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Highly efficient C(CO)-C(alkyl) bond cleavage in
ketones to access esters over ultrathin N-doped
carbon nanosheetsy
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Selective oxidative cleavage of the C(CO)-C bond in ketones to access esters is a highly attractive strategy
for upgrading ketones. However, it remains a great challenge to realize this important transformation over
heterogeneous metal-free catalysts. Herein, we designed a series of porous and ultrathin N-doped carbon
nanosheets (denoted as CN-X, where X represents the pyrolysis temperature) as heterogeneous metal-free
catalysts. It was observed that the fabricated CN-800 could efficiently catalyze the oxidative cleavage of the
C(CO)-C bond in various ketones to generate the corresponding methyl esters at 130 °C without using any
additional base. Detailed investigations revealed that the higher content and electron density of the
graphitic-N species contributed to the excellent performance of CN-800. Besides, the high surface area,

affording active sites that are more easily accessed, could also enhance the catalytic activity. Notably, the
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Accepted 11th April 2022 catalysts have great potential for practical applications because of some obvious advantages, such as low
cost, neutral reaction conditions, heterogeneous nature, high efficiency, and broad ketone scope. To the

DOI: 10.1039/d2sc00579d best of our knowledge, this is the first work on efficient synthesis of methyl esters via oxidative
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Introduction

Ketones are a class of fundamental compounds with extraor-
dinary versatility in the chemical community. Generally,
ketones can be transformed into various value-added chemicals
through the reconstruction of the C-H, C-O, or C(CO)-C
bond.*” Molecular editing via the cleavage of the C(CO)-C bond
is an emerging strategy to convert ketones into various value-
added products, e.g., esters, acids, nitriles, and amides.**®
More specifically, the synthesis of methyl esters through the
oxidative cleavage and esterification of the C(CO)-C bond in
ketones has attracted increasing interest because methyl esters
have diverse applications in solvents, polymers, synthetic
intermediates, pharmaceuticals, etc.'®'” Notably, ketones can be
abundantly obtained from renewable biomass.'®>* Thereby,
from the importance of both methyl esters and biorefineries, it
is a highly attractive strategy to synthesize methyl esters from

“Beijing National Laboratory for Molecular Sciences, CAS Key Laboratory of Colloid,
Interface and Chemical Thermodynamics, CAS Research/Education Center for
Excellence in Molecular Sciences, Institute of Chemistry, Chinese Academy of
Sciences, Beijing 100190, China. E-mail: hanbx@iccas.ac.cn

School of Chemistry Engineering, University of Chinese Academy of Sciences, Beijing
100049, China

°School of Chemical Engineering and Light Industry, Guangdong University of
Technology, Guangzhou 510006, China. E-mail: songjl_2021@gdut.edu.cn

(ESI) available. See

T Electronic supplementary information

https://doi.org/10.1039/d25c00579d

5196 | Chem. Sci, 2022, 13, 5196-5204

esterification of ketones over heterogeneous metal-free catalysts.

the oxidative esterification of ketones via the C(CO)-C bond
cleavage.

Initially, the synthesis of methyl esters from the oxidative
esterification of ketones could be realized using stoichiometric
oxidants, such as peroxides and metal salts.>*?* To make the
processes more sustainable, O, has been recognized as the ideal
oxidant due to its features of abundant availability, naturality,
and environmental benignity.”® To date, some catalytic systems
have been developed for the aerobic oxidative esterification of
ketones to synthesize methyl esters. For examples, the synthesis
of methyl esters via aerobic oxidative esterification of ketones
could be conducted by employing homogeneous copper (CuBr
and CuCl,)*° or cerium salts as the catalysts.?**" However,
ligands and/or additives were essential in these catalytic
systems,”'*"” and the homogeneous feature made the reus-
ability of these catalysts difficult. In comparison, heterogeneous
catalysts are more desired, yet successful heterogeneous cases
for aerobic oxidative esterification of ketones to synthesize
methyl esters were very limited. To the best of our knowledge,
only supported Zn** coordinated with N species on N-doped
carbon could heterogeneously catalyze this transformation.”
Despite the fact that metal-based catalysts showed good activity
in aerobic oxidative esterification of ketones, they suffered from
several obvious drawbacks, including high cost, potential
toxicity, poor durability, and metal contaminants (extremely
unwanted in pharmaceuticals).**** To solve these drawbacks in
metal-based catalytic systems, significant attention has been

© 2022 The Author(s). Published by the Royal Society of Chemistry
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devoted to cost-effective metal-free catalytic systems, and
several metal-free systems have been successfully developed for
aerobic oxidative esterification of ketones to synthesize methyl
esters.*** Nevertheless, these reported systems metal-free cata-
lytic systems were all homogeneous, and needed special
oxidants (e.g., oxone) and catalysts (e.g., NH,I)** or strong bases
(e.g., KOBu) and special reactants (3-oxopropanenitrile).*
Undoubtedly, developing highly active, low-cost, and heteroge-
neous metal-free catalysts to realize the synthesis of methyl
esters via aerobic oxidative esterification of ketones is highly
desirable, but is a great challenge.

Carbon-based materials are a typical class of metal-free
materials with distinct inherent characteristics, e.g., abundant
and even renewable resources (e.g, lignocellulose) on earth, and
low cost.***” Carbon materials have been successfully applied as
efficient metal-free catalysts in diverse organic reactions,***
and their catalytic activity can be well adjusted by doping
different heteroatoms (e.g., N, S, Se, P, B),*** tuning the
morphology from 0D carbon quantum dots to 3D porous bulk
carbon, and even the synergism of these two strategies.***’
However, the applications of metal-free carbon catalysts in
catalysing aerobic oxidative esterification of ketones to access
methyl esters have not been realized in view of the inherent
kinetic inertness and thermodynamic stability of C(CO)-C
bonds,*®** and the limited catalytic activity of carbon catalysts
in this transformation in comparison with that of metal-based
catalysts. Much effort should be devoted to developing effec-
tive protocols to construct robust metal-free carbon catalysts to
realize aerobic oxidative esterification of ketones via C(CO)-C
bond cleavage to synthesize methyl esters.

