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ABSTRACT: A mixed-valent Cu(I)Cu(II) complex, [CuI,II2-
(UN-O−)]2+ (1), reacts with NO(g) at −80 °C to form
[CuI,II2(UN-O

−)(NO)]2+ (2), best described as a mixed-valent
nitrosyl complex that has a ν(N−O) band at 1670 cm−1 in its
infrared (IR) spectrum. Complex 2 undertakes a one-electron
oxidation via the addition of O2(g) to generate a new
intermediate, best described as a superoxide and nitrosyl
adduct, [CuII2(UN-O

−)(NO)(O2
−)]2+ (3), based on its

distinctively blue-shifted ν(N−O) band at 1853 cm−1. Over
the course of 20 min at −80 °C, 3 is converted to the
peroxynitrite (PN) complex [CuII2(UN-O

−)(−OONO)]2+

(4), which was characterized by low-temperature electrospray
ionization mass spectrometry (ESI-MS) and IR spectroscopy;
ν(N−O) absorptions at 1520 and 1640 cm−1 have been assigned as cis- and trans-conformers of the PN ligand in 4. Alternatively,
the superoxide complex [CuII2(UN-O

−)(O2
•−)]2+ (5) is found to react with NO(g) to generate the same intermediate superoxide

and nitrosyl adduct 3 (based on IR criteria), which likewise converts to the same PN complex 4. The O−O bond in 4 undergoes
heterolysis in dichloromethane solvent and is postulated to produce nitronium ion, leading to ortho-nitration of 2,4-di-tert-
butylphenol (DTBP). However, in 2-methyltetrahydrofuran as solvent, the O−O bond undergoes homolysis to generate •NO2
(detected spectrophotometrically) and a putative higher-valent complex, [CuII,III2(UN-O

−)(O2−)]2+, that abstracts a H-atom
from DTBP to give [CuII2(UN-O

−)(OH)]2+ and a phenoxyl radical. The latter may dimerize to form the bis-phenol observed
experimentally or couple with the •NO2 present, leading to o-phenol nitration.

■ INTRODUCTION

Over 1013 oxygen molecules (i.e., dioxygen, O2) are consumed
in a single human cell per day,1 about 1% of which become free
(unbound) radicals, i.e., reactive oxygen species (ROS) and/or
reactive nitrogen species (RNS) including superoxide, hydroxyl
radical, and peroxynitrite (PN; −OONO).1b In biology, PN
is commonly proposed to be responsible for tyrosine nitration,
which may lead to loss of protein function and/or other
deleterious consequences.2 PN may be generated from the very
fast coupling of superoxide radical (O2

•−) with nitric oxide
(NO; nitrogen monoxide);3 the latter itself plays a key role in a
variety of biological processes, including signaling, neural
transmission, and the immune system.4 Superoxide concen-
trations in cells are limited by superoxide dismutases (Zn/
CuSOD and MnSOD), converting 2O2

•− to H2O2 and O2,
thereby suppressing PN production.5

Extensive biomolecule (e.g., protein Tyr residues, lipids)
nitration and/or oxidation is associated with Alzheimer’s
disease (AD), quite possibly arising from imbalances in metal
ion (e.g., Fe and Cu) homeostasis.1c,6 Oxidative and/or
nitrosative “stress” may in fact be attributed to the association
of copper ion with amyloid beta (Aβ) peptides which are
crucially involved in AD,7 as they aggregate and deposit as

amyloid plaques and neurofibrillary tangles that are found
between damaged neurons in AD patient’s brains.8 The N-
terminus of the Aβ peptides is a copper binding region (which
includes His 6, His 13, and His 14),1c,6f,9 and it has lately been
shown that nitration of amino acid Tyr-10 may greatly enhance
Aβ aggregation.8c,10 A recent computational study shows that
Aβ bound to Cu2+ ion could generate PN in the presence of
ascorbate, nitric oxide, and dioxygen.11 In fact, this proposal has
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separate experimental backing, in that ligand−copper com-
plexes have in the past few years been shown to be able to form
LCu(−OONO) species,12 with reactions of CuI with O2(g)

12a

and then NO(g) or Cu
I−NO with O2(g) (Scheme 1).12b−e

Bioinspired chemical systems have shown that coordination
complexes with a number of different metal ions, along with
sources of NO(g) and O2(g), can lead to the generation of metal-
bound PN species. Koppenol and co-workers13 reported the
first isolated PN complex of cobalt(III), from reaction of a
pentacyano-cobalt(III) superoxide compound reacting with
NO(g) to give [CoIII(CN)5(

−OONO)]3− (Scheme 1).
Kurtikyan and co-workers14 have more recently published on
porphyrinate CoIII−PN complexes, thoroughly characterized by
infrared (IR) spectroscopy and density functional theory
(DFT) calculations. A heme−PN complex was implicated to
form from reaction of a heme−superoxo species with NO(g), as
it led to a nitrato heme-FeIII(NO3

−) species by isomerization
(Scheme 1).15 In aqueous chemistry, PN rapidly isomerizes to
nitrate in ∼90% yield;16 in fact, the application of this reaction
to PN decomposition catalysis has been a subject of intense
research.17 Such catalysts have been shown to exhibit highly
favorable biological effects.2g,18

Peroxynitrite−metal complexes may also form as intermedi-
ates in the oxygenation of metal−nitrosyl complexes,19 such as
first reported by Basolo,20 ultimately giving nitrite products
(Scheme 1). For two cases involving copper−peroxynitrite
complexes,12a,b LCuII−PN complexes thermally transform to
give LCuII−nitrite products plus dioxygen. This seems to also
correspond to known aqueous chemistry: peroxynitrite
decomposes through various pathways,3c,21 including its
degradation according to 2−OONO → O2 + 2NO2

− under
basic conditions and relatively high concentration,s21b,d,e and
such reactivity has even been observed in aqueous chemistry
with copper ion.22 Similarly, Nam and co-workers reported
formation of macrocyclic ligand-bound metal−PN complexes,
for example, LCrIII−PN23 and non-heme-FeIII−PN24 species,
generated from precursor M−O2 adducts reacting with NO(g)
(Scheme 1). A novel case involves reaction of a macrocyclic
ligand (L)Co−nitrosyl complex with potassium superoxide
(KO2), leading to LCoIII−nitrite + 1/2 O2(g) products, all
proceeding through putative Co−PN intermediates (Scheme
1).25

Peroxynitrite heme species are also of great interest, since it
is hypothesized that an intermediate heme FeIII(−OONO)
species forms in NO dioxygenases; these function to maintain
NO(g) homeostasis by oxidizing excess nitric oxide present to
nitrate ion.2g,19a,26 This may occur via reaction of NO(g) with an
oxy-heme (i.e., FeIII−(O2

•−)) complex. The resulting PN
complex is thought to then undergo O−O homolysis to
generate nitrogen dioxide (•NO2), which may either couple
with the ferryl O-atom (i.e., FeIVO) produced by the O−O
homolysis to give the nitrato ion product, or couple to a nearby
phenoxyl (i.e., tyrosyl) radical to give a nitrated Tyr residue.
(Note, the tyrosyl radical would have formed by an internal
protein ArOH substrate oxidation from a high-valent ferryl
species also formed via homolysis reactions; Scheme 1,
M(n+1)+O). Chemical studies show that such reactivity can
be observed in met-myoglobin (Mb) + PN reactions.27

However, complementary Mb/O2 + NO(g) reactions seem to
not produce such intermediates.28

Following the now known M−O2(g) + NO(g) biological and
chemical examples to give PN and subsequent reactions, plus
the likely importance of copper in chemical or biological

systems,1c,6,7,9,12f we report here on a new system involving
binuclear copper species, which gives rise to chemistry not
previously observed, providing new insights. In the past, we
performed extensive studies concerning the binucleating ligand
UN-O−,29 where a phenolate O-atom bridges two copper ions.
In this work, we report on the formation of a PN moiety bound
to this binuclear dicopper(II) framework, [CuII2(UN-O

−)-
(−OONO)]2+ (4) (Chart 1).

