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ABSTRACT: We report that exposing the dipyrrin complex (EMindL)Cu(N2) to air affords rapid, quantitative uptake of O2 in either 

solution or the solid-state to yield (EMindL)Cu(O2). The air and thermal stability of (EMindL)Cu(O2) is unparalleled in molecular copper-

dioxygen coordination chemistry, attributable to the ligand flanking groups which preclude the [Cu(O2)]1+ core from degradation. 

Despite the apparent stability of (EMindL)Cu(O2), dioxygen binding is reversible over multiple cycles with competitive solvent ex-

change, thermal cycling, and redox manipulations. Additionally, rapid, catalytic oxidation of diphenylhydrazine to azoarene with 

generation of hydrogen peroxide is observed, through the intermittency of an observable (EMindL)Cu(H2O2) adduct. The design prin-

ciples gleaned from this study can provide insight for the formation of new materials competent capable of reversible scavenging of 

O2 from air under ambient conditions with low-coordinate CuI adsorbents. 

1. INTRODUCTION  

 

The industrial separation of high-purity dioxygen (O2) from air 

is of paramount importance for chemical synthesis1,2 with myr-

iad applications in oxy-fuel combustion, medical treatments, 

and steel manufacturing.3 The current methodology for O2 pu-

rification involves desiccating and filtration of air, followed by 

fractional distillation at both cryogenic temperatures and ele-

vated pressures to remove undesirable components, primarily 

dinitrogen (N2). Distillation purification of O2 is currently con-

ducted on scales exceeding 100 Mton annually.4 The direct sep-

aration of O2 from humid, unpurified air without the requisite 

desiccation,  particulate filtration, and intermittent cryogenic 

distillation would represent an advancement in O2 separations. 

Various N2-selective cation-exchanged zeolites5 and O2-selec-

tive metal-organic frameworks with coordinately unsaturated 

metal ions6-14 have demonstrated promise for O2 separation 

from binary O2/N2 mixtures under milder conditions; however, 

the water-sensitivity of these activated frameworks and their di-

minished capacity over multiple cycles at ambient temperatures 

hinders wide-scale implementation in O2 separation. Fine tun-

ing the O2 binding site at the molecular level may yet enable 

new strategies to achieve selective O2 separation from air. 

Nature employs selective O2 binding in metalloenzymes 

for O2 transport.25, 26 In particular,  the CuI sites in hemocyanin27 

reversibly binds O2, inspiring a number of biomimetic Cu-based 

model complexes.28-30 In contrast to metalloenzymes, synthetic 

copper-dioxygen complexes suffer from poor thermal stability 

and poor control of nuclearity, attributable to the absence of the 

protein superstructure which modulates substrate access to 

avoid framework degradation.31 In general, the binding and ac-

tivation of O2 by molecular complexes is well-precedented;15-19 

yet synthetic complexes often suffer from facile O2 displace-

ment without excess O2,20 low O2 affinity in the solid-state,21,22 

ligand oxidative degradation,23 or irreversible O2 activation.24 

Thus, an ideal transition metal-ligand combination would pre-

serve low-coordination numbers for the bound transition metal, 

lack activatable functionalities for oxidative robustness, and fa-

cilitate O2 binding reversibly.  

Recently, we described an isolable, triplet copper-nitrene 

supported by a dipyrrin scaffold featuring sterically 

encumbered peralkylated hydridacene EMind32 substituents 

(EMind: 1,1,7,7-tetraethyl-1,2,3,5,6,7-hexahydro-3,3,5,5-tetra-

methyl-s-indacene).33 The Cu resides in a hydrophobic, steri-

cally protected pocket ideal for stabilizing traditionally reactive 

species. Herein, we report the preparation of an air-stable, side-

bound cupric superoxide (EMindL)Cu(O2) which displays re-

markable aqueous, thermal, and vacuum stability. Nonetheless, 

O2 displacement can be promoted using a variety of stimuli. The 

bound O2 can also be converted to hydrogen peroxide catalyti-

cally via arylhydrazine oxidation under ambient air. These ob-

servations of using reversible O2 binding to a low-coordinate 

CuI site provides new design insights for the generation of new 

O2 separation materials. 

