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Abstract
A copper(II)–hydroperoxo complex, [Cu(Me6-tren)(OOH)]+ (2), and a copper(II)–cumylperoxo
complex, [Cu(Me6-tren)(OOC(CH3)2Ph)]+ (3), were synthesized by reacting [Cu(Me6-tren)
(CH3CN)]2+ (1) with H2O2 and cumyl-OOH, respectively, in the presence of triethylamine. These
intermediates, 2 and 3, were successfully characterized by various physicochemical methods such
as UV-vis, ESI-MS, resonance Raman and EPR spectroscopies, leading us to propose structures of
the Cu(II)–OOR species with a trigonal-bipyramidal geometry. Density functional theory (DFT)
calculations provided geometric and electronic configurations of 2 and 3, showing trigonal
bipyramidal copper(II)–OOR geometries. These copper(II)–hydroperoxo and –cumylperoxo
complexes were inactive in electrophilic and nucleophilic oxidation reactions.

Introduction
The generation and study of metal–peroxo complexes has a considerable history, as the
employment of such species is of interest to a number of disciplines, including organic
oxidation processes occurring in chemical or biochemical settings.1–3 The latter field
captures the interest of a very large (bio)chemical research community, since
metalloenzymes, especially those containing heme, non-heme iron and copper, bind
molecular oxygen and then utilize metal–peroxo and metal–hydroperoxo species (or species
derived from them) to effect biochemical substrate oxidations.1,4–7

Our own interests include coordination chemistry studies on copper–dioxygen complexes
and derived species, with the primary goal of establishing fundamental aspects of adduct
formation, structure–spectroscopic correlations and substrate–reactivity patterns.8–11 The
studies are inspired by the diverse array of reactions mediated at protein active sites,
reversible binding of O2, insertion of O-atom(s) into substrates by oxygenases, and
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dehydrogenation reactions mediated by copper oxidases.12 Protein active-site environments
may possess one, two or three proximate copper ions.12–16

Copper–peroxo species are now well established to occur in the blood O2-carrier proteins
hemocyanins, which bind O2 via formation of binuclear CuII–(O2

2−)–CuII complexes, as do
monooxygenase tyrosinases.13,14,17 A copper–peroxo species is also strongly implicated at
the trinuclear active center in ‘blue’ multicopper oxidases, with a CuICuII

2–(O2
2−)

formulation18 as supported by crystallographic studies.19 Protonation to give a hydroperoxo
(−OOH) intermediate, or proton-induced peroxo complex reduction to water, follows.18,20

As implied, all oxygenases and oxidases utilize molecular oxygen; thus, O2-derived (i.e.,
reduced) active species must begin by reaction with a copper(I) center to produce a cupric–
superoxo (i.e., CuII–O2

•−) initial adduct (Scheme 1).8,21,22 Significantly, only one example
of a putative protein CuII–O2

•− species is known (see below).23 In fact, advances in
synthetic model chemistry have provided considerable information, in that there are now
well characterized O2-adducts or derived species representing both mono- (Scheme 1) and
dicopper entities. For the former case, both end-on η1-(O2

•−) copper(II) complexes21,22 and
a side-on η2-(O2

•−) copper(II) complex24 have been structurally and spectroscopically
characterized. With a strongly donating anionic ligand for copper; Tolman and coworkers25

described a side-on η2-(O2
2−) copper(III) complex (Scheme 1). Mononuclear CuII–

hydroperoxo complexes have been studied;11,26–36 they are formed either from addition of
H2O2/base to a precursor copper(II) complex, or in one instance, via reaction of a ligand–
CuII–(O2

•−) complex with a phenol as an electron/proton donor.35 Masuda and coworkers26

were able to obtain an X-ray structure employing a tripodal tetradentate ligand which also
carries groups capable of H-bonding to the coordinated −OOH ligand (see the structure
below).

