Azimi et al. BMC Chemistry (2024) 18:187
https://doi.org/10.1186/513065-024-01305-0

BMC Chemistry

Synthesis and biological assessment of novel

Check for
updates

4H-chromene-3-carbonitrile derivatives as

tyrosinase inhibitors

Mohammad Azimi', Zahra Najafi', Asrin Bahmani', Gholamabbas Chehardoli"” and Aida Iraji***

Abstract
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Excessive activity of the tyrosinase enzyme during melanogenesis results in hyperpigmentation in the skin. To
address this issue, there is a need to develop effective tyrosinase inhibitors as a treatment for hyperpigmentation.
In this study, we synthesized some novel 4H-chromene-3-carbonitrile compounds (6a-0) and assessed their
inhibitory activities against tyrosinase, comparing them with kojic acid, which is known as a positive control.
Compound 6f emerged as the most effective inhibitor, with an 1Cs, of 35.38+2.12 uM. Kinetic studies of 6f
exhibited competitive inhibition, with K; = 16.15 uM. Molecular docking studies highlighted the importance of n-n
stacking and hydrogen bonding interactions within the binding site. Molecular dynamics simulations showed that
the R-enantiomer 6f exhibited superior binding stability compared to the S-enantiomer, with a lower standard
deviation of RMSD and more persistent interactions with the key active site residues. These findings underscore the
potential of the R-enantiomer of compound 6f as a potent tyrosinase inhibitor and provide insights for developing
effective treatments for hyperpigmentation and related skin conditions.
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Introduction

Melanogenesis is a crucial biological process that pro-
duces melanin, the natural pigment responsible for pro-
tecting organisms from sun-induced skin damage. This
process is essential for maintaining skin integrity and
preventing damage from ultraviolet radiation [1].

While melanin is crucial for protecting the skin from
harmful sun rays, excessive melanin production is a com-
mon concern for many individuals, especially in condi-
tions like melasma and lentiginosis [2].

Tyrosinase is a key enzyme in melanin production,
catalyzing the hydroxylation of L-tyrosine to form
L-dihydroxyphenylalanine (L-Dopa), which is then oxi-
dized to create dopaquinone. This dopaquinone under-
goes a series of reactions that lead to melanin formation
[3, 4]. Additionally, in the early stages of melanogenesis,
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the enzyme tyrosinase plays a critical role by catalyz-
ing the oxidation of phenol to o-quinone, a crucial step
in the melanin production pathway [5]. Tyrosinase is a
copper-containing enzyme with six key histidine resi-
dues in its active site, which are essential for its catalytic
function [6]. Disruptions in tyrosinase activity can lead
to abnormal pigment production, potentially resulting
in excessive melanin production and hyperpigmentation.
These conditions are associated with various skin disor-
ders, ranging from benign to potentially serious, such
as freckles, age spots, pregnancy spots, melasma, acne,
and melanoma, one of the most deadly types of cancer
[1]. To address these challenges, researchers have been
actively exploring the development of tyrosinase inhibi-
tors, which can regulate melanin production and mitigate
related skin issues. Most cosmetics and skin-lightening
products function by inhibiting tyrosinase, an enzyme
crucial for melanogenesis, which is exclusively produced
by melanocytes [7].

In this context, synthetic agents such as quinazolinone
[8], isopropylquinazolinone [9], indole [10], and o,p-
unsaturated carbonyl compounds [11], thiazolopyrimi-
dine [12] and vanillin-benzylidenehydrazine [13] have
been developed as potent tyrosinase inhibitors. One of
the most well-known examples is kojic acid, an FDA-
approved tyrosinase inhibitor, which has been widely
reported for its use in reducing melanin production.
However, kojic acid’s clinical use is often limited by skin
irritation and chemical instability, leading to side effects
[14]. To overcome these drawbacks, modifications of
kojic acid have been pursued. For instance, kojic acid con-
jugated with thio-quinazolinones has shown enhanced
tyrosinase inhibitory activity and significant potency
against the B16F10 melanoma cell line, effectively reduc-
ing melanin content (Fig. 1, compound A) [8]. Similarly,
kojic acid derivatives linked to an amino-pyridine moiety
have emerged as potent tyrosinase inhibitors. The kojic
moiety plays a crucial role in these interactions, forming
coordination bonds with two Cu** ions, hydrogen bonds
with His279, and engaging in m-m stacking interactions
with His263 (Fig. 1, compound B) [15]. One such com-
pound exhibited high inhibitory activity against tyrosi-
nase with an ICy; of 26.5 uM (compound C) [16].

Further structural modifications of the pyran ring
embedded in kojic acid derivatives have also been
explored, resulting in the development of chromene-
based analogs with potent tyrosinase inhibitory effects
(Fig. 1, compounds D-G) [17, 18]. These analogs dem-
onstrate that the pyran core structure in the kojic acid
derivatives is a crucial feature for tyrosinase inhibition.
Recent advancements include novel kojic acid-fused
2-amino-3-cyano-4H-pyrans, which have been evalu-
ated in both R and S isomeric forms. The compound H
exhibited mixed-type inhibition with a K of 7.57 uM
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and demonstrated superior interactions compared to the
S-enantiomer [17]. The kojopyran moiety was shown to
form hydrogen bonds with Gly281 (2.52 A) and addi-
tional critical interactions with Phe264, His244, and
metal chelation with Cu, underscoring its potential as a
robust tyrosinase inhibitor [19].

Continuing our ongoing investigations into bioactive
heterocycles [20-22], with a particular focus on those
that inhibit tyrosinase [19, 23, 24], we have designed a
new series of 4H-chromene-3-carbonitrile derivatives
in this study. The methoxy linker was closed following
the methodology of Najafi et al, with various groups
substituted at the R; and R, moieties. These derivatives
were subsequently evaluated for their in-vitro enzyme
inhibitory activities. Additionally, we conducted kinetic
studies, molecular docking, and molecular dynamics
simulations on the most potent compound to further elu-
cidate its mechanism of action.

Results and discussion

Chemistry

The synthesis of the products 6a-o involved multiple
stages, as detailed in Scheme 1. Initially, benzyloxy-
benzaldehydes 3a-c were synthesized via a nucleophilic
reaction. This reaction occurred between 4-hydroxy-
benzaldehydes or vanillin (la-b) and benzyl halide
derivatives (2a-h), using potassium carbonate in DMF
at ambient temperature. Subsequently, a multicompo-
nent synthesis involving benzyloxy-benzaldehydes 3a-
o, dimedone 4, and malononitrile 5 was performed in
acetonitrile (5 mL), utilizing triethylamine as a catalyst
under reflux conditions. This process successfully pro-
duced the desired compounds 6a-o with satisfactory
yields (52-69%). The structures of all newly synthesized
4H-chromene-3-carbonitrile derivatives was confirmed
using NMR, Mass, and IR spectroscopy.

The mechanism of 4H-chromene-3-carbonitrile ring
formation is shown in Scheme 2. Initially, intermedi-
ate VII is generated through the condensation of one
equivalent of dimedone with an aldehyde. Subsequently,
the malononitrile reacts with intermediate VII and after
removing H,O, the 4H-chromene-3-carbonitrile ring is
formed.

