
Title Monodentate σ-Accepting Boron-Based Ligands
Bearing Square-Planar Ni(0) Centers

Author(s) Mondori, Yutaka; Yamauchi, Yasuhiro; Kawakita,
Takahiro et al.

Citation Journal of the American Chemical Society. 2025,
147(10), p. 8326-8335

Version Type VoR

URL https://hdl.handle.net/11094/101032

rights
This article is licensed under a Creative
Commons Attribution-NonCommercial-NoDerivatives
4.0 International License.

Note

The University of Osaka Institutional Knowledge Archive : OUKA

https://ir.library.osaka-u.ac.jp/

The University of Osaka



Monodentate σ‑Accepting Boron-Based Ligands Bearing Square-
Planar Ni(0) Centers
Yutaka Mondori, Yasuhiro Yamauchi, Takahiro Kawakita, Sensuke Ogoshi, Yuta Uetake,*
Yasuo Takeichi, Hidehiro Sakurai, and Yoichi Hoshimoto*

Cite This: J. Am. Chem. Soc. 2025, 147, 8326−8335 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Transition metals are known to work as electron donors toward electron-accepting heavier-group-13 elements (Al,
Ga, and In), called Z-type ligands. However, complexes with boron-based Z-type ligands are stable only in the presence of additional
coordination units (the so-called “supported-ligand” strategy). Here, we report the synthesis and characterization of square-planar
Ni(0) complexes that bear tris(perfluoroaryl)boranes as monodentate Z-type ligands, even though such coordination geometry has
been traditionally associated with Ni(II) species based on the well-established ligand-field theory. A combined theoretical and
experimental approach revealed a mixed covalent/dative character for the Ni−B bonds. This strategy uses frustrated L/Z-ligand pairs
that combine sterically encumbered electron-donating (L-type) and electron-accepting ligands to form noncovalent interactions over
L−M−Z units to achieve unprecedented low-valent transition metal species with monodentate Z-type ligands.

■ INTRODUCTION
The concept of electron acceptors (i.e., Lewis acids; LAs) and
donors (i.e., Lewis bases; LBs) has played a pivotal role in
understanding chemical bonds between molecular fragments in
various fields of chemistry (Figure 1a, top).1 As a
representative example, transition metal complexes, which are
employed in the synthesis of pharmaceuticals, polymers, and
commodities,2,3 are constructed via the sharing of electrons
between transition metals (TM) as LAs and ligands as LBs.
Such TM ← LB interactions involve the transfer of electron(s)
from an electron-occupied orbital (e.g., s, p, and their
hybridized orbitals) in the LB to an empty d-orbital of TM
(Figure 1a, middle); the arrow indicates the direction of the
donor-to-acceptor-transfer of electrons. TM can simultane-
ously act as an electron donor via so-called back-donation
when adequate orbital(s) in the ligands, such as antibonding
σ* and π* orbitals, are available to accept electrons from the
filled d-orbital in TM, leading to the formation of TM ⇄ LB
bonds.4 Additionally, electron donation from the filled d-
orbitals in TM to empty p orbitals of main-group LAs (i.e., TM
→ LA) has also been known since the 1960s, although
examples remain limited (Figure 1a, bottom).5−10 These
Lewis-acidic σ-accepting ligands are often referred to as Z-type
ligands (formal two-electron acceptors) based on the number

of electrons donated/accepted to/from TM, as proposed by
Green11 and Parkin,9 while formal one- and two-electron
donors are known as X- and L-types, respectively.

Trivalent group-13 molecules, i.e., EX3 (E = B, Al, Ga, In),
are typical LAs, as the empty p orbitals on the central E atom
can accept electrons from various LBs, including main-
group12,13 and transition metals (Figure 1b). Since Burlitch,
Hughes and co-workers crystallographically identified the
presence of the Fe → Al bonding interaction in [Et4N][Fe-
(AlPh3)(cyclopentadienyl)(CO)2],14 EX3 ligands have been
employed as monodentate, unsupported Z-type ligands to
accept electrons from a variety of transition metals.5,7,10,15

