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A B S T R A C T   

Reaction of a series of hydrazonoyl chlorides with substituted aminopyrimidines afforded good selectivity in most cases leading either to formation of new imidazo 
[1,2-a]pyrimidine derivatives, or regioisomeric hydrazonamide adducts. The compounds were evaluated for antibacterial and anticancer activities. Screening against 
E. Coli, P. aeruginosa, S. aureus, S. epidermidis, B. subtilis and K. rhizophila did identify several different compound types with MIC of 0.1-0.4 mg/mL. Anticancer 
evaluation against a HeLa cell line identified one imidazo[1,2-a]pyrimidine lead. An in silico target fishing analysis suggest three possible high value protein targets, 
Tankyrase-2 (Tank-2), Cyclin-dependent kinase (CDK2) and Epidermal growth factor tyrosine kinase receptor (EGFR), with modelling fit against co-crystallized 
known ligands. This provides a new structural family lead for further investigation of molecular targets and potential SAR activity development.   

1. Introduction 

The search continues unabated to identify new antimicrobial agents 
to meet the clinical need for new drugs which can clear infections from 
multi-drug resistant (MDR) pathogens. These pathogens have become 
increasingly difficult to treat with existing antibiotics, and the future 
effectiveness of antimicrobial agents remains in doubt [1,2]. It is 
imperative that a global strategy is implemented to prevent further 
microbial resistance, but new antimicrobial agents must also be 
discovered as infections with MDR-bacteria have increased to alarming 
levels [3]. This provides a broad requirement and rationale for 
expanding compound types screened against bacterial targets as part of 
international drug lead discovery efforts, to find new structural classes 
with such activities. Another threat to human life is cancer, which re
mains the second leading cause of mortality [4,5]. After decades of 
continuous effort from the scientific community, numerous achieve
ments in the treatment and diagnosis of cancer have been achieved. 
However, for many cancers, a successful treatment is yet to be achieved 

[6]. More than 85% of all biologically-active medicinal chemical entities 
contain a heterocyclic component, reflecting the central role of hetero
cycles in modern drug design and discovery [7]. Therefore, screening 
new heterocyclic based compound libraries against cancer targets re
mains a valid approach to new drug discovery in the important arena. 

Nitrogen-containing heterocyclic compounds have led to numerous 
promising applications in medicinal chemistry and drug discovery [8,9]. 
For example, quinazoline derivatives have been extensively studied for 
therapeutic applications against cancer [10–15]. The synthesis of 
several new series of imidazo[1,2-a]pyrazines related to hit compound 
CTN1122, an active antileishmanial, have also been reported [16–18]. 
Imidazo[1,2-a]pyridine derivatives have also been investigated for their 
anti-cancer activity in A375 and WM115 melanoma and HeLa cervical 
cancer cell lines [19,20]. Dibenzo[b,d]furan derivatives have also been 
identified as potent Pim-1/2 kinases inhibitors [21]. The pyrimidine 
nucleus is another significant pharmacophore at the core of drugs 
exhibiting excellent pharmacological activities. Numerous drugs pos
sessing pyrimidine rings have been approved and are now commercially 

* Corresponding author. 
E-mail address: gardiner@manchester.ac.uk (J.M. Gardiner).   

1 Rami Y. Morjan and Ihab M. Almasri have contributed equally to this work. 

Contents lists available at ScienceDirect 

Journal of Molecular Structure 

journal homepage: www.elsevier.com/locate/molstr 

https://doi.org/10.1016/j.molstruc.2023.135754 
Received 10 January 2023; Received in revised form 13 April 2023; Accepted 9 May 2023   

mailto:gardiner@manchester.ac.uk
www.sciencedirect.com/science/journal/00222860
https://www.elsevier.com/locate/molstr
https://doi.org/10.1016/j.molstruc.2023.135754
https://doi.org/10.1016/j.molstruc.2023.135754
https://doi.org/10.1016/j.molstruc.2023.135754
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molstruc.2023.135754&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


Journal of Molecular Structure 1288 (2023) 135754

2

available. [22]. For example, Anagliptin is an approved drug for the 
treatment of type 2 diabetes, while Iclaprim and Pyrazophos are 
important antibacterial and antifungal drugs. Benzofuro[3,2-d] 
pyrimidines derived from (–)cercosporamide, have also been synthe
sized and evaluated as potential Candida albicans PKC inhibitors with the 
aim of restoring susceptibility to azole treatment [23,24]. Recently, a 
benzo[e]pyrimidine emerged as a good candidate for phase I and phase 
II clinical trials in patients with metastatic melanoma and glioblastoma 
multiforme [25]. Pyrimidines have also shown activity as antituber
cular, [26,27] antioxidant, [28,29] anti-inflammatory, [30,31] anti
convulsant, [32,33] antimicrobial, [34,35] antibacterial[36–38] and 
antitumor agents [39–44]. 

Herein, we describe the synthesis, docking studies, antimicrobial and 
anticancer activities of a series of new heterocyclic compounds 7–10 
obtained through reaction of different hydrazonoyl chlorides 1–3 with 
substituted aminopyrimidines 4–6.(Scheme 1), proposed to proceed via 
nitrilimines generated in situ from hydrazonoyl chlorides 1–3 [45]. Here 
we report that four different heterocyclic product types furnished via 
this reaction [46–48]. Products 7 and 8 are formed through nucleophilic 
attack at the electrophilic carbon of the nitrilimine, via either the py
rimidine amino group, or of a pyrimidine nitrogen of 4–6, to give 7 or 8, 
respectively. Further cyclization of the adducts 8 can occur through 
pyrimidine amino group condensation with the ketone to give 9 
(Scheme 1). 

