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activation of Csp2–H and Csp2–O
bonds†

Sehye Min,a Jonghoon Choi,b Changho Yoo,c Peter M. Graham *d

and Yunho Lee *b

A dinickel(0)–N2 complex, stabilized with a rigid acridane-based PNP pincer ligand, was studied for its ability

to activate C(sp2)–H and C(sp2)–O bonds. Stabilized by a Ni–m–N2–Na+ interaction, it activates C–H bonds

of unfunctionalized arenes, affording nickel–aryl and nickel–hydride products. Concomitantly, two sodium

cations get reduced to Na(0), which was identified and quantified by several methods. Our experimental

results, including product analysis and kinetic measurements, strongly suggest that this C(sp2)–H

activation does not follow the typical oxidative addition mechanism occurring at a low-valent single

metal centre. Instead, via a bimolecular pathway, two powerfully reducing nickel ions cooperatively

activate an arene C–H bond and concomitantly reduce two Lewis acidic alkali metals under ambient

conditions. As a novel synthetic protocol, nickel(II)–aryl species were directly synthesized from nickel(II)

precursors in benzene or toluene with excess Na under ambient conditions. Furthermore, when the

dinickel(0)–N2 complex is accessed via reduction of the nickel(II)–phenyl species, the resulting phenyl

anion deprotonates a C–H bond of glyme or 15-crown-5 leading to C–O bond cleavage, which

produces vinyl ether. The dinickel(0)–N2 species then cleaves the C(sp2)–O bond of vinyl ether to

produce a nickel(II)–vinyl complex. These results may provide a new strategy for the activation of C–H

and C–O bonds mediated by a low valent nickel ion supported by a structurally rigidified ligand scaffold.
Introduction

Nickel has recently attracted much attention as the earth-
abundant alternative to precious 4d and 5d transition metals
for utilization in various organometallic catalysis.1 In particular,
the nickel-mediated C–H and C–O bond functionalization of
various organic molecules to afford new C–X bonds (X ¼ C, N or
O) offers considerable advantages.1–3 A zero-valent nickel
species is oen considered to be involved in activating both
C–H and C–O bonds, which is coupled with 2-electron oxidation
to give a Ni(II) d8 complex.4 Employing an appropriate ligand is
crucial to accessing such states of a nickel species, which
generally favours tetrahedral and square planar structures for
the d10 and d8 electron conguration, respectively. Accordingly,
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the structural exibility of the ancillary ligands to accommodate
both oxidation states of nickel is an important design principle
in organonickel catalyst development.

Although nickel mediated unfunctionalized C(sp2)–H bond
activation of arenes such as benzene is relatively rare, a success
was previously reported by the Liang group.2,5a Addition of Lewis
acidic boron and aluminum to a nickel(II) hydride or alkyl
species was required to facilitate benzene C–H bond activation.
The van der Vlugt group reported another C–H bond activation
of benzene, which involves the formation of a transient Ni(IV)
nitrido complex generated from photoinitiated conversion of
a nickel(II)–azide complex.5b Although oxidative addition of
a C–H bond occurring at a zero-valent nickel site has been
hypothetically suggested4,6 and employed in C(sp2)–H bor-
ylation of arenes,7 C–H bond activation of benzene mediated by
a nickel(0) species has never been experimentally presented.
Furthermore, nickel is also known to effectively cleave C–O
bonds.3 In most cases, such reactions take place with C(sp2)–O
bonds including aryl,3,8 vinyl,9 and acyl10 C–O bonds. An
important aspect of C(sp2)–O activation is the use of Lewis
acidic boron, zinc or magnesium to help overcome the high-
barrier of the oxidative addition of a C–O bond.3,8–10 The
Martin group has proposed that the Lewis acidity of the
Grignard reagent is critical in the Ni-catalyzed Kumada–Corriu
reaction of cyclic vinyl ethers.9b While the Agapie group has
shown that Ni(0) reacts with an aryl ether to give a Ni(II) aryl
Chem. Sci., 2021, 12, 9983–9990 | 9983
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Fig. 1 Displacement-ellipsoid (50%) representation of 2. All hydrogen
atoms are omitted for clarity. Selected bond distances (�A) and angles (�)
for 2: Ni1–N1 2.041(3), Ni1–P1 2.2022(1), Ni1–P2 2.2063(1), Ni1–N2
1.752(3), N2–N3 1.138(4), N1–Ni1–N2 126.81(1), P1–Ni1–P2 133.37(4).
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alkoxide species, as the C–O oxidative addition product,4d,e

similar studies for Ni(0) mediated C–O bond activation of vinyl
ethers are lacking.