However, the formation of the unsupported TM → BX3
interaction remains elusive due to the absence of crystallo-
graphical evidence, even though such a bonding situation has
often been proposed based on experimental results using NMR
and/or IR spectroscopy techniques.5,7,16,17 In this context,
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Burlitch, Hughes, and co-workers proposed, based on IR and
NMR analyses, the formation of Fe → BPh3 interactions after
the reaction between [NEt4][(η5-cyclopentadienyl)Fe(CO)2]
and BPh3;17 however, even though the formation of a four-
coordinated boron species was suggested, such spectroscopic
analyses still remain questionable when discussing the
existence of TM → BX3 interactions, as we demonstrate in
this manuscript (see our results on e.g., 2a, 6a, and 7g).
Remarkably, Campos and co-workers have recently reported
that a Rh(I) complex bearing HB(C6F5)2 includes a bonding
interaction between the Rh center and the B−H bond, and
proposed that this complex may be potentially described as a
transition metal complex bearing an unsupported borane
ligand.18 Based on our experience in custom-tailoring the
Lewis acidity of triarylboranes (X = aryl)19−21 and the report
of Frenking22 and co-workers, we are convinced that the
striking differences in the reactivity of BX3 and its heavier
analogues can be explained by the energetic penalty for the
geometric deformation (Edef) from the trigonal-planar to the
tetrahedral conformation via the formation of TM−EX3 bonds
(Figure 1b). In fact, the Edef values for BX3 (X = halogen, alkyl,
aryl) have been predicted to be at least twice those of the
corresponding Al, Ga, and In analogues when triethylphos-
phine oxide was used as a model LB.23 One strategy to
compensate for this high Edef and to stabilize the tetrahedral
TM−BX3 motif is the use of boranes that are equipped with

additional L-type coordination units such as phosphines. In
1999, Hill and co-workers reported the synthesis and
identification of several transition metal complexes that bear
B(mt)3 (mt = 2-sulfanyl-1-methylimidazole) as a multidentate
L3Z-type ligand.24,25 However, these authors also pointed out
the significant contribution of an imidazole-coordinated σ-
boryl canonical form (an L2X2-type) of the B(mt)3 ligand;
thus, a careful discussion of the nature of TM−borane bonds is
required.26,27 Later, Bourissou and co-workers successfully
demonstrated that triarylboranes that bear di- or triphosphanyl
moieties can serve as an adequate platform to construct
supported TM−borane complexes6 such as Ni/B-128 (Figure
1c). Moreover, Ni/B-2 and Ni/B-3 have been synthesized by
Emslie29 and Peters,30 respectively, and both have been
proposed to include an η3-BCC coordination of an aryl borane
unit to the nickel center. These pioneering results demon-
strated that BX3 has sufficient electrophilicity to accept
electrons donated from TM if the energetic penalty in the
geometry deformation is effectively compensated. Never-
theless, an approach to successfully realize unsupported,
monodentate Z-type borane ligands has remained elusive so
far.

Herein, we report the synthesis of square-planar nickel(0)
complexes that bear boranes as monodentate Z-type ligands via
L-to-Z ligand substitution on the nickel(0) carbonyl complexes
(Figure 1d). We found that the combination of sterically

Figure 1. Concept of electron acceptors and donors. (a) A simplified representation of complexation between Lewis acids (LAs) and Lewis bases
(LBs) and the related orbitals. (b) Coordination of transition metals (TM) to trivalent group-13 species. (c) Pioneering examples of Ni complexes
that bear LnZ-type borane ligands. (d) A strategy for monodentate Z-type borane ligands based on frustrated L/Z-ligand pairs (this work).
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encumbered N-heterocyclic carbenes (NHCs) as L-type
ligands and tris(perfluoroaryl)boranes (Bn) as Z-type ligands
(i.e., frustrated L/Z-ligand pairs, named in analogy to the
concept of frustrated Lewis pairs, FLPs)31,32 is critical to
generate these elusive species. The participation of multiple
noncovalent interactions (NCI) over the NHC−TM−Bn units
is discussed based on a systematic theoretical analysis.

