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A B S T R A C T

In this study, a green, efficient, recyclable Cu2O nanoparticles on reduced graphene oxide (Cu2O-NPs@rGO)
carbon-based composite catalyst was synthesized by facile one-pot hydrothermal method. And Cu2O-NPs@rGO
catalyst was characterized by XRD, XPS, TEM, SEM, SEM-EDS and ICP-OES to explore its morphology, structure
and chemical composition. The heterogeneous catalyst shows great catalytic performance and excellent func-
tional group tolerance in the oxidative coupling of aryl methyl ketones and secondary amines leading to α-
ketoamides with O2 and N-iodosuccinimide (NIS) under room temperature. Furthermore, Cu2O-NPs@rGO ex-
hibits good recyclability, which was reused seven times without obvious decline in the catalytic activity.

1. Introduction

The α-ketoamides are important synthetic intermediates in nu-
merous natural products [1] and pharmaceutical drugs [2] with the
relevant biological activities. They are also irreplaceable precursors
[3,4] for further transformation of various functional groups. Some
appealing methods have been developed for synthesizing α-ketoamides
including oxidative amidation-diketonization of terminal alkynes [5],
double carbonylation of aryl halides [6,7], oxidation of arylacetamides
[8], and cross coupling of formamides and α-oxocarboxylic acids
[9,10]. These synthetic methodologies are still involved in expensive
substrates, harsh reaction conditions and hazardous reagents. Recently,
the oxidative coupling of aryl methyl ketones and secondary amines
leading to α-ketoamides [11] was reported as an alternative strategy
due to its properties of environmental friendly, cost-efficient and mild
reaction conditions. These methodologies were mostly carried out on
homogeneous reaction system, generally catalyzed by Cu salts (CuBr,
CuI and CuBr2) [12,13]. Inherent drawbacks of homogeneous catalytic
systems were the product contamination caused by metal residues and
the difficulties in the recovery of catalysts, which limited their wide-
spread application in practice. In order to surmount these difficulties,
some high-efficient heterogeneous catalysts have been developed for
synthesizing the α-ketoamides, such as CuI@TiO2 [14], SBA-16-pro-Cu
(I) [15]. These heterogeneous catalysts suffered from multi-step
synthesis methods and low yields. Developing high-efficient

heterogeneous catalyst with facile synthetic methods and green cata-
lytic system remains an important challenge.

Cu-containing composite materials were widely used as catalysts in
organic catalysis for the copper's high earth-abundance, outstanding
physical and chemical properties and low cost [16]. Developing some
applications of Cu2O nanoparticles in the oxidative coupling of aryl
methyl ketones and secondary amines leading to α-ketoamides is very
significant. However, the widespread use of Cu2O nanoparticles is re-
stricted by their inherent instability since Cu2O nanoparticles were
easily oxidized [17]. Therefore, the development of solid support ma-
terials for Cu2O nanoparticles with stability and high catalytic perfor-
mance is really in demand. Graphene, as a new developed 2D carbon
material with the properties of large surface area, great electronic
conductivity and thermal stability [18,19], was applied in many fields
such as energy storage [20], chemical sensor [21], photoelectric devices
[22], as well as ideal supports for multi-type catalysts [23,24]. Espe-
cially in organic transformations, graphene-based Cu nanoparticles
catalysts were widely used in reduction and oxidation reactions, CeH
functionalization and cross coupling and other miscellaneous reactions
[17]. For example, Movahed et al. reported that Cu@Cu2O NPs sup-
ported on rGO was used as an efficient catalyst for the N-arylation of N-
heterocycles [25]. Sun et al. developed an efficient Cu/Cu2O NPs@
graphene for Sonogashira cross-coupling reactions [26]. Therefore, the
advantages of graphene and Cu2O nanoparticles inspired us to combine
the two materials to form Cu2O-NPs@rGO as an efficient heterogeneous
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catalyst through facile one-pot hydrothermal reduction of graphene
oxide and copper salts. In this case, Cu2O nanoparticles were endowed
with excellent dispersion and stability on the rGO, which inhibited the
agglomeration of Cu2O nanoparticles and the further oxidation [27].
Meanwhile the Cu2O nanoparticles were exposed more active sites to
accelerate catalytic process.

