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ABSTRACT

Background: Recently, in silico or computer-aided drug design has emerged as a cornerstone on the harbor of 
modern drug discovery. One of the approaches to treat cancer is the inhibition of tyrosine kinase, which 
is considered as a key enzyme in the survival of the cancerous cells. Spebrutinib, as a member of the tyrosine 
kinase inhibitors, has few unwanted side effects due to its off-target bindings. In this work, the GOLD 
program was employed to predict the bindings and thus the inhibitory activity toward the tyrosine kinase.  
Methodology: After the design and docking processes, the chemical synthesis of three spebrutinib analogues was achieved.  
Results: The percent yields of the chemical syntheses were ranged from 81% to 89%. These analogues were 
characterized utilizing; FT-IR, DSC, CHN, and 1H NMR. In conclusion, these new spebrutinib analogues were 
successfully designed, synthesized, and characterized. However, these analogues are potential anticancer agents and 
biological activity against cancerous and toxicity pattern against normal cells are crucial to affirm the present findings.

Keywords: In silico; Computer-aided drug design; Gold; Spebrutinib analogues; Anticancer; Tyrosine kinase inhibitor

Abbreviations: CCDC: Cambridge Crystallographic Data Centre; GOLD: Genetic Optimization of Ligand 
Docking; TKI: Tyrosine Kinase Inhibitor; DSC: Differential Scanning Calorimeter; PDB: Protein Data Bank

INTRODUCTION

In silico drug design is a process performed to generate multiple 
ligand conformations and orientations, and the most appropriate 
ones are thereafter selected for further study [1-4]. This can be 
employed to fight breast cancer, which has the highest global 
incidence of malignancy among women, representing 25% of all 
cancers. Although, it has a higher mortality rate among women, 
especially in low-income countries [5]. In a published study, the 
incidence of breast cancer in Iraqi women was found to be even 
higher, as it represented 33.8% of all cancers registered in females 
aged ≥15 years in Iraq during 2000-2009, with a total of 23,792 
confirmed cases [6].

Scientists have recognized tyrosine kinases as a potential target 
to suppress or even cure breast cancers [7]. Consequently, many 
tyrosine kinase inhibitors (TKI) have been developed and tested. 
This is exemplified by the TKI gefitinib and erlotinib. These agents 
possess a proved effectiveness in clinical breast cancer treatments 
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[8-10]. However, the off-target serious side effects of these TKIs are 
a major obstacle that has been encountered [11-13].

In this work, the authors aimed to design, synthesize, and 
characterize new TKIs with the employment of the GOLD software 
version 5.6.3, supplied by the Cambridge Crystallographic Data 
Centre (CCDC).

MATERIALS AND METHODS

Materials

The materials used in this work are tabulated in the Table 1.

Instruments

The instruments used in this study are listed in the Table 2.

In silico docking processes

Protein preparation: The X-ray crystallographic structure of the 
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proto-oncogene tyrosine-protein kinase (PDB ID 3CS9) protein 
was downloaded from the Protein Data Bank at a resolution of 2.21 
Å. Then, the structure was opened with ChemBio3D Ultra 14.0 
software, and energy minimization was performed. The energy-
minimized protein structure (Figure 1) was saved as a mol2 file and 
reopened in the GOLD program. In the GOLD program, the water 
molecules, ligands, and other hetero atoms were extracted from 
the protein molecule along with chains B, C and D. The addition 
of hydrogen atoms to the protein was performed using Mercury 
version 3.10.3.

Ligand preparation: Three best fitted and chemical synthesis-
capable spebrutinib analogues were designed and synthesized. 
These analogues are tabulated in the Table 3.

