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This article conducts an in-depth examination of graphene oxide-aspartic acid (GO-As) as a novel
bifunctional nano-organocatalyst distinguished by both catalytic and antibacterial properties.

The research elucidates the synthesis of GO through Hummer’s method, followed by the covalent
attachment of aspartic acid to the surface of GO nanosheets. This innovative approach is particularly
notable as it circumvents the use of hazardous chemicals, thereby promoting environmental
sustainability. The newly developed catalyst underwent rigorous analysis employing a variety

of spectroscopic techniques, including Fourier Transform Infrared (FT-IR) spectroscopy, Energy-
Dispersive X-ray Spectroscopy (EDX), mapping, Field Emission Scanning Electron Microscopy

(SEM), X-ray diffraction (XRD), thermogravimetric analysis (TGA), and Raman spectroscopy. The
findings indicate that the catalyst effectively synthesizes polyhydroquinoline derivatives while
demonstrating significant stability over multiple reuse cycles, underscoring its potential applicability
in organic synthesis. Furthermore, the antibacterial properties of the GO-modified aspartic acid
were evaluated against six pathogenic bacterial species. The results reveal substantial antibacterial
activity against both Gram-positive and Gram-negative strains, including two antibiotic-resistant
bacteria: Methicillin-resistant Staphylococcus aureus (MRSA), Vancomycin-resistant Enterococcus
(VRE), thermogravimetric analysis (TGA), and Raman. In conclusion, the investigation of GO-As

as a bifunctional heterogeneous nano-organocatalyst represents a promising advancement in the
development of environmentally friendly and effective catalysts with noteworthy antibacterial
characteristics.
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FT-IR Fourier transform infrared

XRD X-ray diffraction

EDX Energy-dispersive X-ray

FE-SEM Field emission scanning electron microscope
TLC Thin layer chromatography

EtOH Ethanol

GO Graphene oxide

As and ASP aspartic acid

GO-Asand GO-ASP  Graphene oxide-aspartic acid
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Green chemistry focuses on designing chemical products and processes to reduce hazardous substances.
Recent decades have strongly emphasized conducting reactions sustainably, with metal-free reactions gaining
importance for their environmental benefits'~>. Organocatalysts play a key role in aligning with these green
chemistry principles. Organocatalysts are gaining attention in organic compound synthesis because of their
advantages: availability, reusability, nontoxicity, biocompatibility, and cost-effectiveness®>. For example,
magnetic guanidinylation chitosan has been used as a magnetic organocatalyst to synthesize certain heterocyclic
compounds®.

Amino acids are effective and cost-efficient biological organocatalysts due to their acidic and basic functional
groups’. In 2017, Tiwari et al. synthesized 2-amino-3-cyano-4-H-pyrans using valine as a catalyst®. Later, in
2020, Amirnejat et al. developed an alginate-based nanocomposite catalyst for imidazole synthesis, enhanced
with arginine and Fe,0,’. However, this approach faced issues with toxic chemicals and high production costs.
Aspartic acid (As) is a natural amino acid featuring two carboxyl groups, one on the alpha carbon and another on
the side chain!®!!. Tt plays a role in protein biosynthesis and is also used to synthesize various organic compounds,
including tetrahydrobenzo[b]pyrans, tetrasubstituted imidazoles, 2-amino-4 H-chromene, 2-amino-3-
cyano-4 H-pyrans, 1 H-pyrano[2,3-d] pyrimidine-2, 4(3 H,5 H)-diones, and 1,4-dihydropyrano([2,3-c]
pyrazoles'> 4. While organocatalysts offer advantages, their free forms struggle with reusability and separation.
Stabilizing them on substrates like graphene oxide (GO) presents a promising solution due to GO’s simple
synthesis, two-dimensional structure, and versatile functional groups'>!®. Modifying GO can increase its
applicability in polymer grafting and composite materials, especially by activating carboxylic groups for amide
formation and coupling with octadecylamine!”~1°.

the MCR reaction of aldehydes, ethyl acetoacetate, and ammonia. Multicomponent reactions (MCRs)
offer straightforward, effective, and practical approaches in contemporary medicinal and combinatorial
chemistry?®-?2. 1,4-Dihydropyridines (1,4-DHPs) and polyhydroquinolines (PHQs) are nitrogen-containing
heterocyclic compounds recognized for their diverse biological activities, which include neurotropic, anticancer,
antibacterial, and antiproliferative properties?>?%. These compounds present significant advantages, such as a
straightforward design and high atom economy”>-*°. Nevertheless, existing synthetic methodologies often
face considerable challenges. These methods frequently utilize catalysts, including acidic ionic liquids and
metal nanoparticles, which may result in extended reaction times, reliance on organic solvents, and complex
procedural requirements®~%*. For example, Dekamin et al. explored the use of alginic acid as a catalyst;
however, this approach yielded low results over prolonged reaction periods*. Similarly, Amiri et al. utilized
4-(2-Aminoethyl)-morpholine in conjunction with Fe,0,@SiO,, a method characterized by a cambersome and
costly synthesis process’. This situation underscores the need to develop more efficient and environmentally
benign catalytic methodologies. Therefore, in continuation of our research to develop better synthetic methods
for synthesizing polyhydroquinolines, we introduced aspartic acid immobilized on the surface of GO nanosheets
as a heterogeneous natural biocatalyst with dual acidic and basic properties.