In our previous studies, an efficient Cu-based catalyst was devel-
oped for oxidizing alcohols to aldehydes, which exhibited excellent
catalytic performance and recyclability [28]. Herein, we developed an
efficient and green heterogeneous catalyst Cu2O-NPs@rGO for the
synthesis of α-ketoamides from aryl methyl ketones and secondary
amines with O2 under room temperature. The catalytic activities were
significantly enhanced, which attributed to the charge transfer across
the graphene-metal surface because of the graphene-metal spacing and
Fermi level difference [29]. Through the synergistic catalysis of Cu2O
nanoparticles and rGO, the new developed Cu2O-NPs@rGO catalyst
shows excellent catalytic performance for the synthesis of α-ketoamides
from aryl methyl ketones and secondary amines. Moreover Cu2O-NPs@
rGO was easily separated by centrifugation and recycled seven times
without obvious decrease of its catalytic activity.

2. Experimental

2.1. Synthesis of graphene oxide(GO)

Graphene oxide (GO) was synthesized via intense oxidation and
exfoliation of natural graphite powder by the modified Hummers
method [30,31]. More details about the synthetic method were pro-
vided in Supporting Information.

2.2. Synthesis of Cu2O-NPs@rGO

The Cu2O-NPs@rGO was synthesized by a facile and economical
strategy. Firstly, the 0.16 g of the prepared GO was added into 20mL
deionized water, and sonicated for 1 h to obtain uniformly dispersed GO
solution (8mg/mL). Then 20mL Cu(CH3COO)2·H2O (0.8M) aqueous
solution was added into GO solution under vigorously stirring to form a
well-dispersed mixture. The mixed solution was transferred into a
50mL Teflon-lined stainless steel autoclave under continuous stirring
for 1 h. After the completion of stirring, the Teflon-lined stainless steel
autoclave was kept at 180 °C in oven for 12 h and then cooled down to
room temperature naturally. The final Cu2O-NPs@rGO was separated
by centrifugation, washed several times by ethanol and oxygen-free
water, and freeze-dried in lyophilizer. Cu2O nanoparticles and rGO
were synthesized by the same method without GO or Cu
(CH3COO)2·H2O.

2.3. Characterization

The Cu2O-NPs@rGO catalyst was characterized by XRD, XPS, TEM,
SEM, SEM-EDS, ICP-OES. More parameters about the characterization
were shown in Supporting Information.

2.4. Specific experimental conditions for the synthesis of α-ketoamides

The α-ketoamides was synthesized in a round-bottomed flask under
continuous stirring. Initially, aryl methyl ketones (1 mmol), secondary
amines (2mmol), additive (1 mmol), catalyst (2 mg), solvent (2mL)
were added into round-bottomed flask. Subsequently, the reaction so-
lution was stirred for 32 h at room temperature under O2 atmosphere.
After the reaction, the solid catalyst was collected by centrifugation and
the crude products solution were extracted with ethyl acetate. The α-
ketoamides were obtained by further purification of column chroma-
tography and calculated the exact yields. Also, the products were
identified by 1H NMR and 13C NMR spectra.