Tripodal tetradentate ligands have been very popular in studying dioxygen reactivity by
ligand–copper(I) complexes. These include tris(2-pyridylmethyl)amine (TMPA) and
analogues or derivatives.9,30 This is also true for the classic tripodal tren ligand, tris(2-
aminoethyl)amine; tren derivatives and copper–dioxygen chemistry have been especially
studied by the research groups of Schindler21,37–39 and Suzuki,40 providing extensive
insights into ligand–CuI/O2 reactivity and kinetics, as well as formation of CuII–(O2

•−)
species (with an as-mentioned X-ray structure),21 and dicopper(II)–peroxo species, the latter
also with an X-ray structure known from Suzuki.40
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Notably, copper–hydroperoxo or –alkylperoxo species generated using tren derivatives do
not appear in the literature. Thus, in this report, we have added to the base of compounds
studied for this category of compounds. Using Me6-tren (tris(N,N′-
dimethylaminoethyl)amine), we describe the synthesis and detailed characterization of a
hydroperoxo and cumylperoxo complex with Me6-tren (see the structure below).

In fact, there is currently an increase of research effort in the community to elucidate
reactivity trends for CuII–(OOH) vs. CuII–(O2

•−) species. This is due to the considerable
literature discussion35,41,42 concerning which entity is responsible for initial hydrogen-atom
(H-atom) abstraction reaction occurring in the closely related copper enzymes dopamine β-
monooxygenase (DβM) and peptidylglycine α-hydroxylating monooxygenase (PHM). These
possess well-separated (~11 Å) copper ions; however, biochemical studies indicate the
active site is at one of the copper ions (the so-called CuM site, possessing His2Met N2S
ligation).43 An X-ray structure of a PHM derivative displays a presumed CuII–(O2

•−) entity
with end-on η1-coordination.23 Such a cupric superoxo complex capable of effecting an
enzymatic substrate hydroxylation via initial H-atom abstraction has drawn experimental43

and theoretical44 support. Yet, in synthetic chemistry there is so far only one example45

where a CuII–(O2
•−) entity is shown to be capable of H-atom abstraction. A CuII–OOH

species would derive from an electron–proton downstream reaction, and some of us have
published some examples where copper–hydroperoxo complexes appear to initiate H-atom
abstraction and oxygen atom transfer reactions.32,35,36,46 In addition, studies of CuII–OOR
(R = acyl, alkyl) species and their reactivity have contributed to our basic understanding in
the field.47–51 From a CuII–OOR species, a thus far highly elusive high-valent copper–oxo
species (“cupryl”, Scheme 1) may form via O–O cleavage chemistry, and this is likely a
relevant species somewhere on the path of CuI/O2 reaction to species involved in enzyme-
like C–H substrate oxidation chemistry.10,36,41,51–54 Thus, extensive investigations to fully
elucidate the chemistry of CuII–(O2

•−) and CuII–OOR moieties are required.

Results and discussion
Copper(II) precursor complex

The starting material, [Cu(Me6-tren)(CH3CN)](ClO4)2 (1-(ClO4)2), was prepared by
reacting Cu(ClO4)2·6H2O and Me6-tren in CH3CN. The UV-visible spectrum of 1 in
CH3CN exhibits one broad band at ~850 nm (ε = 500 M−1 cm−1) (Fig. 2a). The electrospray
ionization mass spectrum (ESI-MS) of 1 shows intense isotope envelopes at a mass-to-
charge (m/z) of 392.1 for [Cu(Me6-tren)(ClO4)]+ (see Fig. S1†). After numerous attempts to
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determine the X-ray structure of the starting material, suitable crystals were obtained by the
addition of NaBPh4 to the solution of 1-(ClO4)2.

The crystal structure of the cation part of 1-(BPh4)2 is shown in Fig. 1, and selected bond
distances and angles are listed in Table 1. Complex 1 has a five-coordinated Cu(II) ion with
four nitrogens of the Me6-tren ligand and one nitrogen of CH3CN coordinating to the free
axial position. The Cu(II) geometry is best described as trigonal bipyramidal (τ = 0.95),
similar to that found in [Cu(Me6-tren)(H2O)]2+.55,56

Copper(II)–hydroperoxo complex and characterization
The copper(II)–hydroperoxo complex, [Cu(Me6-tren)(OOH)]+ (2), was prepared by adding
10 equiv of H2O2 to a reaction solution containing 1 in the presence of 2 equiv triethylamine
(TEA) in a solvent mixture of CH3CN and CH3OH (1:1) at 0 °C; the color of the solution
changed from blue to green (Scheme 2). A UV-vis spectrum of 2 shows an intense band at
375 nm (ε = 1250 M−1 cm−1) and two weak bands at 680 (ε = 220 M−1 cm−1) and 840 nm (ε
= 270 M−1 cm−1) (Fig. 2a), which is similar to those of the previously reported copper(II)–
hydroperoxo complexes.26,29,57,58 The former band has been assigned as the LMCT band of
the CuII–OOH species, and the latter two bands have been assigned as the d–d transition
bands of the Cu(II) ion with a trigonal-bipyramidal geometry.29