This study presents an innovative method for synthesizing a catalyst by stabilizing as on graphene oxide
through covalent bonding. This approach yields composite materials incorporating natural amino acids,
exhibiting catalytic and antibacterial properties. The advantages of this method include a straightforward
and safe synthesis process, ease of recovery, and the capability of the catalysts to be reused while maintaining
efficiency across multiple reactions. Our process promptly facilitates high product yields, utilizing green solvents
and mild reaction conditions. The methodology entails a nucleophilic attack by the amino group (NH,) on the
epoxide rings of graphene oxide, resulting in the formation of a covalent bond while preserving the carboxylic
acid groups (COOH) that enhance acidity. In contrast to alternative methods that rely on harmful chemicals, our
functionalization is conducted under environmentally benign conditions, employing water as the solvent and
maintaining ambient temperature, thereby aligning with the principles of green chemistry.

Developing new antimicrobial agents is essential due to the urgent need to create new classes of antimicrobial
compounds that possess novel modes of action capable of overcoming the resistance mechanisms seen in
conventional antibiotics*>*¢. Recent studies have demonstrated the antimicrobial activity of amino acids in
larger, more complex proteins and short-chain peptides®”*. In light of this, the antibacterial activity of the
nanocomposite developed in this study was evaluated against four strains of bacteria: Escherichia coli (E. coli),
Staphylococcus aureus (S. aureus), Salmonella typhimurium (S. typhi), and Enterococcus faecalis (E. faecalis), as
well as two antibiotic-resistant strains, methicillin-resistant staphylococcus aureus (MRSA) and vancomycin-
resistant enterococcus (VRE).

Experimental

Materials and methods

All the solvents, reagents, and chemical powders used in this work were purchased from Merck Chemical Co.
(Germany) and Aldrich and used without purification. Scanning electron micrograph (SEM) was provided on
a VEGA-TESCAN. The X-ray diffraction (XRD) patterns of the solid powders were recorded using an X’ Pert
Pro X-ray diffractometer, operated at 40 mA and 40 kV, to ensure accurate and reliable data for analysis. An
energy-dispersive X-ray spectroscopy (EDS) study was performed using Zeiss SSIGMA VP-500. The spectral
data, including 'H NMR, *C NMR, and IR, for compounds 3, 5, 7, and 8 are provided in the supplementary
section.

Synthesis of graphene oxide-aspartic acid (GO-AS)

To create the graphene oxide-aspartic acid nanocomposite, graphene oxide first had to be made using the
previous methods®. Then, in a 100 ml flask, graphene oxide powder (5.5 g) was dispersed in 30 ml of water for
20 min. Next, 5.5 g of K,CO, and 5.5 g of aspartic acid were added to the reaction container, and the reaction
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mixture was stirred for 24 h at room temperature. The composite was separated by filtration, washed in hot
water/ethanol solvent, and dried at room temperature for 48 h. (Fig. 1)

Synthesis of polyhydroquinolines

Using GO-As (0.03 g) as a catalyst in a water/ethanol solvent and at 70 °C, a combination of aldehyde (1 mmol),
ethyl acetoacetate (0.13 g, 1 mmol), dimedone (0.14 g, 1 mmol), and NH,OAc (0.115 g, 1.2 mmol) was agitated
in a 50 mL round-bottom flask fitted with a magnetic bar. The reaction was allowed to be completed, and TLC
monitored its progress. After the completion of the reaction, the catalyst was separated from the reaction
mixture by filtration, and the reaction solvent was removed. The obtained residue was recrystallized, and the
PHQ product was purified in ethanol solvent and dried at 60 ° C in an oven for 1 h.

Selected data

Ethyl 4-(3-hydroxyphenyl)-2,7,7-trimethyl-5-0xo0-1,4,5,6,7,8-hexahydroquinoline-3-carboxylate’

Yellow solid, M.P.: 208-209°C, IR (KBr) v (cm™~1!): 3281 (OH, N-H), 3077 (C-H, aromatic), 2960 (C-H, aliphatic),
1666 (C=0 ester), 1611 (C=0), 1484 (C=C, aromatic), 1309 (C-O), 1286 (C-O, ether). 'H NMR (400 MHz,
DMSO-d): 8 (ppm)=0.81 (s, 3 H, CH,), 0.98 (s, 3 H, CH,), ,1.09 (t, 3 H, O-CH,-CH,),1.95 (d, 1H, CH), 2.14
(d, 1H, CH) 2.25 (m, 1H, CH), 2.27 (s, 3 H, CH3), 2.39(d, 1H,CH),3.43(q,2 H, O—CHZ—CH3), 4.74 (s, 1H, CH),
6.57 (d, 2 H, Ar-H), 6.95 (m, 1H), 8.9 (s, 1H), 9.07 (s, 1H, NH). 13C NMR (100 MHz, DMSO-d6): § (ppm) 14.6,
18.7,26.91, 29.64, 32.58, 35.25, 50.79, 59.42, 104.59, 110.7, 114.9, 128.8, 138.89, 144.85, 149.6, 155.7, 167.4, 194.8.