In this work, we prepared porous N-doped carbon nano-
sheets (denoted as CN-X, where X represents the pyrolysis
temperature) by pyrolyzing the mixture of chitosan (a renewable
material) and melamine (a cheap chemical). It was observed
that the synthesized CN-800 as a metal-free and heterogeneous
catalyst showed outstanding catalytic activity in the aerobic
oxidative esterification of ketones to synthesize methyl esters
without using any basic additives, and various methyl esters
could be efficiently and selectively obtained using these
heterogeneous metal-free catalytic systems. To the best of our
knowledge, this work for the first time offers an efficient,
heterogeneous and metal-free catalyst for the synthesis of
methyl esters via aerobic oxidative-cleavage of C(CO)-C bonds
in ketones.

Results and discussion
Preparation and characterization of the catalysts

The desired CN-X catalysts were prepared by the pyrolysis of
a highly-mixed mixture of chitosan and melamine, and the
detailed procedure is discussed in the ESL.f CN-800 as the
representative catalyst was characterized systematically. As
detected by SEM (Fig. 1A), TEM (Fig. 1B) and HR-TEM (Fig. S17),
CN-800 had an obvious structure of ultrathin nanosheets with
plenty of micropores, and the thickness of CN-800 was less than
1 nm based on AFM results (Fig. S21). From the results of energy
dispersive X-ray (EDX) mapping, it is found that the elements of
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Fig.1 Characterization of the synthesized CN-800. (A) SEM image, (B)
TEM image, (C) XRD pattern, (D) Raman spectrum, (E) N, adsorption—
desorption isotherm (the inset image in E: distribution of micropores),
and (F) N 1s XPS spectra.

C and N are distributed uniformly in the prepared CN-800
(Fig. S31). The powder X-ray diffraction (XRD) pattern of CN-
800 had two broad peaks at ~25° and ~44° (Fig. 1C), which
corresponded to the (002) and (101) planes of the graphitic
carbon. Meanwhile, obvious D-band and G-band, two charac-
teristic bands of graphitic carbon materials, were observed in the
Raman spectrum of CN-800 (Fig. 1D), and many structural
defects existed in CN-800 as deduced from the intensity ratio of
D/G bands. As determined by the N, adsorption-desorption
technique, the CN-800 exhibited a well-defined microporous
structure with the micropore size centered at 0.51 nm (Fig. 1E),
which was consistent with the HR-TEM result, and the BET
surface area of CN-800 was 631 m> g~ (Table S1t). Furthermore,
the presence of C, N, and O was confirmed by the XPS survey
spectrum (Fig. S41). It can be known from the high resolution
XPS spectrum of N 1s (Fig. 1F) that four types of N species,
including pyridine-type N (397.77 eV), pyrrole-type N (399.11 eV),
graphitic-type N (399.68 eV), and oxidized N (400.85 eV), were
clearly observed. Additionally, the content of N in CN-800 was
8.72 wt% as determined by element analysis (Table S2+).

Catalytic activity of various metal-free catalysts

The catalytic performance of the prepared metal-free CN-X cata-
lysts was evaluated by employing oxidative conversion of aceto-
phenone into methyl benzoate as a model reaction (Table 1).
The reaction could not proceed in the absence of a catalyst (Table
1, entry 1). To our delight, the prepared CN-800 showed excellent
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Table 1 Catalytic activity of various catalysts for oxidative conversion
o

of acetophenone into methyl benzoate®
o
O/
+ CHyOH

1a 2a

0,,130°C

Catalyst

Entry Catalysts Conversion” (%) Yield” (%)
1 None N.D. N.D.

2 CN-800 >99 >99

3 CN-500 N.D. N.D.

4 CN-600 38 25

5 CN-700 79 75

6° CN-1:6 73 67

74 CN-1:3 88 81

8° CN-Chit 16 16

of CN-Cell N.D. N.D.

10% CN-800 N.D. N.D.

“ Reaction conditions: acetophenone, 0.5 mmol; ethylbenzene,

0.5 mmol; catalyst, 100 mg; MeOH, 3 mL; O,, 5 bar; reaction
temperature, 130 °C; reaction time, 10 h. 5 The conversion and yield
were determined by GC using ethylbenzene as an internal standard.
¢ The catalyst was prepared using a chitosan/melamine weight ratio of
1:6 at 800 °C. ¢ The catalyst was prepared using a chitosan/melamine
weight ratio of 1 : 3 at 800 °C. ¢ The catalyst was prepared using pure
chitosan at 800 °C.” The catalyst was prepared using pure cellulose at
800 °C. ¢ Ar (5 bar) was used to replace O,.

catalytic activity for the reaction (Table 1, entry 2), and a quanti-
tative yield of the target product was achieved. In comparison,
several other carbon-based catalysts were prepared by varying the
weight ratio of chitosan and melamine, and the pyrolysis
temperature. As can be known from the results of TEM (Fig. S51),
XRD (Fig. S67), Raman spectroscopy (Fig. S7t), N, adsorption-
desorption (Table S17), and element analysis (Table S2t), the
morphology and the properties of the fabricated materials were
significantly affected by the preparation parameters, thereby
resulting in their different catalytic activities. For example, the
pyrolysis temperature has a great influence on the reactivity
(Table 1, entries 2-5), and the catalytic activity of the obtained
catalysts increased with increasing the pyrolysis temperature
from 500 to 800 °C, among which CN-800 possessed the highest
activity while CN-500 showed very poor activity. Similarly, the
catalytic activity increased with increasing the ratio of chitosan
and melamine (Table 1, entries 2, 6 and 7), and increasing the
usage of chitosan could enhance the catalytic activity. However,
CN-Chit, prepared using pure chitosan at 800 °C, showed low
catalytic activity (Table 1, entry 8). Additionally, no reaction
occurred over CN-Cell (Table 1, entry 9), which was fabricated
using cellulose as the raw material. The results above indicated
that CN-800 was the best catalyst among the prepared metal-free
catalysts, and the doping of N played a crucial role in achieving
high activity for the studied reaction.