3. Results and discussion

3.1. Characterization of the catalyst Cu2O-NPs@rGO

The crystal structure of the synthesized Cu2O-NPs@rGO was in-
vestigated by X-ray diffraction (XRD). The result was shown in Fig. 1a.
For Cu2O diffraction peaks observed at 2θ=29.6, 36.5, 42.4, 61.5 and
73.6 that were assigned to (110), (111), (200), (220) and (311) planes
of the cubic structure of Cu2O crystal (JCPDS No. 65-3288). The XRD
result clearly demonstrated the formation of Cu2O crystals without the
diffraction peaks of other metallic copper and impurities in the XRD
pattern. It was suggested that Cu2O nanoparticles were equipped with
high crystallinity on the surface of rGO. The chemical states of Cu2O
nanoparticles supported on the rGO were further analyzed by XPS
characterization (Fig. 1b). The binding energies at 933.0 and 952.9 eV
respectively corresponds to Cu 2p3/2 and Cu 2p1/2 of Cu+. Meanwhile,
the weak peaks at 934.7 and 955.0 eV were assigned to Cu 2p3/2 and Cu
2p1/2 of Cu2+ in the Cu2O-NPs@rGO. The tiny existence of Cu2+ can
also be confirmed by the satellite peaks at 944.1 eV, which could be
attributed to the partial surface oxidation of Cu2O nanoparticles ex-
posed in humid air [32–34]. Moreover, the total content of Cu in the
Cu2O-NPs@rGO detected by ICP-OES was 36.31 wt%. The results of the
above characterizations demonstrated that Cu2O-NPs@rGO was suc-
cessfully synthesized with highly crystalline of Cu2O nanoparticles on
the surface.

The SEM and TEM images (Fig. 2) show the morphology and
structure of the Cu2O-NPs@rGO. It could be seen that Cu2O nano-
particles were evenly dispersed on rGO and no free nanoparticles were

Fig. 1. Characterization of Cu2O-NPs@rGO (a) XRD pattern; (b) XPS survey spectra.
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generated outside according to the TEM image (Fig. 2a). The particle
sizes of Cu2O nanoparticles on the rGO were in the range of 45–60 nm
by TEM image. Further, the typical folds and wrinkles were still ob-
served on the surface of Cu2O-NPs@rGO, which increased the contact
area of reaction and exposed more active sites for catalysis. The result
of SEM image showed that the rGO nanosheets were uniformly deco-
rated with Cu2O nanoparticles (Fig. 2b). The corresponding SEM ele-
mental mapping shown in Fig. S4 proved that C, O and Cu elements
were evenly distributed in the whole catalyst. The above character-
izations demonstrated that Cu2O nanoparticles evenly loaded on the
surface of rGO.

3.2. Catalytic performance

In initial study, we investigated a series of additives and catalysts
under O2 atmosphere by employing acetophenone (1mmol) and mor-
pholine (2mmol) as model substrates. The corresponding catalytic
performance was shown in Table 1. When NBS, TBAB were utilized as

additives with Cu2O-NPs@rGO as catalyst, the desired α-ketoamide was
obtained in low conversion and selectivity (Table 1, entries 1,2). When
Cu2O-NPs@rGO was utilized as catalyst, some iodine-containing ad-
ditives (TBAI, I2, NaI, KI, NIS) were investigated in the oxidative cou-
pling reaction. Among these additives, NIS was found as the best choice
as the additive with the excellent conversion and selectivity of the
desired α-ketoamide (Table 1, entries 3–7). Then different catalysts
were also investigated in the synthesis of the desired α-ketoamide in-
cluding Cu-NPs, Cu2O-NPs and rGO. All of the reactions gave moderate
yields of 49–57% (Table 1, entries 9–11). In the absence of any catalyst,
only 41% yield of α-ketoamide was obtained (Table 1, entry 12). It was
revealed that the catalyst is an essential part in the oxidative coupling
synthesis of α-ketoamides. In addition, when the usage of acetophenone
reached 10mmol, the desired α-ketoamide gave the yield of 93% and
no obvious decline in the yield and selectivity was observed (Table 1,
entry 8). It was indicated that the catalyst system has excellent poten-
tial in practical application. Notably, Cu2O-NPs@rGO exhibited much
higher catalytic performance than Cu2O nanoparticles and rGO

Fig. 2. Characterization of Cu2O-NPs@rGO (a) TEM image; (b) SEM image.

Table 1
The catalytic performance of different catalysts and additives for the synthesis of α-ketoamidesa.

