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Abstract 

Tyrosinase, the rate-limiting enzyme of melanogenesis, plays a crucial role in hyperpigmentation. As a result, in this 
study, a novel class of thiazolopyrimidine derivatives was developed and synthesized as tyrosinase inhibitor. The struc-
ture of derivatives was characterized using various spectroscopy techniques, including FTIR, Mass, 1H-NMR, and 13C-
NMR. Next, the inhibitory activities of all derivatives were examined against tyrosinase, and, 6a as the most potent 
compound, exhibited an IC50 value of 28.50 µM. Furthermore, the kinetic study of 6a was performed to better under-
stand the inhibitory mechanism and its type of inhibition. The UV/Vis spectra analysis was also executed to provide 
valuable evidence supporting the inhibitory mechanism of compound 6a in the context of tyrosinase inhibition. Also, 
molecular docking and dynamic molecular study of 6a were executed to study its interactions within the enzyme’s 
binding site.
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Introduction
Melanin is a complex biological polymer that provides 
color to the skin, hair, and eyes. The primary function of 
melanin is to protect the skin from the harmful effects of 
the sun’s ultraviolet (UV) radiation. Although its struc-
ture is not fully understood, it was proposed to comprise 
various forms of melanin molecules, including eumela-
nin and/or pheomelanin, plus other organic compounds 
[1]. Melanocytes, specialized cells found in the skin, hair 

follicles, and various other tissues, are responsible for 
producing melanin. However, when melanin produc-
tion becomes excessive, known as hyperpigmentation, 
it results in dark spots or patches on the skin. Several 
disorders associated with hyperpigmentation include 
melasma, Riehl’s melanosis, post-inflammatory hyperpig-
mentation (PIH), solar lentigo, ashy dermatosis, and pig-
mented tumors [2, 3].

Furthermore, there is a correlation between several 
neurodegenerative diseases, including Alzheimer’s, Par-
kinson’s, and Huntington’s  disease [4]. Hyperpigmenta-
tion disorders significantly impact a person’s appearance 
and may cause distress or self-consciousness. Under-
standing melanin production and regulation mechanisms 
is crucial for developing effective treatments and inter-
ventions to manage hyperpigmentation disorders [5].

Melanin production is a complex process involving 
several enzymes and chemical reactions, and amongst 
tyrosinase plays a key role in melanin production. 
Tyrosinase is a copper-containing enzyme that cata-
lyzes the conversion of the amino acid tyrosine into 
3,4-dihydroxyphenylalanine (Dopa) and the subsequent 
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oxidation of Dopa to dopaquinone, a precursor to both 
eumelanin and pheomelanin two known types of mel-
anin. Tyrosinase is also involved in the later stages of 
melanin production, which converts dopaquinone into 
melanin [6, 7]. Furthermore, tyrosinase is known to be 
involved in enzymatic browning processes observed in 
fruits and vegetables. This enzymatic browning can lead 
to faster spoilage of the product, resulting in changes in 
texture and flavor. This phenomenon imposes an eco-
nomic burden on society due to food wastage [8].

The active site of tyrosinase consists of two copper ions 
and a binuclear copper-binding site are coordinated by 
several amino acid residues, including histidine, aspartic 
acid, and cysteine, which are essential for the stability and 
function of the enzyme. The active site of human tyrosi-
nase is highly conserved among different species [5]. 
Over the past few years, numerous tyrosinase inhibitors 
have been developed, such as Hydroquinone, Arbutin, 
Kojic acid, and Vitamin C, commonly used in cosmet-
ics, dermatology, and the agricultural industry. How-
ever, these inhibitors are associated with potential side 
effects, including skin irritation, ochronosis and allergic 
reactions [9, 10]. As a result, efforts have been made to 
develop novel tyrosinase inhibitors for their potential 
applications to overcome the challenges of low efficacy 
and side effect.

Tyrosinase inhibition with thiourea backbone and its 
derivatives showed promise results. Notably, phenylthi-
ourea (compound A) has emerged as a potent tyrosinase 
inhibitor, and compound B with phenylthiourea struc-
ture, exhibited an impressive IC50 value of 5.4  µM [11]. 
Building on these encouraging findings, researchers have 
explored various derivatives of thiourea-based com-
pounds, some of which are illustrated in Fig. 1. Another 
noteworthy example is methimazole (compound C), 
an approved drug with a thiourea structure, which has 
demonstrated inhibitory activity against tyrosinase [12]. 
Compound D, featuring a thiazole ring, has also exhibited 
strong tyrosinase inhibitory activity. Structure–activity 
relationship (SAR) studies have indicated that substitut-
ing the 2-amino group in the thiazole ring is pivotal for 
enhancing inhibitory potency. Modifications based on 
this structure have led to the development of Compound 
E, which shows improved tyrosinase inhibition [7]

Moreover, the incorporation of ethyl acetate function-
ality, as exemplified by compounds F and G [13, 14], 
appears to enhance the tyrosinase inhibitory potential of 
these derivatives significantly. This enhancement could 
potentially increase their ability to interact with critical 
residues at the enzyme’s binding site.

While the tyrosinase inhibitory properties of thia-
zolopyrimidine compounds are limited, their unique 

Fig. 1  Previously reported tyrosinase inhibitor and newly designed compound
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structural features warrant exploration. Thiazolopyrimi-
dine is a heterocyclic compound that combines the ben-
eficial aspects of both thiazole and pyrimidine rings and 
a thiourea moiety embedded within its chemical frame-
work. This combination of elements imparts diverse 
properties and suggests potential applications in pharma-
ceutical sciences and medicinal chemistry [15–17].

In summary, the design of tyrosinase inhibitors involves 
the strategic modification and incorporation of func-
tional groups to optimize inhibitory potency. Exploring 
thiazolopyrimidine compounds adds a novel dimension 
to this research, offering the potential for multifaceted 
applications in medicinal chemistry [18].