■ RESULTS AND DISCUSSION
We have reported the formation of heterobimetallic Ni/Al
complexes that bear N-phosphine-oxide-substituted imidazoli-
nylidene L1 (Figure 2) as a bridging ligand via the Al(C6F5)3-
induced rotation of the N-phosphinoyl moieties in (κ-C,O-
L1)Ni(CO)2 (1a).33 In the present study, we first attempted to
extend this strategy, i.e., the Lewis acid-mediated reversible
modulation of the local environment around the metal center,
by exploring the reaction between 1a and B(C6F5)3 (B1), i.e.,
the boron analogue of Al(C6F5)3, with the expectation of
forming the corresponding Ni/B bimetallic complex. However,
upon dissociation of CO, we unexpectedly obtained (κ-C,O-
L1)Ni(CO)(B1) (2a), which was isolated in 73% yield (Figure
2). In the 11B NMR spectrum of 2a in α,α,α-trifluorotoluene
(TFT), the resonance of the B1 unit is observed at δB −10.3,
which represents a significant upfield shift compared to that of
free B1 (δB 59.9) and suggests the formation of a four-
coordinated boron species. For comparison, complexes bearing
phosphine-boranes such as Ni/B-1 display downfield-shifted
resonances (δB 15−30),28−30 highlighting the difference
between the present unsupported Z-type systems and the
hitherto reported supported systems. We have also isolated (κ-
C,O-L2)Ni(CO)(B1) (2b) and (κ-C,O-L3)Ni(CO)(B1) (2c)
in 71% and 48% yield, respectively, via L-to-Z ligand
substitution. Under an inert-gas atmosphere at −30 °C,
crystalline samples of 2a−2c are stable for at least several
months. These complexes are nearly insoluble in nonpolar
hydrocarbons such as n-pentane and n-hexane, slightly soluble
in aromatic hydrocarbons such as benzene and toluene, and
fully soluble in TFT. These nickel−borane complexes slowly

decompose into unidentified products once dissolved in TFT
(e.g., 2a: t1/2 = 615 min at 23 °C).

To investigate which properties are essential to the ability of
triarylboranes to induce the Ni → BAr3 interaction, we treated
1a with B(2,3,5,6-F4C6H)3 (B2) and B(2,6-F2C6H3)3 (B3); the
Lewis acidity of these boranes decreases in the order B1 > B2 >
B3 (for details of the Lewis acidity of B1−B5 toward Et3P�O,
see Table S1).34 Interestingly, (κ-C,O-L1)Ni(CO)(B2) (3a)
was obtained in 71% yield; however, no reaction proceeded
when B3 was employed, representing a plausible threshold of
Lewis acidity below which the reactions between 1a and
boranes cannot proceed. This hypothesis is consistent with the
fact that no reaction occurred using B(C6Cl5)3 (B4), which
exhibits lower Lewis acidity but higher electrophilicity than
B1.35 We then explored the effect of the ortho-F atoms in the B-
aryl groups by using B(3,5-(CF3)2C6H3)3 (B5). B5 has been
reported to exhibit higher Lewis acidity than B1 due to the
electron-withdrawing nature of the meta-CF3 groups as well as
the reduced intramolecular repulsion between ortho-H atoms
in the tetrahedral four-coordinated boron unit.36 Although a
change in the NMR spectra was virtually negligible when 1a
and B5 were mixed under ambient conditions, nickel complex
6a was isolated in 86% yield when the reaction mixture was
stirred under reduced pressure to promote the removal of CO
(Figure 2). Notably, in stark contrast to 2a−c and 3a, no
resonance was observed in the 11B NMR spectrum of 6a. We
therefore concluded that the corresponding Ni → B5

interaction does not manifest in this complex. Based on the
results of the single-crystal X-ray diffraction (SC-XRD) and
density functional theory (DFT) calculation analyses (vide
infra), we concluded that in 6a, interactions between the Ni−
CO bond and the boron atom, as well as between the Ni atom
and one of the ipso-C atoms in the aryl group occur. Thus, B5

does not act as a typical Z-type ligand under the applied
reaction conditions, although the observed bonding situations
are nearly identical to those found in Ni/B-2 and Ni/B-3
(Figure S20). We subsequently used 6a as a precursor for
preparing Ni−borane complexes via the borane−exchange

Figure 2. Reaction between Ni-carbonyl complexes and triarylboranes. The isolated yield is shown with the NMR yield in parentheses; N.R.: no
reaction; Dipp: 2,6-diisopropylphenyl; Mes: mesityl.
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reaction. The quantitative formation of 2a was confirmed when
6a was treated with B1. These results demonstrate the role of
the ortho-F atoms of the Z-type tris(perfluoroaryl)borane
ligands in the formation of the Ni → Bn interactions in 2a−2c
and 3a.

