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Materials synthesis

Synthesis of CuO

CuO was prepared by following the reported procedure.® 1.33 mmol citric acid was added to
the 50 mL of aqueous solution of CuSO4.5H20 (4 mmol). Then 7 mL of aqueous NHs (25%)
was added drop-wise under continuous stirring. After that, 15 mL aqueous NaOH (1 M) was
added to the reaction mixture. Then it was transferred into a Teflon-lined autoclave and
hydrothermally treated for 4 h at 130 °C. After the reaction, the resulting black precipitate
was filtered and washed with distilled water. The product was dried at 80 °C for 24 h to
obtain the black CuO. The product was confirmed from XRD (Figure S1).

Synthesis of Cu20

Cuz0 was prepared by following the reported procedure.? In a typical synthesis, 5.0 mmol of
CuCl2.2H,0 was dissolved in 100 mL deionized water to obtain a blue colour solution. Then
3 mL of aqueous NHs (25 %) was added under constant stirring. After that, 10 mL aqueous
NaOH (1 M) was added drop-wise to the above solution. Then 1 mL of N2H4.H>O was added
drop-wise into the precipitate suspension, with constant stirring for another 10 min. After
addition of N2Hs.H20, the blue colour precipitation was turned to red. Then the red
precipitate was filtered, washed with deionized water and ethanol several times, and dried at
80 °C for 4 h to obtain Cu20. The product was confirmed from XRD (Figure S1).

Synthesis of Cu-Cu.0

Cu-Cu.0 was prepared by following the reported procedure.® 4.0 mmol of Cu(NOs)2-3H.0
was dissolved in 4 mL of deionized water to obtain a blue colour solution. Then 4.0 mmol of
hydrazine N2H4.H2O and 55 mmol of tetraethylene glycol were added. After the addition, the
blue colour solution was turned to brown and it was transferred into a Teflon-lined autoclave
and hydrothermally treated for 2 h at 120 °C. After this, the reaction mixture was centrifuged
and the supernatant liquid was decanted and the precipitates were washed with ethanol
several times and dried at 80 °C to obtain Cu-Cu20. The product was confirmed from XRD
(Figure S1).

Synthesis of Cu NPs
Cu NPs was prepared by following the reported procedure.* 2.5 mmol of Cu(NO3)2.3H20 was
added to 150 mL ethanol and stirred at 2-3 °C for 10 minutes to get a solution A. 3.5 mmol
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of sodium dodecyl sulphate and 15.0 mmol of sodium borohydride were dissolved in 100 mL
of ethanol and stirred at 2-3 °C for 10 minutes to get a solution B. Then, solution A was
slowly added to solution B and the resultant solution was stirred at 2—3 °C for 30 minutes.
Further, the solution was kept under ambient conditions for 45 minutes. The resultant black
solution confirmed the formation of Cu NPs. Then it was filtered and washed with ethanol for

three times to get Cu NPs. The product was confirmed from XRD (Figure S1).
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Fig. S1. XRD patterns of Cu NPs, CuO, Cu20, and Cu-Cu20.
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Fig. S2. (a) TGA profiles of CuO-Cu20/C, Cu-Cu20/Csso, Cu-BTC-RT and (b) N2-adsorption
isotherms of Cu-Cu20/Caso, Cu-Cu20/Csso, and Cu-Cu20/Ceso.
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Fig. S3. (a) FE-SEM image, (b) EDS spectrum, and (c) elemental mapping from the selected
FE-SEM region of CuO-Cu20/C.
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Fig. S4. Raman spectra of Cu-Cu20/Csso, Cu-Cu20/Csso, and Cu-Cu20/Ceso.
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Fig. S5. Influence of (a) temperature, (b) catalyst amount, and (c) reaction time for the

Sonogashira cross-coupling over Cu-Cu20/Csxo.
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Fig. S6. Influence of (a) temperature, (b) catalyst amount, and (c) reaction time for the
Ullmann amination over Cu-Cu20/Cszo.
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Fig. S7. Influence of (a) temperature, (b) NHPI amount, (c) catalyst amount, and (d) reaction
time for the diphenylmethane oxidation over CuO-Cu20O/C.

