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The development of novel and efficient tyrosinase inhibitors is a critical necessity of agricultural, cosmetic
and medicinal chemistry. Bearing in mind the therapeutical potential of naphthofuran-containing organic
compounds, we carried out the CTAB-catalyzed ultrasound-assisted synthesis of a library of novel
naphthofuran-triazole joined N-aryl/alkyl acetamides 20(a—j) in 74-92% yield, which were further
assessed for their tyrosinase inhibitory potential by taking kojic acid and ascorbic acid as standard
inhibitors. The tyrosinase inhibitory assay demonstrated the promising tyrosinase inhibiting tendency of
all prepared derivatives 20(a—h) as they all were found to be more efficient in comparison to the
standard kojic acid. Similarly, most of the derivatives also exhibited tyrosinase inhibition potency in
juxtaposition to ascorbic acid. More specifically, among the catalog of compounds, 20f and 20i exhibited
potent inhibition results with ICsg = 0.51 £+ 0.12 and 1.99 £ 0.07, respectively. Overall, 20f was shown to
be the most efficacious tyrosinase inhibitor, owing to the presence of an electronegative group, i.e., 2-
chloro substitution on the phenyl ring. The tyrosinase inhibition activity results of 20f and 20i were
further supplemented with molecular docking analysis to validate experimental studies. In silico
modelling findings revealed their significant interactions with the tyrosinase protein (PDB ID: 50AE),
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rsc.li/rsc-advances to kojic acid (—5.03 kcal mol™).

1. Introduction

Various plants, microorganisms and animals are known to
possess copper-containing metalloenzymes, ie., tyrosinase,
which is responsible for the synthesis of polyphenolic
compounds, melanin and neuromelanin.’”® In insects, the
tyrosinase enzyme is involved in the hardening of cuticles and
invasion-triggered encapsulation.* Monophenols are hydroxyl-
ated and o-quinones are obtained from o-diphenols in the
presence of the tyrosinase enzyme, to synthesize melanin.>™®
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thereby illustrating the efficient docking score of —7.10 kcal mol™ and —6.95 kcal mol™ in comparison

Melanin is involved in the pigmentation and color templates of
mammalian skin. Furthermore, melanin also guards the skin
from harmful sun radiation.” Several dermatological compli-
cations originate from the anomalous decline of melanin.* In
a similar manner, many skin problems (i.e., senile lentigines,
cervical poikiloderma, melasma, acanthosis nigricans and
freckles) arise as a result of excessive production of melanin and
aggregation of pigmentation." Moreover, studies have
confirmed that the excess tyrosinase activity results in neuro-
degenerative diseases, ie., Parkinson's disease among
mammals* and skin cancer high-risk factors.” In addition,
unrestrained activity of the tyrosinase enzyme leads to immense
browning in fruits and vegetables. As a result, the quality and
trade value of these fruits and vegetables severely suffer.***
These conditions highlight the requirement of efficient tyrosi-
nase inhibitors.

To date, various natural and synthetic tyrosinase inhibitors
have been shown to suppress or reduce the extravagant activity
of the tyrosinase enzyme. Some examples of natural tyrosinase
inhibitors include kojic acid, arbutin, kaempferol, cuminalde-
hyde and glabrene. Similarly, dopastin, tropolone, cupferron
and 4-hexylresourcinol are some examples of synthetic tyrosi-
nase inhibitors.”” However, only arbutin and kojic acid are
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harnessed in medicinal and cosmetic industry. These inhibitors
have some uninviting side effects, ie., mutagenesis, DNA
alterations, malignancy induction and other
susceptibilities.”®>° In order to minimize the dreadful aspects of
excessive tyrosinase activity, researchers are continuously trying
to develop novel and efficient tyrosinase inhibitors.**~*

Naphthofuran-based derivatives are of impeccable signifi-
cance owing to their wide biological potential.***° Organic
compounds incorporated with naphthofuran scaffolds are
known to be highly effective against several ailments, ie.,
bacterial,®>* viral** and fungal diseases.”® These scaffolds have
also been ascertained to be active against diabetes®** and
inflammatory diseases.*® These also act as efficient anti-
oxidant®® and pain-relieving agents.’” Various natural products
are endowed with the naphthofuran moiety and exhibit potent
pharmacological applications. For example, the naphthofuran-
substituted naturally occurring organic compound, i.e., NFD
(naphtho[1,2-b]furan-4,5-dione) 1 was originally obtained from
Avicennia marina. NFD was revealed as a potent anti-tumour
agent that displayed anti-proliferative activities against the
human cervical, hepatocellular and epidermoid cancer cell
lines.* Similarly, rubicordifolin 2,** (+)-heritol 3,*** (+)-laevi-
gatin 4* and balsaminone A 5" are some other examples of
naturally occurring naphthofuran-constituting  organic
compounds, which are highly acclaimed as significant phar-
macological and anti-cancer agents (Fig. 1).

The pharmacological activity of various naphthofuran deriv-
atives has been significantly explored by researchers to reveal
their therapeutic efficacy. Nitro-based naphthofurans have also
been extensively investigated for their mutagenic potential.*®
These functionalized scaffolds are also utilized as effective NF-«f3,
i.e., nuclear transcription factor kappa-p inhibitors and IKK-
B (inhibitory kappa B-kinase) inhibitors.” The naphthofuran-
based sulfonamides 6 & 7 have been discovered to be effica-
cious agents against TNBC (triple-negative breast cancer)*
(Fig. 2). Many naphthofuran derivatives have also proven them-
selves to be promising tyrosinase inhibitors® (Fig. 2).

1, Naphtho[1,2-b]furan-4,5-dione (NFD)

3, (+)-Heritol

4, (+)-Laevigatin
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Fig. 2 Structures of biologically active naphthofuran derivatives.

Several nitrogen and oxygen containing heterocyclic scaf-
folds have become quintessential in the development of bio-
logically active organic compounds owing to their myriad
biological and medicinal applications.*””** Benzimidazole,*
coumarin,* benzofuran,* thiadiazoles,* oxadiazole,”” pipera-
zine®® and triazole*-based organic compounds have been
observed to illustrate anti-cancer, anti-viral, anti-bacterial, anti-
depressant, anti-inflammatory, anti-histaminic, anti-diabetic,
anti-oxidant and analgesic properties. The combination of two
or three heterocyclic frameworks has been determined to
certainly aggravate their biological potential.®>** Considering
the impact of heterocyclic hybridization approach, our research
group has devoted efforts to synthesize and utilize the phar-
macological potential of these nitrogen- and oxygen-
constituting heterocyclic organic compounds, which were
assessed to depict remarkable tyrosinase inhibition activity.
Earlier, we established the synthesis and bacterial tyrosinase
inhibition studies of benzofuran oxadiazoles endowed with
sulfur alkylated amides 8 (ref. 62) and tosyl piperazine-based
dithiocarbamates 9.* We also reported the preparation and
assessment of triazole-joined B-hydroxy sulfides 10 (ref. 64) and
coumarin-based triazole derivatives 11 (ref. 65) as efficacious
tyrosinase inhibitors (Fig. 3).