Optimization of reaction conditions

Employing CN-800 as the catalyst, various reaction parameters
were subsequently optimized. As expected, the conversion of
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Fig. 2 Influence of various reaction parameters. (A) Reaction

temperature, (B) reaction time, and (C) amount of CN-800. Reaction
conditions: acetophenone, 0.5 mmol; ethylbenzene, 0.5 mmol;
MeOH, 3 mL; 5 bar O,; reaction temperature, 130 °C for (B and C);
reaction time, 10 h for (A and C); usage of CN-800, 100 mg for (A and
B). The conversions and yields were determined by GC using ethyl-
benzene as an internal standard.

acetophenone increased when the reaction temperature
changed from 90 to 130 °C (Fig. 2A). The reaction could be
completed at 130 °C with a reaction time of 10 h (Fig. 2B), and
the yield of the target methyl benzoate could reach 99%.
Furthermore, it was found that the usage of CN-800 also had
significant impact on the reaction efficiency (Fig. 2C), and the
conversion of acetophenone and the yield of methyl benzoate
gradually increased when the catalyst usage increased from 20
to 100 mg. With a CN-800 usage of 100 mg, acetophenone could
be converted to methyl benzoate with a yield of 99%. Based on
the experimental results, we can conclude that the optimal
reaction conditions were 130 °C, 10 h, and 100 mg CN-800.
Besides, when the reaction was conducted under an Ar atmo-
sphere (Table 1, entry 10), no reaction occurred, suggesting that
0, was essential in this transformation. However, the influence
of O, pressure on the reaction efficiency was not significant in
the range of 1 to 5 bar (Table S3t), indicating that the O,
pressure was not the determinant for the reaction activity in the
examined pressure range.

Reusability of CN-800

An attractive merit of heterogeneous catalysts is their capability
to be recycled. Thus, the reusability of CN-800 was evaluated by
using acetophenone as the substrate. There were no consider-
able changes in both the conversion of acetophenone and the
yield of methyl benzoate in four consecutive cycles with a reac-
tion time of 6 h (Fig. 3A) or 10 h (Fig. 3B) when the original
usage of CN-800 was 100 mg. Moreover, no obvious difference
was found between the fresh CN-800 and the recovered one, as
characterized by various techniques, including TEM (Fig. S87),
Raman spectroscopy (Fig. S9At), XRD (Fig. S9BT), N, adsorp-
tion-desorption (Fig. S9CT), XPS (Fig. SODT), and elemental
analysis (Table S21). In addition, CN-800 could still be well
recycled for four catalytic cycles (Fig. S10At) when the usage of
CN-800 was changed to 60 mg. The results above verified the
good stability and reusability of CN-800 under the reaction
conditions. In another respect, the heterogeneous nature of CN-
800 was evaluated by a control experiment (Fig. S10B7), in which
the CN-800 was removed from the catalytic system when the
reaction was proceeded for 4 h, and then the reaction was
continually conducted for 6 h without the solid catalyst. No
further reaction was observed after the removal of CN-800,

© 2022 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2sc00579d

Open Access Article. Published on 11 April 2022. Downloaded on 1/13/2026 10:51:54 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Edge Article

A80

60

»— Conversion Il Yield »— Conversion [JIll Yield

X 40

20

Fig. 3 Recyclability of CN-800. Reaction conditions: acetophenone,
0.5 mmol; ethylbenzene, 0.5 mmol; CN-800, 100 mg; MeOH, 3 mL; 5
bar O,; 130 °C; 6 h for (A) and 10 h for (B). Yield was determined by GC
using ethylbenzene as an internal standard.

confirming the negligible leaching of active species and the
heterogeneous nature of CN-800.

Scope of substrates

Inspired by its excellent catalytic performance in the conversion
of acetophenone, the applicability of CN-800 to the oxidative
esterification of other (het) aryl methyl ketones was investigated
(Table 2). It was found that various substituted acetophenones
could be selectively converted into the corresponding methyl
esters with satisfactory yields. Meanwhile, the properties of the
substituents showed weak impact on the reactivity of the
substrates. No matter electron-withdrawing (1b-1f, including
-CF;, —CN, -F, -Cl, -Br) or electron donating (1g-1i, including
—-CH3, -OCHj;, -OCH,CH3;) substituents, excellent yields (>90%)
of methyl esters could be obtained when they were at the para-
position. In contrast, the position of the substituents could
significantly affect the reactivity, and the para-substituted
substrate showed the highest reactivity while the ortho-
substituted substrates had the poorest reactivity. For example,
the reactivity of Br-substituted acetophenones decreased as
follows: para-bromoacetophenone (1f) > meta-bromoacetophe-
none (1j) > ortho-bromoacetophenone (1k). Similarly, the reac-
tivity of Me-substituted acetophenones (1g, 11, 1m) followed the
same tendency. Moreover, the reaction efficiency decreased
with the increasing number of substituents. For instance,
among MeO-substituted acetophenones (1h, 1n-1p), the reac-
tivity of the mono-substituted substrate was highest, while the
tri-substituted substrate showed the lowest reactivity. Addi-
tionally, 1-acetonaphthone (1q) showed lower activity than
acetophenone (1a). The results above were probably caused by
the steric resistance: both ortho-substituents (1k, 1m) and
multi-substituents (1n-1p, 1r, 1s) increased the steric resistance
of the corresponding substrates. Besides, phenyl- and phenoxy-
substituted acetophenones (1t, 1u) could also be efficiently
converted into the corresponding methyl esters over CN-800
under standard reaction conditions. Notably, several chal-
lenging heteroaryl methyl ketones, i.e., 2-acetylfuran (1v), 2-
acetylthiophene (1w), and 4-acetylpyridine (1x), could also be
efficiently oxidized into the desired methyl esters with yields of
>90%, further confirming the robust activity of CN-800 for the
reactions.