S10



100

80 1
Cycles Yield (%) Cu leaching (%)
(@} Istcycl 92 0.9
cycle .
S 60- ,
~~ 2n cycle 90.1 11
= 34 cycle 88.4 15
[¢B) th
= 40 4t cycle 86.7 18
>- 5thcycle 85.3 2.1
20
0-

1st 2nd 3rd 4th 5th
Cycles

Fig. S8. Recycling of Cu-Cu20/Csso in the Sonogashira cross coupling reaction.
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Fig. S9. Influence of CS> addition on the poisoning of Cu-Cu20/Csso in the Sonogashira cross
coupling reaction.
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Fig. S10. Recycling of CuO-Cu.O/C in the diphenylmethane oxidation.
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Fig. S11. Progress of reaction after the removal of the catalyst after 3 h during the hot
filtration test in the diphenylmethane oxidation over CuO-Cu,O/C.
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Scheme S1. Plausible mechanism for the Ullmann amination over Cu-Cu0O/Csso.
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Scheme S2. Plausible mechanism for the A% coupling reaction over Cu-Cu,0/Csso.
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Table S1. Influence of solvent, base, and aryl halide in the Sonogashira cross coupling using
Cu-Cu20/Cssp.

O=2Or mmmaven movecmn =)
base, solvent, 120 °C, 12 h.

Entry Ar-X Solvent Base Yield (%)
1 Ar-l CHsOH Cs2C03 45.3
2 Ar-l CHsCN Cs2C03 58.1
3 Ar-l Dioxane Cs2C0Os3 65.4
4 Ar-1 DMF Cs2C0O3 92.1
5 Ar-I Toluene Cs2CO3 Trace
6 Ar-1 DMF Na>COs3 62.2
7 Ar-1 DMF K2CO3 67.4
8 Ar-1 DMF NaOH 34.2
9 Ar-1 DMF KOH 41.3

10 Ar-1 DMF K3POg4 Trace
11 Ar-Br DMF Cs2C0O3 45.4
12 Ar-Cl DMF Cs2CO3 19.7

Reaction condition: Phenylacetylene (2 mmol), iodobenzene (2 mmol), catalyst (20 mg),
Cs2C03 (4 mmol), solvent (1 mL), temperature (120 °C), and time (12 h). Product yield was
determined from the GC (average of three measurements) based on the phenylacetylene

conversion because no side product was obtained.
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Table S2. Influence of solvent, base, and aryl halide in the Ullmann amination (C-N coupling

reaction) using Cu-Cu20/Csgso.

I —N Cu-Cu,0/C
Y et O3
1}1 base, solvent, 80 °C, 24 h. \=N
H

Entry Ar-X Solvent Base Yield (%)
1 Ar-1| CHsOH KOH 42.3
2 Ar-1 CHsCN KOH Trace
3 Ar-1 Dioxane KOH Trace
4 Ar-I1 DMSO KOH 96.2
5 Ar-1 DMF KOH 88.5
7 Ar-1 Toluene KOH 58.3
7 Ar-1 DMSO Na2.COs 454
8 Ar-1 DMSO Cs2C0O3 90.1
9 Ar-1 DMSO K3PO4 78.4
10 Ar-1 DMSO NaOH 92.3
11 Ar-Br DMSO KOH 50.4
12 Ar-Cl DMSO KOH 20.9

Reaction condition: Halobenzene (1 mmol), imidazole (1.2 mmol), base (2 mmol), catalyst
(15 mg), solvent (2 mL), temperature (80 °C), time (24 h). Product yield was determined from
the GC (average of three measurements) based on the iodobenzene conversion because no
side product was obtained.
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Table S3. Influence of solvent and co-oxidant on the diphenylmethane oxidation using Cu-

Cu20/Cssp.

o
Cu0-Cu,0/C _
0,, co-oxidant, solvent, 80 °C, 9h. O O
) DPM Benzophenone
Entry | Co-oxidant Solvent . o

conversion (%) | selectivity (%)

1 None CH3CN 22 >99

2 NHPI CHsCN 90.2 >99

3 H20: CH3CN 41.8 90.7

4 TBHP CH3CN 62.1 88.5

5 NHPI Ethylacetate 40.5 >99

6 NHPI Acetone 71.4 >99

Reaction condition: Diphenylmethane (1.0 mmol), co-oxidant (0.1 mmol), CuO-Cu20/C (15
mg), oxidant (O (1 atm, balloon), solvent (5.0 mL), temperature (80 °C), and time (9 h),
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Table S4. Comparative catalytic activity of Cu-Cu20/Csso with various catalysts reported in
the literature for the Sonogashira cross coupling reaction.

