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A B S T R A C T

Various N- and S-containing 5-membered heterocycles such as imidazole-2-thiones, thiazolidinones and
thiazolidin-2-imines are among the most eminent biologically active organic heterocycles and are present in many
marketed drugs. In view of their synthetic and biological significance, an efficient synthesis of two novel
thiazolidine-2-imines (4a-b) utilizing a three-component one-pot approach starting from an aldimine, an alkyne
and isothiocyanates has been developed. The reaction proceeded via a 5-exo digonal (5-exo dig) cyclization of a
propargyl thiourea, formed in situ in the presence of Zn(II)-catalyst. The structures of the resulting products are
elucidated by spectroscopic methods and X-ray crystallography. A DFT study explored the structural, thermo-
dynamic and molecular electrostatic potential parameters for the compounds. The newly synthesized compounds
(4a & 4b) were evaluated for the inhibition of tyrosinase both in vitro and in silico. The in vitro results revealed that
the synthesized thiazolidine-2-imines (4a-b) showed good inhibition activity towards mushroom tyrosinase (IC50

¼ 1.151 � 1.25 and 2.079 � 0.87 μM respectively) in comparison to the kojic acid standard (IC50 ¼ 16.031 � 1.27
μM) a commonly used anti-pigment agent in plant and animal tissues. The experimental inhibition was further
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assessed by molecular docking studies between synthesized ligands and the human tyrosinase protein complex to
investigate the intermolecular interactions responsible for tyrosinase inhibition activity.
Table 1. Optimization of imine 1, alkyne 2 and isothiocyanate 3 coupling under
different reaction conditions.[a].

No Catalyst (mol %) Temp. (�C) Time (h) Solvent Yield 4a (%)[b]

1 CuCl2 (20) 60 10 toluene 35

2 CuCl2 (20) 100 10 DMF 45

3 CuBr (20) 100 10 DMF 20

4 ZnI2 (20) 60 10 DMF 68

5 ZnI2 (20) 60 10 toluene 50

6 Zn(OAc)2 (20) 60 10 DMF NR[c]

7 ZnCl2 (10) 60 16 DMF 70

8 ZnBr2 (15) 60 18 DMF 59

9 ZnCl2 (15) 100 10 DMF 80

10 ZnCl2 (20) 100 16 DMF 90

[a]All reactions were performed on 1.0 mmol scale of aldimine 1.
[b]1H-NMR yield.
[c]No Reaction.
1. Introduction

Melanin, which is responsible for the pigmentation of human skin, is
produced in the melanocyte cells of the skin. Other than skin colour, dark
coloured eyes, hair as well as browning of fruit and vegetables are also
due to increased melanin content in the system. Production of melanin is
catalysed by the enzyme tyrosinase in living organisms where the tyro-
sine is converted into dihydroxyphenyl alanine (DOPA), then to dop-
aquinone and finally to melanin [1, 2]. To reduce the content of melanin
there is need to control the activity of tyrosinase. Therefore, the tyrosi-
nase inhibitors are attractive in medicinal, cosmetic, food and agricul-
tural industries as depigmentation or anti-browning agents. The cosmetic
and food industries are always in search of less hazardous tyrosinase
inhibitors for the treatment of skin conditions and for agricultural pur-
poses [3, 4, 5, 6]. This has encouraged the scientists and researchers to
focus on the synthesis, isolation, identification, and characterization of
new active tyrosinase inhibitors [7, 8].

Various natural, semi-synthetic and synthetic inhibitors of tyrosinase
with wide structural diversity have been developed [9] to date but very
few advanced to the clinical phases as skin conditioning agents. Het-
erocycles have long and productive history in the pharmaceutical in-
dustry, where N- and S-containing 5 and 4-membered rings are among
the more dominant motifs from synthetic and biological point of view
[10, 11, 12, 13, 14]. Thiazoles, thiazolidinones and thiazolidin-2-imines
are common structural units found in many natural products and phar-
maceutically active molecules [15, 16, 17]. In addition, such structures
also play important roles in the fields of organic and organometallic
synthesis [18, 19, 20]. A few thiazolidine derivatives have been inves-
tigated for tyrosinase inhibition such as thiazolidinones substituted by
hydrazone tautomeric dyes [21], thiazolidine-2,4-dione derivatives
substituted with benzylidene [22], 2,4-dihydroxybenzylidene [23] 2,
4-dihydroxyphenyl)thiazolidine-4-carboxylic acid [22, 24, 25] and
some iminothiazolidin-4-one derivatives [26]. Though a number of
synthetic inhibitors showed inhibitory activity against mushroom
tyrosinase, only a few of them displayed melanogenesis inhibition ac-
tivity in human cells or skin models.

