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Abstract: Nitrosobenzene (PhNO) serves as a stable analogue
of nitroxyl (HNO), a biologically relevant, redox-active nitric
oxide derivative. Capture of nitrosobenzene at the electron-
deficient b-diketiminato nickel(I) complex [iPr2NNF6]Ni
results in reduction of the PhNO ligand to a (PhNO)C/¢ species
coordinated to a square planar NiII center in [iPr2NNF6]Ni(h2-
ONPh). Ligand centered reduction leads to the (PhNO)2¢

moiety bound to NiII supported by XAS studies. Systematic
investigation of structure–reactivity patterns of (PhNO)C/¢ and
(PhNO)2¢ ligands reveals parallels with superoxo (O2)C/¢ and
peroxo (O2)

2¢ ligands, respectively, and forecasts reactivity
patterns of the more transient HNO ligand.

The coordination chemistry of redox non-innocent C-nitroso
(RNO) ligands is of paramount importance owing to their
biological relevance and diverse reactivity patterns.[1, 2] More-
over, PhNO and PhNHOH may serve as stable analogues of
relatively reactive nitroxyl (HNO) and hydroxylamine
(NH2OH) ligands, respectively, thought to be endogenously
produced and involved in various biotransformations con-
nected to nitric oxide.[3] Notably, HNO can substitute for
isoelectronic O2 in the manganese containing quercetin
dioxygenase and exhibits nitroxygenase activity.[4] Along
with the biological importance of nitrosoarenes, Ni and Cu
activated C-nitroso compounds have also been shown to
participate in nitrene transfer and allylic C¢H amination
reactions, respectively.[5]

Nitrosobenzene has also been used as a surrogate for O2 in
copper chemistry, resulting in the k1-O nitrosobenzyl radical
bound to a tripodal copper complex in LCuII(k1-O-ONPh)C/¢

(L = tris-(2-dimethylaminoethyl amine) (Figure 1) related to
end-on superoxo complexes [CuII]-O2.

[6] Cu K-edge XAS
spectra of side-on bound nitrosobenzene in formally CuI b-
diketiminato complexes also reveals the redox non-innocence

of nitrosobenzene.[7] Moreover, nitrosobenzene ligands in the
formally zerovalent complexes (ArNC)2Pd(k1-N-ONPh)2 and
(ArNC)2Pd(h2-O,N-ONAr’) (Ar = 2,6-(2,6-iPr2C6H3)2C6H3

and Ar’ = 2-Me-C6H4 or 2-tol; Figure 1) are best described
as (PhNO)C/¢ and (2-tol-NO)2¢ ligands, respectively.[8]

A wide array of previously reported bimetallic C-nitroso
complexes exhibit greater activation of the RN=O bond as
compared to that exhibited by monometallic complexes
(Figure 1).[2b, 9] For instance, coordination of two b-diketimi-
nato nickel(I) fragments to a nitrosoarene leads to
{[Me2NN]Ni}2(m-h2 :h2-ONAr) (Ar = 3,5-Me2C6H3)

[9a] with
a N¢O distance of 1.440(4) è, considerably longer than in
free aryl nitroso compounds (1.21–1.23 è).[2b] A dinuclear
copper complex LCu(m-h2 :h2-ONAr)CuL (L = tetramethyl-
propylenediamine, Ar = 4-NO2-C6H4) with a N¢O distance of
1.457(9) è has been recently reported to possess a similar
electronic structure as found in dicopper-(m-h2 :h2-peroxo)
species.[10] The electron-rich b-diketiminato CoI complex
[Me2NN]Co(h6-toluene) provides an extreme case of N¢O
bond activation, completely cleaving the ArN=O bond to give
{[Me2NN]Co}2(m-O)(m-NAr) (Ar = 3,5-Me2C6H3).[9b]

Herein we report the successful isolation of an unusual
mononuclear b-diketiminato [NiII](h2-ONPh)C/¢ complex that
features a nitrosobenzene radical anion ligand. Interestingly,
one-electron reduction of this [NiII](h2-ONPh)C/¢ species is
ligand-centered and provides a [NiII](h2-ONPh)2¢ complex,
which serves as a model of a doubly deprotonated hydroxyl-
amine ligand. Furthermore, the redox transformations
observed are reminiscent of those between bound super-
oxide[11] (O2

¢) and peroxide[12] (O2
2¢) ligands, which allows for

direct comparison of reactivity patterns including H-atom
abstraction by novel [NiII](h2-ONPh)C/¢ species.

