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a b s t r a c t

Heterogeneous porous carbon (PC) materials have gained unique importance in the catalysis community

due to their captivating properties, including high specific surface area, tunable porosity, and function-

ality. PC can play a prominent role in the sustainable synthesis of functional heterocycles, as they are a

low-cost alternative while being an efficient and user-friendly material. This review examines the prepa-

ration and applicability of these carbonaceous materials used as catalysts or support for biologically active

heterocycles synthesis, including hydrogenation, oxidation, oxidative dehydrogenation, cross-coupling, and

other organic reactions. Moreover, the challenges, potential future development directions, and opportuni-

ties in the synthesis of potent bioactive heterocycles over PC materials have been addressed. This review

will inspire further research to explore novel PC materials and their implications in heterocyclization.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

Catalysts are the jewel in the crown of the chemical indus-

try, accelerating reaction kinetics and augmenting the efficiency of

desired reaction pathways [1]. Since the term “catalysis” was in-

troduced as early as 1835 by Johns Jakob Berzelius, catalysis has

grown in vital importance to the world economy [2]. It has been

estimated that most chemical processes require 80% of heteroge-

neous catalysts, 15% of homogeneous catalysts, and about 5% of

biocatalysts [3]. In recent inclination, heterogeneous catalysts have

gained unprecedented importance because of their versatile prop-

erties with faster, large-scale production and selective product for-

mation. Among a diverse range of heterogeneous catalysts, porous

carbons (PCs) have been immensely appealing as one of the most

significant and proactive catalysts since the last decade due to their

large specific surface area, hierarchical porosity, unique morpholo-

gies, high thermal, chemical, and mechanical stabilities, excellent

electron conductivity, and tunable pore structures. With these ver-

satile properties, they are also cost-effective, and environmentally

friendly catalytic materials [4]. They also find significant applica-

tions in various fields, such as adsorption, separation, medicine,

and energy storage and conversion [5]. Presently, PCs have gained

the attention of chemists and materials scientists because of the

challenges posed by their synthesis, treatment, and characteriza-

tion. Due to technological advancements and rising demands for

porous materials, researchers have developed synthetic methods

E-mail address: uppatil4143@rediffmail.com

that allow them to control the parameters that determine struc-

tural and textural properties [6,7].

Ring structures with at least one C atom and one or more

other atoms are referred to as heterocyclic compounds, which are

ubiquitous in nature and find widespread applications in pharma-

ceutical and medicinal chemistry due to their potent bioactivities

(Fig. 1). It has been estimated that more than 85% of all bioactive

chemical entities contain a heterocyclic compound. Heterocycles

include several biochemicals essential to life. Many naturally occur-

ring vitamins, pigments, hormones, nucleic acids, and antibiotics

are heterocyclic compounds. Most pharmaceutical products that

mimic natural products with biological activity are heterocyclic

compounds [8]. Heterocycles constitute around 50% of known or-

ganic compounds, and approximately 90% are active pharmaceu-

ticals. These compounds play a significant role in drug discovery

and development; therefore, from a green chemistry perspective;

researchers are engaged in designing, and developing novel and

green routes for their high-yield synthesis [9].

Over the past decade, the rising credibility of PC catalysis in

organic transformations and their outstanding features have stim-

ulated researchers to study their synthesis, properties, and ap-

plicability. Consequently, a good number of research papers on

the synthesis and applications of PCs in organic transformations

were published. Further, based on PCs materials, the following re-

views were also reported in the literature. In 2016, Wang et al.

[10] reviewed N-doped PC catalysts for heterogeneous hydrogena-

tion and oxidations. In 2022, Lin and co-workers [11] reviewed

carbohydrate-derived PC catalysts for various organic transforma-
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Fig. 1. Glimpse of natural bioactive heterocycles.

tions, in 2015, De et al. [12] reviewed biomass-derived PC for or-

ganic synthesis as well as electro- and photochemical processes in

aqueous solutions while, in 2020, Rai et al. [13] reported a review

on carbon-based materials such as carbon nanotubes, graphitic ni-

tride, and nitrogenous carbon materials for heterocycle synthesis.

In 2019, the Pérez-Mayoral group reviewed PC catalysis in fine

chemical synthesis [14], and in 2020, Gläser et al. [15] reviewed

chitosan-based N-doped carbon materials for photocatalytic and

electrocatalytic applications. Rangraz et al. [16] in 2021 reported

recent advances in heteroatom-doped porous carbon/metal mate-

rials and their applications in organic transformations. While, in

2022, Zhang’s group reviewed the recent progress in design princi-

ples and synthesis methods of asymmetric C- and Si-based nano-

materials and their applications in energy storage, catalysis, and

biomedicine [17].

However, in these reviews, few PC-catalyzed heterocyclic reac-

tions have been reported. Considering the inherent advantages of

PC catalysts and their increasing applicability, a study on hetero-

cycles synthesis over PC is highly significant and appealing. With

this view, economic and environmentally benign processes for syn-

thesizing functionalized heterocyclic compounds using PC catalysts

have been widely discussed in this review. Moreover, challenges

and opportunities in the field of PCs and their implications in het-

erocycles synthesis have also been discussed.

2. Advances in the synthesis of porous carbon materials

Various synthetic or natural sources are used for the synthesis

of PC materials. PCs can be derived from readily available biomass

such as wood, rice husks, coconut shells, fruit pits (e.g., peach

pits), nutshells (e.g., walnut shells), seeds (e.g., apricot kernels), and

other agricultural waste. Additionally, synthetic polymers such as

polystyrene, polyacrylonitrile (PAN), polyvinyl chloride (PVC), phe-

nolic resins, some petroleum-based products, such as petroleum

coke, pitch, and refinery residues, as well as metal-organic frame-

work (MOF), covalent organic framework (COF), and organic com-

pounds are used as a source to derive porous carbons [18–23]. Dif-

ferent methods such as physical activation, chemical activation, or

a combination of physical and chemical activation, catalytic acti-

vation, carbonization of blends (carbonizable polymer and pyrolyz-

able polymer), polymer aerogel carbonization under supercritical

drying conditions, are used for the PCs production.

2.1. Physical activation

The production of PC materials by physical activation is a ver-

satile method to create high-surface-area carbonaceous materials

with a network of interconnected pores [24]. Initially, precursors

(biomass, polymers, or petroleum derivatives) are selected and car-

bonized. This process involves heating the material typically be-

tween 600 °C and 900 °C. At the time of carbonization, volatile

components, such as water, volatile organic compounds (VOCs),

and some non-carbon components, are driven off, leaving behind

a carbon-rich residue. The resulting residue is ground into a fine

powder and sized to the desired particle size distribution. The par-

ticle size can influence the porosity of the final product [25]. It is

further subjected to partial and controlled gasification at high tem-

peratures using activating agents such as CO2, steam, air, or a mix-

ture of both. The gasification process selectively removes the most

reactive carbon atoms from the structure generating the porosity.

Further, gasification will produce the final carbon with a highly

porous structure and high specific surface area sought [26]. A pres-

surized physical activation [27] showed excellent results afforded

increased specific surface area (>2600 m2/g), pore volume, and

formation of micropores in carbon compared to atmospheric pres-

sure. Colomba et al. [28] reported producing biochar at a higher

heating rate contains excessive pores, and under physical activa-

tion using a CO2 activator, the specific surface area (1300 m2/g)

was increased. In a recent report, Pallares et al. [29] found that

the choice of activator and temperature conditions play a crucial

role in preparing PC under physical activation. The CO2 activator

at 800 °C afforded 789 m2/g of surface area and 0.3268 cm3/g

of micropore volume, while the steam activator at 700 °C offered

552 m2/g of surface area and 0.2304 cm3/g of micropore volume.

2



U.P. Patil Chinese Chemical Letters 35 (2024) 109472

Physical activation allows for control over the size and distribu-

tion of pores in the carbon material and generally produces high-

purity carbon materials. This method is often considered more

environmentally friendly since it uses benign agents like steam

or carbon dioxide, lowers activation costs, is free from chemi-

cal waste production, and does not use harsh chemicals. How-

ever, physical activation might sometimes be less efficient in cre-

ating highly porous structures, and the porosity achieved might be

lower or require longer processing times, impacting the overall ef-

ficiency of the method. Zaini et al. reported that compared to CO2,

steam worked well in developing the matrix with high surface area

(2938 m2/g) and pore volume, but it required higher temperature,

longer activation time, and resulting lower yield [30].

2.2. Chemical activation

PCs can also be generated by the chemical activation process. In

this process, the precursor is impregnated with activating chemi-

cal agents. Generally, activating agents such as KOH, NaOH, K2CO3,

ZnCl2, H3PO4 [31,32] are used. The activating agent is treated with

carbon precursor either by direct mixing or using its aqueous so-

lution [33]. After impregnation, the chemical activation procedure

is performed in an inert atmosphere under various temperature

conditions (400–900 °C) depending on the type of activating agent

used [34]. Activating agents restrict the formation of tars, VOC, and

bitumen, and help increase the well-developed porous carbon con-

tents [35]. These agents play a significant role in the formation of

tiny pores in the carbon skeleton that lead to an increase in the

specific surface area. Chemical activation is more economical as

compared to physical activation, because it is performed at lower

activation temperature, requires a short processing time, and it of-

fers highly porous carbon with more efficiency [36]. However, the

use of chemical activating agents can leave residues in the PC ma-

terial, potentially affecting its purity. This process involves the re-

moval of carbon atoms to create pores, leading to a loss in PC yield

[37].

