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1. General synthetic methods and materials 

Unless specified, all reactions were performed under inert atmosphere (N2) using standard Schlenk 

techniques or in a MBraun glovebox equipped with a standard catalyst purifier and solvent trap (< 

0.1 ppm O2 and H2O), and all reagents and solvents were stored long-term in an N2-filled glovebox. 

In the case of 16O2 reactions, these were performed using standard Schlenk technique (see Section 

1.3. for 18O2 procedure). Glassware was oven-dried for at least 2 h at 150 °C prior to use. Celite 

and 3 Å molecular sieves were heated at 300 °C under reduced pressure (~100 mTorr) for at least 

24 h cooled, and then brought into an N2-filled glovebox for use. Specific details regarding 

instrumentation are described in their respective sections. 

 

1.1. Materials 

HPLC-grade tetrahydrofuran (inhibitor-free), diethyl ether (inhibitor-free), acetonitrile and 

toluene, were purchased from Fisher Scientific. Solvents were sparged for 20 min with dry argon 

and dried using a commercial two-column solvent purification system (LC Technologies). These 

solvents were further dried by storing them over 3 Å molecular sieves for at least 48 h prior to use. 

Acetone (99.8%, Acros, Extra Dry AcroSeal®) was used without further purification. d6-Acetone 

was stirred over B2O3 for 24 h, vacuum transferred, degassed (freeze-pump-thaw), and stored in 

an N2-filled glovebox. Propionitrile (99%, Acros) was degassed (freeze-pump-thaw) and stored 

over 3 Å molecular sieves in N2-filled glovebox. Distilled deionized water (ddH2O) was used for 

all syntheses and experiments. 

 Tetrakis(acetonitrile)copper(I) hexafluorophosphate ([CuI(CH3CN)4][PF6], 98+%, Strem 

Chemicals), copper(II) perchlorate hexahydrate ([CuII(ClO4)2]·6H2O], 98+%, Strem Chemicals), 

Calcium perchlorate (Ca(ClO4)2 anhydrous, 99%, Sigma-Aldrich), tetrabutylammonium 

hydroxide ([NBu4][OH],1 M solution in MeOH, Acros), trifluoromethanesulfonic acid (HOTf, 

99.5%, Oakwood), Cobaltocene (CoCp2, > 99%, Strem Chemicals), 16O2 (99.6%, AirGas), and 
18O2 (99%, Sigma-Aldrich) were used as received. Calcium triflate (Ca(OTf)2, 99%, Oakwood) 

was dried under reduced pressure (100 °C, 10 mTorr, 12 h) prior to use. 18-crown-6 (≥ 99%, 

Chem-Impex International) was purified by recrystallization in anhydrous acetonitrile under inert-

atmosphere and dried under reduced pressure (80 °C, 10 mTorr, 24 h) to furnish anhydrous 

material.1 Tris(2-pyridylmethyl)-amine (TMPA),2 [CuITMPA(CH3CN)][PF6] ([CuI]+),3 

[CuIITMPA(CH3CN)][ClO4]2 ([CuII]2+),4 and {[Cu(TMPA)]2(μ-1,2-O2
2–)}2+ (1),3, 5 were 

synthesized according to literature procedures.  

 

1.2. Synthesis of tetrabutylammonium triflate, [NBu4][OTf]. 

A 250 mL round-bottomed flask was charged with tetrabutylammonium hydroxide ([NBu4][OH], 

19.27 mL, 19.27 mmol, 1 M in MeOH; MW: 259.48 g·mol-1), H2O:MeOH (60 mL; 9:1 V/V), and  

a Teflon-coated stir-bar. Trifluoromethanesulfonic acid (HOTf, 1.7 mL, 2.89 g, 19.27 mmol, 1 

equiv; MW: 150.07 g·mol-1) was added dropwise at RT to the colorless solution using a volume-

calibrated glass Pasteur pipette (Caution: HOTf is extremely corrosive and will fume upon 

exposure to air. This should be handled in a properly ventilated fume hood at all times). The clear, 

light-yellow solution was stirred overnight. Dichloromethane (100 mL) was added to the solution 

and stirred for 1 hour. The organic layer was then separated, washed with water (3 x 50 mL), dried 

with Na2SO4, filtered, and solvents were removed under reduced pressure. The resulting crude 
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light-yellow oil was triturated with diethyl ether (200 mL) to yield an off-white powdery solid. 

This powder was dried under reduced pressure (100 °C, 10 mTorr; 24 h) to yield anhydrous 

tetrabutylammonium triflate, [NBu4][OTf], as a white solid. Yield: 7.53 g (19.2 mmol, 99%; MW: 

391.53 g·mol-1). Spectral data matched those previously reported (Figure S23).6  
1H NMR (600 MHz, CDCl3, 298 K): δ 0.68 (t, 3J = 7.4 Hz, 3H, N(CH2CH2CH2CH3)+), 

1.10 (sx, 3J = 7.5 Hz, 2H, N(CH2CH2CH2CH3)+), 1.32 (p, 3J = 8.0 Hz, 2H, N(CH2CH2CH2CH3)+), 

2.91 (t, 3J = 8.6 Hz, 2H, N(CH2CH2CH2CH3)+). 13C NMR (152 MHz, CDCl3, 298 K): δ 12.76 

(N(CH2CH2CH2CH3)+), 18.83 (N(CH2CH2CH2CH3)+), 23.08 (N(CH2CH2CH2CH3)+), 57.86 

(N(CH2CH2CH2CH3)+), 120.32 (q, CF3SO3
-). 19F-NMR (564.5 MHz, CDCl3, 298 K): -78.48 

(CF3SO3
-).  

 

 

1.3. 18O2 gas set-up and procedure 

An 18O2 gas cylinder was fitted with a Swagelok® adapter fitted with ¼” O.D. stainless steel tubing 

to a three-way ball valve. The three-way valve was connected to the 18O2 gas cylinder, tubing to a 

Schlenk line, and Tygon tubing (1/4” O.D.; ~6” in length) capped with a secured, unpierced septa 

that was replaced after every use (Figure S1). Air was removed from the system through three 

consecutive evacuation-refill (N2) cycles employing standard Schlenk technique. The system was 

placed under static vacuum and 18O2 was delivered to the Tygon tubing. The desired volume of 
18O2 gas was then collected with a gas-tight syringe fitted with a stainless steel needle.  

