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ABSTRACT: A series of 3,3-arylidene bis (4-hydroxycoumarins) 2 were cHO
synthesized by the reaction of aromatic aldehydes with 4-hydroxycoumarin = ¢ o, + @ pBSA
using dodecylbenzenesulfonic acid as Brensted acid-surfactant catalyst in D ort)

[} 2eq 1eq
aqueous media and under microwave irradiation. The present method is
. . . . i) Method A: EtOH/H20 (1/1), refl . :
operationally simple and the use of water as the reaction medium makes | yeyoy & ZORNSE (IS 2 picoumarol 3 Epoxy coumarins
the process environmentally benign. The epoxydicoumarins § were then M
: . . . 7 o .
= -4 - L]
obtained with a good yield by heating 3,3’-arylidenebis-4-hydroxycoumar ﬁ L N PN s oee Ty
R v

ins 2 in acetic anhydride. Techniques such as elemental analysis, 'H,
BC—"H NMR, and infrared spectroscopy were employed to characterize
these compounds. The synthesized compounds displayed good anti-
bacterial potential against Escherichia coli (ATCC 25988), Pseudomonas

aeruginosa (ATCC 27853), Klebsilla pneumonia (ATCC 700603), ‘

Staphylococcus aureus (ATCC 29213), methicillin-resistant Staphylococcus

aureus (ATCC 43300) and Candida albicans (ATCC 14053). The MIC values of 23 mg/mL for compound Se against Escherichia
coli (ATCC 25988) and 17 mg/mL for 2a were observed. Furthemore, a molecular docking simulation has been performed to
evaluate the antibacterial activities and the probable binding modes of the studied compounds 2a—f and Sa—g toward the active sites
of a series of well known antibacterial targets. Among the investigated compounds, the binding modes and docking scores
demonstrate that 2a has the most antibacterial and antifungal activities. Additionally, DPPH (2,2-diphenyl-1-picrylhydrazyl) and
ABTS has been tested for their ability to scavenge hydrogen peroxide and free radicals. According to our results, these compounds
exhibit excellent radical scavenging properties. Furthermore, compounds 2—5 were evaluated for anti-inflammatory activity by
indirect haemolytic and lipoxygenase inhibition assays and revealed good activity.

K.P E.coli S.aureus P.aeruginosa C.albicans

1. INTRODUCTION the environment. Despite their effectiveness and environ-
mental friendliness, these techniques require catalysts, such as
TEBA'” and 12,18 and have long reaction times. Therefore,
innovative and effective techniques built on a green method-
ology are still needed. Thus, it is still required to propose
efficient and novel methods based on green methodology. p-
Dodecylbenzenesulfonic acid (DBSA) is a Brensted acid
surfactant-combined catalyst, which is composed of an acidic
group and a hydrophobic moiety. It might be argued that this
occurs because the interior of emulsion droplets composed of
substrate and DBSA is sufficiently hydrophobic to keep water
molecules out. As a result, one of the most difficult research
problems has emerged in the area of surfactant-catalyzed
organic processes in water. In the synthesis of bis(indol-3-yl)
alkanes, tetrahydrobenzo[b]pyrans, dihydropyrano[c]-

There has been an increase in interest in the chemistry of
oxygenated heterocycles,' coumarins are benzo-fused hetero-
cycles containing oxygen atom and their synthesis is important
because of their widespread occurrence in nature.”” Warfarin
and dicoumarol (3,3'-methylenebis [4-hydroxy-2H-1-benzo-
pyran-2-one™ were just a few examples of biological and
pharmacological products that contained coumarin derivatives.
Dicoumarol has been thoroughly explored as a natural
anticoagulant medication®” due to its use in the pharmaceut-
ical study. Dicoumarols are obtained through a straightforward
condensation reaction between 4-hydroxycoumarin and
aldehydes using various catalysts and media. There are
numerous reported methods for synthesizing these com-
pounds, including the use of catalysts like sodium dodecyl
sulfate, ionic liquids with Lewis acid/Bronsted acid sites,

molecular iodine, Ce,(SO,),H,0, p-dodecyl benzenesulfonic Received: October 21, 2022 O e
acid/piperidine, SO;H functionalized ionic liquids, sulfated Accepted:  March 22, 2023 o
titania, and nano-silica catalysts." ' Numerous synthetic Published: April 17, 2023 SN
techniques utilizing 4-hydroxycoumarin have recently been \:\,]j;
developed for the synthesis of biscoumarins in aqueous i

conditions, in response to the growing public concern about
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Scheme 1. Protocol Synthesis of Dicoumarol Derivatives 2
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Table 1. Optimization of Reaction Condition on the Yield of 3,3-Arylidene Bis(4-hydroxycoumarin)

entry catalyst solvent

1 without DBSO H,0

2 DBSO (25%) H,0

3 DBSO (25%) EtOH

4 DBSO (25%) EtOH

S DBSO (25%) MeOH

6 DBSO (25%) EtOH/H,0 (1/1)
7 DBSO (25%) EtOH/H,0 (1/1)
8 DBSO (25%) EtOH/H,0 (1/1)
9 DBSO (25%) EtOH/H,0 (1/1)

10 DBSO (10%) EtOH/H,0 (1/1)

11 DBSO (15%) EtOH/H,0 (1/1)

12 DBSO (20%) EtOH/H,0 (1/1)

13 DBSO (25%) EtOH/H,0 (1/1)
“Isolated yield

temperature time/(min) yield/%“
reflux 240 trace
reflux 75 85
r.t. 120 trace
reflux 60 87
reflux 108 80
reflux 40 94
reflux 65 90
reflux 40 trace
r.t. 40 68
reflux 40 70
reflux 40 72
reflux 40 93
MV condition 12 95

chromens, xanthene derivatives, and esterification of different
carboxylic acids and alcohols, the behavior of DBSA as a
catalyst has been investigated.'”~>° In the present work, we
describe here the synthesis of 3,3-arylidene bis(4-hydroxycou-
marin) 2 derivatives by DBSA and their epoxycoumarins in
environmentally benign conditions and under microwave
irradiation. Furthermore, these compounds had antimicrobial
properties, which were measured. The antioxidant properties
of all these compounds were evaluated via DPPH and H,O,
assays. They have shown excellent antioxidant potential. In
addition the anti-inflammatory activity by indirect haemolytic

and lipoxygenase inhibition assays of compounds 2—3 were
studied. Molecular docking was also utilized to predict the
binding mode of dicoumarols to the protein target, and MD
simulation studies were further performed on the best binding
scores.

2. RESULTS AND DISCUSSION

In this study, two efficient methods for the condensation of
aldehydes with 4-hydroxycoumarin were presented. These
methods gave the corresponding 3,3-arylidene bis(4-hydrox-

https://doi.org/10.1021/acsomega.2c06802
ACS Omega 2023, 8, 14926—14943
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ycoumarin) 2 in the presence of DBSA as a homogeneous
catalyst (A, B) (Scheme 1).

In order to catalyze this reaction, DBSA was utilized as a
source of H" and was successful in preparing 3,3-arylidene bis
(4-hydroxycoumarin) 2. For the model reaction 3-nitro
benzaldehyde with 4-hydroxycoumarin in the presence of
DBSA in water at reflux, the systematic assessment of several
solvents was initially the main focus. Attempts were made to
study and optimize the reaction conditions in order to show
that performing the reaction in H,O with low yield while using
the amounts of EtOH in the media produced satisfactory
results (Table 1, entry 6). These results revealed that the
highest yield was obtained with the water/ethanol (1:1)
solvent system (Table 1, entry 6).