Recently, our group reported a monovalent nickel complex
(acriPNP)Ni$C10H8 (1$C10H8) supported by a structurally rigidi-
ed acriPNP ligand (acriPNP� ¼ 4,5-bis(diisopropylphosphino)-
2,7,9,9-tetramethyl-9H-acridin-10-ide).11 According to the cyclic
voltammogram, this metalloradical species can be further
reduced to Ni(0) at �2.80 V vs. Fc/Fc+ in tetrahydrofuran (THF),
which enabled the current study of C–H and C–O activation.
Herein, we present the synthesis of a zero-valent nickel dini-
trogen complex, {(acriPNP)Ni–(N2)–Na(THF)2}2 (2) and its reac-
tivity with arenes and organic ethers.
Results and discussion
Synthesis and characterization of a nickel(0) dinitrogen
species

A nickel(I) complex 1$C10H8 was prepared according to the
literature procedure,11 and its chemical reduction in THF was
conducted by using 1 equivalent of sodium naphthalide under
N2 atmosphere, Scheme 1. A new diamagnetic species display-
ing a 31P NMR peak at 48.1 ppm was isolated as a red solid in
78% yield. The single crystal X-ray structural data reveals the
resulting product is a dinickel–N2 adduct, {(acriPNP)Ni–(N2)–
Na(THF)2}2 (2, Fig. 1). A Na atom (N2 in Fig. 1) of a dinitrogen
molecule coordinates to a nickel ion with an end-on binding
mode, while Nb (N3) interacts with a sodium cation, as depicted
in Fig. 1. There are two sodium ions in 2, and each connects the
bridging N2 ligand and the amide nitrogen (N1) of an acriPNP
ligand, constructing a dimeric assembly in the solid state. Along
with an elongated N–N distance of 1.138(4) �A, the short Ni–Na

distance of 1.752(3) �A, the shortest in known four coordinate
Ni–N2 complexes,12,13 suggests the nickel ions in 2 are fairly
reduced. The N2 coordination was also conrmed by its IR data
displaying an intense band at 1944 cm�1 (see Fig. S97†). Due to
the rigidity of the ligand, each nickel ion reveals a fairly dis-
torted tetrahedral geometry based on the s4 value of 0.71 (ref.
14a) and a distorted sawhorse geometry with the sd value of
0.67,14b signicantly different from een other crystallo-
graphically characterized nickel–dinitrogen complexes.12,13

Distortion from the planarity of the acriPNP ligand can be
Scheme 1 Preparation of a dimeric Ni–N2 complex 2 and its reactivity
toward aromatic hydrocarbons.

9984 | Chem. Sci., 2021, 12, 9983–9990
illustrated by the displacement of the central nitrogen atom
from the imaginary plane dened by the geminal atoms, see
Fig. 2. In 2, N1 is 0.25 �A away from the corresponding plane,
which is similar to that of a nickel(0) monocarbonyl congener,
{Na}{(acriPNP)Ni(CO)}, as shown Fig. 2b.15,16 Without sodium
interaction, this distance is signicantly reduced to 0.14 �A, see
Fig. 2c. Sodium interaction, therefore, signicantly affects the
planarity of 2, which is expected to inuence the stability and
reactivity of the nickel dimer. Furthermore, unique structural
features may be coined from the interaction between N2 and Na.
Interaction of alkali metal cations can assist to promote the
activation of N2.17 For example, the Limberg group reported the
nickel dinitrogen complex, K2[L

tBuNi(m-h1:h1-N2)NiL
tBu] (LtBu ¼

[HC(CtBuN-C6H3(
iPr)2)2]

�) having a potassium interaction with
N2 resulting in signicantly lengthening the N–N bond to
1.185(8) �A.12

To understand the effect of the sodium interaction, 12-
crown-4 was added to the solution of 2 at �35 �C, revealing its
slow decomposition, suggesting the cation interaction is crucial
to its stability. To comprehend the solution-state structure, the
diffusion coefficients of 2 with analogous compounds were
collected in THF-d8. The data indicate a monomer, suggesting
a mononuclear version of complex 2 is stabilized with Na–THF
interactions, see Fig. S96 and Table S10.†