Biological study

In vitro tyrosinase inhibitory activity

The anti-tyrosinase properties of these 4H-chromene-
3-carbonitrile derivatives (6a-o) were assessed by com-
paring their activity against mushroom tyrosinase to that
of kojic acid, which served as a positive control (Table 1).
The most potent derivatives in this set were 6e and 6f,
with ICy, values of 39.09£0.34 pM and 35.38+2.12 pM,
respectively.
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Fig. 1 Designed pyran derivatives based on compounds containing pyran and chromene scaffolds

To properly evaluate the structure-activity relation-
ship (SAR), the derivatives were divided into two groups
based on the R; substitution. Among compounds 6a-
h bearing R;=H, compound 6h, as an unsubstituted
derivative, exhibited weak potency against tyrosinase.
To improve potency, different moieties were substituted
at the R, position. Evaluation of derivatives bearing flu-
orine at the R, position showed the following order of
activity: 6b (R,=2-F)>6a (R,=3-F) and compound 6c¢
(R,=4-F) exhibited no activity. The lack of activity in
6c indicates that the 4-fluoro substitution might create
steric hindrance or disrupt essential interactions within
the enzyme’s active site. Next, to improve activity at the
para position, derivatives 6d (R,=4-Br) and 6g (R,=4-Cl)
were synthesized, which demonstrated improved
potency compared to 6¢. The improved activity of 6d and

6g suggests that the optimal size and electronegativity of
bromine and chlorine facilitate better interactions with
the enzyme and enhance potency. Notably, the presence
of a methyl group as an electron-donating group at the
para position significantly increased the potency, with
an ICy; value of 39.09+0.34 uM. The increased potency
of 6e (R,=4-CH;) may be attributed to the electron-
donating effect of the methyl group, which could enhance
the binding affinity by increasing the electron density on
the aromatic ring and facilitating stronger interactions
with the active site residues. Following this, derivative 6f
(R,=4-CN) showed the most potent inhibition, display-
ing an ICy, value of 35.38+2.12 uM. The high potency of
6f can be explained by the presence of the cyano group,
which creates a favorable environment for binding to the
enzyme’s active site through hydrogen bonding or dipole



Azimi et al. BMC Chemistry (2024) 18:187 Page 4 of 16
O a: R1=H, R2=3-F
0 R, ! b: R1=H,  R2=2-F
R | c: R1=H,  R2=4-F
1 X K.CO d: R1=H, R2=4-Br
| 7 o e: R1=H,  R2=4-CH,
HO RS DMF, rt N f. R1=H,  R2=4-CN
‘ g: R1=H, R2=4-CI
= h: R1=H, R2=H
1af 4-Hydroxybenzaldehyde X:ZCI,hBr R/2 ii R1=OCH3 , R2=3-F
1b: Vanilin a- j; R1=OCH3 , R2=2-F
3a-0 k: R1=0OCH3 , R2=4-F
I: R1=0OCH3, R2=4-Br
m: R1=0OCH3 , R2=4-CHj;
0] n: R1=0CH3 , R2=4-ClI
R, | HN o: R1=OCH3 , R2=H
NC
(@) + + NEt; (2 drops) @ R
CH3CN, r,
K@ NC 24 hours,
S P Yields: 56-69%
R, 4 5
3a-0 6a-o
Scheme 1 Synthesis of 4H-chromene-3-carbonitrile derivatives 6a-o
/\ Ry 0
(0] Z R4
OBn
-H,0 o} OBn
A
[ N
7 HN_  CN
C H,N  CN
e @<
F R CN OBn
¢} OBn
A

Scheme 2 Mechanism of 4H-chromene-3-carbonitrile ring formation

interactions. Also, it can participate in Cu®>" interaction
with the binding site of the enzyme.

Next, derivatives 6i-o containing methoxy at the R,
position were synthesized. Fluorine derivatives at the R,
position exhibited that compound 6k (R,=4-F) recorded
better results compared to 6i (R,=3-F) and 6j (R,=2-F).
The better activity of 6k suggests that the 4-fluoro substi-
tution is more favorable when a methoxy group is present
at R;, likely due to an optimal electronic and steric fit in
the enzyme’s active site. This trend differs from that seen
in compounds 6a-c bearing H at R;. It seems that the
presence of a methoxy group at the R; position results in

an orientation that made a substitution at the para posi-
tion more favorable compared to meta and ortho.
However, similar to the previous set, 6n (R,=4-Cl) was
more potent than 6l (R,=4-Br). This suggests that chlo-
rine is more compatible with the enzyme’s active site than
bromine when a methoxy group is present at R;, possi-
bly due to its smaller size and favorable electronegativity.
However, these derivatives exhibited lower activity com-
pared to their counterparts in the R,=H set. Similarly,
the evaluation of 6m, which bears an electron-donating
group, recorded significantly lower activity compared to
6e. In contrast, derivative 60, with no substitution at the



Azimi et al. BMC Chemistry (2024) 18:187 Page 5 of 16
Entry  compounds R Rs % Inhibition % Inhibition ICso (uM)
at 40 pM* at 10 pM*

1 6a H 3-F 13.63 £1.81 1.07 £0.01 -

2 6b H 2-F 16.05+1.10 6.03+£0.51 -

3 6¢ H 4-F - 5.77 +1.60 -

4 6d H 4-Br 28.74 £2.69 19.46 +2.43 -

5 6e H 4-CH3; 50.67 £ 0.69 4.16 +0.32 39.09+0.34

6 6f H 4-CN 61.38 £12.28 17.68+1.11 35.38+2.12

7 6g H 4-Cl 36.04 +5.61 11.87+1.51 -

8 6h H H 297 +£0.09 Not Active -

9 6i OCH; 3-F 2446 +£2.27 8.58 £ 0.99 -

10 6j OCH; 2-F 10.40 £0.19 2.92+0.07 -

11 6k OCH3; 4-F 31.53 £3.55 8.31+£0.36 -

12 6l OCH;3; 4-Br 23.02+2.82 5.15+0.11 -

13 6m OCH3; 4-CH;3 30.65 +5.60 17.97+1.86 -

14 6n OCH3; 4-Cl 31.00 +2.36 17.70 £1.19 -

15 60 OCH;3; H 2256 £2.14 5.24+0.23 -
Kojic acid® 23.64 +2.56

2 Data presented here is the mean+ S.E

b Positive control.

Table 1 Inhibitory activities of the new compounds 6a-o against tyrosinase®

R, position, exhibited better activity than its 6a coun-
terpart. Overall, it can be suggested that, in the pres-
ence of the bulky methoxy group at R;, which increases
the electron density on the central benzene ring, the
absence of substitution at R, or the presence of a small
group reduces steric hindrance. This reduction in steric
hindrance allows for better accommodation within the
enzyme’s active site and improves the potency.

Kinetic study

The mechanism and type of inhibition were elucidated
through comprehensive kinetic studies. To determine the
mode of enzyme inhibition, we performed a Lineweaver-
Burk plot analysis using the most effective derivative,
compound 6f (Fig. 2). The Lineweaver-Burk plot, which

graphs 1/V against 1/[S], was utilized to demonstrate the
inhibition of tyrosinase by 6f at various concentrations of
both the inhibitor (6f) and the substrate (L-Dopa). In this
analysis, K, refers to the Michaelis-Menten constant,
while V,,,. denotes the maximum reaction velocity.