Since DBSA was emerged as a suitable catalyst for the
reaction in 1:1 ethanol/water media, efforts were then made to
optimize the catalyst load for the condensation reaction,
leading to the rapid formation of 3,3-arylidene bis(4-
hydroxycoumarin) 2. According to the current optimization
experiments, the yield increased steadily with catalyst load up
to 25 mol %, and using more catalyst did not boost the yields;
on the contrary, using less catalyst resulted in lower yields.
Without a catalyst, a very small amount of the product was
generated. To find the specific effect of microwave irradiation
on the reaction, these reactions were carried out under the
same conditions in a microwave oven (Table 1, entry 13) and
it was observed that, while the reaction time considerably
decreased, the yields of the product slightly increased even
though the reaction time significantly lowered. Therefore, MW
conditions were advantageous for this reaction. Then, to test
the viability of this approach, the synthesis of a library of 3,3-
arylidene bis(4-hydroxycoumarin) derivatives using two ways
was studied and the obtained results are summarized in Table
2.

Table 2. Synthesis of 3,3-Arylidene Bis(4-hydroxycoumarin)
by Condensation of Aldehydes and 4-Hydroxycoumarin
Using DBSA (25 Mol %) as Catalyst”

method A time (min)/ method B time (min)/

entry Ar yield (%) yield (%)

2a  3-ethoxy-4- 60/80 6.5/84
hydroxy-C4H;

2b  2-BrCeH, 45/90 7.5/80

2¢  3,4-dimethoxy- 60/90 4.5/90
CeH,y

2d  -CgH, 60/87 7/92

2e  4-methoxy-C¢H, 60/85 5.5/76

2f  2-benzyloxy-C¢H, 90/88 8/85

2g  4-NO,-C/H, 45/90 6/93

90/85 8.5/88

“Method A: EtOH:H,O (1:1), reflux; Method B: EtOH:H,O (1:1),
MV.

A variety of dicoumarols 2 were obtained utilizing various
aldehydes and 4-hydroxycoumarin in the standardized process,
as shown in Table 2. The compounds were obtained in high to
excellent yields regardless of the kind of substitution (electron
donating and electron withdrawing) of the aromatic aldehydes
(entries 1—17). Similar outcomes in the microwave condition
were also attained (method B). In methods A and B, all of the
reactions were finished within 45 to 150 min and 4.5 to 15
min, respectively. The purification of the products using a
column was not necessary in these reactions. Simply removing

the solid products from the reaction mixture, dissolving them
in hot ethanol, refiltering to remove any catalyst contamination
from the product, and then recrystallizing the filtrate to
produce the pure dicoumarols 2 were the steps taken to obtain
these products. The formation of 3,3-arylidene bis(4-
hydroxycoumarin) 2 could be explained by the Knoevenagel
condensation of aromatic aldehydes with 4-hydroxycoumarin
in the presence of DBSA, followed by the Michael addition of
the second 4-hydroxycoumarin. (Scheme 2).

Scheme 2 displays a plausible reaction mechanism. First,
condensation between 4-hydroxycoumarin and the aryl
benzaldehyde results in the formation of intermediate i). The
compound 2 is produced when 4-hydroxycoumarin molecule
attack i) through a Michael-type addition and i, is then
enolized to give the final product 2.

The condensation reaction between aromatic aldehyde and
4-hydroxycoumarin employing DBSA as a homogeneous
catalyst in aqueous media under microwave conditions afford
dicoumarols 2. These conditions had benefits like a quicker
reaction time, an easier setup, cheap and non-toxic catalysis,
environmental friendliness, and high yields. Studies on the
mass spectrum, IR, 'H, and *C NMR properties of these
compounds were performed.

According to 'H NMR, the Michael addition reaction was
followed by all of the dicoumarol compounds. 3-Ethoxy-4-
hydroxybenzaldehyde, 4-bromobenzaldehyde, 3,4-dimethoxy-
benzaldehyde, benzaldehyde, 4-methoxybenzaldehyde, 2-ben-
zyloxybenzaldehyde, and 4-nitrobenzaldehyde all condensed to
produce dicoumarol molecules. These compounds were
described using spectroscopic and analytical methods. The
composition was determined by elemental studies, and MS
spectrum analysis further supported this conclusion. CDCI;
was used to conduct 'H and “C—'H NMR tests on all the
compounds. As for dicoumarols, dicoumarols’ NMR assign-
ments are based on Figure 1.

All dicoumarols 2 exhibit a singlet at 11.28—11.56 ppm in
the '"H NMR proton spectrum, which is attributed to those
enolic protons.”® The methylene group of the aldehydes, which
joins the two moieties, was given a singlet at 8 ppm. Due to the
potential tautomerism that may be noticed in this singlet can
also be observed at about 9.8—12 ppm (Scheme 3).

In contrast to compounds 2a and 2g, which were found to
vibrate at frequencies between 1639 and 1652 cm™,
dicoumarol structure A (shown in Scheme 4) was ascribed
to compounds 2d, 2e, and 2g. Carbonyl stretching frequencies
for compounds 2a and 2g were found to be at 1641 and 1654
cm™!, respectively, which is about 20 cm™ less than for
compounds 2d, 2e, and 2f and a dichromone structure
(structure B) was assigned as shown in Scheme 4.

The lactone ring’s C—O stretching frequency was shown to
be between 1090 and 1120 cm™". The frequency of the ketone
carbonyl carbon was was assigned at 1040 cm ™.

The band of the hydroxyl group is slightly visible in this
situation because the hydroxyl group participates in hydrogen
bonding.”” A singlet at 11.29 ppm in the "H-NMR spectra of
dicoumarol 2a was recognized as the proton of the phenolic
OH group.

Similar to this, the proton of the coumarin ring, H;,, was
observed as a singlet at 10.79 ppm. The rest of the signals for
compounds 2 were assigned to the protons of the aromatic ring
system. The compounds were also confirmed by *C—{'H}
NMR, which has peaks at 166.9 ppm, attributed to the ketone’s

https://doi.org/10.1021/acsomega.2c06802
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Scheme 2. Possible Mechanism for 4-Hydroxycoumarin Condensation with Aryl Aldehydes
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Figure 1. Atom numbering used for NMR signals for dicoumarols.

Scheme 3. Tautomerism in the Coumarin Structure
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Scheme 4. Dicoumarol and Dichromone Structures
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Dicoumarol structure (A) Dicoumarol structure (B)

C=0 group. The peak that appeared at 169.3 ppm was due to
the lactone C=0.

One resonance signal is produced by the protons of the
methylene groups, most likely as a result of a rapid tautomeric
exchange of their chemical shifts. This suggests the
dicoumarols 2 structure A (Scheme 4). The CH proton was
resonated at 6 ppm depending on the aromatic aldehyde
structure.”®*° The aromatic protons show multiplates in the
region of 6—9 ppm. The *C—{'H} NMR also support the 'H
NMR spectral analyses, The presence of sp2 hybridized carbon
atoms of compound 2b is shown in the *C NMR spectra in

the range between 104.2 and 169.4 ppm. The lowest chemical
shift was obtained for Ca (28.4 ppm). The *C NMR spectrum
of compounds showed also three carbon signals at 6 = 36.02,
152.4, and 164.6 ppm, referring to the (C,,), C,,, and Cy
groups. The signals present at 6 = 166.9 ppm and 6 = 169.3
ppm are assigned to the C-4 carbon.

The '"H NMR spectrum of compound g was chosen as a
model, and the spectral data were recorded using CDClI; as
solvent. The 'H NMR spectrum of $g in CDCl; shows an OH
sharp singlet signal at 6 = 11.43 ppm, and this signal
disappeared in CDCl;. This is likely due to the proton
exchange between the residual water of solvent (CDCl;) and
compound 5g. In CDCI,, the aromatic protons appeared in the
range of A = 6.54—6.75 ppm and the sharp singlet signal at 4 =
6.17 ppm correspond to CHC=O.