2. Results and Discussion 

2.1. Reaction of a series of hydrazonoyl chlorides with substituted 
aminopyrimidines 

We carried out reactions of three aminopyridines 4–6 with three 
hydrazonoyl chlorides 1–3. From each reaction, contrasting reactivity 
pathways were evident between the nitro-substituted hydrazonoyl 
chlorides - giving products of types 7 and /or 9, and of the p-Cl hydra
zonoyl chloride, where high yields of the compound of type 8 were 
exclusively obtained. 

Reaction of nitro-aryl hydrazonoyl chlorides 1 and 2 with 2-amino
pyrimidine 4 gave a mixture of two products which were separated by 
column chromatography. The major cyclic products, imidazo[1,2-a] 
pyrimidine derivatives 9a and 9d, were isolated in 70% yield after re- 
crystallization. The corresponding acyclic products 7a and 7d was also 
isolated as a minor product in 20% yield each. 

However, when the hydrazonoyl chloride 3 was reacted with the 2- 
aminopyrimidine 4 (Scheme 2) under the same reaction conditions, only 

the acyclic product 8g was isolated in 90% yield. The structure of the 
products was confirmed by MS, HRMS, 1H-NMR and 13C-NMR (Fig. S1, 
Supplementary Data). Thus, the major pathway in all cases is clearly 
through ring nitrogen attack at the nitrilium carbon, however, in the 
nitro cases further condensation cyclisation is the main outcome, whilst 
this does not happen for the p-Cl derivative. In no case is any air 
oxidation product (10) observed. These results clearly show that the 
mode of the reaction and product formed are influenced by the position 
of the substituent group on the phenyl ring of the hydrazonoyl chlorides. 
The same reaction outcome was obtained in either THF or DMF. THF 
was preferred because the by-product, triethylamine hydrochloride, was 
insoluble in this solvent and was easily separated by filtration. 

To investigate the mode of reaction of these reactions, and the in
fluence of the substituent groups on the reaction pathway and time, the 
effect of substituent groups located on the 2-aminopyrimidine reactant 
was evaluated. Thus, 2-amino-4-methylpyrimidine 5 and 2-amino-4,6- 
dimethylpyrimidine 6, were reacted with hydrazonoyl chlorides 1-3 
under the same conditions as used with 4 (vide supra). 

The reaction of 1 with 5 produced only the cyclic imidazo[1,2-a] 
pyrimidine derivative 9b in 90% yield. The reaction of 2 with 5 also 
showed high selectivity, producing a mixture of the acyclic product 7e 
and the cyclic imidazo pyrimidine 9e in 10% and 80% yield respectively. 
So, like the part amino pyridine, this gave very high isolated yields of the 
product 9, with minor or no by-product isolated. In contrast, in the case 
of reaction of the p-Cl hydrazonoyl chloride 3 with 5 the acyclic adduct 
8 h was the only isolated product in 90% yield (Scheme 3), mirroring the 
outcome seen with aminopyrdine 4, also arising from substitution using 
one of the pyrdimidine ring nitrogens, but without further 
heterocyclization. 

The structure of the products confirmed by MS, HRMS, 1H-NMR and 
13C-NMR (Fig. S2, Supplementary Data). Notable is the very different 
heterocyclic ring protons of compounds 8 with loss of the pyridine 
aromaticity, further supporting structural assignment alongside X-ray 
examples of compounds 7 and 9.(vide infra) 

Next, we assessed the effect of a second methyl substituent on the 
pyrimidine, namely using 2-amino-4,6-dimethylpyrimidine 6. The re
action of the o-NO2 derivative 1 with 6 afforded the cyclic imidazo[1,2- 
a]pyrimidine 9c in 70% yield, thus showing very similar selectivity to all 
the nitroaromatic examples above, and also produced a minor amount of 
the acyclic product 7c. However, under the same reaction conditions, 
the reaction of the p-NO2 derivative 2 with 6 gave no evidence of for
mation of the cyclic product 9f - the major expected product from the 
prior nitro examples. Instead, the analogous acyclic product, 7f, was 
isolated in 80% purified yield. In the case of reaction of p-Cl derivative 3 

Scheme 1. Possible products from the reaction of nitrilimines 1–3 with 2-amino pyrimidine derivatives 4–6.  
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with 6 under the same reaction conditions; the acyclic adduct 8i was the 
only isolated product in 90% yield, so this again matches almost exactly 
the reactivity and efficiency observed for the other amino pyridines 
above (Scheme 4). No evidence of any by-product formation as a result 
of oxidation of 8i was observed [46]. 

2.2. X-ray structure confirmation of examples of compounds 7 and 9 

The structure of the products was confirmed by MS, HRMS, 1H-NMR 
and 13C-NMR (Fig. S3, Supplementary Data), and structures of 7c and 9c 
were further confirmed by X-ray analyses [49]. Single crystals were 
obtained for both compounds on slow evaporation of 7c in DMSO/EtOH 
and DMSO/CHCl3 for 9c. The crystal structure of compound 7c has a 
space point Pna 21 with a unit cell dimensions 7.321 Å, 11.762 Å, 
17.508 Å and cell angles 90.00

◦

, 90.00
◦

and 90.00
◦

for α, β and γ, 

respectively. The compound 9c has a space point group P1 with a unit 
cell dimensions 11.77 Å, 11.875 Å, 14.68 Å and cell angles 76.7650 
(10)◦, 66.7100(10)◦ and 63.7670(10)◦ for α, β and γ, respectively 
(Fig. 1). 

The X-ray structure for compound 9c showed one oxygen atom of the 
NO2 group is bonded to a molecule of CHCl3. The X-ray structure for 7c 
indicates that the flexible N-N bond of the hydrazone exists in an anti- 
conformation in the crystal, while the rigid azo N=N of the linkage of 
9c similarly exists in a trans configuration. Crystal packing diagrams and 
full details of the crystal structures are shown in (Fig. S4, Supplementary 
Data). 