Factoring in the remarkable tyrosinase inhibition tendency
of organic compounds endowed with triazole, oxadiazole and
piperazine-based heterocyclic frameworks, we decided to
proceed with the hybridization of biologically active fragments.

2, Rubicordifolin O

(@]
— (o]
N ° O‘ QO
(@]
MeO OH

5, Balsaminone A

Fig. 1 Structures of naphthofuran-constituting biologically active natural products.
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Previously developed efficient tyrosinase inhibitors

Fig. 3 Structures of previously developed efficient tyrosinase inhibitors.

We Dbuilt the rationale design of developing novel
naphthofuran-triazole hybrids as a result of hybridization of
medicinally potent naphthofuran-based triazole ring with N-
alkylated/arylated acetamide derivatives. The synthesized
naphthofuran-triazole hybrids were further processed by
ascertaining their efficacy as promising bacterial tyrosinase
inhibitors (Fig. 4).

2. Results and discussion

2.1. Chemistry

The synthetic strategy of naphthofuran-based derivatives is
depicted in Schemes 1-3. Reaction of commercially available 2-
hydroxy-1-naphthaldehyde 12 with ethyl chloroacetate 13 using
potassium carbonate in dimethylformamide at 90-95 °C fur-
nished naphthofuran ester 14 in 75% yield.*® The naphthofuran

ester 14 was then transformed to corresponding carbohydrazide
15 (in 100% yield) on reaction with hydrazine monohydrate in
methanol under reflux conditions. The synthesized
naphthofuran-based carbohydrazide 15 was further converted
to respective triazole scaffold 16 (in 77% yield) on treatment
with phenylisothiocyanate in dichloromethane followed by
nucleophilic cyclization by exploiting 2 N NaOH solution and
distilled water under reflux conditions®” (Scheme 1).

The synthesized naphthofuran-based triazole 16 was then
subjected to nucleophilic substitution reaction with substituted
bromo-acetanilides 19(a-j) (obtained by treating substituted
amines/anilines 18(a—j) with bromoacetyl bromide 17 (ref. 68)
(Scheme 2)) via two routes. One pathway involved the conven-
tional route utilizing potassium carbonate as a base in DMF
solvent® to access the target molecules in 56-80% yield. The
second route was proceeded with the catalytic addition of CTAB

Joining of Biologically active fragments via| = |
hybridization approach

HN~ArR

.
.
Tranast

HN~Ar/R

Current Study, 20(a-j)

Ar/R = 4-FPh, 2,5-MePh, 4-"BuPh, 2,5-OMePh, 4-MePh, 2-CIPh
2-OMePh, Et, Morpholine, Et,

Fig. 4 Rational design of the novel naphthofuran triazole—acetamide hybrids 20(a—j).
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Scheme 1 Synthesis of the naphthofuran-based-triazole precursor 16.
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Scheme 2 Synthesis of the bromo-acetanilide/acetamide precursors 19(a—j); 17 (1.2 equiv.), 18 (1.0 equiv.), pyridine (1.2 equiv.).

(cetyltrimethylammonium bromide) and potassium iodide in
dimethylformamide under sonication conditions, which affor-
ded the targeted naphthofuran-based triazole-acetamide
hybrids 20(a—j) in comparatively higher yields (74-92%) within
a short duration (Scheme 3, Table 1).

2.2. Anti-tyrosinase activity

The synthesized naphthofuran-based derivatives were analyzed
via in vitro assay to determine their potential astyrosinase
inhibitors. The tyrosinase enzyme was originally extracted using

37524 | RSC Adv, 2024, 14, 37521-37538

previously reported method.*®”® The results indicated that
almost all of the synthesized compounds were found to be more
potent against tyrosinase enzyme as compared to the standard,
i.e., ascorbic acid and kojic acid (IC5o = 11.5 + 1.00 & 30.34 +
0.75) (Fig. 5). Their IC5, values were found to be in the range of
0.51-23.03 uM. The compound 20f was the most potent enzyme
inhibitor among all other derivatives with percentage inhibition
of 32.34 £ 0.07 and ICs, = 0.51 £ 0.12, exhibiting more potency
than both standards. Moreover, the results indicated that 20i
exhibited high activity as a tyrosinase inhibitor with percentage
inhibition = 30.55 + 0.1 and (ICs, = 1.99 £ 0.07), in comparison

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 3 Synthetic scheme to prepare the naphthofuran triazole—acetamide hybrids 20(a—j) via conventional and CTAB-catalyzed protocol:
(A) conventional protocol: K,COs, DMF, 95 °C; (B) CTAB-catalyzed protocol (improved protocol): CTAB, K,COs, KI, DMF, ultrasound, 80 °C.

with standards. Similarly, percentage inhibition of compounds
20a, 20b, 20c, 20d & 20e was found to be in the range of 22.62-
31.40 (with ICso value range = 3.37 + 0.13-5.63 =+ 0.12),
depicting efficient inhibitory potential than ascorbic acid and
kojic acid. Among these five hybrids, 20b displayed efficient
tyrosinase inhibition (31.40 + 0.25) with IC;, value of 3.37 +
0.13 uM. Para-substituted hybrids 20a and 20e were observed to
portray the 22.84 £ 0.05 and 4.46 £ 0.25 percentage inhibition
with corresponding ICs, values of 4.88 + 0.17 uM and 4.46 +
0.25 uM. Moreover, hybrids 20c and 20d illustrated percentage
tyrosinase inhibition of 22.62 £ 0.30 and 22.77 + 0.17 with 5.29
=+ 0.15 and 5.63 + 0.12 uM ICs, values, respectively.

In a similar manner, 20h was also found to be an effective
tyrosinase inhibitor (with percentage inhibition of 13.92 + 0.11
and IC5y = 9.36 £+ 0.06 uM) as compared to both standards.
However, the synthesized derivatives 20g and 20j had signifi-
cantly less tyrosinase inhibition potential with percentage inhi-
bition = 5.40 & 0.05 & 2.61 =+ 0.50, respectively. Their ICs, values
were found to be 12.9 + 0.15 uM and 23.03 + 0.18 pM, respec-
tively, indicating the trivial tyrosinase inhibition as compared to
the standard, i.e., ascorbic acid. However, they were found to be
more potent in comparison to kojic acid. The descending order of
the tyrosinase inhibition potential of synthesized hybrids and
reference standards, as determined by in vitro assay is given as
20f > 20i > 20b > 20e > 20a > 20c > 20d > 20h > ascorbic acid > 20g
> 20j > kojic acid, as displayed in Table 2.