The hybrid framework of the coumarin nucleus with other
moieties and the improved pharmacological property have
been a topic of interest. In view of the above observations, the
synthesis of some coumarin derivatives were synthesized from
the condensation reaction between 4 mol equiv of 4-
hydroxycoumarin and 1 mol eq of isophthalaldehyde and
terephthalaldehyde (Scheme S). This method is useful for
aromatic aldehydes because the insoluble products were easily
separated by filtration. The synthesized compounds have an
excellent yield. FTIR spectra of these compounds show a
strong absorption band around 3084—3471 cm™" assigned to
the O—H stretching. In addition, the stretching vibration was
observed at 1714—1745 cm™'due to a carbonyl group (C=0)
of coumarin. 'H NMR of these derivatives revealed the
presence of a singlet at 9.19—8.99 ppm for —OH-—. The
derivatives of the coumarin ring proton (Ccoum.H,) were
observed as a singlet at 8.98—8.20 ppm. All the other aromatics
protons were observed within the expected regions. '*C NMR
of these compounds was in concordance with the proposed
structure of substituted coumarin derivatives. The two new
signals at 115 and 136 ppm show carbon of coumarin (C,
coum. and C, coum.), respectively.

The epoxycoumarins S were obtained by heating dicoumar-
oles derivatives 2 in acetic acid anhydride (Scheme 6). The
target compounds’ structures 5 were verified by IR, 'H, *C,

https://doi.org/10.1021/acsomega.2c06802
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Scheme S. Reaction Scheme for the Synthesis of Coumarin
Compounds and Their Structure and Yield %

o)
OH =
N, EtOH
_0
0" "o reflux
4eq 1eq
oH @
=
(S reflux
4eq 1eq

4
(Yield =90%)

elemental analysis, and MS spectra. Target compound Sa data
was examined as an illustration.

Compounds 2 and § may be distinguished primarily based
on differences in their 'H, *C, and IR spectra. Particularly, the
significant distinction in the '"H NMR spectra of compounds 2
and § was the absence of the hydroxylic protons in compound

S, while they were present in compound 2 as a singlet at 11.34
ppm. The lactone group’s vibrations, which emerge around
1725 cm™ in the IR spectrum and are distinguishable from
OH vibrations by their absence, are among the distinguishing
bands that prove the structure of epoxy derivatives. The IR
spectrum of Sa displayed characteristic C=O and C=C
vibrations at 1666 and 1576 cm™’, respectively. The *C NMR
spectra of compound Sa showed the carbons Cy, C,, C,,, C;,
and C; at 15.4, 28.6, 34.6, 106.6, and 113.6 ppm, respectively.

3. BIOLOGICAL ACTIVITIES
3.1. ANIMICROBIAL Properties Od Compounds 2-5.

The minimum inhibition concentration (MIC), which is the
lowest concentration of the test sample that completely
inhibits the growth of microorganisms, was determined for
the antibacterial study by the broth dilution method and the
disc diffusion method.”® The MIC values against Escherichia
coli (ATCC 25988), Pseudomonas aeruginosa (ATCC 27853),
Kilebsilla pneumonia (ATCC 700603), Staphylococcus aureus
(ATCC 29213), and methicillin-resistant Staphylococcus aureus
were measured, and the minimum inhibitory concentrations of
test samples were determined. The MIC values of compounds
2—S5 against all bacterial strains are tabulated in Figure 2.

All of the compounds 2—35, as seen in Figure 2, inhibited the
development of bacterial and fungi strains. We can state that
dicoumarols 2e, 2g, and 3e displayed almost the same activity
against Escherichia coli (ATCC 25988) germs. Sc, Se, and 5g
epoxycoumarins showed the lowest activity against Pseudomo-
nas aeruginosa (ATCC 27853) bacteria. The least effective
drug against Klebsiella pneumoniae (ATCC 700603) bacterium
was dicoumarol 2f. The dicoumarol 2a is the most effective
against all bacterial strains. When common medications like

Scheme 6. Synthesis of Epoxycoumarins §

https://doi.org/10.1021/acsomega.2c06802
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Figure 2. Minimal inhibitory concentration micro mol/L of compounds 2—S$ against bacterial and fungal strains. EC: Escherichia coli (ATCC
25988). PA: Pseudomonas aeruginosa (ATCC 27853). KP: Klebsilla pneumonia (ATCC 700603 ). SA: Staphylococcus aureus (ATCC 29213 ). MRSA:
methicillin-resistant Staphylococcus aureus (ATCC 43300). CA: Candida albicans (ATCC 14053).

Table 3. Docking Score S (kcal/mol) Results of Antimicrobial Activities of 2a—f and 3a—e

ligand 1JIj 1JIL 1LXC
2a —7.51 —7.74 —7.14
2b -7.07 =724 —6.32
2c -7.12 —7.42 —6.39
2d —-6.22 —=7.01 =5.72
2e —7.08 -7.25 -5.82
2f —7.48 —7.69 —6.95
ampicillin —7.16 —6.73 -5.59
Sa —6.99 —7.26 —6.30
Sb —6.83 —6.51 -5.74
Sc -7.18 —6.82 —6.00
sd —6.65 —6.22 —5.76
Se —7.25 —6.75 —-5.94
tetracycline —7.06 —7.22 —5.37

2WEG 3]Q9 SR80 6CJF
—7.45 —7.06 =725 =7.35
—6.70 —6.05 —6.34 —6.69
—6.86 —6.79 =7.11 =7.29
—6.88 —6.36 —6.44 -7.12
—6.78 —6.45 —6.89 -6.91
—7.08 —6.95 —7.16 —5.85
—6.45 —5.40 —5.58 —6.25
—6.67 —6.52 =713 -6.91
—6.24 —6.01 —6.62 —S5.68
—7.38 —6.10 —7.28 —6.51
—5.98 —6.55 —6.59 —6.25
—6.75 —6.59 —6.79 —6.50
—6.07 —5.94 —6.23 —6.09

ampicillin and flucazole were used to test the antibacterial
activity of all three substances, it can be claimed that promising
results were achieved. Epoxycoumarins Sa and Se exhibited the
same activity with fluconazole against Candida albicans (ATCC
14053). Finally, the dicoumarols 2 exhibited lower or equal
inhibitory effect against Gram-negative bacterial strains
compared with Gram-positive bacterial strains and fungal
strains. These results can be attributed to the outer membrane
of Gram-negative bacteria that render them more resistant
against antimicrobial agents.

4. MOLECULAR DOCKING

Molecular docking is considered a very valuable technique to
evaluate the biological activity of the newly synthesized
compounds 2—5 as possible antibacterial drugs and design
new therapies for diseases. This technique is used to predict
and examine the conformations and binding interactions of a
ligand in the active site of a target enzyme. The MOE 2015.10
software package is used to evaluate and analyze both the
potency and mode of action of the newly synthesized
compounds as antibacterial inhibitors by studying the
interactions between the compounds and the amino acid
residues of the binding pocket of the target enzymes and
binding energies. The molecular docking calculations have
been performed to evaluate the antimicrobial activities of the

synthesized compounds 2a—f and Sa—e. Some efficient targets
have been used to investigate the antibacterial activities of the
title compounds, such as 1JIJ, 1JIL, 1LXC, 2WEG, 3JQ9,
SR80, and 6CJF. The scoring values are given in Table 3. One
may conclude that 2a is the most potential antibacterial
compound, with scores higher than 7 kcal/mol. The findings
also revealed that 2a has stronger antibacterial properties than
ampicillin and tetracycline compounds. The best poses of top-
ranked score compound 2a in the protein targets along with
their 2D binding interactions are depicted in Figures 3—10.
The principal ligand—target interactions are listed in Table 4.
Obviously, compound 2a is stabilized in the active sites of the
antibacterial targets through hydrogen bonding and arene—H
interactions with receptor residues.

