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ABSTRACT

In this study, novel CuO/g-CsN4 nanocomposite was simply synthesized by impregnation of g-CsN4 with CuO nanoparticles.
Then, the heterogeneous catalyst was characterized by various techniques including Fourier transform infrared spectroscopy
(FT-IR), X-ray diffraction (XRD), thermogravimetric analysis (TGA) and transmission electron microscopy (TEM). Moreover,
the Friedel-Crafts 3-indolylation reaction of isatin with indole derivatives in water as a green solvent was investigated using
catalytic amount of CuO/g-C3N4 nanocomposite. The results showed that di-indolyloxindole derivatives are synthesized in good
to excellent yields at mild conditions. Finally, this method has some advantages including the use of water as a green solvent,
short reaction time, room temperature, easy work up and excellent yields.

Keywords: CuO/g-C3sN4 nanocomposite, Di-indolyloxindols; Indole, Isatin.

1. Introduction Graphitic carbon nitride (g-C3N4) as an organic polymer
and metal-free organic semiconductor consisting mainly
of carbon and nitrogen has attracted widespread
attention due to its special characteristics in
heterogeneous (photo) catalysis and can be a good
candidate for the preparation of composite materials
[16,17]. g-C3Ny is easily-synthesized by polymerization
of cheap materials like thiourea, urea, cyanamide,
melamine, and dicyandiamide [18-24]. The g-Cs3N,
possesses advantages such as high stability, large
surface areas, non-toxicity, easy functionalization, high
thermal stability, particular physical features, easy
recycling, and good bio-compatibility [25,26]. The
immobilization of metal and metal oxide nanoparticles
onto g-C3;N4 promotes the charge separation at the
interface of the metal and metal oxide nanoparticles
heterojunction and improves the catalytic performance
and also restricts the aggregation of nanoparticles
leading to an enhancement of selectivity and catalytic
activity [27,28].

Recently, Cu and CusO nanoparticles attracted great
attention for catalyzing N-arylation reaction in the
synthesis of N-heterocycles because of economic and
industrial points [1-3]. Copper (I) nanoparticles
catalyzed the synthesis of quinazolinones using
2-halobenzamide and benzylamine [4]. CuO
nanoparticle is also applied as a novel catalyst in several
N, O and S-arylation reactions [5-9]. From green
chemistry view points, water as a green solvent offers
many advantages in the synthesis of organic compounds
because it is cheap, non-toxic and non-flammable
readily available, but a major challenge in handling the
nanoparticles in water is the tendency of the
nanoparticles to aggregate quickly into micrometer-
sized particles due to van der Waal forces [10-15].
Composite materials which are made by the decoration
of the nanoparticles onto the surface of some platforms
like graphene nanosheets, which made a strong interface
between the filler and matrix, significantly reduced the

nanoparticle agglomeration and the composites with Di—indolyl.oxindqles as h.e‘Ferocyclic compounds Wh%Ch
larger surface area show superior properties, compared have antlbacterlalz antl—lnﬂammatgry aqd .laxatl-ve
with bare nanomaterials. effects are synthesized by the reaction of isatin or its

derivatives with barbituric acid, pyrazolones, aromatic
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rasaniali@gmail.com also isolated from plants [29,30]. Several methods have
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A variety of catalysts such as KAI(SO4),, FeCls, I, ceric
ammonium nitrate, N,N,N,N-tetramethylguanidinium
trifluoroacetate, TfOH, Bi(OTf);, and silica sulfuric
acid, montmorillonite-K10 clay, KSF, Amberlyst-15,
phosphotungstic acid, ionic liquids, boron trifluoride
supported on nano-SiO; and prolinium triflate (ProTf)
[31-47] have been used to achieve these compounds,
and some drawbacks were observed in these protocols.
Therefore, the introduction of new efficient methods in
this field is still important. Now, in continuation of our
previous study on the synthesis of biologically
important compounds using simple, efficient and non-
toxic catalysts [48-51] herein, we report the synthesis of
di-indolyloxindole derivatives by the coupling of isatin
and indole derivatives in the presence of CuO@g-C;N4
nanocomposite as an inexpensive and efficient catalyst
in an aqueous solvent.