The NiI “ate”-complex {[iPr2NNF6]NiI(m-Br)}Li(Et2O)-
(dme) (2) may be prepared in moderate yield by KC8

reduction of complex {[iPr2NNF6]NiII(m-Br)2}Li(THF)2 (1;
Scheme 1a). This d9 NiI species 2 possesses a rhombic
frozen-glass EPR spectrum (g1 = 2.439, g2 = 2.127, g3 = 2.105;
Supporting Information, Figure S2) similar to other three-

Figure 1. Representative examples of C-nitroso complexes.
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coordinate NiI b-diketiminato complexes.[13] Addition of one
equiv PhNO to a solution of 2 in diethyl ether at room
temperature results in an immediate color change from
purple to orange. Crystallization from pentane provides the
nitrosobenzene complex [iPr2NNF6]Ni(h2-ONPh) (3) in 94%
yield (Scheme 1b). X-ray diffraction analysis (Figure 2)

reveals the presence of two independent square planar b-
diketiminato [Ni](h2-ONPh) moieties in the asymmetric unit
with the sum of angles around Ni of 359.98(6)88 (molecule A)
and 359.94(7)88 (molecule B). This nitrosobenzene adduct 3
possesses short Ni¢Nb-dik distances (molecule A: 1.8511(15),
1.8525(14) è; molecule B: 1.8544(15) è, 1.8537(15) è) along
with short Ni¢N and Ni¢O bond distances to the nitro-
sobenzene ligand (molecule A: 1.8347(16) and 1.8744(13) è;
molecule B: 1.8329(17) and 1.8834(14) è, respectively). The
PhN¢O distances in 3 (N3A¢O1A, 1.3270(19) è and N3B¢
O1B, 1.323(2) è) are very close to those in previously
reported mononuclear Cu complexes [Me2NN]Cu(h2-
ONAr) (Ar = 3,5-Me2C6H3, Ph) (1.333(4)–1.336(6) è)[9a] but
significantly shorter than in dinuclear {[Me2NN]Ni}2(m-h2 :h2-
ONAr) (Ar = 3,5-Me2C6H3 ; 1.440(4) è).[9a] Importantly, the
PhN¢O distances in 3 are significantly longer than that in free
monomeric C-nitroso compounds (1.21–1.23 è),[2b] signaling
a decrease in the N¢O bond order. In contrast to [Cu](h2-
ONAr) complexes, however, the PhNO aromatic ring in
[iPr2NNF6]Ni(h2-ONPh) (3) is essentially in the plane of the
Ni¢O¢N unit (deviations of 10.988 and 6.788, respectively)
allowing for possibility of extended p-conjugation into the
nitrosobenzene aryl substituent.[14] Accordingly, the C30A¢

N3A and C30B¢N3B bond distances of 1.370(2) and 1.372-
(2) è in 3 are considerably shorter than corresponding C¢N
bond lengths of 1.438(6) and 1.442(6) è in [Me2NN]Cu(h2-
ONPh).[9a]

Spectral characterization of 3 indicates significant reduc-
tion of the nitrosobenzene ligand consistent with a (ONPh)C/¢

formulation. The IR spectrum of 3 (Supporting Information,
Figure S4) exhibits a nNO band at 968 cm¢1 (950 cm¢1 for 3-
15N), dramatically lower than that of free PhNO
(1506 cm¢1).[2b] Moreover, this stretching frequency is signifi-
cantly lower than that found in [Me2NN]Cu(h2-ONAr)
(1113 cm¢1), indicating greater reduction of the PhNO
ligand by the monovalent [iPr2NNF6]Ni core. Isotropic X-
band EPR spectra of 3 and 3-15N in THF at 293 K (Figure 3;

Supporting Information, Figure S5) illustrate characteristic
S = 1=2 isotropic signals for a ligand-centered radical with
strong coupling to a single 14/15N nucleus. Each gives a signal
centered at giso = 2.018 consisting of three lines (Aiso(