There has been a great deal of interest in the development of novel
thiazolidine-2-imines in an effort to fine-tune the biological and physi-
ological activities of such molecules. For the construction of the
thiazolidin-2-imine ring several different synthetic routes have been
adopted. The most prevalent is the reaction between propargyl amines
and thiocyanates [27, 28, 29, 30]. In present study we have used a
multicomponent approach to synthesize thiazolidine-2-imines so that
their effectiveness as tyrosinase inhibitors could be examined. The pro-
cess used starts from an aldimine, an alkyne and isothiocyanate as
starting materials. This strategy avoids the need to make propargylamine
separately in the synthetic process.

2. Results & discussions

2.1. Chemistry

To access the above thiazolidine-2-imines various catalysts and re-
action conditions were investigated and optimized. Initially 2,2-
dimethyl-N-propylpropan-1-imine (1), phenylacetylene (2) and 1-iso-
thiocyanato-4-methylbenzene (3) were reacted together in toluene
using CuCl2 as a catalyst. A 35% yield of the expected thiazolidine,
namely 5-benzylidene-4-(tert-butyl)-3-propyl-N-(p-tolyl)thiazolidin-2-
imine (4a) was obtained (Table 1, entry 1). Switching to DMF as solvent
increased the yield but replacing CuCl2 with CuBr decreased the yield
(Table 1, entries 2–3). The ZnI2 proved to be more efficient than the Cu-
2

salts, preferably in DMF (Table 1, entries 4–5). Of the other Zn-salts such
as Zn(OAc)2, ZnCl2 and ZnBr2, zinc chloride was found to be the most
efficient catalyst for the formation of expected thiazolidin2-imine (4a)
(Table 1, entries 6–8).

Using 20 mol % of zinc chloride while heating for 16 h at 100 �C
proved to be the optimum condition of those examined for synthesizing
target compounds 4a and 4b with 90 and 95 % yields respectively as
shown in Scheme 1.

A plausible mechanism for the formation of thiazolidine-2-imine (4)
is shown in Scheme 2. The reaction was anticipated as initial coupling of
Zn-acetylide with aldimine 1 to give complex A, the nucleophilic attack
of nitrogen of complex A on electrophilic carbon of isothiocyanate (3)
yielded the intermediate propargyl thiourea (B) which after cyclization
and basic treatment furnished the desired products (4a-b).
2.2. Structural analysis

Structural determinations of synthesized motifs were performed by
spectroscopic (IR, Mass & NMR), single crystal x-ray analysis and DFT
studies. The 1H-NMR spectrum of compound 4a is shown in Figure 1. The
methyl protons of N-propyl chain appeared as triplet at 0.92 ppm while
nine protons of tert-butyl group appeared at 1.03 ppm as singlet. The p-
methyl on phenyl ring appeared as singlet at 2.29 ppm. The two
important signals which confirm the ring closure of propargyl thiourea
are the one proton singlet at 4.05 ppm, which corresponds to the only
proton of thiazolidine ring while other one proton singlet appeared at
6.47 ppm corresponds to 5-benzylidene proton. The 13C-NMR spectrum
of compound 4a is shown in Figure 2, further confirmation of different
quaternary carbons, CH, CH2 and CH3 groups were performed by 13C
DEPT-135 NMR (Figure 3) and 13C APT-NMR (Figure 4) spectra. The
quaternary carbon containing tert-butyl group which appeared at 39.4
ppm and two other quaternary carbons of phenyl rings which resonated
at 149.0 and 157.6 ppm did not appear in the 13C DEPT-135 NMR
spectrum while they clearly be seen in 13C APT-NMR spectrum in



Scheme 2. Proposed mechanism for the formation of thiazolidine-2-imines (4).

Figure 1. 1H-NMR (400 MHz) spectrum of 4a in CDCl3.

Scheme 1. Synthesis of targeted thiazolidine-2-imines (4a-b).
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Figure 2. 13C-NMR (100 MHz) spectrum of 4a in CDCl3.