2. Experimental
2.1. Materials

All chemicals were purchased from Merck Company
and used without purification. IR spectra were recorded
using Bruker Vector-22 FT-IR spectrometer (AVATR-
370) in a KBr pellet, scanning from 4000 to 400 cm™' at
room temperature. The Philips CM10 instrument was
used for TEM images. The Bruker Ds-advance X-ray
diffractometer with Cu K, radiation (k = 1.5406 A) was
employed for XRD measurements. TGA patterns were
recorded using a Perkin—Elmer Diamond TG/DTA
thermal analyzer by heating the samples in an Argon
flow at a rate of 100 mL min" with a heating rate of
10°C min’!. 'H and *CNMR spectra were carried out
using Bruker DPX-250 Advance instrument at 250 MHz
and 62.9 MHz in DMSO-ds using TMS as an internal
standard.

2.2. Synthesis of g-C3sN4 nanosheets

The g-CsN4 powder was synthesized according to the
literature [52]. Briefly, melamine (10 g) was added to an
alumina crucible with a cover and heated to 550-C in a
muffle furnace at a rate of 2°C min—' under air
conditions. The crucible was kept at this temperature for
4 h. The resulting yellow polymer was finely ground
into powder for further use. Finally, 0.05 g of g-CsN4
was ultrasonicated in 50 mL of water for 24 h and
centrifuged to remove the unexfoliated g-C3Na.

2.3. Synthesis of CuO nanoparticles

To synthesize the CuO nanocrystals, polyvinilpoly
pyrrolidone (PVP, 1.5 g) was dissolved in 100 mL of
distilled water, followed by the addition of 0.17 g of
CuCl; [53,54]. Then, the NaOH solution (6.0 M, 20 mL)
and ammonia solution (25%, 3.9 mL) were added drop
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wise into the above mixture with continuous stirring and
the solution was further stirred for 0.5 h. Finally,
ascorbic acid solution (0.3 M, 20 mL) was added drop
wise to the mixture stirred for 3 h at 55°C. The mixture
was centrifuged and the precipitate was collected,
washed with distilled water and ethanol and dried in a
vacuum oven at 80°C for 8 h.

2.4. Fabrication of CuO@g-CsNs octahedra nano-
composite

In a typical procedure, g-CsN4 (1 g) was dispersed in 50
mL of water for 24 h. Then, CuO (0.1 g) was added to
the mixture and stirred for 48 h. After evaporation of the
water, a powder sample of CuO@g-CsNs nano-
composite was obtained and dried at 80°C for 12 h.

2.5. General procedure for the synthesis of di-
indolyloxindoles

Typically, heterogeneous CuO@g-C3;Ns nanocatalyst
(75 mg) was dispersed for 30 min in water (3 mL)
followed by addition of indole (2.0 mmol) and isatin
(1.0 mmol). The mixture was stirred for the appropriate
time and the progress of the reaction was monitored by
thin layer chromatography. After the reaction was
completed, the product was extracted with ethyl acetate
and dried over anhydrous Na,SOs. The crude product
was recrystallized in hot ethanol. The CuO@g-CsN,4
nanocatalyst was separated by centrifuging, washed
with EtOH, dried and reused for the next run.

Selected spectral data [38,55,56]

5- Bromo-1- ethyl-3,3- bis (1- methyl-1H- indol-3- yI)
indolin-2- one (Table 4, entry 8):

White solid. m.p.= 324-326°C. IR (KBr): v= 3425,
3345, 3103, 3045, 1694, 1608, 1461, 1095, 724 cm™.
'HNMR (250 MHz, DMSO-dg): 5= 1.25 (t, 3H, CHs-
CH,), 3.35 (q, 2H, CHa-CHs), 3.7 (CHs), 6.82-6.90
(m, 4H), 7.05-7.18 (m, 4H), 7.33-7.39 (m, 2H), 7.48-
7.52 (m, H) ppm. PCNMR (62.9 MHz, DMSO): = 12.8
(CH:), 32.8 (CH,), 52.6 (C), 110.5 (C-H), 111.6 (C-H),
112.9 (C-H), 114.3 (C), 119.2 (C-H), 121.3 (C-H), 121.8
(C-H), 126.1 (C-H), 128.6 (C-H), 129.1 (C-H), 131.4
(C), 136.8 (C), 137.9 (C-H), 141.5 (C), 176.5 (C=0)
ppm.

