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aerobic dehydrogenation

of dihydropyridines and
dihydroquinazolinones
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Single-atom nanozymes (SAzymes) made of iron show great potential as artificial enzymes due to
their consistent active sites closely resembling the active centers found in natural enzymes. They

can be produced from accessible and affordable raw materials, making them suitable options for
various applications. In the present research, Iron single-atom anchored N-doped carbon (Fe-N-C)

as a laccase-mimicking nanozyme was prepared using 2-methylimidazole, Zinc nitrate, and Iron(ll)
chloride and characterized using various techniques. Fe-N-C/DDQ was used as a bioinspired oxidative
cooperative catalytic system for the oxidation of 1,4-dihydropyridine and 2,3-dihydroquinazolinones
to pyridines (87-96% yield), and quinazolinones (82-94% yield), respectively, with O, as a suitable
oxidant in water/acetonitrile at room temperature. The main advantages and novelties of this method
are: (1) this is the first time that the Fe-N-C SAzyme/DDQ catalyst system has been used for the
aerobic oxidation of N-heterocyclic compounds (2) oxidation of a wide range of 1,4-dihydropyridines
and 2,3-dihydroquinazolinones were performedusing an ideal oxidant with good to high yields under
mild conditions (3) Fe-N-C SAzyme was prepared using a simple method and available and inexpensive
raw materials system (4) Fe-N-C SAzyme couples the benefits of heterogeneous (easy separation and
reusability) and homogeneous catalysts (high activity and reproducibility).
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Enzymes are advanced catalysts that assist biological reactions within living organisms!~>. Nevertheless, their
inherent disadvantages, such as expensive manufacturing, susceptibility to damage, time-consuming purification
process, etc., have significantly restricted their broad use, encouraging ongoing attempts to create artificial
enzymes®. Nanozymes, nanomaterials mimicking enzymes, have been acknowledged as a novel type of synthetic
enzymes. By overcoming the current limitations of natural enzymes, they have attracted widespread attention
in this field>®. Due to their inherent characteristics like inexpensive production, easy mass production, good
stability, and distinct physicochemical properties, Nanozymes have found extensive use in various applications
like cancer therapy, biosensing, and antibacterial and antioxidant treatments, and they are emerging as the next
generation of synthetic enzymes®. Iron-based Nanozymes, like ferromagnetic (Fe,O,) nanoparticles, were first
noted for their peroxidase-like properties, making them a leading example of Nanozymes with strong potential
for tumor catalytic therapy and combating antimicrobial resistance!®!!. Nevertheless, the catalytic effectiveness
of iron oxide nanoparticles is frequently inferior to that of natural enzymes due to the lower utilization rate of
iron atoms in catalysis'?. With Quick progress and an increasingly thorough comprehension of nanoscience and
nanotechnology, single-atom nanozymes with metal atoms dispersed individually on supports have effectively
tackled the challenges®!*-1°. The distinct features of the SAzyme result in higher atom utilization rates compared
to nanoparticles, which can be attributed to its specific geometric and electronic structures'®!”. By optimizing
the metal centers and ligand environment, SAzymes achieved equal or superior catalytic performance compared
to their natural counterparts'®-!. For example, iron single-atom Nanozymes contain active sites like FeN,, FeN,,
or FeN,P, showing catalytic efficiency and Kinetics as natural enzymes'®*%. Also, SAzymes can be produced
from accessible and affordable raw materials, making them suitable options for various applications. Hence, the
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SAzymes have attracted significant interest, as evidenced by the rapid increase in published articles’?!. Recently,
the SAzymes were employed as heterogeneous catalysts for aerobic oxidation reactions*»?%. The most efficient
strategy to extend the application of SAzymes in theaerobic oxidation of organic compounds is the simultaneous
use of these single-atom catalysts and mediators.