The ligand molecular structures (i.e., compounds 2a, 2b, and 2c) 
were drawn in ChemBioDraw Ultra version 14.0, and the energy 
was minimized utilizing ChemBio3D Ultra version 14.0 software. 
The energy-minimized ligand and protein were saved in mol2 
and PDB formats, respectively, for the GOLD-assisted analysis, 
as explained below. All energy minimizations for the ligands were 
performed starting with the sketching of the two-dimensional 
structure and ending with the three-dimensional energy-minimized 
structure using ChemBioDraw Ultra 14.0 and ChemBio3D Ultra 
14.0, respectively.

Docking employing GOLD software: The docking processes were 
performed utilizing GOLD version 5.6.3 in the present study for the 
prediction of the GOLD scores for the protein-ligand interactions. 
GOLD applies a genetic algorithm for the docking and utilizes 
automated docking processes to calculate the scores for the ligand 
and the neighborhood of the protein active site. The binding sites 
of the amino acid residues of the selected protein were determined 
by the GOLD software. This was performed for the atoms with-in 
10 Å of the loaded binding residue within the binding pocket. The 
docked conformation that had the highest GOLD Score (fitness) 
was selected to analyze the mode of binding. GOLD was run, and 
the GOLD solutions were saved and visualized.

Chemical synthesis

The overall chemical syntheses are revealed in the Scheme 1 below.

The following chemical methods were used for the spebrutinib 
analogues preparations [14]:

Synthesis of compound (2-a) N-(3-((5-fluoro-2-((4-(2-
methoxyethoxy)phenyl)amino) pyrimidin-4-yl) amino)
phenyl) benzamide

1.	 Benzoyl chloride (309 mg, 2.2 mmol) was added to a stirred 
solution of compound (1) (665 mg, 1.8 mmol) and potassium 
carbonate (1.24 g, 9 mmol) in Tetrahydrofuran (THF) (12 mL) 
at 0°C, and the reaction mixture was stirred at 0°C for 45 min.

2.	 The reaction mixture was added drop-wise to a cold, solution of 
10% Sodium bicarbonate (NaHCO

3
) (12 mL) under stirring and 

stirred at the same temperature (0°C) for 30 min.

3.	 A solid precipitate was isolated by filtration and washed with 
cold water and hexane, and then it was dissolved in a mixture 
of methanol/dichloromethane (50:50, 10 mL) and concentrated 
under reduced pressure.

4.	 The residue obtained was suspended in cold water (20 mL), and 
Triethylamine (Et

3
N) was added to it, and then it was extracted 

with ethyl acetate (2 × 20 mL).

5.	 The combined ethyl acetate extract was washed with water (10 
mL) and concentrated under reduced pressure in a desiccator to 
get 2a (0.761 mg, 89%).

Synthesis of compound (2b) N-(3-((5-fluoro-2-((4-(2-methoxyethoxy) 
phenyl)amino) pyrimidin-4-yl)amino) phenyl) pivalamide

1.	 Trimethylacetyl chloride (266 mg, 2.2 mmol) was added to 
a stirred solution of compound (1) (665 mg, 1.8 mmol) and 
potassium carbonate (1.24 g, 9 mmol) in THF (12 mL) at 0°C, 

# Material Manufacturer Country

1 Spebrutinib AVL-292 (99.48%) BLDpharm China

2
N4-(3-Aminophenyl)-5-fluoro-N2-(4-(2-
methoxyethoxy) phenyl)pyrimidine-2,4-
diamine (98%)

BLDpharm China

3 Tetrahydrofuran A.R. (99%) SCR China

4 Potassium carbonate A.R. (99%) SCR China

5 Tetramethylacetyl chloride (99%) Sigma-Aldrich USA

6 Benzoyl chloride A.R. (99.5%) CDH India

7 Acetyl chloride (98%) CDH India

8 n-Hexane (95%) GCC UK

9 Dichloromethane HPLC-grade (99.8%) GCC UK

10 Sodium hydrogen carbonate, A.R. (99.5%) HIMEDIA India

11 Methanol absolute HPLC-grade
Biosolve 
Chimie SARL

France

Table 1: Utilized materials with their manufacturers and countries of 
origin.