3,3-bis (1-methyl-1H-indol-3-yl) indolin-2-one (Table
4, entry 2):

White solid. m.p.=335-337°C. IR (KBr): v=3344, 3043,
1699, 1607, 1466, 1105, 737 cm™'. '"HNMR (250 MHz,
DMSO-d¢): 6= 3.68(s, 6H, 2CH3), 6.8-7.08 (m, 6H,)
7.20-7.34 (m, 6H), 10.60 (s, H, NH Isatin) ppm.
BCNMR (62.9 MHz, DMSO-dq): 8= 37.56 (2CH3),
57.61 (C), 114.85 (C), 114.99 (C-H), 118.67 (C-H),
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123.60 (C-H), 126.15 (C-H), 126.30 (C-H), 126.80 (C),
130.12 (C-H), 131.25 (C-H), 133.14 (C-H), 133.69(C),
139.72 (C), 142.55 (C-H), 146.49(C), 183.78 (C=O)

ppm.
3,3-di (1H-indol-3-yl) indolin-2-one (Table 4, entry 1):

White solid. m.p.=312-313°C. IR (KBr): v=3362, 3125,
3034, 1702, 1618, 1489, 1096, 731 cm™. "THNMR (250
MHz, DMSO-dg): 6= 6.76-7.05 (m, 7H), 7.21
(m, 3H),7.30-7.34(m, 2H), 10.58 (s, H, NH Isatin),
10.96 (s, 2H, 2NH, Indol) ppm. *CNMR (62.9 MHz,
DMSO-de): 6= 57.81 (C), 114.87 (C), 116.86 (C-H),
119.53 (C-H), 123.49 (C-H), 125.98 (C-H), 126.22
(C-H), 126.75 (C-H), 129.47 (C-H), 130.12 (C), 130.91
(C-H), 133.10 (C), 139.82(C), 142.15, 146.46(C),
184.06 (C=0) ppm.

3. Results and Discussion

CuO nanoparticle was synthesized by the reaction of
CuCl, with PVP in deionized water. The g-C3N4 was
synthesized by the heating of melamine (Scheme 1).

g-C3N,4 was dispersed in water, followed by addition of
CuO nanoparticle then, the mixture was stirred for 48 h
at room temperature. The solution was heated to remove

NH,
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water and the obtained powder was dried at 80-C for 12
h (Scheme 2).

3.1. Characterizations of catalyst

The CuO@g-CsN4 nanocatalyst was characterized by
different techniques. To calculate the content of CuO
nanoparticles in g-C3Ny4 nanosheets, the TGA image of
g-C3Ns, and CuO@g-CsNs nano composites was
performed under air atmosphere from room temperature
to 800°C (Fig. 1).

In airflow, pure g-C3sNy is stable below 550°C, but with
the temperature higher than 550°C, the decomposition
or sublimation of g-CsNs was occurring. This
decomposition is completed at about 650°C (Fig. 1a).
The stability of the CuO@g-CsN4 nanocomposites was
obviously decreased due to the oxidation and
decomposition of g-C;Ns in the CuO@g-Cs;Ny
nanocomposites. The decomposition temperature
decreased to 550°C, which indicated that there was a
tight contact between CuO nanoparticles and g-C3;N4
(Fig. 1b). It can be calculated from the mass loss of
CuO@g-C;sN4 nanocomposites that the mass fraction of
CuO and g-C3N4 in the CuO@g-C3;N4 nanocomposites
are 5 and 95%, respectively.
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Scheme 2. Schematic representation for the synthesis of CuO@g-CsN4 nanocomposites.
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Fig. 1. Thermogravimetric weight loss pattern of (a) g-C3N4

and (b) CuO@g-CsN; with temperature raised from

10°C/min.

