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Crystal structure determination of complexes 2-5 and 7-9. 

Single crystals of all complexes were mounted on a Cryoloop with a drop of paratone oil and 

positioned in the cold nitrogen stream on a Bruker D8 Venture diffractometer. The data collections 

were performed at 100 K to 150 K using Bruker D8 Venture diffractometer with a graphite 

monochromated Mo Kα radiation source (λ = 0.71073 Å) with the ω-scan technique. The data 

were reduced using CrysalisPro Red 171.41_64.93a software.1 The structures were solved using 

Olex2 1.52 with the ShelXT3 structure solution program using intrinsic phasing and refined with 

SHELXL4 refinement package using least-squares minimization. All non-hydrogen atoms were 

refined anisotropically. Hydrogen atoms were placed in calculated positions and included as riding 

contributions with isotropic displacement parameters tied to those of the attached non-hydrogen 

atoms. The given chemical formula and other crystal data do not take into account the unknown 

solvent molecule(s). The reflections with error/esd more than 10 were excluded in order to avoid 

problems related to better refinement of the data. The data completeness is more than 99.8% in 

most of the cases, which is enough to guarantee a very good refinement of data. The details of X-

ray structural determinations are given in Tables S1. Crystallographic data for the structures 

reported in this paper have been deposited with the Cambridge Crystallographic Data Centre as 

supplementary publication no. CCDC: 2221869−2221872 (for 2-5) and 2221873−2221875 (for 7-

9). 
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Table S1 Crystallographic information of compounds 2-5 and 7-9 

code 2 3 4 5 7 8 9 

Formula 
C50H38Cl2Cu2N8

P2  

C50H38Br2Cu2N8

P2  

C50H38Cu2I2N8

P2  
C37CuIN6P 

C50H38Ag2Br2N8P

2  
C54H44Ag2I2N10P

2 
C25H19AuClN4

P  
Formula weight 1010.80 1099.72  1193.70  749.84 1188.38  1364.47 638.83  

Temperature/K 150.15  150.15  150.15  100.15 150.15  150.15  150.00(10)  

Crystal system monoclinic  monoclinic  triclinic  monoclinic monoclinic  triclinic  monoclinic  

Space group P21/n  P21/n  P-1  P21/c P21/n  P-1  P21/c  

a/Å 9.6601(3)  9.6861(2)  10.1156(2)  12.6389(2) 9.4370(2)  10.22310(10)  10.1388(5)  

b/Å 13.6102(5)  13.5067(3)  10.2713(2)  16.3194(2) 13.3374(2)  10.86800(10)  9.0469(5)  

c/Å 17.3381(6)  17.6907(4)  13.6838(3)  15.3635(2) 18.7527(4)  13.3111(2)  25.0966(15)  

α/° 90  90  106.577(2)  90 90  99.4390(10)  90  

β/° 96.065(3)  95.2177(19)  91.571(2)  91.7510(10) 93.552(2)  112.0120(10)  101.230(6)  

γ/° 90  90  118.819(2)  90 90  101.4420(10)  90  

Volume/Å3 2266.78(13)  2304.86(8)  1170.63(5)  3167.39(8) 2355.78(8)  1296.81(3)  2257.9(2)  

Z 2 2  1  4 2 1 4  

ρcalcg/cm3 1.481  1.585  1.693  1.572 1.675  1.747  1.879  

μ/mm-1 1.173  2.771  2.340  1.751 2.640  2.055  6.726  

F(000) 1032.0  1104.0  588.0  1444.0 1176.0  668.0  1232.0  

Crystal size/mm3 
0.092 × 0.069 × 

0.066  

0.098 × 0.079 × 

0.075  

0.095 × 0.075 × 

0.071  

0.085 × 0.068 

× 0.065 

0.077 × 0.075 × 

0.01  
0.095 × 0.067 × 

0.065  
0.098 × 0.069 

× 0.066  

2 range, deg 4.726 to 67.196 4.624 to 73.902 3.168 to 71.638 3.642 to 50 4.72 to 68.142  4.344 to 60  3.31 to 49.996 

Total no of 

reflection 
66979  69933  64162  

59365 

 
68618 89799  19634  

Independent 

reflections 

8226 [Rint = 

0.0862]  

9069 [Rint = 

0.0584] 

8690 [Rint = 

0.0429]  

5574 [Rint = 

0.0801] 
8512[Rint = 

0.1526] 
10573 [Rint = 

0.0406]  
3966 [Rint = 

0.0478]  

