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Abstract: Ullmann-type aryl amination of aryl halides catalyzed by reduced graphene oxide decorated with copper

nanoparticles was investigated. The reduced graphene oxide-supported copper nanoparticles were prepared via simultaneous

electrodeposition of copper nanoparticles and reduction of graphene oxide by a facile cyclic voltammetry method in the

absence of any reducing agent or volatile solvents. The proposed method is simple, general, ligand-free, and efficient

to afford N -arylated compounds in high yield. The hot filtration test suggests the present reaction would proceed via

heterogeneous nature. The catalyst showed high stability and could easily be recovered and reused without any considerable

loss of its catalytic activity.
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1. Introduction

Ullmann-type aryl amination has been extensively employed in both academia and industry because of its potential

applications for the development of pharmaceuticals, polymers, and functional materials1–3. Recently, the synthetic

scope of this reaction has grown when significant progresses in the development of mild reaction conditions and new

catalytic systems have been made to reduce the environmental impact of this process (the classical Ullmann reaction

relied upon stoichiometric copper reagent, which on scale-up leads to the problem of waste disposal)4,5. In particular,

palladium complexes6–10 with various ligands and modified Cu-catalyzed coupling systems with many Cu(I) and Cu(II)

derivatives11–18 have been studied for Ullmann C−N coupling. Compared to the Pd-catalyzed method, which required air-

and moisture-sensitive conditions and higher cost, Cu-catalyzed coupling systems have been receiving more attention

due to their lower toxicity and costs of Cu and the relative ligands19,20. However, most catalysts that accelerate Ullmann

amination rely on specific ligands and are typically used under homogeneous conditions, which hampers their recyclability

and practical applicability21. Among the various copper-based catalysts, ligand-free heterogeneous zero-valent copper

nanoparticles (Cu NPs) continue to attracted considerable and increasing researchers’ attention owing to the advantages of

high specific surface area and size and shape-tunable catalytic properties. However, the wide application of Cu NPs is

restricted by the challenges of overcoming the catalyst separation and deactivation by self-aggregation, in addition to Cu’s

inherent instability and surface oxidation22. In this sense, catalytic systems that rely on composites with active metallic

centers may be good alternatives to overcome the problems mentioned earlier. Various types of copper composites have
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been under intensive studies and revealed a promising role in a wide range of catalytic reactions, including Ullmann C−N

coupling23,24.

Recent advances in the catalytic systems based on metal-embedded carbon networks have led to the development

of various carbon-based Cu NPs composites22. Graphene oxide (GO), a sp2-hybridized carbon-based material with a

hexagonal monolayer network, has gained a growing interest in catalysis due to its significant characteristics such as large

surface area, thermal stability, high stability in acidic and basic conditions, minimal mass-transfer limitations, electronic

transfer property, low cost, and reduced negative impacts on the environment25–27. However, the surface oxygen-containing

functional groups cause the high dispersibility of GO in aqueous phases, which is an obstacle for separating and recycling

of the graphene-based catalysts28. GO also has defective sites in the basal plane due to the high content of oxygen surface

groups, which causes the losses in catalytic activity26. Moreover, GO suffers from a severe tendency to form tightly packed

structure due to the strong π-π interaction between neighboring sheets, resulting in the reduced absorptivity28. Reduction

of GO using chemical, electrochemical, or thermal methods can repair the defects in GO by removing oxygen-containing

functional groups and restoring the conjugated network.

In the present paper a simple electrochemical route to prepare the composite of reduced graphene oxide (rGO)

decorated with Cu NPs is reported and its catalytic activity in Ullmann C−N coupling is tested. It is demonstrated that the

one-pot electrodeposition is a low-temperature operation, simple, and cost-effective method to prepare both Cu NPs and

rGO without using any reducing agent or volatile solvents and could incorporate nanoparticles homogeneously throughout

the rGO matrix. The efficient and recyclable Cu-rGO catalyst successfully demonstrated its ability to construct N -arylated

compounds via Ullmann coupling under ligand-free conditions at relatively mild conditions.

2. Results and discussion

2.1 Catalyst synthesis and characterization

In this paper, a simple one-step electrodeposition method to fabricate a novel Cu-rGO nanocomposite was proposed in

which, the reduction of Cu(II) salt and GO is carried out simultaneously, generating a hydrophobic copper-based catalyst.

As compared to the previous work, the electrochemical deposition route possesses the advantage of the preparation of

Cu-rGO nanocomposite without using toxic reducing agents such as NaBH4 and hydrazine hydrate or volatile solvents
29,30.

