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ABSTRACT: Designing and modulating the electronic and spatial
environments surrounding metal centers is a crucial issue in a wide
range of chemistry fields that use organometallic compounds.
Herein, we demonstrate a Lewis-acid-mediated reversible ex-
pansion, contraction, and transformation of the spatial environ-
ment surrounding nickel(0) centers that bear N-phosphine oxide-
substituted N-heterocyclic carbenes (henceforth referred to as
(S)PoxIms). Reaction between tetrahedral (syn-κ-C,O-(S)PoxIm)-
Ni(CO)2 and Al(C6F5)3 smoothly afforded heterobimetallic Ni/Al
species such as trigonal-planar {κ-C-Ni(CO)2}(μ-anti-(S)PoxIm)-
{κ-O-Al(C6F5)3} via a complexation-induced rotation of the N-
phosphine oxide moieties, while the addition of 4-dimethylamino-
pyridine resulted in the quantitative regeneration of the former Ni
complexes. The corresponding interconversion also occurred between (SPoxIm)Ni(η2:η2-diphenyldivinylsilane) and {κ-C-Ni(η2:η2-
diene)}(μ-anti-SPoxIm){κ-O-Al(C6F5)3} via the coordination and dissociation of Al(C6F5)3. The shape and size of the space around
the Ni(0) center was drastically changed through this Lewis-acid-mediated interconversion. Moreover, the multinuclear NMR, IR,
and XAS analyses of the aforementioned carbonyl complexes clarified the details of the changes in the electronic states on the Ni
centers; i.e., the electron delocalization was effectively enhanced among the Ni atom and CO ligands in the heterobimetallic Ni/Al
species. The results presented in this work thus provide a strategy for reversibly modulating both the electronic and spatial
environment of organometallic complexes, in addition to the well-accepted Lewis-base-mediated ligand-substitution methods.

■ INTRODUCTION
Designing the spatial environment around a metal center is a
critical issue in terms of the electronic and steric properties and
hence the reactivity of organometallic complexes. Chemists
have thus focused on the design of the structural, electronic,
and dynamic properties of supported ligands, as demonstrated
in the field of, e.g., homogeneous catalysis,1−6 supramolecular
chemistry,7,8 and materials science.9 One well-known strategy
for reversibly modulating the electronic and spatial environ-
ment around metal centers is based on a ligand-substitution
process on metal centers bearing multifunctional ligands
including a hemilabile coordination moiety (L′) in the
presence of an external Lewis base (LB) (Figure 1A,
left).10−14 However, these processes often yield an equilibrium
mixture that is difficult to separate. In this context, we have
reported the reversible, recyclable, and pressure-responsive
room-temperature-chemisorption of carbon monoxide (CO)
on a zerovalent nickel complex that bears multifunctional
multipurpose carbene ligands,14 namely N-phosphine oxide-
substituted imidazolinylidenes (SPoxIms) and the correspond-
ing imidazolylidenes (PoxIms) (Figure 1B, left).15,16 (S)PoxIm

ligands in tetrahedral (S)PoxImNi(CO)n complexes selectively
adopt either a κ-C- (n = 3) or κ-C,O- (n = 2) coordination
mode, which can be interconverted through the addition/
exclusion of CO.
A strategy based on the use of Lewis acids (LAs) is another

potential option for reversibly modulating the spatial environ-
ment around metal centers that bear multifunctional ligands
(Figure 1A, right).17−20 The LA-mediated process can cause a
substantial change in both the electronic state and spatial
environment of the metal center due to the change in the
number of ligands. This feature clearly distinguishes LA-
mediated processes from LB-mediated ones as the latter
commonly proceeds without changing the number of ligands.
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However, examples of such LA-mediated reactions have been
severely limited because LAs often trigger the irreversible
decomposition of the organometallic complex via the
abstraction of ligands to form an LA−LB adduct. A judicious
combination of multifunctional ligands and LAs is thus
essential for constructing an LA-mediated system that can
reversibly regulate the electronic and spatial environments
around the metal centers. It should be noted that Fan et al.
have reported an example that relies predominantly on an
electrostatic interactions21,22 involving the reversible complex-
ation of Na+ and a crown-ether moiety included in a Rh
complex that bears Aza-CrownPhos; the reactivity of the Rh
complex can be regulated through the Na+-mediated
interconversion.23 The authors evaluated the change in the
spatial environment around the Rh center using multinuclear
NMR spectroscopy and ESI mass spectrometry, even though a
quantitative evaluation of how much the field expanded and
diminished via the reaction was not discussed.
Herein, we present a novel strategy to reversibly transform

