


Figure S14. Cyclic voltammograms for a 1.54 mM solution of [2.(H2O)(OTf)]+ in acetone 

without (A) and with (B) addition of excess NaOTf (200 molar equiv.). 

Figure S15. X-band EPR spectra of [2.(H2O)(OTf)]+ (0.68 mM) and [2.(H2O)(OTf)]+ (0.68 

mM) + 200 molar equiv. of NaOTf in acetone at 10 K.  

Figure S16. X-band EPR spectra of [2.(H2O)(OTf)]+ + 1.1 molar equiv. of DABCO. 

Figure S17. X-Band EPR evolution of [2.(H2O)(OTf)]+ upon progressive N2O-bubbling in 

acetone at 10K. 

Figure S18. (A) Composition of the headspaces gas 50 s after the start of the GC run; (B) GC 

profile for the reaction of [2.(H2O)(OTf)]+  (solid line) and [1] (dotted line) with N2O showing 

the detection of N2. 

Figure S19. ESI mass spectrum of the bulk solution resulting from the reaction with N2O in 

acetone; (A) Experimental, (B) Calculated for the corresponding hydroxo-containing product 

([LMeMAMS-(OH-)(OTf-)]+ i.e [3.(�OH)(OTf)2]). 

 

Figure S20. Determination of k� values according to various complex concentrations. 

 

Figure S21. Plot of lnk� as a function of [2.(H2O)(OTf)]+ concentration to determine the reaction 

pseudo-rate order. 

 

Figure S22. Reactivity toward N2O of the species resulting from the deprotonation of 

[2.(H2O)(OTf)]+ with 1.1 molar equiv. of DABCO. 

 

Figure S23. Calculated UV-Vis spectra for the postulated N2O-adducts and comparison with the 

spectrum of [2.(H2O)(OTf)]+. 

 

Figure S24. Spin-density plot (a) and localized SOMO (b) of (1). 

 

 



Table S1. Summary of X-Ray Crystallographic Data for (C), (D), [2.(H2O)(OTf)]+ and 

[3.(�OH)(OTf)2]. 

 

Table S2. Bond lengths [¯] and angles [deg] for (C). 

Table S3. Bond lengths [¯] and angles [deg] for (D). 

 

Table S4. Bond lengths [¯] and angles [deg] for [2.(H2O)(OTf)]+. 

 

Table S5. Computed Metrical Parameters for [2.(H2O)(OTf)]+. 

 

Table S6. NBO analysis of the Cu-Cu bond in [2.(H2O)(OTf)]+ and comparison with [1]. 

 

Table S7. Optical properties of pertinent mixed-valent dinuclear copper systems. 

 

Table S8. Predicted TD-DFT transitions (energies and intensities) and assignments for the 

calculated doublet state of [2.(H2O)(OTf)]+. 

 

Table S9. Bond lengths [¯] and angles [deg] for [3.(�OH)(OTf)2] 

 

Experimental Section 

Materials and chemicals. N2O (purity ≥ 99.998 %) was purchased from Sigma-Aldrich and used 

without further purification. No oxygen has been detected by GC-MS. Other organic chemicals 

were purchased from Acros Organics, Sigma-Aldrich, or Lancaster. [Cu(OTf)](CH3CN)4  is from 

Sigma-Aldrich. For air and moisture sensitive experiments, solvents were freshly distilled from 

sodium/benzophenone (THF) or calcium hydride (dichloromethane). Acrosealfi purity solvents 

were purchased for air-sensitive experiments.  

S-(2,6-bis[(bis(pyridylmethyl)amino)methyl]-4-methylphenyl)dimethylthiocarbamate (A) was 

prepared according to the published procedure.1  

Air-sensitive materials were manipulated in an Argon flushed glove box.  