Complexes 2a−c, 3a, and 6a were unambiguously
characterized using SC-XRD analysis. Selected geometric
parameters are summarized and compared with the reported
parameters in Ni/B-1, Ni/B-2, and Ni/B-3 in Table S2. The
molecular structures of 2a and 6a are shown in Figure 3a,b,
respectively, together with a topological analysis of the electron
density based on the atoms-in-molecules (AIM) theory. The
Ni−B bond length in 2a (2.245(1) Å) falls within the expected
bond-length range for supported TM−borane complexes7 (ca.
2.05−2.90 Å) but is clearly longer than those in Ni/B-1
(2.168(2) Å) and Ni/B-3 (2.1543(9) Å). Notably, the
interatomic distance between the Ni and B atoms in 6a
(2.267(4) Å) is nearly identical to that in 2a, despite the fact
that the NMR analyses of 6a do not support the formation of a

four-coordinated boron species (vide supra). Furthermore, in
the case of 2a, a bond critical point (BCP) was confirmed
between the Ni and B atoms (electron density ρ = 0.07 [e ×
rBohr

−3]; Laplacian of electron density ∇2ρ = 0.00 [e × rBohr
−5])

(Figure 3a, bottom) in AIM analysis. These results suggest that
the Ni−B bond in 2a possesses mixed covalent/dative bond
properties. On the other hand, a corresponding BCP is not
observed in 6a, again suggesting the absence of a significant Ni
→ B interaction (Figure 3b, bottom). These results suggest
that the existence of TM → B bonding interactions should not
be discussed based on the interatomic distance between the
TM and B atoms. A natural bond orbital (NBO) analysis also
highlights characteristic interactions involved in 2a (Figure
S23). Donor−acceptor interactions between the Ni and B
atoms (E(2) = +26.9 kcal mol−1) and carbonyl C2 and B atoms
(E(2) = +57.6 kcal mol−1) were confirmed in 2a based on
second-order-perturbation-theory analysis, suggesting a three-
center four-electron bond among the Ni, B, and C2 atoms. It
should also be noted here that the Ni → BX3 interaction can

Figure 3. Molecular structures and electron densities for (a) 2a and (b) 6a. Each structure was obtained from the corresponding SC-XRD analysis.
The quantum theory of AIM bond paths (white lines) and bond critical points (BCPs, green dots) are also shown with overlaid contour plots of
∇2ρ (e × rBohr

−5) through the plane defined by the C2, Ni, and B atoms (∇2ρ < 0 shown in blue; ∇2ρ > 0 shown in red). The AIM methods used
the SCF electron density calculated at the PBE0-D3BJ/Def2-TZVPD//M06L/Def2-SVPD(Ni,O,F), Def2-SVP(others) level. Electron densities (ρ
in e × rBohr

−3) at selected BCPs are given. Values of ∇2ρ are also given in parentheses. Selected bond lengths (Å) for 2a: Ni−C1 1.976(1), Ni−C2
1.697(1), Ni−B 2.245(1), Ni−O1 1.9916(9), C2−O2 1.154(1), Ni···F 2.7450(9); 6a: Ni−C1 1.946(2), Ni−C2 1.735(3), Ni−B 2.267(4), Ni−C3
2.110(2), Ni···C4 2.238(2), Ni−O1 2.320(2), C2−B 2.373(4), C2−O2 1.146(3).
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be interpreted in terms of a reversed bonding situation
compared to the TM ← BLnX3−n (n = 1−2) interaction in
borylene-coordinated transition metal complexes, wherein
TMs and borylenes play the roles of LAs and LBs,
respectively.37,38