Reaction of 2 with aromatic hydrocarbons

When the red solid of 2 was dissolved in benzene at room
temperature, an immediate reaction occurred, Scheme 1. The
resulting mixture contains two clean products with a 1 : 1 ratio
according to the integration of the single-pulse 31P NMR spec-
trum.18 One product shows a doublet at 61.3 (JPH ¼ 4.9 Hz) ppm
in the 31P NMR spectrum, which corresponds to a nickel(II)
Fig. 2 Core structures of (a) 2, (b) {Na}{(acriPNP)Ni(CO)} and (c) {Na(12-
C-4)2}{(

acriPNP)Ni(CO)}.15 The distances of a N atom from the red plane
defined by two carbon and one nickel are shown.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 Reactivity of 2 toward benzene, phenol and aniline.
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hydride complex, (acriPNP)NiH (3).11 The other species displays
a singlet at 39.3 ppm, which is (acriPNP)NiPh (4-Ph), conrmed
by X-ray crystallography, as shown in Fig. 3a. This compound
was independently prepared from the reaction of (acriPNP)NiCl
with a phenyl Grignard reagent, see ESI.† This result is clearly
different from the oxidative reactivity of 2 toward phenol or
aniline resulting in the formation of 3 with a corresponding
sodium salt, Scheme 2. Triphenylmethane having a moderately
acidic proton was also tested. According to the product analysis,
Ni–H and Ni–Ar were generated with a 1 : 1 ratio based on the
integration of the corresponding 31P NMR signals, see Fig. S17
and S18.† In a THF solution, 2 is stable enough to be isolated,
but the addition of benzene leads to activation of a benzene
C–H bond. According to initial kinetic measurements using
C6H6 and C6D6, a kinetic isotope effect (KIE) was determined as
kH/kD ¼ 3.5, see ESI.† The intermolecular KIE was also
measured with a mixture of C6H6 and C6D6 (1 : 1). The value of
3.3 was obtained from the product distribution of 4-Ph and 4-
C6D5 without any scrambling between products (see Fig. S58†).
Both results suggest the C–H bond cleavage is the slowest step.19

This is a surprising result, which is different from the reactivity
of the Ni(I) species. Compound 1 is stable in C6D6 at room
temperature as well as elevated temperature at 60 �C for over
24 h. Furthermore, a Lewis acid such as a sodium cation does
not induce the reactivity of 1 either, see ESI.†

Other polyaromatic hydrocarbons were also tested. The
reaction of 2 with naphthalene in pentane led to the complete
conversion to two products, (acriPNP)Ni(2-naphthyl) (4-Naph)
and 3 in a 57 : 43 ratio18 aer 40 h of stirring at room temper-
ature, see ESI.† X-ray crystallographic data reveal that the
selective C–H bond activation occurs at the 2-position of
naphthalene, see Fig. 3b.20 Similarly, when anthracene was
added, an analogous reaction took place to give (acriPNP)Ni(2-
anthracenyl) (4-Anth). Both reactions conducted in pentane
are signicantly slower than those with benzene and toluene.
This is probably due to the low concentration of substrates and
the low solubility of a black precipitate generated from the
reaction, vide infra, see ESI.† Interestingly, its X-ray structure
Fig. 3 Displacement-ellipsoid (50%) representations of (a) 4-Ph, (b) 4-
Naph, (c) 4-Anth, and (d) 4-mTol. Co-crystallized molecule and
hydrogen atoms are omitted for clarity.

© 2021 The Author(s). Published by the Royal Society of Chemistry
reveals the same regioselectivity as shown in Fig. 3c. To test the
possibility of C–H bond activation occurring at the 1-position of
naphthalene, 1-naphthyl lithium was added to (acriPNP)NiCl.
The corresponding reaction failed to give the desired product,
instead resulting in decomposition, see ESI.† To assist in
understanding these experimental results, geometry optimiza-
tions for the isomers of (acriPNP)Ni(naphthyl) and (acriPNP)
Ni(anthracenyl) were conducted by using DFT calculations (see
Fig. S107 and S108†). According to the top views shown in Fig. 4,
the N–Ni–C angle of (acriPNP)Ni(1-naphthyl) is more bent than
that of 4-Naph. In addition, the aryl ring with 1-naphthyl coor-
dination is slightly tilted from the Ni–C axis, while all atoms are
linearly aligned along the main axis of 4-Naph. The overall
structure of (acriPNP)Ni(1-naphthyl) is noticeably twisted as
indicated by the C–P–P–C dihedral angle of 118.9� because of
close contact between C8 with isopropyl groups. In contrast,
(acriPNP)NiCl shows the C–P–P–C dihedral angle of 129.5� with
a perfect square planar nickel(II) structure. Comparing these
structures, the 1-naphthyl coordination induces a signicant
steric inuence to change the geometry of the nickel complex.
The energy of (acriPNP)Ni(1-naphthyl) becomes slightly higher
than that of 4-Naph by �2 kcal mol�1. The 1- and 2-anthracenyl
analogues are almost identical to those with naphthyl
complexes (see Fig. S108†). According to the DFT calculated
structure of (acriPNP)Ni(9-anthracenyl), both C1 and C8 inter-
actions with isopropyl groups signicantly twist its structure, as
depicted in Fig. 4d. Such steric factors may give selective
product formation via the C–H bond activation at the 2-position
of naphthalene and anthracene.