S.N

Catalyst

Reaction condition

Yora (%)

References

1

Nano Fe3Oq

Phenylacetylene (2 mmol),
iodobenzene (1 mmol), catalyst
(5 mol %), K.COz (2 mmol),
DMF (3 mL), temperature (125
°C), and time (35 h).

68

5

Silica supported
Pd(OAc)2 complex

Phenylacetylene (1  mmol),
iodobenzene (2 mmol), catalyst
(1 mol %), TEA (3 mmol),
undecane (1 mmol),
temperature (70 °C), and time
(12 h).

87

Pd®%MgLa mixed oxide

Phenylacetylene (1.2 mmol),
iodobenzene (1 mmol), catalyst
(20 mg), TEA (1.2 mmol),
DMF (3 mL), temperature (145
°C), and time (10 h).

85

Cu(OAC):

Phenylacetylene (0.8 mmol),
iodobenzene (0.5  mmol),
catalyst (50 mol %), TEA (3
mL), temperature (150 °C), and
time (24 h)

65

N,N’-dibenzyl BINAM-
Cul complex

Phenylacetylene (1.5 mmol),
iodobenzene (1 mmol), catalyst
(20 mol %), K.COs (3 mmol),
DMF (5 mL), temperature (80
°C), and time (6 h).

90

Cu(l)-MOF

Phenylacetylene (0.5 mmol),
iodobenzene (0.5 mmol), Cul
(0.05 mmol), ligand (0.1
mmol), K2CO3 (1 mmol), DMF
(3 mL), temperature (140 °C),
and time (12 h).

81

10

FeCl3-N,N’-
dimethylethylenediamine

Phenylacetylene (1 mmol),
iodobenzene (1.5 mmol), FeCls
(0.1 equiv), N,N’-
dimethylethylenediamine (0.2
equiv), CsCOz (3 mmol),
Toluene (1 mL mmoll),
temperature (135 °C), and time
(120 h).

95

11

CuBr/Phen, n-BusNBr

Phenylacetylene (2 mmol),
iodobenzene (1 mmol), catalyst
0.1 mmol), 1,10-
phenanthroline (0.2 mmol), n-
BusNBr (0.2 mmol), NaOH (2

80

12
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mmol), HO (1.5 mL),
temperature (120 °C), and time
(24 h).

Pd/FesO4 NPs

Phenylacetylene (1  mmol),
iodobenzene (1 mmol), catalyst
(0.2 mol %), piperidine (1.5
mmol), DMF (4 mL),
temperature (110 °C), and time
(24 h).

88

13

10

ThPo-Pd(I1)

Phenylacetylene (1  mmol),
iodobenzene (1 mmol), catalyst
(0.35 mmol % Pd)), NaOH (2
mmol), MeOH:HO (3:2) (5
mL), temperature (80 °C), and
time (12 h).

93

14

11

Au—Pd2Sn NRs

Phenylacetylene (1.5 mmol),
iodobenzene (1 mmol), catalyst
(10 mg), KOH (2 mmol), DMF
(10 mL), temperature (130 °C),
and time (1 h).

65

15

12

Cul/DABCO

Phenylacetylene (0.6 mmol),
iodobenzene (0.5 mmol), Cul
(10 mol %), DABCO (20 mol
%), Cs2C0O3 (1 mmol), DMF (3
mL), temperature (140 °C), and
time (10 h).

94

16

13

Pd-CuFe204@SiO2

Phenylacetylene (1.5 mmol),
iodobenzene (1 mmol), catalyst
(10 mg containing 0.3 mol %
Pd), DABCO (2 mmol), DMA
(2 mL), temperature (50 °C),
and time (24 h).

80

17

14

Cu-Cu20@rGO

Phenylacetylene (2 mmol),
iodobenzene (2 mmol), catalyst
(1 wt %), Cs2.CO3 (4 mmol),
DMF (1 mL), temperature (80
°C), and time (8 h).