Goodness-of-fit 

on F2 
1.039  1.037  1.035  1.066 0.894  1.052 1.081  

R1 (all data) 0.0491  0.0388  0.0345  0.0505 0.0347 0.0297 0.0317  

wR2 (I > 2σ(I)) 0.1097  0.0869  0.0766  0.1618 0.0943 0.0629 0.0615 
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Molecular orbitals, TD-DFT and NBO calculations 

All DFT calculations were performed with the Gaussian09 (Rev. D.01) suite of programs.5 Initially 

we optimized all of the structures (2-4) with different basic sets (using the hybrid density functional 

B3LYP with TZVP basic sets for C, H, N, P, Cl, Br, and SDD basic sets for Cu and I atoms with 

the relativistic electron core potential) and the results obtained are given below in Table S2. We 

found that the optimization calculation revealed the optimized structures of 2 and 3 having almost 

identical bonding parameters and CuCu distances with respect to X-ray structures, whereas it is 

not fit with its X-ray data in case of 4, especially CuCu distance (Table S2). Henceforth, we 

performed all of this calculation by considering crystal coordinates only keeping all the basic sets 

remain unchanged. Frequency calculations were performed subsequently to confirm the presence 

of local minima (only positive frequencies). Vertical excitations (100 singlet excited states) were 

calculated by TD-DFT method. To find out the nature of CuCu interaction, natural bond order 

(NBO) analysis is carried out using Gaussian 09. Molecular orbitals were visualised using 

Chemcraft software with countor value: 0.030.  

Table S2 Selected bond length and bond angles of 2-4 obtained from X-ray diffraction analysis 

and DFT calculation 

 2 (X = Cl) 3 (X = Br) 4 (X = I) 

Bond lengths (Å) 

 X-ray DFT X-ray DFT X-ray DFT 

Cu1‒P1 2.1786(6) 2.23528 2.1861(5) 2.25420 2.2168(5) 2.27138 

Cu1‒X1 2.4513(6) 2.42155 2.5535(3) 2.53044 2.6628(3) 2.73623 

Cu1‒X1 2.2993(6) 2.38861 2.4026(3) 2.50772 2.5789(3) 2.74395 

Cu1-Cu1 3.1039(6) 3.08569 3.0387(4) 3.02069 2.6924(5) 3.18213 

Cu1‒N1 2.1046(8) 2.16105 2.0974(15) 2.18626 2.0934(16) 2.17568 
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Bond angles (°) 

Cu1‒X1‒Cu1’ 81.525(18) 

 

79.803 

 

75.562(10) 

 

73.676 61.792(9) 

 

70.994 

X1‒Cu1‒X1’ 98.474(18) 100.197 104.439(10) 106.324 118.208(9) 107.526 

P1‒Cu1‒N1 100.64(5) 98.028 100.43(4) 96.648 98.48(5) 96.935 

X1-Cu1-N1 105.99(5) 106.104 108.47(4) 106.489 110.32(5) 109.302 

 

Fig. S1. Calculated absorption spectrum of 2 based on the TDDFT method. 
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Fig. S2. Calculated absorption spectrum of 3 based on the TDDFT method.  
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Fig. S3. Calculated absorption spectrum of 4 based on the TDDFT method. 
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Fig. S4. Extended energy level plots for complex 2. 
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Fig. S5. Extended energy level plots for complex 3. 
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Fig. S6. Extended energy level plots for complex 4. 
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Table S3 TD-DFT data for complexes 5-7  

Comp λ (nm) Eex (eV) Oscillator strength 

 

Orbitals involved 

 

 

 

2 

401 3.0890     0.0119      H-3 → L+1      (0.59) 

     H-3 → L          (0.23) 

362 3.4171     0.0734      H-2 → L+3      (0.13) 

     H-2 → L+4       (0.12) 

     H → L+5          (0.53) 

379 3.2704    0.0364      H→ L+2           (0.62) 

     H→ L+6           (0.24) 

 

 

 

3 

400 3.0919    0.0181     H-6→ L             (0.10) 

    H-3→ L+1         (0.68) 

375 3.2994   0.0368     H→ L+2            (0.64) 

    H→ L+6            (0.22) 

359 3.4502 0.0562      H→ L+5           (0.55) 

     H→ L+6           (0.32) 

     H→ L+7           (0.17) 

 

 

4 

 

384 3.2277 0.0392     H-3→ L             (0.69) 

347 3.5668 0.0470     H→ L+9            (0.56) 

     H-1→ L+10      (0.13) 

272 4.5539 0.0962      H-12→ L+1       (0.25) 

     H-9→ L+1         (0.34) 

     H-4→ L+10       (0.42)      
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NMR and HRMS spectra of complexes 1-9 

 

Fig. S7. 31P{1H} NMR spectrum of 1 in CDCl3 (202 MHz). 
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Fig. S8. 1H NMR spectrum of 1 in CDCl3 (500 MHz). 

