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At the intersection of X- and Z-type ligands:
an inverted ligand field in carbene-supported
borylnickel complexes
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The first examples of NHC-supported borylnickel complexes have been accessed via the reaction of a
phosphine-tethered carbene-bromoborane adduct and a Ni(0) source. DFT calculations and Ni K- and

L-edge XANES data indicate that there is significant Ni(0) character in the resulting complexes, and that
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Introduction

Nickel and boron form energetically high-lying and reactive
bonds that have been shown to participate in the cooperative
activation of inert substrates." Complexes featuring Ni-B
bonds have found use in a growing number of transformations
including catalytic C-X borylation reactions (X = H, F, CI),>®
olefin hydrogenation,”™* ethylene oligomerization,"*'* and
CO, cleavage.” Nickel-boron bonds are commonly classified
according to whether the boron atom accepts electron density
from Ni as a Z-type acceptor ligand,"®"” or whether boron pos-
sesses a lone pair that donates into nickel within a neutral
(borylene; L-type), or anionic (boryl; X-type) formally B(i)
ligand.'®2*

While nickel borylenes are rare species that have only been
isolated in a few instances,” >’ borylnickel complexes are
known to be important intermediates in numerous catalytic
transformations, and a handful of these complexes have been
isolated and fully characterized.'®"***%3 Common ligands
include pinacolboryl, catecholboryl, and 1,3,2-diazaborol-2-yls,
where the electron-rich boron centre is further stabilized by
the presence of two neighboring electronegative atoms (Fig. 1A
and B). When complexed with boryl ligands, Ni is found in the
formal +II oxidation state and adopts a nearly square planar
geometry in all known examples.
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the boryl ligand in this case is best regarded as a Z-type acceptor ligand. Reactivity studies of this novel
complex have found an unprecedented insertion product with an aryl isocyanide forming an 8-mem-
bered metallocycle, and a Ni abnormal-carbene complex has also been accessed from an analogous
reaction with a chloroborane precursor.

Conversely, trivalent tricoordinate boranes may also accept
electron density from electron-rich nickel(0) centres as Z-type
ligands, where the nickel is formally assigned a lone pair of
electrons.**™” In nearly all cases, Lewis-acidic tricoordinate
borane ligands are held in the coordination sphere of nickel
via chelating L-type donor ligands (Fig. 1C). Notably, the first
examples of complexes featuring monodentate k'-Ni—BR;
interactions were recently isolated by Hoshimoto and co-
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workers and feature an unusual square planar geometry,
where secondary binding interactions anchor the borane
within the coordination sphere of nickel (Fig. 1D).*® Bourissou
and coworkers have also prepared Au(r) and Pt(0) complexes
supported by L,Z-type acceptor ligands that similarly feature
atypical d'° square planar geometries.***°

These X/Z ligand descriptions stem from the formal assign-
ment of a lone pair of electrons to either the boron or nickel
centre, and are often intuitively guided by the stability of the
boron ligand in the absence of transition metal binding -
indeed, Z-type borane ligands are readily isolated in the
absence of metal coordination. Additionally, the isolation of a
stable Group I diaminoboryl by Nozaki and coworkers high-
lights the thermodynamic stability of two-coordinate boryl
anions flanked by electronegative atoms.*' While there is sig-
nificant covalency inherent in nickel-boron bonding,* it is
the coordination number and electronic environment at boron
that has been used to favor one ligand description over
another in these complexes.

