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1. Preparation procedure and characterization details for compounds 1−4 

 

General procedures: C, H and N elemental analyses were carried out by the Microanalytical 

Service of the Instituto Superior Técnico. Melting points were determined on a Kofler table. 

Positive-ion FAB mass spectra were obtained on a Trio 2000 instrument by bombarding 3-

nitrobenzyl alcohol (m-NBA) matrices of the samples with 8 keV (ca. 1.18 1015 J) Xe atoms. Mass 

calibration for data system acquisition was achieved using CsI. Infrared spectra (4000−400 cm–1) 

were recorded on a Jasco FT/IR–430 instrument in KBr pellets. 

 

General synthetic method: To an aqueous solution (10 mL) of Cu(NO3)2·2.5H2O (232 mg, 1 mmol) 

with HNO3 (1 mmol) (the acid was added to avoid a spontaneous hydrolysis of the metal salt) were 

added dropwise triethanolamine (0.13 mL, 1 mmol) and an aqueous solution (3 mL) of NaOH (120 

mg, 3 mmol) with continuous stirring at room temperature. Benzoic acid (122 mg, 1 mmol; for 1), 

4-hydroxybenzoic acid (138 mg, 1 mmol; for 2), sodium tetrafluoroborate (1.32 g, 12 mmol; for 3) 

or terephthalic acid (83 mg, 0.5 mmol; for 4) were dissolved in an aqueous solution of NaOH (1 

mL, 40 mg, 1 mmol, for 1, 2, 4; or 3 mL, 120 mg, 3 mmol, for 3) which was then added to the 

reaction mixture. This was stirred overnight, filtered (in the case of a slight amount of precipitate 

formed) and then left to evaporate in a beaker at ambient temperature. X-ray quality crystals of 1−4 

were formed in a few days, then collected and dried in air. 

 

1·2H2O: Yield: 0.29 g (83 %); blue crystals soluble in H2O, MeOH, EtOH, Me2CO, MeCN, CH2Cl2 

and THF. mp = 142 °C. Anal. calcd for C26H42Cu2N2O12: C 44.50, H 6.03, N 3.99; found: C 44.37, 

H 6.25, N 3.92. FAB+-MS: m/z: 717 [M + OH]+, 695 [M − 5H]+, 421 [Cu2(H2tea)2 − H]+, 274 

[Cu2(H2tea)]+, 212 [Cu(H2tea) + H]+. IR (KBr): 3434, 3220 ?(OH)+?(H2O), 2975 ?as(CH), 2906, 

2871 ?s(CH), 1595, 1549 ?as(COO), 1395 ?s(COO), 1092 ?(C−O) cm-1. 

 

2·4H2O: Yield: 0.22 g (76 %); green crystals insoluble in the above mentioned solvents. mp = 240 

(dec.), 80−130 °C (dehydration). Anal. calcd for C26H46Cu3N2O17: C 36.77, H 5.46, N 3.30; found: 

C 36.59, H 5.20, N 2.83. FAB+-MS: m/z: 843 [M − 6H]+, 757 [M − 5H2O − 2H]+, 695 [M − 5H2O − 

Cu + H]+, 633 [M − 5H2O − 2Cu + 2H]+, 548 [M − 5H2O − Cu(H2tea) + 2H]+, 483 [M − 5H2O − 

2Cu − (H2tea)]+. IR (KBr): 3383, 3210 ?(OH)+?(H2O), 2970 ?as(CH), 2900 ?s(CH), 1574, 1525 

?as(COO), 1399 ?s(COO), 1040 ?(C−O) cm-1. 
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3: Yield: 0.25 g (89 %); greenish yellow crystals soluble in H2O but not in the other solvents 

mentioned above. mp = 250 °C (dec.). Anal. calcd for C24H52B6Cu4F8N4O17: C 25.29, H 4.60, N 

4.92; found: C 25.30, H 4.85, N 4.71. FAB+-MS: m/z: 1053 [M − BF4]+, 983 [M − BF4 + OH]+, 966 

[M − 2BF4]+. IR (KBr): 3464, 3390 ?(B−OH), 2981, 2955 ?as(CH), 2919, 2881 ?s(CH), 1388 

?(B−O), 1092 ?(C−O), 1031, 522 ?(BF4) cm-1. 

 

4·2nH2O: Yield: 0.28 g (91 %); blue crystals insoluble in the above mentioned solvents. mp = 240 

(dec.), 125−150 °C (dehydration). Anal. calcd for [C20H36Cu2N2O12]n: C 38.52, H 5.82, N 4.49; 

found: C 38.36, H 5.98, N 4.47. IR (KBr): 3434, 3188 ?(OH)+?(H2O), 2975, 2953 ?as(CH), 2904, 

2870 ?s(CH), 1563 ?as(COO), 1383 ?s(COO), 1092 ?(C−O) cm-1. 

