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We report two air-stable nickel(Il) half-sandwich complexes, Cp*Ni(1,2-Cy,PCsH40) (1) and Cp*Ni(1,2-
Ph,PC¢H4NH) (2), for cooperative B-H bond activation and their applications in catalytic hydroboration
of unsaturated organic compounds. Both 1 and 2 react with HBpin by adding the B-H bond across the
Ni—X bond (X=0 or N), giving rise to the 18-electron Ni(Il)-H active species, [H1(Bpin)] and [H2(Bpin)].

Subtle tuning of the Ni—X pair and the supporting ancillary phosphine have a significant effect on the
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reactivity and catalytic performance of Cp*Ni(1,2-R,PCgH4X). Unlike [H2(Bpin)], the activation of HBpin
in [H1(Bpin)] is reversible, which enables the Ni—O complex to be an effective cooperative catalyst in the
hydroboration of N-heteroarenes, and as well as ketones and imines.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Cooperative metal-ligand reactivity for bond activation and
catalysis is a powerful strategy in the development of homogenous
catalysts [1-7]. Significantly, it can widely expand the use of base
metal catalysts for sustainable transformations and organic synthe-
sis [8-17]. During the renaissance of nickel catalysis over recent
years [18,19], the ligand scaffolds were well designed and operated
in a synergistic fashion with the metal to participate in reaction se-
quences and serving as a Lewis base [20-30], an electron reservoir
[31-33] or through dearomatization-aromatization [34-36]. These
studies have promoted nickel catalysis in many important applica-
tions [34-50], such as hydroboration of CO, [13], production and
oxidation of H, [51-54], and hydrosilylation of alkenes [31,32,34].

Our group has explored metal-ligand cooperation (MLC) chem-
istry on a Cp*M(1,2-Ph,PCgH4X) (M =Fe, Co or Ni; X=S, HN or O)
platform. By switching the M-X pair and modifying the electronic
and steric factors at the phosphorus, a new class of half-sandwich
complexes has been developed and used in a multitude of catalytic
reactions [55-62]. These M-X complexes have shown intriguing re-
activity in activation of hydroboranes [57], ammonia-borane [58],
epoxides [59] and terminal alkynes [60,61]. In studies of coopera-
tive B-H bond activation of HBpin, we found that the reactivity of
Cp*M(1,2-Ph,PCgH4X) is sensitive to the M-X pair, which also af-
fects catalytic performance of the complex. For example, the Fe—S
complex, Cp*Fe(1,2-Ph,PCgH,4S), is inert toward HBpin but can ac-
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tivate aryl epoxides for their hydroboration [59]. In contrast, the
Ni—O complex, Cp*Ni(1,2-Ph,PCgH,40), achieves activation of HBpin
at its Ni—O bond [62].

When the anionic coordination site is changed however from
oxygen to sulfur, Cp*Ni(1,2-Ph,PCgH4S), regains its stability toward
HBpin (Scheme 1a).

Nickel-based cooperative B-H bond activation is attractive be-
cause it allows direct use of HBpin rather than exogenous activa-
tors to generate Ni(Il)—H species for catalytic hydro-boration reac-
tions. In the Cp*Ni(1,2-RyPCgH4X) half-sandwich system, the par-
ent nickel complex and the resulting hydride intermediate both
have an 18-electron configuration, and are stable in air. The chal-
lenge to achieve such MLC catalysis is not only activation of the
B-H bond but also generation of a sufficiently active hydride inter-
mediate, HNi—X(Bpin) that allows the hydro-boration sequences to
proceed [15,62].

Building on our previous work with the Ni—O complex, we
aimed to investigate the synergistic effects of Ni—X on cooper-
ative B-H bond activation and the catalytic performance in hy-
droboration reactions associated with subtle tuning of the Ni—X
and the ancillary phosphine. Herein, we describe two new nickel
complexes Cp*Ni(1,2-Cy,PCgH40) (1) and Cp*Ni(1,2-Ph,PCgH4NH)
(2) which participate in cooperative B-H bond activation, and re-
port their catalytic performance in hydroboration of unsaturated
organic compounds containing C=X groups (Scheme 1b).

