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ABSTRACT: Redox noninnocent ligands enhance the reactivity of the metal they complex, a strategy used by metalloenzymes and
in catalysis. Herein, we report a series of copper complexes with the same ligand framework, but with a pendant nitrogen group that
spans five different redox states between nitro and amine. Of particular interest is the synthesis of a unprecedented copper(I)-
arylhydroxylamine complex. While hydroxylamines typically disproportionate or decompose in the presence of transition metal ions,
the reactivity of this metastable species is arrested by the presence of an intramolecular hydrogen bond. Two-electron oxidation
yields a copper(II)-(arylnitrosyl radical) complex that can dissociate to a copper(I) species with uncoordinated arylnitroso. This
combination of ligand redox noninnocence and hemilability provides opportunities in catalysis for two-electron chemistry via a one-
electron copper(I/II) shuttle, as exemplified with an aerobic alcohol oxidation.

The chemistry of aromatic primary hydroxylamines (Ar−
NH−OH) and nitrosoarenes (Ar−NO) is of consid-

erable interest due to their inherent reactivity, redox properties,
implication in biological processes, and involvement in
catalytic transformations. While these reactive compounds
often trigger deleterious effects on the body (DNA mutations,
protein adducts), they are relevant as more stable analogues of
NH2OH and HNO to study pathways germane to the
production of nitric oxide (NO), nitrous oxide (N2O) and
derivatives.1−5 In synthesis, the relatively weak N−O bond of
hydroxylamines (BDEs: H2N−OH = 214 kJ/mol vs C−N/O >
300 kJ/mol) and the electrophilic properties of nitroso
compounds led to the development of catalytic reactions for
C−N and C−O bond formation.6−9

In these catalytic systems, the reactivity of ArNHOH and
ArNO species is controlled by transition metal ions (M),
notably earth-abundant Fe and Cu. The redox noninnocence
of ArNO when bonded to metal ions generates M/ArNO
adducts10−23 that mimic the geometry and electronic structure
of M/O2 adducts found in oxygenases24−27 and oxidative
catalysis.28 By contrast, ArNHOH is quite reactive in the
presence of metal ions. Only a few examples of metal
complexes exist with chelating alkylhydroxylamines.29−31

Employing arylhydroxylamines typically leads to disproportio-
nation6−8,32−35 or decomposition36 of ArNHOH. This explains
the dearth of data regarding metal-mediated hydroxylamine-
based reactions. For example, how is the two-electron
conversion between ArNHOH and ArNO performed with a
one-electron shuttle such as CuII/CuI during catalytic trans-
formations?6−8

In this work, we report an intramolecular strategy to
overcome these challenges and control the chemistry of redox
noninnocent ArNHOH with metal ions (Scheme 1). We
prepared a multidentate ligand containing a primary
arylhydroxylamine function that acts as a pro-ligand for

chelated metal-ArNO species. With this design, we obtained
the first structurally confirmed arylhydroxylamine complex (1),
studied its two-electron oxidation (to complex 2), and used it
in a catalytic two-electron organic oxidation.
Hydroxylamine-containing ligand LNHOH (Scheme 2) was

synthesized by a carefully monitored partial reduction of LNO2

over zinc (SI Section 1c). Varying the reaction time and
quantity of reductant allowed us to obtain samples of all three
accessible oxidation states, LNO2, LNHOH, and LNH2 (Scheme 2).
Ligands LNO2 and LNH2, with the most stable nitrogen
oxidation states, form standard copper complexes. This is
illustrated by [LNO2CuCl] and [LNH2CuCl], observed as (μ-
Cl)2Cu2 dimers in the crystalline state (Scheme 2a, Figure S9).
As an intermediate oxidation state between LNO2 and LNH2,

LNHOH is poised for reactivity with a redox-active metal ion.
Indeed, reaction of LNHOH with [CuI(CH3CN)4](X) (X− =
PF6

− or CF3SO3
−) led to a purple solution (λmax = 508 nm

with a shoulder at 650 nm) that contained products of the
disproportionation of LNHOH, [LNOCu]+ and [LNH2Cu]+, as
shown by ESI-MS (Scheme 2b, Figure S5). Reaction of LNHOH
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with CuICl, however, led to a single well-defined species,
[LNHOHCuCl] (1), which precipitates as a yellow powder in
75% yield (Scheme 2c). X-ray diffraction analysis of 1 shows a
CuI center in a T-shape geometry interacting weakly with the
ArNHOH (Cu···N1 = 2.657 Å) and the sulfonanide (Cu···N2
= 2.673 Å) (Figure 1). 1 constitutes a very rare case of a

complex with an intact primary hydroxylamine ligand (N1−O1
= 1.418 Å)29−31 (some examples also exist with a ligated
ArNHO− moiety18,20 or secondary aminoxyl37 groups). Close
inspection reveals that the OH group is involved in a hydrogen
bond with the Cl atom (O···Cl = 3.094 Å), possibly explaining
the unusual stability of this ArNHOH moiety.
The relative stability of complex 1 provides a unique