A specific stoichiometric organo-oxidant that can carry out a variety of organic transformations is
2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ)?>?7, Nonetheless, the stoichiometric application of DDQ
produces equimolar amounts of the 2,3-dichloro-5,6-dicyano-hydroquinone (DDQH,) byproduct that results in
challenging purification on an extensive scale. Furthermore, DDQ is toxic and expensive. As a result, to mitigate
these drawbacks, utilizing a catalytic quantity of DDQ alongside safe and eco-friendly oxidants that restore
DDQ from its reduced hydroquinone state has garnered more interest as a potential substitute for the commonly
employed traditional DDQ in organic synthesis. There are various stoichiometric co-oxidants used to regenerate
DDQ, including MnO, (up to 6 equivalents)*, Mn(OAc), (3 equivalents)?, and FeCl, (3 equivalents)*’. Though
these techniques have partially solved certain issues of the stoichiometric DDQ, these reagents exhibit low atom
efficiency. Green chemistry promotes the development of eco-friendly processes that utilize O, or air as an
efficient, environmentally safe, and plentiful oxidant while reducing the production of harmful substances?!.
Thus, it would be perfect if molecular O, or air could act as the final oxidizing agent in reactions mediated
by DDQ. However, DDQH, cannot be transformed into DDQ through a direct reaction with molecular
oxygen at mild temperaturesz32’33. Certainly, a redox compound ought to serve as the link between molecular
O, and the DDQH,/DDQ cycling. Within this specific situation, various research teams have employed NO/
NO,-based redox cycle systems alongside DDQ to facilitate the aerobic oxidizing of organic substances, which
encompasses the oxidative cleavage of benzylic ethers*, oxidation of alcohols®, and amination of arenes>®, and
dehydrogenation of saturated carbon-carbon bonds®. Recently, enzymes have been utilized as a cocatalyst in
combination with catalytic DDQ in oxidation reactions conducted under aerobic conditions®”. Despite these
methods showing significant advancements in aerobic oxidation reactions with a catalytic amount of DDQ, the
need for a stable, effective, and inexpensive cocatalyst, when used with DDQ, is highly desired for catalyzing the
aerobic oxidation of organic compounds under mild conditions. The best alternative to enzymes is SAzymes.

Heterocyclic compounds are diverse organic compounds found in biologically active synthetic and natural
materials, synthetic intermediates, and pharmaceutical products®*-42. Heterocycles consist of a ringed structure
containing a heteroatom such as oxygen, sulfur, or nitrogen rather than carbon. Due to their great significance
in various fields such as drug design, medicinal chemistry, and functional materials, synthesizing heterocyclic
compounds, especially ones with oxygen and nitrogen, has gained immense attention in organic synthesis*>~°.
Quinazolinones are nitrogen-containing bicyclic compounds, that have attracted significant attention among
various nitrogen-containing heterocycles®>*. The heterocyclic structure of quinazolinone and its derivatives
plays a crucial role in various cellular processes. They are well-known for their significant therapeutic benefits
in treating hypertension, infections, high cholesterol, inflammation, Alzheimer’s disease, and seizures®,
Due to their significant applications, numerous synthetic efforts have been dedicated to quinazolinone and its
derivatives. Despite the extensive efforts in synthesizing quinazolinones, these methods still suffer from several
drawbacks, including the use of costly stoichiometric oxidants, high temperatures, prolonged reaction times,
and other inherent limitations®®%°.

Pyridines, a crucial category of heterocycles, are frequently found in scents and flavors and natural
substances, agricultural chemicals, medications, dyes, and polymers®®®’. They are utilized as reactants and
essential elements in organic synthesis, also serving as ligands in coordination chemistry*”:¢%%°, Traditionally,
1,4-dihydropyridines are synthesized through a one-pot reaction of -ketoesters, aldehydes, and an ammonia
source. These dihydropyridine compounds can then be oxidized to yield pyridines®®’°. However, these methods
come with certain unavoidable drawbacks, such as the need for expensive stoichiometric oxidants, the excessive
use of additives, the production of undesirable by-products, and the requirement for high temperatures’!~7.
Given the importance of pyridines and quinazolinones and the challenges in their production, developing
catalytic systems for their efficient synthesis is essential.

Based on our best knowledge, no reports have been published on employing SAzymes/mediators as a
bioinspired cooperative catalyst system in the aerobic oxidation of organic compounds. Continuing our systematic
research on the application of the Laccase-mediated system in organic synthesis®”*7>77-87 herein, we report
Fe-N-C (laccase-like) with DDQ for aerobic oxidation of 2,3-dihydroquinazolinones and 1,4-dihydropyridines
compounds under mild conditions (Scheme 1).