 
Figure S1. 18O2 cylinder Schlenk-line set-up used to minimize air exposure. 
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2. General Procedures to Synthesize {[Cu(TMPA)]2(μ-η1: η1: η2-O2)[Ca(OTf)]}3+ (2) 

The title compound, {[CuII(TMPA)]2(μ-η1:η1:η2-O2)[Ca(OTf)]}3+, 2, can be synthesized via any 

sequence of addition of [CuI]+, Ca(OTf)2 and O2 in acetone at low temperature (≤ 195 K) and are 

illustrated as Scheme S1. The specific general procedures are referenced when used for studies 

related to synthesis, spectroscopy, and reactivity. Note: A minimum of 5 equivalents of Ca(OTf)2 

relative to [CuI]+ is required to fully convert 1 to 2.  

 

Scheme S1. General procedures for synthesis of 2 

 
General Procedure 2.1. A 20 mM stock solution of [CuI]+ (27.0 mg, 0.05 mmol, MW: 539.93 

g·mol-1) in acetone was prepared in a N2-filled glovebox. A small volume of stock solution (100 

μL = 1 mM, 0.002 mmol) was added by a gas-tight syringe  to an O2-saturated acetone solution 

(1.7 mL) at 193 K. 1 was formed upon mixing, resulting in an immediate color change from light-

orange to dark-purple. A small volume of concentrated Ca(OTf)2 solution in acetone (100 mM, 

0.02 mmol, MW: 338.22 g·mol-1) was quickly injected (200 μL = 10 mM, 0.02 mmol, 10 equiv.) 

directly to 1 at 193 K, resulting in formation of dark-yellow 2. Note: This procedure was carried 

out for [CuI]: 0.1 – 2 mM and [Ca]:[Cu] ranging 1:2 – 20:1. 

General Procedure 2.2. A 20 mM stock solution of [CuI]+ (27.0 mg, 0.05 mmol, MW: 539.93 

g·mol-1) solution was prepared in a N2-filled glovebox. A small volume of stock solution (100 

μL = 1 mM, 0.002 mmol) was added by a gas-tight syringe to an O2 saturated Ca(OTf)2 acetone 

solution (1.9 mL, 10 mM, 0.02 mmol, 10 equiv., MW: 338.22 g·mol-1) at 193 K and directly 

formed 2. At low Ca(OTf)2 concentrations (1-4 equivalents relative to [CuI]+), some 1 was 

observed that eventually converts to 2 or decays at a proportional rate. Note: This procedure was 

carried out for [CuI]: 0.1 – 2 mM and [Ca]:[Cu] ranging 1:2 – 20:1. 

General Procedure 2.3. [CuI]+ (27.0 mg, 0.05 mmol, 50 mM, MW: 539.93 g·mol-1) and 

Ca(OTf)2 (101.5 mg, 0.3 mmol, 300 mM, MW: 539.93 g·mol-1) were dissolved in 1 mL of 

acetone in an N2 glovebox and capped with septa to prevent air-exposure once removed. Vessel 

was then placed in a dry ice/acetone bath or liquid nitrogen and allowed to cool. A stainless-steel 

needle was then used to slowly bubble O2 directly into solution or headspace. For solutions 

frozen in liquid nitrogen, sample was thawed at 193 K to allow reaction to occur, then refrozen. 

Note: This procedure was carried out for [CuI]: 1 – 50 mM and [Ca]:[Cu] ranging 5:1 – 10:1. 
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3. UV-Vis chemical reaction monitoring 

UV-Visible absorbance spectra were collected on an Agilent Cary 8453 UV-vis 

spectrophotometer. A Unisoku USP-203 Cryostat cooled with liquid nitrogen was used for all 

low-temperature measurements. Unless specified otherwise, 1 cm pathlength quartz cuvettes 

were used for all measurements, and blanks were obtained in the measured solvent and reaction 

temperature. A custom Teflon holder (Figure S2) was used with standard 1 cm pathlength 

cuvettes to minimize any condensation during low temperature measurements.  

 
Figure S2. Teflon holder used to grasp 1 cm cuvette and fit snuggly inside Cryostat chamber. 

 

General procedures 2.1. and 2.2 were used for chemical monitoring experiments. Small 

volumes (< 200 µL) of reagents were added to the cuvette solutions via an opening in Teflon holder 

that was capped with rubber septum between additions. Solutions containing [CuI]+ were prepared 

in the glovebox and handled using gas-tight syringes to prevent exposure to air and moisture. 

The mixing time of reagents in our experiments were faster than the detector sampling time 

(500 ms). This was confirmed by addition of CoCp2 using gas-tight syringes with rapid hand-

injection into a cuvette sampling every 500 ms (Figure S3). 

 
Figure S3. Demonstration of mixing time with the addition of CoCp2 (200 μL; 20 mM acetone solution) 

via gas-tight syringe to a 1 cm cuvette charged with 1.8 mL acetone (1 mM CoCp2 total; λmax = 332 nm, є 

= 750 M·cm-1) at 298 K. UV-vis spectra collected at 500 ms intervals. (A) time course (B) CoCp2 absorption 

spectra during addition. 
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3.1. Time course for interconversion between 1 and 2 

 
Figure S4. Addition of Ca(OTf)2 (5 mM) to 1 (0.5 mM) in acetone (O2 saturated) at 193 K. (A) Select UV-

vis spectra over a 20 second range (B) Time course tracking absorbance at 455 nm (gold; 2) and 600 nm 

(purple; 1). 

 

 
Figure S5. Addition of 18-crown-6 (10 mM) to 2 (0.5 mM) in acetone (O2 saturated) at 193 K. (A) Select 

UV-Vis spectra over a 10 second range. (B) Time course tracking absorbance at 455 nm (gold; 2) and 600 

nm (purple; 1). 
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Figure S6. Addition of [CuI]+ (0.2 mM) to Ca(OTf)2 (2 mM) in acetone (O2 saturated) at 193 K (A) Selected 

UV-Vis spectra over a 6 s range (B) Time course tracking absorbances at 455 nm (gold; 2) and 600 nm 

(purple; 1).  