opportunity to access the LNO complex by 2e oxidation and
thus complete the nitrogen oxidation state series (Scheme 2).
Oxidation of 1 by diethyl or diisopropyl azadicarboxylate
(DEAD or DIAD) led to the formation a deep-purple complex
(λmax = 508 nm, ε508 = 2450 M−1 cm−1), [LNOCuCl], 2
(Scheme 3a). Titration of 1 with DEAD in dichloromethane
(DCM) reached maximum absorbance at 2.0 equiv, suggesting

that DEAD acts as a single hydrogen atom abstractor (Figure
S10).38 Species 2 was characterized in solution by ESI-MS (m/
z = 431.1 for LNOCu+, Figure S11), displays broadened 1H
NMR peaks in CDCl3 (Figure S12), and is EPR-silent in
frozen DCM solution at 77 K. Diffusion of pentane into a −30
°C DCM solution of 2 produced by oxidation with DEAD
yielded light-red crystals. X-ray diffraction of these crystals
revealed that 2 dimerizes in the solid state as a (μ-Cl)2Cu2
complex, [LNOCuCl]2, 3, in which the ArNO moiety is not
coordinated (Figure 1) and remains a double-bonded
(ArNO)0 (N1−O1 = 1.236 Å).39

Given the redox noninnocence of ArNO species, two
electromers are possible for 2: [(LNO)0CuICl], with an NO
double bond, and [(LNO•−)CuIICl], an arylnitrosyl π-radical
with an N−O bond order of 1.5. Evans 1H NMR measure-
ments on solutions of 2 indicated paramagnetism with χMT ≈
0.13 emu K mol−1 (Figure S12), well below the expected value
for two individual 1/2 spins (0.75 emu K mol−1), which
strongly suggests that 2 is an antiferromagnetically coupled
CuII-radical species. The electronic structure of 2 was also
explored by Cu K-edge X-ray absorption spectroscopy (XAS,
Figure 3, SI Section 6). The Cu K-edge XAS of 1 (15 mM in
frozen DCM or in the solid state) is consistent with CuI, with a
prominent edge feature at 8985.8 eV ascribed to the
characteristic CuI 4p ← 1s peak.40,41 The Cu K-edge XAS of
2 (made with 3 equiv of DIAD, 15 mM in frozen DCM
solution), on the other hand, exhibits features more character-
istic of a CuII species, with an edge at 8985.0 eV, shifted 2.2 eV
with respect to that of 1, and a weak low-energy Cu 3d ← 1s
pre-edge feature at 8977.6 eV.40

DFT and EXAFS data support that the (ArNO)•− moiety in
2 is coordinated to CuII in a κN fashion. DFT calculations at
the CAM-B3LYP/Def2-TZVP level of theory (SI Section 8)
on 2 predict a distorted square-pyramidal coordination
geometry and a κN-(ArNO)•− moiety having a NO bond
length of 1.28 Å (Figure 4). The antiferromagnetically coupled
singlet (12) and ferromagnetically coupled triplet (32) are
predicted to be nearly isoenergetic (Table S15). TD-DFT
calculations yield good agreements with the experimental XAS
(Figures S24−S26) and UV−vis (Figure S27) spectra. The 508
nm peak in the experimental UV−vis spectrum of 2 can be
assigned as a ligand-to-metal charge transfer from the
(ArNO)•− π system to the CuII d-hole (Figure S28). The
same MO assigned as the CuII d-hole is the acceptor orbital in
the Cu 3d ← 1s pre-edge transition state of the TD-DFT-
calculated XAS of 2 (Figures S25, S26). Finally, the EXAFS
from the Cu K-edge XAS of 2 was fitted by taking the DFT-
optimized geometry as initial guess (Figure 4, SI Section 7).
The resulting fit (Figure 3, Table S10) is fully consistent with
the mononuclear CuII-κN-(ArNO)•− assignment for 2.
Following these structural characterizations, we aimed to

study the reactivity of complexes 1 and 2, because they possess
the most reactive nitrogen oxidation states within the series of
ligands. Complex 1 is metastable and disproportionates upon
application of mechanical force (Figure 4a). Grinding a
microcrystalline sample of 1 at 30 Hz for 15 min in a
mechanochemical ball miller led to an amorphous purple
powder (λmax = 508 nm in DCM). ESI-MS analysis (Figure
S14) revealed peaks for [LNOCu]+ and [LNH2Cu]+, and XAS
supports the formation of a mixture of CuI and CuII species
(Figure 3). Ion metathesis with NaBArF4 in DCM led to a dark
purple/magenta solution, from which dark purple crystals were
obtained (Figure 4b,c). X-ray diffraction revealed a dinuclear

Scheme 2. (a) Coordination of LNO2 and LNH2 with CuCl;
(b) Disproportionation of LNHOH with [Cu(CH3CN)4]PF6;
(c) Capture of LNHOH by CuCl Leading to [LNHOHCuCl] (1)

Figure 1. ORTEP view with 50% probability ellipsoids of 1 and 3.
Solvent molecules and H atoms were omitted for clarity, except those
on the NHOH function of 1.