Although the AIM analysis does not support the existence of
a BCP between the C2 and B atoms in 2a, the unusual
topology of ∇2ρ between the C2 and B atoms (Figure 3a,
bottom) is consistent with a partial contribution of the C2 →
B electron transfer. Similarly, the corresponding C2 → B
interaction (E(2) = +49.0 kcal mol−1) in 6a was also confirmed
by the NBO analysis, while the Ni → B interaction (E(2) =
+14.5 kcal mol−1) was found to be less significant (Figure
S25). Based on these results, we conclude that the
coordination of the Ni−C2 bond to the B atom is a key
feature for understanding the connection between the
Ni(Lm)(CO) and Bn (n = 1 and 5, m = 1−3) units, as seen
in 6a. When ortho-F atoms are involved in Bn, the Ni → B
interaction tends to become predominant, affording complexes
2a−c with monodentate Z-type borane ligands. Indeed, the
AIM analysis confirmed the participation of an NCI between
the Ni center and one of the ortho-F atoms in the B1 unit
(interatomic Ni···F distance: 2.7450(9) Å; determined by SC-
XRD). The corresponding Ni···F NCIs were also observed in
2c (2.688(49) Å) and 3a (2.642(62) Å), whereas 2b, which
bears N-mesityl-substituted L2, can not be expected to include
the interaction between Ni and F atoms (the distance between
Ni and the nearest F atoms is 2.948(1) Å). Instead, one of the
ipso-carbon atoms (Cip) in the B-C6F5 groups of 2b closely
approaches the Ni center at 2.529(1) Å, which is, however, still
longer than those found in Ni/B-2 (2.018(3) Å)29 and Ni/B-3
(2.0750(7) Å).30 A BCP is found between these two atoms in
2a (ρ = 0.02 [e × rBohr

−3]; ∇2ρ = 0.09 [e × rBohr
−5]; δ(Ni|F) =

0.10), suggesting that this Ni···F interaction is significantly
weaker than e.g., Ni−O1 (ρ = 0.06 [e × rBohr

−3]; ∇2ρ = 0.32 [e
× rBohr

−5]; δ(Ni|O1) = 0.34) and Ni−C1 (ρ = 0.11 [e ×

rBohr
−3]; ∇2ρ = 0.34 [e × rBohr

−5]; δ(Ni|C1) = 0.71)
interactions, wherein δ(X|Y) values show the average number
of electrons shared at a BCP between X and Y atoms. In
addition, all ortho-F atoms in 2a are observed at nearly
identical shifts in the 19F NMR analysis (δF −137 ∼ −122 at
−28 °C), suggesting a labile and exchangeable nature of the
Ni···F NCIs in solution. Moreover, multiple NCIs are
simultaneously observed between the L1 and B1 ligands over
the Ni atoms in 2a. We think that these NCIs are not
individually essential for the stability of the Ni−borane
complexes but rather work cooperatively with other weak
interactions.

The geometry around the Ni centers in 2a−c and 3a was
evaluated based on the value of τM [τM = {360 − (α + β)}/141
× β/α, where α and β are the largest and second-largest L−
M−L angles obtained from their SC-XRD analyses].39 A τM
value approaching 0 indicates that M adopts an ideal square-
planar geometry, while a value approaching 1 corresponds to
an ideal tetrahedral geometry. The Ni centers in 2a−c and 3a
were found to adopt a distorted square-planar geometry with
τNi values of 0.10−0.16, as has often been found for low-spin
Ni(II) complexes; however, we eventually concluded that the
electronic state of the Ni center in 2a would be close to Ni(0)
(vide infra) (Figure 6). For the geometry around the boron
center, as expected, distorted tetrahedral structures (τB = 0.7−
0.8) were confirmed in 2a−c and 3a, while the B atom in 6a
retains a rather planar geometry (sum of C−B−C angles =
353.8°, see also results of the tetrahedral characters [THC(B)]
in Table S2).

To further confirm the prerequisite factors for the
monodentate Z-type coordination of tris(perfluoroaryl)-
boranes, we carried out control experiments using B1 and
nickel carbonyl complexes 1d−1f, which bear L4−L6 (Figure
4a); however, we did not observe the formation of the
corresponding Ni−B1 complex under the applied conditions.
In fact, the reaction between N-phosphanyl-substituted 1d and