Complex 4 can be generated by either of the pathways
discussed: (a) Mn+ + NO(g) + O2(g) (method 1) or (b) Mn+ +
O2(g) + NO(g) (method 2). (See also Scheme 1, but where Mn+

is a mixed-valent CuICuII complex 1 and Mn+ + O2(g) gives rise
to the fully characterized superoxide dicopper(II) complex
[CuII2(UN-O

−)(O2
•−)]2+ (5), ν(O−O) = 1120 or 1140

cm−1.29a) Here, we report on a dicopper nitrosyl complex
and intermediates involved in metal−peroxynitrite 4 formation,
studied using low-temperature infrared (LT-IR) spectroscopy.
Further, complex 4 is able to facilitate aromatic ring nitration
chemistry, including an exogenously 2,4-di-tert-butylphenol
(DTBP) substrate as a biological tyrosine substrate surrogate.

■ RESULTS AND DISCUSSION
The NO(g) Adduct. We previously reported that, with this

unsymmetrical binucleating ligand framework binding to two
copper ions, a mixed-valent CuICuII complex (with localized
electronic structure) can be synthesized, [CuI,II2(UN-O

−)-
(DMF)]2+ (1, DMF = dimethylformamide, and with two SbF6

−

non-coordinating anions), with the carbonyl O-atom in the
DMF molecule binding to the Cu(II) ion in the solid state.29a

Complex 1 is found to react with excess NO(g) in dichloro-
methane (DCM) as solvent, at −80 °C (see Experimental
Section), to form a complex that we formulate as a mixed-
valent copper−nitrosyl complex, [CuI,II2(UN-O−)(μ-•NO)]2+

(2) (Figure 1a). The formation of 2 is accompanied by a
change in the ultraviolet−visible (UV−vis) spectra, with the
disappearance of the λmax = 350 nm absorption of 1 and
appearance of more complex features at λmax = 383 and 546 nm
(see Supporting Information, Figure S1).30

We justify the description of the NO adduct as [CuI,II2(UN-
O−)(μ-•NO)]2+ (2) on the basis of the following observations
and analysis/arguments:

(i) Using LT-IR, we observed a new band grow in at 1670
cm−1 after addition of NO(g) to the solution of complex 1
(Figure 1b). This value of 1670 cm−1 (Δ15NO = −25
cm−1, Figure S3) is comparable with the signals of many
other CuI−NO(g) adducts, for which ν(N−O) is often
observed to occur above 1700 cm−1 (Table 1).

(ii) This ν(N−O) = 1670 cm−1 value for 2 is considerably
higher than that which was found much earlier for the

Chart 1. Mixed-Valent Dicopper Complex [CuI,II2(UN-
O−)]2+ (1), Superoxide Dicopper(II) Complex [CuII2(UN-
O−)(O2

•−)]2+ (5), and Peroxynitrite Dicopper(II) Complex
[CuII2(UN-O

−)(−OONO)]2+ (4)
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closely related dicopper(II) analogue [CuII2(XYL-O
−)-

(NO−)]2+ (ν(N−O) = 1536 cm−1, Table 1), with
symmetrical binucleating ligand XYL-O−, synthesized
from the addition of 1 equiv of nitrosonium hexafluoro-
phosphate (NOPF6) to the dicopper(I) complex
[CuI2(XYL-O

−)]+ at room temperature in DCM solvent
(Chart 2).31 In [CuII2(XYL-O

−)(NO−)]2+, the very low
ν(N−O) value and structural aspects31 of the complex
indicate that a formal negative charge is located on the
nitrosyl ligand; i.e., it is a nitroxyl-containing compound
with a NO− moiety.31 The considerably higher ν(N−O)
value in 2 is thus more consistent with what is expected
for a CuI−NO(g) adduct (Figure 1a).

(iii) CuI−NO(g) adducts in mononuclear cases are, in general,
best described as CuI−(•NO) species in terms of their
electronic structures,36 and electron paramagnetic
resonance (EPR) spectra of such species do in fact
exhibit g ≈ 2 organic radical signals and not spectra
associated with Cu(II), such as would be expected for a
CuII−(NO−) formulation and associated electronic
structure. Complex 2 is EPR silent (as confirmed

experimentally), which comes about from the fact that
there is an additional Cu(II) ion present, as the complex
is binuclear; so overall this is an even spin system (i.e.,
one unpaired electron on the •NO ligand and another on
the Cu(II) ion).

(iv) Further, the lower value of ν(N−O) in complex 2
compared to most other CuI−NO(g) adducts, which have
ν(N−O) > 1700 cm−1 (Table 1), leads us to thoughts
that the NO moiety bridges through its N-atom, binding
both the CuI and CuII ions in [CuI,II2(UN-O

−)-
(μ-•NO)]2+ (2) (Figure 1a).

(v) Another argument in favor of this supposition is that, if
the nitrosyl ligand does not bind to the CuII ion, the
latter would only be tetracoordinate; however, CuII ion
strongly prefers pentacoordination; so, addition of this
bridging nitrosyl as a fifth ligand to CuII seems
reasonable.

In summary, complex 2, the product of addition of NO(g) to
mixed-valent complex [CuI,II2(UN-O

−)]2+ (1), is best described
as a mixed-valent copper−nitrosyl complex, [CuI,II2(UN-
O−)(μ-•NO)]2+ (2) (Figure 1a).

Addition of O2(g) to [CuI,II
2(UN-O

−)(μ-•NO)]2+ (2). After
removal of excess NO(g) from the solution of 2 by the
application of vacuum/purge cycles (Figure 2b, spectrum in
purple), bubbling the solution of 2 with O2(g) resulted in the
disappearance of the N−O stretch of 1670 cm−1, while a new
band at 1853 cm−1 grew in (Figure 2b, spectrum in red); all this
was monitored utilizing in situ LT-IR spectroscopy. We assign
this IR band at 1853 cm−1 (Δ15NO = −33 cm−1, Figure S4) to
the nitrosyl ligand in a new complex, 3, now in an altered
chemical environment, as discussed below. The presence of the
pre-formed 1853 cm−1 band in the purple spectrum (Figure 2b)
prior to O2 bubbling is due to a slight air leak while applying
vacuum/Ar purging. This band does not belong to 2, as
presented in Figure 1.
A literature survey of Cu−nitrosyl complexes, and even

metal−NO(g) adducts in general, suggests that this value falls
into the region where the nitrosyl ligand may be best described
as having a NO+ (nitrosonium) electronic structure. A series of
ligand (L)−copper(II)−nitrosyl complexes LCuII-(NO) stud-
ied by Mondal and co-workers34 reveals that ν(N−O) can vary
between 1640 and 1846 cm−1, depending on the ligand (L)
environment (and thus the LCuII/I reduction potential). Also,
Theopold and co-workers37 studied a tris(3-tert-butyl-5-
methylpyrazolyl)borate (Tpt‑Bu,Me) ligand-derived cobalt(III)
superoxide complex, Tpt‑Bu,MeCoIII(O2

•−). Upon addition of
NO(g) at −78 °C, a new band at 1849 cm−1 grew in and was
assigned as an absorption of an unstable nitrosyl intermediate.
A very interesting example from Hayton and co-workers35 is a
pentanitromethane-coordinated CuII−NO compound, where
ν(N−O) = 1933 cm−1. This is suggestive of a nitrosonium
characterization of the nitrosyl ligand, and the compound is

Figure 1. (a) [CuICuII(UN-O−)]2+ (1) reacts with excess NO(g) to
form [CuI,II(UN-O−)(NO)]2+ (2) at −80 °C in dichloromethane
(DCM) solvent. (b) Low-temperature (−80 °C) infrared spectroscopy
of the complex 1 (green line spectrum) reacting with NO(g) to form
complex 2 (in purple). The 1670 cm−1 full spectrum formed within 1
min after addition of NO(g).

