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Abstract

This Highlight Review provides examples of external-stimuli-driven reversible modulations of the spatial, electronic, and magnetic environment
around metal centers that bear multifunctional N-heterocyclic carbenes (NHCs). In particular, recent reports on Lewis-base- or Lewis-acid-
mediated reversible molecular transformations of Ni(0) complexes that bear N-phosphine-oxide-substituted imidazolylidenes (PoxIms) and the
corresponding imidazolinylidenes (SPoxIlms) are spotlighted. We also discuss the utility of using X-ray absorption spectroscopy to examine the
synthesized (S)PoxIm-Ni complexes to gain spectroscopic insight into the changes in the local environment and electronic state of the metal
centers induced by these reversible transformations. Overall, this review highlights the multipurpose utility of multifunctional NHCs as a key
to designing and reversibly modulating the local environment of metal centers, which paves the way for accomplishing hitherto challenging
molecular transformations and developing unprecedented reactivity of multimetallic compounds.

Keywords: N-heterocyclic carbene, nickel complex, X-ray absorption spectroscopy in organic solvents.

Graphical Abstract

Lewis-base- or -acid-driven-reversible modulation of
the local environment around metal centers
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This Highlight Review provides examples of external-stimuli-driven reversible
modulations of the spatial, electronic, and magnetic environment around
metal centers that bear multifunctional N-heterocyclic carbenes. In particular,
recent reports on Lewis-base- or Lewis-acid-mediated reversible molecular
transformations of Ni(0) complexes that bear N-phosphine-oxide-substituted
imidazolylidenes and the corresponding imidazolinylidenes are spotlighted.

o1 i

Designing and modulating the local spatial and electronic
environment of metal centers in organometallic complexes is a
critical research subject in the fields of homogeneous cataly-
sis,'® supramolecular chemistry,”® and materials science.” So
far, chemists have dedicated much attention to the structural
and electronic properties of supporting ligands,'® and ligands
that can undergo reversible structural and electronic changes
are commonly applied in redox,'"'* photoexcitation,®'?~!*
and protonation'® processes. Moreover, multifunctional li-
gands that undergo conformational isomerization in response

to an external stimulus can drastically modify the spatial envir-
onment around the metal center and hence enhance or dampen
the reactivity of the organometallic complexes through modula-
tion of the volume and shape of the available reaction field.' ="’
Achieving such spatial modulation in a reversible and (nearly)
quantitative manner often requires a judicious combination of
the external stimuli, metals, and functional groups of the ligands.
For example, reversible ligand-substitution processes through
the dissociation of L’ in the presence of an external Lewis base
(LB) have already been reported (Fig. 1, left; L’ = hemilabile
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Fig. 1. Simplified scheme of the reversible modulation of the spatial and electronic environment around a metal center in an organometallic complex

mediated by a Lewis base (LB, left) or Lewis acid (LA, right).

coordination moieties).”°* On the other hand, strategies based
on the use of Lewis acids (LAs) remain underdeveloped (Fig. 1,
right), possibly due to the difficulty in preventing irreversible de-
composition of the organometallic complex through the ab-
straction of the supporting L (shown in Fig. 1) by the LA and/
or the formation of equilibrium mixtures that are difficult to sep-
arate. Thus, the demonstration of such an LA-mediated process
as a conceptually novel strategy to design and reversibly modu-
late the local environment in transition-metal complexes that
bear multifunctional ligands would be noteworthy.