the spatial environment around a nickel center by combining
(S)PoxIms 1a−d (Figure 1C) as multifunctional ligands and
tris(pentafluorophenyl)aluminum as an LA, where the
geometry of the Ni center is interconverted between
tetrahedral and trigonal planar (Figure 1B, right). We
quantitatively evaluated the variation of the spatial environ-
ment, i.e., the volume and shape of the space, and the
electronic state around the nickel center based on single-crystal
X-ray diffraction (SC-XRD) and X-ray absorption spectrosco-
py (XAS) analyses.

■ RESULTS AND DISCUSSION
Previously, we have reported that (S)PoxIms include syn- and
anti-conformers with respect to the N−P bonds, which can

interconvert easily at room temperature via rotation of the N-
phosphinoyl groups (ΔE‡ ∼ 12 kcal mol−1 for previously
reported PoxIms), even though the anti-conformers are
thermodynamically favorable (Figure 2).15,16 Importantly, the

volume and shape of the space can be drastically varied via
rotation of the N-phosphinoyl groups, and a relatively limited
space is present around the carbene carbon atoms in the anti-
(S)PoxIms. Due to this limited spatial environment, only
group-11 metals such as Cu24 and Au25 have been confirmed
to form complexes that bear anti-(S)PoxIms in a κ-C fashion,
given that these metals tend to adopt two-coordinated linear
complexation geometries (Figure 2). We have also reported
the synthesis of heterobimetallic complexes of the type (κ-C-

Figure 1. (A) A simplified scheme of the reversible modulation of the spatial environment around a metal center in an organometallic complex
mediated by Lewis bases (LBs, left) or Lewis acids (LAs, right). (B) Reversible transformation of Ni/(S)PoxIm complexes using Lewis-basic CO
(our previous work, left) and Lewis-acidic aluminum species (this work, right). (C) The (S)PoxIms used in this work (Dipp = 2,6-
diisopropylphenyl, Mes = 2,4,6-trimethylphenyl).

Figure 2. Interconversion between syn- and anti-conformers of
(S)PoxIms, as well as complexation between (S)PoxIms and
transition metals that prefer different coordination geometries.
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Cu)(μ-anti-(S)PoxIm)(κ-O-Al) through complexation be-
tween anti-(κ-O-(S)PoxIm)Al(C6F5)3 and CuOtBu followed
by an irreversible intramolecular Cu−OtBu/Al−C6F5 trans-
metalation triggered by the rotation of the N-phosphinoyl
moiety.24 However, reversible spatial modifications around the
metal center between isolable species remain challenging.
In this work, we envisioned an Al(C6F5)3-mediated

reversible interconversion between complexes bearing syn-
and anti-(S)PoxIms based on the use of Ni(0), i.e., an
interconversion between tetrahedral (κ-C,O-(S)PoxIm)Ni-
(CO)2 and trigonal-planar {κ-C-Ni(CO)2}(μ-anti-(S)PoxIm)-
{κ-O-Al(C6F5)3} (Figure 1B, right). The preparation of
trigonal-planar Ni(0) dicarbonyl complexes that bear bulky

N-heterocyclic carbenes (NHCs) such as (ItBu)Ni(CO)2 and
(IAd)Ni(CO)2

26,27 (ItBu = 1,3-di-tert-butylimidazol-2-ylidene;
IAd = 1,3-diadamantylimidazol-2-ylidene) has already been
reported, which inspired us to explore the preparation of Ni(0)
complexes bearing bulky anti-(S)PoxIm ligands (Figure 2).
We started our study with the reaction between (syn-κ-C,O-