Scheme 3. (a) Oxidation of 1 by DEAD or DIAD to Form 2;
(b) Dimerization to 3 upon Crystallization
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CuII complex, [(μ-LNO•−)(μ-LNH−)CuII2](BAr
F
4)2 (4). The

Cu−NNO bond to LNO remains intact in a κN fashion, with a
1.322 Å N−O bond length consistent with an (ArNO)•−

oxidation state.
When complexed, LNO behaves as a hemilabile, redox

noninnocent ligand. The crystal structure of 4 confirms that
LNO in 2 can bind to CuII as a κN-(ArNO)•−, and the crystal
structure of 3 shows that LNO can easily dissociate,17 forming a
pendant (ArNO)0 and reducing CuII back to CuI. Since (μ-

Cl)2Cu2 dimeric structures similar to 3 were obtained with
LNH2 and LNO2 (Figure S9), this hemilability is a sign of the
strong coordinating ability of the ArNO moiety in the LNO

ligand.
Facile, reversible ligand exchange due to hemilability is

known to enhance reactivity. Based on the 2e conversion
between 1 and 2, we therefore attempted a model 2e-oxidation
reaction, namely the aerobic oxidation of benzyl alcohol
(Scheme 4). Bubbling O2 onto complex 1 in THF led to a

rapid formation of purple compound 2, highlighting the
possibility of using O2 as terminal oxidant under turnover
conditions. Thus, a 70% yield of benzaldehyde was obtained
after 200 min at 50 °C using 5 mol % of 1 as precatalyst.
The essential role of the NHOH function in the precatalyst

is striking. No turnover was observed when replacing 1 with
the similar LNO2 complex, in which the NO2 function is a mere
spectator. The NO function is key to turnover, as complex 2 is
similar to azo-based42,43 (Marko)́ and nitroxide-based44,45

(TEMPO, DBED) Cu-catalyzed aerobic alcohol oxidation
systems. The NO bond in 2 substitutes for the NN bond in
Marko’́s azo precatalyst or the NO nitroxide radical in
TEMPO- and DBED-based systems, but in an intramolecular46

fashion. By analogy, a six-membered transition state can be
proposed (Scheme 4).
In conclusion, a single ligand framework has led to a series of

crystallographically characterized complexes with a nitrogen
pendant group in five oxidation states:47 −NIIIO2, −NIO (3),
−N0O•− (2), −N−IHOH (1), and −N−IIIH2. We submit that
trapping of an ArNHOH function by inclusion of a good
hydrogen bond acceptor adjacent to a metal center can be used
as a general strategy for synthesis of complexes of LnArNO, in
which the ArNO can act as a hemilabile48,49 redox non-
innocent50 ligand. This strategy mimics nature’s approach of

Figure 2. (Left) Cu K-edge X-ray absorbance spectra of 1 (orange), 2 (purple), and the product of mechanochemically induced disproportionation
of 1 in the solid state, under N2 (green). (Right) Fourier transform and k3-space (inset) of the Cu K-edge EXAFS of a frozen solution of 2 in DCM
(purple), showing the best fit (dotted line), performed using a k-range of 2−12 Å−1 and an R-range of 1.1 to 3.1 Å. Fit: 3N at 1.98 Å (Npy and
NNO), 1Cl of 2.28 Å, 1N at 2.42 Å (NSO2), 1O at 2.61 Å (ONO), 4C at 2.91 Å.

Figure 3. Two views of the DFT model of 12, optimized at the CAM-
B3LYP/Def2-TZVP level of theory, showing distances relevant to the
EXAFS fit.

Figure 4. (a) Mechanochemical disproportionation of 1 in plastic jars
with a zirconia ball. (b) Dehalogenation to 4 (simplified scheme for
clarity). (c) ORTEP view with 50% probability ellipsoids of the
dication in 4. Counterions and hydrogen atoms were omitted for
clarity, except the H on the NH− function.

Scheme 4
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coupling earth-abundant metal ions with noninnocent organic
cofactors to enable 2e processes.51 The hydrogen bond in 1
also evokes cytochrome P460 activity used by nitrifiers and
methanotrophs, where a distal base is required as a proton
relay to enable NH2OH reactivity.52 The possibility for
hemilability in ArNO complexes further expands the range of
possible chemical states and makes them attractive candidates
for ligand-participatory catalysis, in which ArNOs could act as
electron reservoirs, enhancing the oxidative malleability of the
metal center.53
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