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ABSTRACT: A versatile shape-controlled carbon nanomaterial that
can efficiently catalyze the selective C−N coupling reactions under
metal-free and open-air conditions was developed by applying N-
doping and KOH activation strategies in candle soot (ANCS). The
TEM and elemental mapping results showed the formation of sphere-
shaped carbon particles as well as the uniform distribution of nitrogen
species in the carbon framework. KOH activation enhanced the
specific surface area of carbon, whereas N-doping enriched the
electron-deficient nature by introducing functional N-based pyrrolic/
graphitic structures in the carbon framework. The synergistic effect of
N-doping and KOH activation significantly improved the catalytic
efficiency of the carbon catalyst (ANCS), giving a 96% conversion of
o-phenylenediamine (OPD) with a good selectivity to 2-phenyl-
benzimidazole (97%). In contrast, the pristine carbon exhibited very low activity (48% conversion of the OPD and 36% selectivity to
2-phenylbenzimidazole). Besides, the ANCS nanomaterial provided a facile catalytic approach for the homo- and cross-C−N
condensation of various aromatic amines and diamines to produce diverse functional imines and benzimidazoles at mild conditions.
This work provided promising insights into developing advanced, metal-free carbon-based catalysts for selective C−N coupling
reactions to produce valuable drug motifs.

1. INTRODUCTION
Transition metals are the essential components of numerous
industrially used heterogeneous catalysts.1 However, their
expensive nature and rapid catalytic deactivation impose several
practical limitations. Thus, developing efficient metal-free
catalysts is a primary goal of the catalysis community. Carbon-
based materials have received significant attention for
heterogeneous catalysis because of the unique properties of
carbon, such as high abundance, low cost, remarkable hydro-
thermal stability, tunable porosity, and high specific surface
area.2,3 Another vital advantage of carbon materials is their facile
functionalization either by acid or base molecules or by elements
based on the target catalytic application, while tuning their
porous framework to achieve enhanced diffusion properties.
Thus, the fine engineering of the structure and porosity of
carbon could provide potential strategies for developing
multifunctional carbon-based materials with selective catalytic
properties for the chemical industry.
The carbon−nitrogen (C−N) coupling is a pivotal chemical

reaction for producing diverse nitrogenous organic compounds
for the pharma industry.4−12 In particular, benzimidazole-based
compounds are widely used drugs for various medical
treatments (Figure 1). The coupling of benzylamine with o-
phenylenediamine (OPD) gives 2-phenylbenzimidazole.8 How-
ever, this reaction typically requires a strong oxidant (TBHP,
H2O2, or molecular oxygen) to accelerate the oxidative

dehydrogenation of benzylamine to the benzaldehyde inter-
mediate, which then reacts with OPD to give 2-phenyl-
benzimidazole. A similar mechanism can also be expected in
the other C−N condensation of aromatic amines. Using air as
the oxidant for the selective C−N condensation with an efficient
metal-free heterogeneous catalyst has great promise in terms of
both economic and eco-friendly points of view.12−14

Several types of carbon materials, such as carbon black,
mesoporous carbon, graphene, carbon nanofibers, and carbon
nanotubes, have been developed for various applications,
including heterogeneous catalysis.15,16 In recent years, candle
soot (CS) nanospheres have emerged as versatile carbon
nanomaterials because of their well-controlled particle size/
morphology, high specific surface area, tunable porosity, and
efficient functionalization.17,18 The CS nanospheres can be
efficiently synthesized by using a facile combustion approach of
the candles. The morphology of carbon nanospheres allows for
efficient functionalization, expanding their applications in
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heterogeneous catalysis, adsorption, gas separation, energy
storage, and drug delivery.19 The waving flake curvature
structure of the carbon nanospheres provides more active edge
sites and dangling bonds for heterogeneous catalytic applica-
tions.20 Another advantage of carbon nanospheres is their
interconnected graphitic network, which can control the mass
diffusion properties of the reactants, intermediates, and products
to achieve higher yields of the desired products at mild reaction
conditions. The CS nanospheres can exhibit good dispersion in
various organic solvents and reagents because of their flexible
carbon structure, enabling them to be promising catalytic
materials for various organic chemical reactions.
KOH activation and N-doping are two fundamental strategies