2.3. Mechanistic rationale for alternative isomer formation 

The product outcomes indicate a clear preference for initial 

Scheme 2. Reaction of 1-3 with 2-amino pyrimidine 4.  

Scheme 3. Reaction of 1-3 with 2-amino-4-methylpyrimidine 5.  
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nucleophilic attach on the purported nitrimium or 1,3-diploar inter
mediate via the pyridine ring nitrogen rather than the amine group., 
with only one exception. This could be explained in part though 
hydrogen bonding interaction with a N anion, while the high regio
control of the outcome with unsymmetrical monomethyl pyrimidine can 
be rationalised through steric effects. However, this does not fully 
explain the preference for the p-Cl route to stop without conformational 
change and further heterocyclization (Scheme 5). 

This might be accounted for by weaker activation of the carbonyl 
(versus nitro substituents). The only outlier to these trends is that with 
the dimethyl pyrimidine amino group, substitution onto the p-nitro 
hydrazonoyl chloride occurs, in similarly high yield to the isomeric 
outcome for the o-nitro hydrazonoyl chloride with this pyrimidine. 

Scheme 4. Reaction of 1-3 with 2-amino-4,6-dimethylpyrimidine 6.  

Fig. 1. (a) X-ray structures of 7c; (b) X-ray structure of 9c.  

R.Y. Morjan et al.                                                                                                                                                                                                                              



Journal of Molecular Structure 1288 (2023) 135754

5

2.4. Antibacterial evaluations 

With this series of new compounds 7, 8 and 9 in hand, we then un
dertook evaluation of their antibacterial effects. The minimum inhibi
tory concentration (MIC) of the tested compounds was evaluated against 
six microorganisms (Two Gram-negative namely; E. coli ATCC 8739 and 
Pseudomonas aeruginosa ATCC 9027 and four Gram positive namely; 
Staphylococcus aureus ATCC 6538, S. epidermidis ATCC 12228, Bacillus 
subtilis ATCC 6633 and Kocuria rhizophila ATCC 9341). The microbroth 
dilution method was used. The obtained products were dissolved in 
DMSO and each test organism was grown in Brain Heart Infusion Broth 
(BHIB) for 4 hours [50]. The growth was adjusted to equal a 0.5 Mac
Farland turbidity standard. 200 μL of the adjusted growth was placed in 
each of 12 wells of a 96-microtiter plate [50,51]. One hundred µL of the 
DMSO dissolved compound was placed in the first well, mixed and 100 
µL transferred to the next well. This step was repeated until the 11th well. 
The 12th well served as growth control. Plates were incubated for 24 h at 
37 ºC. 

After incubation, 20 µL of 0.1% tetrazolium chloride solution was 
added to each well and plates were re-incubated for 15 minutes. The 
development of red color was indicative of bacterial growth. The lowest 
concentration (highest dilution) of the chemical that inhibited the 
growth of test organism was considered as the minimum inhibitory 
concentration (MIC). The screening results for antibacterial activity and 
determination of MIC of the synthesized compounds obtained by 
microdilution method showed that all compounds possessed varying 
degree of antibacterial activity Table 1. 

However, no detectable pattern was observed and no single com
pound was superior to all others in terms of broader coverage and the 
MIC values ranged from 0.1–13.1 mg/mL. Amongst the most inhibitory 
results, compound 7d exhibited a MIC of 0.1 mg/mL against both 
S. aureus and S. epidermidis and 0.4 mg/mL against P. aeruginosa, whilst 
7a and 9c showed MIC value of 0.2 mg/mL against S. aureus and Kocuria 
rhizophila. Most of the tested compounds reduced P. aeruginosa activity 
at concentration ≥3.2 mg/mL. The highest growth inhibition activity 
against E. coli for 8g, 7f and 7a (0.1 mg/mL). The compound 8h inhibited 
E. coli at a concentration of 0.4 mg/mL. 

2.5. Antiproliferative effects on HeLa cells 

Alongside antibacterial screening, a number of antitumor 

evaluations of the new compounds were undertaken. 
The viability of HeLa cancer cell line was examined. The samples 

were first dissolved in DMSO (Sigma-Aldrich, USA) to prepare stock 
solutions and then diluted with complete growth medium to the final 
concentrations (12.5, 25, 50, 100, 200 and 400 µM) before treatment. 
Samples treated with DMSO alone served as controls. The final con
centration of DMSO in the medium was always kept equal or less than 
0.3% (v/v). Cell proliferation and viability were assessed by 3-(4,5- 
dimethylthiazolyl-2)-2,5-diphenyl tetrazolium bromide (MTT) (MP 
Biomedical, LLC, USA) assay [52]. HeLa cells were seeded at 4000 
cells/well into a 96-well plate in 100 μl of complete medium. The cells 
were incubated for 24 h, and then exposed to various concentrations of 
the synthesized compounds for 24 h. At the end of the treatment, the 
treatment-containing medium was removed and 0.5 mg/ml MTT dis
solved in the same medium was added to each well. The plate was 
further incubated for an additional 3 h. After removing the supernatant 
at the end of incubation, 100 µL DMSO was added to each well to 
dissolve the formazan crystals that formed. The absorbance at 570 nm 
was measured with a multi-well scanning spectrophotometer (Multiskan 
FC, USA). Cell viability was expressed as percentage of control by 
comparing the number of live cells in the treatment group to the number 

Scheme 5. Mechanism and favored outcomes for reactions of pydimidines 4-6 with hydrazonoyl chlorides 1–3.  

Table 1 
The MIC results of compounds that exhibited antibacterial activity μg / mL.   