91

18

15

Cu-Cu20/Csso

Phenylacetylene (2 mmol),
iodobenzene (2 mmol), catalyst
(20 mg), Cs2CO3 (4 mmol),
DMF (1 mL), temperature (120
°C), and time (12 h).

92

This work
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Table S5 . Comparative catalytic activity data of Cu-Cu.O/Csso reported in literature for the
Ullmann reaction for imidazole arylation over various reported catalyst.

S.N

Catalyst

Reaction condition

Yl-phenyl-imidazole
(%)

References

1

Cu20/ninhydrin

lodobenzene (1  mmol),
imidazole (1.5 mmol), KOH
(2 mmol), [Cu] (0.1 mmol),
Ninhydrin (0.2  mmol),
DMSO (2 mL), temperature
(90 °C), time (24 h).

92

19

SWCNT-Met/Pd

lodobenzene (2  mmol),
imidazole (2 mmol), K2COs
(4 mmol), catalyst (20 mg),
DMSO (2 mL), temperature
(110 °C), time (10 h).

96

20

CELL-Cu(0)

lodobenzene (1.1 mmol),
imidazole (1.5 mmol), NEts
(2 mmol), catalyst (20 mg),
DMSO (2 mL), temperature
(130 °C), time (12 h).

95

21

Cu20, 4,7-dimethoxy-
1,10-phenanthroline

lodobenzene (1  mmol),
imidazole (1.2  mmol),
Cs2COs3 (1.4 mmol), (PEG
200 mg), butyronitrile (1
mL), Cu.O (0.025), 4,7-
dimethoxy-1,10-
phenanthroline (0.075
mmol), (20 mg), DMSO (2
mL), temperature (110 °C),
time (24 h).

95

22

Cul

lodobenzene (1 mmol),
imidazole (1.4 mmol),
K3POas (2 mmol), catalyst
(20 mol %), DMSO (2 mL),
temperature (40 °C), time
(40 h).

84

23

Cul/N-
hydroxysuccinimide

lodobenzene (1.5 mmol),
imidazole (1.5 mmol),
K3PO4 (2 mmol), Cul (5 mol
%)/ligand (10 mol %),
DMSO (5 mL), temperature
(90 °C), time (12 h).

98

24

CuCl

lodobenzene (5 mmol),
imidazole (6.5 mmol),
K2CO3z (5.5 mmol), Cul (2.5
mol %)/ligand (10 mol %),
NMP (1 mL), temperature
(160 °C), time (16 h).

61

25
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Cu-Cu20/Csso

lodobenzene (1  mmol),
imidazole (1.2 mmol), KOH
(2 mmol), catalyst (15 mg),
DMSO (2 mL), temperature
(80 °C), time (24 h)

96

This work
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Table S6 . Comparative catalytic activity data of Cu-Cu.O/Csso reported in literature for the
A3 coupling (decarboxylative C-C and C-N coupling) over various reported catalyst.

S.N Catalyst Reaction condition Y A3 coupled Pt | References
(%)
1 Cul 4-nitrobenzaldehyde (0.42 95 26
mmol), proline (0.45 mmol),
phenylacetylene (0.3 mmol),
catalyst (0.045 mmol),
Toluene (1.5 mL), temperature
(130 °C), and time (12 h).
2 RGO@CuO 4-nitrobenzaldehyde (1 99 27
mmol), proline (1 mmol),
phenylacetylene (1 mmol),
catalyst (3.7 mol %), PEG-600
(3 mL), temperature (110 °C),
and time (1 h).
3 Cu-Cu20/Csso 4-nitrobenzaldehyde (1 >99 This work

mmol), proline (1 mmol),
phenylacetylene (1 mmol),
catalyst (20 mg), PEG-400 (2
mL), temperature (120 °C),
and time (2 h).
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Table S7. Comparative catalytic activity of CuO-Cu>O/C with various catalysts reported in
the literature for the diphenylmethane oxidation.

S.N

Catalyst

Reaction condition

YBenzophenone
(%)

References

1

NHPI/xanthone/ TMAC

Diphenylmethane (5 mmol),
NHPI (10 mol %), xanthone
(20 mol %), TMAC (0.5 mol
%), O2 (0.5 MPa), acetonitrile
(20 mL), temperature (60 °C)
and time (4 h).