Ethyl 4-(4-(dimethylamino)phenyl)-2,7, 7—trimethyl-5-oxo-1,4,5,6,7,8-hexahydroquinoline-3-carboxylateS

Yellow solid, M.P.: 232-234°C, IR (KBr) v (cm™!): 3275 (N-H), 3074 (C-H, aromatic), 2958 (C-H, aliphatic),
1684 (C=0), 1606 (C=0), 1485 (C=C, aromatic), 1380 (C-O), 1277 (C-N). 'THNMR (400 MHz, DMSO—d6) S
ppm=0.82 (s, 3 H, CH,), 1.00 (s, 3 H, CH,), .15 (t, 3 H, O-CH,-CH,), 1.98 (d, 1H, CH,), 2.19 (d, 1H, CH,), 2.25
(d, 1H, CH,), 229 (s, 3 H, CH,), 2.50 (d, TH, CH,), 2.79 (s, 6 H, 2 CH,), 3.96 (g, 2 H, O-CH,-CH,), 4.72 (s, 1H,
CH), 6.55 (d, 2 H, Ar-H), 6.96 (d, 2 H, Ar-H), 8.96 (s, 1H, NH). 3C NMR (100 MHz, DMSO-d6): § (ppm) 14.67,
18.71, 27, 29.65, 32.59, 35.01, 50.78, 59.4, 104.7, 110.8, 112.4, 128.4, 136.5, 144.5, 149.13, 149.52, 167.56, 194.78.

Ethyl 4-(4-methoxyphenyl)-2,7,7-trimethyl-5-0x0-1,4,5,6,7,8-hexahydroquinoline-3-carboxylate’

Yellow solid, M.P.: 260-261°C, IR (KBr) v (cm™}): 3199 (N-H), 3077 (C-H, aromatic), 2966 (C-H, aliphatic),
1701 (C=0), 1602 (C=0 ketone), 1492 (C=C, aromatic), 1378 (C-O). 'H-NMR (400 MHz, DMSO-d) &
ppm=0.85 (s ,3 H, CH,), 1.13 (s, 3 H, CH,), 1.16 (t, CH,), 1.9 (d, 1H, CH,), 2.19 (d, 1H, CH,), 227 (s, 3 H,
CH,), 2.30 (d, 1H, CH,), 2.44 (d, 1H, CH,), 3.66(s, 3 H, CH,), 3.95 (g, O-CH,-CH,), 4.78 (s, 1H, CH), 6.75 (d,
2 H, Ar), 7.05 (d, 2 H, Ar), 9.03 (s, 1H, NH).

Ethyl 4-(3-bromophenyl)-2,7,7-trimethyl-5-o0x0-1,4,5,6, 7,8-hexahydroquinoline-3-carboxylate8

Yellow solid, M.P.: 224-226°C, IR (KBr) v (cm™!): 3274 (N-H stretch), 3075 (C-H, aromatic), 2958 — 2933(C-H,
aliphatic), 1702 (C=0 ester), 1604 (C=0 ketone), 1491 (C=C, aromatic), 1280 (C-O, ether), 1072 (C-Br). 'H
NMR (400 MHz, DMSO-d): § (ppm)=0.86 (s, 3 H, CH,), 1.01 (s, 3 H, CH,), ,1.13 (t, 3 H, O-CH,-CH,), 2.02
(d, 1H, CH), 2.21 (d, 1H, CH) 2.28 (m, 1H, CH), 2.30 (s, 3 H, CH,), 2.41 (d, 1H, CH), 3.38 (s, 1H), 3.98 (q,
2 H, O-CH,-CH,), 4.84 (s, 1H, CH), 7.17 (d, 2 H, Ar-H), 7.30 (m, 1H), 9.17 (s, 1H, NH). '*C NMR (100 MHz,
DMSO-d6): § (ppm) 14.55, 183.80, 26.82, 29.56, 32.64, 36.55, 39.85, 50.58, 59.62, 103.43, 109.88, 121.46, 126.99,
129, 130.57, 130.84, 146.05, 150.3, 150.7, 167.01, 194.73.

Antibacterial activity

To assess the antibacterial properties of the synthesized nanocomposite, four microorganisms were prepared
as lyophilized powders: E. coli (ATCC 11700), S. aureus (ATCC 25923), S. typhi (ATCC 13311), and E. faecalis
(ATCC 25922). Isolates of MRSA and VRE were obtained from the pediatric intensive care unit (PICU) of
Namazi Hospital in Shiraz, Iran. These isolates were initially assessed for resistance prior to undergoing
antimicrobial susceptibility testing.