Table 1. N−O Stretching Frequencies in LCu−NO
Complexesa)

LCu−NO ν(N−O) (15N−O), cm−1 ref

[CuII2(XYL-O
−)(NO−)]2+ 1536 31

[CuI,II(UN-O−)(NO)]2+ 1670 (1645) this work
[CuIHB(3-tBu-5-iPrpz)3(NO)] 1698 (1627b) 32
[CuIHB(tBupz)3(NO)] 1712 (1679) 33
[CuI(AN)(NO)]+ 1736 (1714) 12b
[CuIHC(3-tBu-5-iPrpz)3(NO)]

+ 1742 (1666b) 32
[CuIIL(NO)]+ 1846 (1815) 34
[CuII2(UN-O

−)(O2
−)(NO)]2+ 1853 (1820) this work

[CuII(CH3NO2)5(NO)]
2+ 1933 (1893) 35

aSee the SI (Figure S2) for full drawings of the ligands and their
IUPAC names. bValues for ν(15N−18O).

Chart 2. Formation of Nitroxyl Complex [CuII2(XYL-
O−)(NO−)]2+
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reported to have a [CuII(CH3NO2)5(
•NO)]2+ formulation,

while the NO moiety is bound to the CuII ion in a bent fashion
(∠Cu−N−O = 121°). Thus, addition of •NO(g) to Cu(II)
gives adducts described either as LCuII−(•NO) or LCuI−NO+

species. Therefore, [CuII2(UN-O
−)(•NO)(O2

•−)]2+ (3), the
product of addition of O2 to the nitrosyl complex [CuI,II2(UN-
O−)(μ-•NO)]2+ (2), can be described to have either the
LCuII−(•NO) or LCuI−NO+ electronic structure.
What about the fate of the O2(g) that was added? As dioxygen

typically binds to transition metals in their reduced state,
reaction of 2 with O2 likely involves electron transfer from the
cuprous ion in 2, leading to a cupric superoxide (O2

•−) species
(thus, we place the O2-derived ligand on the left-hand copper
ion, as represented by the drawing in Figure 2a; we cannot
preclude that the diatomic ligands switch positions once 3 fully
forms). To account for the changes occurring when one NO(g)
molecule is added to 1 to give 2 with a single nitrosyl ligand
(excess NO(g) removed by vacuum/purge cycles), followed by
O2(g) addition to 2 (with excess O2(g) removed) giving complex
3, we must formulate the latter as a superoxide and nitrosyl
complex [CuII2(UN-O

−)(•NO)(O2
•−)]2+ (3) (Figure 3a).38

The conclusion that this compound contains a single NO(g)
plus a single O2(g)-derived ligand, as per this formulation, is
further supported by its subsequent transformation to a PN
complex, [CuII2(UN-O

−)(−OONO)]2+ (4), which “logically”
forms by the intramolecular coupling of the superoxide ligand
with the electrophilic N-atom of the adjacent •NO (or NO+)
molecule.
[CuII

2(UN-O
−)(•NO)(O2

•−)]2+ (3) Converts to the Perox-
ynitrite Complex [CuII

2(UN-O
−)(−OONO)]2+ (4). Using

LT-IR spectroscopy, it is seen that the change from 3 to 4
occurs over the course of 20 min (−80 °C), and the ν(N−O) =
1853 cm−1 band disappears. The formation of peroxynitrite−
dicopper(II) complexes [CuII2(UN-O

−)(−OONO)]2+ (4) is

suggested by the appearance of new IR bands at 1520 cm−1

(Δ15NO = −20 cm−1) and 1640 cm−1 (Δ15NO = −26 cm−1),30

assignable to the NO double bond of the PN ligand (Figures
3b and S7).
We assign these bands to two different species (conformers),

cis- and trans-PN complexes, respectively (Figure 3a), as also
discussed further below. When the N-atom on the NO moiety
forms a bond with the distal (to Cu) O-atom of the dioxygen-
derived moiety (i.e., the O2

•− ligand), a trans-PN complex is
likely formed. However, if or when the proximal superoxide O-
atom attacks the electrophilic nitrosyl N-atom (vide supra), the
cis-PN complex can be generated, as shown in Figure 3a.39

In a different route leading to the formation of PN complex 4
(method 2, see Abstract/TOC figure), we performed a series of
LT-IR experiments starting from the mixed-valent complex
[CuI,II2(UN-O

−)(DMF)]2+ (1). Addition of excess O2(g) via
syringe does not incur any significant IR spectral change
(Figure S5), even though we know that the superoxo−
dicopper(II) complex [CuII2(UN-O

−)(O2
•−)]2+ (5) forms, as

previously described.29a After removal of any excess O2(g)
through vacuum/purge cycles, an ∼7-fold excess of 15NO(g)
was added directly into the solution of 5 using a gastight
syringe.
We then observed the formation of the same superoxide and

15NO(g)-labeled nitrosyl complex [CuII2(UN-O−)(•NO)-
(O2

•−)]2+ (3), with 1820 cm−1 IR absorption (Figure S6),
which, as before, leads to the formation of PN complex
[CuII2(UN-O

−)(−OONO)]2+ (4) over the course of 20 min
(Figure S7).
Although IR studies on PN bound to copper ions are not

available in the literature, the cis- and trans-PN N−O stretching
frequencies for alkali metals are determined to be in the region
of ∼1440 and ∼1580 cm−1, respectively (Table 2). So, the
difference in ν(N−O) between the cis- and trans-PN con-
formers can be quite large, i.e., >100 cm−1,40 as is observed here
for our cis- and trans-conformers of the PN complex
[CuII2(UN-O

−)(−OONO)]2+ (4). We can thus assign the
1520 and 1640 cm−1 IR bands to the cis- and trans- conformers,
respectively (Table 2).
A literature survey on IR data for a few transition metal−

peroxynitrite complexes supports our assignments for [CuII2-

Figure 2. (a) [CuI,II2(UN-O
−)(NO)]2+ (2) reacts with excess O2(g) to

form [CuII2(UN-O
−)(NO)(O2

−)]2+ (3) at −80 °C in DCM. (b) Low-
temperature infrared spectroscopy of the complex 2 (spectrum in
purple) reacting with O2(g) to form complex 3 (spectrum in red) at
−80 °C. The dotted purple spectrum shows the transition for the
reaction mentioned above. The last spectrum in red was taken 5 min
after addition of O2(g).