Experimental

Materials and instrumentation

Every chemical and solvent used in the synthesis of Fe-N-C, including Iron(II) chloride tetrahydrate
(FeCl,-4H,0), Zinc nitrate hexahydrate (Zn(NO,),-6H,0), 2-methylimidazole (CH,C,H,N,H), DDQ, and other
chemicals were purchased from Sigma-Aldrich. Furthermore, Acetonitrile (CH3CN), EtOAc, n-Hexane, and
Ethanol (EtOH) were purchased from Merck without further purification. The instruments used to characterize
Fe-N-C included XRD, HRTEM, ICP-OES, FT-IR, FE-SEM, EDX, TEM, and BET.

X-ray diffraction (XRD) analysis was conducted using Co Ka (A =1.78897 A) radiation, with a 20 scan rate of
5°/min. The Zeiss-EM10C field emission microscope, operating at 200 kV was used to capture TEM images. The
structure of the nanocomposites was examined using a field emission scanning electron microscope(FESEM-
TESCAN MIRA3). Iron (Fe) loadings within the Fe-N-C SAzyme were quantified using an inductively coupled
plasma optical emission spectrometer (ICP-OES, 730-ES Varian). Surface characteristics of the samples were
analyzed through nitrogen adsorption and desorption isotherms at a temperature of —197 °C with a micromeritics
ASAP 2000 device, and the pore size and surface area distribution were evaluated using BJH and BET methods.
Analysis with energy-dispersive X-ray spectroscopy (EDX) was conducted using the MIRA3TESCANXMU
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Scheme 1. Aerobic oxidation reactions in the presence of Fe-N-C/DDQ catalyst system.

equipment. FT-IR spectra were recorded using a BRUKER spectrophotometer model VRTEX 70 in KBr
pellets and presented in cm™. Also, high-resolution transmission electron microscopy (HRTEM) was used to
determine the main structure of the sample. The Raman analysis was performed using a HORIBA HR Evolution
spectrometer with an argon ion laser (532 nm) as the excitation light source.

Synthesis of Fe-N-C SAzyme
Fe-N-C was synthesized based on the method reported by Xing et al.*® with some modifications as follows:

In a round-bottom flask of 150 mL, 1.31 g of 2-methylimidazole (16 mmol) and 40 mL of deionized water
were added to 1.46 mL of Aniline (16 mmol) at room temperature and the mixture was vigorously stirred
to obtain a homogenous solution, which was labeled as solution A. In the following, a solution of 1.18 g of
Zn(NO,),-6H,0 (4 mmol) and 0.039 g of FeCl,-4H,O (0.2 mmol), in 40 mL distilled water was added to solution
A. The composition was whisked for 4 h at room temperature. Afterward, the product was separated using
centrifugation, washed with deionized water for further purification, and dried at 60 °C. Ultimately, the powder
was exposed to pyrolysis in quartz boats under an N, atmosphere, beginning at room temperature and gradually
reaching 900 °C at a rate of 5 °C/min. The temperature was kept constant for 1 h to produce Fe-N-C.

1.88

A general procedure for aerobic oxidation of 1,4-dihydropyridines to pyridines in the
presence of Fe—-N-C/DDQ catalyst system

A round-bottomed flask was loaded with 70 mg of Fe-N-C (containing 0.043 mmol of Fe) along with DDQ
(0.1 mmol), 1,4-dihydropyridine (1 mmol), and 2 mL of MeCN/H,O (1:1). Afterward, the mixture was stirred
at room temperature under an oxygen (O,) atmosphere (using a balloon) for the duration specified in Table
2. Following the completion of the reaction, as confirmed by TLC (EtOAc/n-Hexane, 4:1), the Fe-N-C was
filtered, the product was extracted with ethyl acetate (3 x 10), and the combined organic phases were dried over
anhydrous Na,SO,, filtered, and evaporated using a vacuum pump. The crude product underwent purification
through flash chromatography on SiO,. The products were identified by comparing their physical characteristics
(melting point) and NMR with authentic samples.