MIC in μg / mL  

Gram-positive bacteria Gram-negative bacteria 

Compound S. a S.e B. s K.r E.c P.a 

7a 0.2 3.2 0.8 0.2 0.1 0.4 
7c 3.2 NT NT 3.2 3.2 3.2 
7d 0.1 0.1 0.9 3.9 1.6 0.4 
7f 0.8 13.1 3.2 1.6 0.1 3.2 
9a 0.8 6.5 3.2 0.4 1.6 3.2 
9b 1.6 6.5 6.5 0.8 0.1 3.2 
9c 0.2 6.5 6.5 0.2 3.2 3.2 
9d 1.6 1.6 0.2 0.8 0.2 3.2 
8g 1.6 6.5 6.5 0.8 0.1 3.2 
8h 0.8 0.4 0.2 0.8 0.4 3.2 

a S. a Staphylococcus aureus ATCC 6583, S.e Staphylococcus epidermidis ATCC 
12228., B.s Bacillus subtilis ATCC 6633, E.c Escherichia coli ATCC 8739, K.r. 
kocuria rhizophila ATCC 9341, P.a Pseudomonas aeruginosa ATCC 9027. N.T.: 
Not tested. 
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in the vehicle group [53]. Viability of cells was calculated by the 
following formula: 

Viability(%) =
Mean OD of sample − OD of Blank
Mean OD of control − OD of Blank

× 100 

The results showed variable antiproliferative effects against HeLa 
cells (Fig. 2). The cells in the exponential growth phase were treated 
with eight synthesized compounds at different concentrations (12.5, 25, 
50, 100, 200 and 400 µM) for 24 h. The viability of cells was determined 
using MTT assay where at least three independent experiments were 
performed. The values from each time point were then compared to the 
control values and expressed as mean ± SD of three or more indepen
dent experiments (Fig. S5, Supplementary Data). With the exception of 
7c and 9c, the compounds inhibited the growth of HeLa cells in a dose- 
dependent manner ranging from 11.7 µM for 9a to 179.5 µM for 8h. The 
calculated IC50 (24 h) for the compounds which have good anti- 
inhibitory effect on HeLa cells are shown in Table 2. 

2.6. SAR (structure activity relationship) study 

The following SAR can be deduced from the anticancer screening 
results. Based on the obtained antiproliferative activities for the syn
thesized compounds listed in (Table 2); the SAR study showed that the 
presence of the electron donating groups (CH3) on the pyrimidine 
moiety in all of the synthesized compounds listed in (Table 2) led to the 
decreasing of antiproliferative agent’s activities. The cyclized imidazo
pyrimidine 9a,b derivatives showed the most active antiproliferative 
agents and, thus, higher anticancer potential activities. Moreover, 
incorporation of one methyl group on the pyrimidine ring within the 
different acyclic (series 7 and 8) and cyclic products (series 9) resulted in 
reduction in the activity e.g., compound 9b (IC50= 90.3 µM) has about 8- 
fold reduction in activity in comparison to 9a (IC50 =11.7 µM). Simi
larly, compound 8h has lower activity than 8g (Table 2). Furthermore, 
the addition of a second methyl group on the pyrimidine ring decreased 
the activity substantially e.g., the activity of compound 9c (IC50 
4.9×1014 µM) dramatically decreased in comparison to compound 9a 
(IC50 11.7 µM) and 9b (IC50 90.3 µM). This is presumably due to the 
increase of steric hindrance which disrupted the optimum interactions 
between the compound and its target. 

2.7. Docking Simulations and Molecular Modeling 

The promising antiproliferative effect of compound 9a (IC50 = 11.7 
µM) on human cervix carcinoma HeLa cell line encouraged investigation 
towards proposing the potential proteins involved in the anti
proliferative effect of these compounds using an in-silico target fishing 
approach. The initial work involved Rapid overlay of chemical struc
tures (ROCS). A database of the co-crystallized ligands was downloaded 
as an SDF file from Protein Data Bank (PDB; contains 217,000 entries). 
The database was filtered using FILTER Software in order to remove 
nondrug-like entities. The following parameters were adopted for 
filtration: allowed elements (H, C, N, O, F, P, S, Cl, Br, I); number of 
heavy atoms (15 to 40); molecular weight (200 to 600); number of ring 
system (0 to 5). The filtered PDB database had 6548 ligands. Subse
quently, an ensemble of energetically accessible conformers of the target 
representatives (PDB database) were generated using OMEGA software 
with default parameters [54]. Thereafter, virtual shape/chemical 
matching between the designed compounds and the PDB database was 
carried out using ROCS software as a target fishing approach [55]. 
During screening, ROCS compares database compounds and query 
molecules by aligning the compounds such that their volumes and 
chemical features are as closely matched as possible. This match is 
represented by a TanimotoCombo score which ranges from 0 to 2. The 
higher the TanimotoCombo score, the better shape and chemical-feature 
match exists between molecules. Only antibacterial targets with ROCS 
score ≥ 1.0 were taken into consideration. In silico validation of the 
discovered potential targets was carried out using docking simulations. 
The 3D coordinates of target proteins were obtained from the Protein 

Fig. 2. Cell viability of HeLa cells with compounds 7, 8 and 9.  

Table 2 
IC50 (µM) (24 h) of compounds evaluated on HeLa cells.  