 

3.3. Half-life 1 and 2  

At moderate concentrations (~0.25 mM), both 1 and 2 slowly decompose at 193 K in 

acetone (Figure S7). The t1/2 of 1 and 2 were determined by monitoring the absorbance decrease 

with respect to time at 525 nm (ε = 8580 L mol-1 cm-1; t1/2 = 150 s) and 455 nm (ε = 4080 L mol-1 

cm-1; t1/2 = 285 s), respectively (Figure S8). 1 has been reported to oxidize PF6
− counter ion forming 

fluoride bound CuII products,7  and further investigation of the decomposition products are 

currently underway.  

It was noted that addition of triflate anion in the form of [NBu4][OTf] significantly 

improves the stability of 1 (0.1 mM) in acetone at 193 K (Figure S9; 1, t1/2 = 60 s; + 2 mM 

[NBu4][OTf], t1/2 = 170 s). The presence of triflate counter ion does not lead to any new 

features/changes in the UV-Visible spectra until high concentrations (> 20 equiv relative to 

CuTMPA), where triflate binding to [CuII]2+ leads to a weak feature at 470 nm (Figure S10; є = 

250 M-1·cm-1).  

 
Figure S7. Decomposition in acetone (O2 saturated; 193 K) of (A) 2 (0.25 mM, Ca(OTf)2 = 5 mM; λmax = 

455 nm) and (B) 1 (0.25 mM, λmax = 525 nm). Note: [CuII]2+ (λmax = 880 nm). 

 
Figure S8. t1/2 determination of 2 and 1 under the conditions described in Figure S7 plotted as (A) 

concentration vs time and (B) natural log of concentration vs time. 
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Figure S9. Decomposition in acetone (O2-saturated; 193 K) of 1 (0.1 mM, λmax = 525 nm) in the absence 

(red trace) and presence (blue trace) of [NBu4][OTf] (2 mM). (A) decay vs time (B) natural log of 

concentration vs time. 

 

 
Figure S10. UV-Vis spectra in acetone (O2-saturated; 193 K) of (A) 1 (0.1 mM; blue trace) and 1 (0.1 mM) 

with [NBu4][OTf] (2 mM; red trace) and (B) [CuII]2+ (0.2 mM; blue trace) and [CuII]2+ (0.2 mM) with 

[NBu4][OTf] (30 mM; red trace).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 10 

3.4. Association constant (Ka) determination 

A binding constant was determined by adding varying amounts of Ca(OTf)2 to 1 according to 

general procedure 2.2. while monitoring UV-Vis features every 500 ms. Data was collected from 

individual measurements instead of a continuous titration due to the instability of both compounds 

at low concentrations. Spectra and absorbances were selected from early time points where both 

conversion was complete and there was not yet significant decomposition of either species in 

equilibrium (Figure S11). The 525 nm λmax of 1 overlaps with the 455 nm λmax of 2 leading to 

inflated absorptivity for both species if not corrected (Figure S11b). The secondary absorption 

feature of 1 at 600 nm (ε = 5940 L mol-1 cm-1) does not significantly overlap with 2 features and 

was used to correct 525 nm and 455 nm absorbances (Figure S11c). 

 
Figure S11. (A) UV-Vis spectra of Ca(OTf)2 (0–10 mM) concentrations added to 1 (0.5mM, λmax = 525, 

nm ε = 8580 L mol-1 cm-1; λ = 600 nm, ε = 5940 L mol-1 cm-1) converting to 2 (0–0.5mM, λmax = 445 nm, 

ε = 4080 L mol-1 cm-1), (B) uncorrected absorbances, (C) absorbances corrected using 600 nm absorbance 

of 1. 

 

Uncorrected and corrected absorbances from Figure S11 were used to calculate the association 

constant using the MatLab® program reported by Thordarson.8 Data was fit as a 1:1 complexation 

event where 1 was the host and CaII was the guest (Equations S1 and S2). Higher-order binding 

equilibria (e.g. 1:2, [Cu]:[Ca]) were also attempted, but resulted in very poor fits (e.g. asymptotic 

error > 500%). Corrected and uncorrected absorbances resulted in similar values of calculated Ka, 

1220 M-1 (± 35% asymptotic error). The asymptotic error was deemed acceptable due to the 

inherent instability of both complexes and the necessity to measure Ca(OTf)2 additions 

individually instead of a continuous titration. Further Monte Carlo simulations were used to 

determine confidence intervals, where the lower confidence was 1149 M-1 and higher confidence 

was 1284 M-1. 

For a 1:1 complex: 
    Ka 

H + G ⇄  HG 
Eq. S1 

[HG] =  
1

2
 (([G]0 + [H]0 + 

1

𝐾𝑎
)

2

+ 4 [H]0[G]0)

1/2

 
Eq. S2 

 

[H]0 = Initial host concentration 

[G]0 = Initial guest concentration 
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3.5. Determining kinetic parameters for conversion of 1 to 2 

Kinetics values for 1 to 2 conversion were obtained from monitoring reactions using UV-

Vis using procedure 2.1. Given CaII binding to 1 was found to be a reversible reaction, the rate at 

which 1 converts to 2 under flooding conditions (> 10-fold excess Ca(OTf)2 relative to 1) reduces 

to that of a simple reversible first-order reaction. Determination of kobs by varying Ca(OTf)2 

concentrations allows for the determination of the forwards (k+1) and backwards (k-1) rate constants 

using equations S3-S10 and the association constant obtained in Section 3.4 (Ka=1220 M-1).9 

Values of kobs (s-1) for the conversion of 1 to 2 were obtained by using excess [Ca(OTf)2] and 

monitoring the decrease in absorbance profile at 600 nm (ε = 5940 L mol-1 cm-1). First-order decay 

plots are displayed in Figure S12a, and saturation was achieved at 10 mM Ca(OTf)2 (Fig S12c).  