Figure 4. Effect of ligands. (a) Reaction with 1d−1f. (b) Reaction with 1g. The conversion of 1g through the transformation of 7g is shown in
square brackets. The gas-phase optimized structure of 2g and the SC-XRD structure of 7g (except hydrogen atoms; thermal ellipsoids at 30%
probability) are also shown. Selected bond lengths (Å) for 2g: Ni−C1 2.00, Ni−C2 1.82, Ni−B 2.43, C2−O 1.15; 7g: Ni−C1 1.976(4), Ni−O
1.966(3), Ni−C2 1.843(4), C2−O 1.207(5), C2−B 1.639(5).
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B1 resulted in the formation of (κ-C-L4)Ni(CO)3 in 19% yield
through B1-induced disproportionation of the CO ligands in
1d, while other nickel carbonyl species were not identified by
31P and 19F NMR analyses. Thus, the N-phosphinoyl oxygen
atom in L1 plays a role in stabilizing 2a as an isolable species.
No reaction took place when 1e and 1f, which bear L5 and L6,
respectively, were employed. We then turned our attention to
1g, which bears 1,3-di-tert-butylimidazol-2-ylidene L7, as it can
generate an FLP species with B1 (Figure 4b).40,41 We
confirmed the generation of an equilibrium mixture including
1g (56%) and 7g (41%) at −30 °C after a period of 5 h. The
characterization of 7g was accomplished based on NMR and
SC-XRD analyses, which clearly confirmed the presence of the
Ni(μ-η1,η2-CO)B unit. The resonance for the corresponding
four-coordinated boron moiety was observed at δB −14.2 in
the 11B NMR spectrum, a shift that is comparable to that
reported for the four-coordinated boron complex [Cp2Ti-
(THF-d8)(μ-η1,η2-CO)B1]42 (Cp = cyclopentadienyl) (δB −
11). Complex 7g gradually decomposed even at −10 °C and
eventually gave an unidentifiable mixture, probably via the
dissociation of the end-on CO ligand. A crystal suitable for the
SC-XRD analysis was prepared from this resultant mixture by
recrystallization at −30 °C, and we confirmed the presence of
binuclear nickel carbonyl complex 8g (Figure 4b).43−46

Inspired by these results, we explored a possible mechanistic
scenario for the formation of 7g from 1g and B1 based on DFT
calculations at the PBE0-D3BJ/Def2-TZVPD//M06L/Def2-
SVPD(Ni,F,O), Def2-SVP(others) level. The relative Gibbs
free energies with respect to [1g + B1] (0.0 kcal mol−1) for
selected molecules are shown in Figure 4b (for details, see
Figure S29). We found that square-planar Ni complex 2g (+8.0
kcal mol−1), which bears B1 as a monodentate Z-type ligand, is
formed via TS1′ (+11.9 kcal mol−1). While the Ni−B bond
(2.43 Å) is longer than those in 2a−2c (ca. 2.2 Å), the BCP
found between these atoms by the AIM analysis supports the
presence of the Ni → B interaction in 2g (Figure S21).

Moreover, as was seen for 2a, the participation of multiple
NCIs between the L7 and B1 units in 2g was confirmed.
Subsequently, the Ni-to-C2 migration of B1 proceeds via TS2′
(+23.9 kcal mol−1) to yield 7g (+1.6 kcal mol−1). These results
imply that the use of multidentate carbene ligands (e.g., L1−
L3) that can generate FLP species with tris(perfluoroaryl)-
boranes represents a strategy for generating transition metal
complexes that bear monodentate Z-type borane ligands.

Based on the results obtained up to this point, we
considered possible reaction mechanisms to afford 2a from
1a and B1. Figure 5 depicts two selected paths with key
intermediates and transition states (for further details, see
Figure S28). Following the generation of association complex
Int1-v1 (+5.1 kcal mol−1) from 1a and B1, the formation of the
C2−B bond proceeds via TSadd1 (+13.6 kcal mol−1) to afford
Ni(μ-η1-CO)B species Int2-v1 (+7.1 kcal mol−1; C2−B 1.80
Å) (blue colored path). Subsequently, another CO ligand
smoothly dissociates to yield Int3-v1 (+12.1 kcal mol−1)
without a significant energy barrier, which eventually forms
Int4-v1 (+5.1 kcal mol−1) via the complete removal of CO.
Coordination of the Cip atom in the C6F5 unit stabilizes Int4-
v1, and the B atom effectively approaches the Ni center (Ni···B
2.31 Å). The C2-to-Ni migration of the B atom subsequently
occurs via TSmig1 (+7.0 kcal mol−1), resulting in the
construction of the Ni−B bond (2.22 Å) together with the
elongation of the C2···B distance to 2.41 Å from 1.78 Å in
Int4-v1. This mechanistic scenario predicts the facile
formation of 2a after mixing 1a and B1, as the reaction rate
would be predominantly determined by the formation of the
C2−B bond via TSadd1, i.e., with an energy barrier of only
+13.6 kcal mol−1. In contrast, for B3 and B4, the corresponding
paths to form the C2−B bond and dissociate another CO
ligand should become energetically unfavorable due to their
decreased Lewis acidity, which would explain why no reaction
was observed with 1a (Figure 2). On the other hand, we also
found that the formation of Ni(μ-η1,η2-CO)B species Int2-v4