Figure 3. (a) [CuII2(UN-O
−)(NO)(O2

−)]2+ (3) gradually transforms
to form the [CuII2(UN-O

−)(−OONO)]2+ (4) complex at −80 °C. (b)
Low-temperature infrared spectroscopy of complex 3 (red line), which
changes to form complex 4 (solid green line spectrum) over the course
of 20 min.
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(UN-O−)(−OONO)]2+ (4). With a porphyrinate14 or
cyano13 group as co-ligand in Co(III) complexes, the −O−
O−NO NO (double-bond) IR stretching frequencies
range from 1600 to ∼1620 cm−1 (Table 2). Kurtikyan and co-
workers14 observed ν(NO) for the PN ligand in (NH3)

IIICo-
(TTP)(−OONO) (TTP = meso-tetra-p-tolylporphyrinato
dianion) at 1596 cm−1, assigned to be in a trans conformation
and ligated axially via the peroxynitrite anionic O-atom. Their
DFT calculations supported this assignment, also giving a
calculated value of ν(N−O) = 1678 cm−1. In another example,
Kim and co-workers41 reported that, with a bidentate
tetramethylethylenediamine ligand bound in an iron−dinitrosyl
complex, oxygenation results in the generation of a new ν(N−
O) band at ∼1590 cm−1, assigned by those researchers to a
trans-PN complex (Table 2). As noted, we assign our dicopper
complex with cis-PN ligand, [CuII2(UN-O

−)(cis-−OONO)]2+

(4), as having ν(N−O) = 1520 cm−1, a much lower value than
for these other coordination complexes.
Formation of [CuII

2(UN-O
−)(−OONO)]2+ (4) Followed

by UV−Vis Spectroscopy. As described above, the LT-IR
studies reveal that, for the PN complex 4, the mixture of
conformers can be formed either by addition of O2 to the
nitrosyl complex [CuI,II2(UN-O

−)(μ-•NO)]2+ (2) or by
addition of NO(g) to the superoxide complex [CuII2(UN-
O−)(O2

•−)]2+ (5).29a

In fact, this finding is also supported by UV−vis
spectroscopic monitoring. Following the generation of 5 by
addition of O2(g) to the mixed-valent complex 1, one obtains
the spectrum with λmax = 404 nm (dark green solid line
spectrum, Figure 4b). After removal of excess O2(g) and
addition of excess NO(g) (∼20 equiv) into the solution of 5
using a gastight syringe, an isosbestic conversion occurring over
∼10 min is observed for the transformation to form the PN
complex 4 with λmax = 355 (sh), 420 (sh), and 680 nm (blue
spectrum, Figure 4b).
The reaction of 2 with O2 to give 3 (Figure 2a) and finally

leading to 4 (Figure 3a), monitored by LT-IR spectroscopy and
described above, was also monitored by UV−vis spectroscopy.
This was carried out at low concentrations, ∼100 times more
dilute than for the LT-IR studies. The result is that, at the UV−
vis scale, the nitrosyl−superoxo complex [CuII2(UN-O

−)-
(•NO)(O2

•−)]2+ (3) is metastable; UV−vis spectral trans-
formations on going from 2 to 4 were monitored (Figure S1),
but stable UV−vis feature for 3 could not be obtained.30

Low-Temperature Electrospray Ionization Mass Spec-
trometry (ESI-MS) of [CuII

2(UN-O
−)(−OONO)]2+ (4). ESI-

MS was employed to further confirm the formulation for 4.
Upon injection of a cold solution (−80 °C) of complex 4,

prepared in a solvent mixture of 80% DCM and 20%
acetonitrile (ACN), a peak for complex 4 as adduct with one
SbF6

− counteranion was observed as the monocation complex
[CuII2(UN-O

−)(−OONO)]2+(SbF6
−), i.e., a peak at m/z =

981.92 for complex 4 prepared with 16O2(g). When superoxide
complex 5 was prepared using 18O2(g), the m/z value changed
to 986.02 (Figure 5). These values are in very good agreement
with the theoretically predicted values of 982.04 for complex 4
with 16O2(g) and 986.05 for complex 4 with 18O2(g).

Phenol Nitration by Complex [CuII
2(UN-O

−)(−OON
O)]2+ (4). As described in the Introduction, peroxynitrite, or
even metal-mediated peroxynitrite reactions are most likely
responsible for biological tyrosine phenol side-chain or in vitro
phenol substrate nitration, often biologically damaging.
Beckman2b,c,g and Koppenol2c have discussed this in particular
for the interaction of PN with the enzyme CuZn-superoxide
dismutase or FeIII-EDTA (or other) coordination complexes
and postulate that metal ions favor heterolytic cleavage of the
PN O−O bond to give nitronium ion (NO2

+), which is a
powerful nitrating agent. More recently, Girault12f has shown
that copper ion complexes may mediate PN formation and then
phenol nitration. Metal-bound PN complexes have now been
shown by other groups12a,c,e,f,41 to react with substituted
phenols, in particular 2,4-di-tert-butylphenol (DTBP) as an
analytically useful substrate.
Thus, it was of considerable interest to examine the behavior

of 4 with DTBP. Upon addition of 1 equiv of this substrate to
the superoxide−dicopper(II) complex [CuII2(UN-O−)-
(O2

•−)]2+ (5) formed in DCM at −80 °C (green spectrum
in Figure 6b), there was no apparent change. The PN complex
[CuII2(UN-O

−)(−OONO)]2+ (4) was then generated in situ
by first removing excess dioxygen and then adding NO(g) (blue
spectrum), followed by removing any excess in vacuo. This
results in an immediate reaction (by this benchtop UV−vis
monitoring) and the formation of a new species, identified as
the previously well-known29a μ-OH complex [CuII2(UN-

Table 2. N−O Stretching Frequency in LnMx(
−OONO)

Complexesa

LnMx(
−OONO) ν(NO) cm−1 ref

cis-NaOONO 1422 40
cis-KOONO 1444 40
[CuII2(UN-O

−)(cis-−OONO)]2+ 1520 this work
trans-KOONO 1528 40
trans-NaOONO 1580 40
[Fe(TMEDA)(NO)(−OONO)] 1589 41
(NH3)Co(TTP)(

−OONO) 1596 14
[N(CH2CH3)4]3[Co(CN)5(

−OONO)] 1621 13
[CuII2(UN-O

−)(trans-−OONO)]2+ 1640 this work
aSee SI for drawings of the ligands and IUPAC names.

Figure 4. (a) [CuII2(UN-O
−)(O2

2−)]2+ (5) reacts with excess nitric
oxide gas at −80 °C to form the complex [CuII2(UN-O

−)(O2NO
−)]2+

(4). (b) UV−vis spectroscopy of the transformation from the
superoxide [CuII2(UN-O−)(O2

−)]2+ (5) to [CuII2(UN-O−)-
(−OONO)]2+ (4) by addition of excess nitric oxide gas at −80 °C.
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O−)(OH)]2+ (6, λmax = 348 nm, black spectrum, Figure 6b),
formed nearly quantitatively based on known absorptivity data.
Warming of this solution to room temperature, followed by
workup and analysis of the reaction mixture using gas
chromatography−mass spectrometry (GC-MS; see the SI),
showed that 2,4-di-tert-butyl-6-nitrophenol formed, essentially
in 100% yield (Figure S11).30 Thus, the reaction which has
occurred is the stoichiometric reaction shown in Figure 6a.
In accordance with the above discussions, we suggest that the

PN complex [CuII2(UN-O
−)(−OONO)]2+ (4) has under-

gone O−O bond heterolytic cleavage to produce the nitronium
(NO2

+) ion, which efficiently nitrates the DTBP substrate, this
being standard electrophilic aromatic substitution chemistry.
The dicopper complex initially formed upon O−O cleavage
would be an oxo (oxide, O2−)-bridged dicopper(II) complex,
[CuII2(UN-O