 

At equilibrium: 
[2]0 +[1]0 = [2]eq + [1]eq 

 
Eq. S3 

[2]eq + [1]eq = 0.5 mM Eq. S4 

  

With 1 mM [CuI]+, concentration of bound + unbound dimer will be equal to 0.5 mM, hence Eq. 

S3 rearranges to Eq. S4 and can be employed to simplify Eq. S6 

 
k+1[1]eq = k-1[2]eq  Eq. S5 

𝐾a =  
[𝟐]

[𝟏][Ca(OTf)2]
=  

0.5mM − [𝟏]

[𝟏][Ca(OTf)2]
 

Eq. S6 

  

Plotting ln{[1]t – [1]eq} measured during time course subtracted from [1]eq calculated from Eq. S6 

vs time leads to linear relationship where slope (ke) can be used to calculate k+1 and k-1 

 
ln([1]t - [1]eq) vs time where slope = ke Eq. S7 

ke = k+1[Ca(OTf)2]0 + k-1 Eq. S8 

k−1 =  
ke

1 + K[Ca(OTf)2]0
 

Eq. S9 

k1 =  
ke

K[Ca(OTf)2]0 + K−1
 

Eq. S10 
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Figure S12. (A) Decay of 1 (0.5 mM, 600 nm) after Ca(OTf)2 (2-20 mM) addition, (B) natural log of 

concentration of 1 (0.5 mM, 600 nm) vs time, (C) kobs vs [Ca(OTf)]2, where saturation was observed ≥ 10 

mM [Ca(OTf)2]. 

 

 

 
Figure S13. (A) ln([1]t - [1]eq) given amount of Ca(OTf)2 (2-10 mM) plotted vs time where slope is used 

to calculate forwards (k+1) and backwards (k-1) rate constants, (B) Scheme for equilibria between 1 (left) 

and 2 (right) where k+1= 2.71 (± 0.25) × 102 M-1 s-1 and (k-1)= 0.22 (± 0.02) s-1. 

 

Scheme S2. Chemical steps believed to lead to formation of 2 

 
 

Table S1. Kinetic and equilibrium parameters of chemical steps outlined in Scheme S2 (above) 

leading to 2 

Reaction 1a 2b 3c 

K (M-1) 6.5 × 105 5 × 1010 1.2 (± 0.07) × 103 

k+ (M-1 s-1) 1.6 × 108 1.0 (± 0.2) × 105 2.2 (± 0.4) × 102 

k- (M-1 s-1) 240 2 × 10-6 1.8 (± 0.3) × 10-1 
a O2 binding to [CuI]+ to form monomeric superoxide in THF at 193 K10, b Dimerization of {CuO2}

●- and 

[CuI]+ to form 1 in THF at 183 K5c, c Ca(OTf)2 binding to 1 in acetone at 193 K (this work). 
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3.6. Formation of 2 with Ca(ClO4)2 

Calcium perchlorate (Anhydrous 99%, Sigma) was used to compare reactivity a non-

coordinating counter ion other than triflate via procedure 2.2. While 2 does form with Ca(ClO4)2, 

the conversion from 1 to 2 is not complete even with high concentrations of Ca(ClO4)2 (17 

equivalents relative to [CuI]+). Although the Ca(ClO4)2 was handled in the glovebox, we 

hypothesize the material had a significant amount of moisture despite being purchased as 

anhydrous; hence, the 2 formed decomposed relatively quickly compared to when Ca(OTf)2 is 

used as a calcium source (Figure S14). When [NBu4][OTf] is added along with Ca(ClO4)2, 

conversion from 1 to 2 improves, but 2 still decomposes quickly (Figure S15). When H2O is added 

to 2 (0.5 mM) formed with Ca(OTf)2 (5 mM), the adduct decomposes at about the same rate as 

when Ca(ClO4)2 is used as a calcium source (Figure S16). This further validates CaII binding is 

involved in formation of the species observed at 455 nm, and that [OTf]- counter ion may play a 

role in conversion and stability. We hypothesize 2 decays by reacting with excess moisture to form 

{[Cu(TMPA)]2(μ-OH)}3+. Support for this comes from the growth of a characteristic high-energy 

absorption feature at 351 nm (Figure S14) and 1H NMR spectral features (Figure S29) that are 

similar to that reported by Kieber-Emmons.11 The reactivity of 2 will be reported in due course. 

 

 
Figure S14. UV-Vis spectra in acetone (O2-saturated, 193 K) after [CuI]+ (1 mM) addition to Ca(ClO4)2 

solutions, (A) [Ca] = 5 mM, (B) [Ca] = 17 mM, (C) Time course following the decay of 2 (0.5 mM; λmax = 

455 nm) formed with either Ca(OTf)2 (pink: 5 mM; red: 10 mM) or Ca(ClO4)2 (navy: 5 mM; light-blue: 10 

mM).  

 

 
Figure S15. Addition in acetone (O2-saturated, 193 K) of [CuI]+ (1 mM) and varying amounts of 

[NBu4][OTf] (0 – 10 mM) to 10 mM Ca(ClO4)2 solutions, (A) UV-Vis spectra upon addition, (B) Time 

course following the decay of 2 (0.5mM, λmax = 445 nm).  
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Figure S16. Addition in acetone (O2-saturated, 193 K) of H2O (0-10 mM) to 2 (0.5 mM, Ca(OTf)2 = 5 

mM), (A) UV-Vis spectra upon addition, (B) Time course following the decay of 2 (0.5 mM, λmax = 445 

nm).  

 

 

3.7. UV-Vis of Ca(OTf)2 binding to species other than 1   

While rRaman and EPR studies strongly disfavor monomeric CuII species as plausible 

structures of 2, we included several additional controls to safely establish that the UV-Visible 

spectroscopic features were not due to ligand dissociation or a monomeric CuII peroxido bound to 

calcium.  