 

 

Fig. S9. 13C{1H} NMR spectrum of 1 in CDCl3 (126 MHz). 
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Fig. S10. HRMS spectrum of 1. 

 

 

 

Fig. S11. 31P{1H} NMR spectrum of 2 in DMSO-d6 (162 MHz). 

 

 

 

 



S14 
 

 

Fig. S12. 1H NMR spectrum of 2 in DMSO-d6 (400 MHz). 
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Fig. S13. HRMS spectrum of 2. 

 

 

Fig. S14. 31P{1H} NMR spectrum of 3 in DMSO-d6 (162 MHz). 
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Fig. S15. 1H NMR spectrum of 3 in DMSO-d6 (400 MHz). 
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Fig. S16a. HRMS spectrum of 3. 
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Fig. S16b. HRMS spectrum of 3. 
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Fig. S17. 31P{1H} NMR spectrum of 4 in DMSO-d6 (162 MHz). 

 

 

Fig. S18. 1H NMR spectrum of 4 in DMSO-d6 (400 MHz). 
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Fig. S19a. HRMS spectrum of 4. 
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Fig. S19b. LRMS spectrum of 4 

 

 

 

Fig. S20. 31P{1H} NMR spectrum of 5 in DMSO-d6 (202 MHz). 
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Fig. S21. 1H NMR spectrum of 5 in DMSO-d6 (500 MHz). 
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Fig. S22. 13C{1H} NMR spectrum of 5 in DMSO-d6 (101 MHz). 
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Fig. S23. HRMS spectrum of 5. 

 

Fig. S24. 31P{1H} NMR spectrum of 6 in CDCl3 (162 MHz). 
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Fig. S25. 1H NMR spectrum of 6 in CDCl3 (400 MHz). 



S26 
 

 

Fig. S26. 13C{1H} NMR spectrum of 6 in CDCl3 (100 MHz). 
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Fig. S27a. HRMS spectrum of 6. 
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Fig. S27b. LRMS spectrum of 6. 
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Fig. S28. DOSY 1H NMR spectrum of complex 6 in CDCl3 at 25 °C with the calculated diffusion 

coefficient. 
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Fig. S29. 31P{1H} VT NMR spectrum of 6 in CDCl3 (162 MHz). 

 

 

Fig. S30. 31P{1H} NMR spectrum of 7 in CDCl3 (162 MHz). 
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Fig. S31. 1H NMR spectrum of 7 in CDCl3 (400 MHz). 

 

Fig. S32. 13C{1H} NMR spectrum of 7 in CDCl3 (101 MHz). 
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Fig. S33. HRMS spectrum of 7. 
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Fig. S34. 31P{1H} VT NMR spectrum of 7 in CDCl3 (162 MHz). 

 

 

 

Fig. S35. 31P{1H} NMR spectrum of 8 in CDCl3 (162 MHz). 

 

 

Fig. S36. 1H NMR spectrum of 8 in CDCl3 (400 MHz). 
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Fig. S37. 13C{1H} NMR spectrum of 8 in CDCl3 (101 MHz). 

 

 

Fig. S38. HRMS spectrum of 8. 
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Fig. S39. 31P{1H} VT NMR spectrum of 8 in CDCl3 (162 MHz). 

 

 

 

Fig. S40. 31P{1H} NMR spectrum of 9 in CDCl3 (162 MHz). 
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Fig. S41. 1H NMR spectrum of 9 in CDCl3 (400 MHz). 

 

Fig. S42. 13C{1H} NMR spectrum of 9 in CDCl3 (126 MHz). 
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Fig. S43. HRMS spectrum of 9. 

 

Fig. S44. PXRD profiles of PN-CuCl (2) at 298 K. 
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Fig. S45. PXRD profiles of PN-CuBr (3) at 298 K. 

 

Fig. S46. PXRD profiles of PN-CuI (4) at 298 K. 
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Fig. S47. Solid state UV absorption spectra for 1. 
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Fig. S48. Solid state UV-Vis spectra for 2-5. 