widely investigated to develop functional carbon materials.
These strategies can tune the porous framework of carbon while
introducing functional groups and defect sites in its structure.
On the one hand, the redox reactions of carbon with KOH
facilitate the intercalation of metallic K between the carbon
lattices.21 The subsequent removal of K results in increased
porosity and a higher specific surface area. The KOH
concentration and the activation temperature determine the
reactions between carbon and KOH, and the consequent porous
structure and surface area. On the other hand, replacing some
carbon atoms with N dopants in the carbon framework creates
electron-deficient carbon as the inserted N pulls the electron
density from the adjacent carbon because of its higher
electronegativity than the carbon.22−25 The electron-deficient
carbon, acting as the Lewis acid site, can interact with
nucleophilic molecules like benzylamine to accelerate the C−
N coupling reactions.2,26 The inserted N species can also act as

Lewis basic sites. Thus, N-doped carbon materials can be used
for both acid- and base-catalyzed reactions. Moreover, N-doping
can introduce various N-heterocycles, such as pyridinic-N,
pyrrolic-N, graphitic-N (or quaternary-N), and pyridinic-N-
oxide, depending on the reagents used, preparation method, and
postsynthesis activation strategy. The unique features of
bonding and coordination configurations of N-doped hetero-
cyclic structures can selectively influence the activity of carbon
catalysts for specific catalytic applications. The nucleophilic
nature of the nitrogen of these species can enhance the
interaction of the carbon catalyst with the electron-deficient
intermediates (e.g., benzaldehyde) for achieving higher reaction
rates in the C−N condensation reactions.27 These promising
benefits motivated us to develop a functional CS nanomaterial.
In this work, we used a simple combustion process to prepare
well-defined CS nanospheres with homogeneous particle sizes
and morphology. The CS nanospheres are effectively function-
alized by treatment with melamine (nitrogen source) and then
KOH activation. Another advantage of carbon nanospheres is
their interconnected graphitic network, which can control mass
diffusion properties of the reactants, intermediates, and products
to achieve higher yields of the desired products at mild reaction
conditions. The developed carbon materials were characterized
by using various analytical techniques to elucidate their
properties in comparison to those of the pristine CS material.
The ANCS catalyst was found to be highly active for the C−N
condensation reactions to synthesize diverse imines and
benzimidazoles without using any external oxidizing reagent,
highlighting the eco-friendly and economic aspects of this work
for organic chemistry.

Figure 1. Benzimidazole-based drug molecules.
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2. EXPERIMENTAL SECTION
A detailed procedure of the synthesis, characterization, and
catalytic activity of the carbon materials is provided in the
Supporting Information.

3. RESULTS AND DISCUSSION
3.1. Characterization Studies. The TEM analysis is

carried out to elucidate the morphology and particle size of
the carbon materials (Figure 2). The CS sample contains well-

defined spherical particles (particle size is 70−85 nm), which are
interlinked to form aggregates with large voids.28 The ANCS
sample also contains spherical-shaped carbon particles with a
particle size of 50−75 nm. The STEM-EDX analysis confirmed
the uniform dispersion of carbon, oxygen, and nitrogen species
in the ANCS catalyst (Figure 3). Especially, the uniform
incorporation of nitrogen can provide N-based functional
groups in the carbon framework, which could play a crucial
role in the C−N coupling reactions. All the carbon materials
showed type IV isotherms (Figure S1, Supporting Information).
The CS and ANCS materials showed a typical H3-type
hysteresis loop, which represents slit-shaped voids in the
aggregates of carbon spheres. In contrast, the ACS material
showed anH4-type hysteresis loop corresponding to narrow slit-
shaped voids. The presence of voids (Figure 2) formed by
interlinked aggregates of spherical particles could be the reason
for the observed hysteresis loops. The BET surface area of the
CS nanomaterial was found to be 276 m2/g (Table S1,
Supporting Information). The activation of the CS nanomaterial
with KOH significantly increased the BET surface area (2050
m2/g for ACS). However, the N-doping, followed by KOH
activation, led to a decrease in BET surface area (1596 m2/g for
ANCS), which could be due to the aggregation of the particles
and/or structural changes in the carbon framework. The mean
pore volume and pore diameter of the carbon materials were
found to be in the range of 0.8−1.8 cc/g and 2.8−12 nm,
respectively (Table S1, Supporting Information).