Considering the biological properties of existing deriv-
atives in Fig. 1 as tyrosinase inhibitors, a novel series of 
thiazolopyrimidine was synthesized to evaluate their 
tyrosinase inhibitory activity. Subsequently, SARs and 
kinetic studies were performed. Cavity detection was 
further executed to find a suitable site for noncompeti-
tive inhibitors for in sillico assessments. Next, molecular 
docking and molecular dynamic studies were executed to 
properly evaluate the behavior of the most potent analog 
in the enzyme binding site.

Results and discussion
Chemistry
A mixture of different aldehydes (1a–j), thiourea (2), 
ethyl acetoacetate (3) and catalytic amount of hydrochlo-
ric acid in acetic acid as solvent was heated under reflux 
for 3 h (Scheme 1). After the reaction was completed, the 
reaction mixture was poured into cold water to eliminate 
the byproducts. The precipitates were filtered off, washed 
with cold water, and purified using recrystallization from 

ethanol to synthesize 4a–j. In the next step, 4a–j were 
added to the DMSO charged with potassium tertiobutox-
ide and the reaction was sire for around 30 min at 80 ℃. 
Next, propargyl bromide (5) was added to the mixture 
[19]. The mixture was stirred at room temperature for an 
extra 5 h, poured into ice water, and then filtered to give 
the desired products 6a–j.

Tyrosinase inhibitory activity
In vitro tyrosinase inhibitory activity of synthesized com-
pounds, 6a–j was performed and compared with kojic 
acid as the reference inhibitor. The results of the anti-
tyrosinase assay were presented in Table  1 in terms of 
IC50. In this series, all compounds except 6h  exhibited 
comparable inhibition against tyrosinase with IC50 values 
ranging from 28.50 to > 250 µM compared with a positive 
control with an IC50 value of 43.50 µM.

The unsubstituted derivative 6a demonstrated a strong 
inhibitory effect against tyrosinase, with an IC50 value 
of 28.50  μM. Next, different moieties were introduced 
at various positions of the phenyl pendant to assess the 
SAR. The evaluation of fluorine atoms, as small and 
strong electron-withdrawing halogen groups on the 
phenyl ring, showed that both 6b and 6c had reduced 
potency compared to the unsubstituted analog 6a. Inter-
estingly, ortho-fluorine analogs exhibited slightly better 
potency compared to meta analogs.

Replacing fluorine with a bulkier chlorine group 
resulted in improved potency in the 2-chloro substitu-
ent (6d, IC50 = 34.17 μM), followed by the 4-chloro sub-
stituent, 6e, with an IC50 value of 37.67 μM. The 3-bromo 
derivative (6f) had inferior potency compared to the 
fluorine and chlorine-substituted analogs, with an IC50 

Scheme 1  Synthesis of thiazolopyrimidine derivatives 6a–j 
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value of 85.33  μM. Furthermore, introducing a nitro 
group at the meta position was evaluated (6g). Results 
showed that the presence of a strong electron-withdraw-
ing group, capable of participating in hydrogen bonding 
interactions, demonstrated better activity compared to 
the 3-bromine moiety. However, this modification was 
still unsuccessful in improving the inhibition compared 
to the unsubstituted analog 6a.

Subsequently, the inhibitory effect of electron-donat-
ing groups was assessed, revealing a complete loss of 
activity in the 4-methyl substitution (6h). Notably, the 
bioisosteric replacement of the methyl group with a 
methoxy group (6i) resulted in a 25-fold improvement 
in potency compared to compound 6h, with an IC50 
value of 35.67  μM. Additionally, the impact of methyl 
multi-substitutions was evaluated. The introduction of a 
4-hydroxy-3-methoxy group (6j) slightly decreased the 
activity, with an IC50 value of 40.83  μM, compared to 
compound 6i.

Overall, the results suggest that the unsubstituted 
analog was the most potent derivative in this set. The 
assessments of different substitutions revealed that the 
presence of a heteroatom capable of participating in 
hydrogen bonding interactions favored inhibition vs 
substituted derivatives. Furthermore, the evaluation of 
halogen groups demonstrated that chlorine substitutions 
exhibited good potency among 6b–f. A moderate level of 
lipophilicity was advantageous for inhibition compared 
to other substituted derivatives. These findings highlight 

the significance of specific substitutions and their impact 
on the inhibitory potency against tyrosinase.

Enzyme kinetic studies
Next, the kinetic assessment of 6a as the most potent 
analog was examined to determine the type of inhibition 
(Fig. 2). Lineweaver–Burk plots (plot of 1/V versus 1/[S]) 
for the inhibition of tyrosinase was obtained with several 
concentrations of 6a (as the inhibitor) and L-Dopa (as the 
substrate). As can be seen in Table 2, as the inhibitor con-
centration raised, the value of Vmax was reduced, but Km 
was not affected by the concentration, confirming non-
competitive inhibitor.

Effect of compound 6a on UV/VIS Spectra of tyrosinase
UV spectra of compound 6a, tyrosinase and L-Dopa were 
analyzed separately. As shown in Fig.  3, no significant 
absorbance was observed at 475 nm, which is the wave-
length used to determine tyrosinase inhibition. However, 
when L-Dopa was added to tyrosinase without an inhibi-
tor, the highest absorbance was observed, confirming 
the generation of dopachrome. The absorbance intensity 
decreased dose-dependently after adding compound 6a 
at various concentrations. This observation confirms the 
inhibitory potency of 6a against tyrosinase and its ability 
to prevent dopachrome formation.

Molecular docking
A molecular docking study investigated the crucial 
interactions between compound 6a and tyrosinase. The 
objective was to gain insights into the binding mode and 
potential key interactions between the compound and 
the enzyme. First, cavity detection was applied to find the 
new allosteric site of the enzyme. As exhibited in Fig. 4, 
four sites were determined regardless of the tyrosinase 
active site. The results of the site and druggability score of 
potential binding sites are presented in Table 3.