 

General procedure for cross-coupling  

Phenol (1 eq) and bromobenzene (1 eq) derivatives were taken in a 10 ml catalytic tube: catalyst 

(0.5 mol%) with K3PO4 (1 eq) loaded in DMSO (2 mL) as a solvent. The reaction mixture was 

stirred at 120 °C for 15 h, the corresponding product was isolated through the column 

chromatography technique. 
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NMR spectral data of catalytic products 

4-(4-chlorophenoxy)benzonitrile (I).7 Purified by column 

chromatography on silica gel using petroleum ether and ethyl 

acetate as eluents, 92 % (106 mg) yielded a white solid. 1H NMR 

(400 MHz, CDCl3) δ 7.62 (s, 1H), 7.60 (s, 1H), 7.38 (s, 1H), 7.36 (s, 1H), 7.02 (d, J = 1.7 Hz, 2H), 

7.00 (d, J = 3.9 Hz, 2H). 13C{1H} NMR (101 MHz, CDCl3) δ 161.35, 154.25, 134.34, 130.52, 

130.43, 121.80, 119.14, 118.13, 105.24. 

2-phenoxynaphthalene (II).8 Purified by column chromatography on 

silica gel using petroleum ether and ethyl acetate as eluents, 90 % (99 mg) 

yielded a white solid. 1H NMR (400 MHz, CDCl3) δ 8.21 (d, J = 8.4 Hz, 1H), 7.88 (d, J = 8.7 Hz, 

1H), 7.63 (d, J = 8.3 Hz, 1H), 7.55 – 7.46 (m, 2H), 7.41 – 7.31 (m, 3H), 7.14 – 7.08 (m, 1H), 7.05 

(d, J = 8.7 Hz, 2H), 6.95 (d, J = 7.6 Hz, 1H). 13C{1H} NMR (101 MHz, CDCl3) δ 158.02, 153.17, 

135.09, 129.93, 127.90, 127.02, 126.62, 126.07, 125.94, 123.49, 123.28, 122.25, 118.73, 113.64. 

4-(naphthalen-1-yloxy)benzonitrile (III).9 Purified by column 

chromatography on silica gel using petroleum ether and ethyl acetate as 

eluents, 79 % (97 mg) yielded a white solid. 1H NMR (500 MHz, CDCl3) 

δ 7.93 (dd, J = 14.4, 8.3 Hz, 2H), 7.76 (d, J = 8.2 Hz, 1H), 7.59 (d, J = 8.8 

Hz, 2H), 7.55 (d, J = 8.2 Hz, 1H), 7.48 (dd, J = 16.3, 5.6 Hz, 2H), 7.14 (d, J = 7.5 Hz, 1H), 7.01 

(d, J = 8.8 Hz, 2H). 13C{1H} NMR (126 MHz, CDCl3) δ 162.41, 150.58, 135.29, 134.37, 128.26, 

127.05, 126.74, 125.96, 125.65, 121.76, 118.99, 117.64, 116.48, 105.91. 

4-(naphthalen-2-yloxy)benzonitrile (IV).10 Purified by column 

chromatography on silica gel using petroleum ether and ethyl 

acetate as eluents, 85 % (104 mg) yielded a white solid. 1H NMR (500 MHz, CDCl3) δ 7.52 (dd, J 
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= 16.0, 8.2 Hz, 2H), 7.41 (d, J = 9.5 Hz, 1H), 7.26 (d, J = 8.9 Hz, 2H), 7.17 – 7.10 (m, 3H), 6.89 

(d, J = 10.5 Hz, 1H), 6.70 (d, J = 4.7 Hz, 2H). 13C{1H} NMR (126 MHz, CDCl3) δ 161.79, 152.59, 

134.32, 131.15, 130.64, 128.01, 127.50, 127.08, 125.79, 120.40, 118.96, 118.26, 116.89, 106.15. 

oxydibenzene (V).8 Purified by column chromatography on silica gel using 

petroleum ether and ethyl acetate as eluents, 97 % (82 mg) colorless liquid.1H 

NMR (500 MHz, CDCl3) δ 7.49 (t, J = 8.0 Hz, 2H), 7.39 (t, J = 8.0 Hz, 2H), 

7.26 (t, J = 6.9 Hz, 1H), 7.17 (d, J = 8.9 Hz, 3H), 7.08 (d, J = 10.5 Hz, 2H). 13C NMR (126 MHz, 

CDCl3) δ 157.38, 129.87, 123.35, 119.02. 