To better understand the regioselectivity, the reaction of 2
with toluene having both sp2 vs. sp3 C–H bonds was studied.
When 2 was dissolved in toluene, an immediate conversion
occurred displaying clean product formation. Two distinct
(acriPNP)Ni(tolyl) complexes were detected in a 2.2 : 1 ratio,18

revealing two singlets at 39.0 and 39.1 ppm, along with
a doublet at 61.3 ppm of 3 in the 31P NMR spectrum. To
establish the identity of the resulting products, ortho-,meta- and
para-tolyl and benzyl nickel(II) complexes were independently
synthesized from the reactions of (acriPNP)NiCl with the corre-
sponding reagent; tolyl lithium and a benzyl Grignard reagents,
see ESI.† These complexes were fully characterized by using
various spectroscopic methods and X-ray crystallography.
Chem. Sci., 2021, 12, 9983–9990 | 9985
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Fig. 4 Top views of optimized structures for (a) (acriPNP)NiCl,11 (b) 4-Naph, (c) (acriPNP)Ni(1-naphthyl), (d) (acriPNP)Ni(9-anthracenyl), (e) 4-pTol,
(f) 4-mTol, (g) 4-oTol and (h) (acriPNP)Ni(benzyl) obtained from DFT calculations; distances between atoms in �A.
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The product analysis established by 1H and 31P NMR spec-
troscopy reveals that the major andminor products are (acriPNP)
Ni(m-tolyl) (4-mTol) and (acriPNP)Ni(p-tolyl) (4-pTol), respec-
tively. Neither an ortho isomer nor a nickel benzyl species was
detected, thus the selectivity is not directly related to the pKa

value; that of a Cbenzyl–H bond is clearly lower than those of aryl
C–H bonds, and similar results were previously observed with
other metals.5a,21,22 A radical mechanism is also not likely,
because a radical process would favour the weakest benzylic
C–H bonds (BDE ¼ 89.8 kcal mol�1) over aryl C–H bonds (BDE
¼ 112.9 kcal mol�1).23 In fact, it is generally recognized that C–H
bond activation of aromatic hydrocarbons is kinetically and
thermodynamically favoured over aliphatic C–H bonds.24 DFT
calculations support our experimental results with respect to
product distribution: the energy of 4-mTol is similar, but
marginally lower than that of 4-pTol by 0.2 kcal mol�1. The
energies of (acriPNP)Ni(o-tolyl) (4-oTol) and (acriPNP)Ni(benzyl)
are noticeably higher than that of 4-mTol by 3.8 kcal mol�1 and
7.8 kcal mol�1, respectively. While both 4-mTol and 4-pTol
reveal their similarity in the solid-state structure, 4-oTol
displays signicant geometric distortion presumably due to
a steric inuence of a methyl group, Fig. 4. Due to the interac-
tion of a phenyl ring with isopropyl groups, the benzyl coordi-
nation of (acriPNP)Ni(benzyl) dramatically distorts the planarity
of the acriPNP ligand, as shown in Fig. 4h.
Scheme 3 (a) Initial reaction of 2 with a benzene molecule occurring
within 15 min, followed by the slow conversion to 4. (b) Quantitative
preparation of nickel(II) aryl species from nickel(II or I) precursors.
Detection of sodium