Entry Additive Catalyst Conv.(%) Select.(%) Yieldb/%

1 NBS Cu2O-NPs@rGO 51 64 33
2 TBAB Cu2O-NPs@rGO Trace Trace Trace
3 TBAI Cu2O-NPs@rGO 21 71 15
4 I2 Cu2O-NPs@rGO 51 91 47
5 NaI Cu2O-NPs@rGO 22 72 16
6 KI Cu2O-NPs@rGO 32 61 22
7 NIS Cu2O-NPs@rGO 99 96 95
8c NIS Cu2O-NPs@rGO 96 97 93
9 NIS Cu-NPsd 57 90 51
10 NIS Cu2O-NPs 60 95 57
11 NIS rGO 60 81 49
12 NIS blank 49 84 41

a Reaction conditions: 1 (1 mmol), 2 (2 mmol), additive (1 mmol), catalyst (2mg), EtOH (2mL), r. t., O2, 32 h.
b Isolated yields.
c 1 (10mmol).
d Commercial.

W. Lu, et al. Catalysis Communications 132 (2019) 105806

3



respectively indicating the synergistic catalysis of rGO and Cu2O na-
noparticles dramatically increased the catalytic efficiency for the oxi-
dative coupling reaction. Finally, NIS and Cu2O-NPs@rGO were chosen
as the additive and catalyst for their efficient synergic catalytic per-
formance.

Next, the reaction solvent was optimized for the synthesis of α-ke-
toamides by employing acetophenone (1mmol) and morpholine

(2mmol) as model substrates. The reaction result was shown in Table
S2. EtOH and i-PrOH were proved as the good solvents with the yields
of 95% and 91% respectively (Table S2, entries 1,2). DMSO, DMF sol-
vents gave low catalytic activities with the yields of 22% and 37%
(Table S2, entries 3,4). When CH3CN, 1,4-dioxane, toluene were uti-
lized as solvents respectively, the reaction afforded the 1-morpholino-2-
phenylethane-1,2-dione in moderate yields of 63–84% (Table S2,

Table 2
Cu2O-NPs@rGO catalyzed oxidative coupling synthesis of various α-ketoamidesa.

Entry Methyl ketone Amine Product Yieldb/% TONs/TOFsc

1 68 59.9/1.9

2 79 69.6/2.2

3 96 84.6/2.6

4 89 78.4/2.5

5 95 83.7/2.6

6 91 80.2/2.5

7 90 79.3/2.5

8 84 74.0/2.3

9 81 71.4/2.2

aReaction conditions: methyl ketone (1mmol), amine (2mmol), Cu2O-NPs@rGO (2mg), NIS (1mmol), EtOH (2mL), r. t., O2, 32 h. bIsolated yields. cTON is the
number of moles of product per mol of Cu loading and TOF=TON per hour.
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entries 5–7). With CH2Cl2, THF as the solvents, the reaction gave low
yields of 4%, 57% respectively (Table S2, entries 8,9). The above results
indicated that EtOH was the optimized solvent. For easy handing, 2mL
of EtOH was then applied as a solvent in further research.

Moreover, the different usages of NIS and Cu2O-NPs@rGO were
investigated in the oxidative coupling reaction from acetophenone
(1mmol) and morpholine (2mmol). The optimal amounts were 1mmol
NIS and 2mg Cu2O-NPs@rGO (Table S3). Therefore, the optimized
reaction conditions were as follows: acetophenone (1mmol), morpho-
line (2mmol), NIS (1mmol) and Cu2O-NPs@rGO (2mg) in 2mL EtOH
at room temperature under O2 atmosphere.