Upon addition of Ca(OTf)2 to tris(2-pyridylmethyl)-amine (TMPA), a weak UV-vis feature 

was observed at 415 nm at room temperature in acetone, but its molar absorptivity coefficient is 

much smaller than that of 2 (Ca(TMPA): ε = 100 M-1 cm-1; 2: ε = 4,080 M-1 cm-1; Figure S17). 

CaII binding to TMPA was also confirmed by 1H NMR, where clear shifts in the pyridyl protons 

were observed in the presence of excess Ca(OTf)2 (Figure S24). Addition of excess Ca(OTf)2 to 

[CuI]+ did not lead to significant shifts in the pyridyl proton resonances, and therefore was 

considered to not have a significant binding interaction under N2 atmosphere (vide infra, Figures 

S25).  

 
Figure S17. UV-Vis spectra of tris(2-pyridylmethyl)-amine in acetone (20 mM) at room temperature 

(black dotted trace); addition of 1 equivalent Ca(OTf)2 (blue trace) and 2 equivalents Ca(OTf)2 (red trace) 

lead to new feature at 415 nm (ε = 100 M-1 cm-1). 
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The monomeric copper η1-hydroperoxido, [CuII(TMPA)(OOH)]+, can be generated at low 

temperature with urea hydrogen peroxide (UHP) and triethylamine (NEt3).12 To exclude the 

possibility of forming a dinuclear heterobimetallic species such as {[CuII(TMPA)](μ-1,2-O2
2–

)[Ca(OTf)2(sol)n]}, the reaction of Ca(OTf)2 with [CuII(TMPA)(OOH)]+ was explored (Figure 

S18). [CuII(TMPA)(OOH)]+ was generated in acetone solutions (N2-saturated) at 193 K by 

adding NEt3 (0.5 mM, 1.67 equiv) to a mixture of [CuII]2+ (0.3 mM, 1 equiv) and UHP (1.5 mM, 

5 equiv). Addition of Ca(OTf)2 (3 mM, 10 equiv) to [CuII(TMPA)(OOH)]+ leads to bleaching (< 

500 ms) of the feature at 410 nm with no observable intermediate(s).  

 

 
Figure S18. UV-Vis spectra of [CuII]2+ (0.3 mM) and UHP (1.5 mM) in acetone (N2-saturated, 193K) 

(black trace); addition of NEt3 (0.5 mM) to form [CuII(TMPA)(OOH)]+ (0.3 mM; red trace); addition of 

Ca(OTf)2 (3 mM; blue trace) 
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4. EPR measurements 

EPR spectra were collected on a Bruker EMX Premium-X spectrometer with a field strength of 

9.65 GHz and a microwave power of 2.0 mW at 77 K using a liquid-nitrogen finger dewar 

(Wilmad, 50 mL Suprasil) using 4 mm O.D. quartz tubes (Wilmad). Sample solutions were 

prepared in acetone and 1:1 acetone:toluene (improved glass formation).13 Glasses were prepared 

by slowly lowering the sample into liquid nitrogen (~2 mm / s). Spectra of 

[CuII(TMPA)(CH3CN)(ClO4) 2] matched literature reports (Figure S19).14  

2 and 1 were generated according to procedure 2.3. with toluene included in EPR tubes 

capped with septa. 2 was determined to be EPR silent at X-band frequencies, where no 

significant signal was observed above background. Some signal was present in 1 most likely due 

to some degradation but was not significant compared to background noise and signal did not 

improve with more scans (Figure S20). Noise due to moisture accumulation on inside of liquid-

nitrogen finger dewar during measurements.  

 
Figure S19. EPR spectra (9.65 GHz, 77 K) of [CuII(TMPA)(CH3CN)(ClO4)2] (1 mM) in acetone (10 

scans, red trace) and 1:1 acetone:toluene (10 scans, blue trace). 

 

 
Figure S20. EPR spectra (9.65 GHz, 77 K, 1:1 acetone:toluene) of [CuII(TMPA)(CH3CN)(ClO4)2] (1 

mM, blue trace), 1 (1 mM, purple trace), 2 (1 mM, gold trace); (A) traces normalized to number of scans, 

(B) traces multiplied to show baseline.   
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5. Resonance Raman measurements  

Resonance Raman samples were prepared in a glovebox using the following procedure. 4 mm 

O.D. quartz EPR tubes (Wilmad) were charged with 500 μL of [CuI]+ (3–5 mM) in dry acetone 

(N2-saturated). For samples of 2, Ca(OTf)2 was also added (15–25 mM). The EPR tubes were 

capped tightly with a septum and removed from the glovebox. The samples oxygenated 

according to procedure 2.3. in liquid nitrogen where O2 gas (16O2 or 18O2) was added to the 

headspace with a gas-tight syringe (10 mL). The tubes were then flame-sealed, thawed at –115 

°C (dry-ice/pentane bath), and vigorously shaken to generate the peroxide species, 1 and 2. The 

samples were then frozen again with liquid nitrogen and stored in a dry-shipper (pre-conditioned 

with liquid nitrogen) until measured.  

 

The resonance Raman experiments were performed using a Cobolt 08-DPL laser at an excitation 

wavelength of 456.8 nm with 20mW power. Samples were transferred to a liquid nitrogen bath 

inside an EPR coldfinger to cool the samples during the measurements. The scattered light from 

the samples was focused onto an Acton two-stage TriVista 555 monochromator and detected by 

a liquid N2-cooled Princeton Instruments Spec-10:400B/LN CCD camera. The accumulation and 

exposure times for the samples are specified in the figure captions below. The spectral resolution 

was 0.3 cm-1. Spectra were then plotted and processed using the OriginPro 9.0.0 (64-bit) 

software for baseline correction.  

 

 
Figure S21. Resonance Raman spectra (457 nm excitation, 77 K) of 1 (2.5 mM) formed with 16O2 (top) 

and 18O2 (bottom). Spectra were collected in one accumulation with an exposure time of 5 min. 
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Figure S22. Resonance Raman spectra (457 nm excitation, 77 K) of 2 (1.5 mM) formed with 16O2 (top) 

and 18O2 (middle), and Ca(OTf)2 (15 mM) in acetone (bottom). Spectra were collected in one 

accumulation with an exposure time of 60 s.  
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6. NMR measurements 

All NMR spectra were collected on a Bruker Avance III HD Ascend (1H: 600 MHz, 13C: 

152 MHz, 19F: 564.5 MHz). 1H NMR shifts are referenced relative to internal standard due to 

potential acetone binding to compounds ((SiMe3)2O 1H = 0.07 ppm; d6-acetone 1H ~ 2.05 ppm). 