Table 1 Comparison between the ultrasound-assisted CTAB cata-
lyzed protocol and conventional protocol

Conventional Ultrasound-assisted

protocol CTAB-catalyzed protocol
Sr.no. Compounds Yield Duration Yield Duration
1 20a 78% 18 h 84% 60 minutes
2 20b 56% 14 h 74% 40 minutes
3 20c 68% 13 h 84% 30 minutes
4 20d 75% 14 h 92% 50 minutes
5 20e 70% 16 h 88% 40 minutes
6 20f 58% 22 h 76% 20 minutes
7 20g 61% 18 h 79% 50 minutes
8 20h 62% 24 h 80% 30 minutes
9 20i 59% 12 h 77% 60 minutes
10 20j 64% 18 h 80% 30 minutes

2.3. Docking analysis

Compounds (20f, 20i) with the most promising tyrosinase
inhibition activity were selected for IFD (induced-fit docking) to
authenticate the anti-tyrosinase activity. The reliability of the
docking analysis was evaluated by cognate redocking. All
possible types of interaction between the ligand and tyrosinase
protein, i.e., 50AE, were comprehensively analyzed. The native
ligand SVF was redocked in a molecular operating environment,
and the self-docking result showed a root mean square

Tyrosinase Inhibition Activity

¥ IC50 (uM)

Fig. 5 Graphical illustration of the enzyme inhibition activity of the synthesized hybrids 20(a—j) and standards.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Tyrosinase inhibition potential of the synthesized naphthofuran triazole—acetamide hybrids 20(a—j)
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Sr. no. Compound Structure Percentage inhibition ICso (UM)
% A /N‘|N
* H
1 20a 0 N S/w]/N 22.84 £+ 0.05 4.88 £ 0.17
FQ
"Bu
2 20b 31.40 &£ 0.25 3.37 £ 0.13
3 20c 22.62 £+ 0.30 5.29 4+ 0.15
OCHs,
4 20d 22.77 £ 0.17 5.63 = 0.12
OCHs
% A /N\lN
H
5 20e 0 N S/w]/N 28.21 £+ 0.05 4.46 £ 0.25
0]
O N~N
O N
0 0.51 & 0.12

| H CI
6 20f 32.34 £+ 0.07

37526 | RSC Adv, 2024, 14, 37521-37538
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Table 2 (Contd.)
Sr. no. Compound Structure Percentage inhibition ICso (UM)
O A /N\N
7 20g 0 N S/w]/N 5.40 = 0.05 12.9 £ 0.15
)
N-N H
/
b N»\ s" ¢ \Q
8 20h 0 0] F 13.92 £ 0.11 9.36 = 0.06
g N~
N N o
9 20i o N S/}rN\) 30.55 £ 0.1 1.99 + 0.07
O
10 20j 2.61 + 0.50 23.03 £ 0.18
11 Ascorbic acid 58.66 + 1.00 11.5 + 1.00 (ref. 50)
6.80 + 0.58 30.34 £ 0.75 (ref. 50)

12 Kojic acid | |

deviation (RMSD) value between the native ligand and redocked
equal to 0.92 A (Fig. 6).

The binding affinities of compounds (20f & 20i) with the
active site of the 50AE protein were computed. Kojic acid was
used as a standard IFD threshold with a binding score of AG
—5.03 keal mol™*. The compounds (20f & 20i) exhibited a higher
docking score (AG —7.10 and —6.95 kcal mol ™", respectively)

© 2024 The Author(s). Published by the Royal Society of Chemistry

than standard kojic acid, indicating their greater tyrosinase
inhibitory potential (Table 3).

The protein ligand interaction study of the docked
compound revealed that they interact with the receptor site
around the copper core, which might be responsible for tyros-
inase inhibition. It was observed that kojic acid showed both
hydrophobic (VAL-218 (m-alkyl) and hydrogen bonding (GLU-

RSC Adv, 2024, 14, 37521-37538 | 37527


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra05649c

Open Access Article. Published on 22 November 2024. Downloaded on 12/20/2025 10:34:43 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

Fig. 6 IFD docking validation by RMSD between the native ligand
(grey) and redocked ligand (maroon).

195, ASN-205, MET-215) interactions (Fig. 7). However, the
compound 20i showed hydrogen bonding interaction with ARG-
209, GLY-200, GLU-158) and hydrophobic interactions with HIS-
204, PRO-201, VAL-218, ALA-221 and pi-sulfur interaction with
PHE-197 residue. However, compound (20f) exhibited hydrogen

Table 3 Molecular docking scores and interactions

View Article Online

Paper

bonding interactions with ARG-209, PRO-201, and hydrophobic
interactions with ALA-221, VAL-218 and pi-sulfur interaction
with MET-184 residue.

The docking analysis inferred that the -OH group of kojic acid
formed conventional H-bonding interaction with GLU-195 at 2.68
A. Moreover, its methylene hydrogens and hydrogen atom of the
pyran-one ring were observed to display carbon-hydrogen bonding
interactions with MET-215 and ASN-205 at 2.75 A and 2.65 A,
respectively. Similarly, pyran-one ring was found to portray hydro-
phobic interaction (r-alkyl) with VAL-218 at 4.38 A (Fig. 7(A-C)).

However, the docking results of 20i unveiled that its carbonyl
oxygen forms conventional H-bonding with ARG-209 at 5.97 A.
Moreover, hydrogen atoms of morpholine ring were observed to
be involved in carbon-hydrogen bonding interactions with
GLU-158 and GLY-200 via 2.86 A and 2.49 A. Similarly, triazole

Compound Binding score kcal mol " Residue interacting with ligand Types of interaction

Kojic acid —5.03 ASN-205, VAL-218, GLU-195, MET- Hydrogen bonding, w-alkyl
215

20i —6.95 GLU-158, GLY-200, PRO-201, ARG- Hydrogen bonding, mt-sulfur, ©-o,
209, PHE-197, VAL-218, HIS-204, -7 shaped, -alkyl
ALA-221

20f —7.10 MET-184, PRO-201, ARG-209, VAL- Hydrogen bonding, m-alkyl, 7t

218, ALA-221

sulfur

g

N
H-Bonds
/
Donor
215
Acceptor
Interactions
- Conventional Hydrogen Bond
[:] Carbon Hydrogen Bond [: Pi-Alloyl A
J

Hydrophobicity

3.00
2.00 0
1.00
0.00

-1.00

-2.00

-3.00
(.

MET215

C

J

Fig. 7 Protein—-ligand interactions of kojic acid: (A) 2D interactions, (B) hydrogen bonding interactions, and (C) hydrophobic interactions.
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ring was found to develop hydrophobic interactions with PRO-
201 (m-alkyl) via 4.71 A bond distance and m-7m T-shaped
interactions with PHE-197 at a bond distance of 4.72 A. Simi-
larly, naphthofuran rings underwent hydrophobic interactions
with ALA-221 (m-alkyl) via 4.64 A and HIS-204 (7-7 T-shaped)
via 5.57 A and 5.42 A bond distances. Moreover, phenyl ring
attached to triazole moiety and naphthofuran ring were found
to engage in hydrophobic interactions (m-alkyl and ®-c inter-
actions, respectively) with VAL-218 residue via a bond distance
of 5.17 A and 2.86 A, respectively. In addition, the sulphur atom
of compound 20i formed m-sulfur linkage with PHE-197 at 5.97
A bond distance (Fig. 8(A-C)).

