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d Pharmacy Sector, Foundation of Oncology Control of the State of Amazonas, Manaus, Amazonas, CEP 69040-010, Brazil 
e Laboratory of Drug Design and Bioinformatics, Federal University of São João del-Rei, São João del-Rei, Minas Gerais CEP: 36307-352, Brazil   

A R T I C L E  I N F O   

Keywords: 
Pyrimidine 
Ferrocene 
Atwal reaction 
Antiproliferative activity 
Computational studies 

A B S T R A C T   

A simple and fast methodology under microwave irradiation for the synthesis of 2-aminopyrimidine and pyrazole 
derivatives using Atwal reaction is reported. After the optimization of the reaction conditions, eight 2-aminolpyr
imidines containing ferrocene and heterocycles and three ferrocene pyrazoles were synthesized from the 
respective chalcones in good yields. Eight compounds had their structure determined by X-ray diffraction. The 
molecular hybrid 6a-h and 9a-c were tested on four cancer cell lines - HCT116, PC3, HL60 and SNB19 - where 
four pyrimidine 6a, 6f-h and one pyrazole 9c derivatives show promising antiproliferative activity. In addition, 
docking simulation and machine learning methods were carried out to explain the biological activity achieved by 
the synthetized compounds.   

Cancer has become a threat to human beings as millions of people are 
suffering by this disease in all world. Although efforts have been made in 
reducing cancer incidence, the numbers of cancer patient continue to 
increase, probably due to the population aging and greater exposure to 
carcinogenic agents. Therefore, development of effective and safe anti
cancer agents with less toxicity and high potency remains critically 
important. 

In this context, 2-aminopyrimidine and its derivatives have a special 
place in cancer chemotherapy for presenting anticancer activity against 
different types of cancer and for acting through various mechanisms of 
action. As examples, we can highlight the recent works of Ding and 
coworkers that designed and synthesized a series of 2-aminopyrimidine 
derivatives including the compound 2 as highly selective FGFR4 in
hibitors in breast cancer cells (Fig. 1).1 In another example Alam 
research group synthetized 4-(3-(aryl)-1-phenyl-1H-pyrazol-4-yl)-6- 

(pyridine-3-yl)pyrimidin-2-amine 3 and evaluated in vitro cytotoxicity 
against a panel of human cancer cell lines namely, HeLa (human cervix), 
NCI-H460 (human lung), PC-3 (human prostate), and NIH-3T3 (mouse 
embryo fibroblasts) cell lines.2 Molecule 4 was prepared in the work of 
Yoo and coworkers and presented antiproliferative activities against 
HeLa by inhibitory activities in AXL kinase.3 Several other examples can 
be easily found in the literature.4-9 

The use of ferrocene in medicinal applications is an active research 
area and several reports have shown that some ferrocene derivatives are 
highly active in vitro and in vivo, against several diseases including 
cancer.10-13 The anticancer potential of ferrocene derivatives was first 
reported in the 1970s, by Brynes and co-workers, when they described 
the antitumor activity of ferrocene compounds bearing amine or amide 
groups against lymphocytic leukemia P-388.14 Since then efforts have 
been made to synthesize ferrocene derivatives with anticancer activity, 
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and among the great structural diversity, molecular hybrids containing 
the pyrimidine and pyrazole group can be highlighted. Some examples 
are shown in Fig. 2.15–18 

In this work we have explored the traditional and microwave assisted 
methodology of the Atwal reaction to obtain 6-ferrocene/heterocycle-2- 
aminopyrimidine and 5-ferrocene-1H-Pyrazole derivatives. Our strategy 
was based on an easy and rapid two-step synthesis pathway shown in 
Scheme 1. We started with the preparation of ferrocene and heterocycle 
chalcones 5a-h using the classical Claisen-Schmidt condensation reac
tion.19 Then, 2-aminopyrimidines 6a-h were prepared via Atwal reac
tion by of the respective chalcones with the guanidine chloride in basic 

media (Scheme 1).20 

In the first step, a Claisen-Schmidt condensation reaction was used to 
prepare chalcones following the standard methodology described in the 
literature.19,21 This condensation procedure is attractive since it pre
dominantly generates the (E)-isomer.22 The eight chalcones obtained, 
the reaction times and the yield results for each one of them are shown in 
Table 1. 