The physicochemical activation (combination of physical and

chemical activation) involves the carbonization of a chemically im-

pregnated raw precursor followed by a physical activator or the

carbonization and activation of chemically impregnated char with

oxidizing gas or steam. This method produces a carbon skeleton

with higher surface area and pore volume than individual activa-

tion due to improved mass transfer with carbon matrix [38]. Ad-

lak et al. [39] used both chemical (KOH) and steam (physicochem-

ical activation) activators for the preparation of PCs from neem

(Azadirachta indica) wood as a carbon precursor. This method re-

sulted in a higher specific surface area (963 m2/g) and porosity

compared to chemical activation. While physicochemical activa-

tion has several advantages such as PCs with high surface area

and porosity, there are also some disadvantages including higher

energy consumption during the synthesis process, chemical waste

generation, formation of undesirable by-products, longer activation

time, and sometimes chemical agents may remain in carbon matrix

which could inhibit pore formation [40].

2.3. Heteroatom doping methods

The introduction of heteroatoms (N, P, S, O, B, etc.) into the

carbon skeleton can significantly enhance the performance of PC

materials for various applications [41]. After selecting a proper

carbon precursor, heteroatoms can be introduced into carbon lat-

tice using various techniques. By the chemical vapor deposition

method, heteroatom-containing gasses like ammonia, nitrogen ox-

ide, sulfur-containing gases, are introduced during the carboniza-

tion process, leading to the incorporation of heteroatoms into the

Fig. 2. Pyrolysis of porphyrinic MOF to afford high content single-atom Fe-

implanted N-doped PC. Reproduced with permission [48]. Copyright 2018, Wiley-

VCH.

carbon structure [42]. In the chemical modification method, af-

ter carbonization, the PC material can be chemically treated with

heteroatom-containing reagents to functionalize the surface [43].

Using the co-pyrolysis method, heteroatom-containing reagents are

mixed with carbon precursor and then subjected the mixture to

pyrolysis [44]. This allows for the incorporation of heteroatoms

during carbonization. In wet chemical method, dopant precur-

sors in solution are infiltrated into the PC material, and then

heat treatment is applied to remove the solvent and incorporate

dopant atoms [45]. Template-assisted method can also be used

for doping heteroatom into PC material. High-energy ions of the

dopant element are accelerated and implanted into the carbon

skeleton. Subsequent annealing or heat treatment helps to stabi-

lize the dopant atoms in the lattice. Zhang et al. [46] prepared

two kinds of highly N-doped mesoporous carbon onto nanotubes

(NMC/CNTs) based on a facile cooperative assembly process as-

sisted by triblock PEO20PPO70PEO20(P123) and PEO106PPO70PEO106

(F127) copolymers. Wang et al. [47] recently developed a compos-

ite material consisting of Co NPs and single atom Zn co-implanted

in N-doped PC nanosheets grafted with carbon nanotubes (CNT).

Jiao and co-workers [48] reported single atom Fe implanted N-

doped PCs via pyrolysis (Fig. 2). Heteroatom doping in PC offers

several advantages, including enhanced catalytic activity, improved

conductivity, and altered surface chemistry. However, limitations

of this method include the complexity of synthesis, sometimes

non-uniform distribution, increased cost, and some metals used for

doping may have toxicity concerns that can cause health and envi-

ronmental issues.

2.4. Metal-catalyzed activation method

This method typically involves the use of carbon precursor

(polymers like phenolic resins, polyacrylonitrile (PAN), organic

compounds, cellulose, lignin, and various biomass-derived materi-

als) and a transition metal catalyst (iron, nickel, cobalt, etc.) to cre-

ate porous structure through a combination of carbonization and

activation process. The choice of precursor can impact the proper-

ties of the resulting PC. Initially, a catalyst is introduced into the

carbon precursor, and the mixture is heated at a high temperature

in an inert atmosphere. The catalyst promotes the formation of car-

bonaceous structures by fascinating the removal of VOC and creat-

ing voids in the carbon matrix [49–51]. Although catalytic activa-

tion remains a valuable method for producing PC materials with

tailored properties for a wide range of applications, the chemical

residue of catalytic material may be incorporated in the final PC

materials, which can affect the product purity, and yield. Achiev-

ing uniform dispersion of the catalyst within the carbon precursor

can be challenging. Non-uniform distribution can result in uneven

pore formation and material’s properties inconsistencies.

3
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2.5. Templating methods

Since the last decade, various templating methods such as hard

template, soft template, and self-templating have emerged as suit-

able alternatives to traditional methods. In the hard templating

method, ordered inorganic porous solids such as mesoporous silica,

zeolite, clay materials, can be used. Hard templating is a multifar-

ious process involving: (1) Template preparation under controlled

porosity; (2) introducing carbon precursor in the template pores;

(3) cross-linking and carbonization of the carbon precursor to cre-

ate organic-inorganic composites, and finally, (4) removal of the in-

organic constituents to get a PC material [12]. For hard-templating,

the use of inorganic materials such as oxides (MgO, ZnO, MnO2,

iron oxides, etc.), salts (NaCl, KCl, CaCO3, Na2SO4, etc.), and metals

(Zn, Fe) are advantageous over silica, because they are abundant,

non-toxic, an economic, and easily removable with diluted acids or

water, avoiding toxic HF [52].

In the soft templating method, the surfactant (trimethyl-

stearylammonium chloride, sorbitan monooleate, perfluorobutane

sulfonate, sodium dodecylsulfate, tetrapropylammonium bromide,

pluronic F-127, Triton X-100, pluronic P-123, etc.) is mixed with

the carbon precursor, either using water or ethanol, that undergoes

spontaneous micellation. These micelles may be layered, spherical,

cylindrical, or ellipsoidal as per the molecular geometry of the sur-

factant and the dilution conditions (surfactant concentration, pH,

etc.). Further polymerization and cross-linking of the carbon pre-

cursor leave the micelles trapped in a continuous polymeric ma-

trix. A high temperature causes carbonization of the polymer and

complete removal of surfactant, yielding mesoporous carbon ma-

terial [53,54]. In hydrothermal carbonization, the precursor of the

carbon is gradually hydrolyzed, dehydrated, condensed, and arom-

atized under high temperature and pressure using water as a sol-

vent and finally converted into PC material [55]. In a self-generated

templating approach, carbon precursors can directly be carbonized

to obtain PCs. In some cases, the cation or anion of the ionic liq-

uids can be used as pore-forming agents without any other scaf-

fold. This approach avoids the waste and pollution caused by using

templating agents. However, solid carbon precursors are difficult to

achieve self-assemble, or produce pore-forming agents during car-

bonization [56].

Besides, mechanochemically-assisted templating is also a

promising alternative to the traditional method because this

method reduces solvent consumption and waste generation. Sol-

ventless synthesis of PC can be performed by mixing organic

compounds like resorcinol, terephthalaldehyde, and block copoly-

mer (F127). Grinding of this mixture for 5min. produces a

sticky paste-like mixture. After the carbonization of this mixture,

PCs with cubic and hexagonal structures are obtained [57,58].

Zhang et al. [59] have ingeniously designed B,N co-doped hierarchi-

cally PC nanosheets (BNPC) via a hard-templating route and simple

carbonization process. The hard-templating method can synthe-

size homogeneous pores and ordered pore structure carbon with

a high specific surface area. However, this method is more compli-

cated, not cost-efficient, and needs a relatively long synthesis time

[51,56].

The process of carbonizing polymer blends is also used in the

production of PCs. This involves blending a carbonizable poly-

mer (such as phenolic resins, aromatic polyurea, polyacrylonitrile

(PAN), pitch-based polymers) with a pyrolyzable polymer (such as

polyvinyl chloride (PVC), polystyrene, polyethylene) having vari-

able degrees of thermal stability. The blend is then carbonized at

high temperatures in an inert atmosphere. During the process, the

pyrolyzable polymer is completely eliminated in pyrolysis, leav-

ing pores in the carbon skeleton of the carbonizable polymer. The

blending ratio of the component polymers can be adjusted to con-

trol the pore volume and size in the final PC [49]. However, volatile

organic compounds (VOC) or other potentially harmful substances

may be released during the process, so environmental controls and

proper safety measures are necessary to mitigate these concerns.

The carbonization of organic aerogels is one more method em-

ployed to produce PC materials. Organic aerogels are synthesized

through the sol-gel process, where a liquid precursor undergoes

gelation to form a three-dimensional network structure. This gel is

then subjected to supercritical drying or freeze-drying to remove

the liquid component while retaining the aerogel’s porous struc-

ture. The organic aerogel is then carbonized at high temperatures

in an inert atmosphere. The resulting carbon material retains its

high specific surface area and innate porosity. Careful control of

the carbonization conditions may be required to achieve specific

pore structures and size distributions [60–62].