The morphological characterization of the Cu-rGO was performed by field emission scanning electron microscope

(FE-SEM). In compare with the bare electrode (Figure S1a), the rGO-modified electrode surface is covered by the crumpled

and wrinkled rGO nanosheet (Figure S1b). The morphology of Cu-rGO-modified electrode has obvious change as compared

with that of the rGO-modified electrode as depicted in Figure S1c and the existence of Cu particles can be clearly observed.

The size distribution of the Cu NPs on the rGO nanosheets obtained by Image J software (Figure S1d) showed the average

particle size around 25 nm in diameter.

The XRD pattern of the Cu-rGO catalyst along with the diffraction patterns of Cu and rGO are depicted in Figure

S2. The XRD pattern of the Cu-rGO shows all the characteristic peaks of the Cu with an additional broad peak due to

the presence of rGO. The absence of the characteristic peak of GO at 2θ ~ 11.06◦ corresponding to the (001) plane and a

broad diffraction peak at 2θ ~ 23◦ suggest that graphene oxide was successfully reduced to rGO. The distinctive peaks

centered at 2θ ~ 43.3, 50.5, 74.2, 90.0, and 95.10◦ can be ascribed to the (111), (200), (220), (311), and (222) facets of the

face-centered cubic structures of Cu crystal, respectively (JCPDS card no. 4-836).

FT-IR spectrum of Cu-rGO (Figure S3) represents characteristic absorption bands at 3379, 2927–2877, 1710, and

1519 cm−1 arising due to the stretching vibrations of O-H, C-H, C=O, and C=C functionalities, respectively. In addition,

other adsorption bands found at 1143 cm−1 and 1033 cm−1 could correspond to the stretching vibrations of epoxy (C-O)

and alkoxy (C-O) groups31.

Thermogravimetric analysis (TGA) was performed to study the thermal stability of the Cu-rGO nanocomposite. The

TGA thermogram of Cu-rGO (Figure S4) shows a thermal degradation started below 100 ◦C with a major loss of weight

at around 150 ◦C, that accounts for mass loss of ~18%, which is arising from the loss of residual water adsorbed on the
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Cu-rGO and pyrolysis of oxygen-containing functional groups. The second weight loss (~32%) at around 450 to 530 ◦C

can be ascribed to the degradation of the C−C skeleton of rGO.

2.2 Optimization of reaction conditions

In order to investigate the optimum reaction conditions, diphenylamine formation from aniline and iodobenzene was

surveyed as a model reaction. The initial experiments were conducted by running the model reaction in the presence of

Cs2CO3 and 3 mol% of Cu-rGO catalyst in DMF for 6 h at 110 ◦C under air. This reaction afforded diphenylamine in 93%

yield with almost complete selectivity. N -arylation of aniline did not happen without the Cu-rGO catalyst or using bare

rGO, which signified that copper is the active site for the Ullmann C−N coupling. Much lower yields were achieved at

lower amounts of catalyst (1 and 2 mol%) under the same reaction conditions, whereas the product’s yield did not change

significantly when the amount of catalyst was increased from 3 mol% to 4 mol%. Among the solvents screened, DMSO,

NMP, acetonitrile, toluene, dioxane, and DMF, the former was found to be the best concerning the yield of diphenylamine.

The results demonstrated that the presence of a base in the reaction mixture was necessary, and Cs2CO3 was the most

effective in comparison to other bases, such as K3PO4, K2CO3, KOH, and Et3N. The reaction afforded the coupling product

in lower yields when the reaction time was shortened to 2 h and 4 h. The results revealed that the temperature has a key

role in the progress of the reaction. A higher temperature (110 ◦C) allowed a better product yield.

Table 1. Optimization of the reaction conditions for the Ullmann coupling of iodobenzene and anilinea

Entry Catalyst Type Catalyst Amount (mol%) Solvent Base Temp. (◦◦◦C) Time (h) Yield (%)b

