-7(3H)-one (13{10}) (1.576 g, 3.78 mmol), 

sodium methoxide (203.9 mg, 3.78 mmol) and methanol (10 mL) to afford 1.261 g (3.02 

mmol, 80%) of pure 4-amino-6-(2-fluoro-6-(trifluoromethyl)phenyl)-2-(phenylamino)-5,8-

dihydropyrido[2,3-d]pyrimidin-7(6H)-one (14{10}) as a white solid, mp > 280 
o
C. 

1
H NMR 

(400 MHz, DMSO-d
6
) δ (ppm): 10.45 (br s, 1H), 8.78 (br s, 1H), 7.90 – 7.78 (m, 2H), 7.72 – 

7.58 (m, 3H), 7.26 – 7.14 (m, 2H), 6.85 (tt, J = 7.5, 1.1 Hz, 1H), 6.42 (br s, 2H), 4.09 (dd, J = 

13.6, 7.7 Hz, 1H), 3.02 (dd, J = 16.3, 7.7 Hz, 1H), 2.68 (t, J = 14.8 Hz, 1H). 
13

C NMR (100.6 

MHz, DMSO-d6) δ (ppm): 169.5, 161.21, 161.18 (d, J = 248.0 Hz), 158.4, 155.9, 141.4, 

130.0 (d, J = 9.7 Hz), 129.6 (dq, J = 29.5, 5.2 Hz), 128.22, 126.2 (d, J = 15.5 Hz), 123.7 (dq, 

J = 274.2, 3.5 Hz), 121.7, 120.6 (d, J = 22.3 Hz), 120.3, 118.5, 84.9, 40.7, 24.9 (d, J = 2.5 

Hz). IR (KBr): (cm
-1

): 3472, 3249, 3204, 3119, 2934, 1692, 1640, 1589, 1573, 1545, 1497, 

1468, 1434, 1386, 1320, 1256, 1112, 784. Anal. calcd for C20H15N5OF4: C: 57.56%, H: 

3.62%, N: 16.78%, O: 3.83%, Br: 18.21%; Found: C: 57.43%, H: 3.84%, N: 16.64%. HRMS 

(ESI-TOF): calcd. for C20H16F4N5O: 418.1285 [M+H]
+
, found: 418.1289. 

 

4.5.11. 4-amino-6-(2,6-dibromophenyl)-2-(phenylamino)pyrido[2,3-d]pyrimidin-7(8H)-

one (15{2}) 

A mixture of 244.6 mg (0.5 mmol) of 4-amino-6-(2,6-dibromophenyl)-5,6-dihydro-2-

(phenylamino)pyrido[2,3-d]pyrimidin-7(8H)-one (14{2}) and 60.0 mg (1.5 mmol) of sodium 

hydride (NaH) (60% dispersion in mineral oil) in 5 mL of anhydrous DMSO was heated for 4 

hours at 100 ºC protected from moisture. The resulting solution was cooled down, water (300 

mL) was added and it was neutralized with AcOH. The resulting precipitate was filtered, 

washed with EtOH and EtOEt and dried in vacuo over phosphorus pentoxide to afford 199.5 

mg (0.41 mmol, 82%) of 4-amino-6-(2,6-dibromophenyl)-2-(phenylamino)pyrido[2,3-

d]pyrimidin-7(8H)-one (15{2}) as a brownish solid, mp > 280 
o
C. 

1
H NMR (400 MHz, 

DMSO-d6) δ (ppm): 11.85 (br s, 1H), 9.27 (br s, 1H), 8.00 (s, 1H), 7.90 (dd, J = 8.7, 1.0 Hz, 

2H), 7.76 (d, J = 8.1 Hz, 2H), 7.31 (br s, 2H), 7.29 – 7.22 (m, 3H), 6.94 (t, J = 7.3 Hz, 1H). 
13

C NMR (100.6 MHz, DMSO-d6) δ (ppm): 161.1, 161.0, 159.5, 156.1, 140.6, 138.6, 135.0, 

131.7, 131.0, 128.3, 126.0, 125.6, 121.4, 119.5, 91.2. IR (KBr): (cm
-1
): 3396, 3207, 1626, 

1594, 1529, 1498, 1446, 1310, 1261. HRMS (ESI-TOF): calcd. for C19H14Br2N5O: 485.9560 

[M+H]
+
, found: 485.9564. 