Fig. 2 Shows the FT-IR spectrum of g-Cs;N4 and
CuO@g-C3Ny4. The broad peak ranging from 3150 to
3400 cm! is assigned to the N-H bond. The peak at 1645
cm”! was related to heterocyclic C=N stretching,
vibration bond, while the peaks at 1238, 1317, 1405 and
1543 cm' were considered as C-N stretching of
tri-s-triazine. Besides, the sharp peak centered at 806
cm™! is corresponding to the out-of plane bending
vibration of triazine cycle (Fig. 2a) [59-61]. The FT-IR
spectrum of CuO@g-C;3N4 shows the vibration bands at
525, 580 and 675 cm™! which are assigned to the CuO
nanoparticles (Fig. 2b) [62-64].

The XRD patterns of g-CsN4 and CuO@g-CsNs were
shown in Fig. 3. The peaks at 13.1° and 27.4° could be
assigned to the hexagonal phase of g-C3N4 (JCPDS 087-
1526). Furthermore, the (100) weak diffraction peak at
13.1° was related to the in-plane repeated units in the
g-C3Ny.

(a)

Transmittance

4000 3500 3000 2500 2000 1500 1000 500
Wave.(cm‘1)
Fig. 2. FT-IR spectra of (a) g-C3N4 and (b) CuO@g-CsNa.
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Fig. 3. XRD image of (a) g-CsN4 and (b) CuO@g-C3Na.

The strong peak at 27.4° is corresponding to the
characteristic (002) interlayer stacking peak of g-C3;N4
[58,59]. In the composite sample pattern, no obvious
diffraction peaks of the other phases or impurities can
be detected. After loading CuO nanoparticles, the
intensity of the peak centered at 27.4° decreased milder
as a result of the dilution effect. Furthermore, new
typical peaks which are located at 35.3°,39.4°, and 74.1°
and indexed as (111), (200), (220) appeared in the XRD
pattern of CuO@g-C3N4 [66]. Using the Debye-Sheerer
equation, the average particle size of CuO nanoparticles
was 22 nm.

Fig. 4 shows the TEM image of Pure g-CsNj4 and
CuO@g-CsNys. As shown in the fig. 4a, the
agglomeration of the lamellar structure was observed.
The TEM image of CuO@g-CsN4 exhibited that CuO
nanoparticles were homogeneously dispersed on the
surface of the g CsN4 with an average particle size of
about 26 nm, which is consistent with the results of
XRD. The hydrodynamic diameter distribution of CuO
nanoparticles is also determined by dynamic light
scattering (DLS) (Fig. 4c¢). 20 numbers of CuO
nanoparticles were selected and the mean values of
these nanoparticles was obtained by DLS with standard
deviation of 6.58. Consequently, the size distribution of
CuO is centered at a value of 26, 03 nm.

3.2. Catalytic activity studies

3.2.1. Synthesis of di-indolyloxindole

To evaluate the catalytic ability of CuO@g-C;N4
nanocomposite, the synthesis of di-indolyloxindole
from indole and isatin with the nanocomposite as a
catalyst was investigated at room temperature (model
reaction). The reaction was carried out using 75 mg of
CuO@g-CsNs in water under ambient temperature
(Scheme 3).
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Fig. 4. TEM image of (a) g-C3sNs, (b) CuO@g-C;N4and (c) DLS image of CuO.

The results showed that the amount of catalyst loading
was very important in the progress of the reaction. The
reaction required 2 h to give 31 % of the oxindole
product in the presence of 20 mg of catalyst (Table 1,
entry 1). Moreover, the increase of catalyst loading to
60 mg improves the yield to 82 % (Table 1, entry 3). The
CuO@g-C3Ny catalyst with 75 mg loading was very
effective as it afforded the product in the quantitative
yield (95 %, Table 1, entry 4) within 1 hour. Further
increase in the amount of catalyst loading did not
significantly improve the yield (Table 1, entries 5,6).