Figure 3. 13C DEPT-135 NMR (100 MHz) spectrum of 4a in CDCl3.
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negative region. The 1H-NMR and 13C-NMR spectra of compound 4b are
shown in Figure 5 and Figure 6 respectively. The chemical shift values
have been shifted little bit downfield due to presence of electron with-
drawing 4-bromo group.
4

2.2.1. Molecular structure
The molecular structures of 4a and 4b are sufficiently similar except

for substitution of methyl and bromo group at phenyl ring and the
structure of 4a is shown in Figure 7. In the compound 4a an



Figure 4. 13C APT-NMR (100 MHz) spectrum of 4a in CDCl3.

Figure 5. 1H-NMR (400 MHz) spectrum of 4b in CDCl3.
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Figure 6. 13C-NMR (100 MHz) spectrum of 4b in CDCl3.

Figure 7. The molecular structures of 4a with ellipsoids drawn at the 50%
probability level. Intramolecular hydrogen bonds are drawn as black
dotted lines.

Table 3. Optimized geometrical parameters of 4a using B3LYP/6-31G(d,p) level.

Bond lengths (A0) Bond angles (0)

S(14)–C(12) 1.831 S(14)–C(12)–C(13) 109.94

N(13)–C(16) 1.266 C(13)–N(15)–C(16) 118.76

C(16)–N(15) 1.369 N(15)–C(16)–N(30) 124.38

C(14)–N(15) 1.458 C(16)–N(30)–C(34) 129.57

C(31)–C(35) 1.512 N(15)–C(41)–C(42) 112.02

C(2)–C(3) 1.402 S(14)–C(12)–C(51) 126.56

C(5)–H(10) 1.081 C(4)–C(2)–C(3) 112.97

C(41)–N(15) 1.481 N(30)–C(34)–C(33) 117.58

C(22)–C(17) 1.545 C(13)–C(17)–C(22) 109.02

Table 2. Percentage individual contributions of interatomic
contacts to the Hirshfeld surfaces of 4a and 4b.

# Contact 4a % 4b %

1 H⋯H 70.7 56.1

2 H⋯C/C⋯H 23.6 24.9

4 H⋯S/S⋯H 3.3 3.2

5 H⋯N/N⋯H 2.4 2.6

3 H⋯Br/Br⋯H 12.9

6 Br⋯S 0.2

7 Br⋯Br 0.1
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intramolecular C53–H53⋯S1 hydrogen bond (Table 3), links the S atom
of the thiazolidine rings to the phenyl ring of the benzylidene substituent
enclosing S(6) ring [31]. The thiazolidine ring adopt envelope confor-
mation on C5. The molecule is not planar with the thiazolidine ring of 4a
inclined to the p-tolyl and phenyl rings by 76.85(6)�and 50.04(7)�. The
additional propyl- and t-butyl substituents on the 3- and 4-positions of
the thiazolidine ring of molecule lead to crowded environment both
above and below the thiazolidine ring planes.
6

2.2.2. Crystal packing
In the packing of 4a molecule, C51–H51⋯N2 hydrogen bonds,

Table 2, link molecule into C(6) chains along the a axis direction shown
in Figure 8. These unusual coincidences continue as these C–H⋯N
hydrogen bonds combine with C55–H55…Cg2 contacts (Cg2 is the



Figure 8. Chains of molecules of 4a along the a axis direction.

Figure 9. Double chains of molecules of 4a along the ac diagonal.
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centroid of the C21⋯C26 benzene ring) to form double chains of mole-
cules along the ac diagonal of each unit cell Figure 9.

2.2.3. Hirshfeld surface analysis
Hirshfeld surface analysis [32] can be used to further investigate and

compare the intermolecular architecture of these molecules. Hirshfeld
Figure 10. Hirshfeld surfaces mapped over dnorm sho

7

surfaces and two-dimensional fingerprint plots were generated by Crys-
talExplorer (Turner et al., CrystalExplorer17, 2017) as shown in Table 2.

Hirshfeld surface analysis can be used to further investigate and
compare the intermolecular architecture of these molecules. Hirshfeld
surfaces viewed for front (a) and rear (b) faces of 4a and for 4b are shown
in Figures 10 and 11 respectively. The deep red circles on Figure 10(a)
and 11(a) surfaces correspond to the C51–H51⋯N2 hydrogen bonds that
are present in both molecules, and the weaker C–H⋯O hydrogen bond
and the Cl…π(ring) halogen bond. As indicated previously, these contacts
play considerable roles in stabilizing the packing in this structure.