Fig. 1. Preparation of bifunctional organocatalyst.
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The antimicrobial efficacy of As, GO, and GO-As was assessed against selected bacterial strains utilizing
the broth microdilution technique, in accordance with the Clinical and Laboratory Standards Institute (CLSI)
guidelines (CLSI M07, 2019). The bacterial strains were first cultivated on Mueller-Hinton agar (MHA) and
incubated at 37 °C for a duration of 18 to 24 h to ensure optimal growth. Following the incubation period, a
bacterial suspension was prepared in sterile saline (0.85% NaCl) and adjusted to turbidity corresponding to the
0.5 McFarland standard (approximately 1-2x10° CFU/mL) utilizing a densitometer or by visual comparison
with the McFarland standard.

To establish the minimum inhibitory concentration (MIC), a two-fold serial dilution of each substance
(As, GO, and GO-As) was performed in Mueller-Hinton broth (MHB). The concentrations tested ranged from
500 pug/mL to 1 ug/mL (500, 250, 100, 50, 25, 10, 5, and 1 pg/mL). A 96-well microtiter plate was employed for
this assay, with each well containing 100 pL of the diluted compound and 100 pL of the bacterial suspension,
resulting in a final inoculum concentration of 5 x 10> CFU/mL. Each plate incorporated positive controls (MHB
with bacterial inoculum but without the compound) and negative controls (MHB with the compound but
without bacterial inoculum) to ensure the validity of the assay.

The plates were incubated at a temperature of 37 °C for a duration of 16 to 20 h under aerobic conditions.
Following the incubation period, the minimum inhibitory concentration (MIC) was assessed as the lowest
concentration of the compound that achieved complete inhibition of visible bacterial growth, evidenced by the
absence of turbidity in the wells. The results were validated through visual inspection, and, when necessary, by
utilizing a microplate reader to measure the optical density at 600 nm (ODsoo).

Results and discussion

The targeted biocatalyst was synthesized through a two-step process. Initially, GO was generated from natural
graphene powder, in accordance with methodologies outlined in previous studies®. In the subsequent step,
aspartic acid was rapidly conjugated to the surface of the graphene oxide in an aqueous solution, adhering to
environmentally sustainable conditions. This method eliminated the need for toxic substances and hazardous
activators, facilitated the reaction at ambient temperature, and employed green solvents. These elements
are critical for the effective binding of amino acids to GO, as emphasized in this investigation. The resulting
composite exhibits amino acids uniformly arranged and covalently bonded to the surface of GO, thereby
establishing spacing between the layers. This composite serves as a practical, reusable, and environmentally
friendly catalyst. Following the synthesis of the desired composite, characterization was conducted utilizing FT-
IR, SEM, EDX, mapping, and XRD analyses.

FTIR analysis
FTIR analysis of As (a), GO (b), and GO-As (c) is given in Fig. 2, and the comparison of these three spectra
shows the formation of the desired composite. The FT-IR spectrum of the amino acid Aspartic (a) displays
several peaks with varying intensities spectrum. The peak at 3171 cm™ corresponds to NH group stretching.
The ~COO vibration is observed at 1607 cm™. The peaks at 2962 cm™!, 2087 cm™!, 1680 cm™!, 1421 cm™!, and
1150 cm™! correspond to C-H group stretching, C=0 vibration, COO- vibration, and C-NH, vibration**4!,
The stretching vibration of the OH groups on the graphene sheet and carboxylic wall is responsible for the
broad peak in the graphene oxide spectrum in region 3280 (b). This peak moves to region 3481 when Aspartic
acid functionalizes it (c). The stretching vibrations of C=0 and C=C groups of graphene oxide are represented
by the two peaks in the (b) spectrum, located in areas of 1731 and 1592 cm™!, respectively. The 1347 and
1225 cm™! regions likewise show peaks associated with the C-O groups of epoxy and alkoxide, respectively*2.
Placing As on the GO sheets results in noticeable spectral changes, including the removal, displacement, and
formation of peaks (Fig. 2. c). C=0 stretching groups of amide and carboxylate salt were detected at 1592-1680.
The OH and NH stretching groups were also shown to the peaks at 3481. The peak seen at 2982 is attributed to
CH,, which indicates that a bond has been formed between the amino acid and the functional groups found in
graphene oxide.

EDX analysis

Using EDX analysis, the elements present in the composite were identified (Fig. 3). The presence of N in this
analysis confirms the presence of amino acids in the composite. Additionally, the weight percentages of C, N, and
O were 52.03, 8.96, and 39.00, respectively, indicating the existence of aspartic acids in the catalyst’s structure.
Next, the placement of elements in the composite was investigated. EDX-mapping analysis (Fig. 3) confirmed
the elements’ uniform distribution.

FE-SEM analysis

The morphology of graphene oxide and graphene oxide-aspartic acid was investigated using FE-SEM analysis
(Fig. 4a-d). The comparison of these two analyses shows the difference in the morphology of graphene oxide
after functionalization. The presence of aspartic acid on the surface of graphene oxide-aspartic acid is a good
confirmation of the changes made on the surface of graphene oxide after the stabilization of amino acid on its
surface. Moreover, SEM analysis was used to detect morphological changes in the samples.

