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ARTICLE INFO ABSTRACT
Keywords: Anthraquinones and coumarins have excellent pharmacological activities and are an important
Anthraquinone class of natural plant metabolites with various biological activities. In this study, anthraquinone-

Antibacterial activity
Antioxidant activity
Coumarin

9,10-dione and coumarin derivatives were combined to develop a novel anthraquinone-connected
coumarin-derivative sequence. The synthesised novel anthraquinone-connected coumarin de-
DFT calculation rivatives (la-t) were screened for in vitro antibacterial, antioxidant, and tyrosinase inhibitory
Molecular docking activities. The antibacterial activities of the synthesised compounds (1a-t) were tested against
Tyrosinase inhibitory both gram-positive and gram-negative bacteria. Specifically, compound 1t was more active
against E. aerogenes than ciprofloxacin. With regard to antioxidant activity, compound 10 (50.68
% at 100 pg/mL) was highly active compared to the other compounds, whereas it was less active
than the standard BHT (76.74 % at 100 pg/mL). In terms of compound 1r (9.31 + 0.45 pg/mL)
was highly active against tyrosinase inhibitory activity compared with kojic acid (10.42 + 0.98
pg/mL). In the molecular docking study, compound 1r had a higher docking score (—8.8 kcal
mol 1) than kojic acid (—1.7 kcal mol ™). DFT calculations were performed to determine the
energy gap of highly active compound 1r (AE = 0.11) and weakly active compound 1a (AE =
0.12). In this study, we found that every molecule displayed significant antibacterial, antioxidant,
and tyrosinase inhibitory properties. Based on these reports, compounds 1r and 1t may act as
multi-target agents.

1. Introduction

Anthracene-9,10-dione is the most important natural product present in plants, bacteria, fungi, and lichens [1]. Anthraquinones are
a significant family of natural and synthetic chemicals with several uses, and there is growing interest in the development of novel
anthraquinone derivatives with biological activity [2]. In particular, 9,10-dione derivatives have piqued the interest of medicinal
chemists because of their remarkable pharmacological properties, including anti-tumour [3,4], anti-inflammatory [5], antimalarial
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[6], antioxidants, antibacterial [7,8], antiifungal [9], anti-leukemic [10], anti-HIV [11], and anti-tumour activities [12]. A range of
human cancer cell lines, including A2780, HeLa, H7420, Ketr3, and SW 1990, were shown to be cytotoxic by previously described
anthraquinone derivatives, such as racemic trimeric quinone and polycyclic quinones, with an ICsg of 6.2-9.3 pM [13]. Semisynthetic
anthraquinones, including E—1, AE-1, FLE, and FLAE, demonstrate strong antiproliferative effects against HT-29, PC-3, and HeLa cells,
although they showed only moderate antioxidant activities [14].

Coumarins are a chemical subclass of lactones that have several other names, including 1,2-benzopyrone and O-hydroxycinnamic
acid-8-lactone [15,16]. Following are the six basic categories of natural coumarins: simple coumarins, furocoumarins, pyr-
anocoumarins (linear and angular types), dihydro furanocoumarins, phenyl coumarins, and bi-coumarins [17]. Tonka bean (Dipteryx
odorata) was used to produce the first parent coumarin in 1820 [18,19]. These heterocyclic molecules exhibit various therapeutic
effects, including antimicrobial, anti-inflammatory, and antioxidant activities [20-23]. The anticancer properties of coumarin and its
compounds include activity against leukaemia, prostate, kidney, breast, larynx, lung, colon, central nervous system (CNS), and ma-
lignant melanoma [24]. Viral attachment to host cells and cell membrane fusion are two steps in the HIV replication cycle that can be
blocked by coumarin-based derivatives [25]. A previously reported green coumarin derivative displayed moderate inhibition of
tyrosinase activity but showed no notable antibacterial, antifungal, or antioxidant properties in assays [26]. Some naturally bioactive
anthraquinone and coumarin derivatives are shown in Fig. 1 [27-29].

