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Synthesis, characterization, and antibacterial
activity of novel bis(indolyl)methanes sourced from

biorenewable furfurals using gluconic acid aqueous
solution (GAAS) as a sustainable catalystf
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Bis(indolyllmethanes (BIMs) are important heterocycle-containing molecular scaffolds that show

remarkable biological and pharmacological activities. This work reports the synthesis of novel BIMs using

carbohydrate-derived 5-substituted-2-furaldehydes as renewable reactants. Structural diversity was

introduced in the BIMs as substituents in the indole and furaldehyde moieties. Various commonly

encountered biorenewable carboxylic acids were screened as catalysts for the acid-catalyzed

transformation under organic solvent-free conditions. All the novel BIMs were characterized by
spectroscopic techniques (FTIR, *H-NMR, *C-NMR) and elemental analysis. The reaction was optimized

on the reaction temperature, duration, catalyst type, and catalyst loading. The gluconic acid aqueous

solution (GAAS) showed the best catalytic activity for the transformation, affording satisfactory isolated
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yields (68-96%) of the targeted BIMs under optimized conditions. The GAAS catalyst was conveniently

recovered from the reaction mixture and reused for four consecutive cycles without catastrophic loss in
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1. Introduction

Carbohydrate-derived 5-substituted-2-furaldehydes (SFLs) have
attracted serious attention as biorenewable platform chemicals
for synthesizing various classes of organic chemicals of
commercial appeal.”” The two most prominent members of
biorenewable furaldehydes are furfural (FF) and 5-(hydrox-
ymethyl)furfural (HMF), whereas the other SFLs are typically
synthesized from these two chemicals by predominantly cata-
lytic processes.* FF is produced by the acid-catalyzed dehydra-
tion of pentose sugars (e.g., xylose) in the hemicellulose fraction
of lignocellulosic biomass.® On the other hand, HMF is formed
by the acid-catalyzed dehydration of hexoses (e.g., glucose) in
the cellulose and hemicellulose fractions.® The derivative
chemistry of FF and HMF has expanded rapidly over the past
decades, encompassing virtually all types of organic
compounds and product classes.”® FF is commonly used as
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either mass or activity. Moreover, the antibacterial activities of the novel BIMs were studied on Gram-
positive and Gram-negative bacterial strains, such as Enterococcus faecalis and Pseudomonas syringae.