The docking studies of 20f revealed that the oxygen atom of
the carbonyl functionality and furan ring exhibited carbon-
hydrogen bonding interactions with PRO-201 and ARG-209 at
2.61 A and 2.82 A, respectively. The benzene ring of the anilide
fragment formed a w-sulfur hydrophobic interactions with
MET-184 that was 4.97 A in the bond distance. Similarly, triazole
ring was observed to be involved in m-alkyl hydrophobic inter-
actions with PRO-201 and ARG-209 at a distance of 4.87 A and
5.38 A, respectively. Moreover, the furan ring showed m-alkyl
hydrophobic interactions with ARG-209 and VAL-218 via 5.40 A
and 5.14 A bond distances, respectively. Furthermore, the 7
alkyl hydrophobic interactions were found to establish between
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fused benzene rings of naphthofuran functionality and amino
acid residues i.e., VAL-218 (via 4.36 A and 4.75 A) and ALA-221
(via 5.27 A). In addition, benzene ring attached to the triazole
scaffold also formed m-alkyl hydrophobic interactions with
VAL-218 at 2.82 A bond distance. Thus, induced fit docking
results supported the experimental findings that identified
compound 20f and 20i as potent tyrosinase inhibitors
(Fig. 9(A-C)).

2.4. Kinetic studies

The most potent derivative 20f was subjected to kinetic studies
against diverse concentrations of tyrosine substrate (0.1-1 mM)
to find out the inhibition mode and inhibition constants. The
ES (K;) and ESI (K;) constants were determined to assess the
inhibition potency of synthesized hybrid 20f against free
enzyme and ES-complex (enzyme-substrate complex). To
determine the type of inhibition, Lineweaver-Burk plot was
plotted (1/V versus 1/[S]), which indicated that the compound
20f inhibited the activity of tyrosinase enzyme non-
competitively. As the value of V,,, was observed to change
without influencing the K, value, which was interpreted to be
0.06. The value of K; (EI dissociation constant) and K; (ESI
dissociation constant) for the derivative 20f were inferred to be

Y N
Interactions
- Conventional Hydrogen Bond H-Bonds B ALA221
[:] Carbon Hydrogen Bond Donor
B o
Acceptor i
' Pi-Pi T-shaped ) "
[ Pisufur [:] Akl A - B
g AN J
( A
4
Hydrophobicity
3.00
2.00
1.00
0.00
-1.00
-2.00
-3.00 C
N\ J

Fig. 8 Protein-ligand interactions of 20i: (A) 2D interactions, (B) hydrog
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en bonding interactions, and (C) hydrophobic interactions.
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0.07 and 1.77 mM, respectively, as calculated from both curves
of the Lineweaver-Burk plot (Fig. 10). In addition, the Dixon
plot was also sketched by plotting inhibitor concentrations
against inverse of velocities, which further verified the non-
competitive type enzyme inhibition activity (Fig. 11).

2.5. Structure-activity relationship

On the basis of the in vitro tyrosinase assay and computational
studies inferences, structure-activity relationship of the
synthesized naphthofuran-triazole conjugates was deduced.
The enzyme inhibitory potential of different synthesized
compounds was found to be dependent upon the type of

Lineweaver-Burk Plot

y =0.0979x + 1.8553 3
y =0.0571x + 1.4633
2.5 P e
2 /'/.
>
p 1.5 [ ]
I
0.5
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Fig. 10 Lineweaver—Burk Plot depicting the enzyme inhibition activity o
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Fig. 11 Dixon plot of the concentrations of derivative 20f (inhibitor) vs. the reciprocal of the enzyme velocities.

substituted Ar group. It was observed from the structure-activity
relationship (SAR) that compound 20f employing Ar as 2-CIPh
exhibited the most potent enzyme inhibition activity along with
the most efficient binding score of —7.10 kcal mol ™" owing to
the presence of the electronegative group, i.e., Cl on the ortho
position of the phenyl ring. Similarly, by substituting Ar =
morpholine, 20i, was synthesized, which also manifested effi-
cient IC5, = 1.99 pM and docking score of —6.95, thereby acting
as the second-most potent enzyme inhibitory agent in
comparison to standard kojic acid (displaying ICs, value of
30.34 with —5.03 docking score) (Fig. 12).

However, it was observed from the obtained results that the
derivatives obtained by substituting electron-donating groups
bearing phenyl rings (20a, 20b, 20c, 20d & 20e) showed
comparatively low potency with IC;, ranging between 3.37 and
5.29. Among these five hybrids, 2,5-dimethyl substituted phenyl
ring endowed hybrid 20b exhibited efficient bacterial tyrosinase
inhibition with an ICs, value of 3.37 + 0.13 pM. Moreover,
substitution of the methyl and n-butyl group at the para posi-
tion on the phenyl ring of synthesized hybrids 20d and 20a
resulted in promising ICs, values of 4.46 £ 0.25 uM and 4.88 +
0.17 uM respectively. Moreover, electron-donating effect of 2,5-
dimethoxy substituted phenyl ring on derivative 20d and ethyl
linked naphthofuran-triazole conjugate 20c contributed to the
relative lowering of bacterial tyrosinase inhibition potential, as
indicated by their respective ICs, values (5.63 £+ 0.12 uM and
5.29 + 0.15 uM) (Fig. 13).

However, the 4-flouro phenyl ring-substituted naphthofuran
derivative (20h) portrayed less inhibition activity (with IC5, =
9.63 uM), as compared to 20f, bearing an electronegative group
at the ortho position. Overall, among the synthesized deriva-
tives, 20g & 20j (with 2-methoxy substitution at the phenyl ring
group and diethyl substitution, respectively) were found to be
least potent with ICs, values of 12.9 & 23.03 pM, respectively,
among the other synthesized hybrids. Thus, the SAR interpre-
tation inferred that the presence of electron donating groups

© 2024 The Author(s). Published by the Royal Society of Chemistry

substituted Ar functionality on prepared naphthofuran-triazole
conjugates is the main factor behind the low enzyme inhibition
activity. The bacterial tyrosinase inhibition potential of
synthesized hybrids and reference standards is in the following
order: 20f > 20i > 20b > 20e > 20a > 20c > 20d > 20h > ascorbic
acid > 20g > 20j > kojic acid.

The presence of electronegative group at ortho position
of phenyl ring resulted in excellent bacterial tyrosinase
inhibition potential

20f, IC50=0.51 £ 0.12 pM
Docking Score = -7.10 Kcal/mol

N-N

I Y—sg
N>\ o

.
Taraus®

The incorporation of morpholine
ring as aryl substituent has made
this deriavtive as second most
potent bacterial tyrosinase
inhibitory agent

20i, IC59=1.99 + 0.07 uM
Docking Score = -6.95 Kcal/mol

Fig. 12 Structure-activity relationship of most efficient bacterial
tyrosinase inhibitors 20f & 20i.
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The presence of electron donating groups have
contributed to the relative lowering of bacterial
tyrosinase inhibition potential

!

[ 20d, IC5 = 5.63 £ 0.12 uM

[200, ICs0= 5.29  0.15 uM ]

Fig.13 Structure—activity relationship of bacterial tyrosinase inhibitors
20d & 20c.