1a)Ni(CO)2 (2a) and an equimolar amount of Al-
(C6F5)3(tol)0.5, which resulted in the selective formation of
heterobimetallic Ni/Al complex 3a in 90% yield (Figure 3A).
We also confirmed that the Al(C6F5)3-mediated rotation of N-
phosphinoyl moieties in 2b−d afforded the corresponding
heterobimetallic Ni/Al complexes (3b−d) in good-to-high
yield. The differences in steric bulkiness between the Dipp and

Figure 3. (A) Synthesis of the heterobimetallic Ni/Al complexes 3 via the reaction between (syn-κ-C,O-1)Ni(CO)2 (2) and an equimolar amount
of Al(C6F5)3(tol)0.5. Yield of isolated products is shown. (B) Reaction of 3a with DMAP. (C) Molecular structure of 3a with a thermal ellipsoid at
30% probability; H atoms (except those bound to C3 and C4) are omitted for clarity. Selected bond lengths (Å) and angles (deg): Ni−C1
1.945(3), Ni−C2 1.759(3), Ni−C5 3.240(4), C2−O2 1.140(4), P−O1 1.524(2), O1−Al 1.799(2), Z1−C1−Ni 169.9, C1−N2−P−O1 159.7(2).
(D) The quantum theory of AIM bond paths (black lines) and bond-critical points (green dots) are overlaid with the contour plots of ∇2ρ through
the plane defined by the C1, Ni, and C5 atoms. Selected atoms and values of the electron density (e rBohr−3) are shown. The values of ∇2ρ (e
rBohr−5) are shown in square brackets. (E) Topographic steric maps and %Vbur values of 2a/3a calculated using the program SambVca (r = 3.5 Å; d
= 2.0 Å; bond radii scaled by 1.17; mesh spacing 0.05; H atoms are omitted) based on the structural parameters obtained from the SC-XRD
analysis.
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Mes groups, as well as the structural flexibility variations
between saturated SPoxIms and unsaturated PoxIms, had no
significant effect on the progress of the reaction. The molecular
structures of 3a−d were fully characterized using NMR and

ATR-infrared (IR) absorption spectroscopy as well as SC-XRD
analysis (vide inf ra). Subsequently, we treated 3a with slight
excess amounts of 4-dimethylaminopyridine (DMAP) and
confirmed the quantitative regeneration of 2a with the

Figure 4. (A) Ni K-edge XANES spectra of 2a/3a in toluene. (B) The simulated Ni K-edge XAS spectra of 2a/3a using the TDDFT method at the
ZORA-B3LYP/CP(PPP) (for Ni) and ZORA-def2-TZVP(-f) (for C, H, O, N, F, P, and Al) level. (C) Qualitative MO diagram of the trigonal-
planar complex. The purple bars denote electric dipole allowed, and the gray bars forbidden transition orbitals in the Ni K-edge XAS. (D) Kohn−
Sham LUMO+2 for 2a. (E) Kohn−Sham LUMO for 3a. (F) Ni L2,3-edge XAS spectra of Ni(cod)2, 2a, and 3a in the PFY method.
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concomitant formation of the adduct DMAP−Al(C6F5)3
(Figure 3B). These results demonstrated that the interconver-
sion between 2a and 3a can be successfully mediated by the
addition and removal of Al(C6F5)3.
Next, we compared the electronic and geometric parameters

of 2a and 3a. In the 31P NMR spectrum of 3a, the resonance
corresponding to the N-phosphinoyl moiety is observed at δP
82.0 in toluene-d8, which represents a significant downfield
shift compared to that of 2a (δP 68.0 in THF-d8),

14 while it is
almost identical to that of (κ-O-1a)Al(C6F5)3 (δP 79.8 in
CD2Cl2).