For all chalcones, except 5c, an enolizable ketone (acetophenone or 
p-nitro or p-amino acetophenone) was reacted in the presence of 
aqueous sodium hydroxide in a methanol solution of the respective non- 
enolizable aldehyde (ferrocene carbaldehyde or 2-phenyl-2H-1,2,3-tra
zol-4-carbaldehyde or 1H-pyrrole-2-carbaldehyde or thiophene-2- 
carbaldehyde). The aldehyde 2-phenyl-2H-1,2,3-triazole was prepared 
in three steps from D-(+)-glucose, as previously reported.23 

Using the Claisen-Schmidt condensation with NaOH as the base and 
methanol as the solvent, the chalcone 5c was obtained with yield around 
50% and a long reaction time (120 h) was required to consume the re
agents. In other to improve both reaction time and yield in 5c produc
tion, alternative methodologies were explored: reactions with different 
bases (EtONa, tBuONa, DIPEA and DBU), base excess, reflux heating and 
different solvents (EtOH, iPrOH, CH2Cl2 and THF) were tested. The best 
result obtained in terms of yield was using EtOH, two equivalents of 
NaOH and room temperature (89% yield). 

Comparing the reaction times for obtaining the chalcones 5a-c and 
5d-f, the effect of the substituent at the para position of the aromatic ring 
is clearly perceived, since the chalcones 5b and 5e containing the nitro 
group, strongly electrons withdrawer, increases the speed of the reac
tion. This can be explained for the greater enolate stability.24 

Through reaction times of chalcones 5a, 5d, 5g and 5h, we can also 
note the influence of the aldehyde reactivity. The experimental results 
show that the pyrrole aldehyde presents the most electrophilic carbonyl 
group, which is consistent with the electronic effects characteristic of 
these heterocycles.25 

Structures of compounds 5a-h are consistent with IR, 1H and 13C 
NMR spectra. All compounds showed bands near 1630 cm− 1 in the IR 
spectra for the C––O stretch of chalcones. In contrast with the litera
ture,22 all compounds were obtained, after purification, as single 

Fig. 1. Selected examples of 2-aminopyrimidines with anticancer activity.  

Fig. 2. Molecular Hybrids pyrimidine and pyrazole/ferrocene with anti
cancer activity. 

Scheme 1. Synthesis of 2-aminopyrimidines 6a-h.  

Table 1 
Synthesis of the precursor chalcones.  

Compound Chalcone Time (h) Solvent Yield (%) 

5a 24 MeOH 97 

5b 12 MeOH 95 

5c 120 EtOH 89 

5d 21 MeOH 97 

5e 3 MeOH 54 

5f 27 MeOH 45 

5g 3 MeOH 90 

5h 2 MeOH 75  
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diastereomers. To triazole chalcones 5d-f one characteristic singlet was 
observed for hydrogen in the 1,2,3-triazole ring, around 8.10 ppm. The 
E-geometry of the double bonds in 5a-h were assigned with basis on 
their 1H NMR spectra. For example, compound 5a showed a signal for its 
vinyl hydrogen at 7.10 ppm with a coupling constant of 12.0 Hz, which 
agrees with the geometry trans. Furthermore, crystallization of 5c and 5f 
with hot methanol provided a single crystal for X-ray diffraction study 
revealed the (E) geometry for these chalcones, which in solid state 
adopts a s-trans conformation (Fig. 3). 

Initially, the synthesized chalcones were used to obtain the respec
tive 2-aminopyrimidines 6a-h by Atwal reaction under traditional 
heating conditions (Table 2). In this procedure, the cyclocondensation 
occurs usually using guanidine chloride, NaOH as the base and ethanol 
as solvent. Low yields were observed for all compounds, except for 6e, 
which was obtained in 82% yield. An explanation for this is, probably, 
due to the formation of by-products as described by Chebanov and co- 
workers.26 

Considering the low yields obtained, different reaction conditions 
were tested varying the solvent (H2O, MeOH, EtOH, tBuOH, THF, DMF 
and DMSO) and the bases (NaOH, EtOK, tBuOK, DBU, Et3N, DIPEA and 
Py). For synthesis of 6a, 6b, 6d, 6e and 6g the best combination was 
NaOH/EtOH under reflux whereas for 6c, 6f and 6h better yields were 
obtained using tBuOK/tBuOH. The detailed experimental procedures for 
these reactions are described in the supplementary material. 