a substrate in various organic methodologies and catalytic
organic transformations to demonstrate the broad substrate
scope of the process.” The systematic study of biomass-derived
SFLs as renewable substrates for synthesizing novel heterocyclic
compounds has enormous scope but is relatively underexplored
in the literature. The chemistry of heterocycles is one of the
cornerstones of synthetic organic chemistry, and they are
known for their remarkable biological and pharmacological
properties.’”™ The systematic synthesis of novel heterocyclic
compounds starting from SFLs would allow access to hitherto
unexplored molecules, study their physicochemical properties
and biological activities, and explore their potential applica-
tions. We have recently reported the synthesis of novel hetero-
cyclic compounds starting with SFLs as biorenewable reactants,
using Morita-Baylis-Hillman, Biginelli, and Hantzsch reac-
tions.”" In this regard, bis(indolyl)methane (BIM) is a well-
documented class of heterocycle with remarkable antimicro-
bial, antibacterial, antiviral, antifungal, anti-metastatic, anal-
gesic, and anti-inflammatory activities.*'® BIMs are
synthesized by the acid-catalyzed condensation between two
indole (or 2-substituted indole) molecules with a suitable
aldehyde under acid catalysis. Numerous catalysts and reaction
media have been examined for the selective and high-yielding
synthesis of BIMs with desired synthetic versatility, substrate
scope, and process scalability. With increasing awareness about
the sustainability and environmental impact of organic
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transformations, new generations of effective and innocuous
catalysts and reaction media are being developed for synthe-
sizing BIMs."*® Research has also been focused on using
sustainable starting materials, reagents, and reaction auxilia-
ries sourced from renewable biomass to ensure leading to
economic, social, and environmental advantages. A high-
yielding synthesis of novel BIMs starting from SFLs under
environmentally acceptable conditions will improve the
economic feasibility of SFLs as sustainable chemical building
blocks. Since increasing attention given to sustainability in the
chemical industry, organic transformations have been per-
formed in aqueous media or melt, avoiding the use of
hazardous, volatile organic solvents.”>" Biogenic acids and
their aqueous solutions have received immense interest as
efficient catalysts and reaction media since they are renewable,
eco-friendly, recoverable, and inexpensive.?*”** Acetic acid, lactic
acid, formic acid, oxalic acid, and gluconic acid aqueous solu-
tion (GAAS) are some of the most frequently used biomass-
derived acid catalysts for acid-catalyzed organic
transformations.”*?® Interestingly, the synthesis of BIMs has
already been attempted using carboxylic acids as catalysts. For
example, itaconic acid has been used as a biorenewable
carboxylic acid catalyst for the synthesis of BIMs starting from
substituted benzaldehydes.* Gluconic acid is chemically stable,
non-volatile, and is roughly ten times stronger acid (pK, = 3.70)
than acetic acid.*® Gluconic acid can be produced by the che-
mocatalytic or enzymatic oxidation of glucose or polymeric
carbohydrates (e.g., cellulose).*** Herein, we report the
production of novel BIMs by condensing indoles and bio-
renewable SFLs using GAAS as an efficient, renewable, innoc-
uous, and recyclable acid catalyst under organic solvent-free
conditions (Scheme 1). The process has been optimized on
various reaction parameters, such as temperature, duration,
and catalyst loading, to ensure high selectivity and yield of the
targeted BIMs under environmentally acceptable conditions.
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The antibacterial activities of the novel BIMs towards Gram-
positive and Gram-negative bacteria have also been
investigated.

2. Experimental

2.1. Materials

Indole (99%), 2-methylindole (98%), furfural (99%), and mesi-
tylene (99%) were purchased from Spectrochem Pvt. Ltd. 5-
Methylfurfural (99%) was purchased from Sigma-Aldrich. 5-
(Chloromethyl)furfural, 5-(hydroxymethyl)furfural, 5-(acetox-
ymethyl)furfural, 5-(ethoxymethyl)furfural, 5-(benzyloxymethyl)
furfural, 5-(4-methoxybenzyloxymethyl)furfural, 5-(4-chlor-
obenzyloxymethyl)furfural, and 5-(mesitylmethyl)furfural were
synthesized as per the reported literature.**** Gluconic acid
(50%, aq.) was purchased from TCI, Japan. Dimethyl sulfoxide
(DMSO, 99%) was purchased from Himedia Laboratory, Mum-
bai, India. Thin-layer chromatography (TLC) plates, silica gel
pre-coated on aluminium sheets, were purchased from Merck
(TLC Silica Gel 60 F254).

2.2. Instrumentation

The synthesized BIMs were characterized by spectroscopic
methods and elemental analysis. Fourier transform infrared
(FTIR) spectra were collected using the ATR method in a Bruker
Alpha II FTIR instrument equipped with zinc selenide (ZnSe) as
the prism material. The compounds were dissolved in chloro-
form, and a thin film was made by evaporating a drop of the
solution on the ATR counter. Each FTIR spectrum was collected
by taking 24 scans at a scanning speed of 4 scans per second
within the spectral range of 500-4000 cm™'. For nuclear
magnetic resonance (NMR) spectroscopy, the "H-NMR spectra
were collected in a Bruker NanoBay® NMR instrument at the
operating radio frequency of 400 MHz. The "*C-NMR spectra
were recorded in the same instrument at the frequency of 100
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Scheme 1
from SFLs and indoles.
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(A) Biorenewable synthesis of HMF and gluconic acid from carbohydrates, and (B) GAAS-catalyzed synthesis of novel BIMs starting
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MHz (calculated). Elemental analyses of the synthesized novel
compounds were collected using Elementar, Germany (Model:
vario MICRO select). The melting point of the bis(indolyl)
methanes was measured in the Stuart SMP3 digital melting
point apparatus.