Multifunctional N-heterocyclic carbenes (NHCs), i.e. NHCs
with at least one functional group in addition to the carbene
moiety, are a promising tool for modulating the local environ-
ment of metal centers given the high stability of NHC-ligated
complexes and the availability of a wide range of additional
functional groups that can play a critical role as the external-
stimulus-responsive units.”*>**® Multifunctional NHCs with a
variety of L’ moieties, e.g. phosphine,”” phosphine oxide,***
amine,”” thioether,>* and alkoxy®' groups, on the nitrogen atoms
have already been synthesized and used as ligands for transition-
metal-based catalysts and functional materials based on the spe-
cific reactivity of the hemilabile L. Our group has also reported
the synthesis and reactivity of N-phosphine-oxide-substituted
imidazolylidenes (PoxIms) and the corresponding imidazolinyli-
denes (SPoxIms) (Fig. 2a).>>?° (S)PoxIms include 2 distinct
Lewis-basic functions, i.e. the hard phosphine-oxide moiety
and the relatively soft carbene moiety. The (S)PoxIms undergo
conformational isomerization between their syn- and anti-
conformers (defined by the relative orientation of the carbene
and oxygen atoms with respect to the N—P bonds) via rotation
of the N-phosphinoyl groups. We found that the anti-conformers
are energetically more favorable than the syn-conformers, where-
as the rotation of the N-phosphinoyl groups can take place easily
at room temperature.”’ The hemilabile and dynamic reactivity of
the N-phosphinoyl groups in (S)PoxIms enables the formation of
a variety of transition-metal complexes (Fig. 2b). For example,
the complexation takes place between an equimolar amount
of (S)PoxIm and group-10 metals such as Ni and Pd in a
syn-x-C,0**?% or syn-k-C3* fashion to afford tetrahedral and
trigonal-planar complexes, depending on the reaction condi-
tions. On the other hand, group-11 metals such as Cu'” and
Au?? form anti-(S)PoxIm complexes in a x-C fashion given their
characteristic propensity to adopt 2-coordinated linear geom-
etries; in such complexes, the reaction field around the carbene
atoms is significantly limited by the sterically demanding ‘Bu
groups. Recently, we have demonstrated that (S)PoxIms can
serve as a platform for the formation of heterobimetallic (Cu/
Al" and Ni/AI*}) complexes based on the high affinity of
organoaluminum(III) species.

Against this background, this review highlights strategies to
reversibly modulate the local environment (i.e. the spatial,
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Fig. 2. a) Interconversion between the syn- and anti-conformers of (S)
PoxIms. b) Examples of hitherto reported coordination modes of (S)PoxIms
in mono- and bimetallic transition-metal complexes. M = Ni, Cu, Pd, Au.

electronic, and magnetic environment) around metal centers
that bear multifunctional (S)PoxIm ligands through the use of
external LBs and LAs. In particular, we summarize the following
two reports: (i) the interconversion between Ni(x-C,0O-(S)PoxIm)
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Fig. 3. Comparison of the design strategies between a) previously
reported systems using high-valent metals and b) the Ni(0)-based
arrangement in our system.

(CO), and Ni(x-C-(S)PoxIm)(CO); through the coordination/
dissociation of CO, which has already been applied for the devel-
opment of a room-temperature pressure-swing reversible chemi-
sorption system on Ni(0); and (ii) the interconversion between
Ni(x-C,0-(S)PoxIm)(CO), and {x-C-Ni(CO),}(¢-anti-(S)PoxIm)
{r-O-Al(CgFs)3} through complexation-induced rotation of
the N-phosphinoyl moieties using Al(C4Fs);. In addition,
this Highlight Review also focuses on the evaluation of the lo-
cal environment around the metal centers based on single-
crystal X-ray diffraction (SC-XRD) and X-ray absorption
spectroscopy (XAS).

1. Reversible chemisorption of carbon
monoxide on nickel(0) complexes

CO plays an essential role as a C1 feedstock in the contemporary
production of value-added chemicals. Huge amounts of high-
purity CO are produced during the removal of contaminants
such as H,, N,, CO,, and CH,4 from crude materials obtained
from the gasification of hydrocarbon resources® and the steel-
production industry.>* Our group has envisioned a conceptually
novel approach for the reversible chemisorption of CO using
low-valent transition-metal complexes, as their high CO affinity
can be expected to ensure rapid and efficient adsorption of CO
and hence form the basis of a useful removal system. However,
the dissociation of CO from low-valent late-transition-metal
centers is known to be sluggish, as exemplified by the Mond pro-
cess, which requires the thermolysis of gaseous Ni(CO), at 180
to 280 °C.***” Thus, the hitherto reported adsorption technolo-
gies mainly rely on the chemisorption of CO by coordinatively
unsaturated higher-valent metals to minimize the influence of
metal-to-CO 7-backdonation (Fig. 3a).*®*? In this context, we
hypothesized that reversible CO chemisorption could be
achieved on Ni(0) through intramolecular ligand-substitution
mechanisms enabled by hemilabile (S)PoxIm ligands under
pressure-swing conditions (Fig. 3b).