The data analysis revealed that the Vmax of the enzyme
remained unchanged, while the K, values increased with
higher concentrations of compound 6f. This pattern indi-
cates that compound 6f acts as a competitive inhibitor.
The plot of the slope of the lines versus different concen-
trations of 6f provided an estimate of the inhibition con-
stant, K;=16.15 uM.
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Fig. 2 Kinetic study of compound 6f against tyrosinase. (a) The Lineweaver— Burk plot in the absence and presence of different concentrations of com-
pound 6f; (b) The secondary plot of the slope of lines and various concentrations of compound 6f

Fig. 3 3D and 2D interaction of tropolone in complex with tyrosinase

Molecular docking study
To elucidate the molecular interactions between com-
pound 6f and the tyrosinase enzyme, docking studies
were conducted. Key amino acids in the active site of the
tyrosinase enzyme (PDB ID: 2Y9X) are His259, His263,
Phe90, His85, Cys83, His6l, His94, Phe292, His296,
Val283, and Phe264 [25]. Before performing the molecu-
lar docking study, the docking protocol was validated to
ensure accuracy. Tropolone, the crystallographic ligand,
was docked into the active site of tyrosinase, and the
Root Mean Square Deviation (RMSD) was determined
by comparing the best docking pose with the crystal-
lographic ligand. The RMSD value was found to be less
than 2 A, indicating reliable accuracy of the docking pro-
tocol. Tropolone exhibited two interactions with both
Cu® cofactors, as well as a hydrogen bond with His61.
Additionally, it showed two m-m stacking interactions
with His85 and His263, and two Pi-alkyl interactions
with Val283 and Val286 (Fig. 3).

Compound 6f, selected as the most effective inhibi-
tor based on in vitro tyrosinase inhibitory assay, was
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synthesized as a racemic mixture, and thus, both the R
and S isomers were evaluated in the docking studies.

The S-isomer of compound 6f exhibited a predicted
free energy of binding of -5.27 kcal/mol when docked
into the active site of tyrosinase. This binding energy sug-
gests that the S-isomer may interact strongly with the
enzyme. This isomer established a hydrogen bond with
Val283 through the oxygen linked to the benzyl group.
Furthermore, the phenyl ring connected to the pyran
moiety displayed Pi-Pi stacking interactions with Phe264,
and the benzyl group exhibited Pi-Pi stacking interac-
tions with the amino acid residue His263.

Regarding the R-isomer, the calculated free energy
of binding within the active site of tyrosinase was
—5.44 kcal/mol. The R-isomer forms Pi-Pi stacking inter-
actions with His263 through its benzyl group. These
interactions play a vital role in stabilizing the ligand in
the active site and positioning it optimally for enzyme
inhibition. The docking study highlights the importance
of Pi-Pi stacking and hydrogen bonding interactions in
the binding of compound 6f to tyrosinase enzyme.
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Fig.5 3D and 2D interaction of the R-enantiomer of compound 6f in complex with tyrosinase

After conducting the molecular docking study, we uti-
lized the bootstrapping method to analyze the confidence
interval for each isomer, as the calculated energy values
for both the R and S isomers were very close (Figs. 4 and
5). The 95% confidence intervals were calculated and
found to be (-5.43, -5.35) for the R isomer and (-5.41,
-5.20) for the S isomer. The non-overlapping confidence
intervals suggest that the R-isomer, which exhibits a more
favorable estimated free energy of binding, represents the
best docking outcome.

Also, the molecular docking study of all derivatives was
also performed and the results are summarized in table
S1. Compounds with fluorine substitutions (6a-c) exhibit
binding energies ranging from —4.681 to -4.893 kcal/mol.
The electron-withdrawing nature of fluorine reduces
the electron density on the aromatic rings, which weak-
ens both m-m stacking and Pi-Alkyl interactions, pos-
sibly explaining the reduced anti-tyrosinase activity of
these compounds. In contrast, bromine substitutions
(6d, 6L) introduce steric hindrance due to bromine’s
large size, but they compensate with stabilizing interac-
tions through metal-acceptor coordination with copper,
ni-nt stacking, and hydrogen bonds. These interactions
result in moderate binding affinities, with free energies

of -5.001 and —5.136 kcal/mol. Chlorine substitutions
(6g, 6n) improve binding affinity due to chlorine’s smaller
size, which reduces steric hindrance and enhances sta-
bility through Pi-Alkyl and metal-acceptor interac-
tions with copper. Methyl substitutions (6e, 6 m) serve
as electron donors, significantly strengthening Pi-Alkyl
and Pi-Pi stacking interactions. Compound 6e, with the
strongest binding affinity (-7.306 kcal/mol), achieves this
through extensive interactions, including multiple hydro-
gen bonds and m-mt stacking. The cyano substitution (6f)
shows a strong binding affinity (-5.44 kcal/mol) due to
hydrogen bonds and Pi-Alkyl interactions, with cyano’s
electron-withdrawing nature stabilizing the interactions
within the enzyme’s active site.

Overall, it can be understood that hydrogen bonds are
notably observed in compound 6e, which forms bonds
with His85 and Asn260, and in compound 6f, where
hydrogen bonds form with Arg268 via the cyano group.
ni-1t stacking interactions are evident in compound 6e,
where the phenoxy and substituent groups stack with
His85 and His263, while compound 6f exhibits stack-
ing interactions with His263 for both the substituted
moiety and phenoxy groups. For Pi-Alkyl interactions,
compound 6e shows a methyl group on the substituted
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moiety interacting with Phe264, while both the phe-
noxy and substituted moiety interact with Val283 and
Ala286. In compound 6f, methyl groups on the tetra-
hydro-5 H-chromen-5-one core interact with His244,
while the tetrahydro-5 H-chromen-5-one, phenoxy, and
substituted moiety engage in Pi-Alkyl interactions with
Val248, His244, Val283, and Ala286.

Molecular dynamic simulation

To further investigate the stability and interaction of the
R and S isomers of compound 6f with tyrosinase enzyme,
we accomplished molecular dynamics (MD) simulations.
These simulations were performed over 100 nanoseconds
to evaluate the dynamic behavior and binding stability of
the isomers within the enzyme’s active site. The standard
deviation of the root mean square deviation (RMSD) val-
ues, which indicate fluctuations in the enzyme’s three-
dimensional structure, was 0.19 for the R isomer and
0.31 for the S isomer (Fig. 6). Additionally, the average
RMSD values for the R and S isomers were 0.77 and 1.46,
respectively. The lower standard deviation observed for
the R isomer suggests a more stable enzyme conforma-
tion during the simulation period compared to that of the
S isomer.
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Figure 7 illustrates that the root mean square fluc-
tuation (RMSF) values for key residues in the active site
including His259, His263, Phe90, His85, Cys83, His94,
Phe292, His296, Val283, and Phe264 were lower in the
presence of the R isomer compared to the S isomer. This
observation suggests that the R isomer enhances stabil-
ity and decreases flexibility in these residues, indicating a
more effective binding interaction.

The R isomer demonstrated sustained interactions with
the active site, which are crucial for ensuring binding sta-
bility. Notably, the cyano (CN) group of the benzyl ring of
the R isomer engaged in chelation with the copper ion in
the active site for 56% of the simulation period (Fig. 8b).
This interaction also affected the coordination of the cop-
per ions with adjacent amino acids, including His259,
His263, His296, and Glu256. Among these, the interac-
tion between the benzyl moiety and His263 was particu-
larly significant, persisting for 92% of the simulation time.
This interaction seems crucial for determining both the
orientation and effectiveness of the R enantiomer within
the binding site.