N-Heterocyclic carbenes (NHCs) have a longstanding
history of stabilizing both electron-rich and electron-poor
main group centres via their strong c-donor and tuneable
m-acceptor properties.”>™** In the case of boron, this has
resulted in stabilization and isolation of multiple formal “oxi-
dation states” of [[NHC)BR,] moieties, from borenium, to boryl
radical, to boryl anion.**>” While NHC-boryl ligands have
been previously accessed in the form of [Cp*Fe
(CO),(BX,(NHC))] complexes (X = H, CI),°*** and a recent
report by Lyu of a [Cu(BH,(NHC))] tetramer,*® we noted that
some [(NHC)BR,]" ions are reported to be less electrophilic
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than electron poor triarylboranes such as B(C4Fs)3,>°
suggesting they should act as Z-type acceptor ligands with the
more electronegative metals such as nickel and copper. It has
also recently been reported that nickel-boryl and borane com-
plexes display distinctly different electronic tuning effects in
hydrogenation catalysis,"> and that understanding the bound-
aries of these ligand types is key to the design of efficient cata-
lysts. To probe the limits of Z- and X-type ligand descriptions
within nickel-boron complexes, we became interested in con-
structing such a ligand, where both Z-type and X-type ligand
“oxidation states” could be chemically reasonable. We further
envisioned a system tethered to the metal centre via a flexible
linker to facilitate, but not to enforce coordination of the
boron moiety. Herein, we report the first examples of [(NHC)
BR,] complexes of nickel and characterize the bonding and
reactivity of these highly covalent nickel-boron species.

Results and discussion

To construct an appropriate ligand precursor, MesBBr, was
added to solutions of the phosphino-carbenes 1™ and 1P,
selectively forming the corresponding boronium salts 2M** and
2P'PP (Scheme 1). In the case of 1™ the carbene was generated
in situ due to its instability in free form, whereas for 1°"P it
was isolated. Phosphine coordination to the borane was con-
firmed through a single crystal X-ray diffraction study of 2”'PP
(Fig. S24 in the SI) and its C; symmetry was evidenced by
NMR. To assess compounds 2™ and 2P"PP as potential precur-
sors for Ni-B bonded species, they were each reacted with one
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Scheme 1 Synthesis of the Ni—B complexes 3™M°*
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and 3PP (top) and possible resonance contributors (bottom).
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equivalent of Ni(COD), at ambient temperature. A colour
change to dark purple was observed in both reactions over the
course of 30 minutes, and upon workup the compounds 3™
and 3PP were isolated in 58% and 52% yields, respectively, as
diamagnetic dark purple solids (Scheme 1). Single crystals of
3PP were obtained, and an X-ray diffraction study revealed a
surprising structure featuring a newly formed Ni-B bond with
highly distorted coordination environments at both Ni and
B. Addition of one B-Br moiety to Ni has occurred completely,
while the other bromide remains bridged through both Ni and
B centres, forming a highly distorted square planar geometry
at Ni (Fig. 2). The B-Br(pridging) and Ni-Br(prigging) bond lengths
are 2.087(8) A and 2.393(1) A, respectively, both of which are in
the characteristic range of single bonds. The Ni-B distance is
2.008(8) A, which is somewhat longer than those
typically observed in borylnickel complexes (typically
1.90-1.95 A),1%11:1428730 byt shorter than those observed in Ni
— BAr; complexes (2.10-2.35 A)."” The geometry of the 4-coor-
dinate boron centre is also distorted where the sum of the
bond angles involving Cyuc, Cumes and Ni atoms is close to
planar (350.3°), reminiscent of singly base-stabilized
metalloborylenes® ®® and initially suggestive of an electro-
static interaction between the bridging bromide and boron.
Anagostic interactions®® are also present between the Ni centre
and a mesityl-CH; group with a bond length of 2.238 A, and to
a methine position of the Dipp group with a bond length of
2.908 A. A corresponding downfield-shifted and broadened
resonance at 3.27 ppm in the "H NMR (THF-Dy) is observed for
the mesityl CH; group. "B NMR resonances of 9.8 and
8.2 ppm were observed for 3™ and 3"'PP in THF-Dy, respect-