Next, 6a, as the potent inhibitor, was docked on all four 
potential binding sites of the enzyme. The results of the 
docking score for each site need and binding free ener-
gies calculated using MM-GBSA are exhibited in Table 4.

Considering the docking score, interactions, and 
MM-GBSA, site 3 showed the highest affinity in com-
parison to other identified sites (Fig.  4). This site was 
also presented as an allosteric site in the previous study 
using different software in which His178, Lys 180, and 
Gln44 were categorized as important residues of the 
allosteric site [20]. As exhibited in Fig.  5, the phenyl 
ring exhibited pi-cation and pi-pi stacking interactions 
with Lys180 and His182. The thiazolopyrimidine ring 
revealed a salt bridge interaction with Glu173, and an 

Table 1  Tyrosinase inhibitory activities of 6a–ja

a Data presented here are the mean ± S.E of three independent experiments
b Positive control

Compound R IC50 (µM) SD (µM)

6a H 28.50 4.8

6b 2-F 40.83 4.3

6c 3-F 56.00 8.0

6d 2-Cl 34.17 4.9

6e 4-Cl 37.67 6.0

6f 3-Br 85.33 8.8

6g 3-NO2 45.17 5.4

6h 4-Me > 250 –

6i 4-OMe 35.67 6.6

6j 4-OH-3-OCH3 40.83 5.1

Kojic acidb – 43.50 5.8
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oxygen atom of ethyl acetate also recorded another salt 
bridge interaction with Lys180.

This investigation revealed that these derivatives 
function as non-competitive inhibitors, binding to 
an allosteric site. The results of the molecular dock-
ing study for all derivatives have been included in the 
additional file  1: Table  S1). All derivatives exhibited 
the same binding mode and interacted with Lys180 
with docking score values of −  4.497 to −  7.389. It is 
evident that these derivatives attach to the enzyme’s 
surface, and docking studies have further indicated 
that increased branching and substitution may impede 
access to the anchoring site, thereby hindering interac-
tions with the enzyme’s binding site. This finding offers 
valuable insights into the decreased potency observed 
in the substituted analogs, 6b–j.

Molecular dynamic simulations
Molecular dynamics (MD) simulations were conducted 
to assess the behavior and stability of the 6a-tyrosinase 
complex compared to the tyrosinase enzyme. The back-
bone root mean square deviation (RMSD) throughout 
the MD simulation is depicted in Fig.  6. In the simula-
tion’s initial phase, the apoenzyme’s RMSD value exhib-
ited a gradual increase (0–50 ps) before stabilizing at an 
average value of 2.2  Å. Subsequently, there was a slight 
increase to 2.5  Å towards the end of the simulation 
period.

In contrast, the RMSD value of the 6a-tyrosinase com-
plex displayed some fluctuations during the first 200 ps, 
followed by a steady decrease with lower RMSD values 
compared to the enzyme alone throughout the entire 
simulation. This suggests that the presence of compound 
6a contributed to enhancing the stability of the enzyme.

The detailed mechanism of ligand interactions with 
the enzyme was investigated using root mean square 
fluctuations (RMSF). The ligand’s binding to the tyrosi-
nase decreased the movement of residues, primarily 
due to non-bonding interactions between the ligand 
and the enzyme. The high fluctuations observed in the 
RMSD values can be attributed to the unstructured 
region of the enzyme, specifically the residues between 
Ile60 and Val88, as well as the N-terminal of the enzyme 
(Fig. 7). As indicated, the reduction in movement in the 
region spanning residues 107 to 150 (highlighted by 
the green dashed line), along with residues 239 to 291 
(highlighted by the orange dashed line), compared to 

Fig. 2  Lineweaver–Burk plot for the inhibition of tyrosinase-catalyzed L-Dopa oxidation by 6a 

Table 2  Kinetic parameters for the compounds 6a against 
tyrosinase

Concentration (µM) Vmax(mM/Min) Km (mM)

5 22.22 0.69

10 12.66 0.68

25 10.35 0.65

50 8.40 0.69

100 5.15 0.66
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the apoenzyme in these areas, played a significant role 
in stabilizing this allosteric site region.

The analysis unveiled significant interactions between 
compound 6a and the enzyme’s binding site. One note-
worthy interaction involved hydrogen bonding between 
the thiazolopyrimidine group of compound 6a and the 
Lys180 residue, mediated by water within the binding 
pocket. This interaction was crucial in stabilizing the 
compound within the binding site. Furthermore, a pi-pi 
stacking interaction was observed between the phenyl 
moiety of compound 6a and His182, a pivotal residue 
of the tyrosinase enzyme. This interaction further bol-
stered the binding affinity and stability of the com-
pound within the site (Fig. 8).

These interactions between compound 6a and the 
enzyme’s binding pocket provide valuable insights into 
the molecular basis of its inhibitory activity against the 
enzyme. They highlight key molecular interactions con-
tributing to its binding and stability within the active 
site.

