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We report four-coordinate nickel(i)-methyl complexes of tris-carbene
borate ligands which adopt rare seesaw geometries. Experimental and
computational results suggest the structural distortion from threefold
symmetry results from a combination of electronic stabilization of the
singlet state, strong field donors, and constrained angles from the
chelating ligand.

Nickel-alkyl complexes have been invoked as important inter-
mediates in a host of chemical transformations including the
production of acetic acid and cross-coupling reactions.'™® In
all reported examples of crystallographically characterized
Ni(n)-methyl complexes, a diamagnetic, square planar geometry
is observed and many attempts to synthesize such species in other,
four-coordinate geometries have proven unsuccessful frequently
leading to reduction or other degradation.”'" Despite this, catalyti-
cally active Ni(u)-alkyl species may likely exhibit or transition through
different coordination geometries.”>* For example, other synthetic
Ni(u) complexes can be found in tetrahedral geometries in addition
to the more common square planar geometries. While a square
planar geometry is favored due to electronic stabilization of
the d® Ni(n) ion, a tetrahedral geometry may be favored with
suitably bulky or chelating ligands."®

An alternative geometry for four-coordinate metal centers
that has rarely been observed is a seesaw geometry. In fact,
only a handful of examples of Ni(i1) complexes in this geometry
have been reported.”"®™'® In these cases, steric bulk is used to
enforce the desired geometry. For example, the first of these
reported by Broring and co-workers utilized a tripyrranato ligand
which positions methyl substituents within the square plane,
forcing halide ligands above this plane.'®! Other examples
include those by Gossage and Baruah where homoleptic com-
plexes of Ni(u) were synthesized with bulky propan-2-ylidene and
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oxazoline substituents that prevent planarization of the Ni(u)
coordination environment.'*** Another recent example of a seesaw
geometry at a Ni(u) center involves a diisopropylpyrazole-substituted
carbazole ligand to enforce steric crowding of the square plane.'?
Finally, an example of a ligand-constrained geometry around a Ni(n)
center can be seen in a complex bound to a triphosphacyclo-
dodecane ligand.*® This ligand binds in a facial manner with
strongly donating trialkylphosphines which are proposed to
enforce a low-spin state at nickel. Due to the constrained ligand
environment, the coordination geometry distorts to accommodate
the low-spin state but cannot fully isomerize to a square planar
geometry. These examples demonstrate the lengths required to
enforce this geometry at a d® Ni(u) center.

We have been interested in exploring the chemistry of late
transition metals supported by chelating and strongly donating
tris-N-heterocyclic carbene (NHC) borate scaffolds.***® These
ligand scaffolds typically enforce a pseudo-tetrahedral geo-
metry, but also favor low-spin states due to the strong donor
properties of the carbene ligands. These factors suggest that
Ni(1) complexes supported by this ligand would have geometric
frustration between an electronically preferred square planar
geometry and a chelate-enforced pseudo-tetrahedral geometry.
We therefore rationalized that Ni(i) complexes of this ligand
with suitably strong ligand fields might display unusual geo-
metries and electronic structures.’*® Here we report the
isolation and characterization of two Ni(u)-methyl complexes
supported by a strongly donating tris-carbene borate ligand
which display unusual seesaw geometries.

The Ni(u)-chloride complexes were first synthesized by initial
deprotonation of the proligand, [PhB(RImH);][OTf], (where
R = ‘Bu or Ad), with in situ generated lithium diisopropylamide
(LDA) followed by metalation with tetraethylammonium tetra-
chloronickelate ([Et,N],[NiCl,]) to yield PhB("Bulm);NiCl and
PhB(AdIm);NiCl (1a and 1b) in low but synthetically viable
yields (see ESIf). The title complexes, PhB("Bulm);NiMe and
PhB(AdIm);NiMe (2a and 2b), were synthesized by treatment
of the Ni(u)-chloride complexes 1a and 1b with a solution of
methyllithium following a similar reported procedure for related
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Scheme 1 Synthesis of complexes 2a and 2b.

complexes of cobalt (Scheme 1).>° Complexes 2a and 2b can be
isolated as red, microcrystalline solids in good yield. These
complexes are thermally unstable at room temperature, but pure
solids can be stored at —35 °C for weeks to months without
noticeable decomposition. Despite their intense, red-orange color
in solution, complexes 2a and 2b display no distinct absorption
features by UV-vis spectroscopy with only trailing absorbances
from the UV region of the spectra into the visible region. Contrary
to the parent Ni(u)}-chloride complexes 1a and 1b, both complexes
2a and 2b are diamagnetic. However, "H NMR spectra of both the
Cl and Me complexes in C¢Dg indicate C;-symmetric geometries
in solution at room temperature (see ESIt).