2.6. ADMET analysis

The ADMET properties are determined as a preliminary step
towards the process of drug development and its discovery. All
of the synthesized naphthofuran-triazole conjugates 20(a-j)
were subjected to ADMET evaluation by processing compounds
via online software ADMETlab 3.0. ADMETIab 3.0 is an updated
software which offers detailed insights regarding ADMET
features involving physiochemical, absorption, distribution,
medicinal chemistry parameters, metabolism, excretion and

View Article Online
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toxicity values. Significant ADMET properties of all synthesized
hybrids were focused to provide assistance in drug design
process which include molecular weight, no. of rotatable bonds
no. of hydrogen bond donors (nHD) and acceptors (nHA), log P,
total polar surface area (TPSA) log, Lipinski's rule of five vali-
dation and synthetic accessibility score. Moreover, Caco-2-
permeablity, human intestinal absorption, MDCK perme-
ability scores, Pgp-inhibitor & substrate probability with blood-
brain barrier probability scores. In addition, several metabo-
lism, excretion and toxicity features of synthesized hybrids were
also estimated.

Lipinski's rule of five states that a molecule must possess
certain physiochemical features to behave like a drug candidate
which include (a) HBD; equal or less than 5 (b) HBA: equal or
less than 10 (c) MW; equal or less than 500 Da (d) log P; equal or
less than 5. The interpretation of physiochemical properties of
synthesized hybrids revealed their compatibility with the Lip-
inski's rule of five except 20a, due to exceeding molecular weight
than 500 along with log P value greater than 5. However, for
hybrids 20(b-j), Lipinski's rule was accepted. Lipinski's rule is
considered rejected for a compound, if it violates more than one
mentioned physiochemical parameters. Synthetic accessibility
score (Synth) was determined to be efficient for all prepared
derivatives (Table 4).

Caco-2-permeability refers to the intestinal permeability,
which is estimated to predict the in vivo absorption of the drug
candidate. Any value higher than —5.15 log unit corresponds to
optimal permeability. All of the prepared derivatives depicted
excellent permeability, along with remarkable human intestinal

Table 4 Physiochemical and medicinal properties of synthesized hybrids 20(a—j)

Compound Molecular weight nHA nHD Log P TPSA log nRot Synthetic accessibility score Lipinski's rule
20a 532.19 6 1 6.275 72.95 10.0 2.0 Rejected
20b 504.16 6 1 4.573 72.95 7.0 2.0 Accepted
20c¢ 428.13 6 1 3.384 72.95 7.0 2.0 Accepted
20d 536.15 8 1 4.386 91.41 9.0 2.0 Accepted
20e 490.15 6 1 4.599 72.95 7.0 2.0 Accepted
20f 510.09 6 1 4.552 72.95 7.0 2.0 Accepted
20g 506.14 7 1 4.256 82.18 8.0 2.0 Accepted
20h 494.12 6 1 4.412 72.95 7.0 2.0 Accepted
20i 470.14 7 0 2.688 73.39 6.0 2.0 Accepted
20j 456.16 6 0 3.805 64.16 8.0 2.0 Accepted

Table 5 Absorption and distribution properties of synthesized hybrids 20(a—j)

Compound Caco-2 permeability HIA BBB PPB MDCK-permeability Pgp-inhibitor Pgp-substrate VDss

20a —4.972 0.015 0.512 99.367 —4.614 0.971 0.0 0.629
20b —5.031 0.0 0.884 97.656 —4.63 0.992 0.0 0.374
20c —5.111 0.003 0.386 96.617 —4.691 0.324 0.188 —0.378
20d —4.93 0.02 0.2 98.131 —4.542 0.943 0.0 0.325
20e —5.077 0.001 0.767 97.504 —4.63 0.97 0.0 0.319
20f —5.074 0.0 0.87 97.45 —4.696 0.868 0.0 0.368
20g —-5.027 0.002 0.716 97.504 —4.62 0.949 0.0 0.196
20h —5.038 0.001 0.943 97.361 —4.567 0.984 0.0 0.267
20i —5.065 0.002 0.346 93.793 —4.659 0.446 0.0 2.858
20j —4.777 0.0 0.983 94.552 —4.668 0.476 0.039 —0.241
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Table 6 Metabolism and excretion features of synthesized hybrids 20(a—j)
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CYP1A2 CYP2C19 CYP2C9 CYP2D6 CYP3A4 CYP2B6 CYP2C8
Compound inhibitor inhibitor inhibitor inhibitor inhibitor inhibitor inhibitor CLplasma
20a 0.705 0.999 0.998 0.999 0.41 0.677 1.0 2.202
20b 0.092 1.0 0.997 0.986 0.991 0.785 1.0 1.826
20¢ 0.199 0.029 0.001 0.0 0.993 0.005 0.971 2.909
20d 0.971 1.0 0.344 0.999 1.0 0.758 1.0 1.897
20e 0.022 0.987 0.998 0.993 0.963 0.789 1.0 1.822
20f 0.9 1.0 0.998 0.999 0.999 0.364 1.0 2.049
20g 0.055 1.0 0.805 1.0 1.0 0.902 1.0 2.063
20h 0.034 0.988 0.995 1.0 0.621 0.277 1.0 1.648
20i 0.003 0.011 0.0 0.0 0.947 0.0 0.841 2.858
20j 0.187 0.009 0.001 0.0 0.829 0.003 0.976 3.885

Table 7 Toxicity estimation of the prepared derivatives of synthesized hybrids 20(a—j)

Compound Eye corrosion Carcinogenicity Respiratory toxicity AMES toxicity Eye irritation
20a 0.0 0.264 0.558 0.373 0.319
20b 0.0 0.625 0.323 0.665 0.152
20c 0.0 0.816 0.384 0.677 0.248
20d 0.0 0.6999 0.383 0.725 0.066
20e 0.0 0.481 0.453 0.66 0.343
20f 0.0 0.569 0.415 0.58 0.124
20g 0.0 0.574 0.309 0.664 0.133
20h 0.0 0.589 0.391 0.731 0.241
20i 0.0 0.889 0.396 0.611 0.278
20j 0.0 0.724 0.664 0.443 0.176

absorption values. More specifically, hybrids 20b, 20f and 20j
exhibited efficient HIA absorption output values. In addition, all
of the prepared hybrids depicted efficient volume distribution
(VDss) except 20c and 20j. Compound with optimal value of
blood-brain barrier (BBB) refers to its efficient lipophilicity and
the output values of synthesized hybrids for BBB indicate their
probability to act as blood-brain permeable drug like candi-
dates. The output values for Pgp-substrate and Pgp-inhibitor
correlates to their tendency to behave as corresponding
substrate and inhibitor (Table 5).

The metabolism properties indicate the probability of the
prepared hybrids to act as CYP-based 1A2, 2C19, 2C9, 2D6, 3A4,
2B6 and 2C8 inhibitors. The results inferred that 20c, 20i & 20j
has about less tendency to act as inhibitors, which certainly
decrease the possibility of drug-drug interactions. In addition,
CLpiasma values were also determined to estimate the excretion
or clearance of drug-like candidates from the plasma. The
CLpjasma values of all of the synthesized hybrids were deter-
mined to be less than 5 mL min~" kg™, indicating increased
efficacy and improved bioavailability (Table 6).