All Atwal reactions described previously using NaOH/EtOH and 
tBuOK/tBuOH as base/solvent combinations were performed under 
microwave irradiation and the best results are shown in the Table 2. 
These findings showed that under microwave assisted conditions the 
reaction times decreased considerably, and similar or higher yields were 
obtained when compared with the traditional heating method. This can 
be explained by the first stage of the cyclocondensation reaction 
involving an 1,4-addition between guanidine and chalcone. The formed 
adduct is thermodynamically favored at higher temperatures,27 and the 
transfer of energy to the reaction system in heating by microwave in
creases the efficiency of the process. 

The spectral data for the known pyrimidines 6a, 6b, 6g and 6h 
shown in the supplementary information agree with those previously 
reported.28-30 The novel 2-aminopyrimidine (6c, 6d, 6e and 6f) were 
characterized by IR, NMR spectroscopy and mass spectrometry. IR 
spectroscopic data showed the formation of new bands around 
3500–3200 cm− 1 typical NH2 group, besides the absence of the char
acteristic stretching band of the carbonyl group. According to the 1H 
NMR, the formation of pyrimidine ring was verified through the signals 
referring to the amino group and the singlet attributed to the methinic 
hydrogen present in the pyrimidine ring around 6.20 and 7.20 ppm, 
respectively. 

Furthermore, according to the 13C NMR spectra the signal at 100.6 
ppm is attributed to the methinic carbon of the pyrimidine, where the 
couplings that corroborate with this characterization can be seen in the 
HSQC and HMBC contour maps. In case of 6c the characteristic signs of 
the ferrocene group were observed in 1H NMR data at 4.03 (5H), 4.41 
(2H) and 5.01 ppm (2H), in addition to the chemical shifts in 13C NMR at 
68.1, 69.9, 70.4 and 82.6 ppm referring to the unsubstituted cyclo
pentadienyl ring of ferrocene. The 1H NMR of triazole pyrimidines 6d-f 
showed an important singlet around 8.50 ppm referring to triazole 
hydrogen, this being the most deshielding hydrogen in the molecule. 
The 13C NMR signals present in the triazole ring are assigned around 
135.0 and 148.0 ppm. 

The electrospray ionization mass spectrometry (ESI-MS) analysis of 
novel 2-aminopyrimidine 6c, 6d, 6e and 6f showed a molecular ion peak 
in 371.09523 m/z, 315.13524 m/z, 437.19340 m/z and 330.14617 m/z, 
respectively, corroborating the spectroscopic results. 

The mechanism proposed is initiated by the conjugated addition of 

Fig. 3. Molecular representation and atomic labeling scheme of chalcones 5c 
and 5f obtained from single crystal X-ray diffraction technique. 

Table 2 
Conventional and microwave heating Atwal reaction.   

Conventional Heating Microwave Heating 

Compound Pyrimidine Time Yield (%) Time Yield (%) 

6a 15 h 
9 h 

57a 

25b 
1 h 
20 min 

45c 

62d 

6b 4 h 
3 h 

63a 

10b 
10 min 
15 min 

15c 

71d 

6c 35 h 
12 h 

23a 

54b 
2 h 
40 min 

10c 

75d 

6d 6 h 
3 h 

55a 

10b 
2 h 
3 h 

78c 

42d 

6e 1 h 
13 h 

82a 

15b 
30 min 
35 min 

57c 

22d 

6f 3 h 
2 h 

23 a 

34b 
1 h 
50 min 

52c 

27d 

6g 5 h 
1 h 

35a 

20b 
20 min 
45 min 

58c 

25d 

6h 4 h 
1 h 

10a 

50b 
15 min 
15 min 

42c 

80d  

Scheme 2. Mechanistic proposal for Atwal reaction.  
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guanidine to chalcone, as suggested by Atwal (Scheme 2).20,26,31 Sub
sequently, 1,2-addition occurs between other guanidine nitrogen to the 
chalcone carbonyl, forming the hydroxylated cyclic intermediate 7. This 
hydroxyl is eliminated via anchimeric assistance and E1cb mechanism to 
former dihydropyrimidinone 8. This compound is found in imine/ 
enamine tautomeric equilibrium, that after is easily oxidized in solution, 
leading to the formation of the corresponding amine pyrimidine. 