14N) =

39.1 MHz for 3) or two lines (Aiso(
15N) = 53.7 MHz for 3-15N),

respectively. Notably, the ratio of isotropic hyperfine coupling
constants Aiso(

15N)/Aiso(
14N) = 1.37 is very close to the ratio of

corresponding gyromagnetic ratios (1.40). Simulation of
frozen-glass X-band EPR spectra of 3 and 3-15N in THF at
20 K (Supporting Information, Figure S5) reveals three
closely spaced g values (g1 = 2.034, g2 = 2.013, g3 = 1.996)
with highly anisotropic coupling to the nitrosobenzene N
nucleus (A3(

14N) = 81 MHz for 3 ; A3(
15N) = 114 MHz for 3-

15N). Notably, the narrow spread of g-values near the free
electron value (ge = 2.0023) suggests a ligand-centered radi-
cal.

DFT calculations (B3LYP-TZVP/SV(P)) (Supporting
Information, section S13) also predict that the unpaired
electron resides mainly on the PhNO ligand of 3 (Figure 4c).
The predicted spin density of 0.51e¢ at N is consistent with
the large hyperfine coupling to N observed by EPR. More-
over, an N¢C bond shortening is also predicted for free
PhNOC/¢ (1.387 è) as compared to the neutral PhNO
(1.449 è) by DFT. Thus, structural, spectroscopic, and DFT
analyses point to 3 as a neutral Stotal =

1=2 complex with a low-
spin b-diketiminato NiII center (d8, SNi = 0) and a (h2-ONPh)C/¢

ligand (SPhNO = 1=2).

Scheme 1. a) Synthesis of [iPr2NNF6]NiI precursor 2, b) Activation of
nitrosobenzene to isolate [iPr2NNF6]NiII(h2-ONPh)C/¢ (3) and
[iPr2NNF6]NiII(m-h2 :h2-ONPh)K[18C6] (4).

Figure 3. X-band EPR spectra (black trace) of 3 and 3-15N in tetrahy-
drofuran at 293 K. Frequency =8.977388 GHz, power =0.99 mW, Mod-
Width =0.35 mT. Simulations (red trace) provide giso =2.0183 with
Aiso(

14N) =39.1 MHz and Aiso(
15N)=53.7 MHz.

Figure 2. X-ray structure of one molecule of 3 ; ellipsoids set at 50%
probability.[24]

Angewandte
ChemieCommunications

10322 www.angewandte.org Ó 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2016, 55, 10321 –10325

http://www.angewandte.org


The cyclic voltammogram of 3 in THF at room temper-
ature exhibits a reversible reduction wave centered at
¢890 mV vs. Cp2Fe+/Cp2Fe (Supporting Information, Fig-
ure S6) that suggests the possibility of isolating the one-
electron reduced form of 3. Addition of a slight excess of
potassium-graphite (KC8) along with an equimolar amount of
18-crown-6 (18C6) in THF leads to a rapid color change from
orange to dark violet. Crystallization of the product from
diethyl ether/ pentane provides {[iPr2NNF6]NiII(m-h2 :h2-
ONPh)}K[18C6] (4) in 91 % yield (Figure 5). As in 3, this

reduced nitrosobenzene adduct 4 exhibits square-planar
coordination about Ni with short Ni¢N (1.878(3) ¢1.927-
(2) è) and Ni¢O (1.851(2) è) distances consistent with a low-
spin NiII center. The O1¢N3 bond distance of the nitro-
sobenzene moiety in 4 (1.382(3) è) is longer than in 3
(1.327(2) and 1.323(2) è) indicating further reduction of this
ligand. Furthermore, the nitrosobenzene N3¢C30 bond dis-
tance in 4 (1.406(4) è) lengthens relative to 3 (1.370(2) and
1.372(2) è) and the Ph group moves significantly out of the
Ni-O-N plane (Ni-O1-N3-C30 torsion angle: 112.288). The
[18C6]K+ cation in 4 is tightly coordinated to both the oxygen
and nitrogen atoms of the reduced PhNO ligand with K1¢O1
and K1¢N1 distances of 2.716(2) and 3.082(3) è, respectively.