The ESI-MS of 2 exhibits a prominent ion peak at m/z of 326.1 (Fig. 2b), whose mass and
isotope distribution pattern correspond to [Cu(Me6-tren)(OOH)]+ (2-16O) (calculated m/z of
326.2). When the reaction was carried out with isotopically labeled H2

18O2, a mass peak
corresponding to [Cu(Me6-tren)(18O18OH)]+ (2-18O) appeared at m/z of 330.1 (calculated
m/z of 330.2) (Fig. 2b). The shift in four mass units on substitution of 16O with 18O proves
that 2 contains an O2 unit.

The resonance Raman spectrum of 2 was collected using 407 nm excitation in a solvent
mixture of CH3CN and CH3OH (1:1) at − 20 °C. 2 prepared with H2

16O2 exhibits two
isotopically sensitive bands at 846 and 509 cm−1 that shift to 798 and 484 cm−1,
respectively, in samples of 2 prepared with H2

18O2 (Fig. 2c). The higher-energy feature (846
cm−1) with 16Δ – 18Δ value of 48 cm−1 (16Δ – 18Δ (calcd) = 48 cm−1) is ascribed to the O–
O stretching vibration of the hydroperoxo ligand, and the lower-energy feature (509 cm−1) is
assigned to the Cu–O stretching vibration (16Δ – 18Δ = 25 cm−1; 16Δ – 18Δ (calcd) = 23
cm−1).

The electron paramagnetic resonance (EPR) spectrum of a frozen solution of 2 measured at
4.3 K is typical of trigonal-bipyramidal Cu(II) complexes, having a “reverse” axial
appearance with g⊥ > g|| ~ 2.0 and A⊥ = 60–100 × 10−4 cm−1 (Fig. 2d).59–63 The g⊥ (2.20),
g|| (2.00), A⊥ (87 G), and A|| (83 G) values are comparable to those of the previously
reported Cu(II) complexes with a trigonal-bipyramidal geometry.

Copper(II)–cumylperoxo complex and characterization
The copper(II)–cumylperoxo complex, [Cu(Me6-tren)(OOC-(CH3)2Ph)]+ (3), was generated
by adding 5 equiv of cumene hydroperoxide (cumyl-OOH) to the solution of 1 in the
presence of 2 equiv triethylamine in CH3CN at 25 °C; the color of the solution changed
from blue to green (Scheme 2). Spectroscopic properties of 3 are similar to those of 2. The
UV-visible spectrum of 3 in CH3CN at 25 °C exhibits weak bands at 440 (ε = 280 M−1

cm−1), 680 (ε = 250 M−1 cm−1) and 787 nm (ε = 300 M−1 cm−1) (Fig. 3a).

†Electronic supplementary information (ESI) available: ESI-MS of 1 and xyz coordinates, selected geometrical parameters and overlay
figure from the computational calculations. CCDC reference number 775689. For ESI and crystallographic data in CIF or other
electronic format see DOI: 10.1039/c0dt01036g
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The ESI-MS of 3 in CH3CN at 25 °C shows a prominent ion peak at m/z of 444.0 (Fig. 3b),
whose mass and isotope distribution pattern correspond to [Cu(Me6-tren)(OOC(CH3)2Ph)]+

(3-16O) (calculated m/z of 444.2). When the reaction was carried out with isotopically
labeled cumyl-18O18OH, a mass peak corresponding to [Cu(Me6-tren)(18O18OC(CH3)2Ph)]+

(3-18O) appeared at m/z of 448.0 (calculated m/z of 448.2) (Fig. 3b, inset). The four mass
unit increase upon substitution of 16O with 18O indicates that 3 contains an O2 unit.

The resonance Raman spectrum of 3 was collected using 442 nm excitation in CH3CN at
−20 °C. 3 prepared with cumyl-OOH exhibits two isotopically sensitive bands at 887 and
839 cm−1, which shift to 805 cm−1 in samples of 3 prepared with cumyl-18O18OH (Fig. 3c).
Such a band shift has been observed in copper(II)–alkylperoxo and iron(II)–alkylperoxo
complexes,51,64 and these bands have been assigned to the ν(O–O) mode.