In addition, the influence of different aliphatic alcohols
(ethanol, n-propanol, and n-butanol) was investigated. The

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Substrate scope of phenyl substituted ketone over CN-800
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¢ Reaction conditions: substrate, 0.5 mmol; ethylbenzene, O 5 mmol;
CN-800, 100 mg; methanol, 3 mL; 5 bar O,; 130 °C; 10 h.  Reaction
condltlons substrate, 0.5 mmol; ethylbenzene, 0.5 mmol; CN-800,
100 mg; methanol, 3 mL; 5 bar O,; 130 °C; 24 h. Yield was
determined by GC using ethylbenzene as an internal standard.

results indicated that an additional base (e.g., K,CO3) was
essential to facilitate the oxidative conversion of acetophenone
into the corresponding esters with these three alcohols (Table
S471). Moreover, the reactivity of the alcohols decreased with the
increase of the carbon chain length of the alcohols, which was
consistent with some reported results.” These results probably
resulted from that the dissociation energy of the O-H bond and
the steric hindrance increased with the increase of the alkyl
chain. Thus, further optimization was required to make this
CN-800 catalytic system effective for various alcohols.
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Generally, acetophenones substituted at the B-C position
have lower reactivity, thereby being more challenging to be
converted into the corresponding esters via oxidative esterifi-
cation. Herein, the reactivities of several acetophenones
substituted at the B-C position were examined over the CN-800.
Obviously, the C(CO)-C bonds in these acetophenones could be
smoothly converted into the corresponding methyl benzoates
with excellent yields of >90% (Table 3, entries 1-7). When there

Table 3 Aerobic oxidative esterification of more challenging ketones
over CN-800¢

Entry Substrate Product Yield” (%)
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“ Reaction conditions: substrate, 0.5 mmol; ethylbenzene, 0.5 mmol;
CN-800, 100 mg; methanol, 3 mL; 5 bar O,; 130 °C; 10 h. b Yield was
determined by GC using ethylbenzene as an internal standard.
¢ Substrate, 0.5 mmol; ethylbenzene, 0.5 mmol; CN-800, 100 mg;
methanol, 3 mL; 5 bar O,; 130 °C; 24 h.
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were more substituents at the B-C position (Table 3, entry 8), the
reactivity decreased remarkably with the increasing number of
substituents. Additionally, when the substituents were at both
the B-C position and phenyl group, the reactivity also decreased
(Table 3, entries 9 and 10), and a prolonged reaction time (24 h)
was needed to achieve a satisfactory product yield. Moreover, 2-
phenoxyacetophenone, an important lignin model, could also
be efficiently converted to provide methyl benzoate in a yield of
93% (Table 3, entry 11). Surprisingly, 1,3-indandione (Table 3,
entry 12) and 1-indanone (Table 3, entry 13) could be oxidized,
and phthalic anhydride was generated as the main product.
These results further verified the superior catalytic performance
of CN-800 in the aerobic oxidative esterification of ketones via
C(CO)-C bond cleavage to synthesize methyl esters. Unfortu-
nately, CN-800 showed very low or even no activity in the
transformation of alkyl ketones (e.g., 4-phenyl-2-butanone, o-
ionone, 3-hepten-2-one, 2-octanone, and 2,5-hexanedione) to
produce the desired esters (Table 3, entries 14-18). Further
construction of more robust metal-free carbon-based catalytic
materials is required to realize the conversion of alkyl ketones
into the corresponding esters via C(CO)-C bond cleavage.

Analysis of catalytically active sites

It is of crucial importance to reveal the catalytically active sites
and meanwhile discuss the reason for the superior performance
of the CN-800. As is well known, graphitic-N species, the defects,
and even sp, carbon can be the potential catalytic sites in N-
doped carbon materials. First, as characterized by Raman
spectra, the intensity ratio of D and G bands in the prepared
catalytic materials decreased when the pyrolysis temperature
increased from 600 to 800 °C or the ratio of chitosan and
melamine increased from 1:6 to 1:3 (Fig. S11%}), indicating
that the defects in the corresponding materials decreased with
increasing pyrolysis temperature or ratio of chitosan and
melamine. However, the catalytic activity of the prepared cata-
lysts followed an opposite trend (Fig. S117). Therefore, the
defects were not the decisive catalytic sites in the prepared
carbon-based catalysts. Second, CN-Chit had more sp> carbon
than other N-doped catalysts (Table S5 and Fig. S127), but its
catalytic activity was poorer than other N-doped catalysts except
for CN-500 (Table 1). Meanwhile, CN-500 nearly showed no
activity although it contained sp® carbon. Thereby, it could be
deduced that the catalytic role of the sp® carbon could be
excluded.

From the catalytic results in Table 1, CN-Cell showed no
catalytic activity, while CN-Chit could catalyze the reaction. The
difference between CN-Cell and CN-Chit was that CN-Chit
contained N species, while there was no doped-N in CN-Cell,
indicating that the N species were the probable active sites for
the reactions. It is widely accepted that the graphitic-N species
are the catalytic sites in metal-free N-doped carbon catalysts.**>*
Based on the XPS results (Fig. 4), it was obvious that the content
of graphitic-N species in the prepared materials was positively
correlated with both the preparation temperature and the molar
ratio of chitosan and melamine. Notably, the relative content of
graphitic-N species increased in the order: CN-500 < CN-Chit <

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 N 1s XPS spectra. (A) The catalysts prepared at different
temperatures, and (B) the catalysts prepared with different molar ratios
of chitosan and melamine.

