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A novel cuprous oxide carbon nitrogen composite material, Cu,O/C3sN4, was designed and successfully
synthesized. This nanocomposite exhibited superior catalytic performance in the selective oxidation of
benzyl ethers to benzoates. Remarkably, the catalytic reaction proceeded efficiently at room
temperature in an acetone solution, achieving good to excellent yields for various substrates. Notably,

only 1.5 equivalents of TBHP were necessary for this reaction, which is below the stoichiometric
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Compared to prior research, the oxidation of benzyl ethers catalyzed by Cu,O/CsN4 offers not only

DOI: 10.1039/d4ra07724e a lower reaction temperature and simpler procedure but also a significant reduction in the required

rsc.li/rsc-advances amount of TBHP.

benzocyclic ether to lactone at 100 °C (Scheme 1a). In 2017, with
the Eosin Y-sensitized titanium dioxide as photocatalyst, Cong's
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Aromatic esters are crucial structural units in many chemical
products, including medicines, spices, and preservatives. They
also serve as important intermediates and solvents in many
organic synthesis processes.' Traditionally, aromatic esters can
be synthesized through esterification and transesterification.
They can also be obtained through the synthesis of acid chlo-
ride and acid anhydride.>* Despite the simple and easy avail-
ability of raw materials, the above reactions usually suffer from
some unavoidable problems, such as prolonged heating reflux
or the use of highly hygroscopic substrates. Therefore, efforts
have been made to develop new synthetic methods for the
preparation of esters, among which the direct oxidation of
benzyl ethers may provide a new low-cost and environmentally
friendly alternative for the synthesis of aromatic esters.”

In recent years, many efficient catalysts as well as many
oxidants,” have been reported for the direct oxidation of benzyl
ethers to esters. Among the reported examples, undoubtedly,
heterogeneous catalytic systems provide higher efficiency and
sustainability compared to the homogeneous catalytic reac-
tions.® In 2016, Ahmad Shaabani®* and his coworkers developed
a hydroxyapatite-supported cobalt catalyst, Co-NHAp, and
successfully utilized as an efficent catalyst for the oxidation of
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group developed an efficient aerobic photooxidation of benzyl
ethers to benzoates (Scheme 1b).*” Subsequently, in 2019,
a catalytic oxidation of benzylic ethers to esters was developed
by Gao's group utilizing reusable MnOx-N@C as catalyst and
tert-butyl hydroperoxide (TBHP) as benign oxidant under neat
condition at 60 °C for 24 h (Scheme 1c).*

(a) Oxidation of benzocyclic ether to lactone with Co-NHAp
(o}
Co-NHAp, p-xylene

KOH, air, 100°C

(b) Photoxidation of benzocyclic ether to ester with Eosin Y-TiO,
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Scheme 1 Selective oxidation of benzyl ethers to benzoates.

RSC Adv, 2025, 15, 8315-8320 | 8315


http://crossmark.crossref.org/dialog/?doi=10.1039/d4ra07724e&domain=pdf&date_stamp=2025-03-17
http://orcid.org/0000-0003-3589-1475
https://doi.org/10.1039/d4ra07724e
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra07724e
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA015011

Open Access Article. Published on 17 March 2025. Downloaded on 2/8/2026 10:05:24 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

As a kind of novel superior materials, N-doped carbon
materials (N-C material) have been wildly used in many fields
such as electrode materials and photocatalysts etc.,” and there
are also many reports in organic synthesis.® Based on our
group's continuous efforts in the field of Cu-N-C material cat-
alysed oxidation,® oxidative coupling® and photocatalytic reac-
tions,"™ we hope to report here a new cuprous oxide-carbon
nitride composite, Cu,0/C3N,4, which has been successfully
utilized as a highly efficient catalyst for the selective oxidation of
benzyl ethers to benzoates (Scheme 1d). The oxidation of benzyl
ether worked smoothly at room temperature and gave 75-97%
yield for various substrates in acetone solution. It is worth
mentioning that only 1.5 equiv. of TBHP, which is less than the
stoichiometric amount, was required. The mechanism investi-
gation showed that the oxygen in air works as co-oxidant with
TBHP. Compared with previous work, the present Cu,O/C3N,-
catalyzed oxidation of benzyl ethers not only has the advantages
of lower reaction temperature and easier operational proce-
dures, but also substantially decreases the required amount of
TBHP.