Fig. 2 Molecular structure of 3PP, Thermal ellipsoids are drawn at 50%
probability. Hydrogen atoms are removed for clarity. Aryl/alkyl substitu-
ents on phosphorus are drawn as wireframe for clarity. Colours: boron;
lime green, carbon; grey, nitrogen; blue, phosphorus; purple, nickel;
teal, bromine; brown. Selected bond lengths (A) and angles (°): B—Br;
2.087(8), B—Ni; 2.008(8), B—Cnpnc: 1.592(11), B—Cpmes; 1.603(10), Ni—
Bribriaging) 2.393(1), Ni=Brierminay; 2.390(1), Ni-P; 2.121(2). Cnpc—B-
Cmes; 122.1(6), Cmes—B—Ni: 125.8(5); Cnpc—B—Ni: 102.4(4), Cpes—B—-Br;
112.6(5), Cnuc—B—Br; 111.7(5), Ni—=B—Br; 71.5(3), P=Ni—=Brgerminay; 101.87
(6), Br=Ni—Br; 102.12(4), Br(priaging)—Ni—B; 55.8(2), B-Ni-P; 100.1(2); B~
Br(b,idging)—Ni; 52.7(2).
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ively, and *'P{"H} NMR indicates coordination of the phos-
phorus centre to Ni, with resonances observed at 21.8 and
20.9 ppm, respectively. Both compounds are decomposed by
DMSO or halogenated solvents, and are also highly sensitive to
air both in the solid state and in solution.

To gain insight on the electronic structure of these species,
DFT calculations were performed on 3PP (PBE0-D3(B])/
Def2TZVP). The choice of this particular level of theory was
based on its successful application in several recently studied
low-valent Ni and borylnickel systems'**®* and its excellent
reproduction of the metric parameters of the experimental
crystal structure of 3PP, Furthermore, the employed level of
theory gives also excellent descriptions of valence and core-
level excited states of 3”'PP (vide infra). Given the presence of
the bridging bromide anion, we first became curious on the
nature of its bonding interactions with nickel and boron.
Mayer bond order (MBO) calculations indicate a markedly
lower bond order between Ni and the bridging bromide
(MBO = 0.51), than to the terminal bromide (MBO = 0.72).
Strong bonding interactions are present between Ni-B (MBO =
0.67), and B-Br (MBO = 0.77). To gain further insight on the
bonding environment around the nickel center, QTAIM ana-
lysis of the Laplacian of electron density was performed on
3PP Bond critical points were identified between
Ni-Br terminan) (P(r) = 0.07 a.u.; H(r) = —0.02 a.u; V?p(r) = 0.18 a.
u.), Ni-P (p(r) = 0.11 a.u.; H(r) = —0.06 a.u.; V?p(r) = 0.14 a.u),
and Ni-B (p(r) = 0.09 a.u.; H(r) = —0.04 a.u.; V?p(r) = —0.01 a.
u.), indicative of covalent/donor-acceptor bonding between
Ni-B and non-covalent interactions dominating between Ni-
BI(terminal), and Ni-P. Notably, this analysis indicates the strik-
ing absence of a bond critical point between Ni and the brid-
ging bromide, suggesting a predominantly coulombic inter-
action with a low degree of electron sharing between these two
atoms (Fig. 3a). Upon analysing the electron density difference
contour plots (Fig. S29) we observe very different behaviour of
the bridging and terminal bromides. When considering the
changes in electron density when adding each bromide to the
metal centre, the Ni-Br(erminar) bond reveals a characteristic

Fig. 3 (a) QTAIM analysis of the Laplacian of electron density of 3°PP,
viewed in the plane of the Ni-Br/B—Br nickel bonding environment.
Bond critical points are highlighted in blue. (b) IBO involving Ni and the
bridging Br anion (89% Br, 6% Ni).
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loss of electron density from both the Ni and Br centres and
the emergence of electron density along the bond path, as is
typical. However, in the case of the bridging bromide, electron
density difference can only be described as polarization of
each atomic centre without the formation of a clear region of
increased electron density corresponding to this interaction.
At the same time, a similar electron density difference con-
tours are visible along the B-Br bond as for the terminal Br-Ni
bond. Additionally, the Ni-Br(,idging) Intrinsic Bond Orbital
(IBO) is essentially an unhybridized 4p orbital of bromide,
with only a minor contribution from the Ni centre (89% Br,
6% Ni) (Fig. 3b). Whereas in the interaction of boron with the
bridging bromide, the B-Br IBO is a hybrid orbital (31% B,
67% Br) (Fig. 3a and S27). Collectively, this data suggests that
the B-ligand in 3”'PP is not a borylene (Scheme 1C), but rather
a boryl-type [(NHC)B(Mes)Br] ligand supported by an electro-
static Br-Ni interaction (Scheme 1A and B). Bond critical
points are also observed in the Ni---H3Cpyes and Ni---HCpjpp
anagostic interactions (Fig. S28 and Table S2).