2.3. Synthetic procedure

2.3.1. Synthesis of 3,3'-((5-methylfuran-2-yl)methylene)
bis(1H-indole) (1b). MF (0.250 g, 2.27 mmol), indole (0.531 g,
4.53 mmol), and GAAS (0.445 g, 1.13 mmol, 50 mol%) were
charged into a round-bottomed flask (25 mL) equipped with
a water-jacketed reflux condenser. The flask was placed in
a preheated (80 °C) oil bath and magnetically stirred for 6 h. The
reaction progress was monitored by thin-layer chromatography
for the disappearance of MF. After the reaction, the reaction
mixture was cooled down to room temperature and quenched in
ice-cold water. The aqueous suspension was filtered, washed
with hot pet ether, and dried in air. The crude product was
dissolved in ethanol, decolorized with activated carbon, filtered
under vacuum, and evaporated in a rotary evaporator under
reduced pressure to get purified 1b (0.652 g, 88%) as a faintly
red solid.

2.4. Antibacterial studies

The antibacterial activity of the compounds was assessed using
the agar well diffusion method. The synthesized compounds
were tested for their potential antibacterial activity against
selected clinical and pathogenic bacterial strains (cultures were
procured from the Institute of Microbial Technology, Chandi-
garh, India), Gram-positive bacteria- Enterococcus faecalis
(MTCC 439), Staphylococcus aureus (MTCC 902), Gram-negative
bacteria- Klebsiella pneumoniae (MTCC 1559), and Pseudomonas
syringae (MTCC-1604) by agar well diffusion method.** For
testing activity on the bacterial strains, Ciprofloxacin (Ciprodac
250, CADILA Pharmaceuticals Limited), a broad-spectrum
commercial antibiotic, was used as the positive control, and
dimethyl sulfoxide was used as the negative control. Bacterial
strains were cultured in the nutrient agar broth. The test
compounds (10 mg) were dissolved separately in dimethyl
sulfoxide (1000 pL) and diluted to three different concentra-
tions, specifically, 100% (10 mg mL "), 50% (5 mg mL™ "), and
25% (2.5 mg mL™"). The zone of inhibition (ZI) data is the
average of three replicates and data represented in standard
deviation (SD). The bacterial suspension was swabbed on the
solidified agar media. Wells were made on the solid agar
medium using a sterile cork borer (5 mm diameter), and 20 uL
of the test sample, standard solution of Ciprofloxacin, or the
solvent was added to each well and incubated at 37 °C for 24 h.
Petri plates were observed to measure the ZI (diameter in mm)
for evaluating the antibacterial activity of the synthesized
BIMs.*®