The EPR spectrum of a frozen CH3CN solution of 3 measured at 4.3 K shows a “reverse”
axial appearance as shown in 2, suggesting a trigonal-bipyramidal geometry for the Cu(II)
ion. The g⊥ (2.19), g|| (2.00), A⊥ (77 G), and A|| (87 G) values are comparable to those of 2.

Density Functional Theory results
In order to gauge the reliability of the calculations, structural comparisons were made
between the crystal structure of 1 and that calculated by density functional theory (DFT).65

The root mean square (RMS) deviation was calculated to be 0.13 Å (geometries are given in
Table 1, Fig. 4 and Fig. S2†). Since some differences are expected when comparing gas-
phase calculated structures with crystal forms, the structural quality of the calculations was
deemed acceptable, and gave credibility to the subsequent calculations where no crystal
structures are available. The Cu–peroxide geometries obtained are, as expected, of the end-
on η1 type with the metal ligand atoms in a trigonal bipyramidal fashion, with τ = 0.85 for
both 2 and 3 (Fig. 4), in agreement with the EPR spectroscopic results described above. For
3, there are three possible isomers of the structure, where the phenyl ring position can be
interchanged with any of the two cumene methyl positions. However, the isomers are
virtually degenerate in energy, with very little differences in the core geometrical and spin
parameters (hence, we only present one of them here, 3a, and defer the other two to ESI).
The O–O bond is calculated to be 1.52 Å in both 2 and 3a. This may be compared to that
observed for Masuda’s copper(II)–hydroperoxo complex (vide supra) (1.460 Å)26 and a
structurally characterized Fujisawa/Kitajima copper(II)–cumylperoxo complex with
pyrazolylborate ligand (1.460 Å for both structures).47,49 It is also in line with what is found
in calculations of protonated Compound 0 in P450 system models.66

Frequency calculations were done to check that the optimized structures were indeed in a
ground state. These calculations, however, also produce Raman frequencies that can be
compared to the experimentally observed ones. The nearest calculated frequencies to the
experimentally determined 846 and 509 cm−1 for 2 (vide supra) were found to be at 854 and
489 cm−1, indeed corresponding to the O–O and O–Cu bond stretching frequencies,
respectively. For 3, experiments found two bands at 887 and 839 cm−1, that shift to 805
cm−1 when using 18O. The calculations indeed found a frequency at 845 cm−1 in 3a (the
isomer shown on Fig. 4) that corresponds to the O–O bond stretching, while in the other two
isomers, this frequency has shifted to 857 and 855 cm−1. No other frequencies near 887
cm−1 exhibited vibrations involving the oxygens. Hence, recognizing the crude level of
calculations for spectroscopic assignments, we tentatively suggest that the experimentally
observed two peaks are due to the existence of structural isomers, which collapses to one
peak when the heavier (and less sensitive) 18O is used. Further, more specialized,
calculations may be necessary to identify the origin of the two bands more accurately.
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Spin density distribution calculations show that the Cu ion retains about half a radical in the
 state, while the rest is distributed between the coordinating ligand atoms (Table 2). This

is indicative of an unpaired electron occupying the σ*z2 orbital, which is mainly distributed
along the axial direction, as visualized in Fig. 5.

Reactivity
The reactivity of 2 and 3 was investigated with respective to potential electrophilic and
nucleophilic reactions. First, the electrophilic character of 2 and 3 was tested in the
oxidation of thioanisole and cyclohexene. Upon addition of substrates to a solution of 2 in a
solvent mixture of CH3CN and CH3OH (1:1) at 0 °C and 3 in CH3CN at 25 °C, 2 and 3
remained intact without showing any absorption spectral changes. The nucleophilic
character of 2 and 3 was also investigated in aldehyde deformylation with cyclohexane
carboxaldehyde and 2-phenylpropionaldehyde, and no spectral changes were observed.
Further, product analysis of the reaction solutions revealed that no oxidized products were
formed in these reactions. These results demonstrate that 2 and 3 are not capable of
conducting electrophilic and nucleophilic oxidation reactions under the reaction conditions.