To attest the Atwal methodology under microwave irradiation and 
increase its scope, 5-ferrocene-1H-pyrazole hybrids were synthesized 
using phenyl hydrazine instead of guanidine in acid media (Scheme 3). 

The spectral data for the known ferrocene 1H-pyrazole 9a agree with 
those previously reported.32 The novel hybrid 9b and 9c were charac
terized by IR, NMR spectroscopy and mass spectrometry. 

IR spectroscopic data showed the formation of new bands around 
1590 and 1490 cm− 1 typical ν(C––N and C––C) pyrazole ring. Besides, 
compounds 9b and 9c shows characteristic bands around 1330 cm− 1 

attributed to ν (NO2) and bands around 3500–3200 cm− 1 typical NH2 
group, respectively. As well the absence of the stretching band of the 
carbonyl group. According to the 1H NMR, 9b and 9c had similar 
behavior for 1H-pyrazole ring signals. Both spectral shows evidence for 
ring formation through the two signals around 3.60–3.90 ppm referring 
to the methylene hydrogens also one signal around 5.00–5.20 ppm 
attributed for methinic hydrogen, all signals with double doublet 
coupling. 

Furthermore, according to the 13C NMR spectra all ferrocene-1H- 
pyrazole hybrids presents characteristic signals of the ferrocene group. 
The 13C NMR signals present in the pyrazoline ring are assigned 40.97, 
59.73 and 143.73 ppm for 9b and 42.08, 58.49 and 145.71 ppm for 9c. 
The electrospray ionization mass spectrometry (ESI-MS) analysis of 
novel ferrocene-pyrazole 9b and 9c showed a molecular ion peak in 
450.09154 m/z and 422.13103 m/z, respectively. 

The geometrical properties of some of the compounds obtained could 
be investigated by single crystal X-ray diffraction techniques. The crystal 
properties, the data collection, and the structure refinement parameters 
as well as the geometrical parameters are summarized in the supple
mentary information. The molecular structures of chalcones were pre
viously shown in Fig. 2 and structures of the 6a, 6b, 6c, 6d, 9a and 9b 
are shown in Fig. 4. 

X-ray structure determination of compounds 6a, 6b, 6d, 9a and 9b 
have been obtained from ethanol and 5c, 5f and 6c from methanol under 
slow evaporation. Chalcone 5c and pyrimidine 6a and 6c crystallized in 
orthorhombic system with P212121, Pbca and Pbcn space groups, 
respectively, and compound 6b crystallized in a triclinic P1 space group. 
Monoclinic crystal system was obtained to 5f, 6d, 9a and 9b in space 
group P21, P21/n, P21/n and P21/c, respectively. 

Further crystallographic details for the structure reported in this 
paper may be obtained from the Cambridge Crystallographic Data 
Center, on quoting the depository numbers CCDC- 2041688, 2042671, 
1874652, 1874676, 1874661, 2042672, 2042673 and 2042416 for the 

Scheme 3. Ferrocene pyrazole synthesis.  

Fig. 4. Molecular representation and atomic labeling scheme of pyrimidine 
hybrids 6a, 6b, 6c and 6d obtained from single crystal X-ray diffraction tech
nique. Atomic displacement parameters at 70%. Hydrogen atoms labels were 
omitted for sake of clarity. 

Table 3 
Anti-proliferative activities of selected compounds against HCT116, PC3, HL60 
and SNB19 cell lines.  