 

4.5.12. 4-amino-6-phenyl-2-(phenylamino)pyrido[2,3-d]pyrimidin-7(8H)-one (15{4}) 

As above for 15{2} but using 4-amino-6-phenyl-2-(phenylamino)-5,8-dihydropyrido[2,3-

d]pyrimidin-7(6H)-one (14{4}) (165.7 mg, 0.5 mmol), sodium hydride (NaH) (60% 

dispersion in mineral oil) (60.0 mg, 1.5 mmol) and anhydrous DMSO (5 mL) to afford 157.0 

mg (0.48 mmol, 95%) of 4-amino-6-phenyl-2-(phenylamino)pyrido[2,3-d]pyrimidin-7(8H)-

one (15{4}) as a brownish solid, mp > 280 
o
C. 

1
H NMR (400 MHz, DMSO-d6) δ (ppm): 

11.76 (br s, 1H), 9.22 (br s, 1H), 8.29 (s, 1H), 7.91 (dd, J = 8.7, 1.0 Hz, 2H), 7.75 (dd, J = 

8.3, 1.3 Hz, 2H), 7.43 – 7.33 (m, 4H), 7.30 (tt, J = 7.4, 1.3 Hz, 1H), 7.27– 7.21 (m, 2H), 6.94 

(tt, J = 7.3, 1.1 Hz, 1H). 
13

C NMR (100.6 MHz, DMSO-d6) δ (ppm): 162.7, 161.1, 159.2, 

155.3, 140.7, 136.6, 133.0, 128.3, 128.3, 127.8, 126.9, 124.1, 121.3, 119.4, 92.0. IR (KBr): 

(cm
-1

): 3401, 3057, 2922, 1633, 1595, 1564, 1531, 1500, 1472, 1451, 1440, 1315, 1265, 

899, 794, 752, 694. MS (ESI-TOF): m/z (%) = 330.1 (100) [M+H]
+
, 313.1 (10) [M-NH2]

+
, 
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237.1 (1) [M-NHPh]
+
. HRMS (ESI-TOF): calcd. for C19H16N5O: 330.1349 [M+H]

+
, found: 

330.1349. 

 

4.5.13. 4-amino-6-(2-fluoro-6-(trifluoromethyl)phenyl)-2-(phenylamino)pyrido[2,3-

d]pyrimidin-7(8H)-one (15{10}) 

A mixture of 208.7 mg (0.5 mmol) of 4-amino-6-(2-fluoro-6-(trifluoromethyl)phenyl)-2-

(phenylamino)-5,8-dihydropyrido[2,3-d]pyrimidin-7(6H)-one (14{10}) and 114.0 mg (1.0 

mmol) of activated MnO2 in 8.5 mL of acetic acid was refluxed for 3 hours. The resulting hot 

suspension was filtered and the solvent was removed in vacuo. The resulting solid was 

refluxed with water in order to eliminate MnO2 traces, then filtrated and dried in vacuo over 

phosphorus pentoxide to afford 187.3 mg (0.45 mmol, 90%) of 4-amino-6-(2-fluoro-6-

(trifluoromethyl)phenyl)-2-(phenylamino)pyrido[2,3-d]pyrimidin-7(8H)-one (15{10}) as a 

brownish solid, mp > 280 
o
C. 

1
H NMR (400 MHz, DMSO-d6) δ (ppm): 11.85 (br s, 1H), 9.26 

(br s, 1H), 8.07 (s, 1H), 7.89 (d, J = 8.3 Hz, 2H), 7.65 (m, 4H), 7.32 (br s, 2H), 7.25 (t, J = 8.0 

Hz, 2H), 6.94 (t, J = 7.2 Hz, 1H). 
13
C NMR (100.6 MHz, DMSO-d6) δ (ppm): 161.8, 161.0, 

160.5 (d, J = 244.3 Hz), 159.5, 156.2, 140.5, 135.4, 130.5 (d, J = 8.9 Hz), 130.4 (dq, J = 31.2, 

3.0 Hz), 128.3, 123.9 (d, J = 20.5 Hz), 123.3 (dq, J = 274.5, 2.8 Hz), 121.9 (m), 121.4, 119.7, 

119.5, 116.3, 91.0. IR (KBr): (cm
-1
): 3407, 3212, 1631, 1596, 1565, 1533, 1500, 1467, 1445, 

1320, 1253, 1170, 1132, 902, 800. HRMS (ESI-TOF): calcd. for C20H14F4N5O: 416.1129 

[M+H]
+
, found: 416.1133. 