Hirshfeld surfaces and two-dimensional fingerprint plots were
generated by CrystalExplorer (Turner et al., CrystalExplorer17, 2017).
Fingerprint plots of the principal contacts on the Hirshfeld surface of 4a
and 4b are shown in Figure 12a and b. These comprise H⋯H, H⋯C/
C⋯H, H⋯S/S⋯H, H⋯N/N⋯H contacts and an additional substantial
H⋯Br/Br⋯H contact for 4b, Figure 7k. The much less significant Br⋯S
and Br⋯Br contacts, that together contribute only 0.5% to the Hirshfeld
surface, are not shown in the figure but the completeness is detailed in
Table 2.

3. Theoretical structural analysis

Structural geometries of compounds 4a and 4b were simulated and
optimized using DFT/B3LYP to determine geometric and electronic pa-
rameters (bond lengths, bond angles, EHOMO, ELUMO). The optimized
geometries of 4a, 4b are shown in Figure 13, while important geometric
parameters (bond lengths and bond angles) are summarized in Tables 3
and 4.

3.1. Absorption studies and frontier molecular orbitals (FMOs) analysis

Simulated absorption spectra for compounds 4a and 4b were ob-
tained from a time dependent calculation using B3LYP/6-31G(d,p) level
of theory. Theoretically calculated absorption spectra showed absorption
peaks at 325 nm and 687 nm for 4a (Figure 14a). The corresponding
values for 4b exhibited absorption maxima at 318 nm and 694 nm
(Figure 14b). Absorption maxima for both compounds result from π-π*
electronic transitions.

The frontier molecular orbital (FMOs) analysis carried out using a
quantum mechanical approach is a popular way to predict the molecular
transitions [33, 34]. The corresponding EHOMO and ELUMO values were
-7.18eV and -4.77eV for compound 4a with band gap of 2.14eV
(Figure 15A). The EHOMO, ELUMO and band gap values for 4b were found
to be �6.24eV, �5.06 eV and 1.18 eV respectively (Figure 15B). To
comprehend the distribution of isodensities of HOMO and LUMO sur-
faces, it can be observed that isodensities are distributed on heteroatom.
wing front (a) and rear (b) faces of molecule 4a.



Figure 11. Hirshfeld surfaces mapped over dnorm showing front (a) and rear (b) faces of molecule 4b.
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3.2. Thermodynamic parameters

Based on vibrational analysis using frequency calculations and sta-
tistical thermodynamics, a number of thermodynamic parameters i.e;
heat capacity (Cv), entropy (S0) and enthalpy (H0) were calculated and
listed in Table 5. Zero point vibrational energies have also been calcu-
lated for accurate description of structure. The variations in the entropy
and zero-point vibrational energies were found to be insignificant.

3.3. Molecular electrostatic potential analysis

Optimized geometries at B3LYP/6- 31G(d,p) level of theory were
used to map the molecular electrostatic potential surfaces (MESP) of
compounds 4a and 4b and are shown in Figure 16. It is evident from
Figure 11 that negative potential is concentrated on oxygen, sulfur and
bromine atoms which reflects electron transfer from O, S and Br. The
dispersion of potential for 4a ranges from �0.01225 to 0.01225 esu and
from �0.00885 to 0.00885 esu for 4b.

4. Biological evaluation

Both compounds were tested for their inhibition activity against the
mushroom tyrosinase enzyme using a previously reported procedure [35,
36, 37, 38, 39]. The results are summarized in Table 6.

Both compounds were found to be more active than the Kojic acid,
which was used as a standard. The compound 4a was even more active
than 4b perhaps because of the presence of a CH3 substituent at para
position of the benzene ring.