Coumarin and anthraquinone derivatives are multitarget compounds with antibacterial activity, particularly against E. coli and
S. aureus, etc [30-33]. Based on the above selection, coumarin and anthraquinone derivatives were screened for antibacterial activity
in current work, these multi-target compounds of coumarin and anthraquinone derivatives also act as antioxidants and have tyrosinase
activity, according to previously reported literature [34-38]. In cosmetic products, tyrosinase inhibitors are being utilized more often
to preserve skin whiteness. The idea that antioxidants have an oxidative effect is the foundation for their application in skin-lightning
procedures [39]. The tyrosinase-inhibiting and free radical-scavenging activities were strongly linked to total phenolic and content
compounds. The stronger the inhibiting and scavenging properties against free radicals and tyrosinase, the higher the concentration of
antioxidants, such as kojic acid, which is well known for its anti-tyrosinase and antioxidant properties [40]. The mechanism of the
interaction between tyrosinase and antioxidants has been reported in previous studies [41]. Hence, the present study aimed to explore
anthraquinone-connected coumarin-based multitarget agents. A novel anthraquinone-connected coumarin derivative was synthesised
using the grindstone method. The anthraquinone-connected coumarin-derivative (1a-t) compounds were screened for antibacterial,
antioxidant, and tyrosinase inhibitory activities. In addition, high- and low-activity compounds were used in computational studies
(molecular docking and DFT calculations).

2. Experimental section
2.1. Chemistry

All analytical grade chemicals were purchased from Sigma-Aldrich. Nicolet iS5 (Thermo Scientific FTIR) was used to record the
FTIR spectra (4000-400 cm 1) of the synthesised compounds. The 'H and '*C NMR spectra were analysed using a Bruker DRX-300
MHz and 75 MHz instrument. The percentages of N, S, H, and C were ascertained using a Vario EL III element analyser. Perki-
nElmer GCMS (Clarus sq8) was used to record the mass spectra.

2.1.1. Synthesis of compound 1a
A mixture of ethyl-3-oxobutanoate (0.01 mol) and an anthraquinone-9,10-dione derivative (0.01 mol) was combined with AlCl3
using the grindstone method for 1 h at room temperature. After 1 h, solid material was obtained. TLC (Thin Layer Chromatography)

OH O OH
IO,
16} OH O OH R
Diacerein Emodin \
@ Anthraquinone ®) O‘O
H5C O (0]
O OMe o)
Curent work
N AN OH Anthraquinone-
Connected Coumarin
o | Ho oMo
. - Ph Ocimarin
Seselin Calanone
(O] @ (e)
Coumarins

Fig. 1. Some basic natural product of Anthraquinone and Coumarins.
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Table 1

Synthesis of anthraquinone-connected coumarin derivatives 1(a-t).
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was used to identify and confirm the product, and column chromatography was used to separate the final product using a 4:6 ratio of
hexane, and ethyl acetate, and a suitable amount of alcohol was used to recrystallise the separated solid material. All the other
compounds (1b-t) were synthesised using the above method. Table 1 shows the optimisation of the reaction with the yield of com-
pounds (1a-t). Detailed physical values, spectral, mass, and Analytical values of compounds (1a-t) were reported in supporting in-
formation (SI) file (Page 2-7).

2.2. Biological activity

2.2.1. Invitro antibacterial activity

The anthraquinone-connected coumarin derivatives (1a-t) was evaluated against in vitro antibacterial activity both gram-positive
and gram-negative bacteria, such as MTCC-739 (Escherichia coli), MTCC-2453 (Pseudomonas aeruginosa), recultured (Enterobacter
aerogenes), MTCC-1306 (Bacillus cereus), and MTCC-96 (Staphylococcus aureus) was determined using the agar-disc diffusion technique,
followed by previously reported method [42].

2.2.2. Anti-tyrosinase activity

The anthraquinone-connected coumarin derivatives (1a-t) were screened for antityrosinase activity using a previously reported
method [43].

The formula below was used to calculate the percentage of tyrosinase activity inhibition:

(A—B)— (C-D)

A—B) x 100 1D

Tyrosinase inhibitory activity (%) =

2.2.3. Antioxidant activity
The synthesised anthraquinone-connected coumarin derivatives (1a-t) were screened for antioxidant activity of DPPH radical
scavenging activity using a previously reported method [44].