 



Instrumentation: NMR (1H , 13C and 19F) spectra were acquired using a Bruker Avance 300 

MHz spectrometer equipped with a QNP probehead by using deuterated solvents as reference. �-

�-� trifluorotoluene served as reference for 19F chemical shifts (�= -63.73ppm) and for integral 

quantification. UV-Visible NIR spectra were recorded on a Perkin Elmer Lambda 1050 

spectrophotometer operating at room temperature. For powder spectra, a Perkin Elmer Lambda 

950 equipped with a 150 nm integration sphere was used.  Regular UV-Visible spectra were 

acquired with a Shimadzu 1800 device. Mass spectrometry spectra were recorded with a 

Bruker Daltonics Esquire 3000 Plus (ESI-MS) device. X-band EPR spectra were obtained on a 

Bruker EMX spectrometer equipped with an Oxford ESR 910 cryostat for low temperature 

studies. The microwave frequency was calibrated with a frequency counter and the magnetic field 

with an NMR gaussmeter. Simulations were obtained using the EasySpin program2 (4.0.0 

currently developed by Stefan Stoll, California, U.S.A). For electrochemical experiments, a 

three-electrode setup was used. It consists in a glassy carbon (1.6 mm in diameter) disk as a 

working electrode, a platinum wire (auxiliary electrode) and a Ag/Ag+ (silver wire in 0.01 M 

AgNO3 + 0.1 M tetra-N-butylammonium perchlorate in CH3CN) reference electrode directly 

dipped into the solution, but isolated by a Vycor frit. Cyclic voltammograms were recorded with 

a EG&G PAR 273 A instrument. X-ray crystallography data were acquired at 150 K using an 

Oxford-diffraction XCalibur S diffractometer with graphite monochromated MoKα radiation (λ 

= 0.71073 ¯). Molecular structure was solved by dir ect methods and refined on F2 by full matrix 

least squares techniques using SHELX TL package. All non-hydrogen atoms were refined 

anisotropically, and hydrogen atoms were placed in ideal positions and refined as riding atoms 

with individual isotropic displacement parameters. The CCDC depositions numbers for (C), (D), 

[2.(H2O)(OTf)]+ and [3.(µ-OH)(OTf) 2] are 948576, 948575, 948574 and 948577, respectively. 

N2O reduction experiments:  Under an inert atmosphere, crystalline [2.(H2O)(OTf)] + in acetone 

(2 mL solution at 0,5 mM ) was placed in a 20 mL Schlenk tube. N2O was bubbled directly into 

the solution and the stirring maintained throughout the experiment. After a given time, N2 

accumulation was monitored by GC-MS (25 µL headspac e gas injection). The amount of N2 was 

calculated from the GC peak area and from calibration curves. In control experiments, an 

identical procedure was followed in the absence of N2O, with and without the complex, with no 

N2 production observed. The yield of N2 produced was determined based on the known amount 

of the starting copper complex involved in the reaction. GC/MS headspaces gas analyses were 



performed using a Hewlett-Packard 6890 gas chromatograph coupled to a Hewlett-Packard 5973 

mass spectrometer (Agilent Technologies). Good separation of the gaseous analytes (N2, O2, 

N2O, and CO2) was obtained using a Restek Rtfi-Q-BOND column (15 m x 0.53 mm x 20.0 µm) 

with helium as carrier gas maintained at a flow rate of 36 ml.min�1 . The GC was run in the 

isothermal mode at 40 °C. EI mass spectra were obta ined at ionization energy of 70 eV at a 

source temperature of 200 ”C. Calibration experiments with known volumes of N2 showed linear 

responses for varied molar amounts of each gas. The calibration curves used for determining the 

amount of N2 evolved in the reactivity experiments were determined using injections of 

headspace gas samples from flasks with identical overall volumes, solvents volumes, and 

temperatures as those used in the N2O reactivity experiments. 

Kinetic measurements: To a 2 mL N2O-saturated acetone solution, the appropriate volume of a 

stock solution of the complex was added. The reaction was followed by UV-Visible 

spectrophotometry. A plot of the variation of absorbance as a function of time gave the initial 

rate. The reaction order was obtained by plotting different reaction rates in function of complex 

concentrations.   