5. Molecular docking and computational analysis for tyrosinase
inhibition

Molecular docking analysis was carried out in order to understand
the binding mode of synthetic thiazolidin-2-imines in active site of
tyrosinase. Molecular Operating Environment software 2016.0802 was
used for molecular modelling studies. MOE is a software system
designed by a Chemical Computing Group to support cheminformatics,
bioinformatics, molecular modelling, virtual Screening, structure and
ligand based-design (Scientific Vector Language). As most tyrosinase
inhibitors have been tested with commercial mushroom tyrosinase for
use against mammalian tyrosinases therefore to understand the
8

inhibitory activity of both compounds at the molecular level, docking
studies were performed using the active site of the human tyrosinase
protein complex (PDB ID: 2XV7) obtained from the Protein Databank
(PTB). Figure 17 depicts the active site of tyrosinase complex with co-
crystallized ligand neuregulin (NRG). Key contributing amino acids in
this site are Leu124, Tyr 160, Glu123, Arg141, Thr158, His186, Lys182,
Ala184 and Val183.

Since Kojic acid has higher in vitro inhibitory activity on human
tyrosinase and has been clinically used to treat the hyperpigmentation of
skin, first the molecular interactions of Kojic acid were explored in the
active site of tyrosinase. The results revealed that two Hydroxyl groups of
kojic acid have hydrogen bondingwith three amino acids Lys182, Val120
and Glu123 with distance 1.77 Å, 2.37 Å and 3.68 Å respectively as
shown in Figure 18. Docked binding score for this complex is�9.88 kcal/
mol.

Finally, the molecular docking study of synthesized ligands (4a& 4b)
was performed. Ten different conformations were generated for each
molecule and lowest energy conformation was selected for binding in-
teractions analysis as shown in Figure 19.

In silico studies revealed that both compounds were fitted well in the
active site of the targeted protein. The high activity of both compounds
may be due to presence of an aromatic ring and more hydrophobic
centres giving rise the arene-π and hydrophobic interactions respectively.
Both compounds have strong hydrogen bonding and arene-π interactions
with key contributing amino acids as shown in Figures 20 and 21. The
compound 4a has an arene-π interaction with Phe140, a π-π interaction
with His186 and hydrogen bonding interactions with Arg141
(Figure 20). While compound 4b has an arene-π interaction with Arg141
and hydrogen bonding interactions with both Glu123 and Thr130
(Figure 21). The docked binding score for compound 4a is c11.51 kcal/
mol and for 4b is n of the UV-Vis spectra o13.23 kcal/mol Table 7
summarises all important intermolecular interactions and key amino
acids that might be responsible for the high inhibition activity of both
compounds suggesting that such thiazolidine-2-imines (4a-b) could be
potent candidates for anti-browning agents.

6. Conclusion

In summary two novel thiazolidine-2-imines (4a-4b) have been
synthesized in good yield starting from imine, alkyne and isothiocya-
nate using ZnII-catalysis. The structural and molecular characterization



Figure 12. Full two-dimensional fingerprint plot for 4a (a) and 4b (b), while
(c)–(k) are the principal individual contact types for 4a on the left and 4b on
the right.
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has been accomplished by spectroscopic, single crystal X-ray analysis
and DFT studies. A detailed Hirshfeld surface analysis was carried out
for the exploration and picturing of the intermolecular close contacts in
the crystal structure of the synthesized compounds, and also to inves-
tigate the locations of atom…atom short contacts with potential to
form hydrogen bonds and the quantitative ratios of these interactions.
Quantum DFT for structural and parametric analyses indicated that
compounds 4a and 4b are reactive. Both compounds were found to be
excellent inhibitors when tested against a mushroom tyrosinase inhi-
bition assay with IC50 value of 1.151 � 1.25 and 2.079 � 0.87
compare to the Kojic acid as standard drug (16.03 � 1.27). Further
molecular docking studies of synthesized compounds with human
tyrosinase protein (PDB id: 2XV7) using MOE software revealed that
these ligands fit into the active site of target protein with the major
contacts including hydrogen bonding, arene-arene and arene-π in-
teractions. The excellent agreement was obtained between the molec-
ular modelling and the tyrosinase inhibition assay which indicated that
the binding mode proposed is reasonably close to the experimental
biological binding modes. This study should therefore prove helpful
for further optimization in in-vitro and animal models before clinical
trials.

