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COMMUNICATION

Secondary-Sphere Preorganization by an NHC-Pyridonate Ligand
Enables Nickel-Catalyzed Hydroboration of Nitriles
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Herein, we describe nickel-catalyzed nitrile hydroboration with
pinacolborane, wherein a tethered pyridonate ligand enables
efficient catalysis (5 mol% [Ni], <6 h reaction time) at room
temperature. Mechanistic studies, including isolation of the
catalytically relevant intermediates, shed light on the cooperative
role of the NHC-pyridonate ligand in the reaction.

Primary alkyl amines are prevalent among agrochemicals,
pharmaceuticals, polymers, and pigments (Scheme 1A).1 2
Compared to direct ammonia alkylation, which typically results
in competitive over-alkylation, synthetic strategies involving
reduction of unsaturated, N-containing groups provide efficient
access to primary alkyl amines from feedstock reagents.l 3
Nitriles are particularly attractive synthons for this route due to
the ease of CN incorporation through direct cyanation and
substitution techniques.* However, the strong C=N bond (BDE =
750.0 kJ/mol)> often necessitates forcing reduction conditions
(high temperature, high H, pressure, and long reaction time) or
use of superstoichiometric metal hydride reductants, which
limit utility beyond all-hydrocarbon substrates.5-8

Catalytic nitrile hydroboration with a weakly nucleophilic
monohydride borane,® followed by hydrolysis of the resulting
diborylamine, constitutes an attractive alternative to the
forcing conditions above.° Nitrile hydroboration also serves as
an informative testing ground for metal-ligand-cooperative
catalysis due to the involvement of both Lewis basic (nitrile) and
acidic (borane) substrates.!! As such, both main-group® 1215 and
transition metal catalysts 10 1625 have been developed
previously for nitrile hydroboration. However, the breadth of
compatible substrates, requisite reaction temperatures, and
levels of mechanistic insight have varied substantially among
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these examples, with opportunities for improvement across the
board (Scheme 1B).

We recently reported the synthesis and characterization of
a family of anionic nickel complexes supported by bidentate
NHC-pyridonate ligands.?® This work provided evidence for
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Scheme 1. State-of-the-Art in Nitrile Hydroboration for Access to Alkyl
Amines.

Please do not adjust margins



https://doi.org/10.26434/chemrxiv-2023-ks784
https://orcid.org/0000-0003-3681-819X
https://creativecommons.org/licenses/by-nc-nd/4.0/

direct pyridonate oxygen involvement in highly regioselective
(>99:1r.r.) catalytic hydroboration of styrene with HBpin. Based
on the observation that the nickel precatalysts also underwent
facile n2-coordination of acetonitrile, we hypothesized that they
would similarly catalyze reactions with more polar nitrile
substrates. Herein, we report that the NHC-pyridonate-
supported Ni(0) complex [(L1)Ni(cod)][K(18-crown-6)] (L1 = 1-
(2,4,6-trimethylphenyl)-3-(6-oxidopyridin-2-yl)-imidazol-2-
ylidene) catalyzes double hydroboration of nitriles to primary
alkyl amines (Scheme 1C). Although Szymczak and co-workers
previously described nitrile and ketone hydroborations using a
ruthenium catalyst supported by a conceptually similar
pyridone-containing pincer ligand (Scheme 1B),'7 our report
complements this prior work by demonstrating mechanistically
distinct ligand-assisted nucleophile and electrophile delivery to
the substrate, enabled by a terrestrially abundant 3d metal. Our
work thus provides a blueprint for catalytic method
development leveraging ligand assistance with both
hydrocarbyl and polar substrates.