Conclusions
A copper(II)–hydroperoxo complex, [Cu(Me6-tren)(OOH)]+ (2), and a copper(II)–
cumylperoxo complex, [Cu(Me6-tren)(OOC(CH3)2Ph)]+ (3), were generated and
characterized by various spectroscopic methods. DFT calculations successfully reproduced
the structure of the obtained crystal structure of [Cu(Me6-tren)(CH3CN)]2+ (1), lending
credibility to the calculated structure of 2 and 3. Calculated Raman frequencies also show
good agreement with experiments. The intermediates, 2 and 3, were inactive in electrophilic
and nucleophilic oxidation reactions. These findings from the combined experimental and
theoretical studies provide important fundamental information in the understanding of the
nature of intermediates possibly involved in O2-activating Cu enzymes such as DβM and
PHM.

Experimental
General

All chemicals obtained from Aldrich Chemical Co. were the best available purity and used
without further purification unless otherwise indicated. Solvents were dried according to
published procedures and distilled under Ar prior to use.67 H2

18O2 (90% 18O-enriched, 2%
H2

18O2 in water) and 18O2 (95% 18O-enriched) were purchased from ICON Services Inc.
(Summit, NJ, USA). 18O-Labeled cumene hydroperoxide (70% and 90% 18O-enriched) was
prepared by the reported method68 and used in ESI-MS (70% 18O-enriched) and resonance
Raman (90% 18O-enriched) studies. Me6-tren (tris(N,N′-dimethylaminoethyl)amine) was
prepared according to a published procedure.69 [Cu(Me6-tren)(CH3CN)](ClO4)2 was
prepared by reacting Cu(ClO4)2·6H2O (0.19 g, 0.50 mmol) with Me6-tren (0.12 g, 0.50
mmol) in CH3CN (3 mL). The mixture was stirred for several hours, and then Et2O (20 mL)
was added to the resulting solution to yield a blue powder, which was collected by filtration,
washed with Et2O, and dried in vacuo. Yield: 0.17 g (63%). UV-vis (λmax (nm) [ε (M−1

cm−1)]) in CH3CN: ~850 (500). ESI-MS in CH3CN: m/z 167.1 for [Cu(Me6-tren)
(CH3CN)]2+ and m/z 392.1 for [Cu(Me6-tren)(ClO4)]+. The BPh4 salt of this complex was
obtained by dissolution of this solid in CH3CN and addition of 4 equiv of NaBPh4 in
CH3CN. Vapor diffusion of Et2O into this solution yielded blue crystals suitable for X-ray
diffraction. Caution: Perchlorate salts are potentially explosive and should be handled with
care!
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UV-vis spectra were recorded on a Hewlett Packard 8453 diode array spectrophotometer
equipped with a UNISOKU Scientific Instruments for low-temperature experiments or with
a circulating water bath. Electrospray ionization mass spectra (ESI-MS) were collected on a
Thermo Finnigan (San Jose, CA, USA) LCQ™ Advantage MAX quadrupole ion trap
instrument, by infusing samples directly into the source using a manual method. The spray
voltage was set at 4.2 kV and the capillary temperature at 80 °C. Resonance Raman spectra
were obtained using a liquid nitrogen cooled CCD detector (CCD-1024 × 256-OPEN-1LS,
HORIBA Jobin Yvon) attached to a 1-m single polychromator (MC-100DG, Ritsu Oyo
Kogaku) with a holographic grating (1200 grooves mm−1). Excitation wavelengths of 406.7
nm and 441.6 nm were provided by a Kr+ laser (Spectra Physics, BeamLok 2060) and a He–
Cd laser (Kimmon Koha, IK5651R-G and KR1801C), respectively, with 15 mW power at
the sample point. All measurements were carried out with a spinning cell (1000 rpm) at −20
°C. Raman shifts were calibrated with indene, and the accuracy of the peak positions of the
Raman bands was ±1 cm−1. Product analysis was performed with an Agilent Technologies
6890 N gas chromatograph (GC) and Thermo Finnigan (Austin, Texas, USA) FOCUS DSQ
(dual stage quadrupole) mass spectrometer interfaced with Finnigan FOCUS gas
chromatograph (GC-MS). EPR spectra were taken at 4 K using a X-band Bruker EMX-plus
spectrometer equipped with a dual-mode cavity (ER 4116DM). Low temperature was
achieved and controlled with an Oxford Instruments ESR900 liquid He quartz cryostat with
an Oxford Instruments ITC503 temperature and gas flow controller.