−)(O2−)]+ (7), where the dianionic oxide ligand is
stabilized by the two Cu(II) ions present. In fact, we previously
isolated the oxo-dicopper(II) complex with the closely
analogous binucleating ligand, XYL-O−, i.e., [CuII2(XYL-
O−)(O2−)]+,42 thus supporting our proposal. The proton
released from DTBP upon its o-phenol nitration with NO2

+

would then add to the highly basic oxo-atom in 7, giving the
observed μ-hydroxide complex [CuII2(UN-O

−)(OH)]2+ (6)
(Figure 6b). Scheme 2 outlines the reaction sequence discussed
here, involving O−O heterolytic cleavage in 4.
The reactivity, products, and product yields observed were

the same when the experiment was carried out by first fully
forming [CuII2(UN-O

−)(−OONO)]2+ (4), having removed
excess gases, and then adding 1 equiv of DTBP. Separately, an
interesting transformation occurs when 4 is warmed to room
temperature in the absence of DTBP. The dicopper complex
product formed is that with a para-nitrated central aryl-phenol
within the UN-O− ligand framework, obtained in ∼90% yield
(complex 8, Scheme 2). The product possesses a μ-chloride
bridge instead of hydroxide. The p-nitro group and μ-Cl− atom
in 8 were confirmed by X-ray diffraction analysis of this new
product; the structure was reported in a recent paper.29a The
high yield of the product with a nitrated phenol moiety again
suggests that a peroxynitrite O−O heterolytic cleavage reaction
occurred, as described above, releasing NO2

+, which either
effects nitration at the other end of the same molecule or
diffuses further to nitrate a nearby dicopper complex. The μ-
oxide intermediate likely formed following O−O cleavage
molecule would react as a nucleophile with DCM, leading to
formation of the chloride-bridged product observed. Further
investigations concerning how the chloride product formed
from reactions with solvent were not pursued.

Solvent Effect on the O−O Cleavage Reaction for
[CuII

2(UN-O
−)(−OONO)]2+ (4). In exploring further aspects

of the chemistry of PN complex 4, we happened to also
perform UV−vis studies at −80 °C in 2-methyltetrahydrofuran
(MeTHF) as solvent. Formation of the superoxide complex
[CuII2(UN-O

−)(O2
•−)]2+ (5) in MeTHF, followed by addition

of NO(g), did lead to the rapid formation of [CuII2(UN-
O−)(−OONO)]2+ (4), as judged by the UV−vis changes
observed (Figure 7). However, unlike in DCM as solvent,
[CuII2(UN-O

−)(−OONO)]2+ (4) is not stable in MeTHF.
In ∼15 min (still at −80 °C) the absorptivity in the 300−400
nm region starts to diminish, and eventually (after ∼1 h) sharp
peaks (spikes) grow in (Figure 7). These new absorptions are
characteristic of the presence of dissolved nitrite (or actually
nitrous acid, HONO);43 we can conclude that HONO derives
from release of •NO2(g) when 4 decomposes via homolytic O−
O cleavage, vide inf ra. Nitrogen dioxide is known to attack
ethers (i.e., MeTHF), effecting H-atom abstraction with the
resulting formation of HONO.44 (Note: in independent
experiments we carried out, addition of NO2(g) to a cold
MeTHF solution slowly led to the characteristic sharp 350−
400 nm absorption features, Figure S9.)
The reaction was repeated but with 1 equiv of DTBP added

to the −80 °C solution immediately following formation of PN
complex 4. After warming and workup of the decomposed
solution, GC-MS analysis revealed that a mixture of ∼20% bis-

Figure 5. Low-temperature ESI-MS spectrum of the peroxynitrite
complex [CuII2(UN-O

−)(−OONO)]2+ (4) as adduct with one
SbF6

− anion, to give an overall detected monocation. Expanded
spectra are shown above the full spectrum corresponding to m/z
(greatest intensity peak) = 981.92 and that where 18O2 was employed
in the synthesis, m/z = 986.02. Good agreement is also observed for
comparison of the distribution of peaks due to the presence of
different isotopes (mainly due to 63Cu and 65Cu), experiment vs
theory; see the SI.30

Figure 6. UV−vis spectroscopy of the formation of the superoxide
[CuII2(UN-O

−)(O2
2−)]2+ (5) (green spectrum) and the generation of

the peroxynitrite complex [CuII2(UN-O
−)(−OONO)]2+ (4) (blue

spectrum) and the final product of [CuII2(UN-O
−)(OH)]2+ (6) (black

spectrum) by reacting with DTBP at −80 °C in DCM.
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phenol dimer (i.e., ∼40% phenoxyl radical coupling) and ∼60%
of the ortho-nitrated phenol (Scheme 2) was obtained (Scheme
2 and Figures S12−S14).
These results/observations led us to propose that, in

MeTHF solvent, in contrast to the reaction in DCM, PN
complex [CuII2(UN-O

−)(−OONO)]2+ (4) undergoes a
homolytic O−O bond cleavage reaction. This supposition can
explain the formation of a substantial quantity of bis-phenol
dimer, known to be the product obtained when the phenoxyl
radical derived from DTBP forms. We propose that, when O−
O homolytic cleavage occurs in MeTHF, •NO2 is formed (as
observed), and the dicopper product obtained would then be
formally a mixed-valent complex, [CuII,III2(UN-O

−)(O2−)]2+.
This presumed transient species would be an effective H-atom
abstractor, converting DTBP to its phenoxyl radical derivative,
which would then couple with the •NO2 produced to give
nitrated phenol.

This is equivalent to what is proposed for many systems,
including hemes, where the Mn+−PN species cleaves homolyti-
cally to give a Mn+1O complex + •NO2. An ArO−H substrate
H-atom abstraction by Mn+1O and coupling to •NO2 leads to
nitrated phenol product. However, since a phenoxyl radical,
ArO•, is formed during the process, some of it will self-couple,
giving the bis-phenol dimer observed. Such a product cannot be
explained by formation of nitronium ion obtained from
heterolytic O−O peroxynitrite cleavage. Note that H-atom
abstraction by a putative [CuII,III2(UN-O

−)(O2−)]2+ species
would directly produce the very stable μ-hydroxide complex
[CuII2(UN-O

−)(OH)]2+,29a,45 that being the product identified
in this reaction in MeTHF solvent. See Scheme 2 for a
summary of these reactions involving PN−dicopper(II)
complex heterolytic vs homolytic O−O cleavage. The solvent
effect may simply be derived from the difference in dielectric
constant (ε) of the solvents, DCM vs MeTHF, the latter being
much less polar and with a smaller ε value. Heterolytic cleavage,
producing a nitronium cation and oxide anion (although
dicopper-coordinated), might expected to be a more favorable
O−O cleavage pathway in a higher dielectric solvent, and this is
what is found, as described above.

■ CONCLUSIONS

Scheme 2 summarizes all of the chemistry observed of the UN-
O− ligand−dicopper complexes with O2 and NO(g) chemistry.
We have described the generation of a peroxynitrite complex,
[CuII2(UN-O

−)(−OONO)]2+ (4), that can be formed via
two pathways: (i) The mixed-valent complex [CuI,II2(UN-
O−)(DMF)]2+ (1), when reacted with nitric oxide, forms a
nitrosyl complex best described as a mixed-valent μ-•NO
species, [CuI,II(UN-O−)(NO)]2+ (2), which is found to form a
new superoxide and nitrosyl complex, [CuII2(UN-O

−)(NO)-
(O2

−)]2+ (3), when exposed to dioxygen. However, 3
undergoes a relatively fast intramolecular coupling reaction of
superoxide and nitrosyl ligands to form the peroxynitrite−
dicopper(II) product 4. (ii) The superoxide adduct [CuII2(UN-
O−)(O2

•−)]2+ (5), reported previously to form by oxygenation
of the mixed-valent complex 1, undergoes further reaction with

Scheme 2. PN Complex 4 Chemistry Performed at −80 °C in Solvents Dichloromethane (DCM) and 2-Methyltetrahydrofuran
(MeTHF)

Figure 7. (a) Superoxide dicopper(II) complex [CuII2(UN-O
−)-

(O2
•−)]2+ (5) reacts with excess NO(g) at −80 °C in MeTHF solvent.