Interestingly, along with aryl C–H bond activation, the reaction
of 2 with 1 equivalent of benzene displays two-electron oxida-
tion for each nickel centre to generate 3 and 4-Ph. Based on the
stoichiometry of this reaction, two equivalents of sodium are
expected to be generated. Indeed, aer dissolving 2 in neat
benzene, a black precipitate noticeably formed within 15 min. If
this precipitate was separated from the solution of 3 and 4-Ph
aer 15 min, no further reaction was detected for over 24 h, see
ESI.†25 According to combustion analysis, no organic compo-
nent was detected in the precipitate, see ESI.† To detect and
quantify the precipitated sodium, we have employed naphtha-
lene.26 The black powder was carefully washed with pentane,
then the resulting solid was added to a naphthalene solution in
THF, which reveals an immediate colour change to dark green.
Upon addition of 18-crown-6 to this green solution, the UV-vis
9986 | Chem. Sci., 2021, 12, 9983–9990
spectrum plainly displays a distinctive broad absorption at
830 nm, indicating the formation of an arene radical anion (see
Fig. S94†). As controls, NaH and PhLi were subjected to
a similar analysis, and no radical generation was observed.
Furthermore, the corresponding naphthalide was quantied by
using 1,1-diphenylethylene to give 70% yield, see ESI.† In
addition, the quantitative analysis was conducted by using
a benzophenone spectrophotometric method, which gave
a 68% yield of sodium (see Fig. S92 and S93†). Finally, the
formation of sodium(0) was further established by measuring
the melting point of the resulting solid and detecting it with
liquid ammonia, which gave the expected distinctive blue
colour (see Fig. S95†).

Based on our experimental results, we found that the initial
reaction between 2 and benzene produces two equivalents of
sodium, Scheme 3a. This is a striking result, because compound
2 is generated from sodium naphthalide having a potential at
�3.10 V and it can reduce a sodium cation with �3.04 V vs. Fc/
Fc+ in THF. If true, the Lewis acid interaction may play an
important role during the C–H bond activation step, not only for
cooperatively activating a C–H bond but also for accepting an
electron. In order to test the Lewis acid effect, potassium and
lithium analogues were also prepared, see ESI.† While these
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Scheme 4 Synthesis of a nickel(II) vinyl complex from glyme or 15-
crown-5.
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complexes are stable under ambient conditions, they react with
benzene at a slower rate to give 3 and 4-Ph at elevated temper-
ature, suggesting that the Lewis acid interaction within 2 is
crucial in the bond activation, see ESI† for more information.

When the corresponding reaction was monitored for longer
reaction time (>24 h), the product ratio changes with time
(15 min vs. 24 h) to give a higher concentration of 4-Ph, Scheme
3a. Aer the reaction was completed in 24 h, a full conversion to
4-Ph was achieved with >91% yield, along with a grey precipi-
tate.18 The corresponding solid was quantied with ethyl
diethylphosphonoacetate revealing that NaH was generated in
81% yield (see Fig. S48†). Furthermore, the identity of the solid
was also veried by solid-state 23Na NMR spectroscopy, see ESI.†
This result suggests that the initial product 3 reacts with in situ
formed sodium to re-generate a Ni(0) complex, while 4-Ph
remains unchanged. According to cyclic voltammetric analysis,
3 has one irreversible wave appearing lower than �3.0 V vs. Fc/
Fc+ (see Fig. S104†), which is lower than the reduction potential
of �2.8 V for 1. Thus, when 3 is exposed to sodium, a nickel(0)
species can be generated.

According to the net reaction, a nickel(0) dimer reacts with 1
equivalent of benzene to give Ni(II)–H (3) and Ni(II)–Ph (4-Ph) as
depicted in Scheme 3a. This reaction does not proceed via the
deprotonation of benzene, but occurs through the interaction of
two nickel(0) ions with one benzene molecule leading to the
formation of 4-Ph and 3 along with Na(0). Since 3 can be
reduced by sodium, 0.5 equivalent of 2 is regenerated along with
NaH. This process continues until all Na(0) is consumed to give
2 equivalents of 4-Ph and NaH, Scheme 3a. Aer knowing the
reactivity of 2 and 3, we thought the direct synthesis of a nickel
aryl complex via a nickel(0) mediated direct C–H bond activa-
tion would be possible. Indeed, when excess sodium (20
equivalents) was added to the benzene or toluene solution of
(acriPNP)Ni–L (L ¼ Cl, H or empty), the reaction was completed
within 2 h at room temperature to produce corresponding
(acriPNP)Ni–Ar (Ar ¼ phenyl or tolyl) with >95% yield, Scheme
3b.