24 These results indicate that the 1a moiety in 3a
should predominantly adopt the anti-conformation. The
geometric parameters of 3a obtained from the SC-XRD
analyses are shown in Figure 3C. As previously reported, the
Ni center in 2a, which bears the κ-C,O-syn-1a ligand (C−N−
P−O torsion angle: 8.5(1)°), adopts a tetrahedral geometry.14

In stark contrast, 3a features a trigonal-planar Ni center (sum
of bond angles around Ni: 358.9°) bearing anti-1a (C1−N2−
P−O1 torsion angle: 159.7(2)°),28 as shown in Figure 3C. The
Ni(CO)2 unit is located slightly out of ideal alignment with the
carbene lone pair (Z1−C1−Ni angle: 169.9°; Z1 = centroid of
the imidazolinylidene ring), most likely due to the high steric
demand of the tBu groups.
Interestingly, a noncovalent interaction between the Ni and

H1 atoms was confirmed in the gas-phase-optimized structure
of 3a (level: PBE0/def2-TZVPD//M06L/def2-SVPD for O, F,
and Ni; def2-SVP for all other atoms) via a topological analysis
of the electron density, which was calculated using the
quantum theory of atoms in molecule (AIM) method (Figure
3D).29,30 It should also be noted here that the geometric
parameters of the solid state structure of 3a confirmed by SC-
XRD analysis were closely reproduced in the theoretically
calculated gas-phase-optimized structure; e.g., the interatomic
distances between the Ni and C5 atoms were 3.18 Å in the gas-
phase and 3.240(4) Å in the crystalline state. In fact, the Ni···
H1 distance (2.13 Å)31 and the relatively high electron density
(ρ = 0.026 e rBohr−3) as well as the positive value of the
Laplacian of the electron density (∇2ρ = +0.061 e rBohr−5) at
the bond-critical point (BCP) between these atoms suggests
the participation of an agostic Ni···H interaction.29,30

Dissociation of the N-phosphinoyl moiety from tetrahedral
2a to afford trigonal planar 3a also caused obvious changes in
the wavenumbers of the stretching vibration of the CO ligands.
In fact, the signal corresponding to the stretching vibration of
the CO ligands in 3a was observed at 2019 cm−1, i.e., at a
higher wavenumber than that of 2a (1967 cm−1). The AIM
analysis clarifies the increase in the delocalization indices δ(Ni,
CCO) and δ(Ni, OCO) in 3a compared to those in 2a, which
represent a number of electron pairs delocalized between the
Ni and carbonyl carbon atoms (CCO) and the Ni and carbonyl
oxygen atoms (OCO), respectively (Figures S7−S8).30 The
mean values of δ(Ni, CCO) and δ(Ni, OCO) increase from 0.51
(2a) to 1.20 (3a) and from 0.063 (2a) to 0.23 (3a),
respectively, indicating that electrons become effectively
delocalized through the Ni, CCO, and OCO atoms in 3a. On
the other hand, the values of δ(CCO, OCO) are nearly identical
between 2a (1.70−1.71) and 3a (1.60−1.62). Thus, we
attribute the aforementioned blue-shift to the increased
polarization of the π CO bonding orbitals due to an increased
cationic nature on the Ni in 3a (AIM atomic net charge = 0.50
e) compared to 2a (AIM atomic net charge = −0.1 e).32

Based on the aforementioned geometric parameters of 2a
and 3a in the crystalline state, the impact of the N-phosphinoyl

rotation on the spatial environment surrounding the Ni center
was quantitatively evaluated on the basis of percent buried
volume (%Vbur) (Figure 3E).2,33 Topographic steric maps that
visualize the %Vbur values in the northwestern (NW),
northeastern (NE), southwestern (SW), and southeastern
(SE) quadrants, as well as their average (Av), are also depicted;
these maps were produced using the program SambVca. 2.1.2