5. ANTIOXIDANT ACTIVITY

The antioxidant activity of the obtained compounds 2—$ was
evaluated using the DPPH (1,1-diphenyl-2-picrylhydrazyl)
antiradical test and the ABTS [2.20-azino-bis(3-ethylbenzo-
thiazoline-6-sul phonic acid)] scavenging assay. IC, values
were used to represent the obtained results (the concentration
in g mL™"). Figure 10 illustrates the strong scavenging activity
against the radical DPPH. The ICs, values of the compounds §
were 49.07, 48.17, 49.90, 33.05, 46.80, 34.15, and 45.15 g
mL™" respectively. The ICg, of the compounds 2a—g and 5a—g
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Figure 3. 3D best pose of 2a ligand in tyrosyl-tRNA synthetase (1JIJ) target enzyme (top), along with 2D ligand—protein interactions (bottom).

for their activity against the free radical ABTS was highly
varied and ranged between 23.04 and 34.41 g mL™".
Compounds Sa (3222 g mL™"), 5b (31.39 ¢ mL™'), 5d
(34.17 g mL™"), and 5g (42.28 ¢ mL™') had the highest
activity in the ABTS assay (Figure 10). It should be noted that
the control BHT, which is a well-known powerful antioxidant
molecule, has an ICy, value in the free radical ABTS of 23.38 g
mL.

6. ANTI-INFLAMMATORY ACTIVITY

As per our objective, we next examined the anti-inflammatory
activities of the synthesized compounds 2—5 by lipoxygenase
inhibition and phospholipase A, (PLA,) inhibition assays. The
ICy, values of the standards and test samples in both assays are
given in Figure 11. In both the PLA, inhibition assay (26.5—
34.9 M) and the lipoxygenase inhibition assay (5.0—5.1 M),
the obtained compounds 2b and 2c¢ showed strong anti-
inflammatory efficacy. It should be noted that compounds Sb
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Figure 4. 3D best pose of 2a ligand in tyrosyl-tRNA synthetase (1JIL) target enzyme (top), along with 2D ligand—protein interactions (bottom).

and Sc almost have the same anti-inflammatory effects as
industry standards indomethacin and aristolochic acid.

7. CONCLUSIONS

We describe the synthesis of new dicoumarol derivatives 2
containing ortho, meta, and para substitutions on the benzene
ring and their epoxycoumarins derivatives S. Their antibacterial
activity against S. aureus, B. subtilis, E. coli, and Klebsiella sp. and
selectivity of these compounds for gram-positive bacteria were
clearly demonstrated.

The utilization of dodecylbenzenesulfonic acid as a Brensted
acid-surfactant catalyst in aqueous media and under microwave
irradiation should classify this chemistry as green chemistry.
The obtaind compounds were characterized by various
spectro-analytical techniques, and it was established that
dicoumarols were confirmed. The most potent antibacterial
properties of compound 2a were clearly demonstrated by
molecular docking calculations using multiple targets. By using
the super oxide radical, DPPH (2,2-diphenyl-1-picrylhydrazyl),
and ABTS to test the anti-oxidant properties of compounds 2—
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Figure S. 3D best pose of 2a ligand in enoyl-[acyl-carrier-protein] reductase [NADH] (1LXC) target enzyme (top), along with 2D ligand—protein

interactions (bottom).

S, it was shown that the majority of them exhibited notable
antioxidant properties. Furthermore, indirect haemolytic and
lipoxygenase inhibition assays were used for the evaluation of
anti-inflammatory activity and revealed good activity.

8. EXPERIMENTAL SECTION

8.1. Materials and Methods. All manipulations were
carried out in air. All chemicals and solvents were purchased
from Sigma-Aldrich and Merck. The solvents such as

14934

dimethylformamide (DMF), dichloromethane, and diethyl
ether were purified by distillation over the drying agents.
Melting points were determined with an Electrothermal-9200
melting point apparatus. The elemental analysis measurements
were determined by an LECO CHNS-932 elemental analyzer.
Fourier transform infrared spectra were obtained in the range
of 450—4000 cm™ on a Perkin Elmer Spectrum 100
spectrophotometer. The mass analysis was determined by
using a Thermo Scientific Exactive Plus Benchtop Full-Scan
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Figure 6. 3D best pose of 2a ligand in cytosolic leucyl-tRNA synthetase (2WFG) target enzyme (top), along with 2D ligand—protein interactions

(bottom).

Orbitrap mass spectrometer LC—MS/MS analyzer. 'H NMR
and *C NMR spectra were recorded at 400 ('H) and 100
MHz (BC) in CDCl; with tetramethylsilane as an internal
reference (Malaty, Turkey). The NMR studies were carried
out in high-quality 5 mm NMR tubes. Signals are quoted in
parts per million as § downfield from tetramethylsilane (6 =
0.00) as an internal standard. NMR multiplicities are
abbreviated as follows: s = singlet, d = doublet, t = triplet, m
= multiplet. The spectroscopic data of the new compounds 2—
S are presented below.

14935

8.2. General Procedure for the Synthesis of 3,3-
Arylidene. 8.2.1. Bis(4-hydroxy-2H-chromen-2-ones) Deriv-
atives (Method A). In 5§ mL of an ethanol—water combination
of 4-hydroxycoumarin (2 mmol, 0.324 g), substituted
benzaldehydes (1 mmol, 0.106 g) and DBSA (0.25 mmol,
0.326 g) were mixed at reflux (1:1). The progress of the
reaction was monitored by TLC. After the reaction completion
and upon its cooling, the solid material was precipitated from
the solution. The precipitates were filtered off, washed with
water, and were recrystalized from EtOH to obtain pure 3,3-
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Figure 7. 3D best pose of 2a ligand in pteridine reductase 1 (3JQ9) target enzyme (top), along with 2D ligand—protein interactions (bottom).

arylidene bis(4-hydroxy-2H-chromen-2-ones) derivatives as
yellow-white solids (60—90% yields).

8.3. General Procedure (Method B). A mixture of
substituted benzaldehydes (1 mmol, 0.106 g), 4-hydroxycou-
marin (2 mmol, 0.324 g), and DBSA (0.25 mmol, 0.326 g) was
placed in a microwave (Samsung, Model KE300R) at 450 W
for the necessary amount of time. When the reaction was
finished, the bulk was cooled to 25 °C. The solid residue was
filtered off, washed with water, and were recrystalized from

EtOH (68—93% vyields).

8.3.1. 3,3’-((3-Ethoxy-4-hydroxyphenyl)methylene)bis(4-
hydroxy-2H-chromen-2-one) (2a). Yield: 85%; m.p. 252 °C.
IR v (em™): 3082 (OH); 1654 (CO); 1565 (C=C). 'H
NMR (400 MHz, CDCL,) (4, ppm): 1.24 (t, 3H, Hy); 2.65 (q,
ZH; Ha); 6.1 (S) IH) le)i 7.15 (q) 4H;H 29,28,26,25)1 7.43 (d)
4H, H9,21,7,19)i 7.65 (td, 2H, Hs,zo)i 8.12 (d: 2H, H10,22)r 11.29
(s, IH,Hy3); 11.52 (s, 1H, H;;). *C NMR (100 MHz, CDCI,)
(4, ppm): 15.55 (C,); 28.46 (C,); 36.02 (C,,); 104.17 (C3,3);
105.88 (Cs,7); 116.75 (C;19); 124.51 (Cyg20); 124.96 (Cy5));
126.55 (C,g); 128.25 (Cyg); 132.30 (Cy), 132.91 (Cyy); 142.92
(Cy); 15245 (Cys); 152.65 (C,y); 164.64 (Cy); 165.79
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Figure 8. 3D best pose of 2a ligand in 3C-like proteinase (SR80) target enzyme (top), along with 2D ligand—protein interactions (bottom).

(Ce16); 166.97 (Cy14); 169.38 (Cy,5). Caled for Cy,H,004: C,
68.64%; H, 4.27%; O, 27.09%. Found: C, 68.7; H, 4.3; O,
6.6%.