The powder XRD data showed a broad diffraction peak at 2
theta of 25.2° in the CS sample, which belongs to the (002)
plane of the graphene sheets (Figure 4a).29,30 The broadness of
the graphitic (002) plane was increased in ACS and ANCS
samples, which is due to the increased defects along with
variation in the interlayer stacking of the graphene sheets due to
the KOH activation and N-doping. The ACS and ANCS
samples show an additional broad XRD peak at 2 theta of 43.7°,
corresponding to the (100) plane of the graphitic structure. The
Raman spectra of all the samples showed two bands at 1349 and
1589 cm−1, which belong to the defective (D) and graphitic (G)
nature of the carbon, respectively (Figure 4b).31,32 The defective
D band can denote disordered carbon, structural defects, and/or
the defunctionalization of oxygen-based species in carbon
materials. The ID/IG ratio represents the relative number of
defect sites in the carbon framework. The ANCS sample
contains a higher ratio of ID/IG (1.53) in comparison to the ACS
(1.26) and CS (0.86) samples. This is due to the replacement of
carbon atoms in the graphitic structure with nitrogen atoms,
forming nitrogen-based functional groups with disordered
carbon and structural defects in the ANCS sample, which was
elucidated by FT-IR, EPR, and XPS analyses in the following
sections.
The FT-IR analysis was conducted to identify the functional

groups in the carbon materials (Figure 5a). All the samples
exhibit a broad peak in the range 3300−3500 cm−1 belonging to
functional hydroxyl (−OH) and/or amine (−NH) groups. The
pure CS sample shows several peaks belonging to −C−O (1238
cm−1), −C=C (1596 cm−1), −COOH/−C=O (1730 cm−1),
and −OH (3418 cm−1) groups.26,33 These peaks are not found
in the ACS sample, which is due to the removal of oxygen-
containing groups by KOH activation. In the place of oxygen
functional groups, various N-based functional groups (−C−N;
1144 cm−1, −C=N; 1587 cm−1, and −NH; 3449 cm−1) were
noticed in the ANCS sample, indicating the N-doping in the
carbon structure, in line with the Raman studies (Figure 4b). An

Figure 2. TEM images of the CS and ANCS materials.

Figure 3. STEM-EDAX elemental mapping images of the ANCS
catalyst.
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FT-IR peak corresponding to the aromatic methyl group (−CH;
593 cm−1) is observed only in the case of the ANCS sample.26,33

The EPR analysis showed that the ACS and ANCS catalysts
exhibit broader EPR signals and lower g-values as compared to
the pure CS catalyst (Figure S2, Supporting Information). This
indicates the perturbations in the electronic and surface
structure of the carbon framework after the KOH and N-doping
treatments.34,35 A decrease in the g-value of the ACS and ANCS
catalysts compared to the pure CS catalyst indicates a decrease
in the degree of oxidation of the carbon in ACS and ANCS
catalysts. The increased width of the EPR peaks reveals an
increased BET surface area of ACS and ANCS catalysts
compared to the CS catalyst (Table S1, Supporting
Information).35 Though the EPR analysis is used to estimate
the defect density in the carbon materials, it must be indicated

that the EPR technique cannot detect all defects present in the
carbon framework.34