We initiated our studies using benzonitrile 1a as a model
substrate in the presence of excess HBpin (4 equiv) and 5 mol%
[(L1)Ni(cod)][K(18-crown-6)] in toluene. These conditions
afforded double hydroboration product 2a (87%, no other
products or regioisomers observed) within 6 hours at room
temperature (approx. 22 °C). Using ligands L2 or L3 instead of
L1 resulted in modestly decreased product yield (Scheme 2,
entries 1-3).27 Decreasing the catalyst loading to 2.5 mol%
slowed conversion, requiring extended reaction times.
However, running the reaction under solvent-free conditions
improved the efficiency at this lower catalyst loading (Scheme
2, entries 4-5). Entries with lower equivalents of HBpin required
longer reaction times but proceeded cleanly (Scheme 2, entry
6). Generating the precatalyst in situ by mixing [Ni(cod),],
L1eHCI, KO'Bu, and 18-crown-6 prior to substrate addition
resulted in yields comparable to those obtained with the single-
component precatalyst and maintained the exclusive chemo-
and regioselectivity (Scheme 2, entry 7). Control experiments
using ligands with an isomeric 4-pyridone motif (L4) or pyridine
in place of pyridone (L5) delivered product in substantially
decreased yields, even after extended reaction times (Scheme
2, entries 8-9). These findings suggest a critical role for the 2-
pyridonate oxygen beyond an inductive effect. Additional
control experiments using only [K(18-crown-6)][L1] or [K(18-
crown-6)][L6] without [Ni] showed no product formation,
further supporting a role for [Ni] in catalysis (Scheme 2, entry
10). Similarly, no product was observed without ligand
indicating that [Ni(cod),] alone could not act as an efficient pre-
catalyst (Scheme 2, entry 11).

Nitrile-containing substrates with varied electronic and
steric properties were evaluated under the optimized
conditions (Scheme 3). Aryl nitriles bearing electron-neutral
(1b—c), electron-donating (1d), and electron-withdrawing (1e—
h) substituents reacted readily to afford the corresponding
benzylamines in 32—72% isolated yield upon hydrolysis. Ortho-
(1c) and meta- (1f) substituents did not interfere with
productive reaction. Boronic ester (1g) and bulky carboxamide
(1h) groups were compatible with the reaction conditions and
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Scheme 2. Optimization of reaction conditions. Reactions were conducted in
duplicate using benzonitrile 1a (0.2 mmol, 1.0 equiv) and HBpin (0.8 mmol, 4.0
equiv) at ambient temperature (~22 °C) in a N2 atmosphere glovebox. Yields were
determined from the relative 'H NMR integrations of 2a vs. 1,3,5-
trimethoxybenzene (0.1 mmol) added after the reaction as the internal standard.
924 h reaction time. ® Ligand generated in situ by premixing LeHCI (10 mol%),
KO'Bu (20 mol%), and 18-crown-6 (10 mol%) prior to the addition of other
reagents. ¢ benzene-ds used as a solvent. n.d.: not detected = <2%.

allowed for chemoselective nitrile hydroboration without any
apparent catalyst inhibition through competitive binding of the
p-substituents. However, ketone- (1q) and ester-containing (1r)
substrates underwent exhaustive hydroboration to afford the
corresponding amino alcohol products (3q, r). Halogens (X=Cl or
Br) were not compatible with the catalytic conditions and
resulted in ~¥5% vyield of the protodehalogenated product with
concomitant catalyst death. We hypothesize that oxidative
addition of the nickel precatalyst into the C-X bond is
competitive with hydroboration in these cases. Nonetheless,
the catalytic conditions are suitable for hydroboration of
unactivated alkyl nitrile substrates (2l-p). Even for substrates
featuring nitrile and aryl groups separated by an alkyl linker (2n,
0), no products derived from competitive chain-walking were
detected. Adiponitrile (1p) underwent hydroboration at both
nitrile sites to yield hexamethylenediamine (2p), a monomer for
nylon 66 production.

To better understand the mechanistic basis for the observed
reactivity patterns, we initiated a series of stoichiometric
studies with the aim of characterizing catalytically relevant
intermediates. We observed previously that in the presence of
acetonitrile, [(L1)Ni(cod)][K(18-crown-6)] underwent ligand
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exchange with MeCN to form an n?-coordinated, 16-electron
complex with secondary interactions between the acetonitrile
N and [K(18-crown-6)]* countercation.26 Treating
[(L1)Ni(cod)][K(18-crown-6)] with nitriles 1a, 1k or 1m (1.0
equiv.) similarly afforded the corresponding n2-nitrile adduct
5a—c (see Supporting Information). All three complexes were
characterized by NMR and single crystal X-ray diffraction (SC—
XRD) and exhibited structural characteristics similar to the
MeCN complex described previously.26 Although these
complexes did not undergo any perceptible change when
treated with 1 equiv. of HBpin in stoichiometric experiments,
neither 5b nor 5¢c were detected under catalytic conditions
involving a large excess of HBpin relative to [Ni]. However, the
identities of the true catalyst resting states could not be
deduced readily through NMR analysis alone.