(b) UV−vis spectroscopy of the formation and decomposition of the
peroxynitrite complex [CuII2(UN-O

−)(−OONO)]2+ (4) in MeTHF to
give •NO2 dissolved nitrogen dioxide.
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nitric oxide gas, producing the same new intermediate species
[CuII2(UN-O

−)(NO)(O2
−)]2+ (3), which again transforms into

the peroxynitrite complex [CuII2(UN-O
−)(−OONO)]2+ (4).

The peroxynitrite complex 4, as deduced by IR spectroscopy, is
a mixture of cis- and trans-PN forms. In any case, 4, as formed
by either pathway very efficiently (even at −80 °C), effects
phenol o-nitration of DTBP, even with only 1 equiv of this
substrate added. Our studies reveal that decomposition, or
rather transformation, of the peroxynitrite complex 4 can
proceed by heterolytic PN O−O cleavage, which putatively
produces the nitronium ion (NO2

+); in a different solvent (i.e.,
MeTHF), strong evidence for substantial homolytic cleavage
chemistry is seen.
Thus, the major advances from this present work can be

summarized as follows:

1. We report for the first time in literature that both
pathways (Mn+ + NO(g) + O2(g) and Mn+ + O2(g) +
NO(g)) could occur in our binuclear ligand copper
framework, leading to the formation of the same PN
complex, M(n+1)+(−OONO).

2. In this synthetically challenging and biologically relevant
binuclear ligand copper framework, detailed LT-IR
characterizations of the key complexes are presented,
and a new nitrosyl−superoxide intermediate complex
M(n+1)+(NO)(O2

•−) is proposed to form. The inter-
med i a t e t r a n s f o rm s t o t h e PN comp l e x
M(n+1)+(−OONO) that consists of both cis- and
trans-conformers based on LT-IR spectroscopy.

3. In further support of the formation of PN complex
[CuII2(UN-O

−)(−OONO−)]2+ (4), it is observed to
efficiently effect phenol substrate nitration.

4. Unique insights concerning the rich chemistry a metal-
bound peroxynitrite moiety can undergo come from the
observation that either O−O homolytic or heterolytic
cleavage may occur. In DCM, the O−O cleavage is
heterolytic, and quantitative o-phenol (DTBP) nitration
can be attributed to the generation of nitronium ion
(NO2

+) in solution. This supposition is also supported
by the observation of the efficient nitration of the ligand
in the dicopper complex when in the absence of substrate
DTBP. However, in the much less polar solvent MeTHF,
the O−O bond undergoes homolysis to generate •NO2
(detected spectrophotometrically, indirectly) and a
putative higher-valent complex CuII,III2(UN-O

−)(O2−)]2+

that abstracts a H-atom from DTBP to give CuII2(UN-
O−)(OH)]2+ (as observed) and a phenoxyl radical; the
latter may dimerize to form the bis-phenol observed
experimentally or couple with the •NO2 present, leading
to the observed o-nitrophenol.

As previously postulated,12a,b,f and as supported by the rich
chemistry observed here, it seems likely that copper ion
chemistry with O2 and/or NO may be important biologically,
contributing significantly to (i) the known formation of nitrated
protein residues (e.g., tyrosine),2d,f,h−l (ii) other oxidative or
nitrative damage, or (iii) possibly even signaling. In fact,
peroxynitrite chemistry at heme centers, produced via metal/
NO(g)/O2(g) chemistry, can lead to protein residue nitration.
Most recently,46 such biochemistry has been applied in the
practical organic synthesis of nitrated substrates, in heme or
non-heme iron enzymes.47 The extensive chemistry observed
here calls for the further investigations of the scope and
mechanisms involved in metal ion-mediated peroxynitrite

formation and reactivity; such will, at least in part, be included
in research goals in our own laboratories.

■ EXPERIMENTAL SECTION
Materials and Instrumentation. All chemicals were purchased

from Sigma-Aldrich Co. in the highest available quality unless
otherwise specified. Preparation and handling of air-sensitive
compounds were achieved either using standard Schlenk line
techniques under an argon atmosphere or in an MBraun Labmaster
130 nitrogen atmosphere glovebox with O2(g) and H2O(g) levels <1
ppm. HPLC-grade dichloromethane (DCM), acetonitrile (ACN), and
diethyl ether (Et2O) were passed through a 60 cm long column of
activated alumina under an argon atmosphere before use (Innovative
Technologies, Inc.). 2-Methyltetrahydrofuran (MeTHF) was distilled
over sodium benzophenone under an argon atmosphere prior to use.
Solvent deoxygenation was achieved by bubbling argon through the
solvent for 30 min in an addition funnel connected to a receiving
Schlenk flask. Deoxygenated solvents were stored in the glovebox
inside amber glass bottles and further dried over activated 3 or 4 Å
molecular sieves. Dioxygen was dried by passing the gas through a
short column of Drierite prior to usage. Nitric oxide was purchased
from Matheson Gases and purified according to a literature method.15a

UV−vis absorption spectra were recorded on a Cary-50 Bio
spectrophotometer using 10 mm path length Schlenk quartz cuvettes.
The reaction temperature was maintained by a UnispeKs CoolSpeK
cryostat controller and a cell holder kit by Unisoku Scientific
Instruments. EPR samples were prepared in 5 mm o.d. quartz sample
tubes (Wilmad-LabGlass) and spectra recorded on an X-band Bruker
EMX-plus spectrophotometer equipped with a dual-mode cavity (ER
4116DM) Bruker EMX CW EPR controller with a Bruker ER 041 XG
microwave bridge operating at the X band (∼9 GHz). LT-IR spectra
were collected on a Bruker TENSOR 27 FT-IR spectrophotometer
equipped with a liquid nitrogen-chilled LN-MCT midrange detector
using a Remspec 619 single-crystal sapphire fiber probe (1100−4000
cm−1). Samples were analyzed in a custom-made Schlenk tube with
two side arms and an airtight joint from which the optical probe is
inserted. In a typical IR experiment, samples were first prepared in the
glovebox and then transferred to the reaction tube using a 5 mL
Hamilton gastight syringe. ESI-MS experiments were performed on a
Thermo Finnigan LCQ Deca XP Plus spectrometer. GC-MS analysis
was carried out on a Shimadzu GC-17A/GCMS0QP5050 gas
chromatograph/mass spectrometer. Synthesis and characterization of
the mixed-valent complex [CuI,II2(UN-O

−)(DMF)](SbF6)2, Mw =
1229.6, followed previously published procedures.29a

Low-Temperature Infrared (LT-IR) Spectroscopy Character-
ization. Preparation of LT-IR samples of mixed-valent complex
[CuI,II2(UN-O

−)(DMF)](SbF6)2 was conducted as follows. First, 36.8
mg (0.03 mmol) of [CuI,II2(UN-O

−)(DMF)](SbF6)2 as a brownish
green crystalline solid was added to 3 mL of DCM in the glovebox.
Next, 43.1 mg (0.06 mmol) of potassium tetrakis(pentafluorophenyl)-
borate (KBArF, Mw = 718.3) was added to the mixture to help fully
dissolve the solid compound through anion exchange. The DCM
solution was filtered, and the resulting clear solution was transferred to
a 5 mL Hamilton gastight syringe. The LT-IR optical probe was placed
inside a custom-made reaction tube equipped with two side arms and
an airtight joint from which the optical probe is inserted. One of the
arms was connected to the Schlenk line and controlled by a glass
stopcock, while the other arm was sealed with a rubber septum. An
inert atmosphere was established by five successive vacuum and argon
purge cycles. Through the rubber septum, 3 mL of [CuI,II2(UN-
O−)(DMF)](SbF6)2 solution was added via syringe to the reaction
tube, and the probe was submerged under the added solution. The
tube was then placed in a dry ice/acetone bath to maintain the
temperature at −80 °C. After waiting 10 min for the temperature to
equilibrate, the LT-IR spectrum for the [CuI,II2(UN-O

−)(DMF)]-
(SbF6)2 solution was recorded over 20 scans (1100−4000 cm−1) using
the OPUS software interface.