Generation and characterization of [Cu(Me6-tren)(OOH)]+ (2)
Treatment of [Cu(Me6-tren)(CH3CN)](ClO4)2 (0.4 mM) with 10 equiv H2O2 in the presence
of 2 equiv triethylamine (TEA) in CH3CN/CH3OH (1:1) at 0 °C afforded a green solution.
[Cu(Me6-tren)(18O18OH)]+ was prepared by adding 10 equiv H2

18O2 (6 μL, 90% 18O-
enriched, 2% H2

18O2 in water) to a solution containing [Cu(Me6-tren)(CH3CN)](ClO4)2
(0.4 mM) and 2 equiv TEA in CH3CN/CH3OH (1:1) at 0 °C. UV-vis (λmax (nm) [ε (M−1

cm−1)]) in CH3CN: 375 (1250), 680 (220), 840 (270). ESI-MS in CH3CN/CH3OH (1:1) at 0
°C: m/z 326.1 for [Cu(Me6-tren)(OOH)]+.

Generation and characterization of [Cu(Me6-tren)(OOC(CH3)2Ph)]+ (3)
Treatment of [Cu(Me6-tren)(CH3CN)](ClO4)2 (2 mM) with 5 equiv cumene hydroperoxide
(cumyl-OOH) in the presence of 2 equiv TEA in CH3CN afforded a green solution.
[Cu(Me6-tren)(18O18OC(CH3)2Ph)]+ was prepared by adding 5 equiv cumyl-18O18OH to a
solution containing [Cu(Me6-tren)(CH3CN)](ClO4)2 (0.4 mM) and 2 equiv TEA in CH3CN
at ambient temperature. UV-vis (λmax (nm) [ε (M−1 cm−1)]) in CH3CN: 440 (280), 680
(250), 737 (300). ESI-MS in CH3CN at 25 °C: m/z 444.0 for [Cu(Me6-tren)
(OOC(CH3)2Ph)]+.

X-ray crystallography
A single crystal of [Cu(Me6-tren)(CH3CN)](BPh4)2 (1-(BPh4)2) was picked from solutions
by a nylon loop (Hampton Research Co.) on a hand-made copper plate mounted inside a
liquid N2 Dewar vessel at ca. −40 °C and mounted on a goniometer head in a N2
cryostream. Data collections were carried out on a Bruker SMART APEX CCD equipped
with a monochromator in the Mo Kα (λ = 0.71073 Å) incident beam. The CCD data were
integrated and scaled using the Bruker-SAINT software package, and the structure was
solved and refined using SHEXTL V 6.12.70 Hydrogen atoms were located in the calculated
positions. Crystal data for 1-(BPh4)2: C62H73B2N5Cu, triclinic, P1̄, Z = 2, a = 11.9513(17),
b = 12.3535(18), c = 8.160(3) Å, α = 90.838(3), β = 91.333(3), γ = 90.275(3), V = 2680.1(7)
Å3, μ = 0.451 mm−1, ρcalcd = 1.206 g cm−3, R1 = 0.0440, wR2 = 0.0871 for 10 297 unique
reflections, 630 variables. The crystallographic data for 1-(BPh4)2 are listed in Table 3, and
Table 1 lists the selected bond distances and angles.
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Computational details
The DFT calculations were done using Jaguar 7.771 at unrestricted B3LYP level72–76 using
LACVP basis set71,77 as defined in Jaguar. This basis set is of double-ζ quality (6-31G) with
an effective core potential on the transition metals, and is widely used for geometry
optimizations. An extension of this basis set at triple-ζ quality with polarization and diffuse
functions (LACV3P*+)71 was used for single-point energy calculation to compare the
different isomers of 3. Due to their computationally demanding nature, the frequency
calculations were done on the LACVP level. A scaling factor of 0.9613 for the calculated
vibration frequencies is sometimes recommended for B3LYP due to systematic
overestimation originating from inaccurately calculated electron correlation interactions as
well as the harmonic approximation.78 However, this scaling factor is based on calculations
with a slightly different basis set (6-31G(d)), and in our systems, the scaling in fact gave
worse agreement with the experimental results. The calculations were done in the gas-phase,
and the validity of the chosen method for structural calculations was confirmed by
calculating 1, with total charge/mutiplicity set to +2/2 respectively, and compare it to the
crystal structure as described in the main text. Using the same method, the structures of 2
and 3 (both +1/2) were subsequently calculated.