A 600 MHz z-BBO probe was used to lock onto the 19F nucleus on the 1H channel and was 

referenced to an external standard ([PF6]–: 19F = –72 ppm). All samples were prepared in an N2-

filled glovebox in either J. Young tubes (New Era) or standard 5 mm O.D. tubes. 1 and 2 were 

prepared according to procedure 2.3 and then sparged with N2 to remove excess O2 in solution. 

The coaxial insert (Wilmad) was then slowly inserted into the sample tube and capped with a 

septum.    

 

6.1. NMR spectra of non-Cu containing compounds  

 
Figure S23a. 1H NMR spectra (CDCl3, 298 K) of [NBu4][OTf] (500 mM) (* represents residual water). 
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Figure S23b. 13C{1H} NMR spectra (CDCl3, 298 K) of [NBu4][OTf] (500 mM). 

 

 
Figure S23c. 19F{1H} NMR spectra (CDCl3, 298 K) of [NBu4][OTf] (500 mM). 
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Figure S24. 1H NMR spectra (d6-acetone, 298 K) of (A) TMPA (5 mM), (B) TMPA (10 mM) + Ca(OTf)2 

(50 mM) (* represents CaII bound acetone or residual H2O). Insets of 7-9 ppm represent pyridyl protons; 

no peaks were observed below 4 ppm or above 9 ppm). 
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6.2. 1H NMR of Cu compounds 

 

 
Figure S25. 1H NMR spectra (d6-acetone, 193 K) of (A) [CuI]+ (4 mM), (B) [CuI]+ (4 mM) + Ca(OTf)2 

(40 mM). [CuI]+ matches that reported by Karlin, et. al.,5c, 15 where the broadness and lowered solution 

symmetry has been attributed to the formation of a dimer that is stabilized from additional π-stacking of 

the pyridyl arms in TMPA. Note: Peaks calibrated to the internal standard, (SiMe3)2O (5 mM).  
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Figure S26. 1H NMR spectra (d6-acetone, 193 K) 1 (25 mM) (* = minor degradation product 

(paramagnetic)). 1 matches that reported by Karlin, et. al,3 taken in CD2Cl2 at 185 K.  
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Figure S27. 1H NMR spectra (d6-acetone, 193 K) of (A) [CuI]+ (50 mM) + Ca(OTf)2 (300 mM), (B) 

[CuII]2+ (25 mM) + Ca(OTf)2 (300 mM), (C) 1 (25 mM), (D) 2 (25 mM) + Ca(OTf)2 (300 mM). Note: 

spectra intensity was normalized to the internal standard, (SiMe3)2O (5 mM).  
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Figure S28. 1H NMR (d6-acetone, 193 K) of 2 (25 mM) + Ca(OTf)2 (300 mM). Gold circles represent 2. 

A small amount of diamagnetic impurity (red circles) was observed, along with a small amount of a 

thermal decomposition product (blue circles). As noted, 2 is otherwise stable at or below 193 K during 

our UV-Vis experiments, and thermal decomposition is likely due to any warming during sample transfer 

(only observed during NMR experiments). The 1H-NMR resonances denoted with blue circles align with 

{[CuII(TMPA)]2(μ-OH)}3+ reported by Kieber-Emmons.11, 16 Note: Integrations calibrated to (SiMe3)2O (5 

mM) that was added as an internal standard in each sample. Insets show of 3-45 ppm and 50-115 ppm 

ranges; no peaks were observed below -4 ppm or above 120 ppm. 
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Figure S29. 1H NMR (d6-acetone) of of 2 (25 mM) + Ca(OTf)2 (300 mM) starting at 193 K (bottom, 

black) and thermal decomposition product at 298 K (top, red) where inset represents downfield region 

from 50-120 ppm. Gold circles represent 2, red circles represent small amount of diamagnetic substance 

and blue circles represent hypothesized decay product.11, 16 Note: Peaks calibrated to (SiMe3)2O (5 mM) 

that was added as an internal standard. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 27 

 

Figure S30. 1H NMR (d6-acetone, 193 K) of (A) [CuII]2+ (25 mM) + Ca(OTf)2 (300 mM), (B) 2 (25 mM) 

+ Ca(OTf)2 (300 mM). Note: Peaks calibrated to the internal standard, (SiMe3)2O (5 mM). 
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6.3. Evans Method procedure 

6.3.1. Procedure for determining effective magnetic moment 

Evans Method measurements were taken using a Wilmad glass coaxial insert filled with 5 mM 

(SiMe3)2O solution also used to prepare stock solutions for [CuI]+, [CuII]2+, 1 and 2. The molar 

magnetic susceptibility, χmol (cm3·mol-1) and effective magnetic moment, µeff (μB, BM), were 

calculated using equations S11 and S12,17 where Δf is the difference in Hz of the two observed 

(SiMe3)2O peaks (Figure S31), f is the frequency of the NMR, C is concentration of solute 

(mol·cm-3), 𝜒𝐷 is the diamagnetic correction (see 6.2.2) calculated from Pascal’s constants 

(cm3·mol-1 or emu·mol-1), T is temperature (K), and n is the number of unpaired electrons.   