The Av(%Vbur) values in 2a and 3a were calculated to be 43.9
and 51.2, respectively, clearly demonstrating that the space
around the Ni center is significantly altered via rotation of the
N-phosphinoyl moiety. Importantly, drastic expansion/con-
traction of the space can be precisely and reversibly triggered
by the addition/removal of Al(C6F5)3. In addition, this
rotational transformation alters the shape of the space around
the Ni center, as is clearly confirmed by the comparison of
both the %Vbur(NE) and %Vbur(SE) values of 2a and 3a.
We then carried out solution-phase XAS measurements to

determine whether the results obtained from the SC-XRD
analysis could be extended to the solvated states of 2a and 3a.
A magnified view of the pre-edge and edge region of the Ni K-
edge X-ray absorption near edge structure (XANES) is shown
in Figure 4A. In the case of 2a, a pre-edge peak corresponding
to the electric dipole transition from the Ni 1s orbital to the Ni
4p(−3d) orbitals was observed at 8326 eV and no character-
istic peak was detected at the absorption edge, which is typical
for nickel complexes with tetrahedral geometry.14 Meanwhile, a
remarkable peak appeared in the edge region (8331 eV) for 3a,
along with a greater pre-edge peak intensity compared to 2a.
We attribute the characteristic edge peak to the Ni 1s → 4pz
transition in 3a, given the presence of the nonbonding 4pz
orbital (a2′′ symmetry) (Figure 4C). Considering that such
nonbonding 4pz orbitals are commonly found in trigonal-
planar 16-electron complexes, the results of the solution-phase
XAS experiments clearly rationalize the adoption of a trigonal-
planar geometry by 3a, even in toluene, as observed in the
crystal structure.
To gain further insight, the Ni K-edge XAS spectra of 2a and

3a were simulated using the time-dependent DFT (TDDFT)
calculation at the B3LYP level with the zeroth-order regular
approximation (ZORA)34−36 to take the relativistic effect into
consideration.37 The CP(PPP) basis set was used for Ni, while
the ZORA-def2-TZVP(-f) basis set was used for all of the
other elements. The intensities of the pre-edge and edge peaks
of the simulated XAS spectra show good agreement with those
of the experimental spectra (Figure 4A and 4B). To identify
the predominant contribution to the pre-edge peaks, we then
analyzed the molecular orbitals (MOs) of 2a and 3a. In the
case of 2a, the transition from the Ni 1s orbital to LUMO+2
significantly contributes to the pre-edge peak, where LUMO+2
mainly consists of the Ni 3d (6.7%), Ni 4p (7.8%), and CO 2p
(30.7%) orbitals (Figure 4D). On the other hand, in the case
of 3a, the increased intensity of the corresponding pre-edge
peak can be rationalized predominantly by the transition from
the Ni 1s orbital to the LUMO. The LUMO of 3a features
increased contribution from the Ni 4p orbitals (17.1%) and
CO ligands (52.3%) compared to their contributions to the
LUMO+2 in 2a (Figure 4E), while the Ni 3d orbitals exhibit a
nearly identical degree of contribution to the respective MOs
in 2a and 3a. We therefore attributed the increase in the pre-
edge peak intensity of 3a induced by the Al(C6F5)3-mediated
geometric change to the increased efficiency of the Ni 3d−4p
mixing and contribution of CO ligands (e′ symmetry) in the
trigonal planar geometry.
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We further explored the electronic structures of the Ni 3d
orbitals in the solid state for 2a and 3a based on Ni L2,3-edge
XAS experiments using the partial fluorescence yield (PFY)
method. In the cases of 2a and Ni(cod)2, the absorption
maxima on the Ni L3-edge appear at 856.0 and 856.2 eV,
respectively, with a shoulder peak in their lower-energy regions
(Figure 4F). These Ni L2,3-edge XAS spectra represent
spectroscopic features characteristic of tetrahedral nickel
complexes with a d10 electron configuration (formally
Ni(0)). In contrast, for 3a, the peak maximum shifts toward
the lower-energy region to 852.9 eV, clearly indicating that the
3d orbitals are stabilized through the formation of the 16-
electron complex with a vacant 4pz orbital. In fact, the energy
levels of the unoccupied frontier MOs of 3a are substantially
lower than those of 2a, showing good agreement with the
experimental Ni L2,3-edge XAS data (Table S4). Furthermore,
a broad signal is observed in the higher energy region at 854−
858 eV. Based on the results of the Cu L2,3-edge XAS
experiments previously reported by Lancaster et al., we
attribute this signal to the transitions from the Ni 2p3/2 orbital
to the ligand and Ni 3d orbitals, given the occupied d10
electron configuration in 3a.37