 

4.5.14. 4-amino-6-(2,6-dibromophenyl)-8-methyl-2-(phenylamino)pyrido[2,3-

d]pyrimidin-7(8H)-one (6{2}) 

To a solution of 341.0 mg (0.7 mmol) of 4-amino-6-(2,6-dibromophenyl)-2-

(phenylamino)pyrido[2,3-d]pyrimidin-7(8H)-one (15{2}) in 10 mL of anhydrous DMSO, 

28.0 mg (0.7 mmol) of sodium hydride (NaH) (60% dispersion in mineral oil) were added 

and the mixture was stirred for 1 hour at room temperature under nitrogen atmosphere. After 

this period, 43.8 µL (0.7 mmol) of methyl iodide were added dropwise and then stirred 

overnight at room temperature. The reaction was quenched by addition of 300 mL of water 

and the resulting precipitate was filtered, washed with water and dried in vacuo over 

phosphorus pentoxide to afford 325.0 mg (0.65 mmol, 93%) of 4-amino-6-(2,6-

dibromophenyl)-8-methyl-2-(phenylamino)pyrido[2,3-d]pyrimidin-7(8H)-one (6{2}) as a 

brownish solid, mp 259-261 
o
C. 

1
H NMR (400 MHz, DMSO-d6) δ (ppm): 9.43 (br s, 1H), 

8.05 (s, 1H), 7.84 (d, J = 8.5 Hz, 2H), 7.77 (dd, J = 8.0, 0.7 Hz, 2H), 7.40 (br s, 2H), 7.35 – 

7.23 (m, 3H), 7.01 – 6.92 (m, 1H), 3.60 (s, 3H). 
13

C NMR (100.6 MHz, DMSO-d6) δ (ppm): 

161.7, 160.3, 159.0, 156.0, 140.4, 138.9, 133.6, 131.7, 131.0, 128.4, 125.6, 124.6, 121.7, 

119.6, 91.6, 28.4. IR (KBr): (cm
-1
): 3402, 2924, 1631, 1572, 1523, 1496, 1468, 1445, 1344, 

1315, 1193, 799. HRMS (ESI-TOF): calcd. for C20H16Br2N5O: 499.9716 [M+H]
+
, found: 

499.9717. 

 

4.5.15. 4-amino-8-methyl-6-phenyl-2-(phenylamino)pyrido[2,3-d]pyrimidine-7(8H)-one 

(6{4}) 

As above for 6{2} but using 4-amino-6-phenyl-2-(phenylamino)pyrido[2,3-d]pyrimidin-

7(8H)-one (15{4}) (164.7 mg, 0.5 mmol), sodium hydride (NaH) (60% dispersion in mineral 

oil) (20.0 mg, 0.5 mmol), anhydrous DMSO (7 mL) and methyl iodide (31.3 µL, 0.5 mmol to 

afford 143.7 mg (0.42 mmol, 84%) of 4-amino-8-methyl-6-phenyl-2-

(phenylamino)pyrido[2,3-d]pyrimidine-7(8H)-one (6{4}) as a brownish solid, mp 238-241 
o
C. 

1
H NMR (400 MHz, DMSO-d6) δ (ppm): 9.36 (br s, 1H), 8.30 (s, 1H), 7.84 (d, J = 7.7 

Hz, 2H), 7.72 (dd, J = 8.5, 1.2 Hz, 2H), 7.44 (br s, 2H), 7.41 (t, J = 7.6 Hz, 2H), 7.34 – 7.24 

(m, 3H), 6.96 (t, J = 7.3 Hz, 1H), 3.63 (s, 3H). 
13

C NMR (100.6 MHz, DMSO-d6) δ (ppm): 
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161.9, 161.7, 158.8, 155.4, 140.5, 137.1, 131.5, 128.6, 128.5, 127.9, 127.0, 123.0, 121.6, 

119.5, 92.4, 28.5. IR (KBr): (cm
-1

): 3347, 3210, 3055, 2924, 1632, 1575, 1525, 1495, 1438, 

1400, 1346, 1310, 1234, 1198, 1013, 797, 751, 696. HRMS (ESI-TOF): calcd for C20H18N5O: 

344.1506, [M+H]
+
, found: 344.1508. 