A general procedure for aerobic oxidation of 2,3-dihydroquinazolinones to quinazolinones in
the presence of Fe-N-C/DDQ catalyst system

In a flask equipped with a magnetic stirrer, 80 mg Fe-N-C (containing 0.050 mmol of Fe) was mixed with 2
mL of MeCN/H,O (1:1), 2,3-dihydroquinazolinones (1 mmol), and DDQ (0.2 mmol). Then, the solution was
whisked at room temperature under O, (balloon) for the time indicated in Table 3. The progress of the reaction
was monitored by TLC (EtOAc/n-Hexane, 2:3). After the reaction was consummate, the Fe-N-C was separated
by filtration and the reaction mixture was extracted with EtOAc (3 x 10 mL), the organic phase was dried using
anhydrous Na,SO,, and the solvent was removed with a vacuum pump. Ultimately, the crude product underwent
purification through column chromatography on SiO, using a mixture of n-Hexane and ethyl acetate (3:1).

Results and discussion

Characterization of Fe-N-C SAzyme

The general synthetic method of Fe-N-C is summarized in Scheme 2. A Fe single-atom/N-doped carbon
material (Fe-N-C) was initially synthesized with aniline and imidazolate (ZIF) at 900 °C for 1 h, based on
the procedure mentioned. ZIFs are an emerging subclass of MOFs consisting of transition-metal cations and
ligands based on imidazole, which have attracted much attention in heterogeneous catalysis due to their plentiful
functionalities, exceptional chemical and thermal stabilities, rapid electron transfer ability, and unimodal
micropores®. The presence of aniline can attach to the surface of ZIFs, aiding in the creation of small-scale
particles and increasing the specific surface area®. In addition, heating up to 900 °C leads to the vaporization
of zinc to achieve a greater BET surface area in the final products, and the formation of extensively graphitized
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Scheme 2. Schematic representation of Fe-N-C SAzyme.

carbon improves the electronic interaction of Fe-N-C. In continuation of research about the Fe-N-C SAzyme,
the catalytic performance of Fe-N-C was assessed through the reaction of 2,3-dihydroquinazolinones and
1,4-dihydropyridines.

FT-IR studies

As presented in Fig. 1, the FT-IR approaches can characterize and confirm the preparation of the catalyst in the
comparative FT-IR absorption of structures 2-methylimidazole and Fe-N-C. The absorption observed within
the bounds of 600-1500 cm™! is indicative of the stretching and bending mode of the imidazole ring (Fig. 1A).
The FT-IR spectra of Fe-N-C exhibited absorptions around 1145 and 485 cm™! which could be attributed to the
vibrations of the C-N and Fe-N respectively (Fig. 1B)*".

FE-SEM and TEM studies

FE-SEM is a useful technique for analyzing synthesized nanoparticles’ morphology and particle size distribution,
Fig. 2 Shawns FE-SEM images of the Fe-ZIF and Fe-N-C SAzyme catalyst. As shown, spherical particles with
dimensions under 35 nm are observed in Fe-N-C without obvious changes in morphology compared to Fe-
N-C starting material (ZIF)$$1,

Furthermore, TEM analysis was conducted on Fe-N-C to gain a more in-depth understanding of the
structure. The resulting image can be seen in Fig. 3 at various magnifications. Transmission electron microscopy
(TEM) examination reveals that the Fe-N-C nanocomposite contains no highly crystalline Fe. Consequently, it
validates the presence of Fe in the form of single atoms (Fig. 3).

EDX and elemental mapping analysis

The element composition of the synthesized Fe-N-C SAzyme was studied using EDX and elemental mapping
analysis which showed the existence of Fe, C, and N in the prepared SAzyme (Fig. 4). The results confirmed the
successful immobilization of Fe metal on the substrate. Further, the images from elemental mapping confirmed
that N and Fe were successfully fine-doped into the carbon matrix (Fig. 5). The result of the ICP-AES analysis of
Fe-N-C showed metal content (3.5 wt%) in this synthesized SAzyme.

XRD pattern studies

X-ray diffraction pattern (XRD) of the Fe-N-C s presented in Fig. 6. The XRD analysis revealed two characteristic
diffraction peaks at 26° and 44°, which can be indexed to the (002) and (101) planes of graphitic carbon. The
XRD pattern of the Fe-N-C catalyst confirms the successful anchoring of single-atom iron to nitrogen sites in
the carbon matrix, as evidenced by the absence of characteristic metallic iron peaks®2.