Fig. 3  UV/VIS spectra for the interaction between tyrosinase and compound 6a 

Fig. 4  Potential binding sites for tyrosinase noncompetitive inhibitor 
colored with red dash line

Table 3  Site core and druggability score of potential binding 
sites of tyrosinase enzyme

Potential binding sites Site score Druggability 
score

Site 1 0.779 0.753

Site 2 0.808 0.823

Site 3 0.975 0.910

Site 4 0.627 0.593

Table 4  Docking score and MM-GBSA of 6a as the different 
potential binding sites

Potential binding sites Docking Score MM-GBSA

Site 1 − 4.574 − 21.43

Site 2 − 5.803 − 23.48

Site 3 − 7.389 − 30.38

Site 4 − 4.378 − 20.08
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Conclusion
In summary, a novel class of thiazolopyrimidine-based 
tyrosinase inhibitors was successfully developed. The 
structures of all synthesized derivatives were confirmed 
using various spectroscopy techniques, including FTIR, 
Mass, 1H-NMR, and 13C-NMR. Among these deriva-
tives, compound 6a, an unsubstituted derivative, dem-
onstrated the highest potency with an IC50 value of 
28.50 µM, compared with the reference inhibitor kojic 
acid (IC50 = 43.50 µM). Kinetic evaluation of compound 
6a revealed a noncompetitive mode of inhibition. UV/
VIS spectra analysis further supported the inhibitory 

effect of compound 6a on tyrosinase activity. The com-
pound effectively prevented the conversion of L-Dopa 
into dopachrome in a dose-dependent manner. More-
over, MD simulations were performed to study the 
dynamic behavior and stability of the 6a-tyrosinase 
complex. The simulations revealed significant inter-
actions between compound 6a and the binding site of 
tyrosinase.

Overall, this study presents the novel class of thia-
zolopyrimidine derivatives as promising tyrosinase 
inhibitors, supported by both experimental and compu-
tational analyses.

Fig. 5  The binding mode of compound 6a within the allosteric site of mushroom tyrosinase (PDB ID: 2Y9X)

Fig. 6  The RMSD values of the tyrosinase (blue) and 6a-tyrosinase complex (red) over the simulation period
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Material and methods
Chemistry
The synthetic method followed according to the previ-
ously reported procedures [19]. Briefly, 10 mmol of dif-
ferent aldehydes (1a–j), 15 mmol of  thiourea (2), 10 
mmol of ethyl acetoacetate (3) and catalytic amount of 
hydrochloric acid in acetic acid as solvent was heated 
under reflux for 3  h. After the reaction was completed, 
the reaction mixture was poured into cold water to elimi-
nate the byproducts. The precipitates were filtered off, 
washed with cold water, and purified using recrystalli-
zation from ethanol to synthesize 4a-j. In the next step, 
4a–j were added to the DMSO charged with potassium 
tertiobutoxide and the reaction was sire for around 30 
min at 80˚C. Next, propargyl bromide (5) was added to 
the mixture. The mixture was stirred at room tempera-
ture for an extra 5 h, poured into ice water, and then fil-
tered to give the desired products 6a–j.

Ethyl 3,7‑dimethyl‑5‑phenyl‑5H‑thiazolo[3,2‑a]pyrimi‑
dine‑6‑carboxylate (6a)
Yield: 69%. MP: 110–111  °C. White powder. IR (KBr): 
3109, 1732, 1540, 1482, 1263 cm−1. 1H NMR (400 MHz, 
DMSO-d6) δ 7.42 (t, J = 8.6  Hz, 2H), 7.29 (t, J = 8.0  Hz, 
1H), 7.22 (d, J = 8.2 Hz, 2H), 6.39 (d, J = 1.5 Hz, 1H), 6.11 
(s, 1H), 4.16–4.13 (m, 2H), 2.29 (s, 3H), 2.05 (d, J = 1.3 Hz, 
3H), 1.09 (t, J = 7.1 Hz, 3H). 13C NMR (100 MHz, DMSO-
d6) δ 166.25, 166.22, 158.99, 143.82, 135.67, 128.95, 
127.42, 126.22, 101.08, 99.67, 57.77, 54.74, 22.88, 14.39, 
13.41. Anal. Calcd for C17H18N2O2S: C 64.94; H 5.77; N 
8.91; S 10.20; Found: C 64.83; H 5.96; N 9.11; S 10.35.

Fig. 7  The RMSF values of the tyrosinase (blue) and 6a-tyrosinase complex (red) over the simulation period

Fig. 8  2D interaction pattern of 6a within the binding site 
of tyrosinase over 15% of simulation time
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Ethyl 5‑(2‑fluorophenyl)‑3,7‑dimethyl‑5H‑thiazolo[3,2‑a]
pyrimidine‑6‑carboxylate (6b)
Yield: 65%. MP: 111–112  °C. White powder. IR (KBr): 
3089, 1733, 1547, 1456, 1231, 1001  cm−1. 1H NMR 
(400  MHz, DMSO-d6) δ 7.43 (td, J = 7.8, 1.9  Hz, 1H), 
7.39–7.29 (m, 1H), 7.24–7.13 (m, 2H), 6.48–6.38 (m, 2H), 
4.03–3.88 (m, 2H), 2.27 (s, 3H), 2.04 (d, J = 1.3 Hz, 3H), 
1.11 (t, J = 7.1 Hz, 3H). 13C NMR (100 MHz, DMSO-d6) 
δ 166.36, 165.83, 159.54 (1JC–F = 246 Hz), 156.21, 135.89, 
131.13 (2JC–F = 7  Hz), 131.00 (4JC–F = 2  Hz), 130.29 (3JC–

F = 4  Hz), 125.66 (3JC–F = 4  Hz), 116.12 (2JC–F = 22  Hz), 
101.33, 98.56, 59.49, 51.71 (3JC–F = 2  Hz), 23.85, 14.44, 
13.51 (JC–F =  = 2  Hz). Anal. Calcd for C17H17FN2O2S: C 
61.43; H 5.16; N 8.43; S 9.65; Found: C 61.31; H 5.36; N 
8.21; S 9.41.