The Ni-B bonding interaction is present in the HOMO and
involves the greatest contribution from the metal centre (37%
Ni, 22% Br, 14% B) (Fig. 4a). The Ni-B IBO indicates a highly
covalent interaction between the two centres, which is also
slightly delocalized through the vacant 2p orbital on the adja-
cent carbene carbon (53% Ni, 38% B, 6% C) (Fig. 4c). The
LUMO is highly delocalized but is primarily ligand-centred. It
features n orbital encompassing both the boron and the
carbene-carbon centres and an antibonding interaction of this
with the Ni centre (23% B, 12% Ni) (Fig. 4b). These inter-
actions (metal-centred bonding HOMO, ligand-centred anti-
bonding LUMO) are observed in complexes featuring M—Z
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donor/acceptor interactions and are a hallmark of complexes
with an inverted ligand field.®¢®°

To probe the effective oxidation state of the nickel centre in
3PP experimentally, we conducted complementary XANES
measurements at the metal K- and L-edges of 3”"PP as well as
reference compounds NiF,, NiCl,, Ni metal, and [Et,N],[NiCl,].
The metal K-edge features are formed by the excitation of the
core Ni 1s electron into the frontier unoccupied orbitals below
the ionization threshold. Due to the dipole-allowed nature of
XAS excitations, intense peaks are observed for the Ni 1s—4p
transitions, which determine the rising-edge spectral features.
The rising-edge inflection points (Fig. 5a — marked by enlarged
diamond symbols) can be correlated with the effective nuclear
charge experienced by the excited 1s core electron, and the
effective oxidation state of the metal absorber. The ionization
energy of metallic Ni(0) was calibrated to 8333.0 eV (black
trace). From this analysis, NiF, is the least covalent Ni(u) com-
pound featuring an inflection point shifted 11.7 eV higher in
energy due to the increased nuclear charge at the Ni centre.
Increased metal-ligand covalency and a reduction of the
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Fig. 5 X-ray absorption near-edge spectra at the Ni K-edge (a) and Ni

L-edges (b) for reference compounds Ni metal foil, NiF,, NiCl,, and

(Et4N),NiCl, with well-defined electronic and geometric structures and
3Diep,
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effective oxidation state of the nickel is observed in NiCl, and
[Et,N],[NiCl,], as indicated by the —2.7 eV shift in energy of
the rising-edge inflection point, with respect to NiF, (golden
and brown traces). The higher covalency in the tetrahedral
complex cannot be directly derived from the metal K-edge
spectrum given the ambiguity of the rising-edge inflection
point; however, this is clearly demonstrated by the comp-
lementary Cl K-edge spectra in the tender X-ray energy range
with a more intense pre-edge feature for the former (Fig. S23).
The Ni K-edge spectrum of 3PP (Fig. 5a, red trace) leaves no
uncertainty in the absorber’s effective charge given its close
proximity to the metallic Ni(0) spectrum. The positive energy
shift from the Ni(0) foil spectrum is due to Ni—B/NHC backdo-
nation, which gives rise to at least two shoulders along the
rising-edge at 8333.2 and 8336.4 eV.