1 No catalyst - DMF Cs2CO3 110 6 0
2 rGO DMF Cs2CO3 110 6 0
3 Cu-rGO 3 DMF Cs2CO3 110 6 93
4 Cu-rGO 2 DMF Cs2CO3 110 6 81
5 Cu-rGO 1 DMF Cs2CO3 110 6 69
6 Cu-rGO 4 DMF Cs2CO3 110 6 95
7 Cu-rGO 3 DMSO Cs2CO3 110 6 70
8 Cu-rGO 3 NMP Cs2CO3 110 6 61
9 Cu-rGO 3 acetonitrile Cs2CO3 110 6 52
10 Cu-rGO 3 toluene Cs2CO3 110 6 25
11 Cu-rGO 3 dioxane Cs2CO3 110 6 38
12 Cu-rGO 3 DMF - 110 6 0
13 Cu-rGO 3 DMF K3PO4 110 6 63
14 Cu-rGO 3 DMF K2CO3 110 6 75
15 Cu-rGO 3 DMF KOH 110 6 58
16 Cu-rGO 3 DMF Et3N 110 6 16
17 Cu-rGO 3 DMF Cs2CO3 110 2 56
18 Cu-rGO 3 DMF Cs2CO3 110 4 75
19 Cu-rGO 3 DMF Cs2CO3 90 6 21
20 Cu-rGO 3 DMF Cs2CO3 70 6 Trace

a Reaction conditions: iodobenzene (5 mmol), aniline (7.5 mmol), catalyst, solvent (2.5 mL), base (10 mmol) were stirred at appropriate time

and temperature. b Isolated yield.

2.3 Synthetic scope

With the optimized conditions in hand, the general applicability of this reaction system was explored with a series

of substrates, and the results are summarized in Table 2. The present catalytic system worked well for the coupling of

arylamines bearing electron-donating (entries 1–4, Table 2) and electron-withdrawing groups (entries 5–6, Table 2) with

iodobenzene, leading to diarylamines with good to high yield and selectivity (>99%). The results revealed that electronic

effects in the arylamine influence the reaction rate. As illustrated in Table 2, arylamines possessing electron-donating

groups (entries 1–4, Table 2) produced the corresponding diarylamines more quickly in comparison to arylamines having

electron-withdrawing groups (entries 5–6, Table 2). As expected, presence of the electron-donating group at meta-position

of the arylamine gave the coupling product in lower yield compared to the corresponding para-substituted arylamine

(entries 4 and 3, Table 2). The ortho-substituted arylamine (entry 2, Table 2) had a little lower yield but with a complete

selectivity probably due to the effect of steric hindrance of the substituent. Various heterocyclic amines could also furnish
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the corresponding N -arylated products with high yields and selectivity under standard conditions (entries 7 and 8, Table 2).

The catalytic efficiency of Cu-rGO in the N -arylation of aniline with various substituted iodobenzene was next explored

(entries 9 and 10, Table 2). The electronic nature of the substituent in the iodobenzene showed a pronounced affect in the

reaction rate and the products’ yield. Iodobenzene bearing electron-donating substituent (entries 9, Table 2) showed less

reactivity even after longer reaction times than that with electron-withdrawing substituent (entries 10, Table 2). Under

these reaction conditions the cross-coupling of aniline with bromobenzene (entries 11, Table 2) produced the corresponding

N -arylamine in moderate yield. However, good yield was obtained by carrying out the reaction at a higher temperature

(entry 11, Table 2). Using chlorobenzene as a substrate, only a small amount of diarylamine was detected even after heating

at 140 ◦C and prolonged reaction time (entry 12, Table 2).

Table 2. Ullmann N -arylation reaction of amines with arylhalidesa

Entry Aryl Halides Amines Products Time (h) Yield (%)b

1 6 91

2 7 84

3 6 89

4 7 81

5 8 78

6 8 80

7 6 93

8 6 85

9 8 75
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Table 2. Cont.

Entry Aryl Halides Amines Products Time (h) Yield (%)b

10 6 80

11c 9 68

12c 12 34
a Reaction conditions: arylhalide (5 mmol), amine (7.5 mmol), catalyst, solvent (2.5 mL), Cs2CO3 (10 mmol) were stirred at 110

◦C
and appropriate time. b Isolated yield (confirmed by GC, purity ≥ 98%). c reaction was carried out at 140 ◦C.

2.4 Heterogeneity and reusability

The recyclability of the Cu-rGO catalyst was also explored for the N -arylation of the model reaction. The catalyst

could be recycled and reused for up to three consecutive cycles under similar conditions. To demonstrate the recyclability

of the Cu-rGO catalyst, X-ray diffraction analysis of the recovered catalyst was studied and compared with fresh Cu-rGO.

The XRD pattern of the recovered catalyst was similar to that of fresh Cu-rGO, confirming the stability of the Cu-rGO

structure upon recycling.

In order to prove the heterogeneous nature of the catalyst the hot filtration test was conducted. According to the results,

the N -arylation reaction did not proceed in the absence of the catalyst, confirming Cu-rGO was a heterogeneous catalyst.