V. Loganathan et al. Heliyon 10 (2024) e25168
The fraction of free radical scavenging (%) was computed as follows:
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2.3. Molecular docking

Using AutoDock Vina 1.1.2, the synthesised compounds were subjected to in silico molecular docking tests with the 2Y9X protein.
The experiment followed a previously reported method [45].

3. Results and discussion
3.1. Chemistry

Anthraquinone-connected coumarin (1a-t) derivatives were synthesised using the grindstone method (one-pot multicomponent
synthesis). Anthracene-9,10-dione and ethyl 3-oxobutanoate were combined with AlCl; by the grindstone method for 1 h at room
temperature. Thin-layer chromatography (TLC) was used to both identify and confirm the product and to separate it through column
chromatography. The yield of the product was 89-65 %. The synthesis route is outlined in Scheme 1.

The synthesised compounds were confirmed by IR, 'H and '3C NMR, and mass spectrometry. The ~-OH, C=0, and -C-O were
matched by each compound in the IR range of 3690-3225, 1865-1550, and 1227-1055 cm ™!, respectively. The 'H NMR spectra show
that the important proton peaks at 6.81, 5.35, and 3.83 ppm, resulting from the protons CO-CH =, -OH, and -OCHjs, were matched by
each molecule. 13C NMR spectra showed signals of 190.6-160.8, 62.2-55.8, and 24.1-21.6 ppm corresponding to C=0, ~OCHj, and
Ph-CHs, respectively. The signals from the molecular ions corresponded to the predicted molecular weights of all the produced
compounds, according to mass spectroscopic research. All compounds were characterised by molecular weight using mass spec-
trometry, and the compound 1a molecular ion EI-MS peak was confirmed by (m/z): 337.017 (M+, 20.9 %) [46]. The SI contains the
complete 'H and '3C NMR spectra in detailed form (Figs. S1-S40).

3.2. Biological screening

3.2.1. Antioxidant activity

The anthraquinone-connected coumarin derivatives (1a-t) were screened for DPPH scavenging activity, and compound 1o (50.68
% at 100 pg/mL) was highly active compared with the other compounds, whereas it was less active compared with standard BHT
(76.74 % at 100 pg/mL).

Compounds 1o, 1n, and 1q (50.68, 49.32, and 48.62 % at 100 pg/mL) were more active than the other compounds, whereas
compound 1f (28.65 % at 100 pg/mL) was less active than the other compounds. Fig. 2 shows the antioxidant activities of compounds
(1a-t).

3.2.2. Tyrosinase inhibitory activity

The study of the tyrosinase-inhibiting effects of the compounds employed 1-dopa as a substrate, as shown in Fig. 3. The test findings
for various substances conflicted with those for the inhibition of melanin production. Compound 1r (ICsp: 9.31 + 0.45 pg/mL)
exhibited the most inhibitory effect, with a significantly greater activity than kojic acid (ICsp: 10.42 + 0.45 pg/mL). Table 2 sum-
marises the outcomes of the study.

All synthetic anthraquinone-connected coumarin derivatives were prepared using a slightly modified version of Bradford’s method
for testing tyrosinase inhibition using 1-dopa as the substrate. Kojic acid was chosen as the reference compound because it effectively
inhibits tyrosinase, and as such, is a popular ingredient for skin whitening. The ICs5¢ values of the anthraquinone-connected coumarin
derivatives against monophenolase and diphenolase are summarised in Table 2. The logarithmic concentration-inhibition curves used
to compute the ICsop values for each drug were obtained. A detailed calculation of the ICsy value is included in the SI file
(Tables S1-S21).

Compound 1r was among the most effective inhibitors and had an ICsg value of 9.31 + 0.45 pg/mL. Since kojic acid exhibits
competitive suppression of the substances that chelate copper in the active region of the enzyme, we can assume that the compounds
bind to the dicopper centre via their a-hydroketone group (Fig. 3).