Compound IC50 (µM) (24 h) 

7c 2008 
7d 100.9 
9a 11.7 
9b 90.3 
9c 4.9×104 

9e 162.9 
8g 80.1 
8h 179.5 
Taxol 1.7  
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Data Bank. Hydrogen atoms were added to proteins using Discover 
Studio (DS) Visualizer templates for protein residues. The chemical 
structures of the designed compounds were drawn in MarvinSketch and 
saved in molfile format. Conformation al space for compounds was then 
explored by generating energetically accessible conformers using 
OMEGA software and the generated conformers were saved in SDF 
format. Subsequently, the compounds were docked into the active site of 
target proteins using FRED software [56] within the OEDocking suite in 
the presence of explicit water molecules. FRED is a fast rigid exhaustive 
protein-ligand docking program, which makes use of a pre-generated 
multiconformer database and a single receptor file as input and out
puts molecules most likely to bind to the receptor [56]. The protein 
structures and ligand conformers are treated as rigid units during 
docking process. The top scoring poses are optimized and assigned a 
final score using Chemgauss4. Computational target profiling methods 
or “target fishing” are complementary to the experimental screening 
approaches as it is not possible to test each compound against every 
possible target. In order to search for potential antiproliferative targets, 
similarity-based target fishing approach, using ROCS program, was 
adopted in this work. The basic idea behind this approach is that two 
similar ligands are likely to have similar target-binding profiles. The 
fishing is carried out by using active compounds as query ligands and 
selecting shape and chemical similarities for comparing them with 
database of ligands of known bioactivities. Furthermore, to explore the 
capability of the designed compounds to bind to the selected targets, 
molecular docking simulations were used. 

The results of ROCS-based target fishing revealed three potential 
anticancer targets of new compound 9a, ranked in the following order: 
Tankyrase-2 (Tank-2), Cyclin-dependent kinase (CDK2) and Epidermal 
growth factor tyrosine kinase receptor (EGFR). 

All the designed compounds were successfully docked within the 
active site of the three fished targets. Tankyrases belong to a group of 
enzymes called poly ADP ribosyl polymerases which recently became an 
important novel target in treating cancer [57]. Inhibition of tankyrase 
catalytic activity in tumor cells prevents uncontrolled telomere exten
sion, triggering cellular senescence and could lead to mitotic arrest 
without DNA damage in HeLa cells [58]. Docking simulations showed 
valid bonding between Tank-2 and the lead compound. A strong simi
larity between the binding modes of the co-crystallized ligand and the 
most potent designed compound 9a within the active site of Tank-2 
(Figs. 3 and 4) was identified. 

The nitro group and the imidazopyrimidine ring a strong network of 
hydrogen bonding with Ser1068, Gly1032 and Ser1033, similar to the 
carbonyl group and benzodioxolane ring in the co-crystallized inhibitor 
as shown in Fig. 3. 

Moreover, potential hydrophobic interactions could be expected 
with Tyr1050, Tyr1060, Tyr1071 and Ile1075. These interactions are 
suggested to contribute to the overall strength of the enzyme-inhibitor 
complex and boost the idea of considering the designed compounds as 
potential Tank-2 inhibitors for further investigation. 

The second target, CDK2, is a serine/threonine protein kinase that 
plays a critical role in controlling cell proliferation through regulating 
the cell cycle transition from G1 to S phase. Hence, CDK2 inhibitors are 
considered as potentially effective anticancer agents [59]. Herein, 
protein-ligand docking software FRED showed similar binding profile 
between 9a and the co-crystallized ligand within the binding pocket of 
CDK2 (Figs. 5 and 6) as both compounds shown strong hydrogen 
bonding with the key amino acid Leu83. 

Finally, EGFR is a transmembrane protein, which consists of three 
major functional domains: an extracellular binding domain, a hydro
phobic transmembrane domain and an intracellular tyrosine kinase 
domain. It plays an essential role in regulating normal cell signaling, and 
the mutation of EGFR leads to cell proliferation, angiogenesis, invasion, 
metastasis and inhibition of apoptosis, accounting for the pathogenesis 
and progression of cancer cells. Not surprisingly, EGFR has emerged as a 
major target for anticancer therapeutic intervention [59]. Docking 
simulations showed substantial binding with good docking scores of the 
designed compounds against EGFR (Fig. 7). These findings could pro
mote further studies on this target which could give rise to the discovery 
of new anticancer EGFR inhibitors. 

3. Conclusion 

Reaction of a series of hydrazonoyl chlorides 1–3 with substituted 
aminopyrimidines 4–6 provided chemoselective routes to new imidazo 
[1,2-a]pyrimidine derivatives, or regioisomeric hydrazonamide ad
ducts. The nature of the aryl substituent in the substrate hydrazonoyl 
chlorides dictates the pathway, and a rationale for these selectivities is 
provided. Screening against a range of both gram positive and gram- 
negative bacteria did not establish any clear broad-spectrum lead, but 
did identify several compounds with MIC of 0.1-0.4 mg/mL, which offer 
lead targets for further development. Screening against HeLa cells also 
identified a new imidazo[1,2-a]pyrimidine compound (9a) which an in 
silico target fishing analysis suggests could be targeting one or more of 
three important cancer-treated protein targets of therapeutic interest. 
Modelling with these targets - Tankyrase-2 (Tank-2), Cyclin-dependent 
kinase (CDK2) and Epidermal growth factor tyrosine kinase receptor 
(EGFR) - and know ligands shows a close fit. The cell data and the 
modelling analysis suggest that 9a is thus a good new lead for further 
structure-function evaluations and ultimate mechanistic investigations 
targeting these three important protein targets, involving enzyme assays 
and structural studies. 