3. Synthesis of functional heterocycles using porous carbon

catalysts

Functionalized heterocyclic compounds have enormous im-

portance in pharmaceutical and medicinal chemistry because of

their potential biological activities. They are frequently found in

biomolecules such as vitamins, enzymes, pigments, hormones, and

many natural products [8]. Owing to their medicinal significance,

several attempts have been made to synthesize these compounds

using homogeneous and heterogeneous catalysts [63–70]. PC cat-

alysts are heterogeneous solid materials with high specific sur-

face area, dispersion ability, thermal stability, and reusability, and

more significant is that PC is a cost-effective and environmentally

friendly catalytic system. Due to these striking features, PC is more

advantageous over stoichiometric reagents or homogeneous cata-

lysts. PC-catalyzed synthetic methods reported in the literature are

examined and compiled as under.

3.1. Oxidation

The saturated or partially saturated heterocyclic compounds of-

fer an efficient and straightforward route for the synthesis of func-

tional N-heterocycles via oxidative dehydrogenation reactions [71].

With this view, in 2022, Sun and co-workers [72] developed N,P-

co-doped carbon material (NPCH) and employed it in the oxida-

tive dehydrogenation of derivatives of 1,2,3,4-tetrahydroquinoline

1 into the quinoline 2, indoline 3 into the 1H-indole 4, and

other N-heterocycles (Scheme 1). For the catalyst preparation,

in the aqueous mixture of 2-methylimidazole and benzylamine,

Zn(NO3)2·6H2O was added and stirred at room temperature to get

ZIF-8-Bn. It was mixed with PPh3 and pyrolyzed at 900 °C in an

N2 atmosphere to produce a catalyst. At the time of pyrolysis, Zn

species were evaporated. Further, for the complete removal of Zn

species, the catalyst was treated with HCl. Due to the removal of

Zn species, the defects in the catalyst were developed.

Scheme 1. N,P co-doped PC catalyzed oxidative dehydrogenation of N-heterocycles.
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Fig. 3. TEM images of (A) NPC-300 and (B) NPCH catalysts. Reproduced with per-

mission [72]. Copyright 2022, Royal Society of Chemistry.

Scheme 2. Oxidative dehydrogenation using N,P co-doped PC catalyst.

Analytical tools such as XRD and Raman spectra of the cata-

lyst exhibited graphitic features and structural defects, TEM im-

ages (Fig. 3) showed that the average particle sizes of NPC-300 and

NPCH are 182nm and 180nm, respectively, while elemental map-

ping revealed the homogeneous dispersion of C, N, O, and P species

over the entire nano-architecture, and XPS analysis confirmed that

N and P heteroatoms were successfully doped in PC.

The active sites such as P, and N centers, which are pos-

sibly responsible for dehydrogenation, offer heteroarenes with

high selectivity (Scheme 2). Furthermore, two pharmaceutically

relevant molecules such as 6-((2-(dimethylamino)ethyl)amino)−3–

hydroxy-7H-indeno[2,1-c]quinolin-7-one 15 from 6,6a,7,11b-

tetrahydro-5H-indino[2,1-c]quinoline 13, and (R)−2-(1-((4-(4-

fluorophenyl)quinolin-7-yl)methyl)−1H-1,2,3-trizol-4-yl)butan-

2-ol compound with trifluoro-λ3-methane (1:1) 18 from 4-(4-

fluorophenyl)−1,2,3,4-tetrahydroquinoline 16 have been synthe-

sized using PC catalyst, which signifies its importance (Scheme 3).

A gram-scale synthesis indicates the industrial applicability of the

catalyst. Although the developed NPCH catalyst is good enough to

offer up to 94% yield and is reusable, the leaching of Zn species

and the use of acid for its complete removal from the catalyst can

raise environmental issues. To overcome this problem, Zn species

can be recollected and reused.

As an alternative to precious metals and a very efficient de-

hydrogenation catalyst, activated carbon (Darco KB) has been em-

ployed by Krivec and co-workers [73] for the synthesis of a set

of novel isoindoles 21 via a one-pot Diels-Alder reaction in de-

calin solvent at 180 °C that offered up to 87% yield (Scheme 4).

In the preparation of isoindole derivatives from the reaction of N-

Scheme 3. Synthesis of bioactive compounds using N,P co-doped PC catalyst.

substituted maleimides 19 with 2H-pyran-2-ones 20 via cycload-

dition/elimination/dehydrogenation, the catalyst influences the

dehydrogenation, which is essential to avoid the formation of a

possible product bicyclo[2.2.2]octenes. It is also proven that the

aromatization occurs via hydrogen transfer facilitated by a het-

erogeneous carbon catalyst from the cyclohexadiene intermediate

to the maleimide derivative. Compared to the BET surface area of

Rh/C (832 m2/g) and activated carbon (700 m2/g), Darco KB has

a significantly higher specific surface area (1320 m2/g). The ef-

fective surface functionality of the Darco KB catalyst possibly en-

ables more efficient facilitation of the dehydrogenation process.

The method is advantageous because it avoids the use of expensive

noble metals, and offers up to 87% yield of the products; however,

the solvent effect on the product yield is not considered.

Su and co-workers [74] reported the synthesis of quinazoli-

nones 28 via a tandem hydrogen-transfer strategy catalyzed by N,S

codoped carbon-anchored Co NP. The catalyst N,S-codoped carbon-

anchored Co NP (Co@NSC-1) was developed by the pyrolysis of

a mixture of Co/Zn-zeolitic imidazolate framework and thiourea.

Quinazolinones 28 were synthesized from 2-nitrobenzonitrile 26

and benzyl alcohol 27 using a Co@NSC-1 catalyst that offered up to

98% yield (Scheme 5). The superior performance of the Co@NSC-1

catalyst is attributed to the uniform dispersion of Co NPs, a high

specific surface area, potent acid-base sites, and synergistic effects

between Co NPs and N,S-dopants so that it exhibited no significant

loss in activity after the 6th run, and afforded a high yield (98%) of

the product compared to the previously reported methods.

Liu’s group [75] prepared N-doped PC and employed it in the

aerobic dehydrogenation of N-heterocycles. Sugarcane bagasse was

used as a source for the PC generation. The TEM, N2-sorption,

XPS, and EPR analysis revealed that the increased catalytic prop-

erties of NC resulted from its high activation ability for both O2

and heterocyclic N. The developed PC had graphene-like surface

morphologyand a well-developed porous structure and was found

to be highly active toward the dehydrogenation of N-heterocycles.

The protocol offered up to 96% yield of the desired products

(Scheme 6). This method boasts waste-derived and reusable cat-

alysts, ethanol as a green solvent, requires minimal energy input,

and produces high yields, making it both cost-effective and envi-

ronmentally friendly.

For the preparation of bio-derived aromatic polyesters, the ox-

idation of HMF 29 to 2,5-furandicarboxylic acid (FDCA) 30 under

suitable experimental conditions is a sustainable and promising

method. With this view, Yang et al. [76] developed Pt/NC-800 cata-

lyst and successfully employed it for the aerobic oxidation of HMF

29 to FDCA 30 using Na2CO3 base at 110 °C with 100% conver-

sion (Scheme 7). N-Doped carbon catalyst was prepared by py-

rolysis of natural carbon resource pomelo peel at 800 °C under

5
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Scheme 4. Synthesis of isoindole derivatives using activated carbon (Darco KB).

Scheme 5. Synthesis of quinazolinones using Co@NSC-1 catalyst.

Scheme 6. Aerobic dehydrogenation of N-heterocycles.

Scheme 7. Pt/NC-800 catalyzed aerobic oxidation of HMF into FDCA.

Scheme 8. Aerobic oxidation of HMF to DFF using FeCo/C catalyst.

NH3 (Nitrogen source up to 11.4%) flow with a uniform disper-

sion of Pt-NPs. The developed catalyst was characterized by ana-

lytical tools. Warped carbon nanosheets (calcined above 800 °C)
formed web structures deduced by SEM images. The XPS anal-

ysis showed Pt nanoparticles (NPs) are supported on NPC-800,

while the XRD pattern ascribed crystalline planes of supported Pt

nanoparticles (NPs). The N2-sorption experiments showed a large

surface area (513.3 m2/g to 809.2 m2/g), pore volume (220.9 cm3/g

to 331.9 cm3/g), and pore diameter (0.32nm to 0.47nm). These

textural properties could be responsible for catalytic activity en-

hancement. Though the method is opportune due to the use of

waste material as a carbon source, and a high N-contentsin the cat-

alyst, the use of expensive Pt affects the overall cost of the method.

Carbohydrate-derived HMF 29 is a precursor of 2,5-

diformylfuran (DFF) 31 intermediate compound, which is useful for

the synthesis of pharmaceuticals, fluorescent material, fine chem-

icals, surfactants, and others [77–79]. Fang et al. [80] developed

hollow magnetically separable FeCo/C nanocatalyst and employed

it in the selective oxidation of DFF 31 from HMF 29 that afforded

>99% yield under mild reaction conditions (Scheme 8). A hollow

magnetically separable FeCo/C catalyst was prepared by thermoly-

sis of a bimetallic MOF (MIL-45b) containing non-noble metals Co

Scheme 9. ZnO/carbon catalyzed synthesis of quinolines.

and Fe. In the catalytic characterization, XRD showed a crystalline

nature, SEM micrograph revealed irregular agglomerates, XPS

spectra indicated the presence of Fe3+ and Co4+ species in the

catalyst, and TEM images exhibited a hollow nature of FeCo/C-500

Nps. The hollow structural appearance of FeCo/C nanocomposite

material favored the adsorption of HMF 29 and rapid desorption

of product DFF 31 from the catalyst surface with a high yield. The

catalyst could be reused up to the 6th cycle without significant

loss in activity. FeCo/C nanocatalyst demonstrated superior perfor-

mance for HMF oxidation compared to other catalysts, as shown

in Table 1 [80–84] in sequence. This protocol utilizes low-cost and

magnetically separable transition metals instead of noble metals,

which were highly active and selective toward HMF oxidation,

resulting in >99% yield of the product.