CN-600 < CN-1:6 < CN-700 < CN-1:3 < CN-800, which was
consistent with their catalytic activity (Fig. S131 and Table 1),
confirming that graphitic-N species were the catalytic sites in
the prepared catalysts for the studied reactions. Importantly,
the graphitic-N in CN-800 showed the lowest binding energy
among all the examined catalysts, indicating that the graphitic-
N in CN-800 possessed the highest electron density. Thus, the
basicity of graphitic-N in CN-800 was the strongest, which was
helpful for the electronic interaction of oxygen with graphitic-N
species to generate more active oxygen species for promoting
the reaction.>® Meanwhile, the reactivity of ketones for this
transformation originated from that the existence of carbonyl
groups could acidify the B-Cs,-~H. However, the extent of acid-
ification was too low. Thus, a catalyst was needed to increase the
acidification of the B-Cgp»-H.” The graphitic-N with higher
electron density could enhance the acidification of the B-Cyp-H
originating from the carbonyl groups, thus promoting the
abstraction of B-Cyp»-H, which was beneficial for the reaction.
Therefore, CN-800, having more content of more negatively
charged graphitic-N species, provided the highest catalytic
activity in the oxidative conversion of ketones into esters.
Besides, as characterized by the N, adsorption-desorption
method, the BET surface area of the prepared -catalysts
increased with the increase of the preparation temperature and
the molar ratio of chitosan and melamine (Table S11). CN-800
had a BET surface area of 631 m” g~ ', which was the highest
among all the prepared catalysts. The high surface area afforded
catalytically active sites that are more exposed and more easily
accessed, thereby resulting in the highest catalytic activity of
CN-800. CN-500 showed a very low surface area (14 m* g™ %),
which made the active sites embedded in the bulk body and
thus difficult to access. This was the probable reason for the
ignorable catalytic activity of CN-500 although it contained
a certain number of graphitic-N species. Additionally, carbon
materials having high surface area were beneficial for the acti-
vation of gas (e.g., O,, CO,) and organic molecules. Thus, CN-
800 with the highest surface area had the strongest ability to

© 2022 The Author(s). Published by the Royal Society of Chemistry
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activate O, and the acetophenones, thereby showing the best
catalytic performance.

From the discussion above, it can be known that the
graphitic-N species were the catalytically active sites to catalyze
the conversion of ketones into the corresponding esters via
C(CO)-C(alkyl) bond cleavage, and their contents and electronic
state significantly affected the catalytic activity. CN-800 had the
most graphitic-N species, providing it with the most active sites.
Moreover, the graphitic-N species in CN-800 were more nega-
tively charged, making it have the strongest ability to enhance
the acidification of the B-Cyy»-H bond originating from the
carbonyl group in ketones, and promote the formation of active
oxygen species. These features enabled CN-800 to show the best
catalytic performance. Additionally, owing to the highest
surface area, the graphitic-N species in CN-800 was more
exposed and more easily accessed. Meanwhile, the high surface
area favored the activation of the reactants (i.e., O, and the
acetophenones), and mass transfer, further improving the
catalytic activity of CN-800. Therefore, it could be deduced that
the excellent performance of CN-800 originated from the
synergistic effect of graphitic-N species with higher electron
density and the high surface area.

Investigation of the reaction mechanism

For oxidations involving C-H bond transformation, the reac-
tions generally proceed through a radical pathway. To confirm
this, several radical inhibition experiments were initially con-
ducted (Scheme 1). The conversion of acetophenone into
methyl benzoate was significantly inhibited after adding 2
equiv. 2,6-ditertbutyl-4-methylphenol (BHT, a radical scav-
enger), indicating that the reaction occurred via a radical reac-
tion process. Furthermore, the addition of 2 equiv.
benzoquinone (a O, radical scavenger) could completely
quench the reaction, implying that O,"~ radicals were the
radical species to promote the oxidation. Meanwhile, the reac-
tion was partially quenched when 2 equiv. of furfuryl alcohol (a
singlet oxygen scavenger) was added into the reaction system,
indicating the formation of singlet oxygen from the O, " radi-
cals in the reaction process. These results confirmed that the
studied oxidations were promoted by O, " radicals.
Subsequently, the reaction pathway was investigated. First,
as discussed above, the reactivity would decrease when there
was more than one substituent on the B-C position. For

(0] (0]

5 bar O, o~
+ CHsOH

130°C, CN-800, 10h
Y: 99%

2 equiv. BHT, Y: 7%
2 equiv. 1,4-Benzoquinone, Y: <1%
2 equiv. Furfuryl alcohol, Y: 30%

HON =

Scheme 1 Control experiments with different radical scavengers.
Reaction conditions: acetophenone, 0.5 mmol; ethylbenzene,
0.5 mmol; CN-800, 100 mg; methanol, 3 mL; O,, 5 bar; 130 °C; 10 h;
the additive was added as above.
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example, propiophenone had similar reactivity to acetophe-
none, while the yield of methyl benzoate was only 63% when
using isobutyrophenone as the substrate. In particular, no
methyl benzoate was generated from 2,2-dimethylpropiophe-
none (Scheme S1at). These results indicated that at least one H
at the B-C position was essential. Second, very low yields (4%
and 6%) of methyl benzoate were achieved from benzoic acid
and benzaldehyde, respectively (Scheme S1bf¥), indicating that
the reaction did not occur through the pathway of forming
benzoic acid and benzaldehyde. Third, an obvious proton/
deuterium kinetic isotope effect was observed when using ace-
tophenone-d; as the substrate (Scheme S27), implying that the
oxidation of the B-Cg»-H bond probably was the rate-
determining step. Meanwhile, 2-hydroxyacetophenone, 2-oxo-
2-phenylacetaldehyde, and benzoylformic acid showed much
higher reactivity than acetophenone (Scheme S37), and 2 h was
enough to completely convert these substrates into methyl
benzoate (99% yield), suggesting that 2-hydroxyacetophenone,
2-oxo-2-phenylacetaldehyde, and benzoylformic acid were the
potential intermediates. Furthermore, 2 equiv. benzoquinone
could completely quench the conversion of 2-hydrox-
yacetophenone, while the addition of 2 equiv. benzoquinone
nearly showed no impact on the conversion of 2-oxo-2-
phenylacetaldehyde and benzoylformic acid (Scheme S3+1). In
comparison, when the conversion of 2-hydroxyacetophenone, 2-
oxo-2-phenylacetaldehyde and benzoylformic acid was con-
ducted under an Ar atmosphere (5 bar), benzoylformic acid
could be completely converted, while the conversion of 2-oxo-2-
phenylacetaldehyde was only 37%, and nearly no reaction
occurred with 2-hydroxyacetophenone as the reactant (Scheme
S37). These results indicated that to obtain methyl benzoate,
further radical oxidation was required for 2-hydrox-
yacetophenone, while 2-oxo-2-phenylacetaldehyde could be
converted through two reaction pathways, including (1) being
directly converted into methyl benzoate without the need to be
further oxidized, and (2) being firstly oxidized into benzoylfor-
mic acid vie a non-radical process and subsequently being
converted into the desired methyl benzoate (the main pathway
considering the conversion of phenylacetaldehyde under an Ar
atmosphere). Thereby, the successive oxidation of acetophe-
none into 2-hydroxyacetophenone and 2-0x0-2-
phenylacetaldehyde (as two intermediates) could be deduced
as a probable reaction, while whether further oxidation of 2-oxo-
2-phenylacetaldehyde into benzoylformic acid or nor relied on
the type of substrate (see the description of the mechanism).
Finally, 2 equiv. of dimethyl sulfoxide (a HO" radical scavenger)
could partially quench the reaction (Scheme S47), implying that
the generation of R-O' and HO’ radicals via the homolytic
rupture of the in situ formed R-O-O-H was another potential
reaction pathway, and the substrates with only one H at the B-C
position (e.g., isobutyrophenone and cyclopentyl phenyl ketone)
were oxidized only through this reaction pathway.