The XPS analysis was conducted to elucidate the nature of
carbon, nitrogen, and oxygen species in the carbon catalysts. The
C 1s XP spectrum of pure CS shows three major peaks at the
binding energies (BEs) of 284.2, 285.7, and 289.6 eV,
corresponding to the carbon species of C=C, C−O, and O−
C=O groups, respectively (Figure 5b).30 The close observation
of Figure 5b reveals that the major C 1s peak (284.2 eV)
belonging to C=C in the CS sample is shifted to higher BEs in
the ACS and ANCS samples, whereas theC 1s peaks of the C−O
and O−C=O groups are shifted to lower BEs. The ANCS
sample exhibits an additional peak at 292.2 eV, corresponding to
carbon species in the N−C=O group, confirming the N-doping
in the carbon structure. The N 1s XP spectrum of the ANCS

Figure 4. (a) Powder XRD patterns and (b) Raman spectra of candle soot (CS), activated candle soot (ACS), and activated N-doped candle soot
(ANCS) catalysts.

Figure 5. (a) FT-IR spectra and (b) C 1s XPS, (c) N 1s XPS, and (d) O 1s XPS of candle soot (CS), activated candle soot (ACS), and activated N-
doped candle soot (ANCS) catalysts.
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sample shows two peaks at 399.7 and 402.3 eV, which belong to
pyrrolic and graphitic nitrogen, respectively (Figure 5c).26,36

The pyrrolic nitrogen is dominant in the ANCS sample. The CS
sample shows three O 1s XPS peaks at 530.8, 532.6, and 534.9
eV, corresponding to oxygen in the C=O, C−O, and O=C−OH
groups, respectively (Figure 5d).26 The ACS sample does not
contain the third O 1s peak (O=C−OH group), indicating the
selective defunctionalization of acidic groups in carbon by KOH
(base). The exposure of the KOH/CS mixture to the
temperature of 900 °C promotes the reaction of the KOH
base with the oxygen-containing acidic functional groups of CS,
resulting in the removal of O=C−OH groups from the carbon
matrix.37,38 Applying higher temperatures (900 °C) after the
KOH treatment can also remove the oxygen-containing groups
from the carbon matrix in the form of oxygen, carbon dioxide,
and water.39 However, the ANCS sample exhibited the third O
1s peak, corresponding to the O=C−OH group (Figure 5d).
This indicates that KOH activation is not very effective for N-
doped CS material to defunctionalize oxygen species. The
reason is that the inserted N species in the carbon matrix can
exhibit a strong electrostatic interaction with the O=C−OH
groups, which are very difficult to defunctionalize by the KOH
treatment.40,41 The elemental compositions of carbon, nitrogen,
oxygen, and hydrogen in the ANCS catalyst, estimated by
CHNO analysis, were found to be 95.78, 1.31, 2.46, and 0.45 wt
%, respectively. However, a very low N amount (0.39 wt %) was
found by the XPS analysis as it is a surface-sensitive technique
and cannot detect the total nitrogen amount in the ANCS
catalyst.
The catalyst’s acid sites (Bro̷nsted and Lewis), especially

Lewis acid sites, play a crucial role in the C−N coupling
reactions.11,12 The electron-deficient carbon in the developed
carbon catalysts can act as the Lewis acid sites (LA), and the
hydroxyl and carboxyl species are the Bro̷nsted acid sites (BA).
The pyridine-adsorbed FT-IR analysis of carbon catalysts is
conducted to estimate the nature of the acid sites (Figure 6).

The noticed FT-IR peaks in the range of 1408−1467, 1471−
1521, 1524−1554, 1556−1619, and 1645−1699 cm−1 are
assigned to LA, LA + BA, BA, LA, and BA, respectively (Figure
6).11,42 The CS sample contains only one peak at 1556−1619
cm−1, corresponding to LA sites. In contrast, the ACS and
ANCS samples contain both BA and LA sites’ peaks, but their

intensity is lower in the ACS sample compared to the ANCS
sample. It indicates the presence of more Lewis and Bro̷nsted
acid sites in the ANCS catalyst.