We then turned to single-crystal X-ray diffraction (SXRD)
measurements to probe the structures of these Ni complexes in
the solid-state. As expected from their threefold symmetric
NMR spectra, complexes 1a and 1b are pseudo-tetrahedral in
the solid-state and have a Cj-axis with a B-Ni-Cl angle of
177.92(6)° and 178.8(2)°, respectively (see ESIf). In contrast,
while the room temperature "H NMR spectra of the methyl
complexes 2a and 2b are consistent with a C3-symmetric structure,
an unusual seesaw coordination geometry at the Ni(u) centers is
observed in their solid-state structures (Fig. 1). The metrical
parameters of the Ni centers in complexes 2a and 2b are consistent
with a seesaw geometry around the Ni(u) center composed of three
carbon donors from the tris-carbene borate ligand and a fourth
from the bound methyl group. The Ni-methyl carbon atom
distances are nearly identical between the two complexes at
1.965(2) and 1.959(2) A, respectively. Additionally, there is no
evidence of agostic interactions between the Me hydrogen atoms
and the Ni(u) center. The two widest C-Ni-C angles which describe
the seesaw geometry are 177.19(8)° and 121.49(8)° for 2a and
177.80(7)° and 121.25(7)° for 2b. Using both of these angles, a
geometry index parameter 7, can be calculated to describe the
coordination environment of the Ni(u) center between square
planar (t, = 0) or tetrahedral (r, = 1).***" For both 2a and 2b,
the 7, parameter is calculated to be 0.43, indicating a nearly perfect
mono-vacant, trigonal bipyramidal or seesaw geometry around the
Ni(n) center. These are the first such cases to be crystallographically
characterized.§

With the disparity between solid-state and solution struc-
tural data, we sought to better understand the dynamics of
complexes 2a and 2b in solution. Variable temperature "H NMR
experiments were conducted in dg-toluene to determine an
isomerization barrier, AG* (Fig. 2).*>”* In these complexes,
the barrier being measured represents the energy to reorient
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Fig. 1 SXRD structures of 2a and 2b. Ellipsoids are shown at 50% and H
atoms are omitted for clarity. Niis shown in green, N in blue, B in tan, and C
in gray. Atom labels for 2b are the same as those depicted for 2a. Selected

bond lengths (A) and angles (°) and geometric parameters for 2a: Ni1l-C1 =
1965(2), Nil-C2 = 1.895(2), Ni1-C3 = 1.922(2), Ni1-C4 = 1.887(2),
C1-Nil-C3 = 177.19(8), C2—-Nil-C4 = 121.49(8), t4 = 0.43. For 2b: Ni1l-C1 =
1.959(2), Nil-C2 = 1.886(2), Nil-C3 = 1.912(2), Ni1-C4 = 1.884(2),
C1-Ni1-C3 = 177.79(7), C2-Ni1-C4 = 121.25(7), 14 = 0.43.

the methyl substituent from between one pair of NHC groups
to between a different pair through either an effective lever
mechanism or via B-Ni-Me linearization to a C;-symmetric
isomer (see below).** For an NHC resonance of 2a (labeled with
an asterisk in Fig. 2), a coalescence temperature of 215 K was
determined and from the value of Av, the peak-to-peak splitting
in Hz of the fully resolved asymmetric structure, a barrier to
isomerization was calculated to be 10.4 + 0.5 kcal mol ™ *. In the
case of 2b with the larger adamantyl groups, we anticipated a
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Fig. 2 Variable temperature *H NMR spectra for complex 2a in dg-toluene
showing the splitting of the peaks of the imidazol-2-ylidene groups as
temperature decreases. These data were used to determine coalescence
temperature and calculate AG* for the isomerization process. Asterisk marks
resonance used for in-text values.

higher calculated barrier. However, the calculated value for the
analogous imidazol-2-ylidene proton resonance is the same
within an estimate of the error. From the coalescence tempera-
ture of 225 K and the measured Av values, a barrier of 10.9 +
0.5 kcal mol " was calculated (see ESIf). This suggests that
while the adamantyl groups are bulkier, extending further away
from the Ni center, this does not appreciably alter the barrier to
isomerization in this complex.