3. Results and discussion

Initially, bis(indolyl)methane 1b was synthesized by mixing 5-
methylfurfural (MF) and indole in a 1:2 molar ratio and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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magnetically stirring the mixture at elevated temperatures. The
reaction progress was monitored by using TLC for the disap-
pearance of MF. The control reaction, performed without
a catalyst, resulted in a 20% yield of 1b after 24 h. The low yield
was due to slow kinetics and low conversion of MF at room
temperature. When the temperature was raised to 80 °C, the
reaction gave a 60% yield of 1b after 12 h. However, the reaction
remained incomplete, and partial decomposition of MF was
observed. The synthesis of 1b was then attempted using the
aqueous solution of different biogenic acids as catalysts. When
the reaction was carried out at 80 °C using roughly 1:2 molar
ratio of MF and indole in the presence of 50 mol% of GAAS
(50%, aq.), an 88% isolated yield of 1b was obtained. Table 1
shows the influence of various biorenewable carboxylic acids in
the aqueous solution as an acid catalyst for synthesizing 1b. The
reaction temperature was fixed at 80 °C, and the reaction was
continued till the complete conversion of MF. Three carboxylic
acids, namely, acetic acid (entry 2), GAAS (entry 4), and lactic
acid (entry 5), afforded high isolated yields (>80%) of the tar-
geted product 1b. Lactic acid showed particularly interesting
catalytic activity, affording an 84% yield of 1b after 1 h at 80 °C.
However, the GAAS catalyst provided higher isolated yields (4-
8%) of the targeted BIMs from other SFLs under optimized
conditions. Moreover, multiple spots were observed on the TLC
plate when lactic acid was used as the catalyst, requiring chro-
matographic purification of the products. No direct relationship
between the pK, of the acid catalyst and its activity (or selec-
tivity) was apparent. 2,5-Furandicarboxylic acid gave only a 54%
yield of 1b, possibly due to the low solubility of the acid catalyst
in the aqueous medium. Levulinic acid (entry 7) and oxalic acid
(entry 9) gave 78% and 76% yields of 1b, respectively. Formic
acid (entry 3) afforded a 68% yield of 1b after 3 h at 80 °C,
whereas succinic acid (entry 6) gave a 60% yield after 2 h reac-
tion. GAAS was found to be the most efficient catalyst, providing
an 88% isolated yield of 1b after 6 h at 80 °C (entry 4). Therefore,
further reaction optimizations were performed using GAAS as
the catalyst of choice. The transformation was then optimized
on various other reaction parameters, such as reaction
temperature, catalyst loading, and reaction duration. Initially,
the effect of reaction temperature was studied since it affects
the reaction kinetics, product selectivity, and stability of

Table1 The synthesis of bis(indolyl)methane 1b from 5-methylfurfural
using various biogenic acids as catalysts®

Entry Catalyst Time (h) Yield (%)
1 No catalyst 12 60
2 Acetic acid 2.5 81
3 Formic acid 3 68
4 GAAS 6 88
5 Lactic acid 1 84
6 Succinic acid 2 60
7 Levulinic acid 2 78
8 2,5-Furandicarboxylic acid 7 54
9 Oxalic acid 2 76

“ Reaction conditions: MF (0.250 g, 2.27 mmol), indole (0.531 g, 4.53
mmol), catalyst (50 wt% aqueous solution, 50 mol%), 80 °C.

RSC Adv, 2024, 14, 21553-21562 | 21555
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Fig. 1 The effect of reaction temperature on the isolated yield of
bis(indolyl)methane 1b. Reaction conditions: MF (0.250 g, 2.27 mmol),
indole (0.531 g, 4.53 mmol), GAAS (50 mol%).

reactants, products, and catalysts. When the reaction was per-
formed at RT with 50 mol% GAAS catalyst, the yield of 1b
reached 46% after 48 h (Fig. 1). The low yield was due to slow
kinetics and incomplete conversion of MF. When the temper-
ature was slightly elevated to 40 °C, the kinetics got faster, and
a 40% yield of 1b was obtained within 24 h. Increasing the
temperature to 60 °C gave a 72% yield of 1b after 6 h of reaction.
The yield of 1b reached maximum at 88% when the reaction was
performed for 6 h at 80 °C. However, further increasing the
reaction temperature to 100 °C lowered the yield of 1b to 76%
due to partial decomposition of MF in aqueous acid at elevated
temperature. Therefore, 80 °C was considered the optimum
reaction temperature for synthesizing novel BIMs from SFLs.
Scaling up the reaction with 2 g of MF gave a 90% isolated yield
of 1b under optimized conditions (i.e., 80 °C, 6 h, 50 mol%
GAAS). The effect of the loading of the GAAS catalyst on the
isolated yield of 1b was studied next. When the loading of GAAS
(with respect to the mmol of MF used) was decreased to
25 mol%, a 74% yield of 1b was obtained after 6 h of reaction at
80 °C. The lower yield was due to incomplete conversion of MF
due to slower kinetics. However, using an excess catalyst (1 mL
of GAAS for 0.250 g of MF) also marginally decreased the yield of
1b (compared to that using 50 mol% GAAS catalyst) due to the
accelerated decomposition of MF in the aqueous acid.