XRD analysis

In Fig. 5, the XRD analysis of GO and functionalized GO (FGO) is presented. This analysis allows us to determine
the distance between the layers of graphene oxide. As noted, the introduction of aspartic acid onto the surface of
graphene oxide leads to an increased interlayer distance. Significant dispersion peaks are observed for graphene
oxide at 20=11.4°, and for functionalized graphene oxide at 20 =10.67°. While GO exhibits an inter-structural
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Fig. 2. FTIR analysis of (a) Aspartic acid, (b) GO, and (c) GO-AS.

distance of 0.389 nm (at 20 =11.4°), the modification with aspartic acid increases this distance to 0.423 nm (at
20=10.67°) in the composite. According to the XRD results, aspartic acid is located between the layers of GO.

Raman analysis

Raman spectroscopy is a powerful technique for analyzing carbon structures, making it a valuable tool for
investigating the structural modifications of graphene oxide after its functionalization with aspartic acid (see
Fig. 6). The Raman spectrum of graphene oxide typically shows two prominent peaks, known as the D and G
bands, which are associated with sp* and sp® carbon atoms, respectively. Therefore, the intensity ratio of the
G band to the D band (ID/IG) is a crucial metric for evaluating the relative proportions of sp* and sp> carbon
regions.

GO displays a G band at 1579.23 cm™ and a D band at 1346 cm™. After functionalization, the G and D bands
of graphene oxide shift to 1588 cm™ and 1348.79 cm™, respectively, and there is an increase in the intensity of
the D band. The increased ID/IG ratio of functionalized graphene oxide (1.03) compared to that of GO (1.01)
indicates the incorporation of sp® hybridization into the graphene oxide sheets.

Scientific Reports|  (2025) 15:10194 | https://doi.org/10.1038/s41598-025-94389-0 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Elt W%
C 52.03
8.96 8.64
o 39.00 32.90
100.00 100.00
- keV

T I T Y e
9465

Fig. 3. EDX and EDX-mapping GO-As.

TGA analysis

Thermogravimetric analysis (TGA) is a valuable technique for quantifying the amount of amino acids bonded to
the catalyst (see Fig. 7). Between 150 and 600 °C, the covalent bonds between the amino acids and graphene oxide
(GO) layers begin to break down. In the TGA analysis of GO-As, an initial weight loss occurs at temperatures
ranging from 80 to 100 °C, which is associated with the evaporation of water molecules. The second phase of
degradation happens at around 200 °C and is attributed to the removal of oxygen-containing functional groups,
resulting in the release of CO,, CO, and water vapor. After this decomposition, the residual mass is recorded at
33.74%.

Ultimately, a final residual weight of 77% remains after a weight loss of approximately 20%. This weight loss
can be explained by the thermal breakdown of organic groups on the GO surface. These results confirm that
aspartic acid molecules have successfully adhered to the GO sheets. The chemical linkages formed by aspartic
acid enhance the pyrolysis resistance of the functionalized GO.

Optimizing the reaction conditions for synthesize of polyhydroquinoline

Following the preparation and identification of graphene oxide (GO-As), the catalytic activity of the desired
composite was investigated for the synthesis of polyhydroquinolines. In this study, 4-nitrobenzaldehyde,
dimedone, ammonium acetate, and ethyl acetoacetate were chosen as the model reaction to optimize the
conditions. The reaction was examined under various temperature conditions, solvents, and catalyst amounts.
The results of these experiments are provided in Table 1.

To assess the effect of amino acids and to confirm their binding to the surface of graphene oxide, the reaction
was conducted under three different conditions: with graphene oxide alone, with graphene oxide combined with
aspartic acid, and without any catalyst (see Table 1, entries 1-3). Graphene oxide possesses acidic properties due
to the presence of carboxylic acid groups, which enables it to catalyze the reaction to some extent. Aspartic acid,
containing both carboxylic acid and amino groups, can function as both an acid and a base within the reaction.

The presence of aspartic acid on the surface of graphene oxide establishes it as a bifunctional catalyst. The
results shown in Table 1, entry 3, confirm this assertion. The binding of aspartic acid to graphene oxide enhances
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Fig. 4. FE-SEM images of GO (a,b) and GO-As (c,d).

the catalytic process and increases the reaction efficiency, leading to quicker results due to the accumulation of
the catalyst.

Next, we optimized the reaction at different temperatures. The model reaction was conducted at room
temperature and at 70 °C, with the latter being identified as the optimal temperature (see Table 1, entries 3-4).

We also investigated the model reaction under various solvent conditions: solvent-free, in H,O, in a mixture
of H,0 and EtOH (1:1), and in EtOH alone, to determine the best solvent for the reaction. Water, known for
being a harmless, accessible, low-risk, and eco-friendly solvent, often faces the challenge of dissolving organic
compounds. This issue was addressed by using ethanol in combination with water. The results indicated that the
H,O/EtOH solvent mixture produced the most favorable outcomes (refer to Table 1, entries 5-7).

Additionally, we tested the model reaction using varying amounts of the desired catalyst (0.02 g, 0.03 g, and
0.04 g). The highest yield was achieved with a 0.03 g catalyst (as shown in Table 1, entries 7-9).

Finally, the optimal results were obtained by conducting the reaction in an H,O/EtOH (1:1) solvent with
0.03 g of catalyst at 70 °C, as recorded in Table 1, entry 8.