𝜒𝑚𝑜𝑙 =  
3𝛥𝑓

4𝜋𝑓𝐶
− 𝜒𝐷 

Eq. S11 

𝜇𝑒𝑓𝑓 =  √8𝑇𝜒𝑚𝑜𝑙 = √𝑛(𝑛 + 2) Eq. S12 

6.3.2. Diamagnetic correction 

Table S2. Pascal’s constants18 used to correct for the estimated diamagnetic susceptibility (𝜒𝐷) 

of solvent, ligand and metals present in each of the measured compounds.   
Compound Pascal’s Constants 𝜒D 

(emu mol-1) 

Acetone   −33.6 × 10-6 

PF6
− 𝜒Di(P) -26.3 −6.41 × 10-5 

 6𝜒Di(F) 6(-6.3)  

CF3SO3
− 𝜒Di(C) -6.0 −2.38 × 10-4 

 𝜒Di(S) -15.0  

 3𝜒Di(F) 3(-6.3)  

 3𝜒Di(O) 3(-4.6)  

TMPA 15𝜒Di(Cring) 15(-6.24) −1.65 × 10-4 

 3𝜒Di(C) 3(-6.00)  

 3𝜒Di(Nring) 3(-4.61)  

 1𝜒Di(Nopen chain) -5.57  

 12𝜒Di(H) 12(-2.93)  

 3𝜒Di(pyridine) 3(0.5)  

[CuI]+ 𝜒D(TMPA) -165 −2.09 × 10-4 

 𝜒D(CuI) -12  

 𝜒D(PF6
−) -61.4  

[CuII]2+ 𝜒D(TMPA) -165 −2.40 × 10-4 

 𝜒D(CuII) -11  

 2𝜒D(ClO4
−) 2(-32)  

1 a 2𝜒D(TMPA) 2(-165) −4.84 × 10-4 

 2𝜒D(CuII) 2(-11)  

 2𝜒D(PF6
−) 2(-61.4)  

 𝜒Di(O2) 2(-4.6)  

2 a 2𝜒D(TMPA) 2(-165) −1.28 × 10-3 

 2𝜒D(CuII) 2(-11)  

 𝜒D(CaII) -10.4  

 2𝜒D(CF3SO3
−) 2(-238.2)  

 2𝜒D(PF6
−) 2(-64.1)  

 𝜒Di(O2) 2(-4.6)  

 2𝜒D(Acetone) 3(-33.6)  
a𝜒D of O2 was used for O2

2-; C-H and C-C single bonds assumed 𝜆=0 emu mol-1. 
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6.2.3. Effective Magnetic Moment Values 

The µeff value of [CuI]+ has been measured in MeCN at 233K as 0 BM.19 Published µeff values of 

1 vary depending on solvent ranging from 0.23 to 1.8 μB/Cu. Large values obtained for 1 were 

ascribed to paramagnetic impurities generated in CD2Cl2 measurement at 193K. Values of 0.23-

0.33  μB/Cu were obtained in EtCN/C7D8 mixture at 193K where stability of 1 is improved in 

coordinating EtCN solvent.3 

 

Table S3. (SiMe3)2O frequency shift and µeff of Cu species obtained at 193K in d6-acetone 

calculated using Evans method. 

Entry Complex Concentration 

(mM) 

Δf  

(Hz) 

µeff  

(μB) 

µeff /Cu 

(μB/Cu) 

1a [CuI]+ 50 0 0 0 

2a [CuII]2+ 25 117.391 1.80 1.80 

3b [CuII]2+ 25 141.027 1.97 1.97 

4 1 25 49.560 1.40 0.70 

5a,c 2 25 149.969 2.44 1.22 

a – Measured with 300 mM Ca(OTf)2. b – No Ca(OTf)2 added. c – Corrected for χdia associated with 300 

mM Ca(OTf)2 at 193 K  (1.89 x 10-4 emu mol-1; determined from differences in µeff of [CuII]2+ in entries 

2 and 3).  

 

 
Figure S31. 1H NMR (d6-acetone, 193 K) of (SiMe3)2O (5 mM) standard shifts used to calculate µeff: (A) 

[CuI]+ (50 mM) + Ca(OTf)2 (300 mM), (B) [CuII]2+ (25 mM) + Ca(OTf)2 (300 mM), (C) 1 (25 mM), (D) 

2 (25 mM) + Ca(OTf)2 (300 mM). 
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7. Conductivity Measurements 

Conductivity measurements were performed using an Oakton Instruments CON 6+ meter with a 

conductivity/temperature probe that was calibrated according to the manufacturer specifications. 

Tetrabutyl ammonium triflate, [NBu4][OTf], was used as a standard to represent formation of a 

1:1 electrolyte in acetone (0.1 to 10 mM), where a molar conductivity (ΛM) of 128 ± 10 S·cm2/mol 

was obtained. This is consistent with quoted literature values of tetrabutyl ammonium salts in 

acetone (~10-3 M [NBu4][Br]: 123 S·cm2/mol).20 The conductivity of Ca(OTf)2 was measured in 

acetone (0.1 to 8 mM), and a molar conductivity of 107 ± 19 S·cm2/mol was obtained. Although 

there is some deviation from ideal behavior at increasing concentrations of Ca(OTf)2 (> 2 mM), 

the value of ΛM still falls within the expected range of a 1:1 electrolyte (including Ca(ClO4)2 in 

acetone).21
  A reasonable formulation of this species would be [Ca(OTf)(Acetone)n][OTf] (n = 4 

or 5), and the reactivity of both [Ca(OTf)(Acetone)5][OTf] and [Ca(OTf)2(Acetone)4] were 

explored in our computational modelling studies. 

 

 
Figure S32. Conductivity measurements collected on acetone solutions at 298 K of [NBu4][OTf] 

(black, ●) and Ca(OTf)2 (red, ×). 
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9. Computational Methods  

All geometries were fully optimized at the M06-L level of density functional theory22 using 

the Stuttgart [8s7p6d2f | 6s5p3d2f] ECP10MWB contracted pseudopotential basis set on Cu23 and 

the 6-31G(d) basis set24 on all other atoms. The grid=ultrafine option in Gaussian 1625 was chosen 

for integral evaluation and an automatically generated density-fitting basis set was used within the 

resolution-of-the-identity approximation for the evaluation of Coulomb integrals. The nature of all 

stationary points was verified by analytic computation of vibrational frequencies, which were also 

used for the computation of zero-point vibrational energies and molecular partition functions. 