The effect of reaction duration on the yield of 1b was studied
next by keeping the reaction temperature and the loading of the
GAAS catalyst at their optimized values (Fig. 2). A duration of 4 h
gave only a 65% isolated yield of 1b due to incomplete conver-
sion of MF. Increasing the reaction duration to 6 h gave an 88%
yield of 1b, which remained the same even after 8 h of reaction.
Extending the reaction duration to 10 h marginally decreased
the yield of 1b to 84% due to partial decomposition of 1b in the
aqueous acid at elevated temperature. Recyclability of the
catalyst is a crucial factor in organic transformation for favor-
able green metrics and process economy. Even though GAAS is
relatively inexpensive, non-toxic, and sustainably produced
from carbohydrates, the recyclability of the GAAS catalyst was
explored.
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Fig. 2 Effect of reaction duration on the isolated yield of 1b. Reaction
conditions: MF (0.250 g, 2.27 mmol), indole (0.531 g, 4.53 mmol), GAAS
(50 mol%), 80 °C.

Recyclability of the GAAS catalyst was tested under optimized
reaction conditions (i.e., 80 °C, 6 h, 50 mol% GAAS). After the
reaction, the mixture was cooled to room temperature, poured
into crushed ice, and the product was separated by vacuum
filtration. The aqueous layer was evaporated under reduced
pressure to recover the catalyst. The recycled GAAS catalyst
showed good catalytic activity up to four cycles with only
a marginal dip in activity (Fig. 3). The slight dip in the catalytic
activity of the GAAS catalyst could result from the mass loss of
gluconic acid during recycling or its partial lactonization during
the evaporation of excess water.

The optimized reaction conditions for 1b were applied to
synthesize BIMs (1a-1r). The molecular structure, yield, and
antibacterial activity of BIMs 1a-1i, produced by reacting SFLs
with two equivalents of indole in the presence of 50 mol% GAAS
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Fig. 3 Recyclability study of the GAAS catalyst for synthesizing
bis(indolyl)methane 1b. Reaction conditions: MF (0.250 g, 2.27 mmol),
indole (0.531 g, 4.53 mmol), GAAS (0.445 g, 50 mol%), 80 °C, 6 h.
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Table 2 Synthesis of novel bis(indolyl)methanes starting from biorenewable 5-substituted-2-furaldehydes and indole and their antibacterial

activities?
Antibacterial activity
ZI (mean + SD in mm)
Entry Structure & code Time (h) Yield (%) Conc. (%) Ef Ps
H 100 9+ 0.57 0
] 50 6 +0.12 0
Q 7 25 3.5 £+ 0.57 0
1 (0] H 6 96
AN
N 1a
H
H 100 7 +£0.57 9 +0.57
N 50 6+ 0.21 6.5 & 0.12
/ 25 2541 3.8+ 0.57
7\
2 o “Me 6 88
A\
N 1b
H
H 100 7+1 7 +0.57
N 50 5+ 0.57 4+057
/ / 25 2.5 +0.23 2 +0.23
\ o _Me
3 o) \“’ 1.5 90
N\ (e}
N 1c
H
H 100 0 0
N 50 0 0
Q J /3 25 0 0
4 o~ CH 15 82
A\
N d
H
H 100 12 + 0.22 13 £+ 0.23
N 50 8 +0.57 11 + 0.57
O J 7 25 6 + 0.32 8 + 0.57
5P L _on 3 68
o
N
N 1e
H
H 100 12 + 0.57 10 + 0.12
N 50 10 + 0.21 8 £ 0.57
Q J R 25 8 + 0.57 6 + 0.32
6° 0 8 88
o)
o L
N 1f
H
H 100 13 + 0.57 12 + 0.57
N cl 50 10 £ 0.52 10 + 0.22
Q / /3 25 8 +0.12 8 +0.11
7 o ~° 5 85
oy,
N 19
H
H 100 0 0
N OMe 50 0 0
25 0 0
68

o]
Sl
o\
: ?
(o]