In order to investigate the generality of the catalytic system, a series
of secondary amines were examined in the synthesis of the α-ketoa-
mides. Several aliphatic secondary amines such as dimethylamine and
diethylamine were reacted with acetophenone to afford corresponding
α-ketoamides with good yields of 68% and 79% respectively (Table 2,
entries 1,2). Several cyclic secondary amines such as piperidine, pyr-
rolidine and morpholine that reacted with acetophenone gave excellent
yields of 96%, 89% and 95% (Table 2, entries 3–5). It was noteworthy
that cyclic secondary amines were obtained better yields than aliphatic
secondary amines. Some functional groups (Bre, NO2e, CH3e and
HOe) on acetophenone that reacted with piperidine were also in-
vestigated in the oxidative coupling synthesis of α-ketoamides. All of
these acetophenone derivatives afforded the desire α-ketoamides in
good yields of 81–91% (Table 2, entries 6–9). And the corresponding
TONs/TOFs value of different substrates were shown in the Table 2. It
could be seen that the oxidative coupling of acetophenone and piper-
idine gave relatively higher TONs/TOFs of 84.6/2.6 (Table 2, entries 3).
The above results demonstrated that the Cu2O-NPs@rGO showed ex-
cellent catalytic performance and great functional groups tolerance for
the direct oxidative coupling synthesis of various α-ketoamides.

One of the most important properties of the heterogeneous catalysts
was their recyclability. Hence, the cycle experiments of the Cu2O-NPs@
rGO were carried out by using acetophenone and piperidine as standard
substrates under optimum reaction condition. After the reaction fin-
ished, Cu2O-NPs@rGO was recovered by centrifugation, washed with
ethanol and water, and finally dried under vacuum. The desired pro-
duct was obtained by column chromatography and calculated the exact
yields. And the concrete experimental results were shown in the Fig. S5.
It could be seen that no apparent decline in the yield after recycling
seven times (89%). Furthermore, the recycled Cu2O-NPs@rGO was
characterized by TEM to observe its morphology and structure. The
corresponding image was displayed in Fig. S6. Through the comparison

of the TEM images of the recycled and fresh catalyst, no obvious change
in the morphology and structure of the catalyst was observed. It was
indicated that Cu2O-NPs@rGO possesses excellent recyclability in the
synthesis of α-ketoamides.

Based on the previous research results [12,13,35] and our studies, a
possible mechanism for the formation of α-ketoamides was proposed in
Fig. 3. With great electrical conductivity and huge specific surface area
of graphene, the electron transfer between Cu2O nanoparticles and
graphene was more easily proceeding, which facilitated the transfer of
electron in the catalytic process. Firstly, acetophenone and piperidine
generated enamine I. Intermediate II was then formed by the iodination
of NIS catalyzed by Cu2O-NPs@rGO. Piperidine took placed nucleo-
philic substitution with intermediate II to generate the α-piperidinyl
substituted iminium III. During the process, the carbon-iodine bond
cleavage was promoted by Cu2O-NPs@rGO. Meanwhile, superoxide
radical O2

%− was formed from O2 promoted by the value state change
from Cu2O to CuO in the Cu2O-NPs@rGO, which accelerated the pro-
cess of the iminium III to radical intermediate IV. Then, intramolecular
cyclization took place to form pivotal aminodioxetane intermediate V
accomplished with the single electron transfer process of CuO to Cu2O
in the Cu2O-NPs@rGO. Through OeO bond heterolysis, ring opening
reaction took place to generate intermediate VI. Finally, α-ketoamide
was obtained by CeN bond cleavage. Cu2O-NPs@rGO continued to
attend for the next catalysis cycle.

4. Conclusions

In conclusion, we developed a novel, efficient and recyclable Cu2O-
NPs@rGO material to catalyze the direct oxidative coupling of aryl
methyl ketones and secondary amines to synthesize α-ketoamides with
O2 as clean oxidant. The Cu2O-NPs@rGO was systematically char-
acterized by XRD, XPS, TEM, SEM, SEM-EDS, ICP-OES, which proved
that Cu2O nanoparticles evenly and firmly supported on the rGO. But
more important, the heterogeneous synthetic methodology using fa-
cilely prepared Cu2O-NPs@rGO, green oxidant and mild reaction con-
ditions, provides a simple and efficient approach to synthesize various
α-ketoamides in good to excellent yields. We believed that our study
could provide a reliable approach to develop copper-based carbon
catalysts and promote the application of heterogeneous catalyst into
organic reaction.

Fig. 3. Proposed mechanism for Cu2O-NPs@rGO catalyzed oxidative coupling synthesis of α-ketoamides.
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