2-phenoxyaniline (VI).11 Purified by column chromatography on silica gel 

using petroleum ether and ethyl acetate as eluents, 75 % (70 mg) yielded a 

white solid. 1H NMR (400 MHz, CDCl3) δ 7.28 (dd, J = 8.7, 7.4 Hz, 2H), 

7.03 (t, J = 7.4 Hz, 1H), 6.99 – 6.92 (m, 3H), 6.86 (d, J = 1.6 Hz, 1H), 6.84 (d, J = 2.4 Hz, 1H), 

6.75 – 6.69 (m, 1H), 3.63 (br, 2H) 13C{1H} NMR (101 MHz, CDCl3) δ 157.47, 143.71, 137.79, 

129.86, 124.92, 122.91, 120.18, 119.58, 117.46, 117.13. 

4-phenoxybenzonitrile (VII).12 Purified by column chromatography on 

silica gel using petroleum ether and ethyl acetate as eluents, 82 % (80 

mg) yielded a colorless liquid. 1H NMR (400 MHz, CDCl3) δ 7.60 (d, J = 9.1 Hz, 2H), 7.41 (t, J = 

7.6 Hz, 2H), 7.22 (d, J = 7.5 Hz, 1H), 7.07 (d, J = 8.8 Hz, 2H), 7.00 (d, J = 8.9 Hz, 2H). 13C{1H} 

NMR (101 MHz, CDCl3) δ 161.78, 154.92, 134.24, 130.35, 125.26, 120.52, 118.96, 118.03, 

105.93. 
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4-(3-acetylphenoxy)benzonitrile (VIII). Purified by column 

chromatography on silica gel using petroleum ether and ethyl acetate as 

eluents, 83 % (98 mg) yielded a colorless liquid. 1H NMR (500 MHz, 

CDCl3) δ 7.81 (d, J = 7.8 Hz, 1H), 7.66 – 7.60 (m, 3H), 7.54 – 7.49 (m, 

1H), 7.27 (d, J = 8.1 Hz, 1H), 7.02 (d, J = 7.5 Hz, 2H), 2.60 (s, 3H). 13C{1H} NMR (126 MHz, 

CDCl3) δ 197.02, 161.06, 155.41, 139.34, 134.36, 130.60, 125.08, 124.95, 119.68, 118.70, 118.30, 

106.56, 26.81. 

4-(benzyloxy)benzonitrile (IX).13 Purified by column chromatography on silica gel 

using petroleum ether and ethyl acetate as eluents, 65 % (68 mg) yielded a yellow 

oil. 1H NMR (400 MHz, CDCl3) δ 7.60 (s, 1H), 7.58 (s, 1H), 7.41 (d, J = 5.1 Hz, 

4H), 7.03 (s, 1H), 7.01 (s, 1H), 5.12 (s, 2H). 13C{1H} NMR (101 MHz, CDCl3) δ 

161.98, 135.70, 134.04, 128.79, 128.44, 127.49, 119.19, 115.61, 104.26, 70.30. 

1-(4-phenoxyphenyl)ethan-1-one (X).14 Purified by column chromatography on 

silica gel using petroleum ether and ethyl acetate as eluents, 78 % (83 mg) yielded 

as a yellowish liquid. 1H NMR (400 MHz, CDCl3) δ 7.98 (d, J = 6.8 Hz, 2H), 7.44 

(d, J = 9.5 Hz, 2H), 7.26 – 7.21 (m, 1H), 7.11 (d, J = 6.7 Hz, 2H), 7.04 (d, J = 8.9 

Hz, 2H), 2.61 (s, 3H).  13C{1H} NMR (101 MHz, CDCl3) δ 196.91, 162.13, 155.62, 132.02, 130.73, 

130.19, 124.75, 120.31, 117.42, 26.59. 

1-(4-(4-chlorophenoxy)phenyl)ethan-1-one (XI).15 Purified by column 

chromatography on silica gel using petroleum ether and ethyl acetate as eluents, 

81 % (100 mg) yield as yellowish liquid. 1H NMR (500 MHz, CDCl3) δ 7.94 (d, J 

= 8.9 Hz, 2H), 7.35 (d, J = 9.0 Hz, 2H), 7.00 (d, J = 5.3 Hz, 2H), 6.99 (d, J = 5.3 Hz, 
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2H), 2.57 (s, 3H). 13C{1H} NMR (126 MHz, CDCl3) δ 196.80, 161.63, 154.29, 132.39, 130.79, 130.22, 

129.87, 121.50, 117.52, 26.60. 