Computational Details. Theoretical calculations were based on Density Functional Theory (DFT) 

and have been performed by the Gaussian09 package.3 To facilitate comparison between theory 

and experiment, full geometry optimizations were carried out using the hybrid functional 

B3LYP4-5 and the 6-31g* basis set on all atoms.6-7 Vibrational frequency calculations were 

performed to ensure that each geometry optimization converged to a real minimum. Natural Bond 

Order (NBO) analyses8-9 were performed with inclusion of the 3-center bond option in the search 

algorithm using the hybrid functional B3LYP in combination with the TZV/P basis set for all 

atoms.10 The relative energies were obtained from single-point calculations using the same 

functional/basis set as employed before. They were computed from the gas-phase optimized 

structures as a sum of electronic energy, thermal corrections to free energy, and free energy of 

solvation. Zero point vibrational energy (ZPVE) corrections11 were evaluated from the calculated 

harmonic frequencies and are included in the total energies. The counterpoise (CP) procedure 

was used to correct the total energy for the basis set superposition error (BSSE).12-13 Optical 

properties were investigated employing TD-DFT calculations14-15 using the B3LYP functional 

together with the TZV/P basis set.  Solvent effects were also included using the Polarized 

Continuum Model (PCM) for the case of acetone.16-19 EPR parameters were obtained from 



relativistic single-point calculations using the ORCA program package20 at the B3LYP 

level.  Scalar relativistic effects were included with ZORA paired with the SARC def2-TZVP(-f) 

basis sets21-22 and the decontracted def2-TZVP/J Coulomb fitting basis sets for all atoms. 

Increased integration grids (Grid4 and GridX4 in ORCA convention) and tight SCF convergence 

criteria were used in the calculation. Visualization of the geometries, molecular orbitals and 

electronic densities was done with the ChemCraft program.23 Natural Population Analysis: the 

NPA algorithm involves partitioning the charge into atomic orbitals on each centre, constructed 

by dividing the electron density matrix into sub-blocks with the appropriate symmetry. The NPA 

analysis shows two identically positive copper centers (0.97 and 1.00, respectively) and a 

partially negative sulfur (-0.25) matching the expectations for a fully delocalized Cu+1.5Cu+1.5 

state in [2.(H2O)(OTf)]+. Natural Bond Order Analysis: NBO is based on a technique for 

optimally transforming a given wave function into localized form, corresponding to the one-

center (�lone pairs�) and two centers (�bonds�) ele ments of the chemist�s Lewis structure picture.  

[4-methyl-2,6-bis(hydroxymethyl)]-thiophenol (B) Under an inert atmosphere, solid LiAlH4 

(1.47 g, 38.6 mmol, 5 eq) was added to a stirred solution of S-(2,6-diformyl-4-

methylphenyl)dimethylthiocarbamate ((A), 1.94 g, 7.72 mmol) in anhydrous THF (150 mL). The 

reaction mixture was refluxed for 12 h. The solution was then cooled to room temperature and 10 

mL of 4 N HCl was added. The resulting biphasic mixture was stirred for 2 h,   and the THF 

removed under reduced pressure. The aqueous phase was then extracted with AcOEt (3 x 20 mL), 

and the combined organic layers dried over Na2SO4.   After evaporation of the solvent under 

vacuum, a beige powder was obtained (1.2 g) that was immediately engaged in the next step 

without purification.  

 

[4-methyl-2,6-bis(hydroxymethyl)]-thiophenyldisulfide (C). Et3N (1.10 mL, 7.81 mmol, 1.2 

eq) was added to a solution of (B) (1.2 g, 6.51 mmol) in THF (20 mL). O2 gas was then bubbled 

through the reaction mixture for 5 min and the inlet needle was removed. The resulting solution 

was stirred for 10 h and the solvents removed under vacuum. The crude product was washed with 

Et2O (3 x 5 mL) and dried under vacuum to give a yellow solid (1.2 g, 100 %).1H NMR (300 

MHz, MeOD): �(ppm) 7.29 (s, 2H); 4.48 (s,broad, 4H); 2.39 (s,br, 3H).13C NMR (75 MHz, 



MeOD): �(ppm) 146.9; 142.0; 128.7; 128.3; 63.0; 21,7. ESI � MS: m/z = 389.2 [M +Na+]+. 