Ethyl 5‑(3‑fluorophenyl)‑3,7‑dimethyl‑5H‑thiazolo[3,2‑a]
pyrimidine‑6‑carboxylate (6c)
Yield: 70%. MP: 113–114  °C. White powder. IR (KBr): 
3112, 1737, 1556, 1461, 1218, 994  cm−1. 1H NMR 
(400  MHz, DMSO-d6) δ 7.40 (td, J = 8.0, 6.0  Hz, 1H), 
7.17–6.99 (m, 3H), 6.50 (d, J = 1.5 Hz, 1H), 6.20 (s, 1H), 
4.12–3.97 (m, 2H), 2.24 (s, 3H), 2.04 (d, J = 1.3 Hz, 3H), 
1.19 (t, J = 7.1 Hz, 3H). 13C NMR (100 MHz, DMSO-d6) 
δ 166.51, 166.07, 163.60 (1JC–F = 243  Hz), 156.02, 146.39 
(3JC–F = 6  Hz), 135.87, 131.51 (3JC–F = 8  Hz), 122.71 (4JC–

F = 3  Hz), 115.60 (2JC–F = 21  Hz), 113.57 (2JC–F = 22  Hz), 
101.85, 99.35, 59.72, 56.81, 56.79, 23.98, 14.66, 13.78. 
Anal. Calcd for C17H17FN2O2S: C 61.43; H 5.16; N 8.43; S 
9.65; Found: C 61.27; H 5.33; N 8.61; S 9.84.

Ethyl 5‑(2‑chlorophenyl)‑3,7‑dimethyl‑5H‑thiazolo[3,2‑a]
pyrimidine‑6‑carboxylate (6d)
Yield: 64%. MP: 114–115  °C. White powder. IR (KBr): 
3080, 1734, 1531, 1428, 1257, 739  cm−1. 1H NMR 
(400 MHz, DMSO-d6) δ 7.55 (dd, J = 7.6, 1.8 Hz, 1H), 7.41 
(dd, J = 7.7, 1.6  Hz, 1H), 7.33 (dtd, J = 19.5, 7.4, 1.7  Hz, 
3H), 6.54 (s, 1H), 6.41 (d, J = 1.5 Hz, 1H), 3.99 (qt, J = 7.0, 
3.5 Hz, 2H), 2.27 (s, 3H), 2.05 (d, J = 1.3 Hz, 3H), 1.11 (t, 
J = 7.1 Hz, 3H). 13C NMR (100 MHz, DMSO-d6) δ 166.55, 
165.94, 156.06, 141.71, 136.22, 131.06, 130.53, 130.16, 
129.81, 128.72, 101.23, 99.23, 59.44, 55.07, 24.02, 14.73, 
14.34. Anal. Calcd for C17H17ClN2O2S: C 58.53; H 4.91; N 
8.03; S 9.19; Found: C 58.30; H 5.12; N 7.88; S 9.05.

Ethyl 5‑(4‑chlorophenyl)‑3,7‑dimethyl‑5H‑thiazolo[3,2‑a]
pyrimidine‑6‑carboxylate (6e)
Yield: 78%. MP: 113–114  °C. White powder. IR (KBr): 
3099, 1731, 1569, 1471, 1224, 747  cm−1. 1H NMR 
(400 MHz, DMSO-d6) δ 7.40 (d, J = 8.4 Hz, 2H), 7.25 (d, 
J = 8.5 Hz, 2H), 6.51 (d, J = 1.5 Hz, 1H), 6.17 (s, 1H), 4.01 
(dq, J = 21.0, 7.1 Hz, 2H), 2.25 (s, 3H), 2.03 (d, J = 1.4 Hz, 
3H), 1.10 (t, J = 7.1  Hz, 3H). 13C NMR (100  MHz, 

DMSO-d6) δ 165.99, 165.65, 152.39, 142.64, 135.94, 
132.23, 129.25, 128.73, 102.03, 99.99, 59.73, 56.80, 23.79, 
14.66, 13.77. Anal. Calcd for C17H17ClN2O2S: C 58.53; 
H 4.91; N 8.03; S 9.19; Found: C 58.28; H 4.76; N 7.85; S 
9.42.

Ethyl 5‑(3‑bromophenyl)‑3,7‑dimethyl‑5H‑thiazolo[3,2‑a]
pyrimidine‑6‑carboxylate (6f)
Yield: 68%. MP: 112–113  °C. White powder. IR (KBr): 
3110, 1735, 1552, 1475, 1249, 1023  cm−1. 1H NMR 
(400  MHz, DMSO-d6) δ 7.53–7.46 (m, 1H), 7.43 (t, 
J = 1.9  Hz, 1H), 7.32 (t, J = 7.8  Hz, 1H), 7.23 (dt, J = 7.8, 
1.4 Hz, 1H), 6.50 (d, J = 1.5 Hz, 1H), 6.17 (s, 1H), 4.17–
3.94 (m, 2H), 2.24 (s, 3H), 2.03 (d, J = 1.3 Hz, 3H), 1.20 (t, 
J = 7.1 Hz, 3H). 13C NMR (100 MHz, DMSO-d6) δ 166.55, 
166.00, 156.16, 146.22, 135.84, 131.68, 131.51, 129.41, 
125.77, 122.11, 101.88, 99.27, 59.72, 56.80, 24.01, 14.64, 
13.83. Anal. Calcd for C17H17BrN2O2S: C 51.92; H 4.36; N 
7.12; S 8.15; Found: C 51.77; H 3.47; N 7.26; S 8.01.

Ethyl 3,7‑dimethyl‑5‑(3‑nitrophenyl)‑5H‑thiazolo[3,2‑a]
pyrimidine‑6‑carboxylate (6g)
Yield: 82%. MP: 151–152  °C. Light brown powder. IR 
(KBr): 3110, 1732, 1551, 1348, 1205, 1077 cm−1. 1H NMR 
(400  MHz, DMSO-d6) δ 8.15 (dt, J = 5.5, 2.8  Hz, 1H), 
8.12–8.06 (m, 1H), 7.73–7.59 (m, 2H), 6.52 (d, J = 1.5 Hz, 
1H), 6.35 (s, 1H), 4.13–3.95 (m, 2H), 2.25 (s, 3H), 2.04 
(d, J = 1.4  Hz, 3H), 1.20 (t, J = 7.1  Hz, 3H). 13C NMR 
(100  MHz, DMSO-d6) δ 166.70, 165.92, 156.67, 148.18, 
145.57, 135.80, 133.32, 131.15, 123.62, 121.39, 102.07, 
98.94, 59.81, 56.77, 24.09, 14.58, 13.83. Anal. Calcd for 
C17H17N3O4S: C 56.81; H 4.77; N 11.69; S 8.92; Found: C 
56.64; H 4.55; N 11.87; S 8.73.