Figure 5. Plausible mechanisms for the formation of 2a. Relative Gibbs free energies (kcal mol−1) with respect to [1a + B1] (0.0 kcal mol−1) are
shown, calculated at the PBE0-D3BJ/Def2-TZVPD//M06L/Def2-SVPD(Ni,F,O), Def2-SVP(others) level. Parts of the molecular structures for
the selected compounds are also shown with selected bond lengths (Å).
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(−1.6 kcal mol−1) from Int1-v1 via TSism1 (+14.4 kcal mol−1)
can compete with the above pathway via TSadd1 (gray colored
path). The geometric parameters around the Ni atom in Int2-
v4 (e.g., Ni−C2 1.85 Å; Ni−O2 2.01 Å; C2−B 1.62 Å) are
nearly identical to those in 7g (Figure 4b), which bears L4,
although the phosphinoyl O1 weakly coordinates to Ni in
Int2-v4. This weak coordination of the phosphinoyl moiety
should prevent the formation of a Ni−borane complex that
bears two CO ligands and the carbene in L1, as seen in the
interconversion between 2g and 7g. It would be possible to
yield 2a from Int2-v4 via the regeneration of Int1-v1 and then
TSmig1 as a result of the change in the coordination mode of
CO from a μ-η1,η2 to a μ-η1 fashion; the overall energy barrier
in this case is +16.0 kcal mol−1. Conversely, the path directly
connecting Int2-v4 and 2a is unfavorable due to the higher
energy barrier to overcome TSmig2.

As mentioned earlier, the Ni center in 2a−c and 3a adopts a
distorted square-planar geometry, which represents a finger-
print of the Ni(II) configuration in classical ligand-field theory.
However, several transition metal complexes that bear Z-type
ligands have been found to adopt unusual electronic
configurations different from those expected based on their
geometry.47−51 Thus, we employed Ni K- and L2,3-edge X-ray
absorption spectroscopy (XAS) to gain insight into the
electronic configuration of 2a. Given that transition metal K-
edge XAS is sensitive to the ligand-field geometry rather than
the electronic state, we synthesized (κ-C,O-L1)Ni(C6F5)2 (9),
a low-spin square-planar nickel complex with the formal
oxidation state +II, as a reference. The Ni K-edge X-ray
absorption near edge structure (XANES) data are shown in
Figure 6a. The absorption edge of 2a appeared at 8333 eV with
the pre-edge peak at 8327 eV; these values were almost
identical to those of 1a. In addition, the absorption edge of 9

Figure 6. Experimental and theoretical evaluation of the electronic state of the Ni complexes examined in this study. (a) Ni K-edge XAS spectra.
(b) Ni L2,3-edge XAS spectra. (c) Sum-rule analysis. (d) A simplified Frontier-molecular-orbital energy diagram of 2a, focusing on the interaction
between the Ni and B centers, calculated at PBE0-D3BJ/Def2-TZVPD level. (e) Kohn−Sham HOMO and LUMO+1 in 2a and their orbital
composition.
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appeared at 8336 eV, i.e., 3 eV higher than that of 2a.
Considering the identical ligand-field geometries in 2a and 9,
this edge-shift suggests that 2a adopts the formal electric state
Ni(0). The Ni L2,3-edge XAS analysis afforded deeper insight,
as the hole number in Ni 3d orbitals is proportional to the sum
of the Ni L3- and Ni L2-edge peak area based on the sum
rule.52,53 To this end, Ni d-electron counts are inversely
proportional to the sum of the Ni L3- and Ni L2-edge peak
area, which allows transition metal L2,3-edge XAS to be used as
a direct probe for d-electron occupancy. The Ni L2,3-edge XAS
experiments were conducted using the total electron yield
(TEY) method under vacuum conditions, and the obtained
XAS data of the (κ-C,O-L1)Ni complexes 1a, 2a, 9, and 10 are
shown in Figure 6b, together with those of Ni(COD)(DQ)
(COD: 1,5-cyclooctadiene, DQ: duroquinone).54 For the
formal Ni(II) complexes 9 (low-spin) and 10 (high-spin),
sharp and intense L3-edge peaks were observed at 856.6 and
854.8 eV, respectively. In contrast, Ni(COD)(DQ) exhibited a
broadened first peak at 856.2 eV. A prominent second peak
was detected at higher energy, which was ascribed to the Ni 2p
→ ligand transitions.55 In the cases of 1a and 2a, the XAS
signals are split into several peaks with low intensity, which was
attributed to the influence of the electron-accepting ligands,
such as carbonyl and borane. The Ni 3d electron counts were
then calculated from the sum of the normalized peak area using
the linear function established from the XAS data of the d-
count calibrants [Et4N]2[NiCl4] and [Na(benzo-15-crown-
5)]2[Ni(mnt)2] (mnt: 1,2-dicyano-ethene-1,2-dithiolate) (Fig-
ure 6c and Table S6).56,57 The Ni 3d count of 2a (9.1) is
comparable to those of the other formal Ni(0) complexes, such
as 1a (9.0) and Ni(COD)(DQ) (9.0). These results are also
consistent with the estimated electron configuration of
(3d)9.10(4s)0.32 calculated by the NBO7 program.