Anal.Calcd. for C18H24O4S2: C, 58.99; H, 6.05. Found: C, 59.1; H, 6.15. 

[4-methyl-2,6-bis(chloro)]-thiophenyldisulfide (D). Under an inert atmosphere, a solution of 

SOCl2 (2.96 mL, 41.0 mmol, 20 eq) in dry CH2Cl2 (20 mL) was added dropwise over a 1 h period 

to a stirred suspension of (C) (750 mg, 2.05 mmol) in distilled CH2Cl2 (20 mL) and DMF (100 

µL). After 12 h, the resulting clear solution was e vaporated to dryness. The crude product was 

washed with Et2O (3 x 5 mL) and dried under vacuum to give a yellow solid (850 mg, 94 %) 

stable only when stored at -20°C. 1H NMR (300 MHz, CDCl3): �(ppm) 7.31 (s, 2H); 4.48 (s, 4H); 

2.39 (s, 3H).13C NMR (75 MHz, CDCl3): �(ppm) 142.5; 141.9; 131.7; 130.6; 44.4; 21.4. Note 

that the chemical shifts for both CH2 and CH3 @ 4.48 and 2.39 are the same as for (C). This 

coincidence is due to the solvents used, that are different/ The NMR spectra were recordered on 

single crystals for both molecules.  

4-methyl-2,6-bis(N,N�-methylaminomethylpyridine)-thiophenyldisulfide LMe(MAM)S-S. To a 

stirred solution of N,N-diisopropylethylamine (4.04 mL, 23.2 mmol, 12 eq), and 

[(methylamino)methyl]pyridine (1.19 mL, 9.65 mmol, 5 eq) in distilled CH2Cl2 (20 mL) under 

inert atmosphere was added a solution of (D) (850 mg,  1.93 mmol) in distilled CH2Cl2 (20 mL) 

dropwise over 1 h, at 0°C. The solution was stirred  for 24 h at room temperature, after which the 

solvents were removed under reduced pressure. The crude oil was washed with pentane (3 x 5 

mL) and dried under vacuum to give yellow oil (1.23 g, 81 %). 
1H NMR (300 MHz, CDCl3): �(ppm) 8.51 (d, 4H, 3J = 4.6 Hz), 7.62 (dt, 4H, 4J = 1.7 Hz, 3J = 7.6 

Hz); 7.42 (d, 4H, 3J = 7.7 Hz); 7.27 (s, 4H); 7.12 (t, 4H, 3J = 6,2 Hz); 3.57 (s, 8H); 3.52 (broad, 

8H); 2.34 (s, 6H); 2.10 (s, 12H). 13C NMR (75 MHz, CDCl3): �(ppm) 159.6; 148.7; 143.3; 139.3; 

136.2; 132.3; 129.9; 122.7; 121.7; 63.5; 59.9; 42.3; 21.4. ESI �MS: m/z = 783 [M +H+]+, Figures 

S1 and S2. 

Anal.Calcd. for C46H54N8S2: C, 70.55; H, 6.95; N, 14.31. Found: C, 70.69; H, 7.06, N, 14.17. 

 

[2.(H2O)(OTf)]+. In a glove box, to a stirred solution of LMe(MAM)S-S (121.48 mg, 0.16 mmol) in 

distilled acetone (2 mL) was added dropwise a solution of [CuI(OTf)](CH3CN)4 (247.19 mg, 0.66 

mmol, 4.1 eq) in acetone (1.5 mL). The solution immediately turned dark violet. After stirring for 

30 min, the volume was reduced to 1 mL under vacuum and diethyl ether added to precipitate a 



dark solid, which was filtered to give a dark violet powder (179 mg, 67%). X-ray quality crystals 

were grown from layering pentane above an acetone solution of the complex. A polycrystalline 

powder for elemental analysis was obtained from slow evaporation of a dichloromethane solution 

of the complex. 

UV-Vis-NIR in acetone (λ, nm; ε, M-1.cm-1): 1254 (690), 787 (735), 479 (sh, 525), 425 (sh, 670). 