 

4.5.16. 4-amino-6-(2-fluoro-6-(trifluoromethyl)phenyl)-8-methyl-2-

(phenylamino)pyrido[2,3-d]pyrimidine-7(8H)-one (6{10}) 

As above for 6{2} but using 4-amino-6-(2-fluoro-6-(trifluoromethyl)phenyl)-2-

(phenylamino)pyrido[2,3-d]pyrimidin-7(8H)-one (15{10}) (290.7 mg, 0.7 mmol), sodium 

hydride (NaH) (60% dispersion in mineral oil) (28.0 mg, 0.7 mmol), anhydrous DMSO (10 

mL) and methyl iodide (43.8 µL, 0.7 mmol to afford 283.2 mg (0.66 mmol, 95%) of 4-amino-

6-(2-fluoro-6-(trifluoromethyl)phenyl)-8-methyl-2-(phenylamino)pyrido[2,3-d]pyrimidine-

7(8H)-one (6{10}) as a brownish solid, mp 260-261 
o
C. 

1
H NMR (400 MHz, acetone-d6) δ 

(ppm): 8.59 (br s, 1H), 7.99 (s, 1H), 7.91 (dd, J = 8.7, 1.0 Hz, 2H), 7.68 – 7.64 (m, 2H), 7.55 

– 7.47 (m, 1H), 7.36 – 7.29 (m, 2H), 7.04 – 6.99 (m, 1H), 6.88 (br s 2H), 3.67 (s, 3H). 
13

C 

NMR (100.6 MHz, acetone-d6) δ (ppm): 163.0, 162.2, 162.1 (d, J = 245.5 Hz), 160.46, 

157.73, 141.32, 134.02, 132.2 (dq, J = 29.8, 3.1 Hz), 131.1 (d, J = 9.0 Hz), 129.37, 125.6 (dq, 

J = 20.7, 1.9 Hz), 124.6 (qd, J = 273.8, 3.6 Hz), 122.9, 122.6 (m), 120.6, 120.1 (dd, J = 23.4, 

0.7 Hz), 117.4, 92.5, 28.8. IR (KBr): (cm
-1

): 3350, 3206, 1633, 1611, 1573, 1523, 1469, 

1442, 1320, 1169, 1134, 901, 800. Anal. calcd for C21H15N5OF4: C: 58.74%, H: 3.52%, N: 

16.31%, O: 3.73%, F: 17.70%; Found: C: 58.72%, H: 3.47%, N: 16.00%. MS (70 eV, EI): 

m/z (%) = 429.1 (100) [M]
+
, 410.1 (15) [M-F]

+
, 360.1 (60) [M-CF3]

+
. 

 

4.6. Enzymatic assay 

 

The kinase inhibition profile of compounds was evaluated at Proqinase 

(http://www.proqinase.com) by measuring residual activity values at a concentration of 10 

M of the test compound in singlicate in front of EGFR wild type using the following 

protocol: The compounds were dissolved to 1 x 10
-3

 M stock solutions in 100% DMSO. 

Subsequently, 100 L of each stock solution were transferred into wells A3-F12 of a 

microtiter plate (“master plate”). Wells A1-F2 were filled with 100 L 100% DMSO as 

controls. 5 x 10 L of the master plate were aliquoted into 5 copy plates, which were stored at 

-20 
o
C until use. For the testing of each group of up to 8 kinases, one copy plate was used. In 

the process, 90 L H2O were added to each well of a copy plate. To minimize precipitation, 

the H2O was added to each well only a few minutes before the transfer of the compound 

solutions into the assay plates. The plate was shaken thoroughly, resulting in a “compound 

dilution plate” with a compound concentration of 1 x 10
-04

 M/10% DMSO. This plate was 

used for the transfer of 5 L compound solution into the assay plates. The final volume of the 

assay was 50 L. All compounds were tested at 1 x 10
-05

 M in singlicate. The final DMSO 

concentration in the reaction cocktails was 1% in all cases. The compound dilution plates 

were disposed at the end of each working day. 

A radiometric protein kinase assay (
33

PanQinase® Activity Assay) was used for 

measuring the kinase activity of the corresponding protein kinases. All kinase assays were 

performed in 96-well FlashPlatesTM from Perkin Elmer (Boston, MA, USA) in a 50 L 

reaction volume. The reaction cocktail was pipetted in 4 steps in the following order: 10 L 

of non-radioactive ATP solution (in H2O); 25 L of assay buffer/[-
33

P]-ATP mixture; 5 L of 

test sample in 10% DMSO; 10 L of enzyme/substrate mixture. The assay for all protein 

kinases contained 70 mM HEPES-NaOH pH 7.5, 3 mM MgCl2, 3 mM MnCl2, 3 M Na-

orthovanadate, 1.2 mM DTT, ATP (variable amounts, corresponding to the apparent ATP-Km 
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of the respective kinase), [-
33