Finally, we disclose the role of tris(perfluoroaryl)boranes
that contain ortho-F atoms, such as B1 and B2, in constructing
the unusual square-planar geometry at the Ni(0) center with
the occupied 3d electron configuration (Figure 6d). Based on
ligand-field theory, Ni(0) d10 complexes usually adopt a
tetrahedral geometry; this tendency is clearly observed in 6a
bearing ortho-protonated B5, which coordinates to the Ni
center via the Cip (labeled as C3 in Figure 3b). On the other
hand, in the case of the B1/B2 ligands, the repulsive effects
generated between the Ni and ortho-F atoms would prohibit
such coordination of the Cip atoms, and lead to orbital
rehybridization to stabilize the high-lying occupied Ni 3dx2‑y2

orbital with the assistance of σ-accepting B1/B2 ligands. As a
result, 2a−c and 3a adopt sterically acceptable but electroni-
cally unfavorable square-planar geometries, i.e., the square-
planar Ni d9.1 state, where the electron density on the Ni center
is modulated through interactions with the supporting ligands.
In fact, DFT calculations showed that the HOMO and LUMO
+1 in 2a are predominantly located on the Ni−B bonds with
significant contributions of the Ni 3d and B 2p atomic orbitals
(HOMO: Ni 29.2% and B 15.5%; LUMO+1: Ni 15.1%, B
8.7%) (Figure 6e), supporting the conclusion that the Ni and B
atoms form a typical Lewis base → acid interaction.
Furthermore, an energy decomposition analysis (EDA)
indicated a significant contribution of the electrostatic
interaction (ΔEelstat) in the stabilization of the square-planar
Ni centers bearing B1 and B2 (Table S4).

■ CONCLUSIONS
In summary, we have isolated and fully characterized square-
planar nickel carbonyl (Ni−CO) complexes that bear tris-
(perfluoroaryl)boranes as monodentate σ-accepting (Z-type)
ligands. In these complexes, the Ni center exhibits a d9.1

configuration with a high-lying occupied 3dx2−y2 orbital,
which is effectively stabilized by the σ-accepting ability of
tris(perfluoroaryl)boranes with ortho-F atoms. The Ni−B
bonds in these complexes exhibit mixed covalent/dative
character. In contrast, B(3,5-(CF3)2C6H3)3 afforded a
tetrahedral nickel complex via Ni−CO bond coordination to
the boron atom, highlighting the critical role of the ortho-F
atoms in constructing square-planar nickel−borane complexes.
Under the explored experimental and theoretical conditions,
such nickel−borane complexes seem to be generated through
the combination of sterically encumbered N-heterocyclic
carbenes (L-type ligands) and tris(perfluoroaryl)boranes (Z-
type ligands). In addition, we observed the participation of
multiple noncovalent interactions over the L−Ni−Z units,
which should support the deformed tetrahedral four-coordi-
nated boron units. This work thus demonstrates a strategy,
namely, the use of frustrated L/Z-ligand pairs, for the
formation of a hitherto elusive class of low-valent transition
metal complexes.
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