3. Experimental

3.1 Preparation of Cu-rGO catalyst

GO was synthesized by a modified Hummers' method and the detailed process operations were described in the

previous work28. The electrodeposition of Cu NPs and rGO was performed simultaneously by cyclic voltammetry (CV)

method. The cyclic voltammetries were carried out in a conventional airtight three-electrode cell containing 5 mL of GO

(0.1 mg mL−1) and 5 mL of 0.01 M CuSO4 at room temperature. The working electrode was a stainless-steel electrode and

the auxiliary and reference electrodes were a Pt wire and an Ag/AgCl electrode (KCl, 3 M), respectively. Five consecutive

CVs (sweep rate 20 mVs−1) were carried out in the potential range 0.0 to −1.5 V with N2 bubbling.

For comparison, reduced graphene was prepared by the electrodeposition under the same conditions without adding

CuSO4.

3.2 Catalytic reaction

Amixture of aryl halide (5 mmol), amine (7.5 mmol), base (10 mmol), and Cu-rGO (3 mol% for Cu) in 5 mL of

solvent was heated at the indicated temperature and stirred for the specified time in Table 1. After completion of the

reaction (monitored by TLC), the cooled mixture was diluted with ethyl acetate (5 mL), and the catalyst was removed by

centrifugal separation and washed several times with ethyl acetate. The filtrate was poured into water and the product

extracted with ethyl acetate (3 × 10 mL). The combined organic fraction was dried over Na2SO4 and subjected to solvent

evaporation under vacuum. The residue was purified by chromatography using silica gel eluting with an appropriate

hexane/ethyl acetate mixture to afford the corresponding N -arylamines in pure forms.
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3.3 Hot filtration test

The hot filtration test is applied by filtering off Cu-rGO catalyst from the hot reaction mixture after 3 h. The filtrate

was monitored by GC to obtain conversion of aniline. N -arylation reaction in the filtrate was continued for 3 h and the

aniline conversion was detected by GC again.

3.4 Characterization data for N-arylamines

N-phenylaniline: Mp 53 ◦C. 1H NMR (300 MHz, CDCl3): δ(ppm) = 7.33–7.22 (m, 4H), 7.12–7.10 (m, 4H), 6.93–6.89

(m, 2H), 5.69 (s, 1H); 13C NMR (100 MHz, CDCl3): δ(ppm) = 143.3, 128.9, 121.2, 117.3.

N-(4-methylphenyl)aniline: Mp 82 ◦C. 1H NMR (300 MHz, CDCl3): δ(ppm) = 7.17–7.15 (m, 2H), 7.03–7.01 (m, 2H),

6.95–6.92 (m, 4H), 6.83–6.79 (m, 1H), 5.53 (s, 1H), 2.23 (s, 3H); 13C NMR (100 MHz, CDCl3): δ(ppm) = 130.9, 129.8,

129.7, 129.3, 122.7, 120.3, 118.9, 116.9, 20.7.

N-(2-methoxyphenyl)aniline: Oil. 1H NMR (300 MHz, CDCl3): δ(ppm) = 7.33–7.30 (m, 3H), 7.17 (d, J = 8 Hz, 2H),

6.98–9.85 (m, 4H), 6.16 (s, 1H), 3.91 (s, 3H); 13C NMR (100 MHz, CDCl3): δ (ppm) = 129.3, 128.8, 121.13, 120.8, 119.9,

118.6, 114.6, 110.5, 55.6.

N-(4-methoxyphenyl)aniline: Mp 103 ◦C. 1H NMR (300 MHz, CDCl3): δ(ppm) = 7.17–7.12 (m, 2H), 7.03–6.99 (m,

2H), 6.86–6.74 (m, 5H), 3.81 (s, 3H); 13C NMR (100 MHz, CDCl3): δ(ppm) = 153.5, 145.7, 135.7, 129.1, 122.4, 119.6,

115.6, 115.1, 55.3.

N-(3-methoxyphenyl)aniline: Oil. 1H NMR (300 MHz, CDCl3): δ(ppm) = 7.32–7.28 (m, 2H), 7.22–7.19 (m, 1H), 7.12

(d, 2H), 6.97 (t, 1H), 6.69–6.66 (m, 2H), 6.52–6.50 (m, 1H), 5.74 (s, 1H), 3.81 (s, 3H); 13C NMR (100 MHz, CDCl3): δ

(ppm) = 160.2, 144.1, 142.3, 129.6, 128.8, 120.8, 117.8, 109.7, 105.6, 102.8, 54.7.