8.3.2. 3,3'-((4-Bromophenyl)methylene)bis(4-hydroxy-2H-
chromen-2-one) (2b). Yield: 86%; m.p. 245 °C. IR v (cm™):
3065 (OH); 1667(CO); 1607 (C=C). 'H NMR (400 MHz,
CDCL,) (4, ppm): 2.35 (s, 3H, H,); 6.07 (s, 1H, H,,); 7.15 (q,
4H,H 29,28,27,26)) 742 (d, 4H, H9,21,7,19)3 7.63 (td, 2H, Hs,zo)i
8.05 (d, 2H, Hyy,,), 1142 (d, 2H, H,3,3;). *C NMR (100
MHz, CDCL) (4, ppm): 21.12 (C,); 35.98 (Cy,); 104.22
(Cs13); 105.85 (Cs,7); 116.76 (C;19); 124.52 (Cypg); 124.98
(Crom); 126.5 (Cy); 12947 (Cyyy); 132.18 (Cyy), 13295
(Cga0); 136.62 (Cpe); 152.65 (Cypy); 164.67 (Cys); 165.85
(Ce16); 166.98(C,14); 169.44 (C, ). Caled for CyH,sO4Br:
C, 61.12%; H, 3.08%; O, 19.54%. Found: C, 61.2; H, 3.1; O,
19.6%.

8.3.3. 3,3'-((3,4-Dimethoxyphenyl)methylene)bis(4-hy-
droxy-2H-chromen-2-one) (2c). Yield: 94%; m.p. 256 °C. IR
v (em™): 3067 (OH); 1662 (CO); 1558 (C=C). 'H NMR
(400 MHz, CDCly) (4, ppm): 6.01 (s, 1H, H,,); 7.15 (dd,
2HH 9 ,5), 7.26—729 (m, 2H, Hy,e); 7.42 (d, 4H,
H9,21,7,19); 7.65 (td) ZH) HS,ZO); 8.04 (ddr 2Hr HIO,ZZ)) 11.35
(s, 1H, H,;), 11.55 (s, 1H, H;,). “C NMR (100 MHz,
CDCly) (4, ppm): 35.95 (Cyy); 103.85 (Cy); 105.39 (Cyy);
116.48 (Cs); 116.82 (C,;); 116.96 (C;19); 124.55 (Cyo22);
125.14 (Cy,,;); 12812 (Cg), 128.91 (Cyp); 132.86(Cyg6);
133.16 (Cyy); 133.97 (C,s); 15244 (Cy); 152.67(C,y);
164.73 (Cq16), 166.15(C,); 166.97 (Cy); 169.34 (Cy ).
Calcd for C,;H,,Oq: C, 68.64%; H, 4.27%; O, 27.09%. Found:
C, 68.7; H, 4.3; O, 27.1%.

8.3.4. 3,3’-(Phenylmethylene)bis(4-hydroxy-2H-chromen-
2-one) (2d). Yield: 76%; m.p. 226 °C. IR v (ecm™): 3075
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Figure 9. 3D best pose of 2a ligand in dihydroorotate dehydrogenase (quinone), mitochondrial (6CJF) target enzyme (top), along with 2D
ligand—protein interactions (bottom).

(OH); 1680 (CO); 1545 (C=C). 'H NMR (400 MHz, Ho 1 7,10); 7.19—7.84 (m, 4H, Hy,); 7.46 (td, 2H, H,g,), 7.82
CDCly) (4, ppm): 3.54 (s, 3H, Hy); 3.69 (s, 3H, H,); 6.15 (s, (dd, 2H, H,35,),). ®C NMR (100 MHz, CDCL,) (4, ppm):
1H, Hy,); 6.32-6.39 (m, 2HH ,955272), 7.12 (dd, 1H, 32.34 (Cp,); 5497 (Cy); 5546 (Cy); 98.54 (Cy); 10347

14938 https://doi.org/10.1021/acsomega.2c06802
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Figure 10. The antioxidative activity of compounds 2—S5 synthesized
was assessed by the DPPH technique and expressed as ICq, in g mL™".
BHT was used as a control.

Table 4. 2D Ligand—Protein Interactions between 2a and
Protein Targets

targets S (kcal/mol) interactions
JI -7.51 H-bonding O—H--Gly38
1JIL -7.74 arene—H---Val224
1LXC -7.14 arene—H---Tyr156
2WEG —7.45 H-bonding C=0---Lys483
3]Q9 —7.06 H-bonding C=0---Phe97
H-bonding O—H:--Ser37
SR80 -7.25 H-bonding O—H---Phel40arene—H:--Thr25
6CJF -7.35 H-bonding O—H---Asn145

arene—H---Ser120

(Cs13); 103.94 (Cyg); 11532 (Cyy); 12025 (Csy7); 122.71
(Cy19); 12329 (C)p), 123.95 (Cp); 12925 (Cy,,); 13046
(Csa0); 15235 (Cyp); 157.95 (Cg); 15835 (Cy4); 164.19
(Cy14); 16725 (Cyg). Caled for CysH,4Og: C, 72.81%; H,
3.91%; O, 23.28%. Found: C, 72.9; H, 3.9; O, 23.3%.

8.3.5. 3,3’-((4-Methoxyphenyl)methylene)bis(4-hydroxy-
2H-chromen-2-one (2e). Yield: 95%; m.p. 227 °C. IR v
(em™): 3072 (OH); 1665 (CO); 1545 (C=C). 'H NMR
(400 MHz, CDCl,) (4, ppm): 6.22 (s, 1H, H},); 7.31 (t, 6H,H
9217,192925), 7-65 (t, 2H, Hy5); 8.02(d, 1H, H,); 8.03 (d, 1H,
H,,), 8.29 (d, 2H, Hygy), 11.39 (s, 1H, Hy;), 11.58 (s, 1H,

H;;). *C NMR (100 MHz, CDCL;) (4, ppm): 36.65 (Cy,);
103.35 (Cyy3); 10485 (Csy7); 11635 (Cy); 11675 (Cpo);
116.85 (Cyp); 11693 (Cy,); 123.95 (Cygn); 124.58 (Cy),
124.62 (C,)); 12528 (Cy3); 12535 (Cy); 127.68 (Cy);
133.45 (Cy); 143.48 (C,,), 146.95 (C,,), 152.45 (C¢); 152.65
(Cyg); 164.95 (C,); 166.56 (C,4); 167.28 (C,); 169.28 (Cyg)-
Calcd for C,4H,305: C, 70.58%; H, 4.10%; O, 25.31%. Found:
C, 70.6; H, 4.2; O, 25.4%.

8.3.6. (Benzyloxy)phenyl)methylene)bis(4-hydroxy-2H-
chromen-2-one) (2f). Yield: 87%; m.p. 264 °C. IR v
(em™): 3072 (OH); 1665 (CO); 1547 (C=C). '"H NMR
(400 MHz, CDCLy) (4, ppm): 6.12 (s, 1H, H,,); 7.13 (dd,
2H,H,,5), 7.45—748 (m, 6H, Hy,550719); 7-65 (td, 2H,
Hag6); 8.06 (dd, 2H, H,,,), 11.35 (s, 1H, Hy3), 11.56 (s, 1H,
H;;). *C NMR (100 MHz, CDCL;) (4, ppm): 36.21 (Cy,);
103.75 (Cy,3); 10634 (Cs); 116.82 (Cypp); 12095 (C,);
124.54 (Cy9); 125.14 (Cy,); 128.45 (Cygn,); 131.74 (Cypy),
133.27 (Cg0); 134.46 (Cpos); 152.45 (Cpg6); 15265 (Cyy);
164.75 (Cq, 16); 166.18 (C,), 166.96 (Cy,), 169.38 (C, ).
Calcd for C5,H,,05: C, 74.12%; H, 4.28%; O, 21.60%. Found:
C, 74.2; H, 4.3; O, 21.7%.

8.3.7. 3,3’-((4-Nitrophenyl)methylene)bis(4-hydroxy-2H-
chromen-2-one) (2g). Yield: 85%; m.p. 226 °C. IR v
(em™): 3075 (OH); 1641 (CO); 1565 (C=C). 'H NMR
(400 MHz, CDCly) (4, ppm): 1.37 (t, 3H, H.), 3.97 (q, 2H,
H,), 6.17 (s, 1H, Hy,); 6.54—6.75 (m, 2H,H,s), 6.85 (d, 1H,
Hy); 7.45 (d, 4H, Hy,, 719); 7.65 (td, 2H, Hg,), 8.31 (s2 H,
Hy2), 1143 (d, 2H, Hy33,). *C NMR (100 MHz, CDCl;)
(4, ppm): 14.74 (C.); 35.95 (C,,); 64.85 (Cy); 110.65(C313);
114.54 (Cps55); 116.76 (Cg 17 710); 11965 (Cig1005); 124.57
(Coaig20); 125.12 (Cyy); 126.78 (Cyy), 132.96(Cyg); 144.95
(Cy14); 146.16 (Cg16); 152.56 (C,,5). Caled for
C25HISO8N: C, 65.65%; H, 3.31%; O, 27.98%. Found: C,
65.7; H, 3.4; O, 27.9%.