Reactivity
All reactions were run in a 1-cm UV cuvette by monitoring UV-vis spectral changes of
reaction solutions, and rate constants were determined by fitting the changes in absorbance
at 375 nm for 2 and 440 nm for 3. Reactions were run at least in triplicate, and the data
reported represent the average of these reactions. The purity of substrates was checked with
GC and GC–MS prior to use. After completion of the reactions, products were analyzed by
injecting reaction solutions directly into GC and GC–MS. Products were identified by
comparing with authentic samples, and product yields were determined by comparison
against standard curves prepared with authentic samples and using decane as an internal
standard.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
X-ray structure of the [Cu(Me6 -tren)(CH3CN)]2+ cation in 1-(BPh4)2 showing 30%
probability thermal ellipsoids. Hydrogen atoms are omitted for clarity.
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Fig. 2.
(a) UV-vis spectra of 1 (0.4 mM) (black line) and 2 (0.4 mM) (red line) in CH3CN/CH3OH
(1:1) at 0 °C. (b) ESI-MS of 2-18O. Inset shows isotope distribution patterns for 2-18O (blue
line) and 2-16O (red line). (c) Resonance Raman spectra of 2 (4 mM) obtained upon
excitation at 407 nm in CH3CN/CH3OH (1:1) at −20 °C. Red/blue lines: samples prepared
with H2

16O2/H2
18O2; green line: difference spectrum, (16O–18O). The peak marked with “s”

is ascribed to the solvents. (d) X-band EPR spectrum of 2 recorded in CH3CN/CH3OH (1:1)
at 4.3 K. Spectroscopic settings: frequency = 9.10 GHz, microwave power = 1 mW,
modulation frequency = 100 kHz.
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Fig. 3.
(a) UV-vis spectrum of 3 (2 mM) in CH3CN at 25 °C. (b) ESI-MS of 3-16O. Inset shows
isotope distribution patterns for 3-16O (red line) and 3-18O (blue line). Isotopically labeled
cumyl-18O18OH (70% 18O-enriched) was used for 3-18O. (c) Resonance Raman spectra of 3
(16 mM) obtained upon excitation at 442 nm in CH3CN at −20 °C. Red/blue lines were
obtained with samples prepared with cumyl-16O16OH/Cumyl-18O18OH (90% 18O-
enriched); green line: difference spectrum, (16O – 18O). The peaks marked with “s” are
ascribed to the solvent. (d) X-band EPR spectrum of 3 recorded in CH3CN at 4.3 K.
Spectroscopic settings: frequency = 9.10 GHz, microwave power = 1 mW, modulation
frequency = 100 kHz.
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Fig. 4.
DFT calculated structures for 2 (top) and one of the isomers of 3a (bottom) with the bond
distances shown for the Cu–O, O–O, Cu–Nax and (largest) Cu–Neq bonds (gray, C; white,
H; red, O; blue, N; yellow, Cu).
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Fig. 5.
The singly occupied molecular orbital (SOMO) for 2 (and also for 3) is a σ*z2 orbital.
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Scheme 1.
Mononuclear copper–O2 adducts and derived species of interest.
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Scheme 2.
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Table 3

Crystal data and structure refinements for 1-(BPh4)2

1-(BPh4)2

Empirical formula C62 H73 B2 CuN5

Formular weight 973.41

Temperature (K) 298(2)

Wavelength (Å) 0.71073

Crystal system, space group Triclinic, P1̄

a (Å) 11.9513(17)

b (Å) 12.3535(18)

c (Å) 18.160(3)

α (°) 90.838(3)

β (°) 91.333(3)

γ (°) 90.275(3)

Volume (Å3) 2680.1(7)

Z 2

Calculated density (g cm−3) 1.206

Absorption coefficient (mm−1) 0.451

Reflections collected 15 072

Independent reflections [R(int)] 10 297 [0.0367]

Refinement method Full-matrix least-squares on F2

Data/restraints/parameters 10297/0/638

Goodness-of-fit on F2 0.735

Final R indices [I > 2σ(I)] R1 = 0.0440, wR2 = 0.0803

Largest difference peak and hole (e Å−3) 0.269 and −0.341
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