Ethyl 3,7‑dimethyl‑5‑(p‑tolyl)‑5H‑thiazolo[3,2‑a]pyrimi‑
dine‑6‑carboxylate (6h)
Yield: 71%. MP: 114–115  °C. White powder. IR (KBr): 
3107, 1736, 1536, 1469, 1244, 1005  cm−1. 1H NMR 
(400  MHz, DMSO-d6) δ 7.19–7.07 (m, 4H), 6.44 (d, 
J = 1.5 Hz, 1H), 6.10 (s, 1H), 4.02 (dddd, J = 17.9, 10.9, 7.1, 
3.8 Hz, 2H), 2.24 (s, 3H), 2.24 (s, 3H), 2.02 (s, 3H), 1.19 (t, 
J = 7.1 Hz, 3H). 13C NMR (100 MHz, DMSO-d6) δ 166.34, 
166.17, 155.39, 141.10, 137.95, 135.95, 129.67, 126.65, 
101.44, 99.99, 59.57, 57.09, 23.90, 21.12, 14.68, 13.79. 
Anal. Calcd for C18H20N2O2S: C 65.83; H 6.14; N 8.53; S 
9.76; Found: C 65.63; H 6.29; N 8.72; S 9.58.

Ethyl 5‑(4‑methoxyphenyl)‑3,7‑dimethyl‑5H‑thiazolo[3,2‑a]
pyrimidine‑6‑carboxylate (6i)
Yield: 72%. MP: 111–112  °C. White powder. IR (KBr): 
3104, 1734, 1537, 1438, 1279 cm−1. 1H NMR (400 MHz, 
DMSO-d6) δ 7.18 (d, J = 8.6 Hz, 2H), 6.88 (d, J = 8.6 Hz, 
2H), 6.44 (d, J = 1.5 Hz, 1H), 6.08 (s, 1H), 4.09–3.93 (m, 
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2H), 3.71 (s, 3H), 2.24 (s, 3H), 2.03 (d, J = 1.3  Hz, 3H), 
1.18 (t, J = 7.1 Hz, 3H). 13C NMR (100 MHz, DMSO-d6) 
δ 166.20, 165.95, 159.39, 155.21, 136.28, 135.98, 128.07, 
114.42, 101.41, 100.17, 59.56, 56.80, 55.52, 23.90, 14.69, 
13.82. Anal. Calcd for C18H20N2O3S: C 62.77; H 5.85; N 
8.13; S 9.31; Found: C 62.54; H 5.99; N 8.27; S 9.58.

Ethyl 5‑(4‑hydroxy‑3‑methoxyphenyl)‑3,7‑dime‑
thyl‑5H‑thiazolo[3,2‑a]pyrimidine‑6‑carboxylate (6j)
Yield: 77%. MP: 121–122  °C. White powder. IR (KBr): 
3532, 1735, 1566, 1439, 1222, 1091  cm−1. 1H NMR 
(400 MHz, DMSO-d6) δ 9.13 (s, 1H), 6.81 (d, J = 2.2 Hz, 
1H), 6.71 (d, J = 8.1  Hz, 1H), 6.62 (dd, J = 8.2, 2.0  Hz, 
1H), 6.44 (d, J = 1.6 Hz, 1H), 6.03 (s, 1H), 4.12–3.97 (m, 
2H), 3.70 (s, 3H), 2.24 (s, 3H), 2.11–2.00 (m, 3H), 1.20 (t, 
J = 7.1 Hz, 3H). 13C NMR (100 MHz, DMSO-d6) δ 166.31, 
166.22, 155.18, 147.67, 146.93, 136.10, 135.19, 119.24, 
116.02, 110.88, 101.25, 100.19, 59.54, 57.05, 55.98, 23.87, 
14.75, 13.86. Anal. Calcd for C18H20N2O4S: C 59.98; H 
5.59; N 7.77; S 8.89; Found: C 59.86; H 5.74; N 7.93; S 
8.66.

Tyrosinase inhibitory assay
The tyrosinase inhibitory activities of derivatives were 
performed according to the previously reported proce-
dures. All the test samples were first dissolved in DMSO 
at dilution to the required final concentrations. Initially, 
in a 96-well microplate, 10 µl of test samples were added 
to 160 µl of phosphate buffer (pH = 6.8), and then 10 µl 
tyrosinase (EC 1.14.18.1; 500  U/ml) was added. After 
the mixture was pre-incubated at 28 °C for 20 min, 20 µl 
of L-Dopa solution (7  mM) was added to the mixture. 
DMSO without test compounds was used as the con-
trol, and kojic acid was used as a positive control. After 
5 min incubation absorbance of samples was measured at 
490 nm. Each assay was conducted as three separate rep-
licates. The inhibitory activity of the tested compounds 
was expressed as the concentration that inhibited 50% of 
the enzyme activity (IC50).

Enzyme kinetic studies
The kinetic study for tyrosinase inhibition by 6a as the 
most potent analog was carried out using four different 
concentrations of inhibitor (5, 10, 25, 50, and 100  µM) 
against tyrosinase with different concentrations of 
L-Dopa (0.25, 0.5, 0.75, and 1 mM) as the substrate. The 
Lineweaver–Burk reciprocal plot was provided by plot-
ting 1/V against 1/[S] at variable concentrations of the 
L-Dopa.

Molecular docking
The molecular docking studies were performed using the 
Maestro Molecular Modeling platform of Schrödinger. 