First, we explored the preparation of Ni carbonyl complexes
that bear (S)PoxIms. Treatment of a tetrahydrofuran (THF) so-
lution of SPoxIm 1a and Ni(cod), (cod = 1,5-cyclooctadiene)

(@) 2.2eq.CO [\ i

1.0 eq. Nicod), R—N<N~p=Bu
THF, 1t, 1h A

o oc” L

N__ 2/ 2a (R = Dipp): 90%
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2¢ (R =Mes):94%
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—~N N
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toluene, rt, 1 h P li\'
‘CO
ocC co
3a (R = Dipp): 85% (98%)*

3b (R = Dipp): 92%
3c (R = Mes):92%

Fig. 4. a) Selective preparation of Ni(x-C, O-1)(CO), (2) and Ni(x-C-1)(CO)3
(3). ”'"H NMR vyield confirmed in situ. b) Molecular structures of 2a and 3a
with thermal ellipsoids at 30% probability; H atoms (except those on C3
and C4) are omitted for clarity.

with 2.2 equiv. of ex situ-generated CO resulted in the formation
of Ni(x-C,0-1a)(CO), (2a), which was isolated in 90% yield
(Fig. 4a). On the other hand, the use of excess CO (~8.0 eq.)
at room temperature in toluene resulted in the selective prepar-
ation of Ni(x-C-1a)(CO)3 (3a), which was isolated in 85% yield.
It is noteworthy here that these results represented the first dem-
onstration of the selective formation of Ni(0) complexes that
bear two or three carbonyl ligands in the presence of a single
NHC ligand. Di-/tricarbonyl complexes 2b/3b and 2¢/3¢ were
prepared in a similar manner. These compounds were
unambiguously characterized using multinuclear NMR and
infrared (IR) absorption spectroscopy as well as single-crystal
X-ray diffraction (SC-XRD) analyses (Fig. 4b). The
Ai-symmetrical carbonyl stretching vibrations of 3a—c (2,048
to 2,049 cm™; in CH,Cl,)***° are slightly lower than those of
Ni(x-C-1d/1e)(CO); (3d/3e, 2,052 cm™Y),*' where 1d is
1,3-bis(2,6-diisopropylphenyl)imidazolidin-2-ylidene and 1e is
1,3-bis(2,6-diisopropylphenyl)imidazol-2-ylidene, indicating a
negligible difference in the electron density on their Ni(0)
centers.**

Upon concentrating a toluene solution of 3a in vacuo at room
temperature, we observed the partial formation of 2a, which
confirmed the viability of our ligand-substitution strategy. In
fact, stirring the crystalline powder of 3a at room temperature
for 10 h in vacuo (0.3 mmHg) resulted in the formation of 2a in
50% yield (Fig. 5). To promote the desorption of the CO li-
gands, we explored the use of a dispersant or solvent to increase
the area exposed to the reduced pressure. Dispersing 3a into tet-
radecane (Cy4Hj30) in the reaction flask resulted in a significant
improvement in the desorption, i.e. 2a was obtained in >99%
yield after 2 h of stirring at room temperature, which was ac-
companied by loss of crystallinity. Desorption also proceeded
quantitatively within 30 min when 3a was fully dissolved in
1,3-dimethoxybenzene (DMB). However, we also confirmed
the partial (~2 wt%) removal of C14H3y or DMB under the
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Fig. 5. Effect of dispersants on the desorption of CO from 3a.
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Fig. 6. Desorption of CO from 3 in IL. a) Effect of the ligand.
b) Photographs and micrographs of reaction samples during CO
desorption from 3a to give 2a.

applied reduced pressure conditions, which should be avoided
to achieve a fully reusable and reversible chemisorption system.

We reasoned that the use of ionic liquids, which exhibit negli-
gible vapor pressure, might solve the medium-loss problem. The
dispersion of a crystalline-powder sample of 3a in an imidazolium-
based IL with the [N(SO,CF3),]” (NTf;) anion under reduced
pressure at room temperature for 4 h resulted in the formation
of 2a in 97% vyield, and the loss of IL after the desorption period
was negligible (Fig. 6a). It should also be noted here that a signifi-
cant amount of crystalline 3a was dispersed in the IL during the
initial stage of the CO desorption, whereas a nearly homogeneous
solution was observed after the reaction had completed due to the
sufficient solubility of 2a in the IL (Fig. 6b).