Importantly, {[iPr2NNF6]NiII(m-h2 :h2-ONPh)}K[18C6] (4)
is diamagnetic. The 1H NMR spectrum of 4 in [D8]THF
(Supporting Information, Figure S8) shows resonances typical
for diamagnetic b-diketiminato nickel complexes.[15] While
the 15N NMR spectrum of 4-15N exhibits a sharp singlet at

233.9 ppm (vs. liquid NH3 ; Supporting Information, Fig-
ure S9), the 19F NMR spectrum (Supporting Information,
Figure S10) depicts two inequivalent backbone CF3 groups at
d =¢61.7 and¢62.6 ppm, consistent with static binding of the
h2-ONPh moiety. Hence, these multinuclear NMR studies
(Supporting Information, Figures S8–S10) together with the
square-planar geometry of the Ni center indicate that 4 is best
described as an anionic Stotal = 0 complex comprising of a low-
spin [NiII] center (d8, SNi = 0) bound to a (PhNO)2¢ ligand
(SPhNO = 0). Consistent with this formulation, the IR spectrum
of anionic 4 and 4-15N show nNO vibrational bands at 765 and
751 cm¢1 (Supporting Information, Figure S11), indicating
significant further reduction of the nitrosobenzene ligand as
compared to neutral 3 and 3-15N (968 and 950 cm¢1).

Ni K-edge X-ray absorption spectroscopy (XAS) was used
to probe the nickel oxidation state in reduced nitrosobenzene
adducts 3 and 4. The pre-edge energy in Ni K-edge XAS is
associated with Ni1s-to-Ni3d transitions and typically shifts
1 eV per one-electron redox event at Ni.[16] Figure 6 compares

the Ni K-edge spectra of 3 and 4 with reference complexes 1,
2, and 5. The pre-edge feature at 8330.6 eV for the NiI

complex 2 shifts to 8331.6 eV for the NiII complex 1. The
pre-edge energies for nitrosobenzene adducts 3 (at 8331.9-
(1) eV) and 4 (8332.0(1) eV), however, are similar to the
bonafide [NiII] complexes 1 and 5 (8332.0(1) eV), supporting
NiII centers in both 3 and 4. The rising edge feature (8334–
8338 eV) is a Ni1s-to-Ni4p shakedown transition that is
sensitive to geometry at Ni. As previously observed,[16] this
feature is absent for the tetrahedral complex 1, but present for
all square-planar complexes 2–5. These XAS results further
validate the description of the neutral nitrosobenzene adduct
3 as [NiII](h2-ONPh)C/¢ that undergoes nitrosobenzene reduc-
tion to give the (h2-ONPh)2¢ ligand bound to a [NiII] center in
anionic 4. TDDFT calculations are consistent with the
experimental data (Supporting Information, Section S13).

We then examined the reactivity patterns of nitrosben-
zene adducts 3 and 4 possessing (h2-ONPh)C/¢ and (h2-
ONPh)2¢ ligands, respectively. Reaction of 3 with NO(g)

conceptually illustrates radical coupling between the N-
centered spins of the (h2-ONPh)C/¢ ligand in 3 and free NO
(Scheme 2). Reaction of 3 with 1 equiv NO(g) in diethyl ether
at room temperature leads to immediate generation of the
diamagnetic [NiII]-diazeniumdiolate complex 5 in near quan-
titative yield (Scheme 2a). X-ray diffraction analysis (Sche-
me 2b) reveals k2-O,O’-coordination of a nearly planar

Figure 4. a) Out-of-plane[9a] and in-plane nitrosobenzene ligands bound
to b-diketiminato-copper/nickel complexes. b) Resonance structures of
nitrosobenzyl radical anion. c) Mulliken spin density plot for 3. Spin
density: gray= positive, brown =negative.

Figure 5. Molecular structure of 4 ; ellipsoids set at 50% probability.[24]

Figure 6. Normalized Ni K-edge pre-edge features of 1–5 obtained
from X-ray absorption spectroscopy (XAS) at 77 K. Figure S26 depicts
the full Ni K-edge XAS spectra.
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(O2N2Ph)1¢ ligand to the b-diketiminato NiII center, similar in
form to related [NiII](k2-O2N2Ar) complexes formed by
addition of NO to b-diketiminato [Ni]2(m-h2 :h2-OAr) spe-
cies[9a] or ONAr addition to [Ni]¢NO complexes.[17] On the
other hand, the reduced anionic 4 possessing a (h2-ONPh)2¢

ligand cleanly reacts with [NO+]BF4
¢ at room temperature to

give the [NiII](k2-O2N2Ph) complex 5 in 87% yield.
Given their isoelectronic nature, we anticipated that the