8.4. General Procedure for the Synthesis of Sub-
stituted Coumarin Derivatives 3—4. A mixture of 4-
hydroxycoumarin (4 equiv) and isophthalaldehyde (1 equiv)
or terephthalaldehyde (1 equiv) was mixed and placed in a
round bottom flask, and the mixture was heated at reflux in
EtOH for 4 h. The reaction mixture was allowed to cool at
room temperature and filtered off. The residue was then boiled
with absolute ethanol (20 mL) and filtered hot. It was
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Figure 11. IC;, values of compouds 2—S5 for anti-inflammatory activity.
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recrystallized with acetone and absolute alcohol to afford the
target coumarin derivatives 3—4.

8.4.1. Coumarin Derivative 3. Yield: 85%; m.p. 236 °C. IR
v (em™): 3065 (OH); 1645 (CO); 1567 (C=C). 'H NMR
(300 MHz, DMSO-d¢) 6 8.32 (s, 4H, OH), 7.89—7.02 (m,
20H, CH arom), 6.31 (s, 2H, CH).

8.4.2. Coumarin Derivative 4. Yield: 90%; m.p. 245 °C. IR
v (em™): 3055 (OH); 1643 (CO); 1567 (C=C). '"H NMR
(300 MHz, DMSO-d,) 6 8.32 (s, 4H, OH), 7.89—7.02 (m,
20H, CH arom), 6.31 (s, 2H, CH).

8.5. Synthesis of Epoxydicoumarins 5. Dicoumarol 2
was heated in acetic anhydride until it was dissolved. The
reaction mixture was heated to a boil for 2 h and then chilled
for 24 h before the precipitate was filtered out and dried.

8.5.1. 7-(3-Ethoxy-4-hydroxyphenyl)-6H,7H,8H-pyrano-
[3,2-c:5,6-c’']dichromene-6,8-dione (5a). Yield: 95%; m.p.
267 °C. IR v (em™): 1665 (CO); 1575 (C=C). '"H NMR
(400 MHz, CDCl;) (4, ppm): 1.14 (t, 3H, H,); 2.52 (q, 2H,
H,); 5.16 (s, 1H, H,,); 7.12 (d, 2H,H,4,4), 7.35—7.42 (m, 4H,
Hy057,10); 7:46 (t, 2H, Hy,); 7.65 (td, 2H, Hyy,), 8.11 (dd,
2H, Hg,,). *C NMR (100 MHz, CDCL;) (4, ppm): 15.4S
(Cp); 28.63 (C,); 34.65 (Cyy); 106.67 (Cs,3); 113.64 (Cs);
117.23 (C;10); 12247 (Cyg2,); 124.75 (Cyyy); 128.25 (Cyg);
128.94 (Cyg); 132.85 (Cy), 138.46(Cposs); 143.82 (Cyyrr);
152.85 (Cq6); 153.54 (Cy5); 16035 (C,yy). Caled for
C,,H,50,: C, 71.36%; H, 3.99%; O, 24.65%. Found: C, 71.4;
H, 4.1; O, 24.7%.

8.5.2. 7-(p-Tolyl)-6H,7H,8H-pyrano[3,2-c:5,6-c']-
dichromene-6,8-dione (5b). Yield: 90%; m.p. 256 °C. IR v
(em™): 1665 (CO); 1564 (C=C). 'H NMR (400 MHz,
CDCly) (4, ppm): 2.28 (s, 3H, H,); 5.14 (s, 1H, Hy,); 7.12 (d,
2HH 28,27)) 7.35 (d; 2H, H26,29)5 7.35 (d; 2H, H7,19)i 742 (t;
2H, H,,,); 7.56 (td, 2H, Hygy), 8.13 (dd, 2H, Hy,,). °C
NMR (100 MHz, CDCl;) (4, ppm): 21.27 (C,); 34.62 (Cy,);
106.63 (Cj13); 113.64 (Cs17); 117.32(Cy9); 12247 (Cyg);
124.75 (Cyq22); 128.93 (Cy); 129.45 (Cyyy); 132.86 (Cyy),
13748 (Cgs0); 13823 (Coyne2s); 15276 (Cgr6); 15345
(Cy18); 16031 (C, ). Caled for C,sH 3;04Br: C, 63.45%; H,
2.77%; O, 16.90%. Found: C, 63.5; H, 2.8; O, 17.1%.

8.5.3. 7-(3,4-Dimethoxyphenyl)-6H,7H,8H-pyrano(3,2-
¢:5,6-c'Idichromene-6,8-dione (5c). Yield: 78%; m.p. 262
°C.IR v (cm_l): 1667 (CO); 1485 (C=C). '"H NMR (400
MHz, CDClL;) (4, ppm): 4.82 (s, 1H, Hy,); 7.35 (d, 2H,H
29,25); 7.45 (d; 2H, st,zs)i 7.52—7.56 (m, 4H, H9,21,7,19)$ 7.61
(td, 2H, Hg,), 8.35 (dd, 2H, Hy,,,). *C NMR (100 MHz,
CDCly) (4, ppm): 51.65 (Cyp,); 12225 (Cj,3); 13042
(C5,17, 7,19)5 134.15 (Clo,zz)} 140.75 (C9,21, s,zo)} 142.45
(Cag6); 145.56 (Cygs); 148.35 (Cypy); 150.75 (C,yy), 169.56-
(Ce16); 170.85 (Cy15); 177.21(Cyyy). Caled for Cy,H, 304 C,
68.94%; H, 3.86%; O, 27.21%. Found: C, 69.1; H, 3.9; O,
27.3%.

8.5.4. 7-Phenyl-6H,7H,8H-pyrano[3,2-c:5,6-c’']-
dichromene-6,8-dione (5d). Yield: 94%; m.p. 287 °C. IR v
(em™): 1658 (CO); 1585 (C=C). 1H NMR (400 MHz,
CDCly) (4, ppm): 3.52 (s, 3H, Hy); 3.67 (s, 3H, Hy); 5.13 (s,
1H, H,,); 6.35 (d, 1H,H,,), 6.52 (dd, 1H, Hy); 7.35 (d, 2H,
H,5); 7.45(td, 2H, Ho,,), 7.54(d, 1H, Hy),), 7.65 (td, 2H,
Hy ), 8.17 (dd, 2H, H,45,). *C NMR (100 MHz, CDCl,) (4,
ppm): 3145 (Cy,); 5546 (Cy); 55.62 (Cy); 99.35 (Cy);
104.58 (Cs13); 104.62 (Cy); 113.85 (Cyy); 11722 (Cs 1)
120.18 (C;9); 122.17 (Cg,,); 124.46 (Cy ), 132.32 (Cy0);
133.38 (Cy); 152.72 (Cgye); 15421 (Cyy); 15942 (Cy);
16042 (C,5), 162.85 (C,y,). Caled for C25H1405: C,

76.14%; H, 3.58%; O, 20.28%. Found: C, 76.2; H, 3.6; O,
20.3%.