65

28

silica gel supported
cobalt(ll) Schiff base
complex

Diphenylmethane (20 mmol),
NHPI (2 mmol), catalyst (0.1
g), O2 (1 atm), acetic acid (40
mL), temperature (100 °C)
and time (24 h).

83

29

Fe(NO3)3-9H20

Diphenylmethane (10 mmol),
NHPI (10 mol %), catalyst
(0.125 g), air (5 atm),
acetonitrile (20 mL),
temperature (80 °C) and time
(24 h).

84

30

[CoTSPc]*/SiO;

Diphenylmethane (1 mmol),
NHPI (10 mol %), catalyst (8
mol %), Oz (1 atm),
acetonitrile (1.5 mL),
temperature (25 °C) and time
(40 h).

68

31

NHPI-acridine yellow—
Br;

Diphenylmethane (1 mL),
NHPI (7.5 mol %), acridine
yellow (2.5 mol %), Br2 (2.5
mol %), O2 (0.3 MPa),
acetonitrile (10 mL),
temperature (100 °C) and time
(20 h).

65

32

Pd(OAC)2

Diphenylmethane (0.5 mmol)
TBN (1.5 mmol), Pd(OACc)2 (5
mol %), and NHPI (30 mol
%) N2 (1 atm), acetonitrile
(0.5 mL), temperature (70 °C)
and time (24 h).

80

33

aryl-tetrahalogenated N-
hydroxyphthalimides
and 1,4-diamino-2,3-
dichloroanthraquinone
(TCNHPI/DADCAQ)

Diphenylmethane (5 mmol)
TCNHPI (5 mol %),
DADCAQ (1 mol %), O2 (0.3
MPa), acetonitrile (7 mL),
temperature (100 °C) and time
(5h).

49

34

NHPI/DMG

Diphenylmethane (2 mmol)
NHPI (10mol %), DMG (10
mol %), Oz (0.5 MPa),

66

35
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acetonitrile (10 mL),
temperature (80 °C) and time
(6 h).

Au-pDA-1GO

Diphenylmethane (1 mmol),
NHPI (10 mol %), catalyst (20
mg), Oz (10 bar), acetonitrile
(5 mL), temperature (60 °C)
and time (12 h).

92

36

10

CoPcTs-Zn2Al -LDH

Diphenylmethane (2 mmol),
NHPI (0.4 mmol), catalyst (30
mg), O2 (10 mL/min.),
benzonitrile (6 mL),
temperature (120 °C) and time
(12 h).

86

37

11

CuO-Cu20/C

Diphenylmethane (1 mmol),
NHPI (10 mol %), catalyst (15
mg), Oz (1 atm), acetonitrile
(5 mL), temperature (80 °C)
and time (9 h).

90

This work

S26




Notes and references

1 M. A. Prathap, B. Kaur, R. Srivastava, J. Colloid Interface Sci., 2012, 370, 144-154.

2 H. Xu, W. Wang and W. Zhu, J. Phys. Chem. B, 2006, 110, 13829-13834.

3 K. Giannousi, G. Sarafidis, S. Mourdikoudis, A. Pantazaki and C. D. Samara, Inorg.
Chem., 2014, 53, 9657—-9666.

4 A. K. Kar and R. Srivastava, New J. Chem., 2018, 42, 9557-9567.

5 H. Firouzabadi, N. Iranpoor, M. Gholinejad, and J. Hoseini, Adv. Synth. Catal., 2011,
353, 125 -132.

6 M. Bandini, R. Luque, V. Budarina, and D. J. Macquarrie, Tetrahedron, 2005, 61,
9860-9868.

7 A. Cwik, Z. Hella, and F. Figueras, Tetrahedron Letters, 2006, 47, 3023-3026.

8 S. M. Guo, C. L. Deng, and J. H. Li, Chinese Chemical Letters, 2007, 18, 13-16.

9 K. G. Thakur, E. A. Jaseer, A. B. Naidu, and G. Sekar, Tetrahedron Letters, 2009,
50, 2865-2869.

10 P. Rani, and R. Srivastava, Tetrahedron Letters, 2014, 55, 5256-5260.

11 M. Carril, A. Correa, and C. Bolm, Angew. Chem., 2008, 120, 4940 —4943.

12 D. Yang, B. Li, H. Yang, H. Fu, and L. Hu, Synlett, 2011, 5, 702—-706.

13 M. Nasrollahzadeh, S. M. Sajadi, A. R. Vartooni, and M. Khalaj, Journal of
Molecular Catalysis A: Chemical, 2015, 396, 31-39.