Compound Cell lines - IC50 (µM) 

HCT116 PC3 HL60 SNB19 

6a 102.10 100.50 3.98 >200 
6b >200 >200 >200 >200 
6c 115.00 96.40 75.79 >200 
6d 120.20 142.30 66.47 >200 
6e 132.80 >200 > 200 132.10 
6f 95.27 58.23 68.19 106.50 
6g 56.99 33.56 70.26 85.11 
6h 55.47 81.55 29.33 173.50 
9a >200 101.30 >200 >200 
9b > 200 >200 >200 >200 
9c 3.12 124.40 6.81 60.44  
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compounds 5c, 5f, 6a-d and 9a-b, respectively. 
The newly synthesized compounds 6a-h and 9a-9c were screened for 

their in vitro antiproliferative activities against four types of human 
cancer cell lines including HCT116 (Human Colon Carcinoma), PC3 
(Prostate Carcinoma), HL60 (Promyelocytic leukemia) and SNB19 (As
trocytoma) by MTT based assay. The results are represented as the half 
maximal inhibitory concentration (IC50-μM) values in Table 3. 

Graph representation of inhibitory concentration mean (IC50) of the 
compound 6a-h and 9a-c against HCT116 (human colorectal 

carcinoma), PC3 (prostate adenocarcinoma), HL60 (acute promyelo
cytic leukemia) and SNB19 (astrocytoma) tumoral cell lines are shown 
in the Fig. 5. 

Molecular hybrids 9c, 6g and 6h, showed good antiproliferative 
activities with IC50 of 3.12, 55.47 and 56.99 µM, respectively, for 
HCT116. For the PC3 cancer cell line, 6f, 6g and 6h, exhibited good 
antiproliferative activities with the IC50 values of 33.56, 58.23 and 
81.55 µM, respectively. The compounds 6a, 6f and 6h, inhibited Pro
myelocytic leukemia cell lines with IC50 of 3.98; 6.81 and 29.33 µM and 
lastly, for SNB19 cancer cell line, compounds 9c with an IC50 value of 
60.44 µM, 6g 85.11 µM and 6f 106.5 µM, presented the best results. 

The screening data indicated that compound 9c with pyrazole core 
and substituted with ferrocene and NH2Ph was more effective that the 
similar compound 6c with pyrimidine core in the HCT116, HL60 and 
SNB19 human cancer cell line (Scheme 4a). In addition, as previously 
highlighted, 9c exhibited the best antiproliferative activities to HCT116 
and SNB19 cell lines when compared to all compounds synthesized. 
Furthermore, this hybrid showed predominant cytotoxic potential (3.12 
to 124.4 μM) in all tested cell lines. The other pyrazole derivatives 9a 
and 9b substituted with Ph and NO2Ph, respectively presented low in
hibition activity. 

The promising anticancer activity of the hybrids containing pyrimi
dine and ferrocene 6a-c was confirmed only against the HL60 cancer 
cells, with 6a being the most powerful – IC50 3,98 μM – among all 
compounds. The Hybrid 6a when compared to structurally similar 
compounds – 6d-triazole, 6g-thiophene, 6h-pyrrole – the synergetic 
effect of ferrocene is evident (Scheme 4b). The other pyrimidine/ 
ferrocene hybrids 6b and 6c substituted on carbon C4 by p-NO2Ph and p- 
NH2Ph showed low and moderate antiproliferative activities, respec
tively. The pyrimidine derivatives with phenyl triazole on carbon C6 6d- 
f showed only moderate anticancer activity and the most significant IC50 
values were determined for the 6f with NH2Ph substituent in the pros
tate carcinoma (58,23 μM). The hybrids 6g and 6h with thiophene and 
pyrrole, respectively, were effective in practically all tested cell lines, 
highlighting the compound 6g in the colon carcinoma, prostate carci
noma, and astrocytoma cancers and hybrid 6h in the colon carcinoma, 
prostate carcinoma, and Promyelocytic leukemia. It should be noted that 
6g presented the best results, this is, the low IC50 values (33,56 μM) to 
prostate carcinoma – PC3 (Scheme 4c). 

For computational studies, initially, all 2-aminopyrimidines 6a-h 
and pyrazole 9a-c structures were generated using the academic version 

Fig. 5. Inhibitory concentration means (IC50) of the synthesized compound 6a-6h and 9a-9c against HCT116, PC3, HL60 and SNB19 tumoral cell lines.  