According to a previously reported method [62], complexes 1
and 2 were synthesized independently by treating a solution in
THF of Cp*Ni(acac) with equimolar amounts of 1,2-Cy,PCgH40Na
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I o B o X

7 "ONa NHL| Ni

/ /
Cy2R \o THF, rt, 1h / \o THF, rt, 1h PhoR \
1 Cp*Ni(acac) 2

Scheme 2. Synthesis of half-sandwich nickel(Il) complexes.

or 1,2-Ph,PCgH4NHLi (Scheme 2). Complexes 1 and 2 were isolated
as air-stable yellow solids in yields of 90%-94%. In their 3P NMR
spectra, the CgDg solution of the complexes have a sharp singlet at
& 41.82 for 1 and 45.07 for 2. The solid-state structures of 1 and 2
were confirmed by X-ray crystallography (Fig. 1). They both exhibit
a framework similar to that of Cp*Ni(1,2-R,PCgH4X), which adopts
a two-legged piano-stool geometry. The Ni-P bond lengths in 1
(2.1558(7) A) and 2 (2.1382(6) A) are very close to those reported
for Cp*Ni(1,2-Ph,PCgH40) (2.1290(1) A) and Cp*Ni(1,2-Ph,PCgH,S)
(2.1140(1) A) [62].

The redox properties of 1 and 2 were investigated by cyclic
voltammetry (Fig. 2a). They both exhibit two reversible redox
events, which were tentatively assigned to the Ni(II)/Ni(Ill) and
Ni(I)/Ni(Il)) couples. The oxidation potential of 1t/ was observed
as 0.14V vs. Fct/0, about 0.26V less negative than that of 2+/°
(=0.12V vs. Fct/9), However, their reduction potentials —1.96V for
19 versus —2.02V for 29~ differ only slightly. These results indi-
cate that the metal center of the Ni—N complex is more electron-
rich compared with that in the Ni—O complex.

Fig. 1. Structures of 1 (left) and 2 (right) with 50% probability thermal ellipsoids.
Selected bond distances (A) and angles (°): For 1 Ni—P 2.1558(7), Ni—O 1.886(2),
Ni—Cp*(centroid) 1.752, P—Ni—0 89.21(6); for 2, Ni—P 2.1382(6), Ni—N 1.8848(18),
Ni—Cp*(centroid) 1.744, P—Ni—N 87.21(6).
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Fig. 2. (a) Cyclic voltammograms of 1 and 2, and (b) solid-state structure of [1]BF,.
Conditions: 1 mmol/L sample in THF, 0.1 mol/L "BusNPFs; scan rate, 100 mV/s; po-
tentials vs Fc*/®. Selected bond distances (A) and angles: Ni—P 2.2307(6), Ni—O
1.8229(15), Ni—Cp*(centroid) 1.729, O—Ni—P 88.83(5)°.

At —30 °C, oxidation of 1 by AgBF, in CH,Cl, was conducted
on a preparative scale. The resulting cationic Ni(Ill) complex, was
isolated in 97% yield, and its structure was successfully determined
by X-ray crystallography (Fig. 2b). Although the framework of 1+
in [1]BF,4 is almost identical to that of 1, some bond lengths and
angles are slightly different. For example, the oxidation leads to an
increase in the Ni—P distance from 2.1558(7) A in 1 to 2.2307(6)
A in [1]F, while the Ni—O distance decreased from 1.886(2) A to
1.8229(15) A