Tyrosine activity is mediated by the enzyme (En) and dopamine (Dopa), and Series 1 is found only in enzymes. In the process of
forming the copper complex, the enzyme dopamine with the sample is involved in the reaction to form the copper complex, which is
known as anti-tyrosine activity, and the enzyme dopamine with kojic acid is involved in the reaction to reduce the copper complex.
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Scheme 1. Synthetic route of compound.
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Fig. 2. Antioxidant activities of compounds (1a-1t) and standard BHT against DPPH method concentration at 100 pg/mL.

Table 2

Cl

Fig. 3. The binding of compound 1r to the dinuclear complexes.

Tyrosinase from mushrooms Inhibitory functions of substances (1a-t) and standard kojic acid.

Compound No.

Concentration (pg/mL)"

ICso (pg/mL)*

25 pug/mL 50 pg/mL 100 pg/mL

la 12.05 + 0.74 30.12 + 0.45 38.55 £ 0.17 >100

1b 34.94 £ 0.41 49.40 £ 0.31 63.86 + 0.36 59.95 + 0.46
1c 40.96 + 0.62 31.33 £0.17 44.58 + 0.36 >100

1d 21.69 + 0.65 27.71 £ 0.25 39.76 + 0.12 >100

le 32.53 £ 0.01 48.19 £ 0.28 50.60 + 0.25 52.88 + 0.65
1f 13.25 + 0.14 22.30 £0.17 44.58 £ 0.15 >100

1g 22.89 +0.21 32.53 +0.32 62.65 + 0.65 78.02 + 0.49
1h 44.58 + 0.23 19.28 + 0.26 46.99 + 0.21 >100

1i 52.84 + 0.32 61.45 £ 0.14 63.86 + 0.45 46.45 + 0.69
1j 28.92 +0.11 30.24 + 0.88 48.19 £ 0.36 >100

1k 25.30 + 0.21 26.51 + 0.32 31.33 £0.17 >100

11 18.07 + 0.23 32.53 + 0.66 33.73 £0.35 >100

1m 33.73+0.33 44.58 + 0.25 66.87 + 0.74 61.96 + 0.48
In 9.64 + 0.64 34.94 + 0.41 44.58 + 0.63 >100

lo 40.96 + 0.45 13.25 £ 0.66 45.78 + 0.52 >100

1p 13.25 + 0.46 21.69 £ 0.21 43.37 £0.48 >100

1q 27.71 £ 0.23 36.14 + 0.32 51.81 + 0.55 94.08 + 0.32
1r 69.63 + 0.74 73.60 + 0.45 86.34 £ 0.21 9.31 + 0.45
1s 28.07 + 0.95 51.81 £0.19 67.47 £ 0.14 60.12 + 0.85
1t 26.32 + 0.31 47.56 + 0.22 59.70 + 0.11 71.48 £ 0.17
Kojic acid 55.67 + 0.12 68.62 + 0.32 85.54 +0.23 10.42 + 0.98

2 The ICsq values represent means + SD of three different experiments.
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Finally, the (enzyme, dopamine, with the sample) produced the highest activity, 0.427 at 270 nm and 0.5 intensity. In addition (the
enzyme with dopamine) produced a 0.357 activity range at 270 nm and a 0.4 intensity of, therefore, (enzyme, dopamine, with kojic
acid), anti-tyrosine activity produced a low activity range. The enzyme with the test compound and the enzyme with kojic acid did not
involve the tyrosine reaction, which produces a low activity range. The enzyme with the test compound and the enzyme with kojic acid
are not involved in the tyrosine reaction (Fig. 4. Tyrosinase kinetic activity study).

3.2.3. Antibacterial studies

The anthraquinone-connected coumarin derivatives (la-t) was evaluated against in vitro antibacterial activity, compound 1t
showed high active against E. aerogenes (MIC = 0.25 pg/mL, 32 mm) than ciprofloxacin (MIC = 0.5, 30 mm), while the other com-
pounds showed moderate activity against E. aerogenes. Compounds 1h (14 mm) and 1t (16 mm) were highly active compared to the
other compounds whereas they were moderately active against E. coli compared to ciprofloxacin (27 mm). Compound 1t showed
moderate activity against S. aureus (16 mm) compared to ciprofloxacin (25 mm), whereas the other compounds were less active than
1t. All compounds were less active against P. aeruginosa and B. cereus than the standard ciprofloxacin. Table 3 displays the results of the
first antimicrobial testing compounds and standards (100 pg/disc), and the MIC values are shown in Table 4.