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

RSC Adv, 2024, 14, 21553-21562 | 21557


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra03905j

Open Access Article. Published on 08 July 2024. Downloaded on 4/20/2026 9:17:34 PM.

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

[{ec

View Article Online

RSC Advances Paper
Table 2 (Contd.)
Antibacterial activity
ZI (mean + SD in mm)

Entry Structure & code Time (h) Yield (%) Conc. (%) Ef Ps

H 100 14 + 0.23 15 £ 0.57

N 50 10 + 0.57 10 + 0.15

Me 25 7 +0.17 8+ 0.57

9 12 78

\
N
H

“ Reaction conditions: SFLs (5.21 mmol), indole (10.42 mmol, 2 equiv.), GAAS catalyst (50 mol% of SFL), 80 °C. ? 60 °C, 25 mol% GAAS.
¢ Concentrations (100% = 10 mg mL "', 50% = 5 mg mL "', 25% = 2.5 mg mL ‘). The antibacterial activity of the standard Ciprofloxacin is 28.1

+ 0.57 mm for Ef and 26.3 £ 0.57 mm for Ps (at 100% conc.).

Fig. 4 The proposed mechanism of forming 1b starting from indole
and MF using GAAS as the catalyst.

catalyst, are listed in Table 2. All the SFLs afforded good to
excellent isolated yields of the corresponding BIM. HMF and 5-
(4-methoxybenzyloxymethyl)furfural gave relatively lower yields
(i.e., 68%) of the corresponding BIMs (1le & 1h) (entry 5 & 8,
Table 2). The lower yield in the case of HMF was due to the
inherent instability of HMF in aqueous acid. When the required
amount of HMF was used at a stretch at 60 °C, only a 60% yield
of 1e was obtained. The yield of 1e improved to 68% when HMF
was added slowly in portions to the preheated mixture of indole
and GAAS. Increasing the temperature to 80 °C or increasing the
GAAS catalyst loading to 50 mol% accelerated the reaction, but
the selectivity towards 1e was low due to the partial decompo-
sition of HMF. The relatively low yield of 1h was due to the

Fig. 5 Photographic images of the Petri plates for studying antibacterial activities of BIMs 1j—1r against the bacterial strains Ef and Ps.
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Zone of inhibition

(mean =+ SD in mm)

Entry Structure & code Time (min) Yield (%) Conc. (%) Sa Ps
100 18 + 0.57 14 4+ 0.57
50 16 + 0.1 13 4 0.22
25 14 + 0.57 12 + 0.57
1 20 95
100 15+ 1 14 + 0.57
50 14 + 0.57 12 + 0.32
25 12 + 0.52 8 +0.57
2 20 94
100 16 + 0.57 0
50 14+1 0
25 13 4+ 0.23 0
3 45 90
100 0 6 +0.23
50 0 4+032
25 0 241
4 90 78
H 100 15 + 0.57 12 4+ 0.23
N._ Me 50 10+ 1 10 + 0.32
J 25 6+ 0.23 6+1
/ OH
5 o 90 76
A Me
” 1n
H 100 0 6 £ 0.57
N__Me 50 0 4403
Q / a 25 0 2+ 0.23
6 o~ 90 90
o)
T
H 10
H 100 19+ 1 10 + 0.57
N._Me cl 50 17 £ 0.3 6 + 0.23
Q J /A 25 16 + 0.23 4+ 057
7 o ~° 90 84
T
H 100 18 + 0.57 12 + 0.57
N__Me OMe 50 15 + 0.57 10 + 0.32
Q J Y 25 11+ 0.23 74057
8 o 0 90 86
o)
A Me
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Table 3 (Contd.)
Zone of inhibition
(mean £ SD in mm)
Entry Structure & code Time (min) Yield (%) Conc. (%) Sa Ps
100 12 £+ 0.57 0
50 10+ 1 0
25 8 + 0.57 0
9 90 80