7. Experimental

7.1. General remarks and instrumentation

All the chemicals and solvents of analytical grade were purchased
from commercial sources and were used as such without further purifi-
cation. The reactions were performed under normal atmospheric condi-
tions. The melting points were recorded on electrothermal 1101D Mel-
Temp digital melting point apparatus. 1H-NMR and 13C-NMR spectra
were recorded on 400 MHz and 100 MHz Bruker spectrometer respec-
tively in deuterated solvent containing TMS as internal standard.
Chemical shift values are given in part per million (ppm). High-resolution
mass spectra were obtained on an Agilent 6210 TOF LC/MS mass
spectrometer.
7.2. Experimental procedure for the synthesis of the thiazolidin-2-imines
(4a-b)

To a magnetically stirred solution of aldimine 1 (2.00 mmol), phe-
nylacetylene 2 (2.00 mmol) and isothiocyanate 3 (2.00 mmol) in dry
DMF, zinc(II) chloride (0.20 mmol, 20 mol %) was added. The flask was
attached with a condenser and covered with a N2 balloon. The mixture
was heated at 100 �C for 16 h. Afterwards, the mixture was cooled,
washed with a dilute solution of NaHCO3 and extracted with EtOAc. The
combined organic layers were dried using anhydrous Na2SO4, filtered
and the solvent was evaporated under reduced pressure. Final products
were purified by column chromatography using petroleum ether/EtOAc
(85:15) as the solvent system.

7.2.1. 5-(Benzylidene)-4-(tert-butyl)-3-propyl-N-(p-tolyl)thiazolidin-2-
imine (4a)

Light-yellow block crystals; m.p ¼ 78 �C, 80% yield. 1H NMR (400
MHz, CDCl3) δ ¼ 7.33 – 7.14 (m, 5H, Ar), 7.06 (t, J ¼ 7.4 Hz, 2H, Ar),
6.82 (d, J¼ 7.4 Hz, 2H, Ar), 6.47 (s, 1H,HC¼ CS), 4.18 (dt, J¼ 14.2, 7.2
Hz, 1H, NCHH), 4.05 (s, 1H, HCC(CH3)3), 3.18 (dt, J ¼ 14.2, 7.2 Hz, 1H,
NCHH), 2.29 (s, 3H, CH3Ph), 1.79 – 1.70 (m, 2H, NCH2CH2), 1.08 (s, 9H,
C(CH3)3), 0.90 (t, J ¼ 7.4 Hz, 3H, CH2CH3). 13C NMR (100 MHz, CDCl3)
δ ¼ 157.60, 149.06, 135.60, 133.13, 132.21, 129.45, 128.41, 128.19,
127.05, 123.60, 121.82, 77.13, 50.94, 39.40, 27.09, 20.89, 19.97, 11.35.
HRMS (ESI): m/z calcd for [C24H30N2S þ H]þ: 379.2202; found
379.2204.



Figure 13. The optimized geometry of compounds (4a,4b) at the B3LYP/6-31G (d,p) level of theory.

Table 4. Optimized geometrical parameters of 4b using B3LYP/6-31G(d,p) level.

Bond lengths (A0) Bond angles (0)

S(14)–C(12) 1.833 Br(53)–C(31)–C(32) 119.26

C(16)–N(15) 1.373 C(34)–N(30)–C(16) 128.54

N(30)–C(16) 1.277 N(30)–C(16)–N(15) 124.06

N(30)–C(34) 1.422 N(15)–C(13)–C(12) 106.19

C(41)–N(15) 1.471 S(14)–C(12)–C(13) 109.76

C(13)–N(15) 1.472 S(14)–C(12)–C(13) 126.03

C(41)–N(42) 1.531 N(15)–C(41)–C(42) 112.87

Br(53)–C(31) 1.921 C(26)–C(17)–C(18) 108.13

C(17)–C(26) 1.541 C(51)–C(3)–C(4) 117.14

S.A. Shehzadi et al. Heliyon 8 (2022) e10098
7.2.2. 5-(Benzylidene)-N-(4-bromophenyl)-4-(tert-butyl)-3-
propylthiazolidin-2-imine (4b)