On the other hand, 3b showed only 9% desorption of CO, even
though the geometric and electronic features of 3a and 3b are

Chemistry Letters, 2024, Vol. 53, No. 3
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Fig. 7. Adsorption of CO by 2ain IL.

86%, 30 min

almost identical (vide supra). This result should most likely be in-
terpreted in terms of the different structural flexibility of the satu-
rated and unsaturated backbone framework in 1a and 1b,
respectively. Complex 3¢ was also subjected to identical desorption
conditions, but the resulting yield of 2c was only 19%. No reaction
occurred for 3d and 3e. To evaluate the role of the N-phosphinoyl
oxygen atom in 3a, we synthesized Ni(x-C-1f)(CO); (3f), where 1f
is a N-phosphanyl-substituted imidazolidin-2-ylidene; 3f under-
went desorption of CO to generate Ni(x-C,P-1f)(CO), (2f) in
39% yield. These results demonstrate that the hemilabile behavior
of the N-phosphinoyl moiety and the structural flexibility derived
from the ethylene moiety in the imidazolidine-2-ylidene ring are
both essential for an efficient desorption of CO from the Ni(0) cen-
ter under the applied conditions.

We then investigated the adsorption of CO by 2 in the pres-
ence of IL at room temperature (Fig. 7). Stirring 2ain IL under a
CO/Nj; (1 atm each) atmosphere afforded 3a in 98% yield via
the selective adsorption of CO accompanied by precipitation of
small crystals of 3a. In addition, CO was directly stored in 3a
through adsorption by 2a from gaseous mixtures of CO/
CH4/N, (1 atm each) and CO/H,/N, (1 atm each) in excellent
yield. Thus, the present system can also be used for the purifica-
tion of CH4 and H; through removal of the accompanying CO.

Subsequently, we investigated the reusability of the
Ni(0)-based chemisorption system (Fig. 8). Complex 2a was af-
forded in 87 to 88% yield within 2 h using a sample of 3a that
had been prepared under the optimized conditions via either
the adsorption of CO on 2a or sequential CO desorption—
adsorption reactions from a crystalline sample of 3a. However,
when a larger crystal of 3a, obtained by recrystallization from
toluene/n-hexane at —30 °C, was used, 2a was obtained in only
67% yield. This is probably due to the increased surface area
of 3a, as the crystals of 3a that were reprecipitated after CO ad-
sorption were significantly smaller than those used in the first de-
sorption process. Importantly, CO was effectively desorbed from
3a even after five desorption—adsorption cycles.

2. Reversible modulation of the local
environment around nickel(0) centers via
Al(CgF5)3-induced conformational
isomerization of (S)PoxIm ligands

LAs represent a potential trigger for the reversible modula-
tion of the spatial environment around metal centers with
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Fig. 9. Formation of Cu/Al heterobimetallic complexes that bear (S)
PoxIms.

multifunctional ligands.”® However, examples of such
LA-mediated reactions have often been limited due to the diffi-
culty in finding a suitable combination of multifunctional
ligands and LAs. In this context, a conceptually similar ap-
proach has been reported by Fan et al., who used host—guest in-
teractions between Na* and crown—ether moieties introduced in
a Rh complex that bears Aza-CrownPhos to achieve the revers-
ible regulation of the coordination environment and reactivity
of the Rh catalyst through the addition/removal of Na*.'®

We envisioned that an LA-mediated reversible modulation
of the local environment around the metal centers shown in
Fig. 1 could potentially be achieved based on interconversion
between a monometallic species bearing syn-(S)PoxIm and a
heterobimetallic species bearing anti-(S)PoxIm. For this pur-
pose, anisolable (or at least spectroscopically observable) com-
plex should be generated with the sterically demanding anti-(S)
PoxIm ligands. Moreover, the metal center should undergo the
geometric transformation reversibly through the coordination/
dissociation of the N-phosphinoyl moieties. Initially, we ex-
plored the complexation between anti-(x-O-(S)PoxIm)
Al(C¢Fs); and CuO’Bu and observed the formation of
{x-C-Cu(CgFs)}(x-anti-(S)PoxIm){x-O-Al(CcFs),(O'Bu)}  via
an irreversible intramolecular Cu—O’Bu/Al-C¢F5 transmetala-
tion triggered by the rotation of the N-phosphinoyl moiety
(Fig. 9)." This result demonstrated that the rotation of the
N-phosphinoyl moiety in (S)PoxIms can play a critical role in
preprogramming the encounter of the two organometallic frag-
ments in the heterobimetallic complex; however, creating a

system that could reversibly modulate the local environment
around the metal centers remained challenging. We thus
turned our attention to the use of Ni(0) complex based on
the preparation of trigonal-planar Ni(0) dicarbonyl com-
plexes that bear bulky NHCs such as (I'Bu)Ni(CO), and
(IAd)Ni(CO), (I'Bu = 1,3-di-tert-butylimidazol-2-ylidene;
IAd = 1,3-di-adamantylimidazol-2-ylidene).*