HRTEM studies

An examination of iron nanoparticles was conducted utilizing a high-resolution transmission electron
microscope. In the HRTEM image of the Fe-N-C catalyst, the distinct dots representing Fe single atoms spread
throughout the carbon support can be identified owing to the varying atom Z-contrast. Hence, significant
quantities of individual iron atoms were detected and highlighted with white circles as typical examples,
demonstrating the successful creation of iron single-atom sites (Fig. 7)%°.
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Fig. 1. FT-IR spectra of 2-methylimidazole (A), and Fe-N-C (B).

Nitrogen adsorption-desorption isotherms studies
The nitrogen adsorption-desorption isotherms were used to examine the specific surface area and porous
size distributions of Fe-N-C (Fig. 8). The diagram shows a type IV hysteresis loop, which, according to the
TUPAC classification, type four isotherms indicate the presence of micro/mesopores in Fe-N-C. Furthermore,
according to BJH analysis, the surface area, the pore volume, and the pore size of the catalyst are 236.32 m? g/,
1.097 cm® g7!, and 1.29 nm, respectively.

Iron species mainly exist in the form of Fe** and Fe** in the Fe-N-C structure®®.

Raman studies

The D band (defect) at 1369 cm™ and G band (graphitic) at 1594 cm™ indicate that the surface of Fe-N-C
contains both defect and graphitic carbon. These features facilitate the exposure of active iron sites and enhance
electronic conductivity (Fig. 9)38.

Catalytic studies
Continuing, we examined the catalytic performance of Fe-N-Cin the oxidation of oxidizing 1,4-dihydropyridines
to pyridines.

First, the 1,4-dihydropyridine reaction was selected as the model reaction to optimize conditions using the
Fe-N-C/DDAQ catalyst system. As shown in Table 1, the effect of various reaction parameters, such as the amount
of catalyst, DDQ, and solvent, has been thoroughly investigated. To identify the most suitable solvent for the
reaction, we tested the method using various solvents, including MeCN, EtOH, MeCN/H, O, and H,O (Table 1,
entries 8-11). The results indicated that MeCN/ H,O was the optimal solvent for the reaction. Furthermore, the
reaction was carried out in various amounts of Fe-N-C (Table 1, entries 1-5). With just 70 mg of Fe-N-C, the
reaction proceeded rapidly, and the products were formed with high efficiency. Without Fe-N-C, the reaction
mixture did not progress, resulting in the lowest yield (Table 1, entry 12). Also, the effect of different amounts
of the DDQ in the reaction was studied (Table 1, entries 5-8). As anticipated, the desired product was obtained
using 10 mol% DDQ, which emerged as the optimal condition (Table 1, entry 8). The reaction had a very low
yield in the presence of Fe-Zif and FeCl,«4H,0, which serve as precursors to Fe-N-C (Table 1, entries 14 and
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Fig. 2. FE-SEM images of Fe-ZIF (A) and Fe-N-C at 200 nm (B), 500 nm (C) and 1 mm (D).

15). Additionally, Fe,O, and CoFe,O, were also used as catalysts, but they did not exhibit catalytic activity,
which might be due to the inability of air to regenerate them (Table 1, entries 16 and 17). Ultimately, the reaction
wasexecuted in an open flask, and completed after 12 h with satisfactory results (Table 1, entry 18).

Following the optimization of reaction conditions, various derivatives of 1,4-dihydropyridines were studied
in the presence of a Fe-N-C/DDQ catalyst system (Table 2). The data in Table 2 indicates that the electronic
structure of the R substituent at the C-4 position can influence the rate of oxidative aromatization in the
examined 1,4-DHPs. The data presented in Table 2 suggests that 1,4-DHPs with electron-withdrawing aromatic
substituents exhibit a relatively lower yield of oxidative aromatization when compared with those with electron-
rich substituents (Table 2, entries 1-10). The reaction was highly effective for 1,4-DHP featuring a cinnamyl
substituent group, as indicated in Table 2 (Entry 11). Previous studies have shown that the oxidative reactions
of 1,4-DHPs can yield a mixture of both 4-substituted and unsubstituted pyridines”!~7>. A comparison of our
findings with those in Ref.”}~7? suggests that the experimental conditions used in our study are relatively mild.