The synthesized hybrids were also assessed for their possible
toxic effects as eye corrosive, eye irritant and carcinogenic
agents. Their potential respiratory and AMES toxicity probabil-
ities were also determined. The output values indicate their
probability of being toxic or non-toxic. The ADMET results
inferred the non-corrosive and non-irritant nature of all
synthesized hybrids 20(a-j). Moreover, all hybrids depicted the

© 2024 The Author(s). Published by the Royal Society of Chemistry

low probability of being respiratory toxic. In addition, most of
the synthesized derivatives were determined to be non-
carcinogenic and non-AMES toxic. The results clearly illustrate
the non-toxic and non-carcinogenic nature of the most potent
tyrosinase inhibitor i.e., 20f (Table 7).

3. Conclusion

Here, we have synthesized a series of novel naphthofuran-based
derivatives, which were then assessed for their tyrosinase inhi-
bition activity. All the newly developed naphthofuran-
incorporated derivatives were determined to be potent tyrosi-
nase inhibitors. Among them, 20f & 20i were revealed to be
promising tyrosinase inhibitors with IC5, = 0.51 £ 0.12 pM &
1.99 + 0.07 pM in comparison to both standard tyrosinase
inhibitors i.e., kojic and ascorbic acid. The chloro-substituted
(at the ortho position) naphthofuran derivative 20f was found
to be the most efficient tyrosinase inhibitor, among all the
evaluated samples and standards. The tyrosinase inhibition
results were found to be in accordance with molecular docking
analysis, as 20f depicted the lowest docking score
—7.10 kecal mol~". The derivative 20f was observed to inhibit
tyrosinase activity by forming carbon-hydrogen bonding, m-
alkyl hydrophobic interactions and m—sulfur interactions within
the active site of tyrosinase enzyme. Thus, the in vitro and
computational studies revealed the biological potential of 20f as
a potential lead compound for the development of novel and
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efficacious anti-tyrosinase drug. These findings will certainly
assist scientists in carefully analyzing the pharmacological
features of drug-like candidates in the drug design process (as
approved by Lipinski's rule of five).

4. Experimental

4.1. Chemicals and instruments

All the solvents, reagents and precursors were obtained in
analytical grade from Alfa Aesar (Ward Hill, MA, USA), Merck
(Burlington, MA, USA), and Sigma-Aldrich (St. Louis, MO, USA).
The purchased chemicals were employed in their original form
without carrying out any additional purification technique. The
progress of reactions was monitored by using thin layer chro-
matography, employing n-hexane and ethylacetate ratio as
developing solvent. The melting points of synthesized
compounds were obtained by utilizing WRS-1B mp apparatus.
'H-NMR and "*C-NMR spectroscopy was carried out by utilizing
Bruker 400 MHz FT-NMR spectrophotometer, TMS (tetrame-
thylsilane) as an internal standard in CDCl;. The obtained
spectra were then analyzed by using MestReNova. The values of
coupling constant were represented in hertz. The multiplicity of
peaks were presented by symbols ‘s’ (singlet), ‘d (doublet) ‘dd
(doublet of doublet) & ‘m (multiplet). The newly prepared
naphthofuran derivatives were purified by using column
chromatography.

4.2. General synthetic protocol

To a mixture of 5-(naphtho[2,1-b]furan-2-yl)-4-phenyl-4H-1,2,4-
triazole-3-thiol 17 (65 mg, 0.18 mmol) in dimethylformamide (5
mL), potassium carbonate (29 mg, 0.2 mmol), KI (5.3 mg, 0.03
mmol) and CTAB (3.2 mg, 0.009 mmol) were added. Then, the
diversely substituted bromoacetanilides 19 (0.19 mmol) were
introduced to the reaction mixture, which was sonicated at 80 °©
C for about 20 min to one an hour. The completion of the
reaction was verified by carrying out thin layer chromatography.
After confirmation of completion of the reaction, ice-cold
distilled water was added to the reaction mixture. The result-
ing precipitates were then filtered and purified by column
chromatography.

4.2.1. N-(4-butylphenyl)-2-((5-(naphtho[2,1-b]furan-2-yl)-4-
phenyl-4H-1,2,4-triazol-3-yl)thio)acetamide =~ 20a.  Off-white
powder; 84%; Ry 0.45 (n-hexane/ethylacetate 1:1); mp 220-
225 °C *H-NMR (400 MHz, CDCl,): 6 0.88 (t, ] = 8 Hz, 3H), 1.26-
1.35 (m, 2H), 1.54 (q,J = 8 Hz, 2H), 2.54 (t, ] = 8 Hz, 2H), 4.03 (s,
2H), 6.97 (s, 1H), 7.10 (d, ] = 8 Hz, 2H), 7.42-7.49 (m, 3H), 7.51-
7.57 (m, 4H), 7.62-7.75 (m, 4H), 7.875 (dd, J = 8 Hz, 2H), 10.23
(s, 1H); *C-NMR (CDCl;, 100 MHz): 13.9, 22.2, 33.6, 35.0, 36.2,
107.0, 112.2, 119.6, 119.7, 122.8, 123.0, 125.2, 126.9, 127.3,
127.4, 127.6, 128.7, 128.7, 128.7, 128.9, 130.4, 130.4, 130.4,
131.1, 132.8, 135.8, 138.9, 141.4, 148.3, 152.9, 154.2, 166.0; LC-
MS(ESI) (m/z) calculated for Cj3,H,sN,O,S is 532.1; found:
532.9 [M'].

4.2.2. N-(2,5-dimethylphenyl)-2-((5-(naphtho[2,1-b]furan-2-
yD)-4-phenyl-4H-1,2 4-triazol-3-yl)thio)acetamide 20b. White
coarse solid; 74%, Rg: 0.79 (n-hexane/ethylacetate 1: 1); mp 236-
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240 °C. "H-NMR (400 MHz, CDCly): 4 2.29 (s, 3H), 2.36 (s, 3H),
4.15 (s, 2H), 6.85 (d,J = 8 Hz, 1H), 7.05 (d, J = 8 Hz, 1H), 7.08 (s,
1H), 7.43-7.56 (m, 5H), 7.62-7.78 (m, 5H), 7.88 (t, ] = 8 Hz, 2H),
9.64 (s, 1H); ">*C-NMR (CDCl;, 100 MHz): 18.0, 21.1, 36.0, 107.5,
112.2, 122.7, 123.0, 123.1, 125.2, 125.7, 126.3, 126.9, 127.3,
127.3, 127.3, 127.7, 128.8, 130.2, 130.4, 130.4, 130.4, 131.2,
132.7,135.8, 136.1, 141.1, 148.2, 153.0, 154.1, 166.3; LC-MS(ESI)
(m/z) calculated for C3oH,5N40,S is 505.1; found: 505.2 [M" + H].