Formation of [CuI,II2(UN-O
−)(μ-•NO)](SbF6)2. Purified nitric oxide

gas, NO(g), was collected in a 250 mL round-bottom flask and secured
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with a clamp inside a fume hood. The pressure of the flask was
adjusted to approximately 1 atm using a gas bubbler. A 10 mL
Hamilton gastight syringe equipped with a three-way high pressure
stopcock, containing a stainless steel Luer fitting attached to a Schlenk
line, and 12 in. stainless steel needle was prepared. The syringe was
evacuated and purged with argon gas five times, before the needle was
inserted into the flask containing the purified NO(g), and 5 mL of
NO(g) (about 7 equiv) was withdrawn. NO(g) was gradually added to
the solution of [CuI,II2(UN-O

−)(DMF)](SbF6)2 by puncturing the
septa on the side arm of the reaction tube with the three-way syringe.
The solution “trapped” in the window of the optical probe does not
mix very well with the bulk solution in the reaction tube; therefore, the
solution was “manually” mixed using the gastight syringe to withdraw
and then quickly inject solution back into the reaction tube to achieve
better mixing. The solution was then left to equilibrate at −80 °C for a
few additional minutes, after which the LT-IR spectrum of
[CuI,II2(UN-O

−)(μ-•NO)](SbF6)2 was monitored and recorded.
Formation of [CuII2(UN-O

−)(•NO)(O2
•−)](SbF6)2 (Method 1).

[CuI,II2(UN-O
−)(μ-•NO)](SbF6)2 solution was put under vacuum

and subsequently and purged with argon gas. This process was
repeated five times to remove excess NO(g) in the solution. A 10 mL
Hamilton gastight syringe was equipped with a three-way high
pressure stopcock, containing a stainless steel Luer fitting attached via
rubber tubing directly to the regulator of dioxygen gas tank, and 12 in.
stainless steel needle was prepared. The syringe was evacuated and
purged with dioxygen gas. About 5 mL of O2(g) was injected, through
the septum sealed side arm of the reaction tube, into the solution of
[CuI,II2(UN-O

−)(μ-•NO)](SbF6)2 and over the course of 5 min, the
intermediate [CuII2(UN-O

−)(•NO)(O2
•−)](SbF6)2 was formed and

IR spectrum was recorded at −80 °C.
Formation of [CuII2(UN-O

−)(−OONO)](SbF6)2 (Method 1). The
solution of [CuII2(UN-O

−)(•NO)(O2
•−)](SbF6)2 was mixed several

times using a gastight syringe, vide supra. Over the course of 20 min at
−80 °C, the LT-IR spectral features of [CuII2(UN-O

−)(•NO)(O2
•−)]-

(SbF6)2 decreased, and new features corresponding to [CuII2(UN-
O−)(−OONO)](SbF6)2 grew in.
Formation of [CuII2(UN-O

−)(O2
•−)](SbF6)2. First, 36.8 mg (0.03

mmol) of [CuI,II2(UN-O
−)(DMF)](SbF6)2 as a crystalline solid was

dissolved in 3 mL of DCM, and anion exchange was performed vide
supra. Next, 5 mL of O2(g) was added using a three-way syringe into
the solution of [CuI,II2(UN-O

−)(DMF)](SbF6)2 and mixed using a
gastight syringe, vide supra. The solution was left to equilibrate for 10
min, and a spectrum was recorded at −80 °C. The [CuII2(UN-
O−)(O2

•−)](SbF6)2 solution was put under vacuum and purged with
argon gas. This process was repeated five times to remove excess O2(g)
in the solution.
Formation of [CuII2(UN-O

−)(•NO)(O2
•−)](SbF6)2 (Method 2). First,

5 mL of NO(g) was added in solution of [CuII2(UN-O
−)(O2

•−)]-
(SbF6)2 using a gastight syringe, vide supra. Over the course of 5 min,
[CuII2(UN-O

−)(•NO)(O2
•−)](SbF6)2 was formed, and the LT-IR

spectrum was recorded at −80 °C.
Formation of [CuII2(UN-O

−)(−OONO)](SbF6)2 (Method 2). The
solution of [CuII2(UN-O

−)(•NO)(O2
•−)](SbF6)2 was mixed several

times using a gastight syringe, vide supra. Over the course of 20 min at
−80 °C, the LT-IR spectral features of [CuII2(UN-O

−)(•NO)(O2
•−)]-

(SbF6)2 decreased, and new features corresponding to [CuII2(UN-
O−)(−OONO)](SbF6)2 grew in.

15NO(g) isotope-labeled LT-IR experiments were carried out in the
same fashion as with 14NO(g), vide supra. Spectra for each complex
were recorded, respectively.
UV−Vis Characterization of Each Complex. Formation of

Superoxide [CuII2(UN-O
−)(O2

•−)](SbF6)2 by Reaction of [CuI,II2(UN-
O−)(DMF)](SbF6)2 with Excess O2(g). This spectrum was previously
published.29a In the reaction, 1.1 mg (0.0009 mmol) of [CuI,II2(UN-
O−)(DMF)](SbF6)2 as a green-color crystalline solid was dissolved in
6 mL of DCM in the glovebox to give 6 mL of 0.15 mM stock
solution. Next, 3 mL of the stock solution was transferred to a custom-
made 1 cm path length Schlenk cuvette, which was sealed with a
rubber septum before being removed from the glovebox. The cuvette
was placed inside the cell holder of the cryostat and cooled to −80 °C.

The cuvette was left to equilibrate at −80 °C for 10 min, after which
excess O2(g) was added to give a green spectrum corresponding to
[CuII2(UN-O

−)(O2
•−)](SbF6)2 in Figure 4b, vide supra.

UV−Vis Spectrum of [CuII2(UN-O
−)(−OONO)](SbF6)2. The

solution containing [CuII2(UN-O
−)(O2

•−)](SbF6)2 was put under
vacuum and purged with argon gas five times to remove excess O2(g).
Next, 0.2 mL of NO(g) (about 20 equiv) was gradually added to the
solution using a three-way gastight syringe, and UV−vis spectra
changes were followed.

UV−Vis Spectrum of [CuI,II2(UN-O
−)(μ-•NO)](SbF6)2. The remain-

ing 3 mL of the [CuI,II2(UN-O
−)(DMF)](SbF6)2 stock solution was

transferred to a second 1 cm path length Schlenk cuvette, which was
sealed with a rubber septum before being removed from the glovebox.
The cuvette was placed inside the cell holder of the cryostat and
cooled to −80 °C. The cuvette was left to equilibrate at −80 °C for 10
min, and then 0.2 mL of NO(g) (about 20 equiv) was added to the
solution, vide supra, and the UV−vis spectrum was recorded.