Both 1 and 2 react with HBpin to afford a Ni(Il)-H species, but
show different reactivities in activation of the B-H bond (Scheme
3). The reaction of 1 with 4 equiv. of HBpin in CgDg was conducted
in the J. Young NMR tube and monitored by NMR spectroscopy.
After 3h, the 3P NMR spectroscopic studies indicated that 1 had
been completely converted to a new hydride species [H1(Bpin)]
which has a 3P signal at § 71.72. In the '"H NMR spectra, a char-
acteristic hydride resonance was displayed at § —22.34 as a dou-
blet (d, J=103.2 Hz). When 1.2 equiv. of HBpin was used, we found
that 1 cannot be completely consumed even after reacting for 48 h.
The reaction ultimately provided an equilibrium mixture of 1 and
[H1(Bpin)] in a ratio of approximately 3.62:1.00 as determined by
the 3P NMR spectrum, revealing a calculated equilibrium constant
(Keq) of 131.9. These experimental observations indicate that the
activation at the Ni-O complex is reversible [62]. The free energy
change for the reaction of 1 with HBpin was calculated based on
the equilibrium constant, as —2.89 kcal/mol at 298K .

Slow diffusion of hexane into the solution of 1 reacting with
excess HBpin at —30 °C provided brown-red crystals of [H1(Bpin)],
some of which were suitable for X-ray single crystal diffraction.
Crystallographic analysis of [H1(Bpin)] confirmed the solid-sate
structure of a neutral nickel hydride, adopting a piano-stool type,
18-electron configuration (Fig. 3). Judging from the structure, the
B-H bond of HBpin was added across the Ni—O bond to provide
a Ni(Il)-H bond. The O atom is connected to the boryl moiety
but detached from the metal center. The hydride position was lo-
cated and the length of the Ni—H bond was found to be 1.42(2) A,
in the range of 1.32-1.65A reported for the Cp*NiH(PR3) systems
[18,62,63].

HBpin

Ni e e Ni
P Ni-O a Ni-NH PN,
o O (M.R=Cy) RR X (2R=rn N 2
Bpm/ AG = -2.89 kcal/mol @ irreversible Bpin/
[H1(Bpin)] [H2(Bpin)]

Scheme 3. Activation of HBpin by nickel(Il) complexes 1 and 2.
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Fig. 3. Solid-state structure of [H1(Bpin)]. Selected bond distances (A) and angle
(°): Ni—H 1.42(2), Ni-P 2.0991(5), B—01, 1.365(2), B—02 1.367(2), B—03 1.354(2);
P—Ni—H 75.7(8).

Unlike the Ni—O complex (1), the Ni—-NH complex (2) reacts ir-
reversibly with HBpin. With the stoichiometric reaction of 2 with
HBpin at room temperature (r.t.) for 1h, NMR studies indicated
that 2 was cleanly converted to the nickel(Il) hydride, [H2(Bpin)].
Only one 3'P NMR signal was observed at § 38.99 and in the 'H
NMR spectrum, a hydride signal showed at § —19.81 as a doublet
with Jp_y =97.9Hz. The !B NMR spectrum displayed a broad sig-
nal at § 23.4, while "B coupling with the hydride nuclei was not
observed, indicative of a complete cleavage of the B-H bond. Upon
redissolving the solid of [H2(Bpin)] in CgDg, the 3P NMR spec-
trum continued to display only one signal at 38.99 for [H2(Bpin)],
and the formation of 2 was not observed within 24 h at r.t. These
studies indicate the addition of HBpin to this Ni—N system is irre-
versible.

In view of the activation of HBpin, we subsequently evaluated
the catalytic performance of 1 and 2 in hydroboration of ketones
and imines (Scheme 4). The hydroboration reactions were per-
formed with 1.5 equiv. of HBpin and 2 mol% catalyst loading in
CeDg at r.t. Complex 1 showed high catalytic activity in the hy-
droboration of ketones, while 2 was found to be less active. In the
presence of 2 mol% of 1, acetophenone, 4-methoxyacetophenone
and benzophenone all underwent smooth hydroboration, and were
reduced to the corresponding boronate esters (4a-4c¢) nearly quan-
titatively within 3 h. When 2 was used as a catalyst, the hydrob-