Viscous oil which became crystalline solid on standing and it was
recrystallized in ethyl acetate; m.p ¼ 80 �C, 89% yield. 1H NMR (400
MHz, CDCl3) δ ¼ 7.43 – 7.19 (m, 7H, Ar), 6.79 (d, J ¼ 8.4 Hz, 2H, Ar),
6.50 (s, 1H,HC¼ CS), 4.14 (dt, J¼ 14.2, 7.2 Hz, 1H, NCHH), 4.08 (s, 1H,
HCC(CH3)3), 3.20 (dt, J ¼ 14.2, 7.2 Hz, 1H, NCHH), 1.77 – 1.68 (m, 2H,
Figure 14. Theoretically Simulated UV-Vis spectra
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CH2CH3), 1.09 (s, 9H, C(CH3)3), 0.90 (t, J ¼ 7.4 Hz, 3H, CH2CH3). 13C
NMR (100 MHz, CDCl3) δ ¼ 158.17, 150.71, 135.45, 132.53, 131.85,
131.60, 128.53, 128.20, 128.18, 127.65, 127.30, 124.12, 123.96,
115.87, 61.06, 50.88, 39.42, 27.12, 26.58, 20.01, 11.35. HRMS (ESI):m/
z calcd for [C23H27BrN2S þ H]þ: 443.1151; found 443.1146.
7.3. X-ray structure determination

Crystallographic data for compounds 4a is listed in Table 8. Diffrac-
tion data were collected on an Agilent Duo diffractometer using Cu-Kα
radiation (λ ¼ 1.5417 Å). Data collection, reduction and absorption
corrections for both were controlled using CrysAlisPro with data
collected at 273(2) K. The structures were all solved with SHELXTL [40]
and refined by full-matrix least-squares on F2 using SHELXL-2016 [41]
and TITAN2000. All non-hydrogen atoms were assigned anisotropic
displacement parameters. All H-atomswere positioned geometrically and
refined using a riding model with d(C–H) ¼ 1.00 Å for methine, 0.99 Å
for methylene, and 0.95 Å for the aromatic hydrogen atoms with Ueq ¼
1.2Ueq(C). Methyl protons had d(C–H)¼ 0.98 Åwith Ueq¼ 1.5Ueq(C). All
molecular plots and packing diagrams were drawn using Mercury [42].
Other calculations were performed using PLATON [43] and tabular ma-
terial was produced using WINGX [44].
of compound 4a (a) and of compound 4b (b).



Figure 15. HOMO, LUMO, EHOMO, ELUMO and band gap (ΔE) for compound 4a (A) and 4b (B).
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Table 5. Calculated thermodynamic parameters of synthesized compounds
(4a-b).

Parameters 4a 4b

Total Thermal E (kcal/mol) 318.638 295.24

Heat Capacity (Cv)/Cal/Mol-K 69.196 68.951

Entropy (S0) (Cal/Mol/K) 127.531 130.313

Enthalpy (Kcal/mol) �3913.105437 �3952.105437

Free Energy (Kcal/mol) �3913.12421 �3952.167353

Zero-point vibrational energy (Kcal/Mol) 308.68476 285.04516

Dipole Moment (D) 2.5792 0.5278

Table 6. The inhibitory effects of 4a-b on mushroom tyrosinase activity.

Compound Tyrosinase inhibition activity IC50 � SEM (μM)

4a 1.151 � 1.25

4b 2.079 � 0.87

Kojic acid 16.031 � 1.27

SEM ¼ Standard error of the mean; values are expressed in mean � SEM.

Figure 17. The active site of the tyrosinase protein complex PDB 2XV7 with
neuregulin (NRG) co-crystallized inside it. The green areas show hydrophobic
regions, while the purple area show hydrophilic areas.
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7.4. Quantum Chemical studies

Quantum Chemical studies were carried out using Gaussian 09 soft-
ware, [45] Gauss view 05 was employed for graphics visualization,
compounds 4a and 4b had been optimized at hybrid B3LYP method with
6-31G(d,p) basis set. Geometry confirmation of 4a and 4b was explored
through frequency analysis at the same level of theory, and no imaginary
frequencies were observed (true minima). Theoretical vibrational anal-
ysis and thermodynamic analysis was also performed using frequency
calculations. DFT calculations of the absorption spectra were executed at
B3LYP/6-31G(d,p) level of theory. A total of 6 excited states (3 singlet
and 3 triplet) were considered for the computation of the UV-Vis spectra
of compound 4a and 4b. Frontier molecular orbitals, molecular electro-
static potential (MEP) and band gaps were also calculated at the
B3LYP/6-31G(d,p) level of theory.