Partition functions were used in the computation of 298 K thermal contributions to free energy 

employing the usual ideal-gas, rigid-rotator, harmonic oscillator approximation.26 Solvation 

effects associated with acetone as solvent were accounted for by using the SMD continuum 

solvation model.27 A 1 M standard state was used for all species in solution, thus, for all molecules, 

the free energy in solution is computed as the 1 atm gas-phase free energy, plus an adjustment for 

the 1 atm to 1 M standard-state concentration change of RT ln (24.5), or 1.9 kcal/mol, plus the 1 

M to 1 M transfer (solvation) free energy computed from the SMD model.26 Free energy 

contributions were added to single-point M06-L electronic energies computed with the SDD basis 

set on Cu and the 6-311+G(2df,p) basis set on all other atoms to arrive at final, composite free 

energies. 

Many complexes investigated have electronic structures that are not well described by a single 

determinant. In such instances, standard Kohn-Sham DFT is not directly applicable,26, 28 and we 

adopt the Yamaguchi broken-spin-symmetry (BS) procedure29 to compute the energy of the spin-

purified low-spin (LS) state as 

    

   

LSE =

BSE
HS

S2 -
LS

S2
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 (Eq. S13) 

where HS refers to the single-determinantal high-spin coupled state that is related to the low-spin 

state by spin flip(s) and < S2 > is the expectation value of the total spin operator applied to the 

appropriate determinant. The same procedure is employed to compute the exchange coupling 

constants (J) at B3LYP level of theory30 with def2-TZVP basis set31 on all atoms as implemented 

in ORCA software package.32 
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Figure S33. Optimized structures at M06-L level of theory. Color code: H, white; C, gray; N, blue; 

O, red; F, cyan; S, yellow; Ca, lime and Cu, ochre. 

  
{[Cu(TMPA)]2(μ-1,2-O2)}2+ {[Cu(TMPA)](μ-η1:η2:O2

2-)[Ca(OTf)(Ac)4]}+ (A) 

  

{[CuII(TMPA)]2(μ-η1:η1:η1-O2
2–)[CaII(OTf)(Ac)4]}3+ (B) 

Conformer 1 

{[CuII(TMPA)]2(μ-η1:η1:η1-O2
2–)[CaII(OTf)(Ac)4]}3+ (B) 

Conformer 2 
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{[CuII(TMPA)]2(μ-η1:η1:η2-O2
2–)[CaII(OTf)(Ac)3]}3+ 

Conformer 1 

{[CuII(TMPA)]2(μ-η1:η1:η2-O2
2–)[CaII(OTf)(Ac)3]}3+ 

Conformer 2 

 
{[CuII(TMPA)]2(μ-η1:η1:η2-O2

2–)[CaII(OTf)(Ac)4]}3+  (CP)  
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Figure S34. Newman projections (and associated dihedral angles, φ) along the O – O bond for CP 

and the two conformers of the triacetone solvate, {[CuII(TMPA)]2(μ-η1:η1:η2-O2
2–

)[CaII(OTf)(Ac)3]}3+.  

 
Figure S35. Unpaired spin density plots (blue and green surfaces indicate α and β spin densities 

respectively) for optimized structures at M06-L level of theory. Color code: H, omitted for clarity; 

C, gray; N, blue; O, red; F, cyan; S, yellow; Ca, lime and Cu, ochre. 

  
{[Cu(TMPA)]2(μ-1,2-O2

2-)}2+ (1)  

(S = 0) 

{[Cu(TMPA)](μ-η1:η2:O2
2-)[Ca(OTf)(Ac)4]}+ (A) 

(S = 1/2) 

  
{[CuII(TMPA)]2(μ-η1:η1:η1-O2

2–)[CaII(OTf)(Ac)4]}3+ (B) 

Conformer 1 (S = 1, J = –36 cm-1) 

{[CuII(TMPA)]2(μ-η1:η1:η1-O2
2–)[CaII(OTf)(Ac)4]}3+ (B) 

Conformer 2 (S = 1, J = +11 cm-1) 
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{[CuII(TMPA)]2(μ-η1:η1:η2-O2
2–)[CaII(OTf)(Ac)3]}3+ 

Conformer 1 (S = 1, J = –41 cm-1) 

{[CuII(TMPA)]2(μ-η1:η1:η2-O2
2–)[CaII(OTf)(Ac)3]}3+ 

Conformer 2 (S = 1, J = +64 cm-1) 

 
{[CuII(TMPA)]2(μ-η1:η1:η2-O2

2–)[CaII(OTf)(Ac)4]}3+  (CP)  

(S = 1, J = +83 cm-1) 
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Scheme S3. Computed free-energy changes (ΔG in kcal/mol) reactions of {[Cu(TMPA)]2(μ-1,2-

O2)]}2+ (1) and [Ca(OTf)2(Ac)4]
 

 

 
Scheme S4. Computed free-energy changes (ΔG in kcal/mol) reactions of {[Cu(TMPA)]2(μ-

1,2-O2)]}2+ (1) and [Ca(OTf)(Ac)5]+ 
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Table S4. Computed vO–O and Δ16O2–18O2 in units of cm–1 for selected complexes. 

Complex Unscaled Frequencies 
Scaled Frequencies 

scaling factor = 0.952 

 vO–O Δ16O2–
18O2  vO–O Δ16O2–

18O2  

{[CuII(TMPA)]2(μ-η1:η1:η1-O2
2–)[CaII(OTf)(Ac)4]}

3+ 

Conformer 1 (B) 
965 77 919 74 

{[CuII(TMPA)]2(μ-η1:η1:η1-O2
2–) [CaII(OTf)(Ac)4]}

3+ 

Conformer 2 (B) 946 68 901 65 

{[CuII(TMPA)]2(μ-η1:η1:η2-O2
2–)[CaII(OTf)(Ac)3]}

3+ 

Conformer 1 
882 47 840 45 

{[CuII(TMPA)]2(μ-η1:η1:η2-O2
2–)[CaII(OTf)(Ac)3]}

3+ 

Conformer 2 
879 48 837 46 

{[CuII(TMPA)]2(μ-η1:η1:η2-O2
2)[CaII(OTf)(Ac)4]}

3+ 

CP 
873 48 831 45 
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