Scheme 4. Comparative summary of the biological activity of molecular hy
brids: a) compares and proves that 1H-pyrazole is more active than the py
rimidine core containing the same substituents in the HCT116, HL60 and 
SNB19 cell lines; b) shows that among the four aminopyrimidines containing 
the phenyl group on carbon C4 and different pharmacophore groups on carbon 
C6 (ferrocene, triazole, thiophene and pyrrole), the one with ferrocene is the 
most active against HL60; c) shows that among three aminopyrimidines con
taining the phenyl group on carbon C4 and different heterocycles (triazole, 
thiophene and pyrrole) on carbon C6, the one with thiophene is the most active 
against PC3 human cancer line. 
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of Discovery Studio.33 Next, all compounds were refined by the run_
mopac routine using the Eigenvector Following (EF) routine.34 Run_
mopac can refine a set of ligands into the fold using the parametric 
method 7 (PM7)35 of MOPAC.34 During the process of refinement, for 
each molecule, run_mopac warms the uses if the number of alfa electrons 
are different from beta electrons. This difference suggests that there is a 
missing atom, for instance, avoiding human errors. Noteworthy that 
Autodock tools were not able to generate the ligand pdbqt files property. 
Thus, the pdb files were converted to pdbqt files using Open Babel 
software. 

The receptors of HCT116, PC3, HL60 and SNB19 were obtained from 
Protein Data Bank (PDB) under code 5QGF,36 5LGE,37 4HLW,38 1 M17.39 

All receptors were prepared by construction of loop regions using 
MODELLER implemented into MolAr. Next, hydrogen atoms were 
included, and the structures were optimized by steepest descent and 
conjugate gradient algorithms using Chimera. Following, all molecular 
targets pdb files were converted o pdbqt through Autodock Tools. The 
compounds were docked using Autodock Vina. The exhaustiveness and 
all values of the grid box were adjusted for 24; the atomic coordinates of 
the center of grid box were describe according to the Table 4. 

At this point, it is worth noting that the therapeutic targets chosen 
are well established in the literature for treatment of different cancer 
types:40-44 The 1M17 (PDB code) is epidermal growth factor receptor 
(EGFR) which is overexpressed in colorectal cancer cells.43 The EGFR is 
a transmembrane receptor that transmits signals from one cell to 
another to tell to grow and multiply or to die. Therefore, EGFR plays a 
key role in cell development, proliferation, and differentiation within a 
variety of tissues. Deregulation of their activity is extremely associated 
with tumorigeneses, particularly in the lung, breast, ovarian and colo
rectal cancer. The second target, 4HLW (PDB code) is a human 
Androgen Receptor (AR), a member of the nuclear hormone receptor 
(NHR) family. The BF3 (Binding Function 3 site of the AR) is a ligand- 
dependent transcription factor with therapeutic relevance in prostate 
cancer PC3 cells. Therapeutic targeting of the AR BF3 provides an op
portunity to develop AR inhibitors with alternative mechanisms of ac
tion and the potential to circumvent resistance to conventional 
antiandrogens.42 Them, the 5LGE (PDB code) an isocitrate dehydroge
nase (IDH) 1, is a metabolic enzyme having an important role in the 
citric acid cycle. IDH1 R132H, the most frequent mutation of the IDH1 
gene in glioma, results in missense replacement of arginine by histidine, 
leading to production of the mutant enzyme that catalyzed the synthesis 
of oncometabolite 2-hydroxyglutarate. IDH1 mutations are early events 
in the development of gliomas, and thus the majority of diffuse astro
cytoma’s and secondary glioblastomas.45 Lastly, 5QGF (PDB code) is a 
Protein Tyrosine Phosphatase 1B (PTP1B). PTP1B is a critical regulator 
of signaling pathways controlling metabolic homeostasis, cell prolifer
ation, and immunity. Consequently, PTP1B inhibitory activity for the 
treatment of cancer has been a fervent topic of great interest in the 
pharmacology.40 Recent studies have shown that myeloid-specific 
deficiency of PTP1B is sufficient to promote the development of acute 
myeloid leukemia.46 