To clarify the key role of (S)PoxIms, we subsequently
explored reactions between Al(C6F5)3 and Ni(0) dicarbonyl
complexes 4 and 5 (Figure 5A). Complex 4, which carries the
bis(dicyclohexylphosphino)ethane ligand, did not react with
Al(C6F5)3 under the applied conditions. On the other hand, 6
was quantitatively formed without complexation between the
phosphine moiety and Al(C6F5)3 when N-phosphanyl-
substituted imidazolidine-2-ylidene was used as a hemilabile
ligand instead of 1a. The molecular structure of 6 was
unambiguously determined by a SC-XRD analysis and is
shown in Figure 5B. Even though our targeted spatial
modulation was not confirmed, these results are noteworthy
to demonstrate that CO ligands are sufficiently Lewis-basic to
form classical Lewis-acid/base adducts with Lewis-acidic
triarylaluminum species.38−40 The aforementioned results
suggest that to realize the Al(C6F5)3-mediated reversible
modulation of the spatial environment surrounding Ni(0) it
is crucial to use a hemilabile ligand that includes both hard and
soft (or mild) Lewis-basic sites and that is responsive to
external stimuli in order to induce a preprogrammable

structural isomerization. (S)PoxIms with their distinctive
Lewis-basic sites, i.e., the harder phosphinoyl oxygen moiety
and the softer carbene moiety, as well as the complexation-
induced rotation of the N-phosphinoyl moiety may thus
successfully serve as pioneering examples for this purpose.
Finally, we confirmed that the present strategy can be

expanded to (syn-κ-C,O-1a)Ni complex 7a, which contains an
η2:η2-diphenyldivinylsilane ligand instead of CO (Figure 6A).
Treatment of 7a with Al(C6F5)3(tol)0.5 resulted in the
quantitative formation of the heterobimetallic Ni/Al complex
8a via the complexation-induced rotation of the N-phosphinoyl
moiety. Moreover, the addition of DMAP again caused the
dissociation of Al(C6F5)3 to regenerate 7a.
The molecular structures of compounds 7a and 8a were

confirmed by SC-XRD analyses (Figure 6B). Although the
C1−Ni lengths remained almost unchanged upon rotation of
the N-phosphinoyl moiety, the sterically demanding tBu
groups cause a significant deviation of the Ni(η2:η2-
diphenyldivinylsilane) unit from the plane that is defined by
the C1, N1, C6, C7, and N2 atoms; i.e., the deviated distances
of Ni atoms from the plane are 0.02 Å in 7a and 0.41 Å in 8a.
Both 7a and 8a include an unsymmetrical coordination
environment around the Ni center in their crystalline states,
and the two olefin moieties are thus inequivalent. Nevertheless,
the bond lengths of C2�C3 and C4�C5 are nearly identical,
even when compared between 7a and 8a, i.e., C2�C3:
1.393(2) Å in 7a and 1.380(8) Å in 8a; C4�C5: 1.404(2) Å
in 7a and 1.402(7) Å in 8a, implying a negligible variation of
the electron density in these olefin moieties upon the
aforementioned interconversion. However, an obvious elonga-
tion occurred in the bonds between the Ni and internal carbon
atoms (C2 and C4), which should be caused by the structural
constraint to adopt the distorted trigonal-planar geometry. The
Ni−O1 bond (2.481(1) Å) is longer than the corresponding
one in 2a (2.227(1) Å),14 whereas the participation of the
bonding interaction between the Ni and O1 atoms in 7a was
confirmed by the AIM analysis (Figure S12).
We also found that 1H NMR resonances of the coordinated

olefin moieties, which are magnetically equivalent in solution at
room temperature, upfield shifted upon the coordination
change around the Ni center from four-coordinated 7a to
distorted trigonal-planar 8a (Figure 6C). In the 31P NMR