.Bpin
X Cat. 1 or 2 (2 mol%) X
JJ\ + HBpin 1k 2
R"°R? rt, CqDg time R R
3 4 (X=0,NR)
OBpin OBpin OBpin
Me0/©)\
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1,99%, 3 h 1,99%, 3 h 1,99%, 3 h
2,71%,8h 2,18%, 3 h 2,53%,8h

Q

OBpin /@
©/Ph /@/\’}‘
Boi
MeO pn
af

N
Bpin
4e

4d
1,99%, 2 h 1, 99%, 3 h 1,99%, 5 h
2,99%, 4 h 2, 99%, 3 h 2,99%, 5h
H., .Bpin
N
O N
’}‘ Bpin
E Bpin
49 4h 4i
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Scheme 4. Ni(ll)-catalyzed hydroboration of ketones and imines. Reaction condi-
tions: substrates (0.3 mmol), HBpin (0.45 mmol), catalyst 1 or 2 (6 pmol, 2 mol%) in
CsDg (0.5mL). Yields determined by "H NMR spectroscopy are based on tetraethyl-
silane (0.03 mmol) as an internal standard.
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oration reactions proceeded much more slowly. The reaction of 4-
methoxyacetophenone with HBpin for 3h for example under the
catalytic conditions produced 4b in only 18% yield. With 2 mol% of
2, the reaction of benzophenone with HBpin for 8 h produced the
boronic ester (4c) in 53% yield, compared to the 99% yield of 4c
that was obtained within 3 h using the catalyst (1). Interestingly, 2-
phenylcyclohexan-1-one (4d), a cyclic alkyl-substituted ketone, can
be efficiently hydroborated in a reasonable reaction time, using ei-
ther 1 or 2 as the catalyst.

Complexes 1 and 2 both are efficient catalysts in the hydrobora-
tion of imines. Under the catalytic conditions, N-benzylideneaniline
and its derivatives with electron-donating or electron-withdrawing
substituents at the para-position of the benzyl group all allowed
for the hydroboration producing the desired borylated amines (4e-
4g) in excellent yields. The hydroboration was not affected by vary-
ing the substituents on the imine nitrogen atom. At a 2 mol% cat-
alyst loading, ketimines such as N-alkylimine and diphenylmetha-
nimine were completely hydro-borated to the amine products (4h,
4i) within 3 h.

Catalytic selective reduction of N-heterocycles through hydrosi-
lylation or hydroboration is particularly interesting, because it pro-
vides valuable dihydropyridine compounds [58,64-69]. The related
transformation using nickel-based catalysis has been reported only
rarely [13,14,62]. In this way, we subsequently evaluated the cat-
alytic performances of the half-sandwich nickel complexes on the
hydroboration of pyridines. Compared to 1, a greatly diminished
catalytic activity was shown by 2, and was demonstrated by hy-
droboration of 4-methyl pyridine (5b) (Eq. 1).

Cat.1or2 N
X ) (2 mol%) |
[ J o+ reen t., C¢Dg, 12 h N™ H
r.t, Cele, |
N Bpin (l)
5b 6b