 

2. RESULTS AND DISCUSSION 

 

2.1. Cu Oxygenation. During routine manipulations of 

(EMindL)Cu(N2) (1),33 we observed a rapid color change from or-

ange to red upon exposure of 1 to ambient air to yield 2 (Figure 

1a, Figure S23). This color change from 1 to 2 was distinct from 

the yellow-orange hue attributed to free ligand (EMindL)H, argu-

ing against ligand protonolysis from atmospheric water, which 

is prevalent in 3d transition metal dipyrrin complexes. In hex-

anes, the color change upon air exposure was accompanied by 

notable effervescence, consistent with loss of the coordinated 

dinitrogen ligand from 1. Analysis by UV/vis spectroscopy re-

vealed a subtle red-shift in the Soret band (λ1 = 515 cm–1, ε1 = 

65,000 M–1 cm–1; λ2 = 520 cm–1, ε2 = 59,000 M–1 cm–1) as well 

as a substantial blue-shift in a less-intense absorbance feature 

(λ1 = 400 cm–1, ε1 = 5,200 M–1 cm–1; λ2 = 360 cm–1, ε2 = 7,000 

M–1 cm–1; Figure 2a). Multinuclear (1H/19F/13C{1H}) NMR 

spectroscopy revealed a single diamagnetic species (Figure 2b, 

see supporting information for assignments of spectra reso-

nances), accessed in quantitative yield from 1 (Figures S1–S3). 

A high-resolution mass spectrum of air-exposed 1 was satisfac-

torily modelled as [(EMindL)Cu(N2) + 2O – 2N]+, suggesting ex-

change of the coordinated N2 for O2 (Figure S4). In accord, sin-

gle crystal X-ray diffraction at 100 K on crystals produced from 

a concentrated pentane solution of 1 under air at –10 ºC over-

night revealed the corresponding side-bound dioxygen-adduct 

(EMindL)Cu(O2) (2) (Figures 1b, 1c). 



 

 

 
Figure 1. (a) Air-exposure of (EMindL)Cu(N2) (1) affords thermally ro-

bust (EMindL)Cu(O2) (2) in quantitative yield in either solution of the 

solid state. (b) Solid state structure of 2 at 100 K depicted at 50 % dis-

placement ellipsoid probability. (c) Pertinent bond metrics in 

[Cu(O2)]1+ core. Color scheme: Cu (cobalt blue), F (yellow-green), N 

(blue), and O (red). 

Interestingly, high-quality single crystals of 2 could be pre-

pared through a single-crystal-to-single-crystal transformation 

by exposure of 1 to air over one week, reflecting the minimal 

changes in lattice parameters between 1 and 2 as well as the low 

volatility of the encapsulated pentane solvent molecule within 

the crystalline lattice (Figure S47). Analysis of the solid-state 

molecular structure reveals a planar geometry about the Cu ion 

and relatively short Cu–O bond lengths (1.824(3), 1.834(3) Å), 

(Figure 2C). The O–O bond length (1.379(4) Å) is comparable 

to that observed in our previously reported (ArL)Cu(O2) 

(1.383(2) Å; ArL: 5-mesityl-1,9-(2,4,6-Ph3C6H2)dipyrrin), as-

signed as a predominant CuII(O2
•–) electronic structure based on 

the observed bonds lengths and multiconfigurational calcula-

tions.34 By analogy, we tentatively assign 2 as a cupric superox-

ide as a more appropriate descriptor than a high-valent cupryl 

peroxide CuIII(O2
2–) formulation.The relatively short Ndipyrrin–

Cu bond parameters (1.888(3), 1.885(3) Å) are similarly com-

parable to an authentic cupric species in the same dipyrrin plat-

form (EMindL)CuCl, (1.901(3), 1.894(3) Å).33 Resonance Raman 

studies on 2-16O2 and isotopically labelled (EMindL)Cu(18O2) (2-
18O2) reveal an isotopically sensitive feature at 1003 cm–1 

