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Oxygen atom transfer (OAT) from N,O to the Ni—-H bond of proton-
responsive picoline-derived CNP nickel complexes has been investi-
gated both experimentally and theoretically. These Ni-CNP complexes
efficiently catalyse the reduction of N,O with pinacolborane (HBpin)
under mild conditions.

Nitrous oxide (N,O) is an important contributor to the global
climate change due to its high greenhouse impact and ozone-
depleting properties."” The increasing concentrations of N,O in
the Earth’s atmosphere have been chiefly attributed to anthropo-
genic sources associated with the use of nitrogen-based fertilizers,
combustion of biomass and fossil fuels, and the production of
industrial chemicals.®> While thermodynamically very favourable,
N,O degradation to N, and O, is associated with high kinetic
barriers, which explains its average long life (118 years) in the
atmosphere.* The known ability of transition metal complexes to
react with small molecules, including CO,, CO or H,, make them
interesting alternatives for N,O activation and subsequent trans-
formation. However, the reactivity of transition metal complexes
towards N,O is critically hampered by its weak o-donor and m-
acceptor properties as a ligand.” Interestingly, a favourable path-
way for N,O activation by transition metal complexes involves the
nucleophilic attack of a metal-bound hydride to the terminal
nitrogen of N,O, thus generating an O-bound oxyldiazene inter-
mediate (M-ONNH). Subsequent nitrogen extrusion from this
derivative produces a hydroxy complex (M-OH), this process
representing an overall oxygen atom transfer (OAT) to the com-
plex's M-H bond.®™ Moreover, the reaction of the hydroxyl
derivative with common reductants, such as H,,*” alcohols,®
CO° or silanes,”'® might lead to the regeneration of the M-H
bond, either in a stoichiometric or catalytic process.
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With the exception of a hafnium hydride complex,'* metal
systems examined for the OAT from N,O to M-H bonds are
based on electron-rich precious metals (Rh, Ru, Os, Ir).*™° In
recent years, efficient catalytic systems incorporating Earth-
abundant first-row transition metals are in great demand due
to their lower economic and environmental costs. As a result of
being less hydridic, hydride complexes of first-row late transi-
tion metals often lack the high reactivity usually associated
with their precious metal counterparts.'? Nickel hydride pincer
complexes have been found to be active catalysts in a plethora
of reduction reactions,"'* and have been profusely investi-
gated in the activation of CO,,"” ™7 an isoelectronic molecule to
N,O. Moreover, nickel derivatives have been shown to activate
N,O by different modes.'® Herein, we report on the reactivity of
Ni-H pincer complexes based on a picoline-derived CNP (C = N-
heterocyclic carbene, P = phosphine) ligand towards N,O,
including the OAT from N,O to the metal-hydride bond and
the catalytic activity of these complexes in the reduction of N,O
with pinacolborane (HBpin).

The reaction of the carbene ligand precursors 1a-b'® with
KHMDS (potassium bis(trimethylsilyl)amide), followed by addition
of NiBr,(dme) (dme = 1,2-dimethoxyethane), afforded the isolation
of the bromide complexes 2a-b in good yields (83-87%) (Scheme 1).
These derivatives were characterised by NMR spectroscopy and
elemental analysis. Aiming to access Ni hydride pincer derivatives,
the reaction of the bromide complexes 2a-b with NaBH, was
targeted. Upon anion exchange using NaBPh,, the cationic hydride
complexes 3a-b were isolated with yields of 68 and 74%, respec-
tively. These derivatives were analytical and spectroscopically char-
acterised. For instance, the hydride region of the "H NMR spectrum
of 3a exhibits a doublet at —18.0 ppm with a coupling constant of
Jap =72 Hz. The IR spectra of 3a and 3b include a band at 1901 and
1888 cm™ *, respectively, attributable to the stretching of the Ni-H
bond. Moreover, the proposed structure of complex 3a was further
confirmed in the solid state by single crystal X-ray diffraction
analysis (Fig. 1a). This complex shows a square planar coordination
geometry (X(Ni) = 359.9°), with the pincer ligand adopting the
expected «*-(P,N,C) coordination mode (C-Ni-P angle: 170.3°).
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Scheme 1 Synthesis of the Ni complexes 2a—b, 3a—b, 4a—b and 5a-b.