4. Experimental section 

4.1. General Experimental 

1H NMR spectra were recorded at 300 or 400 MHz and 13C NMR 
spectra at 75 or 100 MHz on a Bruker AC300 or AC400 spectrometer. 
Chemical shifts are denoted in (ppm) relative to the internal solvent 
standard, TMS. ES-MS and HRMS were recorded on a Micromass LCT 
orthogonal acceleration time-of-flight mass spectrometer (positive and 
negative ion mode) with flow injection via a Waters 2790 separation 
module autosampler. Melting point determinations were made using a 
Stuart Scientific SMP1 apparatus and are uncorrected. All chemicals 
were used without further purification, as supplied by Sigma-Aldrich 
unless otherwise stated. The human HeLa cell line was kindly pro
vided by Dr. Johnny Stiban (Department of Biology and Biochemistry, 
Birzeit University – Palestine). The cell culture media and chemicals 
were all purchased from Kibbutz Beit Haemek unless otherwise indi
cated. Cell line was routinely maintained in DMEM supplemented with 

Fig. 3. Overlay of the highest-ranking docked pose of 9a (purple) as produced 
by FRED docking simulation and the co-crystallographic inhibitor of Tankyrase- 
2 (yellow, PDB code: 4L2K). Target structure is shown as ribbon diagram, 
colour-coded according to secondary structure. 
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10% fetal bovine serum (FBS), 100 units/mL penicillin and 100 mg/mL 
streptomycin at 37 ºC in a humidified 5% CO2 air incubator 

4.2. General Procedures 

Triethylamine (0.01 mol, 1.4 mL) was added drop-wise at room 
temperature to a mixture of hydrazonoyl chloride 1–3 (0.01 mol) and 
the appropriate 2-aminopyrimidine derivatives 4–6 (0.012 mol) in THF 
(50 mL). The reaction mixture was stirred and the progress of the re
action was monitored by TLC over 24 h. The precipitated salt was 
filtered off and the solvent was removed in vacuo. The crude product was 
washed several times with H2O to get rid of any remaining salt as well as 
any unreacted 2-aminopyrimidine derivatives. The solid was collected 
using suction filtration and the crude product was purified by column 
chromatography using 60% petroleum ether gradually changing to ethyl 
acetate. The following compounds were prepared according to this 
procedure. 

4.2.1. N’-(2-nitrophenyl)-2-oxo-N-(pyrimidin-2-yl) 
propanehydrazonamide 7a 

M.p. (180-182 ºC); Yield (20%); 1H NMR (400 MHz, CDCl3) δ 12.8 (s, 
1H, o-NO2PhNH), 8.5 (d, J = 4.9 Hz, 2H, 2 x CH, pyrimidine ring), 8.4 (s, 
1H, NHC=N), 8.1 (dd, J = 8.5, 1.5 Hz, 1H, o-NO2PhCH), 7.9 (dd, J = 8.7, 
1.2 Hz, 1H, o-NO2PhCH), 7.5 (ddd, J = 8.6, 7.1, 1.0 Hz, 1H, o- 
NO2PhCH), 6.9 (ddd, J = 8.4, 7.0, 1.3 Hz, 1H, o-NO2PhCH), 6.8 (t, J =
4.9 Hz, 1H, CHCHCH, pyrimidine ring), 2.6 (s, 3H, CH3CO). 13C NMR 
(100 MHz, CDCl3) δ 194.0 (C=O), 158.8 (2 x HC=N, pyrimidine ring), 
158.3 (NC=N, pyrimidine ring) 140.8 (N=CCOCH3), 133.5 (C-NHN), 
133.3 (C-NO2), 126.1, 119.7, 116.8, 114.4 (aromatic ring), 24.6 
(CH3C=O). LRMS (ES+) 301 [M + H]+; HRMS (TOF-ES–) m/z calcd. for 
C13H13N6O3[M + H]+ 301.1040, found 301.1044. 

4.2.2. 2-Methyl-3-((2-nitrophenyl)diazenyl)imidazo[1,2-a]pyrimidine 9a 
M.p. (194–196 ºC); Yield (70%); 1H-NMR (400 MHz, CDCl3) δ 9.8 (d, 

J = 5.9 Hz, 1H, CHCH=NC), 8.7 (dd, J = 4.3, 2.1 Hz, 1H), 7.9 (dd, J =
8.2, 1.2 Hz, 1H), 7.8 (dd, J = 8.1, 1.3 Hz, 1H), 7.6 – 7.5 (m, 1H), 7.4 – 7.3 
(m, 1H), 7.1 (dd, J = 6.8, 4.3 Hz, 1H), 2.8 (s, 3H). 13C-NMR (100 MHz, 
CDCl3) δ 153.8, 149.5, 147.1, 145.5, 136.4, 133.1, 132.2, 129.3, 124.4, 
117.2, 112.1, 14.3. LRMS (ES+) 283 [M + H]+; HRMS (TOF-ES–) m/z 
calcd. for C13H11N6O2 [M + H]+ 283.0933, found 283.0938. 

4.2.3. N-(4,6-dimethylpyrimidin-2-yl)-N’-(2-nitrophenyl)-2- 
oxopropanehydrazonamide 7c 

M.p. (197–199 ºC); Yield (20%); 1H-NMR (400 MHz, CDCl3) δ 11.71 
(s, 1H, o-NO2PhNH), 8.11 (dd, J = 8.5, 1.4 Hz, 1H, o-NO2PhCH), 8.08 (s, 
1H, NHC=N), 7.96 (dd, J = 8.7, 1.1 Hz, 1H, o-NO2PhCH), 7.55 (ddd, J =
8.1, 7.2, 0.9 Hz, 1H, o-NO2PhCH), 6.90 (ddd, J = 8.4, 7.0, 1.3 Hz, 1H, o- 
NO2PhCH), 6.56 (s, 1H, CH pyrimidine ring), 2.60 (s, 3H, CH3C=O), 
2.28 (s, 6H, 2 x CH3). 

13C-NMR (100 MHz, CDCl3) δ 194.18, 168.83, 158.32, 140.57, 
135.87, 134.88, 133.35, 126.02, 119.72, 116.69, 113.61, 24.54, 23.84. 
LRMS (ES+) 329 [M + H]+; HRMS (TOF-ES–) m/z calcd. for C15H17N6O3 
[M + H]+ 329.1357, found 329.1346. 