In moving from the hard X-ray energy range of Ni K-edge to
the soft X-ray energy region, the excitations of the Ni 2p core
electrons give rise to the Ni L-edge spectra (Fig. 5b). Due to the
significant charging effects and varied conductivity of the
samples, the peak intensities do not follow the expected comp-
lementary covalency changes from the Cl and Ni K-edge
measurements; however, the excitation energy peak positions
are informative as shown for the L; energy region (Fig. 5b,
inset). The smallest ligand field splitting and thus the lowest
excitation energy is observed for the [NiCl,]*~ at 852.0 eV. The
competition between Ni-Cl bond covalency and ligand field
strength gives close to identical Ni 2p—3d main excitation
peaks (852.2 eV) at the L; edge for NiF, and NiCl,. The highest
energy transition is clearly observed for the most reduced Ni
centre in 3PP (red trace), and is to the frontier unoccupied
orbitals that are outside of the 3d-manifold range at 852.4 eV.
The corresponding rising-edge feature for metallic Ni L;-edge
is at 852.7 eV (calibration point). Due to the asymmetric shape
of the red trace, three excitations can be assigned based on
electronic structure calculations. Time-dependent DFT (PBEO-
D3(BJ)/QZ4P) calculations identify three well-resolved exci-
tations for the Ni K- and L-edges (Fig. S30 and S31). While the
donor orbitals for the excitations originate from 1s at the
K-edge and 2p at the L-edge, the acceptor orbitals are identical.
These are the LUMO (Fig. 4b), the LUMO+2 (mixed NHC, B,
and minor Ni 3d orbital contributions), and the LUMO+14
(mixture of NHC C/N 2p, H 1s, and minor Ni 3d contributions)
(Fig. S33 and Table S5). In support of the self-consistency of
the ground and excited state descriptions by the selected func-
tional, we have also found excellent reproduction of the UV-Vis
spectrum of 3”PP (Fig. $32), where the acceptor orbitals in the
valence-level excitations are the same as for the core-level exci-
tations described above.

Collectively, these data confirm a low-valent Ni centre in
3PP In further support of this, NBO analysis indicates an
electronic configuration of 4s°*?3d®*® for the Ni centre in
3PP suggesting a somewhat greater d orbital population than
the recently reported Ni(0)-borane complex by Hoshimoto and
coworkers (Fig. 1D).*® Additionally, effective oxidation state
(EOS) calculations”® also indicate that 3”'PP is best formulated
as a Ni(0)/B(u) system with an 87% figure of confidence.

This journal is © the Partner Organisations 2025
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Finally, density of state (DOS) calculations also lend further
credence to the assignment of Ni(0) in 3PP, where there is
clearly minimal d orbital density associated with frontier unoc-
cupied molecular orbitals (Fig. S34). This is contrasted with a
Ni(1)-borane complex reported by Peters’ and coworkers,’
where the electron hole in the d shell is evidenced by signifi-
cant d density within the LUMO. From all this analysis collec-
tively, it is clear that 3”'PP is best described as a Ni(0)/B(m)
complex (Scheme 1A), implying that with [(NHC)BR,]-type
ligands a Z-type bonding interaction may be preferred with
electronegative metals such as nickel.

Next, we examined the reactivity of these highly covalent
Ni-B bonded complexes. Compounds 3P'PP/3° are both
highly sensitive and react unselectively in the presence of
nucleophiles such as pyridine, DMAP, CO, nitriles, H,, as well
as reducing agents such as KCg and Na,[Fe(CO),]. In all of
these reactions no products could be isolated. However, a
selective reaction was observed with an isocyanide, where com-
bination of 3”"PP in THF with an equimolar amount of 4-meth-

Dipp~ N/ﬁ
D|pp’N‘{

N
N=C Br< )—
=Mes ‘Mes
C
Br-"NI/P\ N—\NI/P\Ph
I Ph
Br 3Diep ~o Br 4Dirp

Scheme 2 Insertion of an isonitrile to form the metallobicycle 4°™P.