A point of interest upon studying complexes 2a and 2b was
to rationalize the observed seesaw structures in the solid-state.
A crude examination of the geometries a four-coordinate Ni(u)
complex may adopt indicates three possible isomers as discussed
above: tetrahedral, square planar, and seesaw. The parent chloride
complexes 1a and 1b are characterized as high-spin S =1 complexes
in a pseudo-tetrahedral geometry. Given the additional strong field
methyl ligand in complexes 2a and 2b, it is likely that diamagnetic,
low-spin Ni(u) species would be most stable.>®> While low-spin
Ni(u) complexes are typically found in square planar geometries,
the chelate ring of the tris(carbene)borate scaffold precludes
the complex from distortion to a square planar geometry that
would be otherwise electronically favored. Additionally, this
stronger ligand field disfavors pseudo-tetrahedral geometries,
as this would qualitatively result in occupation of a high energy,
antibonding orbital (Fig. 3). As a result, the intermediate seesaw
geometry is most stable, distorted away from pseudo-tetrahedral
but restricted from planarization.

This qualitative description of the preference for seesaw
geometries observed in complexes 2a and 2b is also supported
by density functional theory (DFT) calculations. The geometry
optimization of 2a in a singlet electronic configuration yields a
structure that is in agreement with its solid-state structure.
Geometry optimization of 2a in a triplet state shows instead a
pseudo-tetrahedral geometry, similar to the geometry seen in
1a and 1b (see ESIt). The DFT calculations predict the S = 0
seesaw geometry to be 31 kcal mol " lower in energy than the
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Fig. 3 Qualitative Walsh diagram depicting the relative energies of the
d-orbitals for the seesaw and pseudo-tetrahedral geometries determined
from DFT calculations of the geometry optimized singlet of 2a. Basis set/
functional used: def2-TZVPP on Ni, N, and C bound to Ni, def2-SVP on all
other atoms/O3LYP.

corresponding S = 0 pseudo-tetrahedral isomer but only
11 keal mol " lower than the S = 1 threefold symmetric species
(see ESIT). Qualitative comparison of the frontier molecular
orbitals of singlet 2a reveals that deviation from a pseudo-
tetrahedral to seesaw geometry stabilizes the d,. orbital (Fig. 3).
This results in a single, high-lying d,». orbital that remains
unoccupied with a clustering of occupied orbitals at overall
lower energy than those in the pseudo-tetrahedral geometry.
This qualitative orbital depiction for the seesaw geometry is
similar to the classical depiction of square planar d-orbital
splitting, further suggesting such a geometry would be preferred
in this system if not for the chelate ring constraint imposed by
the tris-carbene borate ligand.

The DFT calculations above suggest that an isomerization
mechanism involving a linear S = 1 transition state is energeti-
cally reasonable, but we also wanted to probe the feasibility of a
lever type mechanism for this isomerization computationally.
In this mechanism the Me group migrates between NHC groups
without linearizing to a pseudo-tetrahedral symmetry (see ESIt).>*
The Cpe~Ni—Cearbene—Nearbene dihedral angle was held fixed at 0° and
the Ni-Me group allowed to move between a pseudo-tetrahedral
orientation and close proximity to the R-group of the NHC in order
to find a low energy intermediate which would model the transition
state for this isomerization (see ESIf). In doing so, a conformer
higher in energy by 20 keal mol " relative to the seesaw geometry
was found. This energy is high enough to rule out this pathway
as operative given the ~ 10 kcal mol " energy barrier calculated
from the variable temperature '"H NMR experiments. Given
the computed relative energies of the S = 0 (+31 kcal mol )
and S =1 (+11 keal mol ') pseudo-tetrahedral isomers, it is likely
that the isomerization proceeds through the S = 1 C;-symmetric
isomer. This conclusion is also supported by the relatively broad
Ni-CHj; proton resonance at room temperature that shifts with
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temperature displaying Curie behavior (see ESIT). This effect is
likely the result of perturbation from a minor amount of the
paramagnetic, pseudo-tetrahedral isomer at room temperature
as has been previously observed.*® Interestingly, this observa-
tion suggests that paramagnetic Ni-methyl intermediates are
accessible at room temperature in the current system, and that
similarly high-spin Ni(u)-alkyl complexes may be reasonable
intermediates in catalysis.

The Ni(i)-methyl complexes 2a and 2b are the first examples
of such species to be found in a seesaw coordination geometry
as revealed by their solid-state structures. Variable temperature
"H NMR spectroscopy demonstrates that this distortion also
occurs in the solution state and has an electronic origin as
opposed to arising from any solid-state crystal packing. Using
DFT calculations, the observed structures are rationalized by an
overall lowering of filled orbitals by distortion from pseudo-
tetrahedral to a seesaw geometry. This geometry is proposed to
be favored over square planar geometry due to the chelate
constraint of the tris(carbene)borate ligand. This work shows
that Ni-alkyl species with chelating ligands can adopt this
geometry and draws attention to the potential effects of this
distortion and electronic structure on the reactivity of Ni inter-
mediates in catalytic transformations.
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