4.2.4. 2,7-dimethyl-3-((2-nitrophenyl)diazenyl)imidazo[1,2-a]pyrimidine 
9b 

M.p. (188-190 ºC); Yield (90%); 1H NMR (400 MHz, CDCl3) δ 9.69 (d, 
J = 6.3 Hz, 1H), 7.87 (dd, J = 8.2, 1.1 Hz, 1H), 7.82 (dd, J = 8.1, 1.3 Hz, 

Fig. 4. Detailed view of the binding site of Tankyrase-2 (PDB code: 4L2K, Rs = 2.10 Ǻ) showing the key interactions with (A) co-crystallized ligand (PDB code: 1V8), 
(B) Docked pose of compound 9a (cytotoxic IC50 = 11.7 µM). Green dashed-lines indicate hydrogen bonding. 

Fig. 5. Overlay of the highest-ranking docked pose of 9a (yellow) and the co- 
crystallized inhibitor of CDK-2 (purple, PDB code: 3EJ1). Target structure is 
shown as ribbon diagram, color coded according to secondary structure. 
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1H), 7.62 – 7.52 (m, 1H), 7.43 – 7.35 (m, 1H), 6.98 (d, J = 6.9 Hz, 1H), 
2.80 (s, 3H), 2.64 (s, 3H). 13C NMR (100 MHz, CDCl3) δ 165.0, 149.8, 
147.0, 145.7, 135.8, 132.98, 132.02, 128.8, 124.35, 117.18, 112.68, 
25.39, 14.27. LRMS (ES+) 297 [M + H]+; HRMS (TOF-ES–) m/z calcd. 
for C14H13N6O2 [M + H]+ 297.1086, found 297.1095. 

4.2.5. 2,5,7-trimethyl-3-((2-nitrophenyl)diazenyl)imidazo[1,2-a] 
pyrimidine 9c 

M.p. (148–150 ºC); Yield (70%); 1H-NMR (400 MHz, CDCl3) δ 7.79 
(d, J = 7.9 Hz, 1H, NO2CCH), 7.63 (s, 1H, CH, nitrobenzene), 7.62 (s, 
1H, CH, nitrobenzene), 7.44 (ddd, J = 9.8, 6.5, 4.3 Hz, 1H, CH, nitro
benzene), 6.85 (s, 1H, CH, pyrimidine ring), 3.0 (s, 3H, CH3), 2.8 (s, 3H, 
CH3), 2.7 (s, 3H, CH3). 13C-NMR (100 MHz, CDCl3) δ 162.9, 150.5, 
147.5, 146.4, 145.9, 144.0, 138.1, 132.3, 128.6, 123.8, 117.1, 113.0, 
24.7, 21.7, 18.7. LRMS (ES+) 311 [M + H]+; HRMS (TOF-ES–) m/z calcd. 
for C15H15N6O2 [M + H]+ 311.1258, found 311.1241. 

4.2.6. 1-(2-(4-chlorophenyl)hydrazono)-1-(2-iminopyrimidin-1(2H)-yl) 
propan-2-one 8g 

M.p. (191–192 ºC); Yield (90%); 1H NMR (400 MHz, DMSO) δ 8.7 (d, 

J = 10.8 Hz, 1H, CH, pyrimidine ring), 8.0 (d, J = 8.9 Hz, 2H, p-ClPhCH), 
7.8 (s, 1H, NH), 7.7 (d, J = 12.7 Hz, 1H, CH, pyrimidine ring), 7.6 (d, J =
8.9 Hz, 2H, p-ClPhCH), 5.6 (dd, J = 11.7, 11.2 Hz, 1H, CH, pyrimidine 
ring), 3.4 (s, 3H, CH3). 13C-NMR (100 MHz, DMSO) δ 191.1, 168.9, 
160.9, 160.4, 157.1, 136.3, 131.5, 128.9, 124.5, 101.0, 26.8. LRMS 
(ES+) 290 [M + H]+; HRMS (TOF-ES–) m/z calcd. for C13H13ClN5O [M 
+ H]+ 290.0739, found 290.0809. 

4.2.7. 1-(2-(4-chlorophenyl)hydrazono)-1-(2-imino-6-methylpyrimidin-1 
(2H)-yl)propan-2-one 8h 

M.p. (196–198 οC); Yield (90%); 1H-NMR (400 MHz, CDCl3) δ 9.2 (s, 
1H, NH, p-ClPhNH), 7.6 (d, J = 8.9 Hz, 2H, p-ClPhCH), 7.4 (d, J = 8.9 
Hz, 2H, p-ClPhCH),6.8– 6.7 (m, 1H, CH=N, pyrimidine ring), 5.1 (s, 1H, 
NHC=N), 4.8 (d, J = 7.8 Hz, 1H, CH=C, pyrimidine ring), 2.6 (s, 3H, 
CH3C=O), 2.3 (s, 3H, CH3). 13C NMR (100 MHz, CDCl3) δ 192.7 
(CH3C=O), 177.3, 158.1, 157.6, 147.7, 136.2, 133.8, 129.1, 125.0, 97.3, 
77.3, 77.0, 76.7, 26.8, 24.2. LRMS (ES+) 304 [M + H]+; HRMS (TOF- 
ES–) m/z calcd. for C14H15 ClN5O [M + H]+ 304.0966, found 304.0950. 

4.2.8. 1-(2-(4-chlorophenyl)hydrazono)-1-(2-imino-4,6- 
dimethylpyrimidin-1(2H)-yl)propan-2-one 8i 

M.p. (207–209 ºC); Yield (90%); 1H NMR (400 MHz, CDCl3) δ 11.9 (s, 
1H, s, 1H, NH, p-ClPhNH), 8.3 (s, 1H,CH3C=CHC=N), 7.3 (d, J = 8.9 Hz, 
2H, p-ClPhCH), 7.1 (d, J = 8.9 Hz, 2H, p-ClPhCH), 6.6 (s, 1H, s, 1H, 
NHC=N), 2.6 (s, 3H, CH3C=O), 2.4 (s, 6H, 2x CH3). 13C NMR (100 MHz, 
CDCl3) δ 193.4 (CH3C=O), 168.3, 143.3, 131.6, 129.3, 129.2, 125.9, 
115.1, 114.8, 112.5, 24.2, 23.8, 23.3. 