# Instrument Manufacturer Country

1 4-digit balance Sartorius Lab Germany

2 Hotplate stirrer LabTech Korea

3
DSC (Differential Scanning 

Calorimeter) Thermal Analyzer
Shimadzu Japan

4 1-stage vacuum pump 5 Pa ¼ HP Wenling Aitcool China

5 Melting point apparatus BioCote UK

6 CHN Elemental Analyzer EURO EA 3000 Italy

Table 2: Employed instruments with their manufacturers and countries 
of origin.

 
Figure 1: The crystalline structure of the energy-minimized tyrosine kinase 
oncogene protein (PDB ID 3CS9).
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Code IUPAC name Formula Chemical structure

AVL-292
Spebrutinib: N-(3-((5-fluoro-2-((4-(2-methoxyethoxy)phenyl)amino)pyrimidin-4-yl)amino)
phenyl)acrylamide.
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2a
N-(3-((5-fluoro-2-((4-(2-methoxyethoxy)phenyl)amino)pyrimidin-4-yl)amino) phenyl)
benzamide.
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2b
N-(3-((5-fluoro-2-((4-(2-methoxyethoxy)phenyl)amino)pyrimidin-4-yl)amino) phenyl)
pivalamide.
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2c
N-(3-((5-fluoro-2-((4-(2-methoxyethoxy)phenyl)amino)pyrimidin-4-yl)amino)phenyl)
acetamide.
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Table 3: The symbols, IUPAC names, chemical formulas, and the chemical structures of the spebrutinib and the synthesized analogues.

 

Scheme 1: The chemical syntheses and reaction conditions of compounds 
2a, 2b, and 2c.

and the reaction mixture was then stirred at 0°C for 45 min.

2.	 The reaction mixture was added drop-wise to a cold solution of 
10% NaHCO

3
 (12 mL) under stirring and stirred at the same 

temperature (0°C) for 30 min.

3.	 A solid precipitate was isolated by filtration and washed with 
cold water and hexane, and then it was dissolved in a mixture 
of methanol/dichloromethane (50:50, 10 mL) and concentrated 
under reduced pressure.

4.	 The residue obtained was suspended in cold water (20 mL), and 
Et

3
N was added to it, and then it was extracted with ethyl acetate 

(2 × 20 mL).

5.	 The combined ethyl acetate extract was washed with water (10 
mL) and concentrated under reduced pressure in a desiccator to 
get 2b (0.705 mg, 86%).

Synthesis of compound (2c) N-(3-((5-fluoro-2-((4-(2-
methoxyethoxy)phenyl)amino)pyrimidin-4-yl)amino)
phenyl)acetamide

1.	 Acetyl chloride (173 mg, 2.2 g, 9 mmol) was added to a stirred 
solution of compound (1) (665 mg, 1.8 mmol) and potassium 
carbonate (1.24 g, 9 mmol) in THF (12 mL) at 0°C, and the 
reaction mixture was stirred at 0°C for 45 min.

2.	 The reaction mixture was added drop-wise to a cold solution of 
10% NaHCO

3
 (12 mL) under stirring and then stirred at the 

same temperature (0°C) for 30 min.

3.	 A solid precipitate was isolated by filtration and washed with 
cold water and hexane, and then it was dissolved in a mixture 
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of methanol/dichloromethane (50:50, 10 mL) and concentrated 
under reduced pressure.

4.	 The residue obtained was suspended in cold water (20 mL), and 
Et

3
N was added to it, and then it was extracted with ethyl acetate 

(2 × 20 mL).

5.	 The combined ethyl acetate extract was washed with water  
(10 mL) and concentrated under reduced pressure in a desiccator 
to get 2c (0.603 mg, 81%).