Furthermore, the activity of the Fe-N-C synthesized catalyst in the oxidation of 2,3-dihydroquinazolinones
to Quinazolinones was also investigated. As shown in Table 3, the effect of various reaction conditions, such as
the amount of catalyst, DDQ, and solvent, was studied. At first, the impact of different solvents such as MeCN,
EtOH, MeCN/H, 0, and H,O was examined. The results revealed that MeCN/H, O is an appropriate solvent for
this reaction (Table 3, entries 6-9). Next, the impact of various amounts of Fe-N-C on the reaction’s results was
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Fig. 3. TEM images of Fe-N-C at 500 nm (A), and 200 nm (B).

examined, revealing that with 80 mg of catalyst, the reaction proceeded rapidly and the products were formed
with high efficiency (Table 3, entries 1-3). Without the Fe-N-C, the reaction showed no progress after 24 h
(Table 3, entry 11). Also, the reaction did not advance in the presence of Fe-Zif and FeCl1,.4H,0 (Table 3, entries
12,13). As shown in Table 3, the optimal conditions for the reaction were achieved with 20 mol% of the DDQ,
which completed the reaction efficiently (Table 3, entries 2,4-6).

After obtaining the appropriate optimal conditions, various derivatives of 2,3-dihydroquinazolinone were
studied in the presence of a Fe-N-C/DDQ catalyst (Table 4). The data presented in Table 4 demonstrate that
2,3-dihydroquinazolinones with electron-donating (e.g., 4-methylbenzyl, 4-methoxybenzyl, ...) and electron-
withdrawing (e.g., chlorobenzyl, bromobenzyl, ...) groups were efficiently transformed into their respective
products with very good to excellent yields (Table 4, entries 1-11). It was also observed that the current method
is highly effective for the oxidation of 2,3-dihydroquinazolinone substituted with 5-methyl furan-2-yl groups
(Table 2, entry 12).

According to previous reports®>?78286102 the proposed mechanisms for the aerobic oxidation of
1,4-dihydropyridines and 2,3-dihydroquinazolinones have been presented in Scheme 3, respectively. At first, a
radical cation (intermediates A and B in Scheme 3) and a DDQ radical anion are produced by a single electron
transfer from the 1,4-dihydropyridines or 2,3-dihydroquinazolinones to DDQ. The radical oxygen in the DDQ
abstracts a hydrogen atom in its radical form. Then the anionic oxygen of the DDQ abstracts the proton atom
attached to the nitrogen, forming the target products (pyridines and quinazolinones) and DDQH,. Fe-N-C
regenerates the reduced DDQH,, leading to DDQ and a reduced form of Fe-N-C. Ultimately, molecular oxygen
can reenergize Fe-N-C and complete the catalytic cycle (Scheme 3A and B).
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Fig. 4. EDX spectrum of Fe-N-C.

Fig. 5. The EDX element mappings of C, N, and Fe in Fe-N-C.
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Fig. 6. X-ray diffraction (XRD) pattern of Fe-N-C.

The benefits of this catalyst compared to other catalysts’ performance are as follows. Our study comparing
different catalysts indicates that the Fe-N-C catalyst performs better than previously reported catalysts in the
oxidation of 1,4-dihydropyridines (Table 5) and 2,3-dihydroquinazolinones (Table 6). Factors such as ease of
Fe-N-C separation, selectivity reaction temperature, reaction time, and yield all clearly show the superior status
of the Fe-N-C/DDQ catalytic system. This catalyst provides high efficiency with good to high yields under mild
conditions and demonstrates significant advantages in terms of environmental impact. Compared to existing
catalytic systems, the Fe-N-C/DDQ catalyst system offers a more sustainable and environmentally friendly
solution for this important transformation.

Recycling of Fe-N-C SAzyme

For practical reasons, the ease of recycling the catalyst is very beneficial. To explore this matter, we focused on
the reusability of Fe-N-C SAzyme. The recyclability was studied for the aerobic oxidation of 2,6-dimethyl-
4-phenyl-1,4-dihydropyridine-3,5-dicarboxylate under optimized conditions. After the completion of the
reaction, the Fe-N-C was collected using centrifuges (3000 rpm, 3 min) and washed several times with ethanol,
permitting the Fe—-N-C to be reused in subsequent reaction runs. As shown in Fig. 10, the Fe-N-C can be
recycled up to 5 runs without any significant activity loss. The structure of recycled Fe-N-C was studied using
FE-SEM and TEM analyses. This SAzyme’s FE-SEM, TEM, and FT-IR analyses showed that Fe-N-C retained its
chemical structure after the fifth run (Fig. 11A, B, and C).