On the basis of the experimental results above and previous
reports, we proposed a plausible mechanism for the aerobic
oxidative esterification of ketones into methyl esters via C(CO)-
C bond cleavage over CN-800 (Scheme 2). Initially, the super
oxygen radicals (O," ") were generated by the interaction of O,
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Scheme 2 Proposed mechanism of the oxidative cleavage of C-C
bonds of ketones to methyl esters over the CN-800.

with the graphitic-N species in CN-800,°° and meanwhile, the
graphitic-N species with higher electron density could enhance
the acidification of the B-Cyp:—H bond in ketones (A). Then, the
hydrogen atom in the acidified B-Cy,~H bond was abstracted by
the O, radicals to form the hydroperoxide intermediate (B).
Finally, the target methyl esters (H) were formed from the
intermediate B via two potential reaction pathways. In the
reaction pathway I, the intermediate B was converted into the
hydroxyl radical and B-oxy radical C via a homolytic cleavage
process. The radical C could be cleaved into the corresponding
ketones/aldehydes and benzaldehyde radical D via B-scission,
and the formed D radical subsequently reacted with MeOH to
generate the target methyl esters (H). Alternatively, the radical C
could abstract one hydrogen atom from MeOH to generate B-
hydroxyl inter-mediate E. When there was one hydrogen atom at
the B-C position in the intermediate E, E would be further
oxidized into the intermediate F. Control experiments showed
that the intermediate E could be clearly detected when using
acetophenone as the reactant, while this intermediate was not
detected with isobutyrophenone as the reactant. These results
indicated that the formation of E was not predominant in
reaction pathway I. In another respect, when there was at least
one hydrogen atom at the B-C position in B, the reaction could
also be proceeded through pathway II. In this pathway, the
intermediate B was firstly transformed into the intermediate F
via Kornblum-DelaMare rearrangement.”’*® Eventually, the
potentially generated F was converted into the desired product
H through two pathways, including (1) F directly reacted with
MeOH to be cleaved into the final product H via a-diketone
cleavage, and (2) If the R was the hydrogen atom in the inter-
mediate F, F was further oxidized into benzoylformic acid (G),
which was subsequently converted into H via C-C bond
cleavage.

Conclusions

In conclusion, porous and ultrathin N-doped carbon nano-
sheets were successfully prepared from chitosan and melamine.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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The fabricated materials could be used as metal-free and
heterogeneous catalysts to efficiently catalyze the oxidative
esterification of ketones via C(CO)-C bond cleavage into methyl
esters. It was observed that the catalytic activity of the catalysts
could be significantly affected by the pyrolysis temperature and
the weight ratio of the two precursors, and the catalyst CN-800
showed the best performance for the reactions. Various
ketones could be selectively oxidized into the corresponding
methyl esters at 130 °C in the absence of any basic additives.
Systematic analysis indicated that the graphitic-N species were
the active sites, and their content and electron density showed
strong impact on the catalytic performance. The highest activity
of CN-800 resulted from the highest graphitic-N species content
and highest electron density, as well as its highest surface area.
This work described the first example of metal-free catalytic
oxidative esterification of ketones to synthesize esters. We
believe that the prepared CN-800 has great potential for appli-
cation in the synthesis of esters from oxidative conversion of
ketones, and the discovery of this work is helpful for designing
efficient metal-free catalysts for some other reactions.

Data availability

The authors declare that all data supporting the findings of this
study are available within the paper and its ESL}

Author contributions

M. L. H.,]J. L. S. and B. X. H. proposed the project, designed the
experiments, and wrote the manuscript. M. L. H. performed the
whole experiments. X. H.,, H. L. F.,, T.B.W., Q. L.M.and Z. R. Z
performed the analysis of experimental data. J. L. S. and B. X. H.
co-supervised the whole project. All authors discussed the
results and commented on the manuscript.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

This work was financially supported by the National Natural
Science Foundation of China (22072157), National Key Research
and Development Program of China (2017YFA0403103), and
Chinese Academy of Sciences (QYZDY-SSW-SLHO013).

Notes and references

1 C. J. Bondue, F. Calle-vallejo, M. C. Figueiredo and
M. T. M. Koper, Nat. Catal., 2019, 2, 243-250.

2 L. Cao, J. Ding, M. Gao, Z. Wang, J. Li and A. Wu, Org. Lett.,
2009, 11, 3810-3813.

3 C. Tang and N. Jiao, Angew. Chem., Int. Ed., 2014, 53, 6528—
6532.

4 M. Subaramanian, P. M. Ramar, J. Rana, V. K. Gupta and
E. Balaraman, Chem. Commun., 2020, 56, 8143-8146.

© 2022 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

5 M. Liu, Z. Zhang, H. Liu, T. Wu and B. Han, Chem. Commun.,
2020, 56, 7120-7123.

6 Y. Xu, X. Qi, P. Zheng, C. C. Berti, P. Liu and G. Dong, Nature,
2019, 567, 373-378.

7 C. Xie, L. Lin, L. Huang, Z. Wang, Z. Jiang, Z. Zhang and
B. Han, Nat. Commun., 2021, 12, 4823.

8 S. Chandrasekhar and K. Gopalaiah, Tetrahedron Lett., 2003,
44, 7437-7439.

9 K. Hyodo, G. Hasegawa, N. Oishi, K. Kuroda and K. Uchida, J.
Org. Chem., 2018, 83, 13080-13087.

10 P. Trillo, T. Slagbrand and H. Adolfsson, Angew. Chem., Int.
Ed., 2018, 57, 12347-12351.

11 A. V. Arzumanyan, Tetrahedron Lett., 2017, 58, 4667-4671.

12 M. A. Stalcup, C. K. Nilles, H.-]. Lee, B. Subramaniam,
J. D. Blakemore and K. C. Leonard, ACS Sustainable Chem.
Eng., 2021, 9, 10431-10436.