Fig. 6 Molecular structure of 4°PP. Thermal ellipsoids are drawn at
50% probability. Hydrogen atoms are removed for clarity. Aryl substitu-
ents on phosphorus and the Dipp/Mes groups are drawn as wireframe
for clarity. Colours: boron; lime green, carbon; grey, nitrogen; blue,
oxygen; red, phosphorus; purple, nickel; teal, bromine; brown. Selected
bond lengths (A) and angles (°): Ni-Br: 2.3583(5), Ni—P: 2.1451(8), Ni-N
1.859(2), Ni—C: 1.879(3), Chitrile—N: 1.389(5), B—C: 1.628(4), B—Br: 2.078
(3), P—Ni—Br: 97.38(3), Br—Ni—N: 108.21(7), N-Ni-C: 39.26(11), C-Ni-P
114.71(9).
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oxyphenylisocyanide resulted in an immediate darkening of
the reaction mixture. 'B NMR revealed the formation of a
single new product with a very broad resonance at —12.4 ppm,
and single crystals of green-yellow 4”'PP could be isolated in a
46% yield via layering of the reaction mixture with pentane
(Scheme 2). A single crystal X-ray diffraction study revealed
4PPP to be derived from insertion of the isocyanide carbon
into the Ni-B bond, forming a metallobicyclo[6.1.0Jnonane
structure (Fig. 6). The nickel centre adopts a distorted trigonal
planar coordination environment, where both the boron and
nickel centres each retain one bromide ligand. To our knowl-
edge, compound 4°'PP is the first example of an isocyanide
insertion into a metal-boron bond with the formation of a M-
N-C three-membered metallocycle, as B-N bond formation
and/or monodentate coordination of the isocyanide carbon is
typically observed in these insertion reactions.”"”?

We have also examined the suitability of B-Cl bonds for the
construction of nickel-boron bonds in analogous addition
reactions to Ni(COD),. The adduct 5™ was prepared from a
reaction between the free carbene 1™ and MesBCl, (see SI).

Ph Ph

\/
fN Ni(COD), /P
Y \\\ Ph — Ni \>
Mes™ /\ Z/-N
Mes Mes ~N
5 6 Mes’ | ~ci
Mes

Scheme 3 Reaction of the chloride analogue 5 to form a Ni-abnor-
6Mes_

mal carbene

Fig. 7 Molecular structure of 6™, Thermal ellipsoids are drawn at 50%
probability. Hydrogen atoms, except those on the T]B—C8H13 ligand, are
removed for clarity. Aryl substituents on phosphorus and the Mes
groups are drawn as wireframe for clarity. Colours: hydrogen; sky blue,
boron; lime green, carbon; grey, nitrogen; blue, chlorine; forest green,
phosphorus; purple, nickel' teal. Selected bond lengths (A) and angles
(°): Ni-Cnpc: 1.914(6), Ni-P: 2.1555(19), Cauyt: 2.073(7), 2.074(7),
1.964(7), B-C: 1.626(10). P Ni—Cnuc: 96.6(2)
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When combined with Ni(COD), in benzene, the mixture
rapidly became deep yellow, and upon the addition of pentane
a yellow solid was obtained (Scheme 3). Recrystallization from
toluene/pentane afforded single crystals of the product 6™
suitable for X-ray diffraction in a 45% yield (Scheme 3). The
molecular structure revealed that rather than B-Cl addition,
C-H activation of the C4 position of the imidazole-2-ylidene
had occurred, concomitant with hydride transfer to the COD
ligand forming an n’-allyl complex and an abnormally-bound
anionic carbene ligand (Fig. 7).”* Similar C4- and C5-bound
imidazol-2-ylidene nickel complexes have recently been
explored for their catalytic activity in heteroarylation and
nitroarene reduction reactions.”*””” The formation of a similar
complex here indicates that B-Cl addition presents a more sig-
nificant kinetic barrier than ligand C-H activation, and that
the use of bromoborane ligands will likely be necessary for the
construction of larger families of Ni-B bonded systems.

Conclusions

In summary, we have prepared the first examples of NHC-sup-
ported boryl complexes of nickel, and have demonstrated that
they possess significant Ni(0) character where the boron
ligand accepts electron density from Ni as a Z-type ligand. The
Ni K- and L-edge spectra are in unambiguous agreement with
ground and excited state hybrid density functional calculations
on the effective Ni(0) oxidation state for the metal with signifi-
cant donation to the B(m) and NHC ligands. Reactivity studies
have indicated the necessity of a bromoborane precursor in
the construction of these complexes and have found an unpre-
cedented insertion reaction of the isocyanide to the Ni-B
bond. The application of this ligand type to bond activation
and catalysis are ongoing in our laboratory.
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