Large-scale synthesis experiment for the model reaction

To highlight the feasibility of the Cu-N-C/DDQ catalyst system for large-scale oxidation of 1,4-dihydropyridine,
a synthesis experiment was carried out under the optimized conditions outlined in Table 1. This experiment
utilized 10 mmol of diethyl 2,6-dimethyl-4-phenyl-1,4-dihydropyridine-3,5-dicarboxylate, along with DDQ (1
mmol), Cu-N-C (700 mg), and CH,CN/H,O as a solvent (1:1, 20 mL) under an oxygen atmosphere (balloon)
at room temperature. The product was successfully obtained after 11 h, achieving a 90% yield. As expected, this
approach proves economical and practical for producing these compounds (Scheme 4).

Conclusions

In summary, an iron single-atoms SAzyme (Fe-N-C) was prepared and utilized as a nanozyme resembling
laccase in a highly efficient Fe-N-C/DDQ catalyst system for the aerobic oxidation of a wide range of
1,4-dihydropyridines and 2,3-dihydroquinazolinones for the first time. This method stands out due to its more
effective, easier-to-use, and more feasible approach compared to other reported methods. The use of O, as an
ideal oxidant, Fe-N-C as a highly efficient and reusable SAzyme, aqueous media as the solvent, and ambient
temperature contribute to its advantages. Additionally, this novel cooperative catalyst system demonstrates high
efficiency, selectivity, and a low metal content in Fe-N-C, making it a sustainable and environmentally friendly
solution. These benefits enable the system to accomplish other organic transformations effectively. Further
optimization and refinement of this cooperative catalyst system are currently underway in our laboratory.
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Fig. 7. HRTEM images of Fe-N-C at 100 nm (A), 20 nm (B) and 2 nm (C).
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Fig. 8. Nitrogen adsorption-desorption isotherms (A) and BJH pore size distributions (B) of Fe-N-C.
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Fig. 9. Raman spectrum of Fe-N-C.
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Entry | Catalyst Amount of catalyst (mg) | DDQ (mol %) | Solvent Time (h) | GCyield (%)
1 Fe-N-C 100 20 MeCN 1.96 99
2 Fe-N-C 80 20 MeCN 242 99
3 Fe-N-C 60 20 MeCN 6.24 99
4 Fe-N-C 50 20 MeCN 18 93
5 Fe-N-C 70 20 MeCN 4.25 99
6 Fe-N-C 70 15 MeCN 5.32 97
7 Fe-N-C 70 5 MeCN 21 88
8 Fe-N-C 70 10 MeCN 6.42 99
9 Fe-N-C 70 10 H,0/MeCN | 6.51 99
10 [Fe-N-C 70 10 H,0 24 71
11 Fe-N-C 70 10 EtOH 18 95
12 Fe-N-C 0 10 MeCN 24 23
13 Fe-N-C 70 0 MeCN 24 20
14 Fe-ZIF 70 10 MeCN 24 31
15 FeCl1,4H,0 | 49.7 (0.25 mmol) 10 MeCN 24 24
16 | Fe0, 20 10 MeCN 24 23
17 |CoFe,0, |20 10 MeCN 24 21
18 Fe-N-C 70 10 H,0/MeCN | 12 99?

Table 1. Optimization of aerobic oxidation reaction conditions of diethyl 2,6-dimethyl-4-phenyl-1,4-
dihydropyridine-3,5-dicarboxylate in the presence of Fe-N-C/DDQ catalyst system and compare it with
Fe-N-C catalyst precursors. Reaction condition: 1,4-dihydropyridines (1 mmol), DDQ, Fe-N-C, and solvent
(2 mL) under O, (balloon) at room temperature. *The reaction was performed in an open flask.
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N N
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Entry Substrates Product Time (h) Y P
(%) (it.)
0 0
1 6.51 94 59-6038
EtO A OEt
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N
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EtO A OEt
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OMe
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Table 2. The preparation of pyridine derivatives in the presence of Fe-N-C/DDQ catalyst system
Conditions: Substrate (1 mmol), Fe-N-C (70 mg), DDQ (0.1 mmol), and CH,CN/H, 0 solvent (1:1, 2 mL)
under O, (balloon) at room temperature.
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Fig. 2. (continued)
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Entry | Catalyst Amount of catalyst (mg) | DDQ (mol%) | Solvent Time (h) | Isolated yield (%)
1 Fe-N-C 100 25 MeCN 5.46 93