As shown in Fig. 8a, the R enantiomer demonstrated a
notably greater number of interactions with the enzyme’s
active site throughout the simulation period. These
interactions play a crucial role in enhancing the stabil-
ity of the enzyme-ligand complex, as supported by the
RMSD results. In the case of the S enantiomer, the phenyl
attached to the pyran moiety of the S isomer interacted
with His85 for 23% of the simulation time which indicates
that the S enantiomer does not interact as effectively with
other key residues compared to the R enantiomer (Fig. 9).

The MD simulations indicate that the R isomer of com-
pound 6f exhibits better binding stability and interac-
tion with the tyrosinase enzyme when compared to the
S isomer. The R isomer’s enhanced stability and effec-
tive interactions highlight its potential as a more potent
inhibitor of tyrosinase.

Drug-likeness prediction

The concept of drug-likeness was introduced by Lipin-
ski, known as the Rule of Five. This rule outlines specific
physicochemical parameters that are typically associated
with orally active drugs. The criteria include: a molecu-
lar weight (MW) of no more than 500 daltons, a maxi-
mum of 10 hydrogen bond acceptors (HBA), a maximum
of 5 hydrogen bond donors (HBD), a lipophilicity index
(logP) not exceeding 5, up to 10 rotatable bonds (RBC),
and a polar surface area (PSA) of 140 A? or less [26].
To assess these parameters, two online tools, pkCSM
and SwissADME, were utilized [27, 28]. Compounds
6e and 6f were identified as the most promising antity-
rosinase agents and were selected for further evaluation
of their physicochemical properties. The data presented
in Table 2 demonstrate that two lead compounds
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successfully met the criteria outlined in Lipinski’s rule of
five.

Prediction of ADMET properties

The ADMET (Absorption, Distribution, Metabolism,
Excretion, and Toxicity) properties of compounds 6e and
6f were predicted using pkCSM, SwissADME, and Pro-
Tox online servers [27-29]. Compound 6e demonstrated
a blood-brain barrier (BBB) permeability (Log BB) of
-0.227, excellent intestinal absorption at 93.38%, and a
steady-state volume of distribution (VDss) of 0.286, indi-
cating moderate distribution characteristics. It is a sub-
strate and inhibitor for CYP3A4 as well as an inhibitor of
CYP2C9 and CYP2C19 (Table 3). This suggests that drug
interactions should be carefully considered, particularly
with drugs that have narrow therapeutic indices that are
metabolized by these enzymes. Furthermore, 6e is nei-
ther a substrate nor an inhibitor for CYP2D6, reducing
the risk of interactions with other drugs in this metabolic
pathway. Notably, 6e is not a substrate for renal OCT2,
which means that compound 6e is unlikely to be involved
in transporter-mediated renal drug-drug interactions and
may have a favorable safety profile concerning nephro-
toxicity. In addition, compound 6e does not pose risks
of cytotoxicity, skin sensitization, or hERG1 inhibition.

Compound 6f showed a Log BB of -0.133, intestinal
absorption of 100%, and a VDss of 0.140 log L/kg, indi-
cating moderate distribution. Similarly, it shares meta-
bolic, excretion, and toxicity profiles similar to those of
6e. These ADMET profiles indicate that both compounds
have promising pharmacokinetic properties, supporting
their potential as safe and effective therapeutic agents
(30, 31].

Pan-assay Interference compounds (PAINS) filters

Pan-Assay Interference Compounds (PAINS) represent
a significant challenge in medicinal chemistry and high-
throughput screening (HTS) due to their tendency to
produce false positive results in biological assays. These
compounds often bind nonspecifically to multiple tar-
gets, leading to misleading outcomes that can divert
efforts away from more promising drug candidates. Iden-
tifying and excluding PAINS early in the drug discovery
process is crucial to avoid wasting time and resources on
compounds that are unlikely to lead to successful thera-
peutics [31-33]. In this study, compounds 6e and 6f were
subjected to PAINS screening to evaluate their potential
for producing false-positive results. Both compounds 6e
and 6f showed no PAINS alerts in the screenings. This
outcome suggests that these compounds do not possess
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Table 2 Physicochemical properties of the selected compounds (6e, 6f)

Compound TPSA RBC Log P HBD HBA MW
6e 85.34 4 3.64 1 4 414.50
6f 109.13 4 345 1 5 42548

Abbreviations: MW, molecular weight; HBA, number of H-bond acceptors; HBD, number of H-bond donors; Log P, the octanol-water partition coefficient; RBC,

rotatable bond count; TPSA, topological polar surface area

the promiscuous binding characteristics typically asso-
ciated with PAINS; therefore, they are unlikely to inter-
fere with the biological assay results through known
nonspecific interactions. The absence of PAINS alerts
for compounds 6e and 6f is a positive indication of their
specificity and potential as viable drug candidates. By
passing these initial PAINS filters, the compounds are
less likely to be false positives in the early stages of drug
discovery, thereby justifying further investigation into
their efficacy and safety profiles. This finding supports
the continued development of 6e and 6f as potential
inhibitors of tyrosinase, with a reduced risk of misleading
assay results.

Conclusion

In conclusion, we successfully synthesized a novel series
of 4H-chromene-3-carbonitrile derivatives (6a-0) and
evaluated their inhibitory activity against tyrosinase
compared to the standard kojic acid. Among them,
compound 2-amino-4-(4-((4-cyanobenzyl)oxy)phenyl)-
7,7-dimethyl-5-0x0-5,6,7,8-tetrahydro-4H-chromene-
3-carbonitrile (6f), exhibited the most potent inhibition
of tyrosinase with an ICy, value of 35.38+2.12 uM, indi-
cating a competitive inhibition mechanism. Kinetic stud-
ies further clarified the inhibition mechanism, confirming
that compound 6f functions as a competitive inhibitor, as
demonstrated by the Lineweaver-Burk plot. Addition-
ally, docking studies revealed significant n-mt stacking and
hydrogen bonding interactions, particularly with His263,
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General procedure for the synthesis of 4H-chromene-3-
carbonitrile derivatives (6a-0 )

To synthesize the 4H-chromene-3-carbonitrile deriva-
tives (6a-0), we began by combining 0.5 mmol of the ben-
zyloxy-benzaldehyde derivatives (3a-o) with 0.5 mmol of
dimedone in a 50 ml round-bottom flask. Next, we added
0.6 mmol of malononitrile, two drops of triethylamine,
and 4 ml of acetonitrile to the reaction mixture. The mix-
ture was stirred at room temperature for 24 h to ensure
the complete reaction. The progress of the reaction was
monitored by TLC (n-hexane/EtOAc, 3:2). Once the
reaction was finished, the mixture was allowed to cool to
room temperature, and the resulting precipitate was fil-
tered out.