After establishing the optimal conditions, various polyhydroquinoline derivatives were synthesized, and the
results are reported in Table 2.

A comparison of previous works is outlined in Table 3 to demonstrate the effectiveness of our current research
on the synthesis of PHQs. The results indicate that our method operates under milder and more favorable
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Fig. 6. Raman spectroscopy of GO and GO-As.

conditions, utilizing a bifunctional catalyst that possesses both acidic and basic properties. This advantage can be
attributed to the preparation methods of various other catalysts, where metal is often coordinated to the surface.
After use, this metal can detach from the catalyst’s surface, leading to potential contamination of the reaction
environment. In contrast, our catalyst is designed with an organic compound that is firmly attached to the
substrate through strong covalent bonds, ensuring that its structure remains unchanged even after multiple uses.

The synthesis of polyhydroquinolines employing amino acid-functionalized graphene oxide (GO-As) as
a dual acid-base catalyst adheres to a well-defined mechanism that is substantiated by existing literature*>4.
The carboxylic acid groups (-COOH) present on GO-As activate the carbonyl group of the aldehyde, thereby
augmenting its electrophilicity. Concurrently, the basic amino groups (-NH;) facilitate the enolization of
dimedone (see Fig. 8). The enol form of dimedone subsequently undergoes a Knoevenagel condensation with
the activated aldehyde, yielding Intermediate I, an a,p-unsaturated carbonyl compound. This reaction is pivotal
for initiating the subsequent transformations that lead to the final product.
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Fig. 7. Thermal gravimetric analysis of GO-As.

1 - - 70 EtOH 70 51
2 GO 0.04 70 EtOH 70 51
3 GO-As | 0.04 70 EtOH 12 95
4 GO-As | 0.04 r.t. EtOH 25 65
5 GO-As | 0.04 70 EtOH/H,O (1:1) |12 95
6 GO-As | 0.04 70 Sovent-free 15 95
7 GO-As | 0.04 70 H,0 50 65
8 GO-As | 0.03 70 EtOH/H,O (1:1) | 12 95
9 GO-As | 0.02 70 EtOH/H,0 (1:1) | 30 82

Table 1. Optimization of reaction conditions® *Reaction conditions la: 4-nitrobenzaldehyde (0.151 g, 1
mmol), dimedone (0.14 g, 1 mmol), ammonium acetate (0.115 g, 1 mmol), ethyl acetoacetate (0.13 g, 1 mmol),
and GO-As as catalyst. "Tsolated yield.
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N N /U\)J\OE" NH,0AC

| 0

X

Entry

Product Time (min) | Yield (%)® | m. p. (ref.)

17 91 260-261"7

OEt

15 95 224-226*

Table 2. GO-As (0.03 g) catalyzed multicomponent reactions for the one-pot efficient synthesis of
polyhydroquinoline derivatives.

Entry | Catalyst/Temp/Time/Solvent Yield (%) | Ref.

1 Ru''@CMC/Fe,0, / 80 °C /20 min / Solvent-free | 92 4

2 SBA-15@AMPD-Co /100 °C/35 min / Solvent-free | 97 =0

3 Fe,0,@Si0,@BHA-Cu(Il)/ 50 °C/ 15 min / EtOH | 97 51

4 PMO-ICS-PrSO,H/reflux/20 min /EtOH 95 >

5 Fe,0,@NH,-5i0,@Co(I1)/ Reflux / 14 min / EtOH | 95 »

6 GO-As/ 70°C/12 min/ H,0: EtOH(1:1) 95 This work

Table 3. Comparison of the efficiency of GO-As and other catalysts reported for synthesizing
polyhydroquinolines.

Subsequent to this, the B-ketoester is activated by the acidic sites of GO-As, thereby enhancing its reactivity
towards nucleophilic attack. Ammonium acetate (NH,OAc) serves as a source of ammonia (NH;), which
reacts with the B-ketoester to generate Intermediate II. The basic sites of the catalyst abstract a proton from the
B-ketoester, resulting in the formation of an enolate that acts as a nucleophile. This enolate then undergoes a
Michael addition to the a,p-unsaturated carbonyl group of Intermediate I, a process facilitated by the dual acid-
base characteristics of the catalyst. The result of this reaction is Intermediate III, a critical precursor to the final
product.

The concluding step entails the intramolecular cyclization of Intermediate III, which is facilitated by the
nucleophilic attack of the amine group on the carbonyl carbon. This cyclization eliminates water and culminates
in the formation of the polyhydroquinoline product. The dual acid-base sites of GO-As are pivotal in stabilizing
the transition state and promoting the removal of water, thereby ensuring high yield and selectivity.

The distinct architecture of GO-As, characterized by the presence of both acidic (-COOH) and basic (-
NH.) sites, enables it to act as a bifunctional catalyst. The acidic sites activate electrophiles such as aldehydes
and (-ketoesters, while the basic sites generate nucleophiles, including enols and enolates. This synergistic
interplay enhances the efficiency of the reaction, allowing it to proceed under mild and environmentally friendly
conditions. The proposed mechanism illustrates the versatility and efficacy of GO-As as a dual acid-base catalyst
for the sustainable synthesis of polyhydroquinolines. By exploiting its bifunctional properties, GO-As facilitates a
series of reactions encompassing aldehyde activation, enolization, Knoevenagel condensation, Michael addition,
and cyclization, ultimately yielding the desired product. This mechanism underscores the potential of GO-As as
a sustainable and reusable catalyst for organic transformations.