1, 73%; 2, <5% yield

On the basis of the pyridine hydroboration catalyzed by 1,
we investigated the substrate scope for this nickel-catalyzed
dearomatization reaction (Scheme 5). Upon 1,2-hydroboration
para-substituted pyridines afforded the dihydropyridine products
(6b, 6¢). Hydroboration of 3-methoxypyridine (6d) was proved to
be difficult for the Lewis acid B(Me)ArF, catalysis [70]. With the
present Ni-catalyzed protocol, 5d was regioselectively hydrobo-
rated to the 1,2-product in a moderate yield (6d, 62%). The elec-
tronic and steric factors at the N-heterocycle ring appear to af-
fect the regioselectivity of the outcome. For the substrate with
a meta-substituted -Bpin functional group (5e), the reaction pro-
duced a mixture of the 1,2-, 1,4- and 1,6-dearomatized isomers in
a ratio of 6e/6e’/6e” =21/45/34. Probably as a result of the steric
hindrance, ortho-substituted pyridines such as 2-methylpyridine
(5f) are not suitable for the hydroboration. This Ni—O system ex-
hibits good activity in reduction of benzo fused N-heterocycles. Hy-
droboration of quinoline gave a mixture of 1,2-and 1,4-products
(6h/6h’/ =36/64) in 85% yield. When a methyl group was intro-
duced at the para-position of quinoline, as in 4-methylquinoline
(5i), the 1,2-regiospecific reduction was achieved exclusively. Other
N-heteroarenes such as isoquinoline (5j), acridine (5k), phenanthri-
dine (51) and methyl-1H-benzo[d]-imidazole (5m) all underwent
regioselective hydroboration smoothly to provide the dearomatized
dihydropyridine analogues (6j-6m) with good to excellent yields.

Combining our previous studies of the mechanism [62,69]
with the stoichiometric HBpin activation by 1, we propose that
the catalytic pyridine hydroboration is initiated by formation of
[H1(Bpin)] through addition of the B-H bond across the Ni—O bond
(Scheme 6). The resulting H-Ni(II)—O(Bpin) species interacts with
pyridine by coordination of the substrate with the boron atom of
the Bpin moiety (Int1), and this facilitates the transfer of hydride
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Scheme 5. Ni(Il)-catalyzed hydroboration of N-heteroarenes. Reaction conditions:
substrate (0.3 mmol), 1 (6 pmol, 2 mol%), HBpin (0.45 mmol) in 0.5 mL C¢Dg. Yields
were determined by "H NMR spectroscopy using tetraethylsilane (0.03 mmol) as an
internal standard. ¢ No reaction.

from Ni(Il)-H to the ortho-carbon of the pyridine ring (Int2). Once
the pyridine ring is dearomatized, the hydroboration can be ac-
complished by the cleavage of the O-B bond to release the 1,2-
product, recovering the Ni—O catalyst.

In conclusion, we have demonstrated cooperative B-H bond ac-
tivation in HBpin by half-sandwich Ni—O and Ni—N complexes
which feature anionic coordination sites, and their participation
in the catalytic hydroboration of unsaturated organic compounds.
The reactions involve addition of the B-H bond across the Ni—X
bond, giving rise to H-Ni(Il)-X(Bpin) hydride intermediates with
an anionic site X-stabilized boron moiety. Notably, subtle tuning
of the Ni—X pair and support for the ancillary phosphine signifi-

Cp* \\\\\
6a
)/V Nm
Cpeo_an
Ni aan
\O Ni*
\ (e]
/ N—;'3 o) b
, g o
Int 2 [H1(Bpin)] )TK
\\\\\
\ ) L
" H™ | | N
Q
—B- P
| N 0 N

Scheme 6. Proposed mechanism for hydroboration of pyridine by the Ni-O cooper-
ative catalyst.
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cantly affects the reactivity and catalytic performance of Cp*Ni(1,2-
R,PCgH4X).

The reversible activation of HBpin by the Ni-O complex is es-
sential to the catalytic hydroboration of N-heteroarenes, probably
because activation of the N-heterocyclic ring in some degree by co-
ordination with the Bpin moiety of H-Ni(Il)—O(Bpin) is necessary
for completion of the subsequent hydride reduction step. In the
case of H-Ni(II)-N(Bpin), the irreversible binding of a Bpin moi-
ety at the nitrogen site makes its interaction with and activation
of a pyridine substrate unfavorable, resulting in low catalytic activ-
ity for the hydroboration. It is less likely that the hydroboration of
ketones and imines by the Ni—X complexes might proceed through
a different mechanism, i.e., transfer of the hydride from H-Ni(Il)—
X(Bpin) to the C=X group is prior to the Bpin transfer [71,72].
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