2-Amino-4-(4-((3-fluorobenzyl)oxy)phenyl)-7,7-di-
methyl-5-o0x0-5,6,7,8-tetrahydro-4H-chromene-3-carbo-
nitrile (6a)

White solid; Yield: 61%, R;=0.45 (n-hexane: EtOAc (60:
40)); mp: 210-212 °C. 'H NMR (301 MHz, DMSO-d,)
8 7.46 (td, J=8.0, 6.0 Hz, 1H), 7.34—7.25 (m, 2 H), 7.22—
7.13 (m, 1H), 7.11-7.05 (m, 2 H), 6.99 (s, 2 H), 6.97—
6.90 (m, 2 H), 5.10 (s, 2 H), 4.15 (s, 1H), 2.53 (s, 2 H),
2.31-2.07 (m, 2 H), 1.05 (s, 3 H), 0.97 (s, 3 H). *C NMR
(76 MHz, DMSO-d;) § 196.19, 164.27, 162.68, 161.05,
158.89, 157.34, 140.65, 140.55, 137.75, 131.00, 130.89,
128.75, 124.02, 123.98, 120.30, 115.17, 114.97, 114.90,
114.84, 114.56, 113.38, 68.80, 58.91, 50.44, 35.21, 32.27,
28.85, 27.25. Ms m/z (%): 109.1(100), 83.1(15), 66.1(6),
161.1(3), 217.2(12), 243.2(19), 281.1(5.5), 309.2(23),
352.2(10), 419.3(8), 418.3(13.5), 133.1(2) .IR (KBr, cm™?)
v: 3357.4(N-H), 3185.91(C-H aromatic), 2190.61(C=N),
1654.03 (C=0), 1604.96 (C=C aromatic), 1507.98 (C=C

aromatic).

2-Amino-4-(4-((2-fluorobenzyl)oxy)phenyl)-7,7-di-
methyl-5-o0x0-5,6,7,8-tetrahydro-4H-chromene-3-carbo-
nitrile (6b).

White solid; Yield: 60%, Ry =0.42 (n-hexane: EtOAc
(60: 40)); mp: 214-217 °C. 'H NMR (301 MHz, DMSO-
dg) 8 7.57 (td, J=7.5, 1.8 Hz, 1H), 7.49-7.39 (m, 1H),
7.32-7.21 (m, 2 H), 7.12-7.05 (m, 2 H), 7.00 (s, 2 H),
6.96 (d, /=8.6 Hz, 2 H), 5.11 (s, 2 H), 4.15 (s, 1H), 2.53
(s, 2 H), 2.30-2.08 (m, 2 H), 1.05 (s, 3 H), 0.97 (s, 3 H).
3C NMR (76 MHz, DMSO- dy) § 196.18, 162.67, 162.49,
159.23, 158.90, 157.39, 137.80, 131.23, 131.18, 130.91,
130.80, 128.77, 125.03, 124.99, 124.45, 124.25, 120.29,
11599, 115.72, 114.85, 113.40, 63.95, 63.90, 58.93,
50.46, 35.23, 32.26, 28.85, 27.26. Ms m/z (%): 109.1(100),
83.1(10), 66.1(5), 161.1(3), 217.2(13), 243.2(6.5), 281.1(5),
309.2(25), 352.2(5.5), 419.3(4), 418.3(13.5), 133.1(2) IR
(KBr, cm™!) v: 3357.94(N-H), 3179.32(C-H aromatic),
2187.61(C=N), 1652.44 (C=0), 1604.88 (C=C aromatic),
1508.59 (C=C aromatic).
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2-Amino-4-(4-((4-fluorobenzyl)oxy)phenyl)-7,7-di-
methyl-5-o0x0-5,6,7,8-tetrahydro-4H-chromene-3-carbo-
nitrile (6c).

White solid; Yield: 62%, R;=0.42 (n-hexane: EtOAc (60:
40)); mp: 200-203 °C. '"H NMR (301 MHz, DMSO-d,)
8 7.56-7.45 (m, 2 H), 7.28-7.19 (m, 2 H), 7.10-7.05 (m,
2 H), 6.99 (s, 2 H), 6.97-6.92 (m, 2 H), 5.05 (s, 2 H), 4.14
(s, 1H), 2.53 (s, 2 H), 2.29-2.08 (m, 2 H), 1.05 (s, 3 H), 0.97
(s, 3 H). '*C NMR (75 MHz, DMSO-d,) § 196.18, 163.83,
162.66, 160.61, 158.89, 157.46, 137.64, 133.86, 133.82,
130.50, 130.39, 128.72, 120.30, 115.86, 115.58, 114.94,
113.40, 68.92, 58.93, 50.45, 35.22, 32.26, 28.86, 27.25. Ms
m/z (%): 109.2(100), 83.2(7), 66.2(1.5), 161.2(2), 217.2(9),
243.2(4), 281.3(4), 309.3(23), 352.3(8.5), 419.3(5.5),
418.3(21), 133.2(1.5) IR (KBr, cm~!) v: 3362.21(N-H),
3179.42(C-H aromatic), 2185.48(C=N), 1653.54(C=0),
1604.07 (C=C aromatic), 1512.66 (C=C aromatic).

2-Amino-4-(4-((4-bromobenzyl)oxy)phenyl)-7,7-di-
methyl-5-o0x0-5,6,7,8-tetrahydro-4H-chromene-3-carbo-
nitrile (6d).

White solid; Yield: 69%, R;=0.42 (n-hexane: EtOAc (60:
40)); mp: 208-209 °C. 'H NMR (301 MHz, DMSO-d) &
7.61 (d, J=8.4 Hz, 1H), 7.42 (d, J=8.1 Hz, 2 H), 7.08 (d,
J=8.4Hz, 2 H), 6.99 (s, 2 H), 6.93 (d, /=8.4 Hz, 2 H), 5.06
(s, 2 H), 4.15 (s, 1H), 2.52 (s, 2 H), 2.30-2.08 (m, 2 H),
1.05 (s, 3 H), 0.97 (s, 3 H). '*C NMR (76 MHz, DMSO-
dg) & 196.26, 162.72, 158.90, 157.35, 137.71, 137.10,
131.83, 130.27, 128.73, 121.37, 120.30, 114.98, 113.38,
68.85, 58.95, 50.44, 35.20, 32.26, 28.84, 27.25. Ms m/z
(%): 109.1(100), 90.2(16.5), 66.2(5.5), 217.2(7), 243.2(7),
281.1(3), 309.2(16.5), 414.2(5.5), 480.2(5.5), 478.2(5.5),
479.3(2), 481.2(1.5) IR (KBr, cm™!) v: 3327.45 (N-H),
3216.72 (C-H aromatic), 2194.68(C=N), 1669 (C=0),
1599.43 (C=C aromatic), 1508.99 (C=C aromatic).

2-Amino-7,7-dimethyl-4-(4-((4-methylbenzyl)oxy)
phenyl)-5-0x0-5,6,7,8-tetrahydro-4H-chromene-3-car-
bonitrile (6e).

White solid; Yield: 68%, R;=0.42 (n-hexane: EtOAc (60:
40)); mp: 222-223 °C. 'H NMR (301 MHz, DMSO-dy)
8 7.34 (d, J=7.8 Hz, 2 H), 7.21 (d, J=7.7 Hz, 2 H), 7.07
(d, /=8.6 Hz, 2 H), 6.99 (s, 2 H), 6.96—6.90 (m, 2 H), 5.02
(s, 2 H), 4.14 (s, 1H), 2.52 (s, 2 H), 2.30-2.08 (m, 2 H),
1.05 (s, 3 H), 0.97 (s, 3 H). '*C NMR (76 MHz, DMSO-
dg) & 196.18, 162.65, 158.89, 157.58, 137.52, 137.48,
134.58, 129.45, 128.69, 128.27, 120.30, 114.94, 113.43,
69.54, 58.97, 50.46, 35.21, 32.26, 28.85, 28.38, 27.27,
21.25. Ms m/z (%): 105.3(100), 77.3(7), 55.3(2), 161.2(2.5),
217.3(4.5), 243.3(2.5), 309.3(7), 348.3(4.5), 414.4(13.5) IR
(KBr, cm™!) v: 3323.18(N-H), 3211.77(C-H aromatic),
2190.45(C=N), 1659.26 (C=0), 1602.92 (C=C aromatic),
1507.66 (C=C aromatic).
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2-Amino-4-(4-((4-cyanobenzyl)oxy)phenyl)-7,7-di-
methyl-5-o0x0-5,6,7,8-tetrahydro-4H-chromene-3-carbo-
nitrile (6f).