14 J. Bi, J. Chen, Y. Dong, W. Guo, D. Zhu, T. Li, Polym. Chem., 2018, 56, 2344-2353.

15 R. Nafria, Z. Luo, M. Ibafiez, S. M. Sanchez, X. Yu, M. Mata, J. Llorca, J. Arbiol,
M. V. Kovalenko, A. Grabulosa, G. Muller, and A. Cabot, Langmuir, 2018, 34,
10634-10643.

16 J.H. Li, J.L. Li, D. P. Wang, S. F. Pi, Y. X. Xie, M. B. Zhang, and X. C. Hu, J. Org.
Chem. 2007, 72, 2053-2057.

17 M. Gholinejad, and J. Ahmadi, ChemPlusChem, 2015, 80, 973 — 979.

18 W. Sun, L. Gao, X. Sun, and G. Zheng, Dalton Trans., 2018, 47, 5538-5541.

19 Y. Z. Huang, J. Gao, H. Ma, H. Miao, and J. Xu, Tetrahedron Letters, 2008, 49,
948-951.

20 H. Veisi and N. Morakabati, New J. Chem., 2015, 39, 2901—2907.

21 K. R. Reddy, N. S. Kumar, B. Sreedhar, M. L. Kantam, Journal of Molecular

Catalysis A: Chemical, 2006, 252, 136-141.

S27




22 R. A. Altman, E. D. Koval, and S. L. Buchwald, J. Org. Chem. 2007, 72, 6190-6199.

23 L. Zhu, G. Li, L. Luo, P. Guo, J. Lan, and J. You, J. Org. Chem., 2009, 74, 2200—
2202.

24 H. C. Ma, and X. Z. Jiang, J. Org. Chem., 2007, 72, 8943-8946.

25 E. Sperotto, J. G. Vries, G. P. M. Klinka, and G. Koten, Tetrahedron Letters, 2007,
48, 7366—7370.

26 H. P. Bi, Q. Teng, M. Guan, W. W. Chen, Y. M. Liang, X. Yao, and C. J. Li, J. Org.
Chem.,2010, 75, 783-788.

27 U. Gulati, U. C. Rajesh, and D. S. Rawat, ACS Sustainable Chem. Eng., 2018, 6,
10039-10051.

28 Z.Du, Z. Sun, W. Zhang, H. Miao, H. Ma, and J. Xu, Tetrahedron Letters, 2009, 50,
1677-1680.

29 L. Chen, B. D. Li, Q. X. Xu, and D. B. Liu, Chinese Chemical Letters, 2013, 24,
849-852.

30 C. Miao, H. Zhao, Q. Zhao, C. Xiaa, and Wei Sun, Catal. Sci. Technol., 2016, 6,
1378-1383

31 A. Shaabani , and A. Rahmati, Catalysis Communications, 2008, 9, 1692—-1697.

32 X. Tong, J. Xu, H. Miao and J. Gao, Tetrahedron Letters, 2006, 47, 1763-1766.

33 Z.Shu, Y. Ye, Y. Deng, Y. Zhang, and J. Wang, Angew. Chem. Int. Ed. 2013, 52,
10573 —-10576.

34 Q. Zhang, C. Chen, H. Ma, H. Miao, W. Zhang, Z. Sun and J. Xu, J Chem Technol
Biotechnol, 2008, 83, 1364-1369.

35 G. Zheng, C. Liu, Q. Wang, M. Wang, and G. Yangb, Adv. Synth. Catal. 2009, 351,
2638 — 26.

36 B. Majumdar, T. Bhattacharya, and T. K. Sarma, ChemCatChem, 2016, 8, 1825 —
1835.

37 W. Zhou, X. Dai, Y. Chen, F. Sun, M. He, and Q. Chen, ChemistrySelect, 2018, 3,

566 -572.

S28