A control experiment with g-C3N; under similar
condition was conducted and the desired product was

(0]
Ry

Cu0@g-C3Ny (75mg) R,y

traced (Tablel, entry 7). Considering this, it was
concluded that there is a synergistic effect between the
CuO and the g-C3N4, which is responsible for the high
catalytic activity of the CuO@g-CsN4 catalyst. The
effect of reaction time was determined (10-70 min) on
the synthesis of di-indolyloxindoles (Table 2).

As shown in Table 2, the yields were increased by
increasing the time up to 60 min and further increasing
at the time did not affect the yields. The model reaction
was also conducted in the presence of CuO
nanoparticles and despite the better yield in the first run,
the yields were clearly decreased in the reusing step of
catalyst (not listed).

R,
T

N
N

\
R;

TZ o~

H,0, r.t.

Yield: 80-95%

Scheme 3. The synthesis of di-indolyloxindole derivatives in the presence of catalytic amount of CuO@g-C3N4 nanocomposite

in water.
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Table 1. The effect of different amounts of CuO@g-C3N4 on
the synthesis of di-indolyloxindole.*

Table 3. The effect of different solvents on the reaction of
indole and isatin catalyzed by CuO@g-C3Na.*

Entry CuO@g-C3N4 (mg) Yield (%) Entry Solvent Yield (%)
1 20 31 1 THF 13
2 40 59 2 DMF 22
3 60 82 3 CHCI; 29
4 75 95 4 CH,CL 31
S 80 97 5 C:HyCl 35
6 85 98 6 DMSO 55
“7 75 trace 7 CHiCN 60
?Reaction conditions: Isatin (1.0 mole), indole (2 mmol). 8 MeOH 65
This may happen due to the aggregation of catalyst in ? EtOH 66
the water solvent [65]. To investigate the effect of 10 Water 95

solvents, the model reaction was carried out in various
solvents with the range of polarity (nonpolar to polar
solvents) with CuO@g-CsN4 (75 mg) as a catalyst at
room temperature. The reaction proceeded in polar
solvents and the best yield was observed in water media
(Table 3, entries 6—10), while the yields decreased in
nonpolar solvents (Table 3, entries 1-5).

Although CuO nanoparticle can promote the reaction
better than CuO@g-C3Ny, a series of problems always
occurs in the presence of metal and metal oxide
nanoparticles. One of these problems is aggregation,
which is solved by g-C3;Ni. As mentioned earlier, the
g-C3Ny as “active support” restricts the aggregation of
metal and metal oxide nanoparticles, leading to
enhancing the selectivity and activity.

Table 2. The effect of time on the synthesis of di-
indolyloxindole in the presence of CuO@g-C;N4.2

Entry Time (min) Yield (%)
1 10 20
2 20 41
3 30 59
4 40 73
5 50 85
6 60 95
7 65 97
8 70 98

aReaction conditions: Isatin (1.0 mmol), indole (2 mmol), catalyst
(75 mg).
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aReaction conditions: Isatin (1.0 mmol), indole (2 mmol), CuO@g-
C3N4 (75 mg), solvent (3 mL) at room temperature during 1 h.

To show the generality of the heterogeneous catalyst in
organic reactions, CuO@g-CsNs was used as an
efficient and novel heterogeneous nanocomposite for
the synthesis of a series of di-indolyloxindoles
derivatives using isatins and indoles derivatives and the
results are summarized in Table 4. Either substrate
containing electron-releasing or electron-withdrawing
groups employed 75 mg of CuO@g-C;Nj4 as the catalyst
(Table 4, entries 1-18). As can be seen in Table 4, the
reaction promoted well and gave the excellent yields
(92-95 %), when indoles with bearing electron—
releasing substituents on the carbon neighboring the
nitrogen were employed (Table 4, entries 2, 5 and 8). In
contrast, indoles with electron—withdrawing groups on
the phenyl ring decreased the yields (80 %) in 75 min
(Table 4, entry 3). Furthermore, N-benzyl isatin with
electron—releasing groups gave lower yields (80-86 %)
in 75 min (Table 4, entries 13-15). Finally, the best
yields were achieved with isatins bearing electron—
withdrawing groups on the R* position and indoles
bearing electron-releasing substituents in the R!
position (Table 4, entry 8).