The green synthesis of polyhydroquinolines utilizing graphene oxide-aspartic (GO-As) as a catalyst
offers several advantages compared to traditional methodologies. Primarily, the employment of GO-As as
a bifunctional catalyst negates the necessity for toxic or expensive metal-based catalysts, thereby mitigating
environmental and health risks. The dual acid-base properties of this catalyst facilitate the efficient activation of
both electrophiles and nucleophiles, allowing for the reaction to occur under mild conditions while achieving
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Fig. 8. Suggested mechanism for GO-As catalyzed one-pot synthesis of polyhydroquinoline.

high yield and selectivity. Furthermore, GO-As is reusable and can be easily recovered, which significantly
reduces waste and enhances the overall process’s sustainability. This method’s absence of harsh reagents or
solvents is consistent with the principles of green chemistry, rendering it both environmentally friendly and
cost-effective. Another noteworthy advantage of this approach is its versatility and scalability. The synthesis can
be performed under either solvent-free or aqueous conditions, which diminishes reliance on organic solvents
and simplifies subsequent purification steps. The utilization of GO-As ensures that the final product is devoid
of metal contamination, a crucial consideration in pharmaceutical applications. Additionally, the mild reaction
conditions combined with the high efficiency of the catalyst make this method suitable for large-scale industrial
implementation. By integrating sustainability, efficiency, and practicality, this green synthesis marks a significant
advancement in the domains of organic synthesis and catalysis.

Reusability of the catalyst

One of the features of green catalysts is their capability to be reused. For this reason, this characteristic was
investigated for the GO-As catalyst (Fig. 9). After performing the model reaction, and the catalyst was separated,
washed with hot ethanol several times, and dried overnight at room temperature. Then, it was reused in the
model reaction 6 times, and the results showed that the yield and reaction time did not change significantly. As
a result, the catalyst can be reused many times without much change in the catalytic activity. The IR comparison
of the original catalyst with the washed catalyst (after 1st run) is given in Fig. 10.

Antibacterial activity
The antibacterial behavior of GO, Aspartic acid, and GO-Aspartic acid against Gram-positive bacterial strains
(S. aureus and E. faecalis), Gram-negative strains (E. coli and S. typhi), and two Gram-positive antibiotic-resistant
bacteria (MRSA and VRE) were evaluated by dilution method.

Figure 11 shows the viability percentage of bacteria species exposed to different concentrations of three
compounds, which exhibit a concentration-dependent antibacterial effect. The MIC values obtained are given
in Table 4.
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Fig. 10. FT-IR spectrum of GO-As before (a) and after 1st run (b).

In 2010, the antibacterial property of GO nanosheets was reported for the first time>. After that, it was
investigated in several other studies®=>’, which all indicated the antibacterial activity of GO. Also, in this study,
the results for the antibacterial effect of GO were consistent with those of previous studies. They revealed that
GO was effective against gram-positive and gram-negative bacteria (Fig. 9; Table 4.). Various factors, including
oxidative stress, entrapment, and membrane stress, explain the antibacterial properties of GO. The sharp edges
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Fig. 11. The viability percentage of 6 bacteria species, S. aureus, E. faecalis, E. coli, S. typhi, MRSA, and VRE,
were exposed to different concentrations of as, GO, and GO-As.

of GO sheets can damage bacterial membranes and lead to the loss of bacterial activity®®-*°. Also, oxygen free
radicals produced by GO can lead to bacterial DNA damage and mitochondrial dysfunction"¢2,

We also investigated the antibacterial efficiency of pure aspartic acid, which had little effect on all tested
bacteria species according to the results. However, based on the MIC result, when GO was functionalized with
aspartic acid, its antibacterial activity increased 2 to 10 times against different bacteria (Table 4.). When aspartic
acid bonds to the surface of GO, the number of carboxylic acid groups on that structure increases, which can
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Compound | E. coli | S. typhi | S. aureus | E. faecalis | MRSA | VRE
1] As >500 | >500 >500 >500 >500 >500
2 1 GO 500 250 100 250 500 500
3 | GO-As 250 100 10 50 250 250

Table 4. The MIC values of as, GO, and GO-As toward microbial strains.

enhance GO-As’s antimicrobial properties compared to GO. Also, according to the results, GO-As was more
effective against gram-positive bacteria like S. aureus and E. faecalis than Gram-negative species like E. coli and S.
typhi with the MIC value of 10 pg/mL and 50 pg/mL relative to 250 ug/mL and 100 pg/mL. This could be because
gram-positive bacteria have a thick outer layer of peptidoglycan. There is a high tendency for the interaction of
the negative surface charge of GO-As and the positively charged bacterial cell wall. In contrast, Gram-negative
bacteria have two cell membranes (inner and outer membrane), and the peptidoglycan layer is sandwiched
between the two layers. The cell walls of gram-negative bacteria are surrounded by a lipopolysaccharide (LPS)
layer that prevents entry into the cell®¢4,

Also, this research investigated the effect of the three mentioned compounds on two resistant bacteria (MRSA
and VRE). According to the results, this nanocomposite had a bacteriostatic effect against both pathogenic
species, revealing the good antimicrobial potential of this compound. As seen in Table 4, the antibacterial
property of GO was half of GO-As (MIC value of 500 ug/mL for GO relative to 250 pg/mL for GO-As).