The docking methodology was evaluated by redocking.47 The run_
mopac was implemented into Molecular Architect (MolAr)48, which is a 
workflow integrating other software such as MODELLER and Dock 6 
(Grid and Amber score), developed to perform structure based-drug 
design experiments with a friendly interface. Figure 5 shows the 
redocking of all molecular targets in this study. As can be seen, there was 

a good fit between docked and crystallographic ligand for the molecular 
targets 5LGE, reaching root-mean-square deviation (RMSD) value close 
to zero, and binding energy − 9.4 Kcal.mol− 1 (Fig. 6C). However, there 
were not fitted between crystallographic ligand and docked of 1 M17, 
4HLW and 5QGF (Fig. 6A, B and D). The redocking evaluation showed 
that the grid box parameters were adjusted addressing the docked li
gands correctly for the binding site. In addition, the binding energy of 
redocked crystallographic ligands were − 7.0, − 6.2, − 9.4 and − 6.4 Kcal. 
mol− 1 for 1 M17, 4HLW, 5LGE and 5QGF molecular targets, respec
tively. These binding energies can be used as reference to select the 
active compounds. 

Following, all compounds were submitted against all receptors 
through docking methodology.49,50 The docking results showed binding 
energy from − 7.2 to − 9.0 Kcal.mol− 1 for 1 M17; − 6.3 to − 8.5 Kcal. 
mol− 1 for 4HLW; − 6.8 to − 8.1 Kcal/mol for 5LGE; and − 6.3 to − 7.9 
Kcal/mol for 5QGF. These findings suggest that these ligands can reach 
the molecular targets. Noteworthy that all compounds had binding en
ergy values less than the crystallographic ligand for 1 M17, 4HLW and 
5QGF, with only one except, 9c for 5QGF. This data suggests that they 

Table 4 
Grid box parameters for all molecular targets. All values are in Å.   

Receptors 

1 M17 4HLW 5LGE 5QGF 

Center X 22.108 16.542 − 14.976 43.588 
Center Y 0.234 17.872 − 83.394 − 31.027 
Center Z 52.778 29.481 24.569 − 823.967  

Fig. 6. Redocking results: A, B, C and D correspond to 1 M17, 4HLW, 5LGE and 
5QGF, respectively. 

Fig. 7. Hydrophobic surface docked results of the most active compounds with 
respective cell line. Hydrogen atoms were omitted for a better visualization. 
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are more active than crystallographic ligand for the cell line previously 
described. 

Fig. 7 summarize the ligands with the best biological activity. As can 
be see, the ferrocene 6a and 9c compounds showed the best biological 
activity values for HCT116 (Fig. 7A), SNB19 (Fig. 7C) and HL60 cell 
lines (Fig. 7D), with binding energy of − 8.3, − 7.4 and − 7.6 Kcal.mol− 1, 
respectively. These values are low than the respective crystallographic 
ligands (Fig. 6). In addition, as can be seen in the Fig. 6, the ferrocene 
moiety can be form complex into hydrophobic and hydrophilic cavities 
of the molecular targets. This feature can explain their biologic activity, 
which the ferrocene compounds were activities in 3 of the 4 cell lines. In 
contrast the pyrimidine 6g was the most active compounds for PC3 cell 
line with binding energy of − 6.3 Kcal.mol− 1 performing hydrophilic and 
hydrophobic molecular interaction with 4HLW molecular target. 

To Machine Learning (ML) the Autodock Vina51 binding energy (BE) 
and physical-chemistry features (descriptors) were obtained by Data
warrior software.52 The parameters, cLog P, cLog S, Total Molecular 
Weight, Relative Polar Surface Area (PSA), Drug likeness, Total Surface 
and Polar Surface Area were used to develop ML models. Thus, super
vised, and unsupervised models were generated using K-Nearest 
Neighbors (KNN) and Linear Regression (LR) through Jupyter Note
book.53 The data frame was per-processed using pandas and numpy li
brary, which a Log function was applied for the biological values. No 
missing values were found in the data frame. In addition, the compounds 
with value equal to 20,000 were classified as inactive and the others as 
active to build the KNN supervised model, which n value was set to 3. 
The biological activity was the target to be predicted. In addition, the 
structures with biological activity more than 2000 were removed from 
the dataset. The binding energy, together with other descriptors, were 
used to generate machine learning models, as shown in Table 5. 