Lastly, the Ni(II)–aryl synthesis is possible under following
conditions; rst, the nickel(0) centre can activate a C–H bond of
arene. Second, both Ni(II) and Ni(I) can be reduced to a Ni(0)
species by sodium. Finally, the resulting nickel–aryl compounds
are stable under reducing conditions in the absence of ether
solvents. In the case of naphthalene and anthracene, excess
sodium reacts with the corresponding nickel(II) aryl complexes
due to their reduction potential.27
Fig. 5 (a) Displacement-ellipsoid (50%) representation of 5. All
hydrogen atoms are omitted for clarity. Selected bond distances (�A)
and angles (�) for 5: Ni1–N1 1.932(2), Ni1–P1 2.1611(8), Ni1–P2
2.1677(8), Ni1–C30 1.890(3), C30–C31 1.337(4), N1–Ni1–C30 178.5(1),
P1–Ni1–P2 172.43(3), Ni1–C30–C31 129.9(3). DFT-calculated (b)
HOMO-2, (c) HOMO-8, and (d) HOMO-10 of 5.
Reaction of 4-Ph with glyme and 15-crown-5

While (acriPNP)NiPh (4-Ph) is surprisingly stable towards excess
sodium in benzene, it reacts with ethylene-linked ethers such as
glyme and 15-crown-5, Scheme 4. For example, upon addition of
2 equivalents of sodium naphthalide to a THF solution of 4-Ph
in the presence of glyme, a new yellow product featuring a 31P
NMR resonance at 40.8 ppm is the major nickel-containing
product, which can be isolated in >50% yield aer silica chro-
matography, the other product is 3, see ESI.† The 1H NMR
spectrum displays multiplets at 7.13, 5.89 and 5.49 ppm, that
© 2021 The Author(s). Published by the Royal Society of Chemistry
correspond to a CH]CH2 moiety. According to the COSY and
HSQC 2D NMR spectral analysis (see Fig. S65 and S66†), the
product is a nickel(II) vinyl complex, (acriPNP)Ni(CH]CH2) (5).
Single crystals were obtained by slow vapor diffusion of aceto-
nitrile into a toluene solution of 5 at �35 �C. Its solid-state
structure features two molecules of 5 in the asymmetric unit,
one with crystallographic positional disorder and one without,
as depicted in Fig. S88.† The N–Ni–C and P–Ni–P angles are
178.5(1)� and 172.43(3)�, respectively with the Ni–C distance of
1.890(3) �A, clearly indicating the expected Ni(II) square planar
geometry, as depicted in Fig. 5a. In the disordered molecule, the
vinyl group adopts two orientations that are 90� from the
(acriPNP)Ni plane, as depicted in Fig. S88.† The disorder can be
straightforwardly modelled but does lead to an erroneously
short C–C bond (1.313(5) and 1.268(13) �A), as expected.28

Fortunately, the other molecule does not show this positional
disorder, and unambiguously indicates a carbon–carbon
double bond with 1.337(4) �A, a normal C]C double bond.
According to the DFT analysis, the corresponding ethylene
moiety is orthogonal to the xy plane of nickel, due to the p

interaction between a Ni dxy orbital and an ethylene p-orbital
found in the HOMO-2 andHOMO-10, while the HOMO-8 reveals
a s-bonding character, as shown in Fig. 5. Nickel vinyl
complexes can be prepared inmore straightforward ways, e.g. by
deprotonation of a cationic carbene,29 by the insertion of an
Chem. Sci., 2021, 12, 9983–9990 | 9987
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alkyne into a nickel hydride,30 or via the oxidative addition of
vinyl halides.31

In order to probe the origin of the vinyl moiety in 5, the
reduction was performed using the deuterated phenyl complex
(acriPNP)Ni(Ph-d5) and glyme or 15-crown-5, which gave only
a protio–vinyl complex, see ESI.† In addition, no vinyl complex
was detected, when 4-Ph was reduced in the absence of glyme or
15-crown-5. Thus, the formation of 5 involves the abstraction of
the ethylene bridge from glyme or crown ether, which requires
the cleavage of two alkyl ether C–O bonds. Monitoring the
reduction of 4-Ph in glyme by 31P, 1H NMR, and IR spectroscopy
reveals that {(acriPNP)Ni–(N2)–Na(THF)2}2 (2) is initially formed,
and this species persists for hours at �35 �C, even in the pres-
ence of glyme. This implies that phenyl sodium is produced and
responsible for the deprotonation of ether, Scheme 5a. We
believe that upon addition of one electron to the dx2–y2 orbital of
a Ni(II)–Ph species, the phenyl moiety becomes more nucleo-
philic and/or departs from the nickel site, due to the weaker
bonding character between Ni and a Ph ligand. According to the
literature, such alkali alkyls and aryls are known to react with
ethers to produce alkenes32 and in particular fragment glyme33