White solid; Yield: 67%, R;=0.41 (n-hexane: EtOAc (60:
40)); mp: 208-209 °C. 'H NMR (301 MHz, DMSO-dy) &
7.93-7.83 (m, 2 H), 7.65 (d, /=8.1 Hz, 2 H), 7.13-7.06 (m,
2 H), 7.00 (s, 2 H), 6.98-6.86 (m, 2 H), 5.19 (s, 2 H), 4.15
(s, 1H), 2.53 (s, 2 H), 2.29 —2.08 (m, 2 H), 1.05 (s, 3 H),
0.97 (s, 3 H). *C NMR (76 MHz, DMSO- d,) § 196.18,
162.70, 158.88, 157.17, 143.51, 137.91, 132.91, 128.78,
128.54, 119.26, 114.99, 113.35, 110.90, 68.69, 35.20, 32.27,
28.85,27.24. Ms m/z (%): 116.2(100), 89.2(16.5), 55.2(3.5),
159.2(11.5), 201.2(18.5), 243.3(56), 359.3(34), 285.1(3.5),
309.3(3.5), 359.3(35), 425.3(2), 262.1(2), 140.2(2) IR (KBr,
cm™1) v: 3330.14(N-H), 2186.44(C=N), 1672.72(C=0),
1603.14(C=C aromatic), 1509.36(C=C aromatic).

2-Amino-4-(4-((4-chlorobenzyl)oxy)phenyl)-7,7-di-
methyl-5-o0x0-5,6,7,8-tetrahydro-4H-chromene-3-carbo-
nitrile (6g).

White solid; Yield: 64%, R;=0.45 (n-hexane: EtOAc (60:
40)); mp: 207-208 °C. 'H NMR (301 MHz, DMSO-dy) §
7.48 (s, 4H), 7.11-7.05 (m, 2 H), 6.99 (s, 2 H), 6.96-6.91
(m, 2 H), 5.07 (s, 2 H), 4.15 (s, 1H), 2.52 (s, 2 H), 2.30-2.08
(m, 2 H), 1.05 (s, 3 H), 0.97 (s, 3 H). '*C NMR (76 MHz,
DMSO-d,) & 196.18, 162.67, 158.89, 157.37, 137.71,
136.68, 132.85, 129.97, 128.91, 128.74, 120.31, 114.96,
113.40, 68.80, 58.94, 50.45, 35.22, 32.25, 28.86, 27.25. Ms
m/z (%): 125.1(100), 89.2(8), 66.2(4), 161.1(2), 217.2(7),
243.2(4), 281.1(2), 309.2(15), 368.2(5), 434.3(7.5) IR (KBr,
cm™Y) v 3323.22(N-H), 2194.57(C=N), 1655.30(C=0),
1605.95 (C=C aromatic), 1507.92 (C=C aromatic).

2-Amino-4-(4-(benzyloxy)phenyl)-7,7-dimethyl-5-oxo-
5,6,7,8-tetrahydro-4H-chromene-3-carbonitrile (6 h).

White solid; Yield: 69%, R;=0.57 (n-hexane: EtOAc (60:
40)); mp: 221-222 °C. 'H NMR (301 MHz, DMSO-d,)
0 7.47-7.40 (m, 5 H), 7.22-7.16 (m, 2 H), 6.96-6.90 (m,
2 H), 5.05 (s, 2 H), 4.63 (d, /=20.9 Hz, 2 H), 4.40 (s, 1H),
2.48 (s, 2 H), 2.26 (d, /J=2.8 Hz, 2 H), 1.14 (s, 3 H), 1.07
(s, 3 H). 3C NMR (76 MHz, DMSO-d,) § 196.09, 161.36,
157.96, 157.45, 137.09, 135.77, 128.69, 128.61, 127.98,
127.64, 127.58, 118.84, 114.88, 114.24, 77.26, 70.04,
63.72, 50.71, 40.69, 34.77, 32.23, 28.89, 27.73. Ms m/z
(%): 91.2(100), 65.2(33.5), 112.2(20), 140.2(26), 217.2(4),
169.1(3.5), 243.2(7), 260.1(20), 309.2(8.5), 334.3(8),
400.3(6.5) .IR (KBr, cm™') v: 3323.18(N-H), 3210.66(C-H
aromatic), 2187.16(C=N), 1659.30 (C=0), 1603.04(C=C
aromatic), 1508.73 (C=C aromatic).

2-Amino-4-(4-((3-fluorobenzyl)oxy)-3-methoxyphenyl)-
7,7-dimethyl-5-0x0-5,6,7,8-tetrahydro-4H-chromene-
3-carbonitrile (6i).
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White solid; Yield: 58%, R;=0.52 (n-hexane: EtOAc (60:
40)); mp:174-175 °C. 'H NMR (301 MHz, DMSO-d,) §
7.49-7.42 (m, 1H), 7.32-7.25 (m, 2 H), 7.18 (td, J=7.3,
1.7 Hz, 1H), 6.99 (s, 2 H), 6.96 (d, /=8.3 Hz, 1H), 6.75 (d,
J=2.1 Hz, 1H), 6.66 (dd, J=8.2, 2.1 Hz, 1H), 5.08 (s, 2 H),
4.15 (s, 1H), 3.76 (s, 3 H), 2.54 (s, 2 H), 2.31-2.11 (m, 2 H),
1.06 (s, 3 H), 1.00 (s, 3 H). 3C NMR (76 MHz, DMSO-
dg) 8 196.22, 162.86, 158.85, 149.25, 146.82, 140.75,
138.44, 130.98, 130.87, 124.05, 120.30, 119.53, 115.17,
114.87, 114.58, 113.99, 113.20, 111.69, 69.60, 58.87, 55.99,
50.44, 35.51, 32.24, 28.96, 27.11. Ms m/z (%): 109.2(100),
83.2(22.5), 55.2(4.5), 161.2(8.5), 189.2(8.5), 231.2(14.5),
273.3(76.5), 311.3(13.3), 339.3(34.5), 382.3(46.5),
448.3(15), 449.3(4.5) IR (KBr, cm™1) v: 314.49(N-H),
3190.11(C-H aromatic), 2191.59(C=N), 1655.30(C=0),
1607.68(C=C aromatic), 1514.57 (C=C aromatic).

2-Amino-4-(4-((2-fluorobenzyl)oxy)-3-methoxyphenyl)-
7,7-dimethyl-5-0x0-5,6,7,8-tetrahydro-4H-chromene-
3-carbonitrile (6j).