4. CATALYTIC ACTIVITY STUDIES
4.1. C−N Coupling of OPD with Benzylamine Using

Carbon Nanomaterials. The catalytic efficiency of the

developed carbon materials was investigated for the synthesis
of 2-phenylbenzimidazole via cascade C−N coupling of OPD
with benzylamine using a 1.5:2.5 molar ratio of OPD and
benzylamine in toluene solvent at a 4 h reaction time and 100 °C
reaction temperature under open-air conditions. In the blank
case (i.e., without the catalyst), no noticeable conversion of
OPD was found (entry 1, Table 1). The observed OPD
conversion and product selectivity over the developed carbon
nanomaterials (entries 2−4, Table 1) at the same reaction
conditions employed for the blank test indicate their catalytic
efficacy in the C−N condensation reaction under metal-free and
open-air conditions. Pure CS material gave 48% conversion of
the OPD, but very low selectivity to 2-phenylbenzimidazole
(36%) was achieved (entry 2, Table 1). In the case of the ACS
catalyst, both the level of conversion of OPD (76%) and 2-
phenylbenzimidazole (82%) was significantly increased (entry 3,
Table 1). The best results were found with the ANCS catalyst,
which gave 89% conversion with 90% 2-phenylbenzimidazole
selectivity (entry 4, Table 1). With the increase of reaction time
from 4 to 5 h, the ANCS catalyst gave 96% conversion of OPD
and 97% 2-phenylbenzimidazole selectivity (entry 5, Table 2).
With 5 and 10 wt % of the ANCS catalyst, low conversion/
selectivity was obtained (entries 6 and 7, Table 1), respectively.
Under the inert atmospheric conditions (i.e., N2), the level of the
OPD conversion was very low (entry 8, Table 1), indicating the
necessity of air for the C−N coupling reaction.
4.2. Kinetic and Hot-Filtration Studies in the C−N

Coupling of Benzylamine and OPD Using the ANCS
Catalyst.The effect of reaction temperature from 1 to 5 h in the
coupling of benzylamine and OPD using the ANCS catalyst was
conducted at 100 °C in toluene solvent (Figure 7a). Both the
conversion of OPD and product selectivity were rapidly
increased with the increase of reaction time up to 3 h. This is
due to the availability of high concentrations of reactants until 3
h, accelerating the forward reaction toward benzimidazole
formation. After 3 h of reaction time, the reaction faces
equilibrium limitations, resulting in a trivial increase in OPD

Figure 6. Pyridine-adsorbed FT-IR spectra of the CS, ACS, and ANCS
catalysts.

Table 1. C−N Coupling of Benzylamine and OPD Using
Various Carbon-Based Catalystsa

s.
no. catalyst

OPD conversion
(%)

benzimidazole
selectivity (%)

other
products

1 blank negligible
2 CS 48 36 64
3 ACS 76 82 18
4 ANCS 89 90 10
5b ANCS 96 97 3
6c ANCS 58 39 61
7d ANCS 82 81 19
8e ANCS 8 61 39

a1.5 mmol o-phenylenediamine (OPD), 2.5 mmol benzylamine, 15 wt
% catalyst with respect to OPD, 100 °C, 4 h, toluene (1 mL), and
open-air conditions. b5 h. c5 wt % catalyst. d10 wt % catalyst. eInert
atmospheric condition (N2 gas).
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conversion. The maximum conversion of OPD (96%) with 97%
selectivity to benzimidazole was obtained at 5 h. The hot-
filtration test was performed to elucidate the stability of the
ANCS catalyst in the C−N condensation of the OPD and
benzylamine (Figure 7b). Initially, the reaction was conducted
for 2 h, and then the ANCS catalyst was removed from the
reaction mixture by centrifugation. The reaction was continued
for another 3 h using the obtained catalyst-free filtrate at the
same reaction conditions. The conversion of OPD remains the
same almost after removing the catalyst. Hence, the leaching of
the active sites has not occurred, and the reaction is truly
heterogeneous, emphasizing the stability of the ANCS catalyst.
4.3. C−N Coupling of Diverse Benzylamines and OPDs