13 A. Xia, X. Qi, X. Mao, X. Wu, X. Yang, R. Zhang, Z. Xiang,
Z.Lian, Y. Chen and S. Yang, Org. Lett., 2019, 21, 3028-3033.

14 X. Huang, X. Li, M. Zou, S. Song, C. Tang, Y. Yuan and
N. Jiao, J. Am. Chem. Soc., 2014, 136, 14858-14865.

15 Y.-Y. Jiang, G. Li, D. Yang, Z. Zhang, L. Zhu, X. Fan and S. Bi,
ACS Catal., 2019, 9, 1066-1080.

16 Y.-L. Zheng and S. G. Newman, Angew. Chem., Int. Ed., 2019,
58, 18159-18164.

17 M. Liu, Z. Zhang, J. Song, S. Liu, H. Liu and B. Han, Angew.
Chem., Int. Ed., 2019, 58, 17393-17398.

18 L. Lei, Y. Wang, Z. Zhang, J. An and F. Wang, ACS Catal.,
2020, 10, 8788-8814.

19 Z. Zhang, J. Song and B. Han, Chem. Rev., 2017, 117, 6834~
6880.

20 W. Schutyser, T. Renders, S. Van den Bosch, S. F. Koelewijn,
G. T. Beckham and B. F. Sels, Chem. Soc. Rev., 2018, 47, 852—
908.

21 M. Wang, J. Ma, H. Liu, N. Luo, Z. Zhao and F. Wang, ACS
Catal., 2018, 8, 2129-2165.

22 C. Li, X. Zhao, A. Wang, G. W. Huber and T. Zhang, Chem.
Rev., 2015, 115, 11559-11624.

23 C. Wang, Q. Wan, J. Cheng, S. Lin, A. Savateev, M. Antonietti
and X. Wang, J. Catal., 2021, 393, 116-125.

24 G.]. ten Brink, I. W. C. E. Arends and R. A. Sheldon, Chem.
Rev., 2004, 104, 4105-4124.

25 A. Kawata, K. Takata, Y. Kuninobu and K. Takai, Angew.
Chem., Int. Ed., 2007, 46, 7793-7795.

26 K. P. Bryliakov, Chem. Rev., 2017, 117, 11406-11459.

27 C. Zhang, P. Feng and N. Jiao, J. Am. Chem. Soc., 2013, 135,
15257-15262.

28 L. Zhang, X. Bi, X. Guan, X. Li, Q. Liu, B.-D. Barry and P. Liao,
Angew. Chem., Int. Ed., 2013, 52, 11303-11307.

29 R. Ma, L.-N. He, A.-H. Liu and Q.-W. Song, Chem. Commun.,
2016, 52, 2145-2148.

30 Y. Chen, J. Du and Z. Zuo, Chem, 2020, 6, 266-279.

31 K. Zhang, L. Chang, Q. An, X. Wang and Z. Zuo, J. Am. Chem.
Soc., 2019, 141, 10556-10564.

32 R. Paul, L. Zhu, H. Chen, J. Qu and L. Dai, Adv. Mater., 2019,
31, 1806403.

Chem. Sci., 2022, 13, 5196-5204 | 5203


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2sc00579d

Open Access Article. Published on 11 April 2022. Downloaded on 1/13/2026 10:51:54 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chemical Science

33 M. Tawalbeh, A. Al-Othman, T. Salamah, M. Alkasrawi,
R. Martis and Z. A. El-Rub, J. Environ. Manage., 2021, 299,
113597.

34 B. Rammurthy, S. Peraka, A. Vasu, G. Krishna Sai, Y. Divya
Rohini and N. Narender, Asian J. Org. Chem., 2021, 10,
594-601.

35 J. Barrio, M. Volokh and M. Shalom, J. Mater. Chem. A, 2020,
8, 11075-11116.

36 Y. Zheng, Y. Jiao, M. Jaroniec, Y. Jin and S. Z. Qiao, Small,
2012, 8, 3550-3566.

37 X. Liu and L. Dai, Nat. Rev. Mater., 2016, 1, 16064.

38 L. Dai, Y. Xue, L. Qu, H.-J. Choi and ].-B. Baek, Chem. Rev.,
2015, 115, 4823-4892.

39 J. Lee, ]J. Kim and T. Hyeon, Adv. Mater., 2006, 18, 2073-2094.

40 K. Gong, F. Du, Z. Xia, M. Durstock and L. Dai, Science, 2009,
323, 760-764.

41 Y. Zhao, R. Nakamura, K. Kamiya, S. Nakanishi and
K. Hashimoto, Nat. Commun., 2013, 4, 2390.

42 J. Zhang, L. Qu, G. Shi, J. Liu, J. Chen and L. Dai, Angew.
Chem., Int. Ed., 2016, 55, 2230-2234.

43 S. Wang, E. Iyyamperumal, A. Roy, Y. Xue, D. Yu and L. Dai,
Angew. Chem., Int. Ed., 2011, 50, 11756-11760.

44 M. Hua, ]J. Song, X. Huang, H. Liu, H. Fan, W. Wang, Z. He,
Z. Liu and B. Han, Angew. Chem., Int. Ed., 2021, 60, 21479~
21485.

45 ]J. Hwang, A. Ejsmont, R. Freund, J. Goscianska,
B. V. K. J. Schmidt and S. Wuttke, Chem. Soc. Rev., 2020,
49, 3348-3422.