3.3. Docking results

The Auto Dock Vina program was utilized to evaluate the docking behaviour of compounds 1a, 1r, and standard kojic acid with the
mushroom tyrosinase-binding protein 2Y9X.Compound 1r showed the highest docking score (—8.8 kcal mol 1) and bond length (1.98)
compared to kojic acid (—1.7 kcal mol ™) and bond length (1.97, 1.65, and 2.72). In compound 1r, residues 190, Ile 191, Asp192,
Pro201, Pro204, Lys208, Ser407, Arg406, Lys435, Pro436, Leu437, Asp438, Pro439, and Thr440 engaged in hydrophobic connections.
The lowest active compound 1a has a higher docking score (—3.4 kcal mol™!) than kojic acid and compound 1a compared with
compound 1r, and has a lower docking score. In the control kojic acid, residues Thr321, Asn323, Asn332, Thr333, Pro334, Val404,
Glu405, Arg406, Ser407, Ser412, Ala413, Tyr415, Pro436, and Asp438 engaged in hydrophobic connections. Fig. 5 shows the 2D and
3D structures of compounds 1a, 1r, and kojic acid with the 2Y9X protein. Compared to the controls, the results showed that compounds
1a and 1r and kojic acid had similar inhibitory capabilities [47]. Table 5 displays the findings of molecular docking.

3.4. HOMO-LUMO analysis

The B3LYP/6-31G (d, p) basis set was used to theoretically investigate the HOMO-LUMO energy levels [48]. Compound 1a (AE =
0.12) had a higher energy gap than compound 1r (AE = 0.11). Fig. 6 shows the HOMO-LUMO energy diagrams of 1a and 1r. The
HOMO and LUMO analyses and data are presented in the SI file. The DFT values are listed in Table 6. Fig. 7 shows the electron densities
of compounds 1a and 1r, Fig. 8 shows the electrostatic potential map of compounds 1a and 1r, and Fig. 9 shows the interaction
strengths of compounds 1a and 1r.

3.5. Structure-activity relationship

The SAR is the correlation between the biological consequences of crucial substances and their chemical characteristics within a
testing framework. We identified several crucial elements when examining the connections between structure and activity.

The para position of the phenyl group served as the lipophilic moiety. The compound 1a, which has a -CH3 group with anthra-
quinone connected coumarin, was less active in antioxidant, antibacterial, and tyrosinase inhibitory activities. Compound 1r, which
has 9-methyl and 7-hydroxy groups with anthraquinone-connected to coumarins, was less active in antioxidant and antibacterial
activities, and highly active in tyrosinase inhibition. In a previous study, compound 1r displayed lower tyrosinase inhibition activity
than that of other coumarin derivatives [49]. Compound 1t, with 9-hydroxy and 7-methyl groups with anthraquinone-connected
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Fig. 4. Tyrosinase kinetic activity study.
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Table 3
Antimicrobial activity of the compounds (1a-t).

Diameter of Growth Inhibition Zone (mm)*

Compound Gram-negative bacteria Gram-positive bacteria
E. coli P. aeruginosa E. aerogenes S. aureus B. cereus

la 08 - 12 - -
1b 10 - - - -
1c - - 12 - 08
1d 08 - 10 - 08
le 10 - 14 08 -
1f 12 08 - 08 -
1g 12 - - 10 -
1h 14 - - 12 08
1i 12 - - 08 08
1j 12 - - 08 08
1k 10 - 08 08 08
11 10 - - 10 -
1m 12 - - 08 12
1n 10 - 15 08 08
lo 10 - 08 08 08
1p 10 08 10 08 08
1q 16 08 15 10 10
1r 15 08 - 13 13
1s 08 08 08 08 08
1t 16 08 32 16 08
Ciprofloxacin 27 26 30 25 22

2 (-): Inactive (growth inhibition zone <8 mm).