 

2. Experimental details for the peroxidative oxidation of alkanes 

 

Peroxidative oxidation of cyclohexane: The reaction mixtures were prepared as follows: to 

0.0125−0.025 mmol of metal complex catalyst contained in the reaction flask were added 3.00 mL 

MeCN, 2.50−10.00 mmol H2O2 (30 % in H2O), HNO3 (acid-to-catalyst molar ratio = 10:1 for 2 and 

3; or 100:1 for 1 and 4), and 0.63 mmol C6H12, in this order. The reaction mixture was stirred for 

6−72 h at room temperature and normal pressure, then 90 µL of cycloheptanone (as internal 

standard) and 10.00 mL diethyl ether (to extract the substrate and the products from the reaction 

mixture) were added. The obtained mixture was stirred during 10 min and then a sample was taken 

from the organic phase and analyzed by GC using a FISONS Instruments GC 8000 series gas 

chromatograph with a DB WAX fused silica capillary column (P/N 123-7032) and the JASCO-

BORWIN v.1.50 software, or by GS-MS using a Trio 2000 Fisons spectrometer with a coupled 

Carlo Erba (Auto/HRGC/MS) gas chromatograph. The GC-MS analysis of the aqueous phase 

showed the presence of only traces (less than 0.05 %) of oxidation products. 

Blank experiments were performed with different amounts of H2O2 and other reagents, and 

confirmed that no product of cyclohexane oxidation was obtained unless the metal catalyst was 

used. 

 

Peroxidative oxidation of methane and ethane: The reaction mixtures were prepared as follows. To 

10.00−5.00 µmol of metal complex catalyst contained in a 13.0 mL stainless steel autoclave 

equipped with a Teflon-coated magnetic stirring bar were added 3.00 mL MeCN, 10.00 mmol H2O2 

(30 % in H2O) and HNO3 (acid-to-catalyst molar ratio = 20:1). The autoclave was then closed and 

flushed with dinitrogen three times for removing the air and finally pressurized with 15−30 atm of 



 4 

methane or ethane. The reaction mixture was vigorously stirred for 20 h at 40 °C using a magnetic 

stirrer and an oil bath, whereafter the autoclave was cooled in an ice bath, degassed and opened. To 

1 mL of the reaction mixture was added 20 µL of butanol-1 (as internal standard), the obtained 

mixture was stirred and then analyzed by CG. The formation of the corresponding alcohols was also 

confirmed by GC-MS and 1H NMR techniques. Blank experiments confirmed that no products of 

alkane oxidation were obtained unless both the metal catalyst and the peroxide were used. 

 

3. Refinement details for the X-ray crystal structure analysis of compounds 1−4 

 

X-ray data were collected on a Nonius-Kappa CCD diffractometer (for 2, 3 and 4) or an Enraf-

Nonius CAD4 diffractometer (for 1), equipped with graphite monochromator and using Mo-Ka  

radiation (? = 0.71073 Å) and the Collect[S1] data collection program. The Denzo-Scalepack[S2] or 

EvalCCD[S3] program packages were used for cell refinements and data reduction for 2−4. The 

structures were solved by direct methods using the SHELXS-97[S4] or SHELXL-97 program. [S5] An 

empirical absorption correction based on equivalent reflections was applied.[S6, S7] Structures were 

refined with the SHELXL-97 program[S5] and the WinGX graphical user interface.[S8] H2O, OH and 

BOH hydrogens in 2−4 were located from the difference Fourier map but were not refined. Other 

hydrogens were placed in idealized position and constrained to ride on their parent atom. In 2 one of 

the water molecules (O97) was disordered over two positions with equal occupation parameter 0.5. 
 

[S1] B. V. Nonius, Data Collection Software: Collect, Delft, The Netherlands, 1997−2000. 

[S2] Z. Otwinowski, W. Minor, “Processing of X-ray Diffraction Data Collected in Oscillation 

Mode", Methods in Enzymology, Volume 276, Macromolecular Crystallography, Part A (Eds.: 

C. W. Carter, R. M. Sweet, Academic Press, New York, 1997, pp. 307−326. 

[S3] A. J. M. Duisenberg, L. M. J. Kroon-Batenburg, A. M. M. Schreurs, J. Appl. Cryst. 2003, 36, 

220. 

[S4]  G. M. Sheldrick, SHELXS97, Program for Crystal Structure Determination, University of 

Göttingen, Göttingen, Germany, 1997. 

[S5] G. M. Sheldrick, SHELXL-97, Program for Crystal Structure Determination, University of 

Göttingen, Göttingen, Germany, 1997 

[S6] G. M. Sheldrick, SHELXTL v. 6.12, Bruker Analytical X-ray Systems, Bruker AXS, Madison, 

Wisconsin, USA, 2002. 

[S7] G. M. Sheldrick, SADABS - Bruker Nonius scaling and absorption correction, v 2.10, Bruker 

AXS Inc., Madison, Wisconsin, USA, 2003. 

[S8] L. J. Farrugia, J. Appl. Cryst. 1999, 32, 837. 
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Figure S1. Crystal packing of 1 along the c axis (including hydrogen bonding network). 
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Figure S2a. Crystal packing of 2 along the a axis (including hydrogen bonding network). 
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Figure S2b. Crystal packing of 2 along the b axis. 
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Figure S2c. Crystal packing of 2 along the c axis. 
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Figure S3a. Crystal structure of 3 showing two metallacrown ether sub-units [O⊂Cu4(tea)4(BOH)4]2+ and four BF4
- counter anions linked by hydrogen 

bonds (hydrogen atoms are omitted for clarity). 
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Figure S3b. Crystal packing of 3 along the a axis (including hydrogen bonding network). 
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Figure S4. Crystal packing of 4 showing the parallel chains disposed in neighboring layers. 