Figure 5. (A) Reactions between complexes 4 and 5 and Al(C6F5)3(tol)0.5. The yield was determined by NMR analysis. The yield of isolated
products is shown in parentheses. (B) Molecular structure of 6 with thermal ellipsoids at 30% probability; H atoms (except those bound to C4 and
C5) are omitted for clarity. Selected bond lengths (Å) and angles (deg): Ni−C1 1.991(6), Ni−P 2.314(2), Ni−C2 1.814(8), Ni−C3 1.691(5),
C2−O1 1.12(1), C3−O2 1.197(6), O2−Al 1.861(4), and C3−O2−Al 139.3(4).

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.3c06267
J. Am. Chem. Soc. 2023, 145, 16938−16947

16943

https://pubs.acs.org/doi/suppl/10.1021/jacs.3c06267/suppl_file/ja3c06267_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c06267/suppl_file/ja3c06267_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.3c06267?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c06267?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c06267?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c06267?fig=fig5&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.3c06267?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


spectrum, a significant downfield shift from δP 68.3 (7a) to

83.3 (8a) corroborates the formation of the P�O−Al bond.

In their entirety, the results of the NMR and SC-XRD analyses

suggest that the Al(C6F5)3-mediated rotation of the N-

phosphinoyl group can modulate not only the spatial

environment around the Ni center but also the chemical

environment surrounding the coordinated 1,4-diene unit

through the interconversion between 7a and 8a.

■ CONCLUSIONS
In summary, we have reported a strategy that allows reversible
modulation of the electronic state and spatial environment
around metal centers that bear multifunctional ligands based
on the use of Lewis acids. To this end, a series of N-phosphine
oxide-substituted N-heterocyclic carbenes, referred to as
(S)PoxIms, were employed, as (S)PoxIms can afford
heterobimetallic species in κ-C-M1 and κ-O-M2 fashions
without the formation of quenched NHC−Lewis acid adducts.
The reaction between tetrahedral (syn-κ-C,O-(S)PoxIm)Ni-

Figure 6. (A) Interconversion between 7a and 8a upon the addition and removal of Al(C6F5)(tol)0.5. The yield was determined by NMR analyses.
The yield of isolated products is shown in parentheses. (B) Molecular structure of 7a (left) and 8a (right) with thermal ellipsoids at 30%
probability; H atoms (except those bound to C6 and C7) are omitted for clarity. Selected bond lengths (Å) are also shown. (C) The 1H NMR
spectra of 7a and 8a in C6D6.
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(CO)2 and Al(C6F5)3 smoothly afforded heterobimetallic Ni/
Al species such as trigonal-planar {κ-C-Ni(CO)2}(μ-anti-
(S)PoxIm){κ-O-Al(C6F5)3} through complexation-induced
rotation of the N-phosphine oxide moiety, while the addition
of DMAP quantitatively triggered the formation of the former
complex. We also confirmed that the interconversion between
(syn-κ-C,O-SPoxIm)Ni(η2:η2-1,4-diene) and the corresponding
heterobimetallic Ni/Al species effectively proceeded upon
addition and removal of Al(C6F5)3, which successfully
demonstrates that the present strategy can be applied for
modulating the spatial environment around not only metal
centers but also the coordinated substrates. We experimentally
and theoretically confirmed that the shape and size of the space
around the Ni(0) center drastically expanded/contracted using
this Lewis-acid-mediated procedure. Furthermore, a detailed
discussion based on multinuclear NMR, IR absorption, and X-
ray absorption spectroscopy shed light on the changes in the
electronic states of the Ni centers. Thus, this work manifests a
conceptually novel and effective approach to design and
modulate the electronic and spatial environment surrounding
metal centers in organometallic compounds using a combina-
tion of multifunctional ligands and Lewis acids.
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