@ Reaction conditions: SFLs (5.21 mmol), 2-methylindole (10.42 mmol, 2 equiv.), GAAS catalyst (25 mol% of SFL). The antibacterial activity of the
standard Ciprofloxacin was 28.1 + 0.57 mm for Sa and 26.3 + 0.57 mm for Ps (at 100% conc.).

Fig. 6 Photographs of the Petri plates for studying antibacterial activities of BIMs 1j—1r against the bacterial strains Sa and Ps.

partial hydrolysis of the ester group. The reaction for 1h was
also performed at a lower reaction temperature and decreased
catalyst loading (i.e., 60 °C, 25 mol% GAAS) since higher
temperature and higher loading of the GAAS catalyst led to
increased hydrolysis of the ester group. A plausible mechanism
for the synthesis of 1b from MF and indole has been proposed
(Fig. 4). The carbonyl oxygen atom in furfural is first activated by
the carboxylic acid functionality in GAAS. The sequential
nucleophilic attack by two indole molecules from the C-3
position followed by rearomatization leads to 1b.

The antibacterial activity of BIMs 1a-1i (from indole) and
BIMs 1j-1r (from 2-methylindole) were assessed by the agar well

21560 | RSC Adv, 2024, 14, 21553-21562

diffusion method. The growth inhibitory effects of the
compounds were evaluated against Gram-positive strains
Staphylococcus aureus (Sa) and Enterococcus faecalis (Ef) and
Gram-negative bacteria strain Pseudomonas syringae (Ps). The
antibacterial effect was analyzed by considering the diameter of
the inhibition zone formed around the well. The results of the
antibacterial activity of BIMs 1a-1i are summarized in Table 2.
No antibacterial activity was observed for compounds 1d and
1h. Weak antibacterial activity was observed for 1a-1c towards
Ef and Ps. Fig. 5 shows the photographic images of the Petri
plates after the incubation (37 °C, 24 h), containing bacterial
strains (Ef & Ps) for studying the ZI of the synthesized BIMs 1la-

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.7 Comparison of antibacterial activities on Gram-positive and Gram-negative bacterial strains by BIMs synthesized from (A) indole and (B) 2-

methylindole.

1i at different concentrations against the standard antibiotic
Ciprofloxacin.

The BIMs 1j-1r were produced in satisfactory isolated yields
(76-95%) starting from SFLs and 2-methylindole. 2-Methylindole
was found to be significantly more reactive than indole for
synthesizing BIMs. The introduction of a methyl group increased
the nucleophilicity of 2-methylindole compared to indole. The
yield of 1n (entry 5, Table 3) from HMF and 2-methylindole was
76%, compared to only 68% for 1e (entry 5, Table 2) from HMF
and indole. Moreover, the synthesis of 1n took only 1.5 h,
whereas 1e took 3 h to complete. The result can be explained by
the faster kinetics for 1n that minimized the scope for HMF
degradation. The synthesis of other BIMs from 2-methylindole
was significantly faster than those synthesized from indole.

The BIMs synthesized from 2-methylindole (i.e., 1j-1r)
showed good antibacterial activity compared to those obtained
from indole (i.e., 1a-1i). BIMs 1j-1r showed more aggression
towards Gram-positive bacterial strain Sa rather than Ps. The
antibacterial resistance of Gram-negative bacteria compared to
Gram-positive bacteria could be attributed to the different cell
wall structure of the two types. Gram-negative bacteria have an
effective permeability barrier composed of a thin peptidoglycan
and an outer membrane, which limits the penetration of the
test compound. On the other hand, the cell wall of Gram-
positive bacteria Sa is made up of only a single thick layer of
peptidoglycan, making it more susceptible to antibacterial
compounds like BIMs.