As result of the expected acidity of the methylene hydrogens
of the CNP ligand,*° treatment of complexes 3a-b with a strong
base, such as KHMDS, in THF-dg produced the instantaneous
colour change of the initially pale yellow solutions to dark red.
The clean formation of the new species 4a-b, deprotonated at
the pincer methylene bridge, was evidenced by "H and “*C{'H}
NMR spectroscopies. Attempted isolation of complexes 4a-b
only led to significant decomposition, likely due to a poor steric
stabilization,"* and consequently they were characterised spectro-
scopically in solution. In the "H NMR spectrum of 4a, deprotona-
tion of the methylene arm of the pincer was evidenced by the
presence of a singlet appearing at 3.26 ppm, corresponding to the
—CHP methyne bridge, and the up-field shift of the resonances of
the dearomatized pincer central N-containing ring that appear
between 6.41 and 5.34 ppm. In addition, a doublet resonance
appearing at ca. —17.5 ppm (}Jyp = 67 Hz) in the hydride region
was detected in the same experiment, which is attributable to the
Ni-H hydrogen. Moreover, the stretching mode of the Ni-H bond
produces in the IR spectra of 4a-b absorption bands at lower
wavelengths than in their protonated counterparts 3a-b (1841 and
1857 cm™ ! for 4a and 4b, respectively), in agreement with the
expected larger trans influence of the anionic amide central donor
group of the pincer in comparison to a neutral pyridine donor.

Next, having access to the Ni hydride complexes 3 and 4, we
examined their reactions with N,O. Pressurisation with N,O
(3 bar) of solutions of complexes 3a-b in THF-dg did not
produced observable changes in their NMR spectra. Conversely,
complexes 4a-b, formed in situ by the reaction of 3a-b with
KHMDS, gradually react with N,O (3 bar) (reaction half-life of
4b: 36 h at r.t. and 5.5 h at 55 °C) (Scheme 1). The '"H NMR
spectrum of the resulting hydroxy derivative 5a includes a
doublet signal attributable to the hydroxo moiety appearing
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Fig. 1 ORTEP drawings at 30% ellipsoid probability of: (a) the cationic
fragment of complex 3a, and (b) complex 5b. Most hydrogen atoms have
been omitted for the sake of clarity. See ESIT for selected bond lengths and
angles.
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at —3.85 ppm with a P-H coupling constant of */p = 7.4 Hz;
meanwhile, significant changes in the deprotonated CNP* pincer
ligand were not observed. Similar spectroscopic data were
obtained for complex 5b. Analysis by X-ray diffraction of a single
crystal of 5b revealed a square-planar coordination geometry
(X(Ni) = 360.1°, C-Ni-P angle: 166.65(7)°), with quite similar metric
parameters to the Ni-pincer framework of complex 3a (Fig. 1b).
The Ni atom in 5b resides in a distorted square-planar environ-
ment with the hydroxyl oxygen displaced 0.17 A out of the least-
square plane defined by the P1, C1, N3 and Ni atoms. Finally, the
Ni-O bond length, 1.8272(18) A, lies at the lowest extreme of the
range observed for related nickel square-planar hydroxo complexes
based on anionic pincer ligands (Ni-O distances: 1.83-1.93 A).*' It
is remarkable that, to our knowledge, this is the first example of an
OAT from N,O to a base metal hydride complex.

To attain further insight into the observed dissimilar reactivity of
complexes 3 and 4 towards N,O, the mechanism of the N,O oxygen
atom transfer to the Ni-H bonds of 3a and 4a was investigated by
performing DFT calculations (B3LYP-D3/def2TZVP) (Fig. 2). In the
case of 3a, initial outer-sphere transfer of the hydrido ligand to the
terminal nitrogen atom of N,O leads to the endergonic formation
of intermediate A, with an associated barrier TSga_.a) of
29.2 kecal mol ~** Subsequent N, release from A to yield the
corresponding hydroxo complex B was found to be largely exergonic,
having a relatively high energy barrier of 27.8 kcal mol . Interest-
ingly, in the case of 4a, the transition state TS(,-, 4+ associated to
the transfer of the Ni-H hydride to N,O has an energy (AG*) of
26.0 kcal mol ™', and leads to the formation of A* with an energy
return of 4.0 keal mol . The lower barrier for the hydride transfer
to N,O for 4a and the thermodynamically favourable formation of
A* resemble reported results regarding the insertion of CO, into
Ni-H bonds of square-planar pincer nickel complexes.">"” These
studies have shown lower energy barriers and higher stability of the
insertion products as the ligand trans to the hydride becomes a
stronger donor. In our case, the different behaviour of the hydrides
3 and 4 towards N,O can be attributed to the expected larger trans
influence of the deprotonated pincer ligand, which produces a
weakening of the Ni-H bond and increases the nucleophilic
character of the hydride ligand.'>"” In fact, the calculated Ni-H
distances and NBO (natural bond orbital) charges on the hydride for
3a and 4a are in good agreement with a less strong Ni-H bond and a
higher nucleophilicity of the Ni-H group in the case of 4a. The Ni-H
bond is slightly longer for 4a [d(Ni-H) = 1.48 A (3a), 1.51 A (4a)];
whereas the hydride ligand bears a larger negative charge [NBO
charges on the Ni: 0.41 (3a) and 0.42 (4a); NBO charges on the
hydride: -0.24 (3a), -0.31 (4a)].