UV−Vis Spectrum of [CuII2(UN-O
−)(−OONO)](SbF6)2 Prepared

Using Method 2. The [CuI,II2(UN-O
−)(μ-•NO)](SbF6)2 solution was

put under vacuum and subsequently purged with argon gas. This
process was repeated five times to remove excess NO(g). Next, 1 mL of
O2(g) was added to the solution, and a distinct change in the UV−vis
spectra was observed. The final spectrum of [CuII2(UN-O

−)(−OON
O)](SbF6)2 was recorded at −80 °C.

Formation of [CuII2(UN-O
−)(OH)](SbF6)2 by Reaction of [CuII2(UN-

O−)(−OONO)](SbF6)2 with DTBP. The peroxynitrite complex
[CuII2(UN-O

−)(−OONO)](SbF6)2 can be generated using two
methods in DCM, vide supra. With either method, adding 1 equiv of
DTBP to the peroxynitrite solution at −80 °C results in the same
spectral change to give [CuII2(UN-O

−)(OH)](SbF6)2 as the final
product, as recorded by UV−vis spectrometry.

Formation and Decay of [CuII2(UN-O
−)(−OONO)](SbF6)2 in

MeTHF as Solvent. First, 1.2 mg (0.001 mmol) of green-color
crystalline solid [CuI,II2(UN-O

−)(DMF)] (SbF6)2 was put in 6 mL of
MeTHF in the glovebox. Next, 1.4 mg (0.002 mmol) of KBArF was
added to the mixture to help dissolve the solid through anion
exchange. The solution mixture was filtered to obtain a clear solution.
Next, 3 mL of the clear solution was transferred to a 1 cm path length
Schlenk cuvette. The cuvette was placed inside the cell holder of the
cryostat and cooled to −80 °C. The cuvette was left to equilibrate at
−80 °C for 10 min, after which excess O2(g) was added to give the dark
green spectrum corresponding to [CuII2(UN-O

−)(O2
•−)](SbF6)2

(Figure 7b). The solution containing [CuII2(UN-O
−)(O2

•−)](SbF6)2
was put under vacuum and subsequently purged with argon gas. This
process was repeated over five cycles to remove excess O2(g). Next, 0.2
mL of NO(g) (about 20 equiv) was gradually added to the solution
using a gastight three-way syringe. UV−vis spectral changes over the
course of 20 min were followed and are depicted as green dotted lines
in Figure 7b. Excess NO(g) was removed using vacuum and argon
purge cycles. [CuII2(UN-O

−)(−OONO)](SbF6)2 (blue spectrum,
Figure 7b) was not stable and started to decompose at −80 °C (dotted
blue lines, Figure 7b). After 1 h, the final spectrum containing
[CuII,III2(UN-O

−)(O2−)]2+(SbF6)2 and NO2 was recorded (magenta
line, Figure 7b).

Formation of [CuII2(UN-O
−)(−OONO)](SbF6)2 in MeTHF and

Reaction with DTBP. The MeTHF solution of [CuII2(UN-O
−)-

(−OONO)](SbF6)2 was generated at −80 °C, vide supra. One
equivalent of DTBP was added to the solution after removal of excess
NO(g) using vacuum and argon purge cycles. The reaction product was
determined to be [CuII2(UN-O

−)(OH)](SbF6)2 on the basis of its
UV−vis spectral features. The oxidized substrate was analyzed using
GC-MS.

Electrospray Ionization Mass Spectrometry (ESI-MS) of
[CuII

2(UN-O
−)(−OONO)](SbF6)2. First, 6.1 mg (0.005 mmol) of

[CuI,II2(UN-O
−)(DMF)](SbF6)2 as a crystalline solid was dissolved in

4 mL of DCM and 1 mL of acetonitrile. The solution was
subsequently transferred to a 10 mL Schlenk flask and sealed with
rubber septum. The flask was brought out of the glovebox and put in
acetone/dry ice cold bath. After allowing the temperature to
equilibrate for 10 min, 2 mL of O2(g) was added to form
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[CuII2(UN-O
−)(O2

•−)](SbF6)2 as a dark green solution. This solution
was put under vacuum and then purged with argon gas to remove
excess O2(g). Next, 1 mL of NO(g) was added to the [CuII2(UN-
O−)(O2

•−)](SbF6)2 solution, leading the dark green solution to
change to a lighter green over the course of 5 min. During this time,
the ESI-MS instrument was flushed with −80 °C solvent mixture
containing 80% DCM and 20% MeCN. Cold solution containing
[CuII2(UN-O

−)(−OONO)](SbF6)2 was injected to the ESI-MS
instrument with a gastight syringe, and the mass spectrum was
recorded. [CuII2(UN-O

−)(−OONO)](SbF6)2 was also generated
using isotope-labeled 18O2(g), vide supra. Identical procedures were
followed using the labeled compound, and a mass spectrum was
recorded.
Gas Chromatography−Mass Spectrometry (GC-MS) Charac-

terization of Phenol Product. The product mixture from reaction
of [CuII2(UN-O

−)(−OONO)](SbF6)2 with 1 equiv of DTBP in
DCM and MeTHF was put on a rotary evaporator to remove the
solvent. The solid materials obtained were dissolved using 10 mL of
pentane. The solution was filtered through a medium glass-fritted
funnel and concentrated to ∼1 mL for GC-MS tests. The GC-MS
conditions for the product analysis were as follows: injector port
temperature, 220 °C; detector temperature, 280 °C; column
temperature: initial temperature, 120 °C; initial time, 2 min; final
temperature, 250 °C; final time, 25 min; gradient rate, 10 °C/min;
flow rate, 16 mL/min; ionization voltage, 1.5 kV.
Electron Paramagnetic Resonance (EPR) Spectroscopy of

Related Complexes. The EPR samples were prepared as follows.
First, 4.9 mg (0.004 mmol) of [CuI,II2(UN-O

−)(DMF)](SbF6)2 as a
crystalline solid was dissolved in 2 mL of DCM in the glovebox to give
2 mL of 2 mM stock solution. Next, 0.5 mL of the stock solution was
transferred to a 5 mm o.d. quartz sample tube using a 0.5 mL syringe.
This process was repeated three more times to obtain four sample
tubes, each containing 0.5 mL of the stock solution. Each of the tubes
was sealed with a rubber septum before being taken out of the
glovebox. EPR sample preparations and spectra for complex
[CuI,II2(UN-O−)(DMF)](SbF6)2 and complex [CuII2(UN-O

−)-
(O2

•−)](SbF6)2 were previously published.29a

EPR Spectrum of [CuI,II2(UN-O
−)(μ-•NO)](SbF6)2. The EPR sample

tubes were placed in a dry ice/acetone bath to maintain the
temperature at −80 °C. After waiting 10 min for the temperature to
equilibrate, 0.2 mL of NO(g) (about 20 equiv) was gradually added to
the solution in one of the tubes using a gastight three-way syringe. The
tube was subsequently kept frozen in liquid nitrogen, and the EPR
spectrum was taken at 20 K and shown to be silent.
EPR Spectrum of [CuII2(UN-O

−)(−OONO)](SbF6)2. Complex
[CuII2(UN-O

−)(−OONO)](SbF6)2 was prepared using both of
the methods, vide supra. The EPR spectra for complexes prepared by
both methods were taken at 20 K and shown to be silent.
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