The 3D crystal structure of tyrosinase was retrieved from 
the Protein Data Bank (PDB code: 2Y9X). Protein was 
prepared in which the water molecules and the cognate 
ligand (tropolone) were removed from the receptor and, 
the hydrogen atoms were added and non-polar hydro-
gens were merged into related atoms of the receptor via 
protein preparation. To prepare the ligand, the 2D struc-
tures of the ligands were drawn in ChemDraw, converted 
into SDF files, and subjected to the ligprep module. 
Ligands were prepared by OPLS_2005 force field using 
EPIK. To find the possible allosteric site, site map tools 
were applied to find five possible sites. And all parame-
ters were set as default. The grid box was generated for 
each binding site with a box size of 20 Å; the derivative 
was docked on binding sites using induced-fit docking, 
reporting 10 poses per ligand to form the final complex.

MD simulation
The molecular simulation was conducted utilizing the 
Desmond of Schrödinger package. To prepare the system 
for MD simulation, the protein–ligand complexes were 
immersed in an orthorhombic box of suitable dimensions 
with periodic boundary conditions and solvated using 
explicit water molecules of the SPC type. Additionally, 
the system was neutralized by incorporating an appro-
priate number of counter-ions, and a 0.15 M solution of 
NaCl was employed to mimic realistic cellular ionic con-
centrations. The MD protocol involved minimization, 
pre-production, and production MD simulation steps. 
Finally, the system was subjected to produce MD simula-
tions for 100 ns for ao enzyme andprotein–ligand com-
plex. The dynamic behavior and structural changes of the 
systems were analyzed by the calculation of the RMSD 
and RMSF.

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s13065-​023-​01077-z.

Additional file 1: Fig. S1. 1H NMR (400 MHz, DMSO-d6); Ethyl 3,7-dime-
thyl-5-phenyl-5H-thiazolo[3,2-a]pyrimidine-6-carboxylate (6a). Fig. S2. 13C 
NMR (100 MHz, DMSO-d6); Ethyl 3,7-dimethyl-5-phenyl-5H-thiazolo[3,2-a]
pyrimidine-6-carboxylate (6a). Fig. S3. 1H NMR (400 MHz, DMSO-d6); Ethyl 
5-(2-fluorophenyl)-3,7-dimethyl-5H-thiazolo[3,2-a]pyrimidine-6-carboxy-
late (6b). Fig. S4. 13C NMR (100 MHz, DMSO-d6); Ethyl 5-(2-fluorophenyl)-
3,7-dimethyl-5H-thiazolo[3,2-a]pyrimidine-6-carboxylate (6b). Fig. S5. 
1H NMR (400 MHz, DMSO-d6); Ethyl 5-(3-fluorophenyl)-3,7-dimethyl-
5H-thiazolo[3,2-a]pyrimidine-6-carboxylate (6c). Fig. S6. 13C NMR (100 
MHz, DMSO-d6); Ethyl 5-(3-fluorophenyl)-3,7-dimethyl-5H-thiazolo[3,2-a]
pyrimidine-6-carboxylate (6c). Fig. S7. 1H NMR (400 MHz, DMSO-d6); Ethyl 
5-(2-chlorophenyl)-3,7-dimethyl-5H-thiazolo[3,2-a]pyrimidine-6-carboxy-
late (6d). Fig. S8. 13C NMR (100 MHz, DMSO-d6); Ethyl 5-(2-chlorophenyl)-
3,7-dimethyl-5H-thiazolo[3,2-a]pyrimidine-6-carboxylate (6d). Fig. S9. 
1H NMR (400 MHz, DMSO-d6); Ethyl 5-(4-chlorophenyl)-3,7-dimethyl-
5H-thiazolo[3,2-a]pyrimidine-6-carboxylate (6e). Fig. S10. 13C NMR (100 
MHz, DMSO-d6); Ethyl 5-(4-chlorophenyl)-3,7-dimethyl-5H-thiazolo[3,2-a]
pyrimidine-6-carboxylate (6e). Fig. S11. 1H NMR (400 MHz, DMSO-d6); 
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Ethyl 5-(3-bromophenyl)-3,7-dimethyl-5H-thiazolo[3,2-a]pyrimidine-
6-carboxylate (6f). Fig. S12. 13C NMR (100 MHz, DMSO-d6); Ethyl 
5-(3-bromophenyl)-3,7-dimethyl-5H-thiazolo[3,2-a]pyrimidine-6-car-
boxylate (6f). Fig. S13. 1H NMR (400 MHz, DMSO-d6); Ethyl 3,7-dimethyl-
5-(3-nitrophenyl)-5H-thiazolo[3,2-a]pyrimidine-6-carboxylate (6g). Fig. 
S14. 13C NMR (100 MHz, DMSO-d6); Ethyl 3,7-dimethyl-5-(3-nitrophenyl)-
5H-thiazolo[3,2-a]pyrimidine-6-carboxylate (6g). Fig. S15. 1H NMR 
(400 MHz, DMSO-d6); Ethyl 3,7-dimethyl-5-(p-tolyl)-5H-thiazolo[3,2-a]
pyrimidine-6-carboxylate (6h). Fig. S16. 13C NMR (100 MHz, DMSO-d6); 
Ethyl 3,7-dimethyl-5-(p-tolyl)-5H-thiazolo[3,2-a]pyrimidine-6-carboxylate 
(6h). Fig. S17. 1H NMR (400 MHz, DMSO-d6); Ethyl 5-(4-methoxyphenyl)-
3,7-dimethyl-5H-thiazolo[3,2-a]pyrimidine-6-carboxylate (6i). Fig. S18. 
13C NMR (100 MHz, DMSO-d6); Ethyl 5-(4-methoxyphenyl)-3,7-dimethyl-
5H-thiazolo[3,2-a]pyrimidine-6-carboxylate (6i). Fig. S19. 1H NMR (400 
MHz, DMSO-d6); Ethyl 5-(4-hydroxy-3-methoxyphenyl)-3,7-dimethyl-
5H-thiazolo[3,2-a]pyrimidine-6-carboxylate (6j). Fig. S20. 13C NMR (100 
MHz, DMSO-d6); Ethyl 5-(4-hydroxy-3-methoxyphenyl)-3,7-dimethyl-
5H-thiazolo[3,2-a]pyrimidine-6-carboxylate (6j). Table S1. Results of 
molecular docking study of 6a–j against tyrosinase binding site.