4-Nitro-N-phenylaniline: Mp 132 ◦C. 1H NMR (300 MHz, CDCl3): δ(ppm) = 8.15–8.10 (m, 2H), 7.43–7.36 (m, 2H),

7.23–7.14 (m, 3H), 6.97–6.92 (m, 2H), 6.27 (s, 1H). 13C NMR (100 MHz, CDCl3): δ(ppm) = 150.3, 139.5, 139.4, 129.6,

126.2, 124.5, 121.8, 113.6.

N -(4-chlorophenyl)aniline: Mp 72 ◦C. 1HNMR (300 MHz, CDCl3): δ(ppm) = 7.27–7.20 (m, 2H), 7.14 (d, 2H), 6.99–6.97

(m, 2H), 6.92 (d, 2H), 6.88–6.87 (m, 1H); 13C NMR (100 MHz, CDCl3): δ(ppm) = 142.6, 141.9, 132.3, 129.6, 121.3,

118.8, 115.4.

N-(Phenyl)imidazole: Oil. 1H NMR (300 MHz, CDCl3): δ(ppm) = 7.87 (s, 1H), 7.50–7.47 (m, 2H), 7.40–7.37 (m, 3H),

7.29 (s, 1H), 7.21 (s, 1H); 13C NMR (100 MHz, CDCl3): δ(ppm) = 137.47, 135.76, 130.46, 130.06, 127.70, 121.66, 118.45,

107.38.

N -Phenylpyrrole: Mp 62 ◦C. 1H NMR (300 MHz, CDCl3): δ(ppm) = 7.73 (d, 2H), 7.46–7.26 (m, 3H), 7.14–7.11 (m, 2H)

6.38–6.37 (m, 2H); 13C NMR (100 MHz, CDCl3): δ(ppm) = 137.6, 130.4, 129.7, 127.6, 125.7, 120.7, 119.5, 110.4.

4. Conclusions

In summary, an efficient, simple, and cost-effective method for the preparation of Cu-rGO was developed via a

one-step electrodeposition method without using toxic reducing agents or volatile solvents. The Cu-rGO was characterized

by IR, TGA, XRD, and FE-SEM analyses. The catalyst was successfully utilized for the Ullmann-type N -arylation reaction

of arylhalides with various amines. Good to high products yields were obtained and the catalyst was easily recoverable

and reusable with a negligible reduction in catalytic activity. The most prominent properties of this catalytic system are:

the implement of zero-valent copper-based catalyst, which was determined to be inexpensive, air-stable, ligand-free, and

effective for Ullmann C−N coupling; and the heterogeneity of the process, which has crucial advantages such as easy

separation of products, recyclability and high stability of catalysts.
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Supplementary materials

Materials and instruments

All reagents used in this work were of analytical grade or with highest quality and were obtained from Merck

(Germany). All solvents including N,N -dimethylmethanamide (DMF, 99.8%), dimethyl sulfoxide (DMSO, 99.9%), N -

methyl-2-pyrrolidone (NMP, 99.0%), acetonitrile (99.5%), toluene (99.5%), and 1,4-dioxane (99.0%) were supplied by

Merck (Germany).

All electrochemical tests were carried out by using a potentiostat–galvanostat model PGSTAT302 (from Autolab,

Netherlands). Fourier Transformed Infrared (FT-IR) spectra of the samples were collected with a Bruker VECTOR 22

spectrometer (Bruker Optik GmbH, Ettlingen, Germany). Microscopic observation of the bare, rGO- and Cu-rGO-modified

electrode was also carried out using a field emission scanning electron microscope (FESEM, ZEISS, Germany). A Philips

PW 1800 (USA) diffractometer with a Cu-Ka (1.5418 Å) radiation source was used for XRD analysis. Raman spectra were

recorded using Brucker Senterra (Germany) using 785 nm laser. Thermogravimetric analysis (TGA) measurements were
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recorded on a (TG-DTA, STA 1500, UK) Thermogravimetric. 1H NMR (300 MHz) and 13C NMR (100 MHz) spectra

were recorded on a VARIAN-INOVA (USA) instrument in CDCl3 as a solvent.

Figure S1. FE-SEM images of (a) bare and (b) rGO- and (c) Cu-rGO-modified electrode; (d) particle size distribution

Figure S2. XRD spectra of Cu, rGO, and Cu-rGO
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Figure S3. FT-IR spectrum of Cu-rGO

Figure S4. TGA of Cu-rGO
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