White solid; Yield: 56%, R;=0.52 (n-hexane: EtOAc (60:
40)); mp: 200-201 °C. 'H NMR (301 MHz, DMSO-d) &
7.56 (td, /=7.5, 1.7 Hz, 1H), 7.44 (dtd, J=7.4, 6.4, 1.9 Hz,
1H), 7.27 (tdd, J=7.5, 5.6, 1.3 Hz, 2 H), 7.03 (s, 1H), 7.00
(d, J=2.6 Hz, 2 H), 6.74 (d, J=2.1 Hz, 1H), 6.68 (dd, J=8.2,
2.1 Hz, 1H), 5.08 (s, 2 H), 4.16 (s, 1H), 3.73 (s, 3 H), 2.55
(s, 2 H), 2.32-2.10 (m, 2 H), 1.06 (s, 3 H), 1.00 (s, 3 H).
13C NMR (76 MHz, DMSO-d,) § 196.21, 162.85, 162.49,
159.23, 158.86, 149.21, 146.88, 138.48, 131.35, 131.30,
130.91, 130.80, 125.02, 124.98, 124.54, 124.34, 120.29,
119.56, 115.97, 115.69, 113.81, 113.22, 111.71, 64.60,
63.84, 58.88, 55.93, 50.46, 35.52, 32.23, 28.97, 27.11.
Ms m/z (%): 109.2(100), 83.2(18), 55.2(3.5), 140.2(3),
161.2(5), 189.2(5), 217.2(8), 245.3(4), 273.3(31), 339.3(12),
308.2(4) 382.3(31), 448.3(4), 449.3(2) IR (KBr, cm™}) v:
3317.34(N-H), 3208.57(C-H aromatic), 2191.17(C=N),
1653.42(C=0), 1606.69(C=C aromatic), 1514.78 (C=C
aromatic).

2-Amino-4-(4-((4-fluorobenzyl)oxy)-3-methoxyphenyl)-
7,7-dimethyl-5-0x0-5,6,7,8-tetrahydro-4H-chromene-
3-carbonitrile (6Kk).

White solid; Yield: 58%, R;=0.52 (n-hexane: EtOAc (60:
40)); mp: 184-186 °C. 'H NMR (301 MHz, DMSO-d) &
7.54-7.46 (m, 2 H), 7.29-7.20 (m, 2 H), 6.99 (s, 2 H), 6.96
(s, 1H), 6.74 (d, J=2.0 Hz, 1H), 6.66 (dd, /=8.2, 2.1 Hz,
1H), 5.03 (s, 2 H), 4.15 (s, 1H), 3.74 (s, 3 H), 2.55 (s, 2 H),
2.32-2.11 (m, 2 H), 1.06 (s, 3 H), 1.00 (s, 3 H). '*C NMR
(76 MHz, DMSO- dy) 8 196.22, 163.85, 162.85, 160.62,
158.86, 149.24, 146.95, 138.30, 133.95, 133.91, 131.81,
130.54, 130.43, 120.29, 119.52, 115.83, 115.55, 113.93,
113.23, 111.68, 69.70, 58.92, 55.96, 50.45, 35.51, 32.23,
28.96, 27.10. Ms m/z (%): 109.2(100), 83.2(12.5), 55.2(3.5),
140.2(2), 161.1(3), 189.1(1.5), 217.2(11), 245.2(1.5),
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273.1(3.5), 311.2(6), 339.2(16), 382.3(10), 448.3(6) IR
(KBr, cm™!) v: 3324.67(N-H), 3210.39(C-H aromatic),
2194.46(C=N), 1649.40(C=0), 1603.53(C=C aromatic),
1507.18(C=C aromatic).

2-Amino-4-(4-((4-bromobenzyl)oxy)-3-methoxyphenyl)-
7,7-dimethyl-5-0x0-5,6,7,8-tetrahydro-4H-chromene-
3-carbonitrile (6L).

White solid; Yield: 63%, R;=0.52 (n-hexane: EtOAc (60:
40)); mp: 197-198 °C. '"H NMR (301 MHz, DMSO-d,)
0 7.61 (d, J=8.3 Hz, 1H), 7.41 (d, J=8.4 Hz, 1H), 6.99 (s,
2 H), 6.95 (d, J=8.3 Hz, 1H), 6.74 (d, J=2.1 Hz, 1H), 6.65
(dd, J=8.2, 2.1 Hz, 1H), 5.03 (s, 2 H), 4.15 (s, 1H), 3.74 (s,
3 H), 2.54 (s, 2 H), 2.31-2.10 (m, 2 H), 1.06 (s, 3 H), 1.00
(s, 3 H). 3C NMR (76 MHz, DMSO-d,) § 196.23, 162.87,
158.86, 149.23, 146.84, 138.38, 137.20, 131.81, 130.32,
121.38, 120.30, 119.51, 113.97, 113.21, 111.68, 69.61,
58.89, 55.97, 50.44, 35.50, 32.23, 28.96, 27.11. Ms m/z
(%): 169.2(100), 90.2(15.5), 55.2(4.5), 146.2(2), 115.2(2),
191.2(3), 231.2(6.5), 273.3(44.5), 442.2(24.5) IR (KBr,
cm™!) v: 3316.38(N-H), 2202.25(C=N), 1654.32(C=0),
1514.89(C=C aromatic).

2-Amino-4-(3-methoxy-4-((4-methylbenzyl)oxy)phenyl)-
7,7-dimethyl-5-0x0-5,6,7,8-tetrahydro-4H-chromene-
3-carbonitrile (6 m).

White solid; Yield: 62%, R;=0.52 (n-hexane: EtOAc (60:
40)); mp: 180-182 °C. 'H NMR (301 MHz, DMSO-dy) &
7.36-7.31 (m, 2 H), 7.21 (d, /=7.8 Hz, 2 H), 6.99 (s, 2 H),
6.96 (d, /=8.3 Hz, 1H), 6.73 (d, /=2.1 Hz, 1H), 6.65 (dd,
J=8.3,2.1 Hz, 1H), 4.99 (s, 2 H), 4.15 (s, 1H), 3.73 (s, 3 H),
2.52 (s, 2 H), 2.31-2.10 (m, 2 H), 1.06 (s, 3 H), 1.00 (s,
3 H). ®C NMR (76 MHz, DMSO-d,) § 196.20, 162.83,
158.86, 149.21, 147.10, 138.08, 137.52, 134.65, 129.42,
128.38, 120.30, 119.52, 113.79, 113.25, 111.67, 70.27,
58.93, 55.96, 50.46, 35.49, 32.23, 28.96, 27.13, 21.25. Ms
m/z (%): 105.2(100), 77.2(5), 55.2(2.5), 273.1(5), 378.3(14)
IR (KBr, cm™') v: 3323.93(N-H), 2194.48(C=N),
1652.29(C=0), 1602.64(C=C aromatic), 1503.82 (C=C
aromatic).

2-Amino-4-(4-((4-chlorobenzyl)oxy)-3-methoxyphenyl)-
7,7-dimethyl-5-0x0-5,6,7,8-tetrahydro-4H-chromene-
3-carbonitrile (6n).

White solid; Yield: 60%, R;=0.55 (n-hexane: EtOAc (60:
40)); mp: 194-195 °C. 'H NMR (301 MHz, DMSO-dy) &
7.47 (s, 4H), 6.9 (s, 2 H), 6.95 (d, J=8.2 Hz, 1H), 6.74 (d,
J=2.0 Hz, 1H), 6.65 (dd, /=8.2, 2.1 Hz, 1H), 5.05 (s, 2 H),
4.15 (s, 1H), 3.74 (s, 3 H), 2.54 (s, 2 H), 2.31-2.10 (m, 2 H),
1.06 (s, 3 H), 1.00 (s, 3 H). '*C NMR (76 MHz, DMSO-dy)
8 196.21, 162.86, 158.86, 149.25, 146.86, 136.79, 132.83,
130.02, 128.89, 119.51, 113.99, 113.21, 111.70, 69.59,
58.90, 55.98, 50.44, 35.50, 32.23, 28.96, 27.12. Ms m/z
(%): 125.2(100), 83.2(10), 55.2(3.5), 161.2(2), 189.2(2),
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231.2(3), 273.3(16.5), 324.2(2), 398.3(12). IR (KBr, cm™ 1)
v: 3317.91(N-H), 3189.90(C-H aromatic), 2203.94(C=N),
1654.44(C=0), 1607.68(C=C 1514.70 (C=C aromatic).