We first examined the reaction between tetrahedral 2a and an
equimolar amount of Al(C4Fs)3(tol)g. 5, which resulted in the se-
lective formation of heterobimetallic Ni/Al complex 4a in 90%
yield (Fig. 10a). We also confirmed that the Al(CgF5s)3-mediated
rotation of the N-phosphinoyl moieties in 2b/2¢ afforded the
corresponding heterobimetallic Ni/Al complexes 4b/4c with
trigonal-planar geometry in good-to-high yield. The molecular
structure of 4a obtained from the SC-XRD analysis is shown
in Fig. 10c. The participation of an anagostic interaction be-
tween Ni and C5-H was corroborated by using theoretical cal-
culations. Subsequently, we treated 4a with a slight excess of
4-dimethylaminopyridine (DMAP) and confirmed the quantita-
tive regeneration of 2a with concomitant formation of the ad-
duct DMAP-AI(CgF5); (Fig. 10b).

We confirmed that this strategy can be expanded to
(syn-k-C,0-1a)Ni complex 5a, which features an #5*:
n*-diphenyldivinylsilane ligand instead of CO ligands
(Fig. 11a). Treatment of 5a with Al(C4Fs)s3(tol)g s resulted
in the quantitative formation of heterobimetallic Ni/Al
complex 6a via the complexation-induced rotation of the
N-phosphinoyl moiety. Moreover, the addition of DMAP
caused again the dissociation of Al(CgFs); to regenerate Sa.
We found that the "H NMR resonances of the coordinated ole-
fin moieties, which are magnetically equivalent in solution at
room temperature, shifted upfield upon changing in coordin-
ation around the Ni center from tetrahedral in 5a to distorted
trigonal planar in 6a (Fig. 11b). These results suggest that the
Al(CgFs)3-mediated rotation of the N-phosphinoyl group can
modulate not only the spatial environment around the Ni cen-
ter, but also the magnetic environment surrounding the coordi-
nated 1,4-diene unit, through the interconversion between 5a
and 6a.
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Fig. 10. a) Synthesis of the heterobimetallic Ni/Al complexes 4.

b) Reaction of 4a with DMAP. c¢) Molecular structure of 4a with thermal
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omitted for clarity.
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(b)

Fig. 12. Custom-built solution cell for XAS. a) Disassembled cell.

(a) Borosilicate glass cell. (b) PEEK cell. (c) PTFE windows (560 pm
thickness). (d) Silicon rubber sheets with a $6 mm hole (15 mm x

15 mm x 1.5 mm). The silicon rubber sheets were handcrafted by using
die-cutting with hole-punching tools. (e) PTFE packings. (f) PEEK
pinchcocks. b) The final setup.

3. XAS of nickel complexes

XAS is a powerful method for analyzing the electronic struc-
ture and coordination environment of target elements, and
has a wide range of applications in various scientific disci-
plines, including materials science, chemistry, and biol-
ogy.***” Unlike other techniques for investigating the
electronic state, such as X-ray photoelectron spectroscopy,
XAS does not require high-vacuum conditions when hard
X-rays (>4 keV) are used, which allows XAS to be performed
on most transition-metal complexes in aqueous and organic
solvents. Recently, solution-phase XAS analysis has gained
substantial attention in organometallic chemistry as a means
to observe reaction intermediates in homogeneous catalytic
reactions and the solution-state behavior of metal com-
plexes.** % We have also developed custom-built solution
cells that are applicable for XAS in organic solvents and
used them to perform XAS analysis on (S)PoxIm—-Ni systems
at synchrotron facilities in Japan, such as SPring-8 and the
Photon Factory (PF).>**3 As shown in Fig. 12a, the custom-
built solution cell is composed of a borosilicate glass (a) or a
polyetheretherketone (PEEK) (b) body with a hole drilled
through it to ensure high organic solvent tolerance. The cell
body is sandwiched between 50 pm polytetrafluoroethylene
(PTFE) sheet windows (c), silicone rubber sheets (d), PTFE
O-rings (e), and PEEK pinchcocks (f) to fabricate a solution
cell (Fig. 12b). We have not observed any leakage of the
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Fig. 14. a) Ni K- and b) L, 3-edge XAS spectra of 2a and 4a.