Quinolines 2 are present in several natural and synthetic prod-

ucts endowed with biological activities [85]. Classical Friedländer

condensation is the simplest and most effective route among sev-

eral methods for the synthesis of quinolines 2. In general, Friedlän-

der condensation is considered an atom-efficient reaction that

proceeds through double condensation between 2-aminoaryl car-

bonyl compounds with other carbonyl components possessing ac-

tive methylenic units at α-position affording quinolines. For the

synthesis of quinolines 2 via Friedländer condensation reactions,

different PC-based catalytic systems were employed that showed

quite efficient catalytic performance [86].

ZnO/carbon nanocomposites [87] exhibited excellent catalytic

activity towards the synthesis of quinolines, via Friedländer reac-

tion, from 2-amino-5-chlorobenzaldehyde 32 and ethyl acetoac-

etate 33 under solventless conditions (Scheme 9). Zn-containing

various catalytic materials such as Norit1Zn (activated carbon sup-

port), CNTOX3Zn, Z1200 (MOF Basolite R©), and SBA15–3Zn (silica-

supported catalyst) were well-examined using various analytical

tools. The influence of the physicochemical properties of various

carbon supports, such as activated carbon (AC), carbon aerogel

(CA), and multi-walled carbon nanotubes (MWCNT), on the cat-

alytic performance was also investigated. The authors stated that

catalytic support is a key factor in the development of new cat-

alysts with enhanced properties. Comparatively, the Norit1Zn is

more active than other Zn-containing catalysts such as commer-

cial MOF or ZnO-supported on SBA-15 mesoporous silica (even 3-

fold higher Zn content). The outstanding catalytic performance for
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Table 1

Comparative results of HMF oxidation.

Catalyst HMF concentration (mol/L) Metal loading (mol%) Temp. (°C) P(MPa), atmosphere DFF yield (%) Ref.

Ag-OMS-2 0.063 16.7 165 1.5, air 99 [81]

Pd/C 0.067 2.5 80 2.0, O2 8.8 [82]

Pt/C 0.067 2.5 80 2.0, O2 1.3 [82]

γ -Fe2O3@HAP-Ru 0.11 3.7 110 0.1, O2 81 [83]

Ru/HT 0.33 4.3 120 0.1, O2 92 [84]

FeCo/C(500) 0.50 20 100 1.0, O2 >99 [80]

Scheme 10. Acid-activated carbon catalyzed synthesis of substituted quinolines. Re-

produced with permission [88]. Copyright 2013, ChemCatChem.

Norit1Zn in the synthesis of quinolines 2 probably associated with

the accessibility of active catalytic centers. Friedländer condensa-

tion of carbonylic compounds with 2-amino-5-chlorobenzaldehyde

and enolizable hydrogens using Zn/carbon catalyst under solvent-

less and mild reaction conditions, at lower temperature, afford-

ing in all cases selectively a total conversion to the corresponding

quinolines.

In another experiment, series of activated carbons (ACs) such

as mesoporous carbon (Cmeso), activated mesoporous carbon

(ACmeso), microporous carbon, Norit/N, Norit/S, Merck/N, and

Merck/S were synthesized, characterized, and tested for the syn-

thesis of quinolines 2 (Scheme 10) via Friedländer reaction by

Pérez-Mayoral group [88]. The authors reported that from the char-

acteristic study of the various carbon-based catalysts, Norit/S cat-

alyst containing sulfonic acid groups with the highest surface area

has higher acidity than other catalysts and exhibited an excel-

lent performance towards condensation reaction. The reaction of

2-aminobenzophenone and ethyl acetoacetate 33, and the reaction

of 2-aminoaryl ketone with acetylacetone catalyzed by Norit/S at

363K offered 98%, and 92% conversion respectively, compared to

other catalysts. Ease of catalyst preparation from commercial mi-

croporous materials, its tunable acidity, and affording quinolines

with high conversion and mild reaction conditions are the remark-

able features of this method.

A hierarchically PC-supported single-atom catalyst (SACs) was

developed by Chen and co-workers [89] and was used to syn-

thesize quinoline derivatives 36 via Friedländer condensation

(Scheme 11). The catalyst was prepared following a top-down ap-

proach. Natural birch wood was treated with metal salts (FeCl3,

CoCl2, NiCl2, or CuCl2), and after pretreatment; the hydrothermally

treated wood was carbonized (Fig. 4). In this process, wood was

used as a carbon source, while urea as a nitrogen source. Fe-single

atom PC catalyst calcined at 800 °C referred to as Fe-800 SAC.

The catalyst was well-characterized using various techniques.

SEM images (Fig. 5) revealed a microporous structure with a di-

ameter of 1020μm. N2-sorption illustrated a BET area of 164 m2/g

and pore size of 3.8 nm, while uniform dispersion of N and Fe

in the carbon skeleton was deduced by elemental mapping. The

doping of N was confirmed by XPS analysis. Raman, FTIR, and

NMR spectra exhibited the presence of defective sites and func-

tional groups, while Mössbauer spectra indicated the presence of

Fe species. Fe-800 SAC was employed for the synthesis of quinoline

derivatives 36 by oxidative cyclization of aniline 34, and acetophe-

none 35 derivatives at 120 °C in DMSO under an O2 atmosphere

Scheme 11. SAC-catalyzed oxidative cyclization.

Fig. 4. Preparation of wood-based single-atom PC catalyst and its applications. Re-

produced with permission [89]. Copyright 2021, Wiley-VCH.

Fig. 5. SEM images of (A) Fe-800 SAC and (B) Fe-800 SAC along the parallel direc-

tion. Reproduced with permission [89]. Copyright 2021, Wiley-VCH.

that offered up to 87% yield. Moreover, oxidative dehydrogena-

tion of 1 and synthesis of methyl 3–chloro-4-(6-methoxyquinolin-

2-yl)benzoate 41 a building block of cavosonstat (inhibit the S-

nitrosoglutathione reductase (GSNOR) enzyme), were carried out

using the catalyst at 120 °C under air. A low-cost transition metal

and wood material as a carbon source was used to develop the
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Scheme 12. Synthesis of sulfonated mesostructured silica-carbon nanocomposite

catalyst and its application in the synthesis of FMBM. Reproduced with permission

[91]. Copyright 2018, American Chemical Society.

Scheme 13. Synthesis of biologically active compound using Cu@C/TEMPO catalyst.

catalyst (SAC). Such PC-supported SACs exhibited excellent activity

and selectivity toward oxidative dehydrogenation of THQ as well

as the construction of substituted quinolines by oxidative cycliza-

tion compared to PC-supported noble metals. Hence, this protocol

is both cost-effective and environmentally friendly.

2,2′-(2-Furylmethylene)bis(5-methylfuran) (FMBM) heterocycle

is an important precursor for biodiesel production [90]. With

this view, Sels and co-workers [91] have developed sulfonated

mesostructured silica-carbon nanocomposite (Si33C66HTSO3H) cat-

alyst for the solvent-free synthesis of 2,2′-(2-furylmethylene)bis(5-

methylfuran) from condensation reaction of sylvan (2-methylfuran)

and furfural at 50 °C with 86% product yield and 90% selectiv-

ity (Scheme 12). The mesostructured silica-carbon nanocomposites

with extensive mesopore interconnectivity developed from sucrose

as a carbon source using a mild vapor-phase-assisted hydrother-

mal treatment procedure. The resultant nanocomposite materials

were sulfonated to get strong acid catalysts. These catalytic materi-

als were well-characterized by SEM, TEM, TGA, SAXS, NMR, Raman,

N2-sorption, XPS, etc., which clearly demonstrated the formation

of catalysts. The superior catalytic performance is due to higher

carbon content, SO3H density, the presence of more open inter-

connected mesopores in Si-C nanocomposites, and higher oxygen

functionality.

The catalyst offered an excellent yield of the desired product

without the formation of hydroxyalkylation or other intermediates.

The catalytic recyclability test showed that after the 2nd run, the

catalytic activity was significantly reduced, however, with regener-

ation by resulfonation, the catalyst showed excellent performance

in the subsequent run.