(shifted 50 cm–1 to 953 cm–1 for 2-18O2 with an expected shift 

of 57 cm–1 to 946 cm–1 for an ideal harmonic oscillator; see sup-

porting information for synthesis details), in agreement with 

mononuclear β-diketiminate-supported (968 cm–1) and tris(py-

razolyl)hydroborate-supported (1043 cm–1) CuO2 species, both 

of which display an electronic structure most consistent with a 

predominant cupric superoxide formulation (Figure 2c).28,36 

 
Figure 2. (a) UV/visible spectroscopy depicting shifts in absorbances from (EMindL)Cu(N2) (1) upon air exposure to yield (EMindL)Cu(O2) (2). Inset 

depicts shift in Soret band. (b) 1H NMR spectrum of 2 in C6D6, displaying diamagnetic resonances. Inset depicts a single resonance by 19F NMR 

spectroscopy. (c) Resonance Raman measurements on 2-16O2, displaying an isotoptically sensitive resonance at 1003 cm–1 (blue) with a shift to 953 

cm–1 for 18O2 labelling (red) most consistent with a superoxide motif. The difference map (green) indicates changes between 2-16O2 and 2-18O2. 

 



 

 

Figure 3. (a) Displacement of O2 from (EMindL)Cu(O2) (2) through chemical redox, thermolysis under N2, or solvent ligation. (b) solid state structure 

of (EMindL)Cu(CH2Cl2) (4) at 100 K depicted at 50 % displacement ellipsoid probability. Hydrogen atoms of the ligand scaffold are omitted for clarity, 

excluding those on the hydrazine motif. Color scheme: Cu (cobalt blue), Cl (green), F (yellow-green), N (blue). (c) Thermal gravimetric analysis 

(TGA), illustrating reversible coordination of O2 under active N2 flow at 110 ºC. Color scheme denotes 2 under N2 (red) and under O2 (blue). 

2.2. Stability Assessment. The steric protection afforded 

by the hydrindacene units engenders both kinetic persistence 

and thermodynamic stability, preventing protolytic decomposi-

tion products and oligomerization. No noticeable decomposi-

tion was observed upon aqueous workup of 2 in aliphatic sol-

vents. Thermogravimetric analysis (TGA) measurements on 

crystalline 2 illustrate no apparent decomposition below 120 ºC 

under active flow of Ar, pure O2, or air. Allowing crystalline 2 

to stand at 100 ºC under dynamic vacuum for 36 h afforded no 

decomposition as evident by multinuclear NMR spectroscopy, 

conducted by dissolution in C6D6 under Ar following thermol-

ysis without intermittent air exposure. Similarly, crystalline 

samples of 2 left under air for one year show no signs of degra-

dation or substantial changes in crystallinity based on periodi-

cally collected single crystal X-ray diffraction data sets. Pro-

longed thermolysis of a solution of 2 in C6D6 (at 10–30 mM 

concentrations) at 60 ºC over multiple days reveals no starting 

material consumption by 1H/19F NMR spectroscopy. Nonethe-

less, thermolysis at elevated temperatures under air (80 ºC in 

solution, 150 ºC in the solid-state) afforded partial, albeit in-

complete, decomposition of 2 to (EMindL)H over a 24 h period 

(Figures S41, S42), accompanied by deposition of a precipitate.  

2.3. Displacement of O2. Despite the apparent stability of 

2, removal of O2 could be accomplished through deliberate 

solvation, redox processes, or thermolysis. Addition of IMes2Pd 

in C6D6 to solid 2 under N2 afforded (EMindL)Cu(η2-C6H6) and 

IMes2Pd(O2), consistent with O2 transfer (Figure S23).41 

Whereas dissolution of 2 in C6D6 under air failed to elicit O2 

release, dissolution of 2 in neat d8-toluene (C7D8) afforded rapid 

effervescence with a color change from red to orange-red with 

formation of a single diamagnetic species by multinuclear NMR 

spectroscopy assigned as (EMindL)Cu(η2-C7H8) (3) (Figure 3a; 

Figures S26, S27). The same spectroscopic features were ac-

cessed upon dissolution of crystalline 1 in toluene under N2, ac-

companied by release of N2. Mixtures of 2 and 3 could be 

observed from titration of 2 with varying quantities of toluene. 