Anal.Calcd. for [2•(H2O)(OTf)](OTf): C,33.93; H, 3.29; N, 6.29; Cu, 15.81. Found: C, 33.85; H, 

3.24; N, 6.51; Cu, 16.11. 

ESI-MS : m/z = 258.5 {[Cu2
L(MAM)S]}2+ , m/z = 517.2 {[Cu2

L(MAM)S]}+; 

666.0 {[Cu2
L(MAM)S](OTf)}+; 683.2 {[Cu2

L(MAM)S](µ-OH)(OTf)} +. 

[3.(µ-OH)(OTf) 2].  N2O was bubbled in a solution of the MV mixture in acetone (20 mg, 0.024 

mmol in 30 mL). The reaction was monitored by UV until no changes in the spectrum was 

observed. The solution was then evaporated to give a green powder (18 mg, 90 %). Single 

crystals suitable for X-ray diffraction analysis were obtained upon layering diisopropyl ether onto 

an acetone solution of the complex. 

UV-Vis in acetone (λ, nm; ε, M-1.cm-1): 785 (180); 572 (390); 422 (1180). 

Anal.Calcd. for [3.(µ-OH)(OTf) 2]: C,36.01; H,3.38; N,6.72. Found: C,36.27; H,3.51; N,6.85. 

ESI-MS: m/z = 683.2 [Cu2L
Me(MAM)S(µ-OH)(OTf)] + 

EPR (acetone 10K, 50K or 100K): silent. 



Figure S1: ESI Spectrum for LMe(MAM)S-S

 



Figure S2: ESI MS-MS Spectrum for LMe(MAM)S-S 

 



Figure S3: Structures of (C) and (D) represented by thermal ellipsoids at 30 % probability. 
Hydrogen atoms have been omitted for clarity. See table S3 for bond distances and angles. 
 

  
 
Figure S4. DFT optimized structure of [2.(H2O)(OTf)]+ and selected bond distances. 
 

 

Calculated distances 

Cu(1)-Cu(2) 2.522 

Cu(1)-S1  2.209 

Cu(1)-N(1) 2.074 

Cu(1)-N(3) 1.953 

Cu(1)-O(1) 2.158 

Cu(2)-S  2.209 

Cu(2)-O(1)S(2)  2.151 

Cu(2)-N(2) 2.078 

Cu(2)-N(4) 1.958 

Distances from X-Ray 

Cu(1)-Cu(2) 2.5674(4) 

Cu(1)-S1  2.1806(5) 

Cu(1)-N(1) 2.0627(16) 

Cu(1)-N(3) 1.9774(16) 

Cu(1)-O(1) 2.1643(17) 

Cu(2)-S  2.1686(5) 

Cu(2)-O(1)S(2) 2.2115(15) 

Cu(2)-N(2) 2.0737(16) 

Cu(2)-N(4) 1.9562(17) 

   

 
 
Figure S5. Spin-density plot (a) and localized SOMO (b) of [2.(H2O)(OTf)]+. 

�
�



Figure S6: ESI Spectrum for [2.(H2O)(OTf)]+. 

 
A degradation product from oxidation in air at m/z = 683.2 that was identified as [3.(µ-OH)(OTf)] + was detected, together with a reduced dicuprous species at 517.2 and a 
dicationic MV [2] 2+ fragment at m/z = 258.5. The most significant observation is that a triflate anion can remain coordinated at a copper center.  

�

 



Figure S7. ESI mass spectrum of the species resulting from the addition of 1.1 molar equiv. of DABCO to a solution of 

[2.(H2O)(OTf)]+ in acetone. 