Using theANCS catalyst.The versatile catalytic efficacy of the
ANCS material was demonstrated for the C−N coupling of
various substituted benzylamines and OPDs (Table 2). The

cross-coupling of model compounds, such as benzylamine and
OPD, gave 96% conversion with 97% selectivity to benzimida-
zole (entry 1, Table 2). With this reference, the ANCS catalyst
showed reasonably good activity in the C−N condensation of
para-substituted benzylamines with OPD (entries 2 and 3, Table
2). In the case of C−N condensation of ortho- and meta-
substituted benzylamines with OPD, low conversions/selectiv-
ities were obtained irrespective of the substituents’ nature
(entries 4−6, Table 2). It indicates that the steric hindrance over
the electronic effects of the substituents is a dominating factor in
the condensation of substituted benzylamines with OPD over
the ANCS catalyst. Optimum conversions/selectivities were
obtained when both OPD and benzylamine contained the
substituents at meta and para positions, respectively (entries 7
and 8, Table 2). In the case of ortho-chloro benzylamine and
meta-methyl OPD (entry 9, Table 2), 74% conversion of OPD

Table 2. Substrate Scope in the C−N Coupling of Benzylamine and OPD Using the ANCS Catalysta

a1.5 mmol OPD, 2.5 mmol benzylamine, 15 wt % catalyst with respect to OPD, 100 °C, 5 h, toluene (1 mL), and open-air conditions. bOPD
conversion. cBenzimidazole selectivity.

Figure 7. (a) Kinetic studies (reaction conditions: 1.5 mmol of o-phenylenediamine (OPD), 2.5 mmol of benzylamine, 15 wt % catalyst with respect to
the OPD, 100 °C, 1 mL of toluene, and open-air conditions) and (b) hot-filtration test using the ANCS catalyst (reaction conditions: 1.5 mmol of o-
phenylenediamine (OPD), 2.5 mmol of benzylamine, 15 wt % catalyst with respect to the OPD, 100 °C, 1 mL of toluene, and open-air conditions).
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with 92% selectivity to benzimidazole was obtained at 5 h, which
is due to the steric hindrance of the substituents. Optimum
selectivity to benzimidazole (99%) was obtained when the para-
substituted benzylamines reacted with the meta-substituted
OPD (entries 10 and 11, Table 2). Overall, the ANCS catalyst
showed great potential for the condensation of various
benzylamines and OPDs to produce functional benzimidazoles
at metal-free and open-air conditions.

4.4. Benzylamine Homocoupling Using the ANCS
Catalyst. To further understand the catalytic role of ANCS
nanomaterial in the C−N condensation reactions under open-
air conditions, we conducted the homocoupling of various
benzylamines, which is a pivotal reaction to obtain valuable
imines for the pharma industry.43 The reaction conditions,
including temperature, time, and catalyst amount, were
optimized to achieve maximum conversion/selectivity in
benzylamine homocoupling. The probable reaction mechanism
is presented in the Supporting Information (Figure S3).43 The
complete conversion of benzylamine with 99% selectivity to
imine was obtained at 100 °C for 5 h in an open-air atmosphere
with toluene as the solvent (entry 1, Table 3), whereas only a 2%
conversion of benzylamine was noticed in the case of a blank test
(i.e., without the catalyst). This emphasizes the catalytic role of
the ANCS nanomaterial in benzylamine homocoupling under
open-air conditions. Irrespective of the position and nature of
the substituents on benzylamine, optimum conversions and/or
selectivity were obtained over the ANCS catalyst (entries 2−7,
Table 3). Unlike the C−N condensation of benzylamine with an
OPD (Table 2), the effect of steric hindrance of the substituents
is not observed in the case of benzylamine homocoupling.
The probable mechanism for the C−N coupling of benzyl-

amine with OPD is shown in Figure 8.43−45 Here, the oxidation
of benzylamine using atmospheric air takes place to produce a
benzaldehyde intermediate. Then, one of the NH2 groups of
OPD, which acts as a nucleophile, reacts with benzaldehyde to

Table 3. Benzylamine Homocoupling Using the ANCS
Catalysta

a1 mmol benzylamine, 10 wt % catalyst, 100 °C, 5 h, toluene (1 mL),
and open-air conditions. bBenzylamine conversion. cImine selectivity.