Several studies have been conducted on the antibacterial properties of nanocomposite based on GO. For
instance, in 2021, the antibacterial effect of GO/ Cu,0/ ZnO nanocomposite was investigated, and it was reported
that the antibacterial efficiency of nanocomposite increased compared to each of the compounds alone®. In
2021, the antibacterial properties of amino-functionalized graphene oxide were investigated, and this compound
was introduced as an antimicrobial agent®. So far, the antibacterial effect of Go nanocomposite functionalized
with amino acid has not been investigated. In this study, graphene oxide that has been modified by aspartic
acid in a straightforward and green method was able to act effectively against microorganisms, even against
two resistant bacteria, and reveals that this nanocomposite can be considered a novel antibacterial agent in
biological fields. The antimicrobial efficacy of aspartic acid-loaded graphene oxide (GO-As) against multidrug-
resistant pathogens, such as Methicillin-resistant Staphylococcus aureus (MRSA) and Vancomycin-resistant
Enterococcus (VRE), is attributed to its distinctive physicochemical properties and multifaceted mechanisms of
action. GO-As primarily exert their bactericidal effects through direct physical interactions and the induction of
oxidative stress. The sharp edges and extensive surface area of GO-As enable them to function as “nanoknives,”
penetrating bacterial membranes and inflicting physical damage, particularly to Gram-positive bacteria like
MRSA and VRE, which lack the protective outer membrane present in Gram-negative organisms. Furthermore,
GO-As can envelop bacterial cells, isolating them from their surroundings and disrupting nutrient uptake and
membrane transport processes. These physical interactions are significantly augmented by generating reactive
oxygen species (ROS), such as hydroxyl radicals and superoxide anions, inducing oxidative stress. ROS can impair
essential cellular components, including lipids, proteins, and nucleic acids, leading to membrane degradation,
enzyme inactivation, and damage to DNA and RNA. Ultimately, these effects result in bacterial cell death.

GO-As engages with bacterial biomolecules through n-m stacking and hydrogen bonding, which disrupts
protein function and the structural integrity of nucleic acids. Its hydrophobic characteristics facilitate the
extraction of phospholipids from bacterial membranes, destabilizing the lipid bilayer and compromising
membrane integrity. Notably, the interaction between bacteria and GO-As can induce a “self-killing effect”
Bacterial metabolic activities reduce GO-As to rGO (reduced graphene oxide), which exhibits improved
conductivity and hydrophobicity, exacerbating membrane damage and oxidative stress. This combination of
physical disruption, oxidative stress, and biomolecular interactions establishes GO-As as a potent antimicrobial
agent against multidrug-resistant pathogens.

Concisely, GO-As’s dual acid-base functionality and distinctive structural properties enable it to effectively
target MRSA and VRE through a synergistic approach involving both physical and chemical mechanisms.
These findings highlight GO-As’ potential as an innovative therapeutic agent for addressing antibiotic-resistant
infections, particularly in clinical environments where conventional treatments may prove ineffective. Future
research should prioritize the optimization of GO-As synthesis and application and evaluate its in vivo efficacy
and safety for therapeutic purposes.

Conclusion

This study introduces a four-component synthesis of polyhydroquinolines utilizing an efficient heterogeneous
biopolymeric organocatalyst. A notable aspect of this research is integrating an amino acid that binds effectively
and economically to the surface of graphene oxide, resulting in a nanocomposite that exhibits dual acid-base
properties. The synthesized composite displays commendable catalytic performance, and its role in synthesizing
heterocyclic compounds has yielded satisfactory results. The covalent attachment of the amino acid to the
graphene oxide surface significantly enhances the isolation and reusability of the catalyst, which constitutes a
primary focus of this investigation. Furthermore, this methodology eliminates the necessity for toxic organic
compounds, such as thionyl chloride, thus providing an additional benefit. The catalyst not only facilitates the
efficient and rapid synthesis of polyhydroquinolines but also supports multiple reuses and the adoption of a
green solvent. Future research may explore the potential of various amino acids with diverse structures.
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The synthesized composite exhibits potential for additional applications, attributable to its distinct structural

characteristics, thereby necessitating further investigation. This research also assessed the antibacterial efficacy of
the synthesized nanocatalyst against six pathogenic bacterial species, with results substantiating its effectiveness.
Notably, the antibacterial activity of the nanocomposite GO-As exceeds that of pure graphene oxide. Moreover,
this approach provides a straightforward and efficient method for attaching various organic compounds to the
surface of graphene oxide.
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