At first glance, the MS spectrum of [2.(OH)(OTf)] is quasi-superimposable to the one [2.(H2O)(OTf)]+ but differs by one di-charged fragment @ m/z 279 (vs 258.5). Nevertheless, the full conversion of 

[2.(H2O)(OTf)] + to [2.(OH)(OTf)] prior to record the MS spectrum was confirmed by EPR and UV-Vis titration. Consequently, the m/z peak @ 668 is attributed to a fragmenttion of [2.(OH)(OTf)], 

resulting from the loss of an hydroxo ion and consistent with the formation of mono-charged fragment {[2.(OH)(OTf)]-OH-}+. Moreover, the di-charged peak @ 279 is tentatively assigned to a 

{[2.(OH)(OTf)]-OTf--OH- + K+}2+ ion, whereas [2.(H2O)(OTf)] + and [3.(�-OH)(OTf)2] gave a peak at 258.5 and 267.1 respectively( Figures S19 and S6). 

�



Figure S8. UV-Vis spectra of [2.(H2O)(OTf)]+ (black), [2.(H2O)(OTf)]+ + 1.1 molar equiv. of 

DABCO (green) and [2.(H2O)(OTf)]+ + 1.1 molar equiv. of DABCO + O2 (red); 

 
 

Figure S9. UV-Vis spectra for crystalline [2.(H2O)(OTf)]+ in acetone before (dotted) and after 

addition  of 200 molar equiv. NaOTf (solid). 

 

 
 
 
 



Figure S10. TD-DFT assignment of the calculated transitions for [2.(H2O)(OTf)]+. The 

population of the relevant MOs (HOMO: Highest Occupied Molecular Orbital, LUMO: Lowest 

Unoccupied Molecular Orbital) is indicated in parenthesis as well as the wavelength of the 

optical transitions. S-Ph stands for the thiophenolate part of the ligand and L for the remaining 

part of the organic molecule. 

 

 
  



Figure S11. 19F NMR spectra for triflates-containing standards used for our study. 
 

 
 
 
Figure S12. 19F NMR shift variation of [1] and [2.(H2O)(OTf)]+ as a function of the temperature 

(°C) in deuterated acetone. 

 

 
�

�

�

�

 
 
 



Figure S13. Cyclic voltammogram for a 3.20 mM solution of [2.(H2O)(OTf)]+ + 1.1 molar 

equiv. of DABCO in acetone + 0.1M (nBu)4NClO4 vs. Ag/Ag(NO3) (0.01 M in 0.1 M 

(nBu)4NClO4). Glassy carbon disk as working electrode at 100 mV.s-1. 

 

 
 
 

 
Figure S14. Cyclic voltammograms for a 1.54 mM solution of [2.(H2O)(OTf)]+ in acetone + 

0.1M (nBu)4NClO4 vs. Ag/Ag(NO3) (0.01 M in 0.1 M (nBu)4NClO4) without (A) and with (B) 

addition of excess NaOTf (200 molar equiv.). Glassy carbon disk as working electrode at  

100 mV.s-1. 
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Figure S15. X-band EPR spectra of [2.(H2O)(OTf)]+ (0.68 mM, solid) and [2.(H2O)(OTf)]+ 

(0.68mM) + 200 molar equiv. of NaOTf (dotted) in acetone at 10 K. 

 

 
 
 
Figure S16. X-band EPR spectra of [2.(H2O)(OTf)]+ + 1.1 molar equiv. of DABCO in acetone. 
 

 
 



Figure S17. X-Band EPR evolution of [2.(H2O)(OTf)]+ upon progressive N2O-bubbling in 

acetone at 10K. 

 

 
 

 
Figure S18. (A) Composition of the headspaces gas with a GC run of 0.6 min; (B) GC profile for 

the reaction of [2.(H2O)(OTf)]+ (solid) and [1] (dotted) with N2O showing the detection of N2 at 

0.5 min.� The calculated N2/O2 ratio suggests that no O2 contamination occurred during the 

experiment. 

 

 



Figure S19. ESI mass spectrum of the bulk solution resulting from the reaction with N2O in acetone; (Left) Experimental, (Right) 

Calculated for the corresponding hydroxo-containing product ([LMeMAMS(OH-)(OTf-)]+ i.e [3.(�OH)(OTf)2]). 

 



Figure S20. Determination of k’ values according to various [2.(H2O)(OTf)] + concentrations upon monitoring the variation of 
absorbance at 787 nm. 
 

 
 
 
 