P]-ATP (approx. 8 x 10
05

 cpm per well), protein kinase 

(variable amounts), and substrate (variable amounts). The protein kinase reaction cocktails 

were incubated at 30 
o
C for 60 min. The reaction was stopped with 50 L of 2% (v/v) H3PO4, 

plates were aspirated and washed two times with 200 L 0.9% (w/v) NaCl. All assays were 

performed with a BeckmanCoulter Biomek 2000/SL robotic system. Incorporation of 
33

Pi 

(counting of “cpm”) was determined with a microplate scintillation counter 

(Microbeta,Wallac). All protein kinase assays were performed with a BeckmanCoulter Core 

robotic system. For each kinase, the median value of the cpm of six wells of column 1 of each 

assay plate was defined as “low control” (n = 6). This value reflects unspecific binding of 

radioactivity to the plate in the absence of a protein kinase but in the presence of the 

substrate. Additionally, for each kinase the median value of the cpm of six wells of column 2 

of each assay plate was taken as the “high control”, i.e. full activity in the absence of any 

inhibitor (n = 6). The difference between high and low control of each enzyme was taken as 

100% activity. As part of the data evaluation the low control of each kinase was subtracted 

from the high control value as well as from their corresponding “compound values”. The 

residual activity (in %) for each compound well was calculated by using the following 

formula: 

Res. Activity (%) = 100 x [(signal of compound – low control) / (high control – low 

control)] (4) 

As a parameter for assay quality, the Z’-factor
71

 for the low and high controls of each 

assay plate (n = 8) was used. ProQinase's criterion for repetition of an assay plate is a Z’-

factor below 0.4
72

.  Z’-factors did not drop below 0.51, indicating an excellent assay quality. 

 

Supporting Information. Backbone RMSD of EGFR in complex with the favorable pose of 

6{1}; RSMF plots of 6{1}, 6{2}, 6{4}, and 6{10a} complexes; interactions of 6{1}, 6{2}), 

6{4}), and 6{10a} with EGFR;  Linear correlation coefficients between these energy contributions 

and calculated binding free energies. Spectral data for new compounds 11{x}, 13{x}, 14{x}, 

15{x} and 6{x}. 
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List of Captions 

Figure 1. Structures of gefitinib (1), erlotinib (2), 4-unsubstituted pyrido[2,3-d]pyrimidin-

7(8H)-ones (3), 4-amino-5,6-dihydropyrido[2,3-d]pyrimidin-7(8H)-ones (4), 4-

aminopyrido[2,3-d]pyrimidin-7(8H)-ones (5), and 2,6-dichlorophenyl substituted 

pyridopyrimidines 6{1} and 7. 

Figure 2. Favorable (magenta) and unfavorable (orange) poses of the ligand 6{1} within the 

binding site (left panel). Interactions with the receptor for the favorable pose of ligand 6{1} 

are shown on the right panel.   

Figure 3. RMSD of “favorable” (blue) and “unfavorable” (red) poses of ligand 6{1}, in 

complex with EGFR through 40 ns of the production phase (NPT ensemble, 1 atm, 300 K).  

Figure 4. Binding pose of ligand 6{1} (magenta color, receptor carbon atoms are in light 

grey color) overlapped with erlotinib (PDB: 1M17, left) and gefitinib (PDB: 2ITY, right). 

Residues Thr790, Gln791, and Met793 are shown in stick representation. 

Figure 5. Time dependence of hydrogen bond (HB) distances between H atom and acceptor 

atom of hydrogen bonds present in favorable pose of ligand 6{1} : N3∙∙∙HN(Met793) 

(yellow), O(Met793)∙∙∙HN (red), O(Gln791)∙∙∙HN(C4) (blue), Oγ1(Thr790)∙∙∙HN(C4) (green). 

In those bonds where the NH2 group is involved, distance was measured only for one of the 

two H atoms. 

Figure 6. Ligand 6{1} within the binding side of EGFR showing the hindered rotation of 

aromatic ring A. 

Scheme 1: Synthesis of pyrido[2,3-d]pyrimidines 6{x} 

Figure 7. Decomposition of the binding energies ΔG’ (left) and the van der Waals 

contribution ΔEvdW (right) on a  pairwise energy decomposition scheme for 6{1} (blue), 6{2} 

(green), 6{4} (yellow), and 6{10a} (red). 