7.5. Mushroom tyrosinase inhibition assay (IC50)

The mushroom tyrosinase (Sigma Chemical, USA) inhibition assay
was performed following our previously reported methods [35, 36, 37,
39] with L-DOPA as substrate and kojic acid as reference inhibitor. In
detail, 140 μL of phosphate buffer (20 mM, pH 6.8), 20 μL of mushroom
tyrosinase (30 U/mL) and 20 μL of the inhibitor solution were placed in
the wells of a 96-well micro plate. After pre-incubation for 10 min at
room temperature, 20 μL of L-DOPA (3,4-dihydroxyphenylalanine, Sigma
Chemical, USA) (0.85 mM) was added and the assay plate was further
incubated at 25 �C for 20 min. Afterward the absorbance of dopachrome
was measured at 475 nm using a micro plate reader (OPTI Max, Tunable).
Kojic acid was used as a reference inhibitor and phosphate buffer was
used as a negative control. The amount of inhibition by the test
Figure 16. Molecular electrostatic potential s
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compounds was expressed as the percentage of concentration necessary
to achieve 50% inhibition (IC50).

Each concentration (0, 20, 40, 60, 80, 100 μM synthesized com-
pounds dissolved in DMSO, final concentration 7% v/v) were firstly
prepared and analysed in three independent experiments. The IC50
values were determined by the data analysis and graphing software
Origin 8.6, 64-bit.

The% of Inhibition of tyrosinase was calculated as following equation

Inhibition (%) ¼ [(B�S)/B] � 100

Here, the B and S are the absorbances for the blank and for the
samples.
urfaces (MESP) of compounds 4a and 4b.



Figure 18. The 3D (A) & 2D (B) docked view of Kojic acid in the active site of
tyrosinase complex.

Figure 20. Lowest energy 3D (A) & 2D (B) docked poses of compound 4a in
binding pocket of tyrosinase. In 2D structure the key amino acid residues are
shown as spheres. Hydrogen bonds or arene-arene interactions are illustrated
with dashed lines.
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7.6. Materials & methods for molecular docking

The molecular docking tool, MOE 2018 was used for ligand docking
studies into the Tyrosinase binding pocket. The crystal structure of target
was obtained from the protein data bank (PDB ID: 2XV7). The structures
of compounds were prepared using the builder tool of MOE. The energy
of the protein molecule was minimized using the Energy minimization
algorithm of the MOE tool. The following parameters were used for en-
ergy minimization;
Figure 19. 3D lowest energy conformation of 4a

13
Gradient: 0.05,
Force Field: MMFF94X þ Solvation,
Chiral Constraint: Current Geometry.

Energy minimization was terminated when the root mean square
gradient fell below the 0.05. The initial and final energies of protein were
calculated (in kcal/mol) by using the MMFF94X force field. Active site
was selected, and ten different docked conformations were generated for
both synthetic compound and kojic acid. Lowest energy conformation of
& 4b generated in molecular docking studies.



Figure 21. Lowest energy 3D (A) & 2D (B) docked pose of compound 4b in
binding pocket of tyrosinase. In 2D structure the key amino acid residues are
shown as sphere. Hydrogen bonds or arene-arene interactions are illustrated
with dashed lines.

Table 8. Crystallographic and structure refinement data for 4a.

Compound 4a

Empirical formula C24H30N2S

Formula weight 378.56

T (K) 273(2)

Wavelength, λ (Å) 1.54178

Crystal system Orthorhombic

Space group P b c a

Crystal size (mm3) 0.20 � 0.13 � 0.11

a (Å) 15.9557(4)

b (Å) 13.8445(3)

c (Å) 19.8008(5)

α (�) 90

β (�) 90

γ (�) 90

V (Å3) 4373.97(18)

Z 8

F(000) 1632

Index ranges �19 <¼ h <¼ 14

�16 <¼ k <¼ 16

�23 <¼ l <¼ 23

Reflections collected 25478

Independent reflections 3465 [R(int) ¼ 0.0426]

Completeness to theta ¼ 67.684� 99.6%

Absorption correction

Max. and min. transmission 1.0000 and 0.87755

Refinement method

Data/restraints/parameters 4131/0/249

Goodness-of-fit on F2 1.044

Final R indices [I > 2sigma(I)] R1 ¼ 0.0546, wR2 ¼ 0.1349

R indices (all data) R1 ¼ 0.0477, wR2 ¼ 0.1287

Largest diff. peak and hole (e.Å�3) 0.379 and �0.855
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each compound was selected for binding pattern analysis. The minimized
structure of protein was used as the template for docking.
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