8.5.5. 7-(4-Methoxyphenyl)-6H,7H,8H-pyrano[3,2-c:5,6-
c'Jdichromene-6,8-dione (5e). Yield: 85%; m.p. 287 °C. IR
v (em™): 1665 (CO); 1607 (C=C). 'H NMR (400 MHz,
CDCly) (4, ppm): S.12 (s, 1H, Hy,); 7.41-7.47 (6, 4HH
9,21,7,19): 7.73=7.70 (m, 4H, H8,20,29,25); 8.21 (d; 2H, Hlo,zz);
8.31 (dd, 1H, H,q,). *C NMR (100 MHz, CDCl;) (4, ppm):
34.01 (Cyp,); 105.22 (Csy3); 112.94 (Cs17); 116.72 (Cy19);
12326 (Cyg2); 12346 (Cyga); 125.01 (Cyyy); 130.56-
(Cho2s); 133.51 (Cgap), 146.71 (C,;); 148.73 (Cyy); 152.12
(Ce,16); 153.64 (Cy15); 159.64 (C,,14). Caled for C26H1606:
C, 73.58%%; H, 3.80%; O, 22.62%. Found: C, 73.6; H, 3.9; O,
22.7%.

8.5.6. 7-(2-(Benzyloxy)phenyl)-6H,7H,8H-pyrano[3,2-c:5,6-
c'Jdichromene-6,8-dione (5f). Yield: 87%; m.p. 324 °C. IR v
(em™): 1664 (CO); 1607 (C=C). 'H NMR (400 MHz,
CDCL;) (4, ppm): S5.14(s, 1H, H,,); 7.35-7.51 (m,
8HJH9,21,820,7,19,29,25)! 7.67 (t, 2H, st,zs)? 8.12 (dx 2H,
H,,)- BC'NMR (100 MHz, CDCL) (4, ppm): 34.38
(Cpp); 106.64 (Cj,3); 113.14(Cs 17); 117.12 (C,9); 12232
(Cyr); 124.56 (Cyg00); 130.48 (Cyy)); 131.42 (Cgyp); 132.74
(C29,25): 139.78 (C28,26,24)5 152.52 (C6,16)5 153.62 (C4,18);
159.74 (C,,4). Caled for C32H2006: C, 76.79%; H, 4.03%;
0, 19.18%. Found: C, 76.8; H, 4.1; O, 19.2%.

8.5.7. 7-(4-Nitrophenyl)-6H,7H,8H-pyrano[3,2-c:5,6-c’]-
dichromene-6,8-dione (5g). Yield: 95%; m.p. 284 °C. IR v
(em™): 1664 (CO); 1624 (C=C). 'H NMR (400 MHz,
CDCl,) (4, ppm): 1.38 (t, 3H, H,), 4.12 (q, 2H, Hy), 5.21 (s,
1H, H,,); 6.65(dd, 1H,H,,), 6.76 (d, 1H, H,); 7.38 (d, 1H,
H,); 7.84 (dd, 2H, Hy,,), 7.56 (td,2 H, H; o), 7.72 (td, 2H,
Hy ), 8.12 (dd,2 H, Hy,,). *C NMR (100 MHz, CDCL,) (4,
ppm): 14.83 (C.); 34.57(Cp,); 64.62 (Cyp); 10632 (Cy3);
114.52 (Cy); 11547 (Cye); 117.33 (Cyy); 119.68 (Csy17);
122.34 (C;19); 122.64 (Cys); 124.82 (Cygpy), 133.13(Cyyy);
139.47 (Cga0); 139.72 (Cyy); 15045 (Cyy), 15275 (Cy),
155.73 (Cqgu6); 160.37(Cy15); 169.12 (C,y,). Caled for
C25H1307N: C, 68.34%; H, 2.98; N, 3.19; %; O, 25.49%.
Found: C, 68.4; H, 3.1; N, 3.2; O, 25.5%.

9. ANTIBACTERIAL ACTIVITY

9.1. Bacterial Strains, Media, and Growth Conditions.
Bacteria strains used as indicator microorganisms for the
antibacterial activity assays were: Micrococcus luteus (M. luteus)
LB 14110, Staphylococcus aureus (S. aureus) ATCC6538,
Listeria monocytogenes (L. monocytogenes) ATCC 19117,
Salmonella Typhimurium (S. typhimurium) ATCC 14028,
Pseudomonas aeruginosa (P. aeruginosa) ATCC 49189, and
>E. coli>. These bacterial strains were grown overnight in
Luria-Bertani (LB) agar medium (g/L): peptone 10; yeast
extract 5 and NaCl 5 at pH 7.2 under aerobic conditions and
constant agitation (200 rpm) at 30 °C for M. luteus LB14110
and L. monocytogenes ATCC 19117 and at 37 °C for S. aureus
ATCC 6538, S. typhimurium ATCC 14028 and P. aeruginosa
ATCC49189 and then diluted 1:100 in LB media and
incubated for S h under constant agitation (200 rpm) at the
appropriate temperature.

9.2. Agar Well Diffusion Method. Agar well diffusion
method was employed for the determination of the
antimicrobial activity of the synthesized compounds according
to Giiven et al’' with some modifications. Briefly, the
synthesized compounds are allowed to diffuse out into the
appropriate agar medium (LB agar medium) and interact in a
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plate freshly seeded with a suspension of the indicator
microorganisms (0.1 mL of 108 cells per mL). The plate was
incubated at the appropriate temperature after staying at 4 °C
for 2 h. The resulting zones of inhibition will be uniformly
circular as there will be a confluent lawn of growth. The
antibacterial activity was assayed by measuring in millimeters
the diameter of the inhibition zone formed around the well. All
tests are assayed in triplicate and expressed as the average =+
standard deviation of the measurements.

9.3. Minimum Inhibitory Concentration (MIC). The
minimum inhibitory concentration (MIC) of the synthesized
compounds was determined by NCCLS guideline M7-A6 and
M38-P (National Committee for clinical laboratory standard,
Wayne 1998).>> The test was performed in sterile 96-well
microplates with a final volume in each microplate well of 100
uL. The synthesized compounds (20 mg/mL) were properly
prepared in solution of dimethylsulfoxide (DMSO)/water (1/
9; v/v). The inhibitory activity of each synthesized compound
was transferred to each well to obtain a twofold serial dilution
of the original sample and visible growth after incubation. As
an indicator of microorganism growth, 25 yL of thiazolyl blue
tetrazolium bromide (MTT), indicator solution (0.5 mg/mL)
dissolved in sterile water was added to the wells and incubated
at room temperature for 30 min. This determination was done
in triplicate, and the obtained results were very similar. The
reported value is the average of the three tests.

10. ANTIOXIDANT ACTIVITY

10.1. DPPH Radical Scavenging Assay. The free radical
scavenging activity for DPPH radicals was performed as
described previously.” In brief, the reaction mixture contained
200 puL of 0.1 mM DPPH—ethanol solution, 90 uL of 50 mM
Tris—HCI buffer (pH 7.4), and 10 uL of deionized water (as
control) and various concentrations of the compounds 2—$
(3.0—16.0 uM), and ascorbic acid was used as a control. The
reaction mixture was incubated for 30 min at room
temperature, and absorbance was read at 540 nm. The
percentage radical scavenging activity was calculated according
to the following formula: inhibition (%) = [(absorbance
control — absorbance sample)/absorbance control] X 100.

11. ANTI-INFLAMMATORY ACTIVITY

11.1. Lipoxygenase Inhibition Assay. The lipoxygenase
inhibition assay was E_erformed according to the method
previously described.”*”* Briefly, to a solution of 0.1 mL of 0.2
M borate buffer (pH 9.0) and 0.1 mL of 1000 units lipoxydase
enzyme solution, the compounds 2—3$ tested and dissolved in
DMSO (3—16 uM) were added, agitated, and incubated at
room temperature for S min. Later, 2.0 mL of 0.6 mM linoleic
acid was added and the absorbance was measured at 234 nm.
Indomethacin was used as standard. The percent (%)
inhibition was calculated by the following equation:

inhibition (%) = [(absorbance control
— absorbance sample)
/absorbance control] X 100

11.2. Indirect Haemolytic Assay. Indirect haemolytic
assay was performed according to the reported method.”™’
One milliliter of fresh human red blood cells and 1 mL of fresh
Hen’s egg yolk in 8 mL of phosphate buffered saline were
mixed to prepare the substrate for indirect hemolytic activity.