Experimental
The synthesis of Cu,0/g-C3N,

Under a nitrogen atmosphere, 100 mL of distilled water and
26.3 mg of polyethylene glycol 400 (approximately 22 pL) were
introduced into a 500 mL three-necked flask. The mixture was
stirred until the polyethylene glycol fully dissolved. Subse-
quently, 500.0 mg of hydrated copper acetate (2.5 mmol) and
1.4400 g of g-C;N, material were added to the flask. The resul-
tant mixture was then stirred at 30 °C for 10 minutes. While
stirring vigorously, 8.5 mL of 0.6 M sodium hydroxide aqueous
solution was incorporated and allowed to react for an additional
20 minutes. Following this, 0.75 mL of 2 M hydrazine hydrate
aqueous solution was gradually introduced. As the hydrazine
hydrate was added, the blue-green reaction solution transi-
tioned to a red-brown hue. After a continuous stirring period of
5 hours, the mixture was left to settle for 10 minutes, during
which time reddish-brown solid precipitates formed at the
flask's bottom. The Cu,0/C;N, (20 wt%) catalyst, appearing as
a reddish-brown powder, was subsequently harvested via
centrifugation. The powder was then washed in succession with
distilled water, anhydrous ethanol, and anhydrous diethyl ether
(each wash involved 5 mL x 3). Finally, the powder was dried in
a vacuum oven at 50 °C for a duration of 6 hours.

General procedure for the synthesis of 2

In a Schlenk tube connected to an air balloon, add 10 mol%
(13.40 mg) of Cu,O/C3N, catalyst, 0.2 mmol of benzyl methyl
ether (1a), 0.3 mmol of TBHP (70 wt% in H,0), and 1 mL of
acetone. Allow the mixture to react at room temperature for 18
hours. After completion, filter off the catalyst and analyze the
conversion rate and selectivity using gas chromatography.
Purify the reaction mixture by flash column chromatography on
silica gel using a petroleum ether : ethyl acetate ratio of 20: 1.
The desired product, compound 2a, is obtained in an 88% yield.
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Results and discussion

The Cu,0/C3N, composite material was prepared by liquid
phase reduction of Cu(OAc), with N,H,-H,0 as the reducing
agent in an aqueous suspension of g-C3;N, obtained by calci-
nation method using melamine as the raw material (for the
image of g-C3N,, please see Fig. S1 in ESIY).

Firstly, the morphology of the nanocomposite was charac-
terized by TEM (Fig. 1). As can be seen in Fig. 1, C3N, has
a lamellar structure, and Cu,O with a particle size of 200-
400 nm and a cubic structure is uniformly distributed in it.*?

An XRD analysis test on Cu,0/C3N, was then conducted and
compared with g-C;N,. As shown in Fig. 2, the g-C3N, calcined
from melamine at high temperature has diffraction peaks at
27.3° and 12.8°, which are the diffraction peaks of (002) and
(100) crystal planes, indicating that there are triazine units in
our synthesized samples. In the XRD diffraction pattern of
Cu,0/C;3Ny, in addition to the two diffraction peaks of g-C;N,,
the diffraction peaks of Cu,O nanoparticles at 29.6°, 36.5°,
42.3°, 61.4°, 73.6° and 77.4° can also be observed. These peaks
belong to the diffraction peaks of cubic Cu,O crystals on (110),
(111), (200), (220), (311), (222) crystal planes, respectively.*>**

Fig. 3 shows the XPS analysis of the Cu,O/C;N, nano-
composite. The full spectrum a shows that Cu,O/C;N, is
composed of four elements: C, N, O, and Cu (Fig. 3a). Fig. 3b
shows the XPS spectrum of C 1s and there are three signal peaks
at 288 eV, 286.7 eV and 284.5 eV. The characteristic peak at
288 eV is the carbon on the aromatic ring of the C;N, triazine
ring, which is bonded to the amino group outside the aromatic
ring. The peak at 286.7 eV indicates the C=N bond on the
structure of the C;N, triazine ring. The signal peak at 284.5 eV

Fig.1 TEM images of Cu,O/CzNy.

m « Cu0
4 gCN,
z 110 2?" 220
2 - 311220
H i ) .
2 .
002 Cu,0ICN,
B
|
100 I
N SAY o gCN,