Although single crystals of 3 have remained elusive, crystalli-

zation of 1 under Ar in the presence of benzene affords 

(EMindL)Cu(η2-C6H6), featuring an η2-interaction between the Cu 

center and rotationally disordered arene (Figure S55).42 Inter-

estingly, removal of solvent from 3 under vacuum at room tem-

perature afforded 2 (84 % yield, 1H/19F NMR, C6D6) with partial 

remaining 3 (16 % yield, 1H/19F NMR), producing 0.84 equiv-

alents of O2 per cycle (Figures S28, S29). These cycling exper-

iments could be performed at least five times with no apparent 

degradation and consistent ratios of 2:3 upon removal of excess 

toluene. Similarly, dissolution of 2 in neat dichloromethane rap-

idly furnished a new diamagnetic species (EMindL)Cu(CH2Cl2) 

(4) (4, 95 %; 2, 5 % remaining) with reformation of 2 (2, 83 % 

yield; 4, 17 % remaining) upon evacuation and air exposure, 

producing 0.78 equivalents of O2 per cycle (Figure 3c; Figures 

S30–S33). Single crystals of the dichloromethane adduct 4 were 

isolated under Ar, demonstrating that solvent binding facilitates 

O2 displacement. An extensive screen of additional solvents in-

cluding cyclic alkenes, ketones, amides, sulfoxides, and sulfur-

containing solvents revealed partial or irreversible O2 displace-

ment with diminished efficacies compared to those of toluene 

for generating 3 and dichloromethane for generating 4 (Table 

S1). Strongly coordinating additives such as pyridine and ace-

tonitrile irreversibly displaced O2 to yield air-stable CuI species.  

Although d6-benzene solutions of 2 display indefinite sta-

bility in air, dissolution of 2 in C6D6 under an N2 atmosphere 

afforded detectable quantities (ca. 10 %) of (EMindL)Cu(η2-C6D6) 

through intermittency of 1, suggesting O2 displacement could 

be affected through N2 binding (Figures S39, S40). Monitoring 

the conversion between 2 and 1 by mass changes through TGA, 

a sample of finely divided microcrystalline 2 (ca. 10 mg, 0.010 

mmol) in the solid state at 110 ºC under flowing N2 (10.0 

mL/min) for 24 h showed ca. 50–60 % conversion to 1, with 

rapid conversion back to 2 upon O2 or air exposure (Figures 3a, 



 

3c). Indeed, exposure of 1 to a stoichiometric quantity of O2 in 

air afforded 2 in quantitative yield upon mixing. Performing 

TGA cycling measurements between N2 and O2 atmospheres 

revealed partially conversion of 2 to 1 (see supporting infor-

mation for experimental details) with approximately 95% 2 

upon cycling completion by multinuclear NMR studies (Figures 

S36, S37). The incomplete conversion of 2 to 1 under N2 is at-

tributed to poor or incomplete gas penetration in the bulk sam-

ple.  

Release of coordinated O2 could be similarly affected 

through redox mediation. Addition of iodine to 2 induced rapid 

effervescence from O2 dissociation, accompanied by a color 

change from red to dark pink (Figure 3a). Analysis by multinu-

clear NMR revealed formation of a single paramagnetic species 

identified as (EMindL)CuI (6) by electron paramagnetic reso-

nance for a doublet species and single crystal X-ray diffraction 

(Figures S17, S58). A quasi-reversible reduction was observed 

by cyclic voltammetry (E1/2 = –0.46 vs. Fc/Fc1+) for 6, attributed 

to reduction to the corresponding CuI species (Figure S19). Ac-

cordingly, treatment of 6 with excess metallic silver (3.0 equiv.) 

in dichloromethane under air (1 h) afforded full consumption of 

6, with reformation of a 2/4 mixture in combined quantitative 

yield upon filtration and workup (Figure S34, S35). Exposure 

of this mixture to I2 rapidly re-afforded 6 in quantitative yield 

with effervescence from O2 dissociation, with no diminished ca-

pacity over multiple cycles. 