4-(benzhydryloxy)benzonitrile (XII).16 Purified by column chromatography on 

silica gel using petroleum ether and ethyl acetate as eluents, 60 % (85 mg) yield 

as colorless liquid. 1H NMR (500 MHz, CDCl3) δ 7.51 (d, J = 8.2 Hz, 2H), 7.41 – 

7.33 (m, 8H), 7.30 (t, J = 7.0 Hz, 2H), 7.00 (d, J = 8.4 Hz, 2H), 6.25 (s, 1H). 

13C{1H} NMR (126 MHz, CDCl3) δ 161.41, 140.15, 134.06, 128.97, 128.35, 126.91, 119.26, 

116.82, 104.40, 82.27. 

1-(3-phenoxyphenyl)ethan-1-one (XIII). Purified by column 

chromatography on silica gel using petroleum ether and ethyl acetate as 

eluents, 83 % (88 mg) yield as yellowish liquid. 1H NMR (500 MHz, CDCl3) 

δ 7.70 – 7.66 (m, 1H), 7.58 (s, 1H), 7.42 (t, J = 7.9 Hz, 1H), 7.38 – 7.34 (m, 2H), 7.21 (d, J = 10.7 

Hz, 1H), 7.15 (d, J = 7.5 Hz, 1H), 7.02 (d, J = 9.8 Hz, 2H), 2.57 (s, 3H).13C{1H} NMR (126 MHz, 

CDCl3) δ 197.63, 157.90, 156.74, 139.03, 130.10, 123.98, 123.48, 123.24, 119.26, 118.25, 26.89. 
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NMR spectra of catalytic products 

 

Fig. S49. 1H NMR spectrum of I in CDCl3 (400 MHz). 

 

 
Fig. S50. 13C{1H} NMR spectrum of I in CDCl3 (101 MHz). 
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Fig. S51. 1H NMR spectrum of II in CDCl3 ((400 MHz). 

 

 
Fig. S52. 13C{1H} NMR spectrum of II in CDCl3 ((101 MHz). 
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Fig. S53. 1H NMR spectrum of III in CDCl3 (500 MHz). 

 

 
Fig. S54. 13 C{1H} NMR spectrum of III in CDCl3 (126 MHz). 
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Fig. S55. 1H NMR spectrum of IV in CDCl3 (500 MHz). 

 

 
Fig. S56. 13C{1H} NMR spectrum of IV in CDCl3 (126 MHz). 
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Fig. S57. 1H NMR spectrum of V in CDCl3 (500 MHz). 

 

 
 

Fig. S58. 13 C{1H} NMR spectrum of V in CDCl3 (126 MHz). 
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Fig. S59. 1H NMR spectrum of VI in CDCl3 (400 MHz). 

 

 
Fig. S60. 13 C{1H} NMR spectrum of VI in CDCl3 (126 MHz). 
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Fig. S61. 1H NMR spectrum of VII in CDCl3 (400 MHz). 

 

 
 

Fig. S62. 13C{1H} NMR spectrum of VII in CDCl3 (126 MHz). 
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Fig. S63. 1H NMR spectrum of VIII in CDCl3 (500 MHz). 

 

 
Fig. S64. 13C{1H} NMR spectrum of VIII in CDCl3 (126 MHz). 
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Fig. S65. 1H NMR spectrum of IX in CDCl3 (400 MHz). 

 

 
Fig. S66. 13C{1H} NMR spectrum of IX in CDCl3 (101 MHz). 
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Fig. S67. 13C{1H} NMR spectrum of X in CDCl3 (400 MHz). 
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Fig. S68. 13C{1H} NMR spectrum of X in CDCl3 (101 MHz). 

 

 

 
Fig. S69. 1H NMR spectrum of XI in CDCl3 (500 MHz). 

 

 
Fig. S70. 13C{1H} NMR spectrum of XI in CDCl3 (126 MHz). 
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Fig. S71. 1H NMR spectrum of XII in CDCl3 (500 MHz). 
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Fig. S72. 13C{1H} NMR spectrum of XII in CDCl3 (126 MHz). 

 

 
Fig. S73. 1H NMR spectrum of XIII in CDCl3 (500 MHz). 

 

 
Fig. S74. 13C{1H} NMR spectrum of XIII in CDCl3 (126 MHz). 
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Fig. S75. LRMS corresponding to Cu(III)-intermediate. 
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