The pyrazole derivative 5-(1-(3-fluorophenyl)−1H-pyrazol-4-

yl)−2H-tetrazole (LQFM-21) 44 exhibits antinociceptive, vasorelax-

ant, and anti-inflammatory activities [92]. In addition to the aero-

bic oxidative conversion of benzaldehyde into benzonitrile using a

heterogeneous copper catalyst (Cu@C)/TEMPO, Yoon et al. [93] have

also synthesized 1-(3-fluorophenyl)−1H-pyrazole-4-carbonitrile 43,

an intermediate compound in dimethylformamide at 70 °C that of-

fered 99% yield (Scheme 13). Further, LQFM021 44 was synthesized

following Zang’s protocol [94]. The catalyst Cu@C was developed

by the pyrolysis of HKUST-1, which showed good catalytic activity

and reusability up to the 3rd cycle.

Fig. 6. SEM images (A, B), and TEM images (C, D) of the porous carbon materials.

Reproduced with permission [95]. Copyright 2021, American Chemical Society.

Scheme 14. PC-catalyzed direct oxidative amination of N-heterocycles.

The direct oxidative amination of the methyl C−H bond in N-

heterocyclic compounds to prepare the corresponding amides us-

ing a PC catalyst has been reported by Long and co-workers [95].

Non-doped, N-doped, and P-doped PCs were synthesized. A PC

catalyst was synthesized by hard template method using silica

nanospheres and sucrose as a carbon source carbonized at 900 °C,
by treating this mixture with HF for removal of silica. Similarly,

N-doped and P-doped PCs (cyanamide for N and phytic acid for

P source), were synthesized using sucrose as a carbon source un-

der various reaction conditions. In catalytic characterization, SEM

images (Figs. 6A and B) of PC materials showed the appearance

of spongy carbon materials with pores, which indicated SiO2 hard

template successfully directed the formation of pores. It was also

supported by TEM (Figs. 6C and D). The HR-TEM images demon-

strated the formation of graphene-like layers on the external sur-

face of the carbon. Uniform dispersion of C, N, O and C, P, O in

the carbon framework was shown by EDS and XPS. The presence

of disordered and graphitic sp2 carbon was indicated by Raman

spectra, XRD exhibited a disordered structure with very low crys-

tallinity, while N2-sorption showed that the BET surface area of

all synthesized PCs ranged from 704 m2/g to 780 m2/g and the

total pore volume ranged from 1.06 m3/g to 1.75 m3/g indicat-

ing that C–O is a microporous material. The non-doped PCs ex-

hibited excellent catalytic activity in the synthesis of picolinamide

47 from 2-methylpyridine 45 and urea 46 with up to 89% yield

(Scheme 14).

Benzodiazepines 55 are bicyclic compounds possessing two

nitrogen atoms at 1- and 5-positions of the seven-membered

ring fused to a benzene ring. These bioactive heterocycles are

widely used as anxiolytics, CNS depressants, anti-convulsive drugs,

hypnotic agents, analgesics, and anti-inflammatory drugs [96,97].
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Scheme 15. Synthesis of benzodiazepines.

Godino-Ojer et al. [98] reported the synthesis of benzodiazepines

55 from o-phenylenediamine 53 and acetone 54 using a metal-free

acidic PC catalyst under mild reaction conditions (Scheme 15). In

the catalyst preparation, RESOL was used as a carbon precursor.

Ethanolic solutions of RESOL and Pluronic F-127 were mixed, dried,

and carbonized to get ordered mesoporous carbon (OC). Further,

OC, commercially available carbon (N) and xerogel mesoporous car-

bon (X) were treated with acids (HNO3 or H2SO4), and the re-

sulting acidic carbon materials were used as catalysts. Catalytic

materials were well-characterized using SEM, TEM, XPS, TPD, N2-

sorption, and elemental analysis, which showed that both the acid

strength and porosity are the main factors influencing the catalytic

performance. HNO3-treated carbon materials showed 100% conver-

sion values at 50 °C after 4 h. The acidic functional groups on the

carbon surface can be susceptible to chemical attack, which may

limit their applicability in certain industrial processes or applica-

tions where chemical stability is crucial.

3.2. Reduction

The addition of hydrogen molecules is an atom-efficient and

essential process in organic transformations. This process plays a

key role in the synthesis of many functional heterocycles. THQ 1

is an important intermediate for the synthesis of drugs, dyes, al-

kaloids, agrochemicals, and several other bioactive molecules. For

the synthesis of THQ 1, many methods have been reported, among

which direct selective hydrogenation of quinoline is a more conve-

nient and promising method because of its high atom utilization

together with easy access to the raw materials [99,100]. Wang and

co-workers [101] employed a single Ru site anchored on N-doped

PC (Ru SAs/N–C) catalyst for the chemoselective hydrogenation

of functionalized quinoline 2 with >99% selectivity (Scheme 16).

For hosting Ru atoms, MOF UiO-66 (Zr6O4(OH)4(BDC)6) (BDC=1,4-

benzenedicarboxylate) was chosen due to its outstanding features.

To stabilize the RuCl3, the uncoordinated –NH2 located at the

terephthalic acid linkers in UIO-66-NH2 was used. Due to the

strong interaction between lone pair electrons and d-orbitals, Ru

single atoms would be confined in MOF pores and avoid their ag-

gregation during pyrolysis. As a result, these differently assembled

Ru catalysts have excellent catalytic properties toward the hydro-

genation of quinoline 2 into THQ derivatives and reusability re-

tained after the 5th run. No doubt the RuSAs/NC catalyst plays a

crucial role in the hydrogenation of quinoline derivatives, however,

since it utilizes the noble metal Ru, the economic feasibility of the

method needs to be considered.

Scheme 16. Hydrogenation of quinolines using Ru SAs/N–C catalyst.

Table 2

Pd-based catalysts performance for selective hydrogenation of quinoline.a

Entry Catalyst Conversion (%)b Selectivity (%)b

1 56 57

1 Pd/C 83.0 >99 0 0

2 CIL-900 0.00 0 0 0

3 Pd@IL-900 26.1 >99 0 0

4 Pd@C-900 90.5 98 2 0

5 Pd@CIL-900-w/o KZ 10.6 91 9 0

6 Pd@CIL-600 81.0 >99 0 0

7 Pd@CIL-700 85.4 >99 0 0

8 Pd@CIL-800 88.3 >99 0 0

9 Pd@CIL-900 97.9 >99 0 0

a Reaction conditions: 1.0mmol quinoline, 0.6 mol% catalyst, 6.0mL CH3OH, 1

atm H2, 80 °C, 4 h.
b The conversion and selectivity were determined by GC or GCMS, the by-product

is 5,6,7,8-tetrahydroquinoline.

Zhang et al. [102] developed N-doped hierarchical PC-anchored

tiny Pd NPs (Pd@CIL-900) catalyst and employed in the se-

lective hydrogenation of quinoline 2 under extremely mild

conditions. Prepared nitrogen-rich1–butyl–3-methylpyridine di-

cyanamide ionic liquids (BMPdca ILs), chitosan as composite pre-

cursors, and KCl: ZnCl2 salts as pore-forming agents were ball

milled, and the obtained mixture was pyrolyzed at 600–900 °C
in N2 gas (Scheme 17). From the synthesized series of catalysts,

the carbonized material at 900 °C exhibited the best performance

toward selective hydrogenation of quinoline 2 heterocycles with

97.9% conversion and >99% selectivity (Table 2).

The formation of a 3D-hierarchical porous N-doped carbon

framework, good crystallinity, uniform dispersion of C, N, and Pd,

the Pd NPs diameter (2.5±0.6 nm) a high surface area (1232 m2/g),

pore volume (1.28 cm3/g), and pore diameter (0.6, 3.7, and

34.5 nm) are the characteristic features resulted from various an-

alytical tools demonstrated the formation of the Pd@CIL-900 cat-

alyst. Notably, a catalyst with high surface area and rich poros-

ity, reusability with good activity, and selectivity up to the 5th

run showed that this carbonaceous material could be an appro-

priate alternative to the traditional catalysts (Pt-, Ru-, Ir-, Rh-based

catalysts, which suffer from catalytic poisoning due to quinolines

and its derivatives) [103]. Based on the catalyst preparative strat-

egy, other types of material can be fabricated by anchoring vari-

ous active species on N-doped hierarchical PCs. In another study,

Yun et al. [104] reported the hydrogenation of quinolines 2 us-

ing a nitrogen-rich PC-stabilized Ni-Co NPs catalyst. Nitrogen-rich

PC stabilized Ni-Co bimetallic nanoparticles developed by calcina-

tion of Ni-ZIF@ZIF-67 under an argon atmosphere and estimated

its catalytic activity in chemo-selective hydrogenation of quinolines

2. The synthesized catalyst exhibited excellent dispersion of Ni-Co

NPs embedded in NC. This newly designed and developed selec-

tive and reusable catalyst could be used for the hydrogenation of

heterocycles.

Biomass-derived N-doped porous two-dimensional carbon

nanosheets (NPCNs) supported Ru catalyst developed by Cao et al.

[105] and successfully employed in the selective hydrogenation of

quinolines 2 under mild conditions (Fig. 7). NPCNs were prepared

using biomass (glucose) as a carbon source and carbon nitride (g-

C3N4) as both a template and a nitrogen source. The catalyst was

characterized by various analytical methods. The XRD analysis re-

vealed the existence of graphite planes, TEM image showed ho-

mogeneous distribution of Ru NPs throughout NPCNs with 1.66nm

size; while XPS analysis showed Ru0 was the major phase on the
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Scheme 17. The preparation procedure of Pd@CIL-T (T=600–900 °C) catalyst. Reproduced with permission [102]. Copyright 2018, Elsevier.