The novel and biorenewable BIMs, such as 1g, 1q, 1j, and 11,
showed significant antibacterial effects towards Gram-positive
bacterial strain Sa with the ZI value of 19 + 1 mm, 18 + 0.57
mm, 18 + 0.57 mm, and 16 £+ 0.57 mm, respectively, at the
concentration of 10 mg mL™'. The BIMs synthesized from
indole, such as 1h, 1e, and 1g, showed moderate antibacterial
effect against Gram-negative bacteria Ps with the ZI value of 15
+0.57 mm, 13 + 0.23 mm, and 12 + 0.57 mm, respectively. The
ZI values of the same compounds for the Gram-positive Sa
resulted in ZI values of 14 + 0.23 mm, 12 + 0.22 mm, and 13 +
0.57 mm, respectively, at the concentration of 10 mg mL™". All
other BIMs showed low to moderate antibacterial activity
towards the selected bacterial strains. Ciprofloxacin, the

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

standard antibiotic chosen for this study, showed ZI values of
28.1 + 0.57 mm and 26.3 + 0.57 mm against Sa and Ps,
respectively. Gram-negative bacteria are typically more resistant
to antibiotic compounds than Gram-positive bacteria.’” Colony
inhibition in the bacterial strains might be brought about by the
suppression of DNA or protein synthesizers that damage the
integrity of cell membranes leading to cell death.*® The inhibi-
tory effect of BIMs against pathogenic bacterial strains could be
associated with active functional groups (i.e., indole, substitu-
ents on the furan ring) present in the compounds.

Fig. 6 shows the photographs of the Petri plates after the
incubation (37 °C, 24 h), containing bacterial strains Sa and
Ps, for studying the ZI of the synthesized BIMs 1j-1r at
different concentrations against the standard antibiotic
Ciprofloxacin.

Interestingly, BIMs 1a-1i, synthesized from indole and SFLs,
show comparable or slightly better antibacterial activity towards
Gram-negative Ps compared to Gram-positive strain Ef (Fig. 7a).
However, in the case of 1a, no activity was observed on Ef. The
compound 1i, produced by reacting 5-(mesitylmethyl)furfural
with indole, showed promising antibiotic properties on both Ef
and Ps. The ZI was around 50% of the standard antibiotic
Ciprofloxacin used in this study. In the case of BIMs 1j-1r,
produced by reacting SFLs with 2-methylindole, showed
significantly better antibacterial activity on Gram-positive
bacteria Sa compared to Ps (Fig. 7b). The compounds 1j and
1p showed the best antibacterial activity on Sa with ZI of 19 +
1 mm and 18 £ 0.57 mm, respectively, compared to 28 =+
0.57 mm for Ciprofloxacin.

4. Conclusions

In conclusion, a general protocol has been developed for
synthesizing novel BIMs from carbohydrate-derived SFLs. A
total of eighteen BIMs has been synthesized in good to excel-
lent isolated yields under optimized reaction conditions using
GAAS as an efficient, recyclable, and sustainable catalyst. The
structural features in the synthesized BIMs were introduced as
substituents in the furaldehyde and indole moieties. More-
over, antibacterial activities of the novel BIMs were studied in

RSC Adv, 2024, 14, 21553-21562 | 21561
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Gram-positive and Gram-negative bacterial strains. Some
BIMs showed promising antibacterial activity on both bacte-
rial strains in comparison with the standard antibiotic
Ciprofloxacin. The straightforward and high-yielding
synthesis of BIMs starting from biorenewable SFLs will
encourage synthesizing other crucial heterocyclic structures
from the latter.
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