Serendipitously, we isolated N,N-diboryliminium complex 6
from a catalytic reaction with substrate 1m (Scheme 4A). SC-
XRD revealed the molecular structure featuring n2-coordination
of N,N-diboryliminium ion along with a secondary Lewis acid-
base interaction between one boryl group on nitrogen and the
pyridonate O. To better understand the relevance of this adduct
as an on- or off-cycle intermediate, we devised a fluorine-
tagged substrate model (2)-1-(4-fluorophenyl)-N-
phenylmethanimine (7). Treating [(L1)Ni(cod)][K(18-crown-6)]
with 7 (1.0 equiv.) yielded [Ni]-imine complex 8 (Scheme 4B).
Exposing 8 to HBpin (1.0 equiv) resulted in little perceptible
change in the composition of [Ni]; however, hydroborated
product 9 grew in over the course of many hours (5% yield after
24 hours). In contrast to the nitrile-bound system, imine adduct
8 was observed as the primary catalyst resting state under
catalytic conditions with excess HBpin. Although these
experiments cannot provide conclusive evidence, they are
consistent with on-cycle involvement of imine complexes
resembling 6 and 8 (Scheme 4).

On the basis of these experimental observations, we
propose a plausible catalytic mechanism involving outer-sphere
to the
intramolecular,

hydride delivery
with
delivery from the assisting pyridonate ligand (Scheme 4C).

coordinated m-electrophile in
conjunction secondary-sphere boryl
These findings are consistent both with the observation of imine
adduct 8 as the probable catalyst resting state and diboryl imine
adduct 6 as an on-cycle intermediate. Additionally, the
involvement of multiple units of HBpin in outer-sphere hydride
delivery accounts for the strong sensitivity of the reaction yield
to HBpin concentration. The absence of a discrete metal hydride
intermediate accounts for the high chemoselectivity avoiding
competitive chain-walking processes. Computational modeling
at the wB97XD/def2-TZVP/LANL2DZ(K) level of theory using
acetonitrile as a model substrate enabled identification of
several low-energy intermediates implicated in the outer-
sphere hydride delivery mechanism (see Supporting
Information). By contrast, intermediates on route to B-—H
oxidative addition and metal hydride formation were
comparatively inaccessible energetically or could not be located
as local stationary states.

As such, the computational and experimental findings are in
good agreement and provide substantial insight into key role of
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Scheme 3. Nitrile substrate scope. Reactions were conducted in duplicate using
nitrile 1 (0.2 mmol, 1.0 equiv) and HBpin (4.0 equiv) with 5 mol%
[(L1)Ni(cod)][K(18-crown-6)] (0.01 mmol) in PhMe (0.4 M) at room
temperature for 6 h. Yields were determined from the relative 'H NMR
integration of 2 vs. 1,3,5-trimethoxybenzene (0.1 mmol) added after the
reaction as an internal standard. Isolated yields of 3 are reported in brackets.
“Mixture of hydroboration products.

the pyridonate ligand in preorganizing the Lewis acidic boryl
unit and Lewis basic nitrile in the secondary coordination
sphere. We anticipate that these findings may prove general,
enabling cooperative functionalization of a range of polar
electrophiles.
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Scheme 4. Relevance of intermediate imine complexes suggesting a plausible mechanism for hydride and boryl delivery. Solid-state structures of 6 and 8 determined by SC-
XRD. Thermal ellipsoids depicted at 50% probability. Most H atoms and co-crystallized solvent molecules omitted for clarity. Pinacol backbone represented as a wireframe
for clarity. Reactions with substrate 7 performed in duplicates. Yield of 9 was determined from the relative *H NMR integration vs. 1,3,5-trimethoxybenzene (0.1 mmol) added
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