26()

Flg 2 XRD of g-C3N4 and CUzo/C3N4.
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Fig.3 The XPS spectrum of Cu,O/C3sNy: (a) survey, (b) N 1s, (c) C 1s, (d)
Cu 2p.

indicates that the material has a C=C double bond." Fig. 3c is
the high resolution spectrum of N 1s, which is mainly divided
into four peaks. The peaks at 398.4 and 399.78 eV are attributed
to pyridine and graphitic nitrogen. The weak peak at 401 eV
indicates the presence of amino groups (C-N-H), and the signal
peak at 404.26 eV belongs to N-O on carbon-nitrogen

Table 1 Optimization of reaction conditions®
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materials.”*™ Fig. 3d is the high resolution spectrum of Cu 2p
orbital. There are two characteristic peaks at 952.1 eV and
932.2 eV. According to literature reports, the two bond energy
peaks represent the orbital peaks of Cu 2p;;, and Cu 2pj3),
respectively. The two peaks are characteristic of Cu” in Cu,0, in
line with the literature reports.**

With the Cu,O/C3;N,; composite in hand, the selective
oxidation of benzyl methyl ether (1a) to methyl benzoate (2a)
was selected as prototype to start our investigation for the
optimized reaction conditions, and the data were summarized
in Table 1.

Initially, using 10 mol% of Cu,0/C;N, as the catalyst, benzyl
methyl ether (1) was smoothly transformed into methyl
benzoate (2) with a 93% conversion and a >99% selectivity in air,
employed 1.5 equiv. of TBHP (70% wt% in H,0) as an oxidant
(entry 1, Table 1). As a control experiment, almost no reaction
occurred in the absence of catalyst (entry 2). g-C5N, showed
limited catalytic activity with a 17% conversion (entry 3). When
Cu,0, Cu or CuO NPs were used as catalysts respectively, only
moderate conversions but excellent selectivities were obtained,
in which Cu,O gave the best result (entries 4-6). Obviously, the
combination of Cu,O and g-C;N, improve significantly the
catalytic efficiency of the reaction (entry 1 vs. entry 4).

In theory, since alkylhydroperoxides function as mono-
oxygen donors, two equivalents of TBHP should be necessary for
the stoichiometric reaction.” The current result substantially

(e}
@o/ Cat., TBHP o~
solvent, rt, 18h
1a 2a
Entry Catalyst Solvent TBHP (equiv.) Conv.? (%) Sel.? (%) Yield” (%)
1 Cu,O/C3N, Acetone 1.5 93 99 93
2 — Acetone 1.5 Trace — Trace
3 2-C3Ny Acetone 1.5 17 99 17
4 Cu,O Acetone 1.5 63 96 60
5 CuO Acetone 1.5 35 98 34
6 Cu Acetone 1.5 53 98 52
7° Cu,0/C;N, Acetone 1.5 56 99 56
8¢ Cu,O/C3Ny Acetone 0 Trace — Trace
9 Cu,0/C3N, Acetone 0.1 17 94 16
10 Cu,O/C3N, Acetone 0.2 47 87 41
11 Cu,0/C3N, Acetone 1 67 94 63
12 Cu,O/C3N, Acetone 2 90 95 85
134 Cu,0/C3N, Acetone 1.5 88 99 88
14°¢ Cu,0/C;N, Acetone 1.5 90 91 81
15 Cu,0/C;N, CH,Cl, 1.5 95 45 42
16 Cu,0/C3N, THF 1.5 30 53 16
17 Cu,0/C3N, EtOH 1.5 100 9 9
18 Cu,0/C3N, CH,CN 1.5 91 85 77
19 Cu,0/C;N, Dioxane 1.5 53 99 53
20 Cu,O/C3N, H,0 1.5 Trace — Trace
21 Cu,0/C3N, DMF 1.5 Trace — Trace