4.2.9. N’-(4-nitrophenyl)-2-oxo-N-(pyrimidin-2-yl) 
propanehydrazonamide 7d 

M.p. (168–170 ºC); Yield (20%); 1H-NMR (400 MHz, CDCl3) δ 12.4 (s, 
1H, p-NO2PhNH), 8.5 (s, 1H, NHC=N), 8.4 (d, J = 4.9 Hz, 2H, pyrimi
dine ring), 8.2 (d, J = 9.3 Hz, 2H, p-NO2PhCH), 7.1 (d, J = 9.1 Hz, 2H, p- 
NO2PhCH), 6.8 (t, J = 4.9 Hz, 1H, pyrimidine ring), 2.6 (s, 3H, 
CH3C=O). 13C-NMR (100 MHz, CDCl3) δ 164.0 (C=O), 156.9 (2 x 
HC=N, pyrimidine ring), 154.1 (NC=N, pyrimidine ring) 140.8 
(N=CCOCH3), 133.5 (C-NHN), 133.3 (C-NO2), 125.3, 124.5, 122.6, 
112.5 (aromatic ring), 14.4 (CH3C=O) LRMS (ES+) 301 [M + H]+; 
HRMS (TOF-ES− ) m/z calcd. for C13H13N6O3[M + H]+ 301.1040, found 
301.1044. LRMS (ES+) 301 [M + H]+. 

Fig. 6. Detailed view of the binding site of CDK2 (PDB code: 3EJ1, Rs = 3.22 Ǻ) showing the key interactions with (A) co-crystallized ligand (PDB code: 5BP), (B) 
Docked pose of compound 9a (cytotoxic IC50 = 11.7 µM). Green dashed-lines indicate hydrogen bonding. 

Fig. 7. Overlay of the docked pose of 9a (purple) and the co-crystallographic 
inhibitor of EGFR (green, PDB code: 4LL0). Target structure is shown as rib
bon diagram, color-coded according to secondary structure. 
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4.2.10. 2-Methyl-3-((4-nitrophenyl)diazenyl)imidazo[1,2-a]pyrimidine 
9d 

M.p. (200-201 ºC); Yield (70%); 1H NMR (400 MHz, CDCl3) δ 9.96 (d, 
J = 3.1 Hz, 1H), 8.71 (dd, J = 4.3, 2.1 Hz, 1H), 8.29 (d, J = 9.0 Hz, 2H), 
7.90 (d, J = 9.0 Hz, 2H), 7.14 (dd, J = 6.8, 4.3 Hz, 1H), 2.86 (s, 3H). 13C 
NMR (100 MHz, CDCl3) δ 156.9, 153.6, 149.4, 147.5, 136.1, 131.1, 
124.9, 122.2, 111.8, 14.4. LRMS (ES+) 283 [M + H]+; HRMS (TOF-ES–) 
m/z calcd. for C13H11N6O2 [M + H]+ 283.0933, found 283.0938. 

4.2.11. N-(4-Methylpyrimidin-2-yl)-N’-(4-nitrophenyl)-2- 
oxopropanehydrazonamide 7e 

M.p. (197–199 ºC); Yield (10%); 1H NMR (400 MHz, CDCl3) δ 12.73 
(s, 1H, NH, p-NO2PhNH), 8.48 (s, 1H, NHC=N), 8.27 (d, J = 5.1 Hz, 1H, 
pyrimidine ring), 8.16 (d, J = 9.2 Hz, 2H, p-NO2PhNH), 7.12 (d, J = 9.1 
Hz, 2H, p-NO2PhNH), 2.58 (s, 3H, CH3C=O), 2.44 (s, 3H, CH3). LRMS 
(ES–) 313 [M - H]+. 

4.2.12. 2,7-dimethyl-3-((4-nitrophenyl)diazenyl)imidazo[1,2-a] 
pyrimidine 9e 

M.p. (211–213 ºC); Yield (80%); 1H NMR (400 MHz, CDCl3) δ 9.80 
(d, J = 1.5 Hz, 1H), 8.28 (d, J = 9.1 Hz, 2H), 7.87 (d, J = 9.1 Hz, 2H), 
6.98 (d, J = 6.9 Hz, 1H), 2.81 (s, 3H), 2.66 (s, 3H). LRMS (ES+) 297 [M 
+ H]+; HRMS (TOF-ES− ) m/z calcd. for C14H13N6O2[M + H]+ 297.1095, 
found 297.1092. 

4.2.13. N-(4,6-Dimethylpyrimidin-2-yl)-N’-(4-nitrophenyl)-2- 
oxopropanehydrazonamide 7f 

M.p. (200–202 ºC); Yield (80%); 1H NMR (400 MHz, CDCl3) δ 13.13 
(s, 1H, p-NO2PhNH), 8.52 (s, 1H, NHC=N), 8.23 (d, J = 9.2 Hz, 2H, p- 
NO2PhCH), 7.20 (d, J = 9.1 Hz, 2H, p-NO2PhCH CH), 6.65 (s, 1H, Py
rimidine ring), 2.65 (s, 3H, CH3C=O), 2.46 (s, 6H, 2 x CH3). 

13C NMR (100 MHz, CDCl3) δ 193.4, 168.4, 158.0, 149.6, 140.8, 
132.7, 126.2, 113.2, 112.5, 77.4, 77.0, 76.7, 24.3, 23.8. LRMS (ES+) 329 
[M + H]+; HRMS (TOF-ES–) m/z calcd. for C15H17N6O3 [M + H]+

329.1357, found 329.1346. 
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