2-Amino-4-(4-(benzyloxy)-3-methoxyphenyl)-7,7-di-
methyl-5-0x0-5,6,7,8-tetrahydro-4H-chromene-3-carbo-
nitrile (60).

White solid; Yield: 64%, Ry =0.50 (n-hexane: EtOAc
(60: 40)); mp: 224-226 °C. 'H NMR (301 MHz, DMSO-
dg) 6 7.48-7.34 (m, 5 H), 6.99 (d, J=1.9 Hz, 2 H), 6.96
(s, 1H), 6.74 (d, J=2.1 Hz, 1H), 6.66 (dd, /=8.2, 2.1 Hz,
1H), 5.05 (s, 2 H), 4.16 (s, 1H), 3.74 (s, 3 H), 2.54 (s,
2 H), 2.32-2.10 (m, 2 H), 1.06 (s, 3 H), 1.00 (s, 3 H). *C
NMR (76 MHz, DMSO-d;) & 196.22, 162.85, 158.86,
149.22, 147.08, 138.18, 137.69, 128.88, 128.29, 120.31,
119.53, 113.80, 113.24, 111.66, 70.40, 58.93, 55.96, 50.46,
35.51, 32.24, 28.97, 27.12. Ms m/z (%): 91.2(100), 65.2(6),
161.2(5.5), 133.2(2.5), 189.2(2.5), 217.3(19.5), 245.2(2.5),
273.3(23), 311.3(11.5), 339.3(29), 364.3(24), 430.3(15) IR
(KBr, cm™!) v: 3314.58(N-H), 3192.12(C-H aromatic),
2191.41(C=N), 1653.93(C=0), 1608.17(C=C aromatic),
1514.90 (C=C aromatic).

In vitro tyrosinase inhibition assay
We modified a previously described method [19] to
conduct the mushroom tyrosinase (EC 1.14.18.1) assay
using L-Dopa as the substrate. To measure the enzyme’s
diphenolase activity, we employed a spectrophotomet-
ric approach to monitor the production of dopachrome
at 490 nm. All compounds being evaluated, including
kojic acid, were dissolved in dimethyl sulfoxide (DMSO-
dg) and then diluted to the desired concentrations. In a
96-well microplate, 10 pl (ul) of each sample was com-
bined with 160 pl of 50 millimolar (mM) phosphate buffer
at a pH of 6.8. Next, 10 ul of tyrosinase (at a concentra-
tion of 600 U mL™!) was added [35]. After a 20-minute
pre-incubation period at 28 °C, 20 ul of L-Dopa solution
was introduced, achieving a final concentration of 0.7
mM. After an additional 10-minute incubation period,
the absorbance was recorded. The inhibitory activity of
the compounds was expressed as IC;, values, which rep-
resent the concentration required to inhibit 50% of the
maximum response.

The percentage inhibition was calculated using the fol-
lowing equation:

Inhibition (%) =100 (Abs o0 = ADScompound )/ AbScongrol-

Determination of the inhibition type

To conduct the kinetic analysis, we focused on compound
6f, which was identified as the most effective deriva-
tive. The inhibitor concentrations ranged from 5 to 50
uM, while the substrate (L-Dopa) concentrations ranged
from 0.1 mM to 1.5 mM in all kinetic experiments. We
followed the pre-incubation and measurement durations
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outlined in the mushroom tyrosinase inhibition assay
protocol [4]. The maximum initial velocity was deter-
mined from the initial linear segment of absorbance
within a 10-minute window after adding L-Dopa, with
measurements taken at 1-minute intervals. The Michae-
lis constant (K) and the maximum velocity (V,,,,) of
tyrosinase activity were calculated using the Lineweaver—
Burk plot method, which involved varying concentra-
tions of L-Dopa as the substrate. To determine the type
of enzyme inhibition, we utilized Lineweaver—Burk plots
that displayed the reciprocal of velocities (1/V) against
the reciprocal of substrate concentrations (1/[S] mM™!)
[36].

Drug-likeness, ADMET properties and PAINS filters: in silico
prediction

The parameters for the selected compounds (6e and 6f),
including the number of hydrogen bond acceptors (HBA)
and donors (HBD), logP values, topological polar sur-
face area (tPSA), and the count of rotatable bonds (RBC),
were determined utilizing the online tools SwissADME
and pkCSM [27, 28, 37]. Additionally, the ADMET prop-
erties of these compounds were evaluated through the
pkCSM software and ProTox online servers. Also, The
Pan-Assay Interference Compounds (PAINS) screen-
ing was conducted using the SwissADME tool and fur-
ther validated with the “False Positive Remover” software
(http://www.cbligand.org/PAINS/) [38].

Docking study

The crystallographic structure of tyrosinase enzyme
(PDB ID: 2Y9X) with a resolution of 2.78 A was obtained
from the RCSB Protein Data Bank. The 3D structure of
compound 6f was optimized using density functional
theory (DFT) with the BP86/DEF2-TZVP basis set in the
ORCA quantum chemistry package [39]. Rigid-ligand
molecular docking studies of the R and S enantiomers of
6f were performed using AutoDock Tools 1.5.4 (ADT)
[40].

For the preparation of the enzyme, water molecules
and other non-essential components were removed from
the enzyme’s structure. Hydrogen atoms were added,
and non-polar hydrogens were merged with their corre-
sponding carbon atoms. Kollman partial atomic charges
were assigned using ADT. An AutoGrid calculation gen-
erated a grid map, with the grid box centered at coordi-
nates x = -30.194, y = -4.738, and z = -93.823. The cubic
box size was 60x60x 60, featuring a grid spacing of 0.375
A. Docking simulations were conducted utilizing the
Lamarckian genetic algorithm, which began with a popu-
lation size of 150, a maximum number of evaluations of
25,000,000, a maximum number of generations of 27,000,
and 100 independent runs.
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MD simulations

Molecular dynamics simulations were conducted using
the Desmond v5.3 module within the Maestro interface
from the Schrodinger 2018-4 suite [41]. The optimal pose
for the molecular dynamics simulation of compound
6f was determined through the IFD method. The sys-
tem was prepared by solvating the protein-ligand com-
plex with explicit water molecules, and counter-ions,
along with NaCl were added to achieve cellular ionic
concentrations.

The molecular dynamics protocol included minimiza-
tion, pre-production, and production molecular dynam-
ics steps. The simulations were performed in the NPT
ensemble, which maintains a constant number of par-
ticles (N), pressure (P), and temperature (T) throughout
the simulation. The system underwent a 100 ns molecular
dynamics simulation, during which the dynamic behav-
ior and structural changes were analyzed using the root
mean square deviation (RMSD). Additionally, protein-
ligand interactions were investigated using the energy-
minimized structure from the equilibrated trajectory [10,
12].
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