“ Reaction conditions: 1a (0.20 mmol), solvent (1.0 mL), catalyst 10 mol%, TBHP (70% wt% in H,0), at room temperature in air for 18 h. ? Analysed

by GC. ¢ Under N, atmosphere. ¢ In 1 atm. of O,. ¢ At 60 °C.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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decreases the required amount of TBHP and suggests that
atmospheric oxygen might play a role in the reaction (compar-
ison with previous reports, see Table S2 in ESI}). To further
investigate the actual source of oxidant in the reaction, several
controlled experiments were conducted (entries 7-13). First, we
performed the reaction under a nitrogen atmosphere (entry 7).
Notably, the conversion dropped significantly to 56%, yet the
selectivity remained high at 99%. However, without TBHP, only
a trace amount of conversion was detected under 1 atm of
oxygen (entry 8). These results suggest that oxygen works in
synergy with TBHP, both contributing to the oxidation process.
Based on this hypothesis, we tested loadings of 0.1, 0.2, and 1
equivalent of TBHP (entries 9, 10 and 11, respectively). Although
the conversions were only 17%, 47%, and 67% respectively,
these experiments further validated the cooperative role of
oxygen as a co-oxidant. When 2 equivalents of TBHP were
employed, there was a slight decrease in both conversion and
selectivity (entry 1 vs. entry 12). Additionally, we attempted the
reaction in an oxygen-rich environment with 1.5 equivalents of
TBHP, but this resulted in a slightly reduced conversion (entry
13).

Furthermore, the reaction was conducted at 60 °C, which
notably decreased the selectivity towards methyl benzoate (entry
14). Additionally, a range of alternative solvents were evaluated.
Acetone clearly emerged as the optimal solvent choice among
those tested (entry 1 vs. entries 15-21).

Following the optimized conditions (entry 1, Table 1), we
proceeded to investigate the substrate scope as presented in
Scheme 2. We were pleased to discover that various benzyl
ethers underwent smooth reactions under the standardized
conditions, yielding the corresponding benzyl esters in good to
excellent yields.

Firstly, the influence of substitutions on the aromatic ring of
benzyl methyl ether was investigated. When various substitu-
ents were introduced at the para-position relative to the ether
bond, it was observed that both electron-donating and electron-
withdrawing groups resulted in similar isolated yields (80—
82%), albeit these yields were lower than that of the non-
substituted compound 1a (2a vs. 2b-2f, Scheme 2).

Interestingly, substitutions at the meta-position appear to
influence the reaction differently. When substituents like Me-,
MeO-, and Cl- were present at the meta-position, yields ranging
from 86-88% were achieved for compounds 2g-2i. However, the
introduction of strong electron-withdrawing groups, such as F-
and NO,-, led to a significant decrease in yield, with 75% of
compound 2j and 80% of 2k being isolated, respectively.
Furthermore, ortho-subsitituted substrates also gave the corre-
sponding product 21-2n with good yields around 80%. It is
noteworthy that the selectivity for products 2a-2j is consistently
above 98% (please see Table S1, ESIt for more details).

Utilizing the current procedure, several disubstituted
benzoates were synthesized from the corresponding benzyl
ethers, resulting in products 20-2s with yields ranging from 78-
87%. Notably, the best result was obtained with the dimethoxyl-
substituted substrate 1q.

In addition to benzyl methyl ether, we extended our studies
to other benzyl ethers. Isochroman, a cyclic benzyl ether,
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Scheme 2 Scope exploration of the substrates: substrate 1 (0.20
mmol), solvent (1.0 mL), catalyst 10% mol, TBHP (70 wt% in H,O)
0.3 mmol, at room temperature in air for 18 h; isolated yield.

exhibited exceptional reactivity, achieving an excellent yield of
up to 97% in its oxidation product 2t. Furthermore, our inves-
tigation into benzyl fatty ethers included benzyl propyl ether
and benzyl butyl ether, both of which underwent oxidation with
high efficiency, producing compounds 2u and 2v in yields of
90% and 91%, respectively.

Furthermore, to investigate the practical applicability of this
protocol was performed using the reaction of 1a (10 mmol),
resulting in the desired product 2a with a 76% yield (Scheme 3).

As a heterogeneous catalyst, the Cu,0/C;N, nanocomposite
can be conveniently separated and recovered from the reaction
mixture via centrifugation. After sequential washing with
ethanol and ether, fresh substrates and solvent are added to
initiate a new reaction cycle. By following this procedure, the

0
v
go CuyO/C5N, (10 mol%) o~
TBHP (1.5eq.),
1a (10 mmol) t, 30 h

2a (1.03 g, 76%)

Scheme 3 A gram scale of the reaction of 1a to 2a.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 4 The recyclability of Cu,O/C3sN,4 with the reaction of 1a to
2a.

catalyst was effectively recycled, and the results are summarized
in Scheme 4. It was observed that the yields from cycles 1 to 4
were similar but significantly lower than that obtained with the
fresh catalyst. This reduction in activity may be attributed to the
partial detachment of Cu,O nanoparticles from the Cu,O/C3;N,
composite during the initial washing process.