Fig. 7. Ru/NPCNs catalyst preparation and catalytic applications. Reproduced with permission [105], Copyright 2020, Elsevier.

surface of the catalyst. These analytical results demonstrate the for-

mation of the catalyst. This NPCNs-supported Ru catalyst played

a significant role in the hydrogenation of quinolines in ethanol at

30 °C with 98.1% to 99.5% conversion and up to 99.5% selectivity.

The reusability test of the Ru/NPCNs catalyst revealed that, with

its high stability, both the conversion and selectivity were almost

preserved during at least up to the 5th run.

Kar and Srivastava [106] synthesized a cobalt-embedded porous

N-doped PC catalyst and successfully employed it for the selec-

tive reduction and reductive N-formylation of N-heterocyclic arenes

using formic acid as a H2 donor and/or formylating source. For

the preparation of N-doped PC catalyst, melamine was used as a

nitrogen-rich source and OPD (o-phenylenediamine) 53 as a car-

bon source. In the presence of melamine, OPD was polymerized

over colloidal silica as a hard template for porosity generation, and

Co (CoCl2 precursor) was embedded into the N-doped PC network

(Scheme 18). The authors prepared various PC-supported Co cat-

alysts. Compared to other catalysts, Co@C–N800 exhibited excel-

lent catalytic performance. The XRD method showed the forma-

tion of graphitic planes in catalysts, which was well-supported by

Raman spectra. The N2-sorption experiments demonstrated that

Co@C–N800 with 439 m2/g of surface area, 1.89 cm3/g of pore

volume, and 6.9 nm pore diameter, while XPS analysis ascribed

the higher concentration of C=C, and different species of Co NPs

present in the catalysts. A sheet-like morphology and Co NPs em-

bedded in catalysts were shown by TEM images (Fig. 8) while the

Scheme 18. Step-wise preparation of Co@C–Nx materials. Reproduced with permis-

sion [106]. Copyright 2019, American Chemical Society.

HAADF image and elemental maps clearly demonstrated the ho-

mogeneous dispersion of Co species in the catalysts.

Co@C–N800 catalyst was employed for the selective reduction

of quinoline derivatives in the water at 130 °C that offered up to

85.6% yield. Moreover, Co@C–N800 exclusively catalyzed the forma-

tion of N-formyltetrahydroquinoline (FTHQ) 63 in toluene at 140 °C
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Fig. 8. (a) TEM image and (b) HR-TEM image of Co@C–N800 catalyst. Reproduced

with permission [106]. Copyright 2019, American Chemical Society.

Scheme 19. Synthesis of THQ and FTHQ using Co@C–N800 catalyst.

Scheme 20. A plausible mechanism for the catalytic transfer hydrogenation of

quinoline in aqueous medium. Reproduced with permission [106]. Copyright 2019,

American Chemical Society.

with 98% yield (Scheme 19). Striking aspects of this method in-

clude the implication of inexpensive transition metal-based cata-

lyst, catalytic reusability, a wide scope of catalyst in heterocycliza-

tion, operation simplicity, and good to the excellent yield of the

product.

The structure-activity relationship was established using quino-

line 2 adsorption, CO2-temperature program desorption, control re-

actions, and various spectral measurements. Catalytic reusability

was tested for five consecutive cycles that showed a negligible cat-

alytic loss. A simple catalyst synthesis procedure, its high-yielding

ability, and recyclability signify that the catalyst could be used in

industrial processes at the commercial level. A mechanistic study

showed that in-situ generation of H2 from HCOOH adsorbed on the

catalyst surface that was efficiently transferred to quinolines ad-

sorbed on the neighboring sites resulting in the formation of THQ

with a high yield (Scheme 20).

By using a liquid-free nanocasting method, Xu and co-workers

[107] prepared nanostructured PCs with different pore geometries.

In this method, instead of liquid, gases are used to disperse the

carbon precursor, remove impurities, leach templates, reduce syn-

Scheme 21. Conversion of HMF to DMF using Ru/C-SiO2@m-SiO2 catalyst.

Scheme 22. Quasi-continuous synthesis of Co/SNC catalyst and its implication in

the hydrogenation of quinoline. Reproduced with permission [116]. Copyright 2022,

Elsevier.

thetic steps, and the use of chemicals. They have prepared 12 dif-

ferent PCs using ferrocene as a carbon source and various template

sources. From the resulting material, two PC-supported Ru clusters

were used for the hydrogenolysis of HMF 29 and electrochemi-

cal hydrogen evolution (HER). It was found that Ru on bottle-neck

pore carbon showed excellent performance in the conversion of

HMF 29 to DMF 69 with 75% yield and 98% selectivity (Scheme 21).

Structure-activity relationship is established in HMF hy-

drogenolysis. The process of hydrogenolysis of 5-HMF com-

prises several steps. Initially, C=O is converted to C–OH, forming

2,5-hydroxymethylfuran (BHMF), then C–O cleavage is observed

at the two hydroxyl groups, resulting in DMF 69. The furan

group can overreact with the H2, forming cis- and trans-2,5-

dimethyltetrahydrofuran (DMTHF). Another path to DMF is via the

formation of 5-methylfurfural (5-MF).

The comparison in Table 3 [107–114] showed that using Ru/C-

SiO2@m-SiO2 as a catalyst provides a higher yield of DMF at a

low catalyst to 5-HMF molar ratio, at lower temperature, and in

a shorter time.

A review of single-atom catalytic organic transformations has

recently been reported by Hu et al. [115]. These catalytic systems

showed remarkable activities to carry chemical reactions more ef-

ficiently. Similarly, PC-supported single-atom catalysts in heterocy-

clization reactions exhibited excellent performance. Hydrogenation

of quinoline with formic acid using S,N co-doped carbon supported

Co single-atom catalyst was achieved by Huang et al. [116]. The

as-synthesized catalyst showed astonishing activity, selectivity, and

reusability toward transfer hydrogenation of quinoline with 98%

conversion and 99% selectivity (Scheme 22).

3.3. Isomerization/dehydration

Biomass-derived 5-hydroxymethylfurfural (HMF) 29 is a valu-

able platform chemical used in the food industry as a flavoring

agent, in herbicides, plastic, solvents, in the metal-organic frame-

work (MOF), in drugs, and widely recognized as a key intermediate

in the fuel and polymer production [77]. The synthesis of 29 relies

on Lewis base and Brønsted acid catalysis. It is a two-step mecha-

nism involving the isomerization of glucose 70 to fructose 71 and

further dehydration to HMF 29 [117]. Li et al. [118] have reported

the efficient conversion of glucose 70 to 5-hydroxymethylfurfural

(HMF) 29 using a hierarchical N-doped PC catalyst (SNC2–700)

(Scheme 23). A series of catalysts such as SNC1–500, SNC1–600,

SNC1–700, SNC1–800, SNC1–900, SNC2–700, SNC3–700, SC-700,

and NC-700 were developed by polymerization, calcination, and
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Table 3

Comparison of the catalytic result of Ru/C-SiO2@m-SiO2 with those in the literatures.

Catalyst Reaction conditions DMF yield (%) Ref.

Molar ratio (Cat./HMF) Temp (°C) Pressure (Bar) Time (h) Solvent

Ru/C-SiO2@m-SiO2 0.035 140 10 2 THF 90 [107]

Cu/ZnO 0.657 220 15 1 1,4-Dioxane 41 [108]

Ru-NaY 0.005 220 15 1 THF 78 [109]

Ru/Co3O4 0.025 130 7 24 THF 93 [110]

PtCo@HGS 0.065 180 10 2 BuOH 98 [111]

Pd/C/ZnCl2 0.12 150 8 8 THF 85 [112]

Raney Ni 0.72 180 15 15 1,4-Dioxane 88.5 [113]

Ru/C Not indicated 180 15 2 THF 94.7 [114]

Scheme 23. Preparation of hierarchical porous N-doped carbon catalyst and its im-

plication for HMF synthesis. Reproduced with permission [118]. Copyright 2021,

American Chemical Society.

Fig. 9. SEM images of (a) SNC2–700, (b) SNC3–700, (c) NC-700, and (d) SC-700.

Reproduced with permission [118]. Copyright 2021, American Chemical Society.

subsequent sulfonation under the Pickering technique. They have

used styrene (divinylbenzene (DVB)) and 1-vinyl imidazole as car-

bon and nitrogen sources, respectively. The SEM images (Fig. 9)

revealed that all samples have open pores and cross-linked pore

structures, which were well protected from calcination and sul-

fonation processes. FTIR spectra of the catalyst showed that the N-

doped carbon material was formed during the carbonization pro-

cess and the presence of the -SO3H group indicates success of the

sulfonation step. The SNC2–700 catalyst with Brønsted acid and

base sites exhibited remarkable activity in a one-pot synthesis of

glucose 70 to HMF 29 with a yield of 61.3% and selectivity of 65.1%.

A hierarchical porous N-doped carbon catalyst was successfully

synthesized by the Pickering HIPE technique which has excellent

thermal stability, high specific surface area, and acid-base bifunc-

tional active sites. Furthermore, the catalytic activity was markedly

enhanced due to the synergistic effect of acid-base sites. The cat-

alyst also demonstrated excellent reusability, maintaining a high

HMF 29 yield for up to four consecutive runs.