A small amount of starting materials left untreated
and no side product is formed. Also, the high activity of
the CuO@g-CsNs may be due to the uniform
distribution of CuO nanoparticles, which are stabilized
by m-conjugated graphitic carbon nitrides and
readily accessible surface exposed CuO nanoparticles
which obviously favor the C—C bond forming
reactions.
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Table 4. Synthesis of di-indolyloxindoles catalyzed by SiO,@g-CsN,4 in water at room temperature.®

3

K mkz R Cu,0@g-C3N, (75 mg)
oo mﬁo 0, ot
R’ \R B
Yield: 80-95%
Indole Isatin
Entry R R T R T Time (min) Yield (%)°
1 H H H H H 60 95
2 Me H H H H 55 95
3 H H Br H H 75 80
4 H H H H Cl 55 94
5 H Me H H Cl 45 93
6 H H Br H Cl 75 88
7 Me H H H Br 60 87
8 Me H H CH,CHj; Br 45 95
9 H H Br H Br 75 83
10 H H H H NO: 70 95
11 H Me H H NO; 65 95
12 H H Br H NO; 75 94
13 H H H PhCH, H 75 80
14 H Me H PhCH; H 75 86
15 H H Br PhCH, H 75 80
16 H H H Me H 75 89
17 H Me H Me H 75 90
18 H H Br Me H 75 81

2Reaction conditions: Isatin derivatives (1.0 mmol), indole derivatives (2 mmol), catalyst (75 mg) and water (3 mL).

The aqueous filtered phase was analyzed by atomic
absorption to investigate leaching of CuO from the solid
CuO@g-C3Nj4 catalyst and no leaching of Cu metal was
detected in it. Therefore, the mesoporous graphitic
carbon nitride containing CuO could serve as an
efficient heterogeneous catalyst for the synthesis of
oxindole derivatives. The reaction can be rationalized
by assuming the following mechanism (Scheme 4). As
shown in Scheme 3, CuO@g-CsN4 activates the
carbonyl groups of isatin followed by the nucleophilic
addition of indole to isatin to form the intermediate (A).
This intermediate undergoes a further nucleophilic
attack with the second indole molecule to afford di-
indolyloxindole derivatives.

The efficiency of our method was also compared
with some other published works in the literature
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[31,35,40,66-72]. As the results shown in Table 5,
CuO@g-CsN4 showed sufficient efficiency compared to
the other catalysts (Table 5, entry 11).

From an industrial perspective, long-term stability,
recovery, and reusability are the main objects of
using heterogeneous catalysts. For this purpose,
under optimized conditions the model reaction was
performed as previously described, followed by
separating, washing and drying the catalyst and reusing
in another four successive catalytic cycles under
identical reaction conditions. The results showed
excellent yields with a negligible decrease in a catalytic
activity (The yields were 95, 94, 91, 88 and 88 %,
respectively). So, the performance of CuO@g-CsNs4
nanocomposite was consistent and validates its
recyclability.
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Scheme 4. A proposed mechanism for the synthesis of di-indolyloxindole catalyzed by CuO@g-C3Na.

4. Conclusions

In conclusion, a green and rapid hydrothermal method
was introduced for the synthesis of CuO@g-CsNy
nanocomposites. Then, CuO@g-CsN4 nanocomposites
was characterized by various techniques. The prepared
CuO@g-C3N4 nanocomposites was applied for the
synthesis of biologically active di-indolyloxindole
derivatives in good to excellent yields (95 %). In
addition, the reusability of nanocomposite was
investigated and the results showed that the catalyst has
good reusability after 5 cycles. This protocol provides a
straightforward approach for deposition of CuO
nanoparticles onto the g-C3N4 nanosheets and can be
readily extended to the preparation of other classes of
metal hybrids based on g-CsNs nanosheets for
technological and industrial applications.
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