Previously reported copper–dioxygen adducts typically ex-

hibit thermal sensitivity and commonly require cryogenic tem-

perature (e.g., –125 ºC,37 –95 ºC,38 –80 ºC23), excess O2, and 

strictly anhydrous reaction conditions to prepare. Additionally, 

dimeric and trimeric oligomers are observed as consequence of 

insufficient steric protection23 or pre-arrangement of the CuI 

centers in a multinucleating scaffold.39 Two notable exceptions 

of thermally robust copper-dioxygen adducts include 

[((tBu3tacn)Cu)2(μ–η2:η2–O2)][OTf]2 (tacn: 1,4,7-triazacy-

clononane)40 and (ArL)Cu(O2).34 The former complex, prepared 

by aerobic oxidation of [(tBu3tacn)Cu][OTf], exhibits gradual 

decay over prolonged solvation in polar solvents at room tem-

perature (the thermal stability at elevated temperatures was not 

reported). The latter complex exhibits a reversible, intramolec-

ular η2-interaction with one of the ortho-phenyl groups from the 

dipyrrin aryl flanking unit, necessitating excess dioxygen (1 

atm) and mild cooling (–15 ºC) with dilute samples to promote 

full conversion to the dioxygen adduct and displace the proxi-

mal aryl ring. Furthermore, (ArL)Cu(O2) reverts to (ArL)Cu un-

der reduced pressure, reflecting the entropically favored O2 dis-

placement. Exposure of (ArL)Cu to ambient air afforded minor 

formation of (ArL)Cu(O2) (1.0:6.2 by 1H NMR for Cu(O2): Cu), 

accompanied by gradual decomposition over hours to unidenti-

fied paramagnetic species and free ligand, attributed to dimin-

ished water stability relative to that of 2 (Figure S24).  



 

 

 
Figure 4. Proposed catalytic cycle for hydrogen peroxide formation through 1,2-diphenylhydrazine oxidation, accompanied by azoarene formation. 

The off-cycle formation of (EMindL)Cu(CH2Cl2) (4) is proposed to augment stability of the catalyst toward H2O2.  

2.4. Catalytic O2 Transfer. The reversible binding of O2 

from 2 prompted us to explore chemical transformations in 

which 2 could act as a molecular O2 source. We targeted the 

catalytic synthesis of hydrogen peroxide from O2, noting the in-

dustrial anthraquinone auto-oxidation process suffers from 

side-reactions in the palladium-catalyzed hydrogenation of the 

2-alkylanthraquinone species.43,44 Direct addition of stoichio-

metric hydrazine to 2 afforded immediate effervescence to yield 

the air-stable hydrazine adduct (EMindL)Cu(NH2NH2) (5) with-

out generation of hydrogen peroxide (Figure S58). However, 

addition of 1,2-diphenylhydrazine in dichloromethane to 2 (1 

mol%) under air afforded the corresponding azoarene (94 % 

yield) after 2 h (Figure 4; Figure S48–S51). The azoarene prod-

uct could be selectively extracted with ethanol to remove dipyr-

rin-containing species and converted back quantitively into 1,2-

diphenylhydrazine through previously reported reduction pro-

tocols.45 Analysis of the reaction mixture by 1H NMR spectros-

copy reveals a diagnostic singlet resonance at 𝛿 9.13 ppm at-

tributable to hydrogen peroxide which could be similarly ob-

served in stock solutions of H2O2 in C6D6 (Figure S53). Inter-

estingly, repeating the analogous reaction in hexanes afforded 

62 % azoarene over 2 h with observation of (EMindL)H and full 

consumption of 2, suggesting the partial equilibrium between 2 

and 4 in CH2Cl2 may prevent ligand hydrolysis from the acidic 

hydrogen peroxide. Consistent with this hypothesis, (EMindL)H 

was rapidly observed upon exposure of 2 to silica in neat hex-

anes, whereas we observed no free ligand (EMindL)H upon flash 

column chromatography (silica) in neat dichloromethane of 4. 