Acknowledgements
Not applicable.

Author contributions
NG, and SM synthesized and characterized compounds. AI performed biologi-
cal tests and in silico study and contributed to the manuscript preparation. 
MM supervised all phases of the study. All authors read and revised the article.

Funding
The authors wish to thank the support of the Vice-Chancellor for Research of 
Shiraz University of Medical Sciences (Grant number: IR.SUMS.REC.1402.112).

Availability of data and materials
The datasets generated and/or analysed during the current study are available 
in the Worldwide Protein Data Bank (wwPDB) repository. (https://​www.​rcsb.​
org/​struc​ture/​2y9x).

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 9 June 2023   Accepted: 6 November 2023

References
	1.	 Cho K, et al. Potential adverse effect of tyrosinase inhibitors on teleosts: a 

review. Comp Biochem Physiol C. 2020;228:108655.
	2.	 Bahloul E, et al. Hydroxychloroquine-induced hyperpigmentation in 

systemic diseases: prevalence, clinical features and risk factors: a cross-
sectional study of 41 cases. Lupus. 2017;26(12):1304–8.

	3.	 Xing X, et al. Implications of oxidative stress in the pathogenesis and 
treatment of hyperpigmentation disorders. Oxi Med Cell Longev. 
2022;2022:1–12.

	4.	 Halaban R, et al. Abnormal acidification of melanoma cells induces 
tyrosinase retention in the early secretory pathway. J Biol Chem. 
2002;277(17):14821–8.

	5.	 Speeckaert R, et al. The biology of hyperpigmentation syndromes. Pig-
ment Cell Melanoma Res. 2014;27(4):512–24.

	6.	 Zolghadri S, et al. A comprehensive review on tyrosinase inhibitors. J 
Enzyme Inhib Med Chem. 2019;34(1):279–309.

	7.	 Mann T, et al. Inhibition of human tyrosinase requires molecular motifs 
distinctively different from mushroom tyrosinase. J Investig Dermatol. 
2018;138(7):1601–8.

	8.	 Hałdys K, Latajka R. Thiosemicarbazones with tyrosinase inhibitory activ-
ity. Medchemcomm. 2019;10(3):378–89.

	9.	 Hassan M, Shahzadi S, Kloczkowski A. Tyrosinase inhibitors naturally 
present in plants and synthetic modifications of these natural products 
as anti-melanogenic agents: a review. Molecules. 2023;28(1):378.

	10.	 Pillaiyar T, Manickam M, Namasivayam V. Skin whitening agents: medici-
nal chemistry perspective of tyrosinase inhibitors. J Enzyme Inhib Med 
Chem. 2017;32(1):403–25.

	11.	 Larik FA, et al. Design, synthesis, kinetic mechanism and molecular 
docking studies of novel 1-pentanoyl-3-arylthioureas as inhibitors of 
mushroom tyrosinase and free radical scavengers. Eur J Med Chem. 
2017;141:273–81.

	12.	 Liu P, et al. Design and synthesis of thiourea derivatives with sulfur-
containing heterocyclic scaffolds as potential tyrosinase inhibitors. Bioorg 
Med Chem. 2016;24(8):1866–71.

	13.	 Choi J, Park S-J, Jee J-G. Analogues of ethionamide, a drug used for 
multidrug-resistant tuberculosis, exhibit potent inhibition of tyrosinase. 
Eur J Med Chem. 2015;106:157–66.

	14.	 Choi J, Jee JG. Repositioning of thiourea-containing drugs as tyrosinase 
inhibitors. Int J Mol Sci. 2015;16(12):28534–48.

	15.	 Al-Rashood ST, et al. New thiazolopyrimidine as anticancer agents: 
synthesis, biological evaluation, DNA binding, molecular modeling and 
ADMET study. Bioorg Med Chem Lett. 2020;30(23):127611.

	16.	 Youssef AMS, Fouda AM, Faty RM. Microwave assisted synthesis of some 
new thiazolopyrimidine and pyrimidothiazolopyrimidopyrimidine deriva-
tives with potential antimicrobial activity. Chem Cent J. 2018;12(1):50.

	17.	 Abu-Hashem AA, Al-Hussain SA, Zaki MEA. Synthesis of novel benzodifu-
ranyl; 1,3,5-Triazines; 1,3,5-oxadiazepines; and thiazolopyrimidines derived 
from visnaginone and khellinone as anti-inflammatory and analgesic 
agents. Molecules. 2020;25(1):220.

	18.	 Karimian S, et al. 4H-benzochromene derivatives as novel tyrosinase 
inhibitors and radical scavengers: synthesis, biological evaluation, and 
molecular docking analysis. Mol Diversity. 2021;25(4):2339–49.

	19.	 Fatima S, et al. A simple and efficient one-pot synthesis of multi-
functional 5-Aryl-5H-thiazolo[3,2-a]pyrimidines. J Heterocycl Chem. 
2012;49(3):600–6.

	20.	 Noori M, et al. Thioquinoline derivatives conjugated to thiosemicarbazide 
as potent tyrosinase inhibitors with anti-melanogenesis properties. Sci 
Rep. 2023;13(1):2578.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://www.rcsb.org/structure/2y9x
https://www.rcsb.org/structure/2y9x