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 DFT calculated free energy (AG in THF, kcal mol™) profile of the N,O insertion into the Ni—H bond of complexes 3a (a) and 4a (b).

N, extrusion from A* to form the corresponding hydroxo
derivative 5a was found to be highly exergonic, having an
energy barrier of 29.0 kcal mol . However, since complex 4a
is generated in situ from 3a in the presence of a slight excess of
KHMDS, the participation of the base in the N, release step was
also investigated. Deprotonation of the Ni-ONNH moiety yields
the unusual species C* through a transition state located at
16.1 keal mol . This intermediate can be readily protonated by
(Me3Si),NH leading to the hydroxo complex 5a. This last step is
exergonic by 28.4 kcal mol~* from C*, and takes place without
energy barrier, as indicated by relaxed potential energy (PES)
scans (see ESIT). The overall energy return for the formation of
5a and N, from 4a and N,O is 67.9 kcal mol™*.

Next, the catalytic performance of the Ni(u) hydride derivatives in
the reduction of N,O using HBpin was examined (Table 1).>*> Whilst
no reaction was observed in the absence of the Ni-CNP catalysts,
HBpin was fully consumed using 2.0 mol% of the cationic com-
plexes 3a-b, leading to the formation of pinBOH and (pinB),0, in a
2: 8 ratio (entries 1 and 2); moreover, generation of N, and H, was
detected, although it could not be quantified (see ESIt for details).
By employing in situ formed complexes 4a and 4b, somewhat faster
reactions using lower catalyst loadings (0.5 mol%) than for the
corresponding complexes 3 were observed (entries 3 and 4). Finally,
THF-dg solutions of complex 5b, formed in situ, were also found to
catalyse the reduction of N,O with HBpin (entry 5).

Table 1 N,O reduction with HBpin catalysed by Ni complexes 3 and 4°

Cat. loading Conv. [%] pinBOH:
Entry Cat. [mol%] (time, [h]) (pinB),O ratio
1 3a 2.0 >99 (6.5) 2:8
2 3b 2.0 >99 (2.0) 2:8
3 4a 0.5 >99 (3.0) 1:9
4 b 0.5 >99 (2.0) 2:8
5 5b 2.0 >99 (2.0) 2:8

% Reaction conditions, unless otherwise noted: 2 bar N,O, r.t., THF-dg,
[HBpin] = 0.4 M. Complexes 4a-b were formed in situ from 3a-b with
KHMDS. Complex 5b was formed in situ from 3b and KHMDS under
N,O pressure. Conversion and selectivity were determined by 'H and
"B{"H} NMR spectroscopies using mesitylene as internal standard. N,
and H, formation were detected by GC-MS analysis of the headspace
gas and "H NMR spectroscopy, respectively (see ESI).

This journal is © The Royal Society of Chemistry 2024

The observed fast kinetics for the catalytic reaction are at
odds with the relatively slow N,O insertion in complexes 4 and
the lack of reactivity of derivatives 3. In an attempt to obtain
further information, a series of control experiments were per-
formed. First, no reaction was observed by NMR spectroscopy
between HBpin (ca. 4 equiv.) and the hydride complexes 3 and 4
in the temperature range between —60 °C and 55 °C.>* Moreover,
a solution of the in situ formed complex 5b in THF-dg was treated
with HBpin (0.9 equiv.) at —65 °C. After approximately 0.25 h,
82% conversion of 5b to a mixture of the hydride derivatives 3b
and 4b (5:1 ratio) was observed, demonstrating that Ni-H bond
regeneration from 5 is facile with HBpin. In the ''B{'"H} NMR
spectrum of this experiment, a new broad signal was observed at
4.5 ppm. Unfortunately, attempts to isolate and characterise this
boron species were unsuccessful. The presence of borane Lewis
acids has been shown to impact on both the reaction kinetics and
product distribution in the CO, hydroboration, and has been
found to play a role in the CO, activation by Ni-PBP hydride
complexes. Therefore, we hypothesise that Lewis acid borane
species might catalyse or co-catalyse the hydroboration of N,O in
the presence of complexes 3 and 4.”° In fact, complete catalyst
inhibition was observed when the reaction catalysed by 3b was
performed in the presence of 20 mol% Et;N, acting as a Lewis
acid scavenger.””

To conclude, the OAT from N,O to hydride Ni complexes
based on CNP ligands has been found to be dependent on the
trans influence of the pincer. Thus, the reactivity of complexes
3a-b towards N,O is triggered by a strong base (KHMDS),
leading to the formation of the deprotonated Ni-CNP* species
4a-b, which are capable of performing N,O activation. More-
over, the use of a strong base promotes the N, release from the
Ni-ONNH intermediate resulting from the N,O insertion into
the Ni-H bond. Finally, both complexes 3 and 4 catalyse the
reduction of N,O with HBpin, in a process that is proposed to
be catalysed or co-catalysed by the presence of boron Lewis
acids generated under catalytic conditions.
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