4.2.3. N-ethyl-2-((5-(naphtho[2,1-b]furan-2-yl)-4-phenyl-4H-
1,2,4-triazol-3-yl)thio)acetamide 20c. Off-white solid; 84%; R
0.19 (n-hexane/ethylacetate 1: 1); mp 206-208 °C. 'H-NMR (400
MHz, CDCl,): 6 1.15 (t,] = 8 Hz, 3H), 3.26-3.33 (m, 2H), 3.84 (s,
2H), 6.94 (s, 1H), 7.40 (d, J = 8 Hz, 2H), 7.47 (d, J = 8 Hz, 1H),
7.53 (d,J = 8 Hz, 2H), 7.60-7.67 (m, 4H), 7.725 (d,J = 12 Hz, 1H),
7.85-7.90 (m, 2H); "*C-NMR (CDCl;, 100 MHz); 6 14.5, 34.8,
35.1,106.6,112.2, 112.8, 123.1, 125.1, 126.8, 125.5, 130.3, 130.4,
131.0, 133.0, 141.8, 148.4, 152.8, 153.7, 168.1; LC-MS(ESI) (m/z)
calculated for C,4H,,N40,S is 429.1; found: 429.0 [M" + H].

4.2.4. N-(2,5-dimethoxyphenyl)-2-((5-(naphtho[2,1-b]furan-
2-yl)-4-phenyl-4H-1,2,4-triazol-3-yl)thio)acetamide 20d. Brown
coarse solid; 92%; Ry: 0.28 (n-hexane/ethylacetate 1: 1) mp 188-
191 °C. "H-NMR (400 MHz, CDCl;): 6 3.74 (s, 3H), 3.90 (s, 3H),
4.15 (s, 2H), 6.56 (s, 1H), 6.76 (d, ] = 8 Hz, 1H), 7.15 (s, 1H), 7.43-
7.73 (m, 9H), 7.89 (s, 2H), 8.04 (s, 1H), 9.65 (s, 1H); *C-NMR
(CDCl,, 100 MHz): 36.3, 55.7, 56.6, 106.3, 107.4, 109.0, 111.1,
112.2, 122.8, 123.2, 125.2, 126.9, 127.3, 127.3, 127.3, 127.5,
128.4, 128.8, 130.2, 130.2, 130.4, 131.0, 132.9, 141.4, 142.9,
148.1, 152.9, 153.3, 153.6, 166.0; LC-MS(ESI) (m/z) calculated for
C30H,4N,0,48 is 536.1; found: 536.9 [M'].

4.2.5. 2-((5-(Naphtho[2,1-b]furan-2-yl)-4-phenyl-4H-1,2,4-
triazol-3-yl)thio)-N-(p-tolyl)acetamide 20e. Light brown solid;
88%j Ry 0.45 (n-hexane/ethylacetate 1: 1); mp 210-214 °C. 'H-
NMR (400 MHz, CDCl;): 6 2.28 (s, 3H), 4.01 (s, 2H), 6.95 (s, 1H),
7.10 (d,J = 8 Hz, 2H), 7.41-7.49 (m, 3H), 7.54 (d, ] = 8 Hz, 3H),
7.61-7.70 (m, 4H), 7.74 (d,J = 8 Hz, 1H), 7.88 (q, /] = 8 Hz, 2H),
10.23 (s, 1H); *C-NMR (CDCl;, 100 MHz): 20.8, 36.2, 106.8,
112.2, 119.6, 119.7, 122.81, 123.0, 125.2, 126.8, 127.3, 127.4,
127.6, 128.9, 129.3, 129.3, 130.4, 130.4, 130.4, 130.4, 131.1,
132.9, 133.8, 135.6, 141.5, 148.3, 152.9, 154.2, 166.1; LC-
MS(ESI) (m/z) calculated for C,oH,,N,0,S is 490.1; found:
490.9 [M"].

4.2.6. N-(2-chlorophenyl)-2-((5-(naphtho[2,1-b]furan-2-yl)-
4-phenyl-4H-1,2 4-triazol-3-yl)thio)acetamide 20f. Off-white
solid; 76%; Rg: 0.44 (n-hexane/ethylacetate 1:1); mp 232-236 ©
C. 1H-NMR (400 MHz, CDCl,): 6 4.19 (s, 2H), 7.03 (t, ] = 8 Hz,
1H), 7.18 (s, 1H), 7.36 (d, J = 8 Hz, 1H), 7.44 (d, J = 8 Hz, 2H),
7.48 (d, ] = 8 Hz, 1H), 7.53 (dd, = 8 Hz, 2H), 7.61-7.68 (m, 4H),
7.73 (d,J = 8 Hz, 1H), 7.90 (t,] = 8 Hz, 2H), 8.28 (d,/ = 8 Hz, 1H),
9.84 (s, 1H); "*C-NMR (CDCl;, 100 MHz): 36.0, 100.7, 112.2,
122.4, 122.8, 122.8, 123.1, 125.1, 125.2, 126.9, 127.3, 127.3,
127.3, 128.8, 128.8, 128.7, 129.3, 129.3, 130.3, 130.3, 130.3,
130.4, 131.1, 144.6, 145.4, 148.1, 153.0, 166.6; LC-MS(ESI) (m/z)
calculated for C,5H,oCIN,O,S is 511.0; found: 511.1 [M" + H].

4.2.7. N-(2-methoxyphenyl)-2-((5-(naphtho[2,1-b]furan-2-
yl)-4-phenyl-4H-1,2 4-triazol-3-yl)thio)acetamide 20g. Off-white
powder: 79%, Ry 0.41(n-hexane/ethylacetate 1:1); mp 197-
199 °C. 'H-NMR (400 MHz, CDCl;): 6 3.95 (s, 3H), 4.16 (s, 2H),

© 2024 The Author(s). Published by the Royal Society of Chemistry
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6.85 (d,J = 8 Hz, 1H), 6.92 (t,J = 8 Hz, 1H), 7.03 (t,/ = 8 Hz, 1H),
7.16 (s, 1H), 7.43-7.56 (m, 5H), 7.62-7.74 (m, 4H), 7.90 (d, J =
8 Hz, 2H), 8.30 (d,J = 8 Hz, 1H), 9.65 (s, 1H); ">*C-NMR (CDCl;,
100 MHz): 36.5, 56.0, 107.4, 110.2, 112.2, 120.1, 120.7, 122.8,
123.2, 124.1, 125.2, 126.9, 127.3, 127.5, 127.5, 127.5, 127.7,
128.8, 128.8, 130.3, 130.3, 130.3, 130.4, 131.0, 132.9, 141.5,
148.7, 152.9, 166.0; LC-MS(ESI) (m/z) calculated for
CaoH2,N,0;8 is 506.1; found: 506.9 [M'].