Table 4
The minimal inhibitory concentrations (MIC, pg/ml) of compounds (1a-t).

Minimal Inhibitory Concentration (MIC, pg/mL)"

Comp. No.

Gram-negative bacteria Gram-positive bacteria

E. coli P. aeruginosa E. aerogenes S. aureus B. cereus
1q 32 64 32 64 64
1r 32 64 >100 64 64
1t 8 64 0.25 16 08
Ciprofloxacin 0.5 1 0.5 1 2

2 ND: Not Determined.

coumarins, had lower antioxidant and tyrosinase inhibitory activities, and highly active in antibacterial activity. In a previous study,
compound 1t showed equipotential antibacterial activities (against gram-negative bacteria) compared with other coumarin de-
rivatives [50]. Fig. 10 shows the SAR of the highly active compounds. The lipophilicity of the compound enhanced its antimicrobial
properties; however, as the molecular weight of the compound increased, the antimicrobial properties decreased. The molecular
weight of log (Ko/w) suggests that the steric properties of the compound may impede its ability to integrate into the cell wall and
membrane, as suggested by its lipophilicity [51].

4. Conclusion

Anthraquinone-connected coumarin (1a-t) derivatives were synthesised using the grindstone method. The synthesised compounds
were screened for DPPH free radical scavenging, tyrosinase inhibition, and antibacterial activities. Addition to in silico Molecular
docking and DFT calculations were also performed. In terms of antioxidant activity, compound 10 (50.68 % at 100 pg/mL) was more
active than were the other compounds and compound 1r (ICsgp: 9.31 £+ 0.45 pg/mL) was highly active to tyrosinase inhibition
compared with kojic acid (ICsp: 10.42 + 0.45 pg/mL). The synthesised derivatives (1a-t) were screened for preliminary in vitro
antibacterial screening, compound 1t showed higher activity against E. aerogenes (MIC = 0.25 pg/mL, 32 mm) than ciprofloxacin (MIC
= 0.5 pg/mL, 30 mm). In the molecular docking study, compound 1r had a higher docking score (—8.8 kcal mol ') compared with
kojic acid (—1.7 keal mol™1). In DFT calculations, Compound 1a (AE = 0.12) had a higher energy gap than compound 1r (AE = 0.11).
From these reports, compounds 1r and 1t are a starting point for designing improved derivatives based on the insights gained from
structure-activity relationship research, with the aim of developing a new drug that can target multiple disease pathways simulta-
neously, often referred to as a "one drug-multiple targets" strategy.

10
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Fig. 5. Molecular docking comparison of kojic acid with compounds 1a and 1r. 3D binding conformation (left) and 2D binding conformation (right)
showing the closest interactions between the active site residues of protein 2Y9X and the most active (1r), and least active (1a) synthesised de-

rivatives and kojic acid.

Table 5

Molecular Docking Interactions of 1a, 1r and kojic acid with protein 2Y9X.

S. No Compound/Drug Dock Score Interacting residues Bond Length

1. Compound 1a -3.4 Lys 190 2.04

2. Compound 1r -8.8 Lys190 1.98

3. Kojic acid -1.7 Asn332, Glu405, Ala413 1.97, 1.65, 2.72
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Table 6

Frontier Molecular Orbital Energy and Reactivity Properties for compound 1a and 1r.
PROPERTY la 1r
HOMO —0.25 —0.25
LUMO -0.13 —0.14
Energy gap AE (LUMO-HOMO) 0.12 0.11
Ionization Energy (I = eHOMO = -HOMO) 0.25 0.25
Electron Affinity(A = eLUMO = -LUMO) 0.13 0.14
Global Hardness (n = (I-A)/2 0.06 0.05
Global Softness (s = 1/1) 16.66 20
Chemical Potential (p = -(I + A)/2 -0.19 -0.19
Electronegative (y = -u) 0.19 0.19
Electrophilicity Index (o = p2/2n) 0.3 0.36
Nucleophilicity Index (N = 1/w) 3.33 2.77

Fig. 7. Electron density of compound 1a, and 1r.
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Fig. 10. Comparison of highly active compounds and their structure-activity relationship.
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