solvent during XAS experiments, even when highly corrosive
organic solvents, such as THF and N,N-dimethylformamide
(DMEF), are used. Moreover, we do not use expensive consum-
ables such as silicon nitrogen membranes, which significantly
reduces the initial and running costs for the solution-state XAS
experiments.

One difficulty in interpreting the XAS data of transition-metal
complexes with multiple ligands is that both electronic and
structural factors affect the spectrum. Therefore, it is sometimes
difficult to extract the structure-spectrum relationships, which
renders a clear understanding of XAS data difficult. In this con-
text, our series of (S)PoxIm—Ni complexes provides an ideal sys-
tem for studying structure-spectrum relationships in XAS
because they adopt a wide variety of coordination modes with
minimal change in their ligands, as shown in Fig. 2. Thus, we be-
gan our XAS studies using the series of (S)PoxIm—Ni complexes
applied in the above-described reversible reactions.

Our study commenced with measuring the solid- and
solution-state XAS of nickel dicarbonyl complexes to examine
the ligand effect on the CO-desorption process (Fig. 13a). The
Ni K-edge XAS analysis was performed using the transmission
method at the SPring-8 BL14B2 beamline, and all solid and so-
lution samples were prepared in a glovebox filled with argon
gas. The XAS spectra of nickel dicarbonyl complexes 2a and
2b in the solid state, which show the differences between the
SPoxIm and PoxIm ligands in the CO-adsorption/-desorption
reactions, are presented in Fig. 13b. A pre-edge peak

Energy (eV)

corresponding to the electric dipole transition from the Ni 1s
orbital to the Ni 4p(—3d) orbitals was observed at 8,326 eV
and no characteristic peak was detected at the absorption
edge, which is typical for nickel complexes with tetrahedral co-
ordination geometry. A substantial difference in the peak inten-
sity of the pre-edge region in the XAS spectra of 2a and 2b was
observed. Since the pre-edge intensity is strongly related to the
displacement from the ideal tetrahedral coordination geom-
etry, which causes the 3d—4p mixing of the nickel center, the
higher intensity observed for 2a could be rationalized in terms
of a lower symmetry around the nickel center, which would be
caused by the rather flexible imidazolidin-2-ylidene frame-
work. Additionally, SC-XRD analysis indicated that the length
of the Ni—O bond in 2a was 2.227(1) A, which was shorter than
that in 2b (2.269(2) A). This can be attributed to the greater
structural flexibility derived from the ethylene moiety in the
SPoxIm ligand, which allows greater distortion of the structure
than the PoxIm ligand; this is also in good agreement with the
XAS data. Based on the XAS and SC-XRD results, the flexible
SPoxIm ligand can be expected to facilitate the desorption of
CO through an intramolecular Sy2-like reaction, thus increas-
ing the efficiency of the desorption of CO from 3 to give 2 (2a:
97%, 2b: 9%).

Subsequently, we carried out an XAS analysis on the
(syn-k-C,0-SPoxIm)Ni(CO),/Al(C4Fs); system in order to
track the changes in the electronic structure upon changing be-
tween the tetrahedral and trigonal-planar coordination
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4a, calculated using Samb\ta.