A plausible mechanism for converting glucose to HMF using a

catalyst has been demonstrated by the authors (Scheme 24). The

reaction of glucose was performed over an SNC2–700 catalyst hav-

ing Brønsted acid and base sites. Initially, glucose was isomerized

to fructose under the action of basic sites on the catalyst, while

acid sites accelerate the dehydration of fructose to produce HMF

29.

Although the SNC2–700 catalyst has acid-base bifunctional ac-

tive sites, good thermal stability, and reusability, the present

method offers moderate yield (61.3%), and selectivity (65.1%) of

HMF 29 compared to the results presented in Table 4 [119–130]. By

adjusting the Pickering HIPE parameters and nitrogen-doped con-

tents, SNC catalysts can have their porous structure and basicity

modified, which will help increase the yield of the HMF 29.

3.4. Reaction

N–Heterocycles are an important class of organic compounds

found in various natural products, biologically active structures,

and medicinally relevant scaffolds. They are used as the building

blocks of several new drug candidates due to the ability of ni-

trogen atoms to form H-bonding with biological targets. Among

them, quinolines, quinazolines, quinazolinones, imidazoles, and in-

doles have gained considerable attention in medicinal chemistry,

materials science, and organic synthesis. These compounds have

a wide spectrum of biological and medicinal properties, like an-

ticancer, antiviral, antibacterial, and many more [131].

Song and co-workers [132] reported the synthesis of N-

heterocycles such as quinazolines 72, imidazoles 76, and quinazoli-

nones 28, via oxidative cross-dehydrogenative coupling of alcohols

73 and diamines 74, or 2-aminobenzamides 75 using N,P-codoped

biomass-derived PC as a catalyst, in the presence tBuOK, in toluene

as a solvent, and air as the sole oxidant under milder reaction con-

ditions (Scheme 25). In the catalyst preparation, bamboo shoots

were used as a carbon source. Bamboo shoot biochar was mixed

in an aqueous solution with Ni(OAc)2 and phytic acid as Ni and P

sources, respectively. Then, dry powder was calcined at 800 °C in

the N2 flow. The developed catalyst (Ni2P@NPC-800) showed ex-

cellent catalytic activity in the synthesis of N-heterocycles.

Ni2P@NPC-800 catalyst was characterized by various analytical

techniques. TEM images (Fig. 10) showed uniform dispersion of

Ni2NPs (3.2±0.7 nm) on the graphitic carbon. EDX analysis exhib-

ited homogeneous Ni, N, P, O, and C distribution throughout the

carbon skeleton. The formation of Ni2P@NPC-800 phase was indi-

cated by the XRD method, while N2 adsorption/desorption mea-

surements explored that the catalyst possessed micro-, meso–, and

macro-pores with large surface area and pore volume. The appear-
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Scheme 24. The plausible mechanism for glucose to HMF conversion using acid-base bi-functional catalyst. Reproduced with permission [118]. Copyright 2021, American

Chemical Society.

Table 4

Representative catalysts for the conversion of glucose to HMF.

Catalyst Glucose conversion (%) Time (h) HMF yield (%) Temp. (°C) Solvent Ref.

Al/Sn-HAP 3 70.5 130 EMIMBr [119]

C3N4-supported UiO-66-type MOFs 92.0 6 54.9 120 Isopropanol/DMSO [120]

Cr-β 1 58.5 130 BMIMCl [121]

UiO-66-SO3H–NH2/PDA@PU 2 70.3 120 DMSO [122]

Nb-β zeolite 97.4 12 82.1 180 Water/MIBK [123]

Nb4W4 36.1 2 18.8 120 Water [124]

γ -Al2O3 96 0.2 52 175 Water/MIBK [125]

Nb0.2-WO3 +HCl 100 3 38 120 THF/water [126]

Al-KCC-1 (Si/Al=5,40) 97.8 2 39 170 DMSO [127]

Al2O3-b-0.05 91 3 49.7 140 EMIMBr [128]

Fe3O4@SiO2-SO3H 98 24 70.5 140 Water/MIBK [129]

TiO2/Nb2O5•nH2O 97 5 42 150 Water [130]

Scheme 25. Synthesis of N-heterocycles using Ni2P@NPC catalyst.

Fig. 10. (a) TEM and (b) HR-TEM images of Ni2P@NPC-800 catalyst. Reproduced

with permission [132]. Copyright 2020, American Chemical Society.

ance of nitrogen (in pyridinic, pyrrolic, graphitic, and oxidized) and

the bond formation between C and P, N, and O have been well-

demonstrated by XPS analysis. Ni2P@NPC-800 catalyst with good

functional group tolerance, high catalytic activity, abundant feed-

stock bamboo as a carbon source, broad substrate scope, mild re-

action conditions, operation simplicity, and up to 97% yield of the

desired products indicate the protocol to be practical for the syn-

thesis of N-heterocycles.

In the case of quinazolines 72 and benzimidazoles 76 syn-

theses, aromatic alcohols 73 with electron donating groups ex-

hibited higher reactivity, while aliphatic alcohols needed elevated

temperatures to get high yields. The catalytic activity was also

investigated for the synthesis of a novel cardiotonic vasodila-

tor agent pimobendan 84, which offered a 57% yield under the

optimized reaction conditions (Scheme 26). The mechanism for

the formation of N-heterocycles has been proposed via oxidative

cross-dehydrogenative coupling of alcohols and diamines or 2-

aminobenzamides (Scheme 27). The reaction proceeds through the

following steps, in the first step, the oxidative dehydrogenation

of alcohol to aldehyde to generate the [NiH] species in the pres-

ence of the base. In the second step, aldehyde and diamines or

2-aminobenzamides undergo condensation to form tetrahydrohy-

droquinazoline, dihydroquinazolin-4(1H)-one, or dihydrobenzoimi-

dazole, and in the final step, oxidative dehydrogenative aromatiza-

tion catalyzed by Ni2P and the base to afford the N-heterocycles.

Because of their potent bioactivity, 2-benzofurans 87 have at-

tracted considerable interest. Ji et al. [133] reported the synthe-
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Scheme 26. Synthesis of pimobendan.

Scheme 27. Proposed mechanism for the synthesis of N-heterocycles.

Scheme 28. Synthesis of 2-benzofuran derivatives.

sis of 2-benzofuran derivatives 87 via the Sonogashira/cyclization

reaction of o-iodophenol 85 with terminal alkynes 86 us-

ing Pd/N,O–Carbon catalyst under ligand-/copper-free conditions

(Scheme 28). The bamboo shoot was used as a natural source to

create PC.

The catalyst was developed by hydrothermal treatment and car-

bonization process. Powdered bamboo shoots were added to the

deionized water and heated at 180 °C in an autoclave. Then, the

powder was carbonized at 850 °C in the N2 flow. The developed

catalyst was denoted as N,O–Carbon. Further, N,O–Carbon (0.15 g)

was dispersed in the water (100mL) under ultrasonic conditions

for 30min. then, an aqueous solution of Pd(NO3)2 (0.268 wt%) was

added to it and stirred vigorously for 1h. The pH of the solu-

tion was adjusted to 11 by adding an ammonia solution. Then, by

adding hydrazine (0.2mL), the mixture was heated at 80 °C in an

oil bath. The resulting product was filtered, washed with deionized

water, and dried. The obtained Pd/N,O–Carbon was used as a cata-

lyst for the synthesis of 2-benzofurans in the DMF solvent, in the

presence of K3PO4 at 160 °C under an argon atmosphere that of-

fered up to 92% yield. Catalytic recycling experiments have shown

a negligible change in the activity and selectivity after the 5th run.

Quinoxaline 94 is an important class of heterocyclic motif,

showing a wide variety of biological activities such as anti-viral,

antibacterial, anti-cancer, and neurological activity; it also in-

hibits metal corrosion [134]. The coupling between 1,2-diketones

or 2-aminobenzyl alcohol and 1,2-diamines for the synthesis of

Scheme 29. Porous carbon catalyzed synthesis of quinoxalines.

quinoxalines has been well documented in literature [135]. Perez-

Mayoral et al. [136] reported acid biomass-derived PC with high

BET surface area and pore volume that efficiently catalyzed quinox-

aline 94 synthesis under aerobic conditions. The stalks of the inva-

sive plant Hedychium gardnerianum were used as carbon feedstock.

The authors prepared three carbon series with different porous

structures, such as plant-derived carbons activated by H3PO4, xe-

rogel mesoporous carbon from resorcinol-formaldehyde polymer-

ization, and ordered mesoporous carbon from phenol. Catalytic

characterization was performed using different techniques. N2-

sorption showed BET surface area (2197 m2/g), and pore volume

(1.39 cm3/g) with wider micropores. The presence of P and high O

content was confirmed by XPS studies. FTIR spectra exhibited the

presence of P and O bonded with the carbon skeleton, while Ra-

man spectra showed a disordered carbon structure. The prepared

catalysts were tested in the synthesis of quinoxaline 94 from o-

phenylenediamine 53 and benzoin 93 under aerobic conditions in

toluene at 100 °C (Scheme 29). Notably, biomass-derived PCs re-

vealed high activity in the quinoxaline 94 synthesis, with 94% con-

version and 83% selectivity. Additionally, dihydropyrazine was syn-

thesized from ethylenediamine and benzoin 93 under similar re-

action conditions with 96% yield and 96% selectivity. This method

yields quantitatively, but examining the effect of solvent, temper-

ature, and other reaction conditions on yield and efficiency would

have been useful in diverse organic transformations.