(ONPh)C/¢/(ONPh)2¢ redox couple might exhibit reactivity
patterns demonstrated by the more familiar superoxo (O2)C/¢/
peroxo (O2)

2¢ species. For instance, mononuclear superoxo
complexes [M](O2

¢) have been implicated in H-atom abstrac-
tion (HAA) reactions to give reactive hydroperoxo species
[M]¢OOH that are difficult to isolate and characterize.[18] In
contrast, reduced peroxo species [M](O2

2¢) can afford such
[M]¢OOH species via protonation.[19] Recent reports of b-
diketiminato [NiII](h2-superoxo)[11] and {[NiII](m-h2 :h2-per-
oxo)}K[12] complexes isostructural to 3 and 4, respectively,
bring these challenges into focus. For instance, a transient
[NiII]¢OOH species was proposed during the hydrogen atom
abstraction (HAA) of a substituted phenol by a [NiII](h2-
superoxo) complex from the O¢H bond of substituted
phenol.[20]

Superoxo analogue 3 possessing a radical anion nitro-
sobenzene ligand (h2-ONPh)C/¢ bound to a [NiII] center
undergoes clean HAA reactivity with 1,4-cyclohexadiene
(C¢H BDE = 76 kcalmol¢1)[21] at 65 88C (Scheme 3a) to give
the diamagnetic NiII nitroxide [iPr2NNF6]Ni(h2-ONHPh) (6)
in 88 % yield. DFT studies indicate that single HAA of 1,4-
cyclohexadiene by 3 to form 6 is uphill with DG =+ 10.9 kcal
mol¢1. The X-ray structure of 6 (Scheme 3b) reveals its
square-planar geometry featuring an h2-ONHPh nitroxide
ligand with short Ni¢N3 and N¢O distances of 1.9153(10) and

1.8381(9) è. The nitroxide N¢O distance of 1.3829(12) è in 6
is nearly identical to the N¢O distance in reduced 4 (1.382-
(3) è). The 1H NMR spectrum of 6 possesses a singlet for the
N¢H moiety at d = 5.16 ppm which splits into a doublet with
1JNH = 85.7 Hz in the 15N-labeled sample 6-15N (Supporting
Information, Figures S16–S19). This nitroxide complex 6 may
also be prepared in 91% yield by protonation of the anionic
(h2-ONPh)2¢ complex 4 with one equiv [Me3NH][BPh4]
(Scheme 3a).

These findings illustrate the redox non-innocence of
nitrosobenzene through a family of reduced species bound
to a common b-diketiminato nickel(II) fragment. Key struc-
tural and spectroscopic changes accompany interconversion
between the one-electron redox couple of bound (h2-ONPh)C/
¢/(h2-ONPh)2¢ ligands that are related to more familiar
superoxo (O2)C/¢/ peroxo (O2)

2¢ species (Scheme 4), although

free PhNO and O2 possess different ground electronic states.
Importantly, the one-electron radical anion (h2-ONPh)C/¢

ligand in [iPr2NNF6]Ni(h2-ONPh) (3) serves as a competent
H-atom abstracting reagent, affording the stable nitroxide
complex [iPr2NNF6]Ni(h2-ONHPh) (6) upon reaction with 1,4-
cyclohexadiene. The present study not only offers a lens to
view HAA reactivity of metal–superoxide complexes sug-
gested in the reaction of metal complexes with dioxygen,[22]

but also anticipates the possibility of redox non-innocence in
the study of related metal nitroxyl [M](HNO) complexes.[23]
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Scheme 2. a) Conversion of 3 and 4 into 5. b) Molecular structure of 5 ;
ellipsoids set at 50% probability.[24]

Scheme 3. a) Conversion of 3 and 4 to 6 via hydrogen atom abstrac-
tion (HAA) and proton transfer routes, respectively. b) Molecular
structure of 6 ; ellipsoids set at 50% probability.[24]

Scheme 4. Similarity between oxygen and C-nitroso ligand-based reac-
tivity. active forms of C-nitroso ligands.
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