5204 | Chem. Sci., 2022, 13, 5196-5204

View Article Online

Edge Article

46 S. Dang, Q.-L. Zhu and Q. Xu, Nat. Rev. Mater., 2017, 3,
17075.

47 M. R. Benzigar, S. N. Talapaneni, S. Joseph, K. Ramadass,
G. Singh, J. Scaranto, U. Ravon, K. Al-Bahily and A. Vinu,
Chem. Soc. Rev., 2018, 47, 2680-2721.

48 Y. Xia and G. Dong, Nat. Rev. Chem., 2020, 4, 600-614.

49 P. Sivaguru, Z. Wang, G. Zanoni and X. Bi, Chem. Soc. Rev.,
2019, 48, 2615-2656.

50 A. Zhao, J. Masa, W. Schuhmann and W. Xia, J. Phys. Chem.
C, 2013, 117, 24283-24291.

51 S. Ni, Z. Li and J. Yang, Nanoscale, 2012, 4, 1184-1189.

52 W. He, C. Jiang, J. Wang and L. Lu, Angew. Chem., Int. Ed.,
2014, 53, 9503-9507.

53 H. Kim, K. Lee, S. I. Woo and Y. Jung, Phys. Chem. Chem.
Phys., 2011, 13, 17505-17510.

54 T.Ikeda, M. Boero, S.-F. Huang, K. Terakura, M. Oshima and
J.-i. Ozaki, J. Phys. Chem. C, 2008, 112, 14706-14709.

55 L. Qu, Y. Liu, J.-B. Baek and L. Dai, ACS Nano, 2010, 4, 1321-
1326.

56 O. S. G. P. Soares, R. P. Rocha, A. G. Goncalves,
J. L. Figueiredo, J. J. M. Orfao and M. F. R. Pereira, Appl.
Catal., B, 2016, 192, 296-303.

57 S. T. Staben, X. Linghu and F. D. Toste, J. Am. Chem. Soc.,
2006, 128, 12658-12659.

58 X.J. Qin, T. J. Rauwolf, P. P. Li, H. Liu, J. McNeely, Y. Hua,
H. Y. Liu and J. A. Porco Jr, Angew. Chem., Int. Ed., 2019,
58, 4291-4296.

59 J. Hill, A. A. Hettikankanamalage and D. Crich, J. Am. Chem.
Soc., 2020, 142, 14820-14825.

© 2022 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2sc00579d

	Highly efficient C(CO)tnqh_x2013C(alkyl) bond cleavage in ketones to access esters over ultrathin N-doped carbon nanosheetsElectronic supplementary information (ESI) available. See https://doi.org/10.1039/d2sc00579d
	Highly efficient C(CO)tnqh_x2013C(alkyl) bond cleavage in ketones to access esters over ultrathin N-doped carbon nanosheetsElectronic supplementary information (ESI) available. See https://doi.org/10.1039/d2sc00579d
	Highly efficient C(CO)tnqh_x2013C(alkyl) bond cleavage in ketones to access esters over ultrathin N-doped carbon nanosheetsElectronic supplementary information (ESI) available. See https://doi.org/10.1039/d2sc00579d
	Highly efficient C(CO)tnqh_x2013C(alkyl) bond cleavage in ketones to access esters over ultrathin N-doped carbon nanosheetsElectronic supplementary information (ESI) available. See https://doi.org/10.1039/d2sc00579d
	Highly efficient C(CO)tnqh_x2013C(alkyl) bond cleavage in ketones to access esters over ultrathin N-doped carbon nanosheetsElectronic supplementary information (ESI) available. See https://doi.org/10.1039/d2sc00579d
	Highly efficient C(CO)tnqh_x2013C(alkyl) bond cleavage in ketones to access esters over ultrathin N-doped carbon nanosheetsElectronic supplementary information (ESI) available. See https://doi.org/10.1039/d2sc00579d
	Highly efficient C(CO)tnqh_x2013C(alkyl) bond cleavage in ketones to access esters over ultrathin N-doped carbon nanosheetsElectronic supplementary information (ESI) available. See https://doi.org/10.1039/d2sc00579d
	Highly efficient C(CO)tnqh_x2013C(alkyl) bond cleavage in ketones to access esters over ultrathin N-doped carbon nanosheetsElectronic supplementary information (ESI) available. See https://doi.org/10.1039/d2sc00579d
	Highly efficient C(CO)tnqh_x2013C(alkyl) bond cleavage in ketones to access esters over ultrathin N-doped carbon nanosheetsElectronic supplementary information (ESI) available. See https://doi.org/10.1039/d2sc00579d
	Highly efficient C(CO)tnqh_x2013C(alkyl) bond cleavage in ketones to access esters over ultrathin N-doped carbon nanosheetsElectronic supplementary information (ESI) available. See https://doi.org/10.1039/d2sc00579d

	Highly efficient C(CO)tnqh_x2013C(alkyl) bond cleavage in ketones to access esters over ultrathin N-doped carbon nanosheetsElectronic supplementary information (ESI) available. See https://doi.org/10.1039/d2sc00579d
	Highly efficient C(CO)tnqh_x2013C(alkyl) bond cleavage in ketones to access esters over ultrathin N-doped carbon nanosheetsElectronic supplementary information (ESI) available. See https://doi.org/10.1039/d2sc00579d
	Highly efficient C(CO)tnqh_x2013C(alkyl) bond cleavage in ketones to access esters over ultrathin N-doped carbon nanosheetsElectronic supplementary information (ESI) available. See https://doi.org/10.1039/d2sc00579d
	Highly efficient C(CO)tnqh_x2013C(alkyl) bond cleavage in ketones to access esters over ultrathin N-doped carbon nanosheetsElectronic supplementary information (ESI) available. See https://doi.org/10.1039/d2sc00579d
	Highly efficient C(CO)tnqh_x2013C(alkyl) bond cleavage in ketones to access esters over ultrathin N-doped carbon nanosheetsElectronic supplementary information (ESI) available. See https://doi.org/10.1039/d2sc00579d