One milliliter of this suspension was incubated with 4—28 ug
of partially purified venom for 45 min at 37 °C, and 9 mL ice
cold sodium perborate was used to stop the reaction. The
reaction mixture was centrifuged at 2000 rpm for 20 min, and
then the released hemoglobin was read at 540 nm. For
inhibition studies, 10 yg of the venom sample (secretory PLA,
purchased from Sigma) was incubated with various concen-
trations of compounds 2—5 (20—100 M in DMSO) for 30
min at room temperature and mixed with 1 mL of substrate
solution and incubated at room temperature for 30 min. The
reaction was stopped by adding 9 mL of ice cold sodium
perborate, and the extent of hemolysis is measured at 540 nm.
Aristolochic acid was used as reference drug. The percent (%)
inhibition was calculated as follows: inhibition (%) =
[(absorbance control — absorbance sample)/absorbance
control] X 100.

12. THEORETICAL DETAILS

Molecular docking simulation of the synthesized compounds
2a—f and Sa—e into antibacterial protein targets is carried out
using the Molecular Operating Environment (MOE 2015.10)
software package.”® The antibacterial targets (PDB IDs: 1]IJ,
1JIL, 1LXC, 2WEG, 3JQ9, SR80, and 6CJF) are retrieved from
the protein data bank.”

Each protein target was 3D protonated, with default
parameters of MOE, after removing solvent molecules and
co-crystallized ligands and adding the missing hydrogen atoms.
Further, the errors like steric clashes, missing loops, missing
atom names, and picking alternate conformations in the
protein crystallographic data were corrected. Then, the energy
minimization was performed using the MMFF94x force field
and the partial charges were assigned using the default
parameters. The studied ligands are drawn and minimized
with the MOE package using the same force field. The active
site, where docking was carried out, is determined by using the
Site Finder application in MOE. The dummy site was created
with an alpha sphere around an active site. The default triangle
matcher placement method was employed for docking.
London dG scoring function was chosen to score the top
1000 poses obtained from the triangle matcher placement
method. The 100 top-ranked poses are ranked by the London
dG and then minimized using the MMFF94x force field within
a rigid receptor.

The resulting poses were then scored using the generalized-
Born volume integral/weighted surface area (GBVI/WSA) dG
scoring function, which estimates the binding free energy for a
given pose of the ligand. The docking score is the binding free
energy, calculated by the GBVI/WSA scoring function in the S
field, which is the score of the last stage. The lower score
indicates a more favorable pose. Poses with high RMSD values
are not considered. The ligand interaction tool was used for 2D
and 3D visualizations of protein—ligand interactions.
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(Figure S1) FT-IR spectrum of compound 2a, (Figure
$2) '"H NMR spectrum of compound 2a (in CDCl;, 400
MHz, 25 °C, TMS), (Figure S3) *C NMR spectrum of
compound 2a (in CDCl;, 125 MHz, 25 °C, TMS),
(Figure S4) MS Spectra of compound 2a, (Figure SS)
FT-IR spectrum of compound 2b, (Figure S6) '"H NMR
spectrum of compound 2b (in CDCl;, 400 MHz, 25 °C,
TMS), (Figure S7) *C NMR spectrum of compound 2b
(in CDCL,, 125 MHz, 25 °C, TMS), (Figure S8) MS
Spectra of compound 2b, (Figure S9) FT-IR spectrum
of compound 2c, (Figure $10) '"H NMR am2c21877m
spectrum of compound 2¢ (in CDCl;, 400 MHz, 25 °C,
TMS), (Figure S11) *C NMR spectrum of compound
2¢ (in CDCly, 125 MHz, 25 °C, TMS), (Figure S12)
MS spectra of compound 2c, (Figure S13) FT-IR
spectrum of compound 2d, (Figure S14) 'H NMR
spectrum of compound 2d (in CDCl;, 400 MHz, 25 °C,
TMS), (Figure S15) *C NMR spectrum of compound
2d (in CDCI3, 125 MHz, 25 °C, TMS), (Figure S16)
MS spectra of compound 2d, (Figure S17) FT-IR
spectrum of compound 2e, (Figure S18) 'H NMR
spectrum of compound 2e (in CDCl,;, 400 MHz, 25 °C,
TMS), (Figure S19) *C NMR spectrum of compound
2e (in CDCl;, 125 MHz, 25 °C, TMS), (Figure S20)
MS spectra of compound 2e, (Figure S21) FT-IR
spectrum of compound 2f (Figure S22) 'H NMR
spectrum of compound 2f (in CDCl;, 400 MHz, 25 °C,
TMS), (Figure S23) BC NMR spectrum of compound
2f (in CDCl,, 125 MHz, 25 °C, TMS), (Figure $24) MS
spectra of compound 2f, (Figure $25) FT-IR spectrum
of compound 2g, (Figure S26) 'H NMR spectrum of
compound 2g (in CDCl;, 400 MHz, 25 °C, TMS),
(Figure S27) *C NMR spectrum of compound 2g (in
CDCl,, 125 MHz, 25 °C, TMS), (Figure $28) MS
spectra of compound 2g, (Figure $29) FT-IR spectrum
of compound 5a, (Figure $30) 'H NMR spectrum of
compound Sa (in CDCl;, 400 MHz, 25 °C, TMS),
(Figure S31) 3C NMR spectrum of compound 5a (in
CDCl,, 125 MHz, 25 °C, TMS), (Figure $32) MS
spectra of compound Sa, (Figure $33) FT-IR spectrum
of compound 5b, (Figure S34) 'H NMR spectrum of
compound Sb (in CDCl,;, 400 MHz, 25 °C, TMS),
(Figure S35) '*C NMR spectrum of compound $b (in
CDCl,, 125 MHz, 25 °C, TMS), (Figure $36) MS
spectra of compound $Sb, (Figure $37) FT-IR spectrum
of compound Sc, (Figure S38) '"H NMR spectrum of
compound 5c (in DMSO-dg, 400 MHz, 25 °C, TMS),
(Figure $39) *C NMR spectrum of compound Sc (in
DMSO-dg, 125 MHz, 25 °C, TMS), (Figure S40) MS
Spectra of compound Sc, (Figure S41) FT-IR spectrum
of compound 5d, (Figure S42) 'H NMR spectrum of
compound 5d (in CDCl;, 400 MHz, 25 °C, TMS),
(Figure S43) *C NMR spectrum of compound 5d (in
CDCl,, 125 MHz, 25 °C, TMS), (Figure $44) MS
spectra of compound 5d, (Figure $45) FT-IR spectrum
of compound 5g, (Figure S46) 'H NMR spectrum of
compound 5g (in DMSO-d,, 400 MHz, 25 °C, TMS),
(Figure S47) “C NMR spectrum of compound 5g (in
DMSO-d,, 125 MHz, 25 °C, TMS), (Figure S48) MS
spectra of compound Sg, (Figure S49) FT-IR spectrum
of compound Se, (Figure S50) 'H NMR spectrum of
compound Se (in CDCl;, 400 MHz, 25 °C, TMS),
(Figure S51) C NMR spectrum of compound Se (in

CDCl,, 125 MHz, 25 °C, TMS), (Figure S52) MS
spectra of compound Se, (Figure $53) FT-IR spectrum
of compound 5f, (Figure S54) 'H NMR spectrum of
compound Sg (in CDCl;, 400 MHz, 25 °C, TMS),
(Figure SSS) 3C NMR spectrum of compound 5g (in
CDCl,, 125 MHz, 25 °C, TMS), (Figure S56) MS
spectra of compound Sg, (Figure S57) 'H NMR
spectrum of compound 3 (in CDCl;, 400 MHz, 25
°C, TMS), (Figure S58) FT-IR spectrum of compound
3, (Figure S59) 'H NMR spectrum of compound 4 (in
CDCl,, 400 MHz, 25 °C, TMS), (Figure $60) FT-IR
spectrum of compound 4 (PDF)
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