In prior optimization studies (entries 7-13, Table 1), we
confirmed that oxygen in air functions as an aiding oxidant
alongside TBHP in the catalytic oxidation process, while TBHP
also triggers the oxidation process. In 2018, our group reported
on a ball-milled Co-N-C nanocomposite that catalyzes the
oxidation of benzylic C-H bonds to ketones.*® Notably, the N-O
species 4, typically formed through calcination in the presence
of oxygen or via catalytic oxidation in air from the N-H species,
can be readily converted to 5 (Scheme 5). Both species collab-
orate in an Ishii-type catalytic process (NHPI-PINO process)
using oxygen as the oxidant.”” XPS analysis of the current
catalyst reveals the presence of the N-O species in the Cu,O/
C3N, nanocomposite (Fig. 3b, 404.26 eV). Based on these, we
hypothesize that the mechanisms involving TBHP and the
circulation of N-O species coexist in the current Cu,O/C3N,-
catalyzed oxidation of benzyl ether.

Based on previous reports and the results presented above,
we propose a plausible mechanism outlined in Scheme
6.5¢1617:18 When TBHP is used as the sole oxidant, the mecha-
nism follows Path a, as shown in Scheme 4. In this pathway, Cu'"
reacts with TBHP to form a tert-butoxy radical and a molecule of
Cu"OH. The tert-butoxy radical then interacts with compound
1, abstracting the benzylic hydrogen atom to generate the
benzylic radical A. Under the influence of Cu"OH, radical A is
transformed into the benzylic hydroxyl compound B, with Cu"
being reduced to Cu' in the process. Subsequently, B is deprived
of a hydrogen atom by another molecule of tert-butoxy radical,
leading to the radical intermediate C. This intermediate further
reacts with CuOH, yielding a molecule of water and the final
product, benzoate 2.

o o
SN NN SN NN
| \\( | \\’/ oxygen radical

N NN

Scheme 5 The plausible N-O specie in the reaction.

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

Path a OH

_R
XO\OH cu ©)\O
TBHP B
XO' o R
Cu'oH ©/\O

\f Y o o N\fN NW¢N
JT e T
(0] HO\O ; (') '7?1
N._N._N R
R R FY T °
©)ko 7 ©)\o X NIN NKN X@T
2 H,0 E 5
o o .
[j/ R b S o™
_N NN
3 DA A
4
O,

Scheme 6 The plausible mechanism: (a) the mechanism with TBHP as
the oxidant; (b) the mechanism with oxygen as co-oxidation.

Path b in Scheme 4 elucidates an alternative mechanism
where oxygen acts as an aiding oxidant. The tert-butoxy radical
or Cu""OH, generated by the reaction between Cu,O and TBHP,
efficiently transforms the N-O species 4 on the C;N, into the
N-O radical 5, that explains why no reaction occurs in an O,
atmosphere without TBHP (entry 8 in Table 1). Following the
Ishii-type catalytic process, the N-O radical 5 abstracts
a benzylic hydrogen atom from substrate 1, producing the N-O
species 4 and the benzyl radical A. In an air atmosphere, benzyl
radical A reacts with oxygen to form the benzyl peroxy-radical D.
When D captures a hydrogen atom from species 4, it not only
completes the cycle of the N-O species but also generates the
benzylic hydroperoxide product E. Compound E readily loses
a water molecule to yield the final product, benzoate 2.

Conclusions

In summary, we demonstrated an efficient and selective oxida-
tion process for benzyl ether utilizing a Cu,O/C;N, catalyst.
Notably, the reaction was successfully carried out at room
temperature with less than the required amount of TBHP as the
oxidant, achieving yields between 75-97% for various
substrates. Our mechanistic studies indicated that oxygen from
the air synergistically acts as a co-oxidant with TBHP, aided by
the N-O species contained within the N-C materials. This
approach presents a promising, cost-effective, and environ-
mentally friendly strategy for producing aromatic esters.
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