2 Fe-N-C 80 25 MeCN 6.25 93

3 Fe-N-C 60 25 MeCN 15.12 89

4 Fe-N-C 80 15 MeCN 15.86 91

5 Fe-N-C 80 10 MeCN 24 75

6 Fe-N-C 80 20 MeCN 6.68 94

7 Fe-N-C 80 20 H,0/MeCN | 7 94

8 Fe-N-C 80 20 H,0 24 63

9 Fe-N-C 80 20 EtOH 24 90

10 Fe-N-C 80 0 MeCN 24 Trace
11 Fe-N-C 0 20 MeCN 24 25

12 ZIF 80 20 MeCN 24 28

13 FeCl1,4H,0 | 49.7 (0.25 mmol) 20 MeCN 24 22

Table 3. Optimization of aerobic oxidation reaction conditions of 2-(p-tolyl)-2,3-dihydroquinazolin-4(1H)-
one in the presence of Fe-N-C catalyst. Reaction condition: 2,3-dihydroquinazolinones (1 mmol), DDQ,
Fe-N-C, and solvent (2 mL) under O, (balloon) at room temperature.
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Table 4. The preparation of 2,3-dihydroquinazolinones derivatives in the presence of Fe-N-C catalyst.
*Conditions: substrate (1 mmol), Fe-N-C (80 mg), DDQ (0.2 mmol), and CH,CN/H,0O (1:1, 2 mL) under O,
(balloon) at room temperature.
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Scheme 3. Proposed mechanism for the aerobic oxidation of 1,4-dihydropyridine (A) and quinazolinone (B)
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Entry | Catalyst Reaction conditions Time (h) | Isolated yield (%) | References
1 NHPI (10 mol%)/Co(OA_), (0.5 mol%) CH,CN, O,, Reflux 4h 99 &

2 Laccase (200 U)/4-phenyl urazole (20 mol%) NaPBS/CH,CN,0,, 40 °C 22h 99 7

3 Laccase (168 U)/ABTS (10 mol%) Acetate buffer/MeOH, air, 50 °C | 9 h 80 103

4 AuCNT (10 mol%)/2,5-dichlorocyclohexa-2,5-diene-1,4-dione (200 mol%) | CHCL,/H,0 36h 78 104

5 Fe-N-C (70 mg, 4.3 mol% of Fe), DDQ (10 mol%), O, (balloon) H,0/MeCN, R. T 6.51h 94 This work

Table 5. Comparison of the catalytic activity of Fe-N-C/DDQ catalyst system in the oxidation of diethyl
2,6-dimethyl-4-phenyl-1,4-dihydropyridine-3,5-dicarboxylate with some reported procedures.

Entry | Catalyst Reaction conditions | Time (h) | Isolated yield (%) | References
1 TBAB (160 mol%), CuCl, (140 mol%) Solvent-free, 100°C | 1.5 87 6

2 I, (110 mol%) EtOH, 78 °C 6h 99 6

3 DMSO 100 °C 12h 93 »

4 Laccase (200 U)/DDQ (20 mol%), O, (balloon) NaPBS/CH,CN, 45°C | 24h 90 o4

5 Fe-N-C (80 mg, 5 mol% of Fe), DDQ (20 mol%), O,(balloon) | H,0/MeCN, R. T 7.46 h 93 This work

Table 6. Comparison of the catalytic activity of Fe-N-C/DDQ catalyst system in the oxidation of 2-phenyl
quinazoline-4 (3H)-one. with some reported procedures.
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Fig. 10. Recyclability study of Fe-N-C SAzyme in the Fe-N-C/DDQ catalyst system for the aerobic oxidation
of 2,6-dimethyl-4-phenyl-1,4-dihydropyridine-3,5-dicarboxylate for 6.51 h.
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Fig. 11. FE-SEM (A), TEM analyses (B), and FT-IR spectra (C), of the reused catalyst after 5 runs.
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Scheme 4. Large-scale synthesis of diethyl 2,6-dimethyl-4-phenyl-1,4-dihydropyridine-3,5-dicarboxylate.
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