geometries. The Ni K-edge XAS of 2a and 4a in toluene is pre-
sented in Fig. 14a. In the case of trigonal-planar 4a, a remark-
able peak appeared in the edge region (8,331 €eV) and the
pre-edge peak intensity (8,326 eV) was greater than that for
2a. Given that the nonbonding 4p, orbital (a,” symmetry) is
commonly found in trigonal-planar 16-electron complexes,
we attributed the characteristic edge peak to the Ni 1s—4p,
transition and the solution-phase XAS results clearly suggest
a trigonal-planar geometry of 4a in toluene. We further ex-
plored the electronic structures of the 3d orbitals of 2a and
4a based on a Ni L, ;-edge XAS analysis in the solid state
(Fig. 14b). Given that the L,- and L3-edge XAS of 3d transition
metals correspond to transitions from the 2p,, and 2p3, orbi-
tals to 3d orbitals, respectively, the L, 3-edge XAS contains in-
formation on the electronic structure of the unoccupied 3d
orbitals, which plays an important role in determining the na-
ture of metal complexes. The Ni L, ;-edge XAS analysis was
performed using the partial fluorescence yield method at the
PF BL-19B beamline. In the cases of 2a and Ni(cod),, the ab-
sorption maxima of the Ni L3-edge appear at 856.0 and
856.2 eV, respectively, with a shoulder peak in their lower-
energy regions. Their Ni L, 3-edge XAS spectra present
spectroscopic features characteristic of tetrahedral nickel
complexes with a d'° electron configuration. In contrast, for
4a, the peak maximum shifts toward the lower-energy region
to 852.9 eV, clearly indicating that the 3d orbitals are stabi-
lized through the formation of the 16-electron complex with
a vacant 4p, orbital.

4. Quantitative evaluation of the spatial
environment around the nickel center based on
the percent buried volume values

Finally, the impact of the N-phosphinoyl dissociation/associ-
ation and rotation on the spatial environment surrounding the
Ni center was quantitatively evaluated based on the percent bur-
ied volume (% Viu). 2" The % Vi, value represents the volume

occupied by a ligand within the coordination sphere of a metal
and, thus, a ligand with a larger % Vy,, is sterically more de-
manding than one with a smaller % V. under identical calcula-
tion conditions (Fig. 15a). The % V},,; values were calculated
based on the geometric parameters of 2, 3, and 4 in the crystal-
line state (Fig. 15b).>**3 Topographic steric maps visualizing the
% Ve values in the northwestern (NW), northeastern (NE),
southwestern (SW), and southeastern (SE) quadrants were pro-
duced using the SambVca 2 program (Fig. 15¢). The % Vi, val-
ues increase in the order 3 (35.7 to 39.7) <2 (41.0 to 43.9) < 4
(47.5 to 51.2), thus clearly demonstrating that the space around
the Ni center is significantly altered via the dissociation/coordin-
ation as well as the rotation of the N-phosphinoyl moiety. The
modulation of the shape was also confirmed by comparison of
the % Vpu(NE) and % Vy,.(SE) values of 2a, 3a, and 4a. The re-
ported monodentate NHCs yield either nickel dicarbonyl or tri-
carbonyl complexes, depending on their steric demand, when a
single molecule of NHC is treated with a Ni(0) species.*"*>
Interestingly, a % V\,,, value of 39.7 to 41.0 seems to represent
a plausible boundary regarding whether a di- or a tricarbonyl
(S)PoxIm-Ni(0) complex is generated as an isolable species. In
this context, (S)PoxIms 1la—c demonstrate unprecedented re-
activity to afford both di- and tricarbonyl complexes, and realize
their interconversion beyond this possible % Vi, threshold.

5. Conclusions

In this Highlight Review, we have described our strategy to en-
able the reversible modulation of the electronic state and spatial
environment around metal centers by taking advantage of
multifunctional (S)PoxIms ligands. First, we discussed the effect-
ive interconversion between the Ni(0)-dicarbonyl and Ni(0)-
tricarbonyl complexes in ionic liquids, which was achieved
via the reversible ligand substitution of the phosphinoyl group
and carbon monoxide as external LBs. This serves as a
proof-of-concept for a reusable and reversible Ni(0)-based
chemisorption system for CO. Second, the reversible ligand
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dissociation between the phosphinoyl group and the Ni(0) com-
plexes mediated by Al(CgF5); was described, in which the nickel
center adopts a tetrahedral or trigonal-planar coordination
geometry without the formation of quenched LB—LA adducts.
During our studies, we developed liquid cells for XAS in organic
solvents and unveiled the solution-state structure and behavior
of a series of (S)PoxIm-Ni complexes. Eventually, a detailed
discussion of the XAS and % Vy,, values shed light on the
changes in the electronic and spatial environment around the
Ni centers. Thus, this work manifests a conceptually new and
effective approach to designing and modulating the electronic
and spatial environment around metal centers in organometal-
lic compounds using a combination of multifunctional ligands
and LBs/LAs.
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