An exhaustive combination of features was carried out to search the 
best ML model using and KNN and LR algorithms for each cell line. The 
significant models were found for SB19 and PC3 cell lines through KNN 
and LR, respectively. In both models, the best features were cLogP, 
druglikenes and the binding energy for the respective molecular target 
(5LGE and 4HLW for SB19 and PC3, respectively). As a result, the KNN 
model could achieve a precision of 1.00 and 0.67 to predict the active 
and inactive compounds, respectively, with an accuracy of 0.83 and a 
cross validation value of 0.67. These results means that KNN model had 
a good prediction for active compounds (100%), but it had few efficient 
to predicted inactive compounds. This weakness in the KNN model is 
due to docking methodology, which generates false-positive results. In 
addition, LR model had 0.59, 0.95 and 0.32 of regression coefficient, 
cross validation value and root mean square error, respectively. The 
− 0.48, 0.02, − 0.09 coefficient values were obtained for 4HLW, LogP 
and druglikenes, respectively. 

The Fig. 8 shows the correlation between real and predict biological 
activity values. These findings suggest a good model able to biological 
activity. For instance, the real log of biological active values was 9.22, 
8.67 and 9.90; whereas the predicted values were 9.12, 9.33, 9.60, 
respectively, for 6a, 6f and 9b compounds. Hence, two good ML models 
were obtained, which can be used to predict the biological activity of 
SB19 and PC3 cell lines, respectively. 

In conclusion, we developed a simple, fast, and efficient methodol
ogy for the Atwal reaction under microwave irradiation to synthesize 
eight 2-amino-4-phenylpyrimidine substituted at carbon C6 with het
erocycles and ferrocene and three pyrazole derivatives with phenyl and 
ferrocene in yield ranging from good to excellent – 52–80%. Further
more, eight crystal structures were determined successfully. 

All hybrids screened for their in vitro anti-proliferative activities 
against four cancer cell lines where it was possible to correlate the 
anticancer activity with the structures of the synthesized hybrids. The 
compounds 6g and 9c stand out showed predominant cytotoxic poten
tial in all tested cell lines. Furthermore, the biological activity of PC3 cell 
line could be estimated by docking simulation, whereas the biological 
activity for HL60 and HCT116 could be estimated by ML model using LR 
and RF, respectively. These calculations can be used to design new 
compounds with anticancer activity. 
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Table 5 
Data frame applied to build machine learning models.  

Compound Total Mol weight cLogP cLogS Total Surface Area Relative PSA Polar Surface Area Druglikenes Binding Energy (Kcal/mol)         

1M17 4HLW 5LGE 5QGF 

6a  356.229  2.35 − 3.526  190.53  0.19530  51.8 − 1.44 − 7.9 − 6.9 − 7.4 − 7.6 
6b  402.234  2.41 − 5.833  265.66  0.25457  97.62 − 9.09 − 8.1 − 6.4 − 7.4 − 7.9 
6c  371.244  1.67 − 3.602  199.05  0.26365  77.82 − 1.44 − 7.9 − 6.7 − 7.3 − 7.5 
6d  314.351  2.62 − 3.732  245.3  0.26914  82.51 3.03 − 8.6 − 7.4 − 7.4 − 7.4 
6e  359.348  1.69 − 4.192  268.97  0.35855  128.33 − 2.34 − 9.0 − 8.5 − 8.1 − 7.8 
6f  329.366  1.94 − 3.808  253.82  0.32027  108.53 3.03 − 8.2 − 7.3 − 7.5 − 7.2 
6g  253.328  3.31 − 4.436  194.76  0.29559  80.04 1.46 − 7.2 − 6.3 − 6.8 − 6.4 
6h  236.277  2.10 − 3.231  188.39  0.27178  67.59 0.52 − 7.7 − 6.5 − 7.0 − 6.7 
9a  404.293  3.86 − 4.272  282.95  0.06305  17.82 1.29 − 8.7 − 7.1 − 7.2 − 6.5 
9b  449.290  2.94 − 4.732  306.62  0.15739  63.64 − 3.90 − 8.1 − 7.0 − 7.2 − 6.6 
9c  419.308  3.18 − 4.348  291.47  0.11360  43.84 1.25 − 8.3 − 6.7 − 7.4 − 6.3  

Fig. 8. Correlation between real and predict biological activity for PC3 cell line 
through linear regression using 4HMW, cLogP and druglines as features. 
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