and 15-crown-5,34 Scheme 5b. To conrm this, we added phenyl
lithium to glyme or 15-crown-5 and found that it gives rise to
alkyl vinyl ether via deprotonation followed by C–O bond
cleavage, see ESI.† Importantly, when such in situ-generated
vinyl ethers are exposed to 2, the vinyl species 5 is isolated in 46–
60% yield along with sodium methoxide or tetraethylene glycol
disodium salt as by-products, Scheme 5c. In the absence of
PhLi, however, the reaction of 2 with glyme or crown only gives
a trace of a vinyl species. Considering the second C–O bond
cleavage, we have tested the reaction of 2 with ethyl vinyl ether,
which generated 5 in 50% yield, see ESI.† This reaction does not
occur with the Ni(I) species (acriPNP)Ni$C10H8 (1$C10H8), sug-
gesting Ni(0) is crucial in the C–O cleavage of vinyl ether. To our
knowledge, the isolation of a monomeric vinyl complex from
the reaction of Ni(0) and a vinyl ether is unprecedented.9 In
general, when acyclic vinyl ethers react with transition metal
complexes, metal alkoxide species are the major product,
concomitant with loss of alkene.35 Recently, the Fujita group
reported that [(h5-C5Me5Ir)2(m-bis(dimethylphosphino)
methane) (m-H)][OTf] reacts with ethyl vinyl ether to give
a dimeric Ir complex featuring a bridging vinyl ligand.36
Scheme 5 Fragmentation of glyme or crown ether by 4-Ph via 2.

9988 | Chem. Sci., 2021, 12, 9983–9990
Conveniently, the vinyl complex 5 can be prepared in >93% yield
via the reduction of (acriPNP)NiCl with a magnesium powder in
the presence of ethyl vinyl ether, see ESI.† This result may verify
that a low-valent nickel species favours nucleophilic reaction
with vinyl ether to cleave a C–O bond.

Finally, in the presence of ether, the reduction of 4-Ph with
two equivalents of sodium naphthalide generates 2 and phenyl
sodium. The strongly basic phenyl anion begins the fragmen-
tation of the ether via initial deprotonation at a carbon alpha to
oxygen, which fragments to form a vinyl ether, thus providing
a C(sp2)–O bond that can be broken by 2. The reaction of vinyl
ether with 2 gives a nickel(II) vinyl complex. Clearly, the (acriPNP)
Ni scaffold provides an electron-rich reactive nickel site not only
capable of cleaving C(sp2)–H bonds but also C(sp2)–O bonds.
Conclusions

We present the discovery of an isolable sodium bridged dinu-
clear Ni–N2 complex capable of C(sp2)–H and C(sp2)–O bond
activation. By employing a (acriPNP)Ni scaffold, a zero-valent
nickel–N2 species has been prepared and stabilized by the
interaction with sodium cations. Exposure of the dinuclear
Ni(0) species toward arenes results in C–H bond activation at
room temperature to give Ni(II)–aryl and Ni(II)–H products.
Surprisingly, the electrons required to break the C–H bond are
supplied by nickel as demonstrated by the by-product
sodium(0), which has been carefully identied and quantied
by multiple experimental methods. The reaction can be driven
to produce exclusively Ni(II)–phenyl and –tolyl species using
excess sodium in arene solvent. In THF, the Ni(II)–phenyl
species can be reduced back to Ni(0) concomitant with the
formation of a phenyl anion. This combination allows the
abstraction of the ethylene linker from glyme or crown ether
compounds to produce a Ni(II) vinyl complex via a C–O bond
activation of in situ-generated vinyl ether. The zero-valent
(acriPNP)Ni scaffold, therefore, creates a remarkably electron
rich Ni core that can affect unfunctionalized arene C–H and
ether C–O bond cleavage.
Author contributions

S. M., J. C., C. Y., and P. M. G. performed the experiments and
analysed the data. S. M., P. M. G., and Y. L. prepared the
manuscript. All authors contributed to the discussion.
Conflicts of interest

There are no conicts to declare.
Acknowledgements

This work was supported by a National Research Foundation of
Korea grant funded by the Korea government (MSIT; Grant NRF-
2018R1A5A1025208), C1 Gas Renery Program (NRF-
2021M3D3A1A01022098), and LG Chemical.
© 2021 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1sc02210e


Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
Ju

ne
 2

02
1.