4.2.8. N-(4-fluorophenyl)-2-((5-(naphthol[2,1-b]furan-2-yl)-4-
phenyl-4H-1,2,4-triazol-3-yl)thio)acetamide =~ 20h.  Tan/light
brown solid; 80%, Ry 0.57 (n-hexane/ethylacetate 1:1); mp
229-232 °C. '"H-NMR (400 MHz, CDCL,): 6 4.15 (s, 2H), 6.97 (t, ]
= 8 Hz, 2H), 7.07 (s, 1H), 7.46-7.56 (m, 5H), 7.6525 (dd, J = 4 Hz,
4H), 7.7275 (dd, J = 12 Hz, 2H), 7.88 (t,J = 8 Hz, 2H), 10.54 (s,
1H); C-NMR (CDCl;, 100 MHz): 36.4, 108.1, 112.1, 115.3,
115.5, 121.4, 122.7, 123.0, 125.3, 127.0, 127.3, 127.3, 127.3,
128.1, 128.9, 128.9, 130.4, 130.5, 130.5, 130.5, 131.4, 132.4,
134.2, 141.6, 147.4, 152.1, 153.1, 165.7; LC-MS(ESI) (m/z)
calculated for C,gH;oFN4O,S is 494.1; found: 494.9 [M"].

4.2.9. 1-Morpholino-2-((5-(naphtho[2,1-b]furan-2-yl)-4-
phenyl-4H-1,2,4-triazol-3-yl)thio)ethanone 20i. Lemon yellow
solid; 77%; Ry: 0.09 (n-hexane/ethylacetate 1 : 1); mp 140-143 °C.
'H-NMR (400 MHz, CDCl;): 6 3.61-3.75 (m, 8H), 4.47 (s, 2H),
7.12(s,] = 8 Hz, 1H), 7.44-7.56 (m, 5H), 7.61-7.68 (m, 3H), 7.725
(d, ] = 12 Hz, 1H), 7.89 (d, ] = 8 Hz, 2H); **C-NMR (CDCl;, 100
MHz): 42.5, 46.6, 46.6 66.6, 66.6, 107.5, 112.2, 112.8, 123.1,
125.2, 126.9, 127.3, 127.5, 127.5, 127.6, 128.8, 130.3, 130.3,
130.3,130.4, 131.1, 132.8, 141.2, 147.7, 153.0, 165.3; LC-MS(ESI)
(m/z) calculated for C,6H,3N405S is 471.1; found: 471.2 [M" + H].

4.2.10. N,N-diethyl-2-((5-(naphtho[2,1-b]furan-2-yl)-4-
phenyl-4H-1,2 4-triazol-3-yl)thio)acetamide 20j. Brown solid;
80%; Rg: 0.16 (n-hexane/ethylacetate 1:1); mp 130-132 °C. 'H-
NMR (400 MHz, CDCl3): 6 1.12 (t, J = 8 Hz, 3H), 1.25 (t, ] =
8 Hz, 3H), 3.36-3.48 (m, 4H), 4.41 (s, 2H), 6.94 (s, 1H), 7.41-7.47
(m, 3H), 7.52-7.55 (m, 2H), 7.57-7.64 (m, 3H), 7.71 (d, ] = 8 Hz,
1H), 7.87 (t, J = 8 Hz, 2H); **C-NMR (CDCl;, 100 MHz); 6 12.8,
14.3, 37.1, 40.7, 42.6, 106.2, 112.3, 122.9, 123.1, 125.0, 126.7,
127.1, 127.4, 127.5, 127.5, 127.5, 128.8, 130.1, 130.1, 130.4,
130.6, 142.3, 148.0, 152.7, 153.4, 165.9; LC-MS(ESI) (m/z)
calculated for Cy6H,4N,O,S is 456.1; found: 456.2 [M'].

4.3. Biological evaluation

The isolation and purification of bacterial tyrosinase enzyme
were carried out using previously developed protocols.®*”® To
investigate the tyrosinase inhibitory potential of synthesized
naphthofuran-based derivatives, spectroscopic methodology was
exploited to examine their respective ICs, values via reported
methods.” For inhibition analysis, 2 mM r-tyrosine (765 pL),
buffer solution (phosphate buffer solution of pH = 6.8, 0.05 mM),
along with 35 pL of the test compound (dissolved in dimethyl
sulfoxide) were placed in an incubator under favorable temper-
ature conditions for almost 10 minutes. This step was followed by
the addition of 200 pL of isolated bacterial tyrosinase enzyme.
The test sample was subjected to incubation at 37 °C in
comparison to the control and blank sample. After incubation,
the inhibition potential of the synthesized derivatives was

© 2024 The Author(s). Published by the Royal Society of Chemistry
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ascertained at 475 nm. The increased level of dopachrome was
further investigated by measuring the absorbance at 475 nm
wavelength, thereby determining the tyrosinase inhibition
activity. The inhibition potential was illustrated by determining
the percentage inhibition and ICs, values (obtained by extrapo-
lation of the graph). The interpreted results were then critically
compared with those of the standard inhibitors.

The percentage inhibition all synthesized derivatives was
interpreted by given formula:

Percentage inhibition = (absorbance of blank — absorbance of
sample/absorbance of control blank) x 100

4.4. Kinetic studies

The kinetic studies of the most potent derivative 20f were carried
out by utilizing diverse concentrations of tyrosine substrate (0.1,
0.2, 0.3 04, 0.5, 0.6, 0.7, 0.8, 0.9 & 1 mM) and optimized
concentration of inhibitor 20f (100 pL). The time duration for pre-
incubation and measurement was exactly similar to the one
mentioned in the biological evaluation for the tyrosinase inhi-
bition assay. The value of the maximum initial velocity was
inferred by the initial linear duration of absorbance up to 5 min,
upon the introduction of enzyme at the interval of fifteen
seconds. The type of enzyme inhibition was investigated by
Lineweaver-Burk plot, which was obtained by plotting the inverse
of velocities (1/V) against the inverse of substrate concentrations
(1/[S]) mM . In addition, EI (K)) and ESI (K;) dissociation
constant values were attained by the secondary plot of the slope
and intercept versus the inhibitor concentration, respectively. The
Dixon plot was also plotted to confirm the type of inhibition.

4.5. Molecular docking studies

The compounds (20f & 20i) with lower ICs, values were selected for
induced fit docking. All the docking analysis was performed in
Molecular Operating Environment (MOE 2015).”> The targeted
compounds were prepared in ChemDraw software. The standard
kojic acid (CID: 3840) structure was acquired from PubChem. The
tyrosinase crystallized structure (50AE) was downloaded from the
Protein data bank (PDB),”® and used as a receptor in the IFD
docking. The protein and ligand structures were prepared by using
QuickPrep tool of MOE. The default Amber10:EHT forcefield with
gradient 0.1 was used to energy minimize the docking ligands.
Induced Fit refinement, Triangular Matcher placement, London-
dG, and GBVI/WSA scoring were all used for screening. The
native ligand was subjected to cognate redocking in order to vali-
date the docking protocol. The ligand-protein interaction analysis
was performed in BIOVIA Discovery Studio 2024.

4.6. ADMET analysis

All of the novel naphthofuran-triazole conjugates were sub-
jected to ADMET (Absorption, Distribution, Metabolism,
Excretion and Toxicity) analysis by using online software
ADMETLab 3.0.7* The SMILES of compounds were generated by
drawing the structures of derivatives on an online server, and
the resulting smiles were run for ADMET evaluation.
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