RESULTS AND DISCUSSION

Results of docking

In the field of computer-aided drug design, energy minimization 
(aka geometry optimization, energy optimization, or geometry 
minimization) refers to the observation of the spatial orientation 
of a group of atoms in which the net force of inter-atomic origin 
on each atom is approximately zero [15-18]. Energy minimization 
is crucial to predict reliable docking results and is performed by 
finding a paradigm of the macromolecule and the ligand that 
would attach to it using a computer [19-25]. In this work, energy 
minimizations were performed for ligands and the target protein 
(i.e., the tyrosine kinase PDB code 3CS9) to be utilized further in 
the docking processes.

Docking of the structures: The computational docking 
analyses were done using GOLD) supplied by the Cambridge 
Crystallographic Data Centre (CCDC) (https://www.ccdc.cam.
ac.uk/) as well as other related software.

The target protein is proto-oncogene tyrosine-protein kinase (PDB 
ID 3CS9). Spebrutinib acts as a tyrosine kinase inhibitor (TKI) 
along with chemicals 2a, 2b, and 2c. No constraints were used in 
the docking process.

The binding sites were defined as (TYR 253, VAL 256, GLU 286, 
and THR 315)

The in silico analyses and computational docking were successfully 
performed with the utilization of the GOLD program supplied 
by the Cambridge Crystallographic Data Centre along with other 
related software. The success rate for the GOLD score recorded for 
the GOLD program was 57% [26]. In this study, the success rate 
is 67%, which is considered fair for computer-aided drug design. 
Compound 2a shows the best fitting within the active site and the 
best GOLD score (better than spebrutinib) as shown in Table 4. 
Furthermore, compound 2a possesses hydrophobic bonding via 
the benzene ring within the hydrophobic pocket. Docking of the 
spebrutinib structure is shown in Figure 2. Docking of the 2a 

Compound 
Symbol

No. of Bound a.a. No. of H-bonds
Fitness: 

GoldScore 

Spebrutinib 4 2 75.97

2a 4 2 81.60

2b 4 2 76.05

2c 4 2 72.58

Table 4: shows the in silico design, the docking GOLD scores and the no. 
of binding sites (Amino Acid Sequence). Spebrutinib (assigned zero) is 
utilized as a positive control.

 

Figure 2: Crystal structure of tyrosine kinase in complex with spebrutinib 
(PDB code: 3CS9). Spebrutinib is represented as a capped stick model, 
and the tyrosine kinase is shown by a spacefill representation.

 

Figure 3: Crystal structure of the tyrosine kinase in a complex with 
compound 2a (PDB code: 3CS9). Compound 2a is represented as a capped 
stick model, and the tyrosine kinase is shown by a spacefill representation.

 

Figure 4: Crystal structure of the tyrosine kinase in a complex with 
compound 2b (PDB code: 3CS9). Compound 2b is represented as a capped 
stick model, and the tyrosine kinase is shown by a spacefill representation.
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structure is shown in Figure 3. Docking of the 2b structure is shown 
in Figure 4. Docking of the 2c structure is shown in Figure 5.

Results of chemical synthesis

In the DSC chart, the temperature is raised until the chemical 
compound reaches its melting point (Tm). The chart will spike at 
that temperature, as the melting process causes an endothermic 
change that will appear as a peak in the DSC curve. The DSC 
is considered as a very sensitive technique to record characteristic 
melting points for various analytes [27]. In this study, the melting 
points were recorded for spebrutinib and the synthesized 
compounds.

The estimated log P (Octanol-water partition coefficient) 
parameters, hydrogen bond donors, and hydrogen bond acceptors 
manifest very good compliance with the Lipinski rule of five [28].

However, the rotatable bond count is another issue that is 
correlated with the oral absorption feature of drugs. To have good 
oral bioavailability, the drug has to have no more than 10 rotatable 
bonds. This feature is achieved with compound 2a. In the same 
context, the drug likeliness is close if the topological polar surface 
area is equal to or less than 140 A2, which has been observed for all 
the synthesized compounds [29].