Figure 8. Schematic representation of coupling of benzylamine with an OPD to form benzimidazole over the ANCS catalyst.
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give an imine intermediate with water as a byproduct. The
subsequent intramolecular C−N condensation, followed by the
release of water, gives the desired benzimidazole product.
Several controlled reactions between benzylamine and OPD
were conducted to estimate the formation of the benzaldehyde
intermediate. About 2−3% selectivity of benzaldehyde was
noticed, indicating that benzaldehyde reacts with the OPD as
soon as it forms from benzylamine.44,45 However, the
identification of benzaldehyde supports the proposed mecha-
nism in Figure 8. In this probable mechanism, the formation of
benzaldehyde from benzylamine and the subsequent activation
of benzaldehyde to couple with the OPD can be accelerated by
the acid and defect sites of the carbon catalyst. Zhao et al. found
that the defects and high BET surface area can contribute to the
adsorption and activation of oxygen over a carbon catalyst,
which is crucial for the oxidative coupling of amines.43 Raman
studies showed that the ANCS catalyst contains a higher number
of defect sites due to the synergistic effect of N-doping and KOH
activation (Figure 4b). Naturally, the defect sites are electron-
deficient, thus they can activate benzylamine and intermediates
(benzaldehyde) to facilitate the forward reaction steps in the C−
N coupling of benzylamine with OPD. XPS studies provided a
piece of evidence for the presence of pyrrolic-N and graphitic-N
species in the ANCS catalyst (Figure 5c). Both pyrrolic-N and
graphitic-N species are found to provide active sites for the
oxidative C−N condensation of amines.2,26 Moreover, the π
electrons of pyrrolic-N atoms can enhance the interaction of the
ANCS catalyst with the electron-deficient intermediates (e.g.,
benzaldehyde and imine), accelerating the reaction toward
benzimidazole formation.27 The pyridine-adsorbed FT-IR
studies indicated that the ANCS catalyst contains strong FT-
IR peaks belonging to the Lewis acid sites (Figure 6). The C−N
coupling reactions are catalyzed by the Lewis acid sites,
explaining the excellent activity of the ANCS catalyst. Therefore,
it is concluded that the higher concentration of defect sites,
functional N-heterocyclic structures, and higher amount of
Lewis acid sites are the reasons for the excellent catalytic activity
of the ANCS nanomaterial in the selective C−N condensation
reactions under metal-free and open-air conditions. The
literature comparison revealed (Table S2, Supporting Informa-
tion) that the ANCS catalyst gave optimum yields of 2-
phenylbenzimidazole (94%) at milder reaction conditions
without using any external oxidant (entry 4, Table S2,
Supporting Information). In contrast, the literature reports
used homogeneous, expensive, and metal-based catalysts, higher
reaction temperatures (100−130 °C), longer reaction times (5−
12 h), and molecular oxygen as the oxidant (entries 1−3, Table
S2, Supporting Information). This indicates the significance of
the ANCS catalyst, which is active for the C−N coupling
reaction under open-air conditions at 100 °C and 5 h (entry 4,
Table S2, Supporting Information).

5. CONCLUSIONS
We successfully developed an efficient metal-free carbon catalyst
for the selective C−N coupling of amines under open-air
conditions. The ANCS catalyst prepared by N-doping and KOH
activation showed excellent activity in selective C−N bond
formation, which was attributed to more defects, functional N-
based groups, and Lewis acid sites. The ANCS catalyst contains
well-defined carbon nanospheres, and the nitrogen species are
uniformly distributed in the carbon framework. The ANCS
catalyst does not show any leaching of the active sites as
confirmed by a hot-filtration test, indicating its practical

application for the C−N condensation reactions under metal-
free and air conditions. The broad application of the ANCS
catalyst is showcased for the synthesis of diverse benzimidazoles
and imines under mild conditions.
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