3.5. CO2 fixation

Greenhouse gas CO2 has been considered one of the main

sources of environmental pollution. Diversion of CO2 in the synthe-

sis of organic compounds would be economically and environmen-

tally benign due to the non-toxicity, abundance, non-flammability,

and renewable features of CO2. A C1 feedstock, carbon dioxide un-

dergoes cycloaddition with epoxides yielding organic cyclic car-

bonates, a functionality possessing significant industrial applica-

tions [137]. Polidoro and co-workers [138] have used CO2 for the

synthesis of organic cyclic carbonates 57 on metal-free N-doped

carbon catalysts derived from chitosan, chitin, and shrimp shell

waste. Catalytic materials were well-characterized by various an-

alytical methods. CNHS analysis indicated that the N-content was

10%±1%, and 6%±1% for C4–500 and C5–500 catalysts, respec-

tively. N2-sorption demonstrated that the C4–500 catalyst has a

surface area of 321 m2/g, pore volume of 0.38 cm3/g, and pore di-

ameter of 4.5 nm, while C5–500 has a surface area of 7 m2/g, pore

volume of 0.05 cm3/g, and pore diameter of 26.8 nm. SEM images

indicated that the catalysts were composed of C, N, and O along

with Ca, P, and S. The XPS analysis showed the presence of C, N,

and O as well as pyridinic and pyrrolic species.

Carbonized chitin catalyst under batch conditions showed ex-

cellent activity in the conversion of epoxide derivatives 95 into
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Scheme 30. Synthesis of cyclic carbonates over N-doped carbon catalyst.

Scheme 31. Cu/NHPC promoted chemical fixation of CO2 to oxazolidinone and β-

oxopropylcarbamates.

cyclic carbonates 96 at 150 °C and 30bar CO2 for 4h with 96%

selectivity. While under a continuous flow regime, carbonate se-

lectivity was >99% at 150 °C using a shrimp waste-derived catalyst

(Scheme 30). The as-developed catalysts exhibited excellent perfor-

mance with operational stability and reusability. Catalytic activity

may be associated with more basic pyridinic sites.

Oxazolidinones 104 and β-oxoalkyl carbamates 109 are bi-

ologically active compounds used in agriculture as herbicides,

fungicides, medical raw materials, and synthetic intermediates

[139,140]. Because of the potent bioactivity of 104 and 109, Chen

and co-workers [141] reported the synthesis of these compounds

using transition-metal complexes as heterogeneous catalysts. They

demonstrated that heterogeneous catalysts of highly dispersed Cu

supported on hierarchically porous N-doped carbon (NHPC) could

efficiently promote CO2 fixations to 104 and 109 (Scheme 31).

NHPC catalyst was developed by pyrolysis of nitrogen-containing

polymer gel (NPG) in the presence of a KHCO3 activator. The

resulting NHPC exhibited a high surface area (2054 m2/g) with

average micro/meso/macropore size (0.55/3.2/50nm to 230nm),

SEM micrograph (Fig. 11) showed the presence of macropores,

while TEM exhibited a high dispersion of Cu species in the cat-

alyst. Copper-supported NHPC catalyst was able to promote the

three-component coupling of propargyl alcohols 102, amines 103,

and CO2 more efficiently to produce oxazolindiones 104, and β-

oxopropylcarbamates 109 with up to 99% yield. The catalyst also

showed excellent recyclability up to the 9th run. This protocol

therefore enhances green credentials.

Fig. 11. SEM images of (a) NHPC and (b) Cu/NMC600 catalysts. Reproduced with

permission [141]. Copyright 2020, American Chemical Society.

4. Conclusion and outlook

In this article, the state-of-the-art knowledge in the field of het-

erogeneous PC materials as catalysts and their endless applications

in the synthesis of diverse and densely functionalized heterocyclic

compounds have been reviewed. Potential heterogeneous catalysts,

a high-tech material and a major contributor to industrial cataly-

sis, typically possess active sites capable of providing a space for

reactants to react and convert into products. In this concern, the

PC material is a cheaper alternative to stoichiometric reagents, and

traditional catalysts with fascinating properties including hierar-

chical porosity, high surface area, electron conductivity, and func-

tionality. Because of these outstanding properties, PC can provide

an active surface to carry out several pharmacologically important

heterocyclic reactions with a quantitative yield of the desired prod-

ucts.

From the perspective of green chemistry, instead of expensive

PGM group metals, the use of earth-abundant transition metals

such as Fe, Ni, Cu, Zn, Mn, with PC support is highly desirable be-

cause of their low cost, easy availability, and environmental friend-

liness. Moreover, single-atom-doped PC (SAC) catalysts demon-

strate excellent atom utilization efficiency, remarkable turnover

frequency, and selectivity [10]. A few heterocyclic reactions have

been reported using PC-based transition metals and SAC catalysts.

Still, immense scope lies in designing and developing PC-based

transition metals and SAC catalysts using earth-abundant transi-

tion metals and employing them in the synthesis of highly func-

tional heterocycles. Commensurate with metal oxide-based cat-

alysts, heterogeneous PC-based catalysts have unique properties,

such as acidity, basicity, redox futures (electron transfer), elec-

tron conductivity, thermal conductivity effects, and giant π struc-

tures [142]. These properties facilitate strong interactions with var-

ious reactants, making PC-based catalysts a promising alternative

to metal oxide-based catalysts.

Undoubtedly, purified organic compound is a potential source

for PC creation. However, due to fossil fuel consumption, this car-

bon source is not economically feasible and environmentally be-

nign. In contrast, low-cost, non-toxic, and readily available waste

biomass is the best option for the PC’s creation. However, biomass

is composed of lignocellulosic components consisting of a polyhy-

droxy structure that leads to irregular and weak adsorption of met-

als, resulting in uneven and unstable metal species after pyroly-

sis. Therefore, efforts should be taken to improve the dispersibility

and stability of metals. MOF and COF-derived PC materials exhibit

high porosity, ultrahigh surface area, and abundant metal/organic

species, resulting in excellent catalytic performance compared to

conventional porous carbons. These studies provide an opportunity

to develop highly active PC materials using MOFs or COFs.

Doping with N, S, or P can enhance the catalytic activity of PC.

N-Doped PCs have three kinds of carbon bonds that are graphite

sp2 C, N-sp2 C, and C=O bonds, while, in P-doped PCs, P is bonded

with C (P-C) and or with O (P-O). As compared to PCs, P-doped

PCs show excellent catalytic performance in heterocycles synthesis.
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It is because P-doped PCs are electron-rich, with P atoms having

lower electronegativity (2.19) than C (2.55) making P partially pos-

itively charged. Moreover, since the diameter of P is much larger

than that of C, P-doping leads to more local structural distortion

of the hexagonal carbon framework, and in such a configuration, P

tends to be out of the graphene plane. Distinct effects by P-doping

may also arise from the additional vacant 3d orbitals and the va-

lence electrons in the third shell. All these characteristics empower

P-doped carbon materials as proactive catalytic species. For the P-

doped PC, instead of synthetic phosphorous sources, the use of

natural phosphorus sources such as bird guano, bone meal, crab,

and shrimp waste could increase the green credentials of the pro-

tocols.

PC-supported Brønsted acids and Lewis acids have a good scope

in acid-catalyzed heterocyclization [143]; however, leaching of the

sulfonic group from the catalytic surface leads to reduce the cat-

alytic activity. Thus, efforts need to be taken for catalytic recovery

and reusability of the sulfonic group-bearing PC material. Although

Heteropoly acid (HPA) catalyst has high Brønsted acidity and tun-

able catalytic properties, one of the disadvantages of HPA catalyst

is that its surface area is very low (<10 m2/g). Heteropolyanions

have a negative charge. If PC materials are modified to have a pos-

itive charge, they can support HPA and help increase surface area

and catalytic activity.

In addition to oxidation, reduction, dehydrogenation, and cross-

coupling, other reactions such as cycloaddition (e.g., Aza Diels-

Alder reaction), halogenations, Michel addition, Knoevenagel con-

densation, nitration, photocatalytic heterocyclization and many

others can be performed using advanced PC materials. PC-based

photocatalytic heterocyclization is also the subject of interest. The

implications of PCs as support for photocatalysts are highly favor-

able. PC materials have good electrical conductivity, tunable pho-

tocatalytic activity in the visible light region, and scavenge photo-

generated electrons from the photocatalyst surface. Additionally,

due to the high surface area, the carbon material also increases

the dispersion of photocatalysts and promotes CO2 adsorption, re-

sulting in enhanced photocatalytic reactions.

To conclude, the design and development of a new PC gener-

ation with sufficient and appealing physicochemical and textural

properties to enable more sustainable heterocyclic synthesis with

high synthetic yields and environmental standards is a challenging

topic for future research.
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