Regarding the tPSA, which is defined as the summation of 
the total polar atoms on the surface of a molecule, these atoms 
basically comprise oxygen and nitrogen, along with the attached 
hydrogens. tPSA is a widely utilized tool in medicinal chemistry to 
judge whether a drug is capable of permeating into cells or not. To 
permeate into enterocytes and become orally bioavailable, the tPSA 
of a molecule has to be lower than 140 square angstroms, whereas 
a tPSA less than 90 square angstroms renders the molecules able to 
penetrate the blood-brain barrier and become bioavailable to the 
CNS [30-32].

In chemistry, the amount of product obtained in a chemical 
reaction divided by the amount calculated theoretically is known 
as the percent yield, which is a measure of the reaction efficiency. 
Yields less than 40% are considered poor, more than 50% are 
fair, greater than 70% are considered good, greater than 80% are 
very good, and greater than 90% are excellent, whereas yields near 
100% are known as quantitative yields [33,34]. Accordingly, the 
percent yields of the chemical syntheses in this work are considered 
very good.

Three spebrutinib analogues were successfully synthesized. 
Thereafter, the selected chemical and physical parameters of the 
synthesized compounds are tabulated in Tables 5 and 6 below:

Results of characterization of the synthesized compounds

FT-IR Characterization: Structures of the synthesized compounds 
based on the appearance and disappearance of the characteristic 
bands in the observed spectra.

FT-IR Characterization of compound 2a: 3272 cm-1 (N-H stretch 
of amide), 1649 cm-1 (C=O stretch of amide), 1492 cm-1 (C-C stretch 
of aromatic), 1437 cm-1 (C-C stretch of aromatic (in-ring)).

FT-IR Characterization of compound 2b: 3432 cm-1 (N-H stretch 

of amide), 3364 cm-1 and 3207 cm-1 (N-H stretch of 2° amines), 
1660 cm-1 (C=O stretch of amide), 1424 cm-1 (C-C stretch of 
aromatic (in-ring)).

FT-IR Characterization of compound 2c: 3362 cm-1 (N-H stretch 
of amide), 3204 cm-1 (N-H stretch of 2° amines), 1667 cm-1 (C=O 
stretch of amide), 1426 cm-1 (C-C stretch of aromatic (in-ring)).

Elemental Microanalysis (CHN): In general, an error no greater 
than 0.4% is required for these types of analyses [35]. In this 
study, all the synthesized compounds had errors less than 0.4% 
(0.21%-0.37%), which indicates a high accuracy and low content 
of impurities. Elemental microanalyses were performed for the 
spebrutinib and the synthesized compounds, and the results are 
tabulated in Table 7.

 

Figure 5: Crystal structure of the tyrosine kinase in a complex with 
compound 2c (PDB code: 3CS9). Compound 2c is represented as a capped 
stick model, and the tyrosine kinase is shown by a spacefill representation.

Compound 
symbol

Physical appearance
m.p. 
(°C)** Log P tPSA*

AVL-292 White powder 174.68 3.72 96.34 A2

2a Faint yellowish-brown crystals 148.92 4.94 96.34 A2

2b White fluffy powder 152.06 4.97 96.34 A2

2c Off-white crystals 216.76 3.04 96.34 A2

*tPSA=topological polar surface area.
**Melting points were observed with DSC.

Table 5: Some of the physical parameters of spebrutinib and the 
synthesized analogues.

Compound 
symbol

Molecular 
mass

Yield 
%

H Bond 
Donor 
Count

H Bond 
Acceptor 

Count

Rotatable 
bond count

Heavy 
atom 
count

AVL-292 423.45 STD 3 8 10 27

2a 473.51 89 3 8 10 35

2b 453.52 86 3 8 14 33

2c 411.44 81 3 8 11 30

Table 6: Selected chemical parameters of the spebrutinib standard and the 
synthesized compounds.
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Compound symbol Chemical formula Molecular mass
Elemental microanalyses%