 D
ow

nl
oa

de
d 

on
 1

1/
7/

20
25

 5
:4

9:
17

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
Notes and references

1 (a) S. Z. Tasker, E. A. Standley and T. F. Jamison, Nature,
2014, 509, 299–309; (b) K. E. Poremba, S. E. Dibrell and
S. E. Reisman, ACS Catal., 2020, 10, 8237–8246; (c)
A. D. Marchese, T. Adrianov and M. Lautens, Angew. Chem.,
Int. Ed., 2021, 60, 2–15.

2 (a) S. A. Johnson, Dalton Trans., 2015, 44, 10905–10913; (b)
P. Gandeepan, T. Müller, D. Zell, G. Cera, S. Warratz and
L. Ackermann, Chem. Rev., 2019, 119, 2192–2452; (c)
N. A. Harry, S. Saranya, S. M. Ujwaldev and G. Anilkumar,
Catal. Sci. Technol., 2019, 9, 1726–1743 and references
therein.

3 (a) B. M. Rosen, K. W. Quasdorf, D. A. Wilson, N. Zhang,
A.-M. Resmerita, N. K. Garg and V. Percec, Chem. Rev.,
2011, 111, 1346–1416; (b) J. Cornella, C. Zarate and
R. Martin, Chem. Soc. Rev., 2014, 43, 8081–8097; (c) B. Su,
Z.-C. Cao and Z.-J. Shi, Acc. Chem. Res., 2015, 48, 886–896;
(d) S.-Q. Zhang and X. Hong, Acc. Chem. Res., 2021, 9,
2158–2171.

4 (a) S. A. Johnson, C. W. Huff, F. Mustafa and M. Saliba, J. Am.
Chem. Soc., 2008, 130, 17278–17280; (b) X.-J. Liu, Y.-Y. Tian,
H.-Q. Cui and H.-J. Fan, Chem. Commun., 2018, 54, 7912–
7915; (c) J. B. Diccianni and T. Diao, Trends Chem., 2019, 1,
830–844; (d) P. Kelley, S. Lin, G. Edouard, M. W. Day and
T. Agapie, J. Am. Chem. Soc., 2012, 134, 5480–5483; (e)
G. A. Edouard, P. Kelley, D. E. Herbert and T. Agapie,
Organometallics, 2015, 34, 5254–5277.

5 (a) L.-C. Liang, P.-S. Chien and Y.-L. Huang, J. Am. Chem. Soc.,
2006, 128, 15562–15563; (b) V. Vreeken, M. A. Siegler, B. de
Bruin, J. N. H. Reek, M. Lutz and J. I. van der Vlugt, Angew.
Chem., Int. Ed., 2015, 54, 7055–7059.

6 M. Reinhold, J. E. McGrady and R. N. A. Perutz, J. Am. Chem.
Soc., 2004, 126, 5268–5276.

7 (a) T. Furukawa, M. Tobisu and N. Chatani, Chem. Commun.,
2015, 51, 6508–6511; (b) A. Das, P. K. Hota and S. K. Mandal,
Organometallics, 2019, 38, 3286–3293.

8 (a) A. G. Sergeev and J. F. Hartwig, Science, 2011, 332, 439–
443; (b) H. Saito, S. Otsuka, K. Nogi and H. Yorimitsu, J.
Am. Chem. Soc., 2016, 138, 15315–15318; (c) M. Tobisu,
T. Takahira, T. Morioka and N. Chatani, J. Am. Chem. Soc.,
2016, 138, 6711–6714; (d) C. Zarate, R. Manzano and
R. Martin, J. Am. Chem. Soc., 2015, 137, 6754–6757.

9 (a) E. Wenkert, E. L. Michelotti and C. S. Swindell, J. Am.
Chem. Soc., 1979, 101, 2246–2247; (b) J. Cornella and
R. Martin, Org. Lett., 2013, 15, 6298–6301; (c)
M. M. Shoshani, V. Semeniuchenko and S. A. Johnson,
Chem.–Eur. J., 2018, 24, 14282–14289.

10 L. Hie, N. F. Fine Nathel, X. Hong, Y.-F. Yang, K. N. Houk and
N. K. Garg, Angew. Chem., Int. Ed., 2016, 55, 2810–2814.

11 C. Yoo and Y. Lee, Angew. Chem., Int. Ed., 2017, 56, 9502–
9506.

12 S. Prrmann, C. Limberg, C. Herwig, R. Stöber and
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