For comparison, the autooxidation of 1,2-diphenylhydrazine to 

azoarene and hydrogen peroxide under an O2 atmosphere in the 

absence of 2 required ca. 48 h to observe the corresponding 

azoarene (92% yield). By contrast, trace formation (13% yield) 

of azoarene was formed under ambient air after 2 h in the ab-

sence of 2 due to background auto-oxidation (Figure S50). Sim-

ilarly low yields of the diazene product were obtained with free 

ligand (EMindL)H and related CuI species (e.g., CuCl, (ArL)Cu, 

(tBuL)2Cu2),46 suggesting the sequestration and stabilization of 

Cu within the (EMindL) ligand scaffold is necessary for the reac-

tion. 

Whereas treatment of 2 under air with stoichiometric 1,2-

diphenylhydrazine afforded a combination of azoarene, H2O2 

and 2, repeating the analogous experiment under N2 or Ar af-

forded azoarene and a new diamagnetic Cu-containing species. 

Control experiments of 1 with 1,2-diphenylhydrazine and 

azoarene afforded no changes in 1H NMR resonances. To rule 

out H2O generation and coordination following H2O2 dispropor-

tionation, addition of H2O to 1 was assessed, affording a sepa-

rate, air-sensitive diamagnetic species consistent with an aquo 

complex. Based on these observations, we assign the Cu-con-

taining species resulting from hydrazine oxidation under inert 

atmosphere as the air-sensitive peroxide adduct 

(EMindL)Cu(H2O2) (7). Accordingly, treatment of 1 with anhy-

drous hydrogen peroxide in the form of (Ph3PO)2(H2O2)47 af-

forded the same multinuclear NMR resonances, corroborating 

our assignment of the previous product as 7 (Figure S22). We 

note treatment of 1 with triphenylphosphine oxide elicited no 

changes by 1H NMR spectroscopy. Although isolable adducts 

of hydrogen peroxide are known,48-50 prior reports feature hy-

drogen bond acceptors in the secondary coordination sphere to 

overcome the poor σ-donating properties of H2O2.51 Density 

functional theory computations reveal coordination of H2O2 is 

accompanied by no apparent perturbation in H2O2 bond metrics, 

indicative of minimal activation (Figure S54). By contrast, the 

highly electrophilic Cu center and hydrindancene flanking units 

promote coordination and thermal stability of the ligated hydro-

gen peroxide despite the lack of hydrogen bond acceptors in 7.  

 

3. CONCLUSION. 

The foregoing data demonstrates a biomimetic approach to mo-

lecular oxygen scavenging using a dipyrrin-supported copper 

complex. The side-bound, superoxide adduct is remarkably ro-

bust and can form from ambient air via electron transfer from 

CuI. Release of O2 could be achieved through solvent displace-

ment, molecular redox processes, and thermolysis under N2. 

Rapid oxidation of arylhydrazines with 2 was observed under 



 

ambient conditions, generating the corresponding azoarene and 

hydrogen peroxide. These results suggest the use of low-coor-

dinate, electrophilic CuI frameworks may provide promising 

platforms for O2 purification from air. The low oxophilicity of 

CuI makes it ideal for O2 capture and release, occurring via fac-

ile electron transfer to O2 to form superoxide or peroxide ad-

ducts that may be subsequently displaced. Further evidence for 

this proposal was recently reported that a CuI metal-organic 

framework reversibly changes color upon air exposure14 with 

isotherm measurements indicating a strong Cu–O2 heat of ad-

sorption. Detailed spectroscopic and computational studies of 2 

as well as related dipyrrin-supported O2 adducts are underway. 
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