Element Calculated Observed

AVL-292 C
22

H
22

FN
5
O

3
423.45

C 62.400 62.358

H 5.240 5.191

N 16.540 16.452

Sum 84.18 84.001

% Deviation 0.21%

2a C
26

H
24

FN
5
O

3
473.51

C 65.950 65.897

H 5.110 4.920

N 14.790 14.718

Sum 85.85 85.535

% Deviation 0.37%

2b C
24

H
28

FN
5
O

3
453.52

C 63.560 63.470

H 6.220 6.195

N 15.440 15.293

Sum 85.22 84.958

% Deviation 0.31%

2c C
21

H
22

FN
5
O

3
411.44

C 61.300 61.197

H 5.390 5.298

N 17.020 16.922

Sum 83.71 83.417

% Deviation 0.35%

Table 7: Elemental microanalyses of spebrutinib and the synthesized compounds.

F O
O

O

N NN

N

N

H

H

H

ab

c

A

B

C D
d

e

f

C
26

H
24

FN
5
O

3

Chemical group Chemical Shift (ppm) Integrations No. of Hydrogens Interpretations 

a 3.32 3.00 3 Singlet, for CH3 protons

b 3.65 1.80 2 Triplet, for CH2 protons

c 4.04 1.94 2 Triplet, for CH2 protons

A+B+C+D 6.38-7.66 14.43 14 Aromatics, rings; A, B, C, and D.

d 8.06 1.01 1 Singlet, for N-H proton as indicated.

e 8.96 0.98 1 Singlet, for N-H proton as indicated.

f 9.07 0.98 1 Singlet, for N-H proton as indicated.

Sum=24.14 Total=24

Table 8: 1H NMR data and the interpretations of compound 2a.
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F O
O

O

N NN

N

N

H

H

H

bc

A

B C d
e

g

f

a
a

a

 C
24

H
28

FN
5
O

3

Chemical 
group

Chemical Shift 
(ppm)

Integrations No. of Hydrogens Interpretations 

a 1.16 8.94 9 Singlet, for CH3 protons

b 3.32 3.15 3 Singlet, for CH3 protons

c 3.65 2.13 2 Triplet, for CH2 protons

d 4.03 2.03 2 Triplet, for CH2 protons

A+B+C 6.63-8.09 9.57 9 Aromatics, rings; A, B, C, and D.

e 9.03 0.96 1 Singlet, for N-H proton as indicated.

f 9.21 0.99 1 Singlet, for N-H proton as indicated.

g 9.36 0.67 1 Singlet, for N-H proton as indicated.

Sum=28.44 Total=28

Table 9: 1H NMR data and the interpretations of compound 2b.

F O
O

O

N NN

N

N

H

H

H

bc

A

B C d
e

g

a

f

C
21

H
22

FN
5
O

3

Chemical group Chemical Shift (ppm) Integrations No. of Hydrogens Interpretations

a 1.78 2.94 3 Singlet, for CH3 protons

b 3.61 3.10 3 Singlet, for CH3 protons

c 3.65 2.03 2 Triplet, for CH2 protons

d 4.04 2.04 2 Triplet, for CH2 protons

A+B+C 6.79-8.09 9.22 9 Aromatics, rings; A, B, C, and D.

e 8.99 0.96 1 Singlet, for N-H proton as indicated.

f 9.37 0.80 1 Singlet, for N-H proton as indicated.

g 9.95 0.92 1 Singlet, for N-H proton as indicated.

Sum=22.01 Total=22

Table 10: 1H NMR data and the interpretations of compound 2c.

1H NMR Characterization

1H NMR Characterization of compound 2a and their 
interpretations are shown in Table 8.

1H NMR Characterization of compound 2b and their 
interpretations are shown in Table 9.

1H NMR Characterization of compound 2c and their 
interpretations are shown in Table 10.

CONCLUSION

In this work, the authors conclude that the new spebrutinib 
analogues were successfully designed, synthesized, and 
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characterized. The biological evaluation of these compounds is 
highly recommended.
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